


 
 

 

 
 

 

Biotechnology for Toxicity 
Remediation and 

Environmental Sustainability 
Environmental issues such as ozone layer depletion, overpopulation, biodiversity 
loss, global warming, natural resource depletion, and so on affect every organism on 
the planet somehow. Environmental biotechnology applications can help protect and 
restore the quality of the environment. The goal is to use biotechnology with other 
technologies and safety procedures to prevent, arrest, and reverse environmental 
degradation. Environmental biotechnology is one of the most rapidly expanding and 
practically useful scientifc felds. Biochemistry, physiology, and genetic research 
of microorganisms can be converted into commercially available technologies for 
reversing and preventing the further deterioration of the Earth’s environment. Solid, 
liquid, and gaseous wastes can be altered either by recycling new by-products or by 
purifying to make the end product less harmful to the environment. Biotechnology 
for Toxicity Remediation and Environmental Sustainability discusses the 
removal of pollutants by absorption techniques and recycling wastewater into 
valuable by-products and biofuels by microorganisms. Moreover, this book also 
addresses corrosion prevention by green inhibitors, uses of electrochemical systems 
for renewable energy and waste recycling using microbes, and recent food safety 
and security trends in the food microbiome. On the other hand, this book also 
discusses therapy and treatments against antibiotic-resistant bacteria, anticancer 
and pharmacological properties of thymoquinone, and preventive properties of zinc 
nanoparticles against stress-mediated apoptosis in epithelial cells. 

FEATURES 

• Covers all aspects of biotechnological application in the environment. 
• Discusses sustainable technology for wastewater treatment and value-added 

products from wastewater. 
• Focuses on research activities on green corrosion inhibitors, bioelectrochemical 

systems, food safety and security, and antimicrobial resistance. 

The book is a valuable resource for the undergrad and graduate students, doctoral and 
postdoctoral scholars, industrial personnel, academicians, scientists, researchers, 
and policy makers involved in understanding and implementing applications of 
biotechnology for environmental toxic remediation. 
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Preface 

The environment is a complex conglomeration of physical and biological ele-
ments, as well as their interactions. Environmental issues such as ozone layer 
depletion, overpopulation, biodiversity loss, global warming, and natural resource 
depletion affect every organism on the planet in some way. Biotechnological applica-
tions can help with toxic remediation and environmental sustainability. The goal is to 
use biotechnology with other technologies and safety procedures to prevent, arrest, 
and reverse environmental degradation. Environmental sustainability is one of the 
most rapidly expanding and practically useful scientifc felds. Biochemistry, physi-
ology, and genetic research of microorganisms can be converted into commercially 
available technologies for reversing and preventing the further deterioration of the 
Earth’s environment. Solid, liquid, and gaseous wastes can be altered either by recy-
cling new by-products or by purifying to make the end product less harmful to the 
environment. This book discusses the removal of pollutants by absorption techniques 
and recycling wastewater into valuable by-products and biofuels by microorganisms. 
Moreover, this book also addresses corrosion prevention by green inhibitors, the uses 
electrochemical systems for renewable energy and waste recycling using microbes, 
and recent food safety and security trends in the food microbiome. On the other hand, 
this book also discusses therapy and treatments against antibiotic-resistant bacteria, 
anticancer and pharmacological properties of thymoquinone, and preventive proper-
ties of zinc nanoparticles against stress-mediated apoptosis in epithelial cells. 

Thanks for reading. 

K. M. Gothandam, Ramachandran Srinivasan, 
Shivendu Ranjan, and Nandita Dasgupta 
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ChAPTER 1 

Recent Literature on Biosorption 
as a Sustainable Environmental 

Technology to Remove Pollutants 

Eliana Soledad Lemos, Estefanía Belén Ingrassia, 
and Leticia Belén Escudero 
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1.1 INTRODUCTION 

1.1.1 The Presence of Pollutants in Wastewaters 

Industrial advancement has been accompanied by increased pollution due to various 
synthetic chemicals that can contaminate water currents (Ullah et al. 2018). Some sources 
of pollutants include chemical by-products, such as herbicides, pesticides, pharmaceuticals, 
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2 bioteChnology for toxiCity remediAtion And sustAinAbility 

cosmeceuticals, pigments, and those derived from electroplating, mining, smelting, tex-
tiles, leather, and metallurgical processes, among others (Bilal et al. 2018). 

The term wastewater is used to defne those waters that come from the processes 
that occur in the industry, which refers to any water that, at the time of manufacture 
or processing, comes into contact with raw materials, products, intermediates, by-
products, or waste products, which are manually directed in different operations or 
unit processes (Gadipelly et al. 2014). Wastewaters can contain different pollutants, 
some of which will be detailed in the following. 

• Heavy Metals 

Heavy metals are considered the main pollutants in wastewater (Chowdhury 
et al. 2016). This classifcation includes nonessential toxic elements, such as cad-
mium, arsenic, lead, and mercury, which do not fulfll any physiological or met-
abolic function in living beings but are capable of causing signifcant adverse 
health effects. Within this classifcation, a reduced group of essential elements 
is also presented, including zinc, iron, and copper, among others (Chowdhury 
et al. 2016). It is concerned that wastewater from industries such as metallurgy, 
mining, electroplating, iron, and steel contains toxic metals that are directly or 
indirectly discharged into water bodies, affecting the environment and the health 
of living beings (Silva et al. 2020). Metals are not biodegradable and can accu-
mulate in environmental compartments for long periods of time, being able to 
incorporate in humans through food and drinking water (Escudero et al. 2018). 
Once elements enter in the aquatic ecosystem, metals can accumulate in sedi-
ments or be consumed by biota, generating toxic effects, such as inhibiting or 
altering the development of the oxygen level of the media, as well as causing his-
tological changes in crustaceans and fshes as consequence of enzyme inhibition 
(Gheorghe et al. 2017). Table 1.1 shows a detailed information about the effects 
of heavy metals and other pollutants on aquatic biota and human health. Taking 
into consideration the environmental impact and the effects on the health of liv-
ing beings, the World Health Organization and the United States Environmental 
Protection Agency have established maximum allowable limit for toxic metals in 
different matrices. For instance, it has established a maximum limit of 0.01 µg/L 
for wastewater (WHO 2002). 

• Hydrocarbons 

Polycyclic aromatic hydrocarbons are persistent organic compounds with more 
than one condensed aromatic ring which are widespread in nature, such as in sedi-
ments, rivers, atmosphere, and soils (Manariotis et  al. 2011; Wolska et  al. 2011). 
These hydrocarbons are mainly generated during incomplete combustion processes, 
which occur in vehicle engines or during the burning of coal, oil, or natural gas, as 
well as during cooking and combustion in the open air, and from industrial pro-
cesses, oil spills, and other sources (Ozaki et al. 2015). Due to their mutagenic and 
carcinogenic properties, polycyclic aromatic hydrocarbons are included in the list of 



   

  

 

 

 

 

 

 

3 literAture on biosorption to remove pollutAnts 

Table 1.1 Effects Caused by Exposure of Different Pollutants in Aquatic Biota and 
humans 

Effects on human Effects on Aquatic 
Pollutant Group health Biota Reference 

Toxic metals brain damage; lung, 
kidney, and liver 
damage; 
cardiovascular 
disorders; mutations; 
teratogenicity; and 
congenital disorders 

hydrocarbons immunotoxic and 
neurotoxic effects; 
carcinogenesis; 

reproductive and 
developmental 
genetic effects; eye 
irritation, nausea, skin 
irritation, diarrhea, 
infammation, and 
lung problems 

Dyes Allergic eye reaction, 
contact dermatitis, 
skin irritation, 
respiratory diseases, 
and irritation of the 
mucous membranes 
and upper respiratory 
tract; genotoxic effects 
and carcinogenesis 

Pharmaceutical disturbances in the 
compounds endocrine system and 

hormonal function, 
morphological and 
functional effects on 
prenatal and infant 
development 

Pesticides irritation, dermatitis, 
vomiting, nausea, and 
cancer; 
neurobehavioral and 
neuropsychological 
disorders; respiratory 
symptoms or 
diseases 

inhibition in the 
development of fsh 
and phytoplankton, 
alteration of the 
development of 
mollusks, histological 
changes in 
crustaceans and fsh 

immunotoxic effects 
generating endocrine 
disruption; mutations in 
dnA and 
carcinogenesis; 
changes in the 
diversity, growth, and 
physiological level of 
aquatic organisms 

decreased 
photosynthesis in 
algae, limitation in 
oxygen 

Alteration in the 
physiology of fsh, 
feminization in male 
fsh, reduction of 
reproductive capacity 
and reduction of fsh 
biomass 

moderate amphibian 
and fsh poisoning 

(bankar and nagaraja 
2018) 

(rehman et al. 2018) 

(lawal 2017) 
(Abdel-shafy and 
mansour 2016) 

(pittinger et al. 1987) 
(varanasi and stein 
1991) 

(iArC 2010) 
(gürses et al. 2016) 
(Zaharia et al. 2009) 

(Adeel et al. 2017) 
(praveena et al. 2019) 

(sidhu et al. 2019) 
(rousis et al. 2017) 

priority contaminants of the European Union and the United States Environmental 
Protection Agency (Ifegwu and Anyakora 2015). 

• Dyes 

Dyes are used in various industries for the coloring of products such as leather, 
paper, food, rubber, textiles, printing, plastics (Ngulube et al. 2017). Some harmful 
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effects caused by dues in the fora include a decrease in photosynthesis in algae, 
which is caused by the absorption and refection of natural light by the dyes, produc-
ing alterations in the food chain (Zaharia et al. 2009). In humans, dyes can cause 
various health problems, including allergic reaction in the eyes, contact dermatitis, 
skin irritation, respiratory diseases, and irritation of the mucous membranes and 
upper respiratory tract (Mani et al. 2018). Due to its harmful effects on both human 
health and the environment, different countries have enacted, restricted, and in some 
cases, prohibited the discharge of wastewater with high concentrations of dyes. 

• Pharmaceutical Compounds 

Pharmaceutical compounds can be released into the environment as a metabolite 
or in the form of their original chemical structure (Magesh et al. 2020). Some phar-
maceutical compounds are persistent and have the ability to accumulate in sediments 
and marine organisms (e.g., hormones) (Åšwiacka et al. 2019). When pharmaceu-
tical compounds enter aquatic bodies, several adverse effects on biota can occur. 
Pharmaceutical products discharged to wastewater can also cause health problems in 
humans, including disturbances in the endocrine system and hormonal function and 
morphological and functional effects in prenatal and infant development (Praveena 
et  al. 2019). Due to the risk that some pharmaceutical drugs present in the envi-
ronment, the European Union established in Decision 2015/495 a surveillance list 
of substances that could mean a signifcant risk to aquatic environments; this list 
includes macrolide-type antibiotics (erythromycin, clarithromycin, and azithromy-
cin), which must therefore be monitored and may then be included in the list of prior-
ity substances for environmental quality standards (EU 2015). 

• Pesticides 

Pesticides are incorporated into water bodies, remaining for long periods of time 
due to their high environmental persistence, being also incorporated into the food 
chain. For this reason, these compounds have been declared as priority pollutants by 
organizations such as the European Union, establishing limits in drinking water of 
0.1 μg/L for a single active ingredient of pesticide, and 0.5 μg/L for the sum of all 
the detected individual active substances (EU 2008). Pesticides such as organophos-
phates affect aquatic ecosystems, moderately poisoning amphibians and fshes, while 
in humans it usually causes irritation, dermatitis, vomiting, nausea, and cancer, most 
of them being classifed by the Environmental Protection Agency as class I to IV 
toxicity, for inhalation and oral exposure (Sidhu et al. 2019). 

1.1.2 Biosorption-Based Technology 

The concept of biosorption is based on the adsorption phenomenon, with the 
particularity that it uses nonliving material of biological nature (biosorbent) as solid 
phase for the retention of an inorganic or organic contaminant (adsorbate) (Gadd 
2009). The affnity between a biosorbent and an adsorbate will greatly affect the 
effciency of a wastewater decontamination process. 
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Although research studies on the adsorptive potential of biomaterials have been 
performed for three centuries, it has only been in the last 70 years that biosorbents 
have been used for the removal of pollutants from contaminated matrices. During 
these years, different biosorbents have been investigated for the removal of pollut-
ants, including bacteria, fungi, algae, plant derivatives, biomolecules, and household, 
agricultural, and industrial wastes (Escudero et al. 2018). 

Biosorbents show outstanding characteristics that make them unique for develop-
ing environmental remediation technologies. Some of these characteristics are sum-
marized in Figure 1.1 and detailed here: 

• Obtaining a biosorbent is generally simple. If it is a plant derivative, a simple wash-
ing, drying, and grinding is required; if it is a bacterial biomass, an isolation and 
microbial growth followed by a lyophilization or drying process is needed (Canizo 
et al. 2019; Ngabura et al. 2018). In any case, no complex experimental steps are 
necessary to obtain a biosorbent. 

Figure 1.1 relevant characteristics of biosorbents used for environmental remediation tech-
nologies. the weight of the balance is greater for the positive aspects, consid-
ering the large number of advantages represented by the use of biosorbents in 
pollutants retention. several of the advantages contribute to the concept of green 
chemistry, by making use of cheap, biodegradable, and efficient materials. As a 
counterweight and disadvantage, the fragility of the biosorbents is shown, which 
could be a problem from a practical point of view to be able to reuse them during 
several biosorption/desorption cycles. however, a simple biomass immobilization 
strategy could solve this problem. 
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• Low cost. Biosorbents are an economic option compared to other adsorbents, for 
example, adsorption resins, nanomaterials, nanoparticles, carbonaceous materials. 
Biosorbents can be residues of domestic origin or wastes derived from industrial or 
agricultural activities, and their economic value is low. Even in the case of a micro-
bial substrate, the costs are low, considering the potential of these biosorbents in the 
feld of environmental bioremediation. 

• Surface area and functional groups on its surface. Biosorbents have a surface area 
that is comparable to that of other conventional adsorbents and exhibit binding sites 
on their surface through which pollutants ions or molecules could be effciently 
retained. Among these functional groups, it can mention hydroxyl, amino, sulfhy-
dryl, carboxyl, and carbonyl groups, among others (Javanbakht et al. 2014). 

• Environmentally friendly. Due to their biological nature, biosorbents are materials 
that are in line with environmental sustainability (Escudero et al. 2018). The next 
section will discuss with more detail the relationship between the use of biosorbents 
to remove pollutants and the environmental sustainability. 

Although biosorbents have many advantages to be used as solid phases for envi-
ronmental decontamination, they show the disadvantage of being brittle materi-
als, which can be a problematic aspect when reusing the material during several 
biosorption-desorption cycles. On the other hand, being that they materials that are 
easy to obtain and cheap, this aspect could be compensated and not generate a sig-
nifcant disadvantage. 

1.2 GREEN ChEMISTRY TO CONTRIBUTE WITh 
ENVIRONMENTAL SUSTAINABILITY 

When an adsorption technology for the removal of pollutants from wastewater 
is designed, it is often to focus on the goal that it is intended to achieve. If the aim 
of decontaminating an environmental matrix is reached, the process has been suc-
cessful. However, due to the awareness of the entire population about caring for the 
environment, there is a tendency to think not only about the fnal aim of environ-
mental remediation but also about the process itself. In this sense, the role of green 
chemistry becomes important, which aims to incorporate each step of the removal 
processes within the framework of environmental sustainability. 

Green chemistry pursues a reduction of the environmental impact based on the 
use, processing, and application of materials in a way that minimizes the damage 
to the environment and the beings that inhabit it (Saleh and Koller 2018). Figure 1.2 
shows the 12 basic principles defned by green chemistry that must be considered 
when implementing wastewater remediation technologies. 

The principle of real-time analysis for the prevention of contamination is perfectly 
feasible to perform. Determination of pollutants concentration present in wastewater 
should be frequently made, and the impact they generate on the environment should 
be also known. Although the frst link in the chain would be to try to generate the 
least amount of dangerous substances (e.g., in an industrial factory), sometimes this 
is not possible, and consequently the monitoring of pollutants and implementation of 
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Figure 1.2 12 basic principles def ned by green chemistry. All principles should be considered when wastewater remediation technologies are planned 
and performed to develop strategies in the frame of the environmental care. interdisciplinary work groups are desirable in order to rich the 
practices according to the principles. for instance, analytical chemists can contribute with the development of green analytical methodolo-
gies while microbiologists design biodegradable materials to be used as solid phases for the removal of pollutants. 
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environmentally friendly technologies for the decontamination of matrices is desir-
able and needed. 

Biological substrates as effcient solid phases for the adsorption of contami-
nants are also in good agreement with environmental care (Escudero et al. 2016). 
Biosorbents show an outstanding property that makes them unique materials: their 
biodegradability capacity under natural environmental conditions. The use of bio-
degradable materials contributes to the principle of a safer chemistry directly, and 
with the avoiding of solvents and auxiliaries indirectly, because it is not necessary to 
use chemical adsorbents or toxic solvents to be implemented in other processes, for 
example, in a liquid-liquid extraction. 

The reuse of biosorbents during several biosorption/desorption cycles makes 
the process more economical and sustainable. Although biosorbents are relatively 
fragile materials, which could affect their structure with the various charge and dis-
charge cycles, some authors have reported the effcient reusability of biosorbents. For 
instance, Ronda et al. studied the biosorption of heavy metals using treated olive tree 
pruning (Ronda et al. 2015). In this work, the reutilization capacity of the biosorbent 
reached 20 cycles of biosorption/desorption. 

Biosorbents immobilized on solid supports are alternatives that also contrib-
ute to environmental care, since the supported material could improve its rigidity 
and mechanical resistance, and therefore, its useful life during several biosorption-
desorption cycles (Dodson et al. 2015). Generally, biosorbents immobilized on solid 
supports are applied in continuous and automated systems, which imply a reduction 
in working times and in the possibility of errors from humans. 

Analytical techniques use to characterize biosorbents or to determine the 
concentration of pollutants are also a critical step in the biosorption studies, and 
some considerations should be taken into account to be along with the green 
chemistry concept. It has been reported that analytical chemistry can collabo-
rate with all principles of green chemistry, with the exception of atom economy 
(de la Guardia and Garrigues 2011). In this sense, different strategies could be 
implemented: 

• Avoiding sample preparation steps. 
• If sample treatment is necessary, being as less polluting as possible. 
• Developing miniaturized and automatized methods. 
• Implementing alternative safer reagents. 
• Reducing energy consumption. 

Several analytical techniques are needed in biosorption studies. For instance, Fourier 
transform infrared spectroscopy is an analytical technique usually used for the charac-
terization biosorbents. This technique shows positive aspects that are in good agreement 
with green chemistry, since the sample is not destroyed and no solvents are necessary 
for the characterization analysis. Regarding detection techniques, the selection of the 
analytical technique is conditioned by the analyte and the sample. Additionally, the 
selection should consider the technique that requires the minor time and consumption 
of solvents and reagents. 
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In summary, many aspects can be considered in the processes of pollutant 
removal from contaminated matrices to make them more compatible with environ-
mental care. It is important that the different actors involved in the process work 
together to implement valid strategies. 

1.3 BIOSORBENTS USED FOR POLLUTANT 
REMOVAL FROM WASTEWATER 

The following subsections present and discuss the groups of biosorbents that have 
been used in recent years for the removal of pollutants from contaminated matrices 
(Table 1.2). 

1.3.1 Bacteria 

Bacteria have been widely used as biosorbents for the decontamination of wastewa-
ter because they are biodegradable substrates, they require simple conditions to grow, 
and many of them are available in nature. Bacteria are classifed as Gram-positive 
and Gram-negative according to the Gram stain technique, which gives different 
results depending on the type of bacteria. This result is different since the cell wall 
of Gram-positive bacteria differs from that of Gram-negative bacteria (Figure 1.3). 
Gram-positive bacteria do not have an outer membrane but are surrounded by numer-
ous layers of peptidoglycan, which is a polymer of N-acetylglucosamine bound with 
N-acetylmuramic acid in ß-1,4 orientations. When the polymerization takes place, a 
mesh called murein saccule is formed, which helps provide rigidity to the bacterial 
cell. Peptidoglycan can be functionalized with teichoic acids, which are polymers 
of a polyol linked by phosphodiester bonds. The main bacterial genera belonging 
to the Gram-positive group are Bacillus, Listeria, Staphylococcus, Streptococcus, 
Corynebacterium, Enterococcus, and Clostridium. In contrast, Gram-negative bac-
teria have a very thin layer of peptidoglycan cross-linked by short chains of amino 
acids and an outer membrane rich in lipopolysaccharides and proteins. The most 
popular genera that represent this group involve Pseudomonas, Klebsiella, Proteus, 
Escherichia, Enterobacter, Helicobacter, Serratia, and Acinetobacter. 

The composition of the cell wall of the bacteria could infuence the biosorption 
effciency of a contaminant on the biomaterial due to the presence or absence of 
functional groups from peptidoglycans, teichoic acids, phospholipids, lipopolysac-
charides, and proteins. For this reason, the performance of both Gram-positive and 
Gram-negative bacteria in different biosorption processes to treat wastewater will be 
discussed. 

Canizo et al. proposed the use of a bacterial biomass isolated from rhizospheric 
soil to remove crystal violet from natural water and effuents (Canizo et al. 2019). 
A characterization study was deeply performed through analytical techniques such 
as Fourier transform infrared spectroscopy, scanning electron microscopy, energy 
X-ray dispersive spectroscopy, and point of zero charge. Energy X-ray dispersive 



  

 

 

 

 

 

 

  

 

  

 

10 Table 1.2 Experimental conditions and maximum biosorption capacities of biosorbents used for the removal of pollutants from 
wastewaters. 

Experimental Variables 

a Time C0 qmax 
Biosorbent Pollutant ph T (K) (Min) (mg L−1) (mg g−1) Reference 

Bacteria 
Rhodococcus erythropolis Crystal violet 9 298 120 500 289.8 (Canizo et al. 2019) 
AW3 

Bacillus cereus pb(ii) 5 298 120 10−100 82.17 (todorova et al. 2019) 
co-immobilized with 
activated carbon into 
alginate beads 

Corynebacterium glutamicum As(iii) 7 303 240 50 1672 (podder and majumder 2016) 
biof lm supported on a As(v) 1861 
sawdust/MnFe2O4 composite 

Cornstalk biochar–Bacillus Cd(ii) 7 303 1440 50 n.r. (ding et al. 2021) 
subtilis composite 

Pseudomonas putida Al(iii) 4.3 298 45 2.7 0.09 (boeris et al. 2018) 
immobilized in agar-agar 

Escherichia coli Cu(ii) ~ 5 301 4–5c 10–60 3.87 (Khosravi et al. 2020) 
biof lm placed on zeolite Zn(ii) 4.54 

Fungi 
Trichoderma harzianum Acid yellow 12 dye 4 313 150 100 78.39 (Karthik et al. 2019) 

Trichoderma sp. pb(ii) 6 303 120 25 24.15 (Zarei et al. 2019) 

Saccharomyces sp. pt(iv) 2 298 45 0.1 5.49 (godlewska-Żyłkiewicz et al. 
pd(ii) 2.5 4.28 2019) 

Saccharomyces cerevisiae Cr(vi) 3.5 298 120 200 154 (mahmoud and samah 
immobilized on a calcium mohamed 2015) 
alginate matrix 

Diaporthe schini Crystal violet 7.5 303 210 100 642.3 (grassi et al. 2019) 
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11 

Algae 
Sargassum tenerrimum Cr(vi) 2 298 240 5–200 37.7 (bazzazzadeh et al. 2020) 

Raphidocelis subcapitata Zn(ii) 4.5 297 120 84.1 10 (Kipigroch 2020) 
Chlorophytes population pb(ii) 98.4 10.77 

Zn(ii) 11 
pb(ii) 12.72 

Living Chlorella vulgaris flutamide 1.3 298 60.8 50b 26.8 (habibzadeh et al. 2018) 
Dead Chlorella vulgaris 1.07 117.3 84.7b 12.5 

Scenedesmus obliquus tramadol 7 298 45 50 140.25 (Ali et al. 2018) 

Scenedesmus sp. Acid blue 161 dye 4 313 300 200 83.2 (da fontoura et al. 2017) 

Chlorella pyrenoidosa rhodamine b 8 298 120 100 63.14 (da rosa et al. 2018) 

Plan Derivatives 
Pineapple leaves rose bengal dye 5 298 180 10 58.80 (hassan et al. 2020) 

NaOh–Prunus dulcis Acid green 25 dye 2 323 330 50–200 50.79 (Jain and gogate 2018) 

Raw Ficus racemosa Acid violet 17 dye 2 323 240 50–200 45.25 (Jain and gogate 2017) 
NaOh–Ficus racemosa 119.05 
h2SO4 –Ficus racemosa 61.35 

Spent tea leaves Cr(vi) 10 298 60–150 n.r. 10.64 (nur-e-Alam et al. 2018) 

Banyan root activated carbon phenol 7 303 60 100 26.95 (nirmala et al. 2019) 

Carbonized biochar diazinon pesticide 7 298 120 0.25–10 n.r. (baharum et al. 2020) 
Activated biochar 9.65 
h3PO4-biochar 10.33 
NaOh-biochar 0.65 

Agricultural and industrial wastes 
Peanut shell powder pb(ii) 6 298 180 20  27.0 (Abdelfattah et al. 2016) 

mn(ii) 240 14.29 
Cd(ii) 180 11.36 
ni(ii) 180 56.82 
Co(ii) 180 6.10 

Pomegranate peel powder nh4-n 6 298 120 80 2.49 (hodúr et al. 2020) 

(Continued) 
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 12 Table 1.2 (Continued) 

Experimental Variables 

a Time C0 qmax 
Biosorbent Pollutant ph T (K) (Min) (mg L−1) (mg g−1) Reference 

Grape peel Ag(i) 7 298 240 50 41.7 (escudero et al. 2017) 
Grape seed 61.4 
Grape stem 46.4 

Rice husk methylene blue 8 298 120 10–20 13.5 (labaran et al. 2019) 

Activated carbon from black methylene blue 10 308 1440 50 714 (Al-ghouti and sweleh 2019) 
olives 318 769 

Activated carbon from green 
olives 

Chitin and Chitosan 
Porous chitosan fe(ii) 3.5 303 360 55 51.81 (Kaveeshwar et al. 2018) 

127iCross-linked chitoan 5 298 40 2,000b 0.879 (Zhang et al. 2019) 
microspheres 

Chitin Cu(ii) 7 298 30 300 58 (labidi et al. 2016) 
Chitosan 67 
Chitosan- 110 
ethylenediaminetetra-acetic 
acid

Chitin-based composite Cu(ii) 6 298 120 n.r. 63.3 (velasco-garduño et al. 2020) 

a initial concentration of pollutants. 
b values expressed in μm. 
n.r.: nonreported. 
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Figure 1.3 schemes of the cell wall structure of gram-negative (a) and gram-positive (b) bacteria. gram-positive bacteria do not have an outer mem-
brane but are surrounded by numerous layers of peptidoglycan, which can be functionalized with teichoic acids. in contrast, gram-negative 
bacteria have a very thin layer of peptidoglycan cross-linked by short chains of amino acids and an outer membrane rich in lipopolysac-
charides and proteins. 
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spectroscopy analysis revealed the presence of carbon, nitrogen, oxygen, sodium, 
magnesium, and potassium on the Gram-positive Rhodococcus erythropolis AW3, 
and an additional signal belongs to chlorine on the dye-adsorbed biomass, confrm-
ing the biosorption process. Thermodynamic parameters showed a negative value of 
the Gibbs free energy change and a negative value of enthalpy changes, indicating 
a spontaneous and exothermic biosorption process, respectively. One of the main 
strengths of this work is that the biosorption was successfully applied to real textile 
effuents, overcoming the possible effects of matrix interference that could cause the 
chemical complexity of the sample. 

Some drawbacks may arise with the use of bacterial cells during the process of 
separating the biomass containing the adsorbed pollutant from the aqueous phase, 
which point to the need to use ultracentrifuges, since an effcient separation is often 
not achieved using classic centrifuges that work at slower speeds. To solve this situ-
ation, the biomass can be immobilized on a solid support, also achieving a greater 
mechanical rigidity of the biosorbent. Immobilized Bacillus cereus bacterium has 
demonstrated its biosorption potential for the removal of heavy metals (Todorova 
et al. 2019). The Gram-positive bacterium was co-immobilized with activated carbon 
into alginate beads as following: (i) adding activated carbon to a solution of sodium 
alginate, then (ii) adding the inactive bacterial cells to the previous suspension. The 
optimal experimental variables used to obtain the highest lead removal are exhibited 
in Table 1.2. The assayed biosorbent demonstrated reaching higher removal capacity 
in comparison with the use of the individual bacterium. Moreover, the co-immobili-
zation of the biomass allowed the reutilization of the biosorbent for at least fve cycles 
of biosorption/desorption without changes in the removal capacity. 

Immobilized Gram-positive Corynebacterium glutamicum has also been used 
as biosorbent to effciently remove trivalent and pentavalent arsenic from waste-
waters (Podder and Majumder 2016). In this work, a bacterial bioflm was sup-
ported on a sawdust/MnFe2O4 composite for the removal of arsenic contained in 
synthetic wastewaters following a simultaneous biosorption and bioaccumulation 
system. Based on the determination coeffcient and the error values, Langmuir 
isotherm showed the best ft to the experimental equilibrium data, indicating the 
formation of a monolayer in the biosorption/bioaccumulation of the assayed pol-
lutants. Once optimal experimental variables were determined, desorption studies 
were performed, showing that a solution of 0.05 mol/L was enough for desorption of 
more than 81–88% of pollutants from the immobilized biomass. Finally, the author 
suggested that the retention process could take place by electrostatic interactions or 
ligand exchange. 

Composites materials based on bacteria have also been explored. Ding et  al. 
reported the removal of cadmium from wastewater by coupled use of biochar and 
Bacillus subtilis bacterium (Ding et al. 2021). In this work, the adsorption poten-
tial of the individual materials and the composite was evaluated. Regarding biochar 
materials, cornstalk, peanut shell, and pinewood biochars were studied. In all cases, 
it was observed that the composite material showed pollutant removal effciency 
greater than the sum of that obtained by the individual materials, which shows the 
improved effectiveness of the composite material for cadmium biosorption. More 
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contributions about the successful application of hybrid materials for the adsorptive 
removal of pollutants are commented on in Section 4. 

It has been observed through the mentioned examples that Gram-positive bacte-
ria are effcient biosorbents to remove contaminants from wastewaters. The perfor-
mance of some Gram-negative bacteria will be discussed in the following. 

Boeris et al. have reported the application of Pseudomonas putida immobilized 
in agar-agar to remove aluminum ions from aqueous solutions through batch and 
fxed-bed column systems (Boeris et al. 2018). The effect of contact time on the bio-
sorption of aluminum in beads with and without biomass was evaluated, showing for 
both cases a rapid biosorption in the initial 15 min, then a slower growth and fnally 
an equilibrium time within 45 min. Although the effciency of the process was good 
using the continuous and discontinuous system, it was observed that the continu-
ous experiments achieved higher biosorption capacity than that achieved with the 
batch system. The fow rate of the sample in the packed-bed column system showed 
that as it increases, the removal percentages of aluminum decrease, which could be 
due to insuffcient contact time between the biosorbent and the sample containing 
the contaminant. This work yielded encouraging results in aqueous solutions, and it 
would be interesting to evaluate its performance in the presence of a complex matrix, 
through studies in synthetic or real samples, such as wastewaters. 

Khosravi et al. evaluated the biosorption performance of Escherichia coli bioflm 
placed on zeolite to remove heavy metals in wastewaters from a treatment plant of 
copper complex (Khosravi et al. 2020). Kinetic experiments showed that metal ions 
removal was rapid within the initial hours, but it became slower and gradual in the 
next days. The biosorption equilibrium times were obtained after fve days for copper 
and four days for zinc ions. Regarding real samples, the wastewater at the output of 
the plant was assayed using the proposed biosorbent, reaching a removal percentage 
of 94.75 and 92.96% for copper and zinc, respectively. This work and the previous 
ones reveal that Gram-negative bacteria can also be effcient to be used as biosorbent 
to remove different pollutants from wastewaters. 

1.3.2 Fungi 

Fungi are usually classifed as microfungi and macrofungi. Microfungi may 
have a single cell structure or be flamentous, where the development of structures 
called hyphae is observed (Dhankhar and Hooda 2011). Hyphae are tubular fla-
ments that form a true and microscopic mycelium when they are together. On the 
other hand, macrofungi are easily found in nature and present various morpholo-
gies, such as epigeal or hypogeal fruiting bodies that are generally called fungi (Lu 
et al. 2020). 

The cell wall of these organisms is of polysaccharides, proteins, and lipids, 
specifcally chitin, glycans, glycoproteins, and functional groups such as amines, 
carboxyls, and hydroxyls (Legorreta-Castañeda et  al. 2020). These characteristics 
provide fungi the ability to adsorb toxic pollutants frequently found in the environ-
ment. In recent years, fungi have received increased attention to remove pollutants 
by adsorption because they are easily obtained, require an economic culture media, 
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have multiplication that is possible in a short time, and are environmental friendly 
substrates (Dhankhar and Hooda 2011). 

Several research works have used fungi with adsorption and removal purposes. 
The Trichoderma harzianum microfungus has been evaluated for biosorption of acid 
yellow 12 dye from aqueous solutions (Karthik et al. 2019). The biomass was culti-
vated, dried, and ground to obtain a powder. Dead biomass was put in contact with 
the dye to perform biosorption experiments, observing a maximum dye removal of 
93% using 0.5 g/L of biosorbent. The uptake of the dye by the biomass occurred at 
a rapid rate, obtaining the maximum removal percentage at 150 min of contact time. 
To explain biosorption capacity, different isotherms, such as Langmuir, Freundlich, 
Temkin, and Dubinin-Radushkevich, were used. The experimental data adjusted 
very well to the Freundlich isotherm, obtaining values of determination coeffcients 
between 0.982 and 0.986 for a temperature range between 298 K and 313 K. The 
biosorption of the dye was well explained with the pseudo-second order model by 
a chemisorption process. The thermodynamic parameters revealed that biosorption 
was spontaneous and endothermic. The biosorbent proposed in this work demon-
strated to be economical, sustainable, and effcient for the removal of the dye from 
aqueous solutions. 

Zarei et  al. investigated the potential of Trichoderma sp. microfungus for the 
biosorption and removal of lead ions from wastewater (Zarei et al. 2019). At pH 6, a 
removal effciency of 82.4% was attained. However, when the stirring speed of the 
mixture was increased to 200 rpm, the removal effciency increased to 94.3%, which 
is an important fact, because it is possible to achieve a higher yield with a simple stir-
ring process at an optimal contact time of 120 min. Moreover, it was observed that 
a removal of 98.8% was obtained at 298 K, favoring the green practice of work at 
room temperature and avoiding additional energy consumption. The results obtained 
indicated that the Trichoderma sp. fungus had a high biosorption capacity for the 
treatment of aqueous solutions contaminated with lead ions. 

Godlewska-Zyłkiewicz et al. published an article based on the use of commercial 
yeasts of the genus Saccharomyces sp. for the biosorption of platinum and lead ions 
from wastewater (Godlewska-Żyłkiewicz et al. 2019). The optimal conditions for the 
biosorption of the metallic ions are shown in Table 1.2. A removal effciency of lead 
of 90.1% was obtained in the frst 45 min, while platinum ions reached the high-
est response (93%) at 5 min after the start of biosorption. The adsorption kinetics 
was represented by the pseudo-second order model, which indicates that the speed 
limitation could be related to the chemical interactions that lead to the binding of 
metal ions on the surface of the adsorbent as ion exchange or complexation pro-
cesses. Adsorption isotherms provided an estimate of maximum metal absorption 
from experimental data. The obtained experimental data indicated that they were in 
good agreement with the Langmuir isotherm, showing that monolayer biosorption 
occurred at the binding sites. 

Mahmoud and Mohamed investigated the biosorption effciency of the biomate-
rial formed by Saccharomyces cerevisiae microfungus and a calcium alginate poly-
meric matrix for the removal of hexavalent chromium from aqueous solutions and 
tannery effuents (Mahmoud and Samah Mohamed 2015). A representation of the 
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Figure 1.4 scheme of the biosorption process developed by mahmoud and mohamed based 
on the use of Saccharomyces cerevisiae and a calcium alginate polymeric matrix 
for the biosorption of hexavalent chromium (mahmoud and samah mohamed 
2015). initially, yeast cell, sodium alginate, and a solution of calcium chloride were 
put in contact at 298 K to obtain the biosorbent. spheres from 2.0 to 3.0 mm of 
biomass/polymer beads were formed upon contact with a cross-linker solution. 
finally, the biosorbent was added to ideal solutions containing the pollutant or 
tannery effluents to remove chromium ions. 

process is shown in Figure 1.4. They were put in contact with the sample for batch 
biosorption experiments. A removal percentage of 77% was obtained at optimal 
experimental conditions (Table 1.2). This work uses an environmentally sustainable 
practice when evaluating the possibility of reusing the biosorbent and reducing the 
consumption of reagents. Thus, the reuse of the biosorbent was assayed, observing 
a decrease in the biosorption removal from 85% to 64% from the frst to the third 
cycle. The biomaterial formed by yeast and calcium alginate was effcient to remove 
hexavalent chromium ions from synthetic solutions and tannery wastewater. 

Grassi et al. reported the use of Diaporthe schini microfungus for the removal 
of crystal violet dye from a synthetic textile effuent (Grassi et al. 2019). The fungus 
was obtained by submerged fermentation, which consists of the development of the 
fungus in a liquid broth. The optimum pH for biosorption and the amount of bio-
sorbent necessary to achieve the highest percentage of biosorption is exhibited in 
Table 1.2. The adsorption equilibrium was reached within 210 min, regardless of 
the initial concentration of the dye. To obtain information on adsorption at equilib-
rium, Freundlich, Langmuir, and Sips isotherms were studied. The statistical data 
indicated that the Sips model was the best to describe the experimental equilibrium 
data. The thermodynamics results indicated a spontaneous and endothermic process 
that was produced by physisorption. Finally, 87% of dye removal was achieved in 
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the synthetic textile effuent, being a promising value for the use of the fungus in the 
direct treatment of effuents from the textile industry. 

1.3.3 Algae 

Algae can be broadly classifed into green, brown, and red algae. These organ-
isms are defned as aquatic plants that lack true roots and stems (Shamim 2018). 
Algae have been extensively used for biosorption and removal of various pollutants, 
such as toxic metals, polycyclic aromatic hydrocarbons, dyes, pharmaceutical com-
pounds, and pesticides from industrial wastewater. 

Bazzazzadeh et al. performed biosorption studies using Sargassum tenerrimum 
brown macroalgae to remove hexavalent chromium from wastewater of a tanning 
industry (Bazzazzadeh et  al. 2020). The biosorbent was prepared by washing the 
algae with seawater and distilled water, followed by a drying step in the sun for 12 
hours, dehydrating, grounding, and sieving. Once kinetic experiments were devel-
oped, pseudo-frst order and pseudo-second order models were evaluated to repre-
sent the system based on Sargassum tenerrimum/chromium. It was observed that 
the pseudo-second order model showed a higher coeffcient of determination (R2 = 
0.978) in comparison with that obtained for the pseudo-frst order. When selecting 
the pseudo-second order model, it was obtained that the rate of used sites was identi-
cal to the number of vacant sites. In this work a removal of 88% of the pollutant was 
achieved using the algae, exhibiting a great biosorption potential even in a complex 
matrix such as that of industrial effuents. 

The removal of zinc and lead ions from industrial wastewater produced in battery 
manufacturing has also been studied in a batch system (Kipigroch 2020). In this work, 
pure lyophilized cultures of Raphidocelis subcapitata microalgae obtained from 
fresh waters and chlorophytes such as Tetrasporales, Volvocales, Chlorococcales, 
and Chlorosarcinales were used as biosorbents. It was found that the chlorophyte 
population reached an optimal maximum sorption capacity at 120 min, while with 
R. subcapitata, it was recorded at 10 min. Regarding removal percentages of lead, 
a removal effciency 58% and 48% was reached using R. subcapitata and the mixed 
population of chlorophytes, respectively. In the case of zinc ions, 70% and 75% of the 
pollutant were removed when R. subcapitata and the chlorophyte population were 
used as biosorbents, respectively. 

Microalgae have also been used for the removal of pharmaceutical compounds 
in wastewater. Habibzadeh et al. studied the elimination of futamide, a drug used 
against cancer, from wastewater, using living and dead biomass obtained from 
Chlorella vulgaris (Habibzadeh et al. 2018). The green microalgae was cultivated 
in Zinder medium at 298 K, the pH of the culture medium was adjusted to 7 before 
subjecting it to sterilization, and it was illuminated with fuorescent light. After 12 
days, the algal cells were harvested in logarithmic phase of growth; they were cen-
trifuged at 3,500 rpm to then be subjected to washing with sterilized deionized water 
and, fnally, to the lyophilization process to obtain a dead biomass. On the other 
hand, to obtain a living biomass, a constant number of cells equivalent to the amount 
of dry biomass was used. The authors confrmed that both biomasses presented high 
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effciency in the elimination of futamide from wastewater (> 97%) and biosorption 
capacities (Table 1.2). The higher biosorption capacity of the living algae occurred 
at neutral pH, which could be due to the fact that the growth of the algae is affected 
by the pH values, being able to generate a signifcant impact on the accumulation of 
organic compounds and on the biosorption of pollutants. 

Scenedesmus obliquus microalgae cells were evaluated for biosorption and 
removal of tramadol from synthetic wastewaters (Ali et al. 2018). Part of the biomass 
was modifed using an alkaline medium, and batch experiments were performed 
using modifed and unmodifed biomass. The results showed that the removal per-
centage using the modifed biomass was higher than that obtained using the unmodi-
fed cell surface (95% vs. 20%). Kinetic experiments were performed, and the results 
obtained were well described using the pseudo-second order kinetic model. The 
equilibrium data coincided with those of the Langmuir model, showing a maxi-
mum biosorption capacity of 140.25 mg/g. In addition, the Dubinin-Radunshkevich 
isotherm model was applied to verify the biosorption mechanism. The biosorption 
energy of tramadol obtained was 63.76 kJ/mol, which indicates that the biosorption 
of tramadol is a chemical-type process. 

Da Fontoura et al. investigated the biosorption of acid blue 161 dye using defat-
ted Scenedesmus sp. Microalgae biomass as biosorbent (da Fontoura et  al. 2017). 
The microalgae were subjected to a lipid extraction process and then cultivated in 
tannery wastewater without previous treatment for 20 days using a photobioreactor 
(Figure 1.5). After extraction, the biomass was rinsed with distilled water, centri-
fuged, and dried in an oven to obtain a dry biomass that was then macerated and 
characterized by spectroscopy in the infrared region with Fourier transform. The 
analysis of the spectra before biosorption revealed irregular surface roughness of 

Figure 1.5 scheme of the biosorption process investigated by da fontoura et al. using bio-
mass of microalgae Scenedesmus sp. defatted for the biosorption of acid blue 
161 dye from tannery wastewaters (da fontoura et al. 2017). 
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the biosorbent, with cavities that play an important role in the biosorption of the 
dye. After the biosorption process, the number of cavities on the biosorbent surface 
decreased, and the material was more uniform. This work showed that the equi-
librium experimental data was well represented by the Freundlich model, which 
indicates multilayer coverage of dye molecules on the biosorbent surface. Regarding 
thermodynamic studies, the negative values of Gibbs free energy change confrmed 
that the biosorption was spontaneous, while the positive values of enthalpy changes 
showed the endothermic nature of the process. 

To obtain the biosorbent, the microalgae were subjected to a lipid extraction pro-
cess and later cultivated in a photobioreactor containing tannery effuents. At the 
end of the cultivation, the biomass was recovered by centrifugation and lyophilized. 
Finally, biosorption studies were performed by adding the biosorbent to tannery 
effuents to remove the acid blue dye. 

Da Rosa et al. used Chlorella pyrenoidosa green microalgae to remove rhoda-
mine B dye from effuents derived from stone staining (da Rosa et al. 2018). Table 1.2 
shows the optimal experimental variables to reach the maximum responses of inter-
est. The infuence of the temperature on the biosorption capacity was studied, show-
ing that at higher temperatures, the response was decreased. Thermodynamically, 
it was determined that the biosorption process of rhodamine B by microalgae was 
spontaneous and exothermic, which is in line with green chemistry principles due to 
the avoiding of extra energy consumption, turning the process into a more economic 
and sustainable alternative. 

1.3.4 Plan Derivatives 

Plant derivatives are one of the most commonly used biosorbents in environmen-
tal decontamination studies because of their being easily obtained, their availability, 
and their effciency to remove pollutants. In this sense, different plant derivatives 
have been investigated, including roots, leaves, bulbs, stalks, seeds, fruits, and fow-
ers. Some recent investigations based on the use of these biosorbents to remediate 
contaminated environments are mentioned next. 

The adsorptive removal of pineapple leaves was evaluated to remove rose bengal 
dye from contaminated water samples (Hassan et al. 2020). In this work, three vari-
ants of the biosorbent were assayed: the raw biosorbent and thermally activated bio-
waste leaves at two different temperatures (523 K and 773 K). Results revealed that 
the raw pineapple leaves reached the highest removal percentage (92.37%). Optimal 
experimental conditions are exhibited in Table 1.2. Kinetic and equilibrium studies 
showed the biosorption was a second-order reaction and follows the Freundlich iso-
therm, respectively. 

Jain and Gogate evaluated the performance of Prunus dulcis to remove acid green 
25 dye from aqueous solutions (Jain and Gogate 2018). Initially, the biosorbent was 
chemically activated using a solution of sodium hydroxide, and then it was character-
ized through scanning electron microscopy, Fourier transform infrared spectroscopy, 
and Brunauer-Emmett-Teller method. This work exhibits not only the results of bach 
experiments but also experiments in continuous systems, which makes it much more 
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interesting to evaluate its potential performance in a large-scale process. Regarding 
column studies, an increase in the biosorption capacity when the loading speed of 
the sample in the column decreased from 10 to 6 mL/min was observed, being this 
speed is acceptable so as not to negatively affect the total time of the process. After a 
regeneration stage, the biosorbent could be reused for up to fve biosorption/desorp-
tion cycles, with a minimal decrease in biosorption capacity, which contributes to 
proftability and environmental sustainability. 

Jain and Gogate also investigated the adsorptive potential of fallen leaves of raw 
and chemically activated Ficus racemosa to remove acid violet 17 dye from wastewa-
ter through bach and continuous mode (Jain and Gogate 2017). Regarding the kinet-
ics of biosorption, a large increase in the biosorption capacity was observed before 
30 min of the process, and then this increase was less pronounced. The effect of 
temperature on the biosorption capacity was studied, revealing that the biosorption 
capacity was increased when the temperature was also increased. According to the 
values of the determination coeffcient and relative standard error, Langmuir model 
showed to be in good agreement with the experimental equilibrium data. Under the 
continuous mode, it could be observed that the biosorbent-loaded column could be 
regenerated with alkaline distilled water, which allowed performing fve cycles of 
biosorption/desorption with a minimal decrease of the removal percentage. 

Spent tea leaves have been studied for the adsorptive removal of chromium 
from tannery wastewater (Nur-E-Alam et al. 2018). Spent leaves of black tea were 
obtained, which were then washed with boiling water to eliminate impurities and 
the color, and fnally dried at 378 K. Several experimental variables were optimized, 
including biosorbent amount, pH of the solution, and contact time. Experimental 
equilibrium data were in good agreement with both Langmuir and Freundlich mod-
els. One of the strengths of this work is that the removal of chromium from several 
tannery wastewater samples was demonstrated, which indicates the effciency of bio-
sorption against different complex matrixes and with variety of concomitant chemi-
cal species. 

Nirmala et al. used a banyan root activated carbon to remove phenol from waste-
waters (Nirmala et al. 2019). Prior to use, the adsorbent was chemically modifed 
with potassium hydroxide. The biosorbent was accordingly characterized using dif-
ferent analytical techniques. Under optimal experimental conditions, a removal per-
centage of 89.2% was achieved. Langmuir model was adequate to ft the equilibrium 
experimental data, which is represented by a monolayer biosorption. The biosorbent 
demonstrated its potential to be reused for up to three cycles of biosorption/desorp-
tion. Thermodynamically, the biosorption process showed a spontaneous and exo-
thermic nature. 

Baharum et  al. used coconut shell–modifed biochar for the removal of diazi-
non pesticide from aqueous solutions (Baharum et al. 2020). Different forms of the 
biosorbent were assayed, activated, and chemically modifed biosorbent, the most 
adequate to remove the organophosphorus pesticide. Table 1.2 shows the optimal 
parameters to reach a removal percentage of the pollutant superior than 97%. The 
authors stated that the highest biosorption was achieved at neutral pH, which is an 
advantage of the process since it is not necessary to consider additional reagents that 
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adjust the pH, thus contributing to the concept of green chemistry in the process. 
This biosorbent could potentially be applied to treat wastewaters that contain the 
pesticide. 

1.3.5 Agricultural and Industrial Wastes 

In recent years, great attention has been paid to the utilization of agricultural 
and industrial wastes as biosorbents for the removal of pollutants from wastewaters 
(Kadhom et al. 2020). These biosorbents can be used through their extracts, without 
simple previous treatment or as part of hybrid materials, and exhibit great advan-
tages, such as low cost, high availability, effciency, and sustainability (Anawar and 
Strezov 2019). Agricultural wastes include straws, hulls, slag, crumbs, and slurry, 
while the industrial wastes that have been most applied as biosorbents are sludge, fy 
ash, and clay minerals (Mo et al. 2018). These lignocellulosic biomaterials composed 
of cellulose, hemicellulose, and lignin contain functional groups, such as hydroxyl, 
carboxyl, ester, phenolic, and sulfhydric groups that can bind the pollutants of the 
wastewater to the surface of the adsorbents (Singh 2020). 

Abdelfattah et al. used peanut shell powder for the treatment of wastewaters con-
taining metal divalent ions, such as lead, manganese, cadmium, nickel, and cobalt 
(Abdelfattah et  al. 2016). For all metal ions, high biosorption effciency occurred 
in the frst 30 min and then slowed down to equilibrium. The pollutants reached a 
maximum biosorption at 3 h, with the exception of manganese, which reached it at 
4 h. To explain the equilibrium experimental data, the isotherm of the Langmuir 
model was used, and determination coeffcient values between 0.985 and 0.998 were 
obtained, indicating that biosorption occurs in a monolayer that is saturated at the 
surface of the biosorbent. Removal effciency percentages between 24% and 100% 
were attained for the assayed ions. Despite that these removal percentages are differ-
ent for each pollutant, this biosorbent demonstrated being useful in removing a large 
number of pollutants usually present in wastewaters. 

Hodúr et al. studied the removal effciency of ammonium nitrogen from milk-
ing parlor wastewater using pomegranate peel powder as biosorbent (Hodúr et al. 
2020). The biosorbent preparation consisted of washing, drying, and grinding, until 
obtaining a powder with a particle size of < 250 µm. It was observed that the optimal 
contact time to obtain the highest biosorption percentage was 120 min, which can be 
considered a fast and effective time. It was reported that the increase of temperature 
from 298 to 318 K did not show signifcant changes in the biosorption effciency, 
selecting hence the room temperature for the whole process. Based on the obtained 
data, the biosorption process had great advantages related to the short optimal 
adsorption time, compatibility with room temperature, and the use of a cheap and 
highly available biosorbent. 

In another study performed by Escudero et al. residues from the wine industry 
were used to remove silver ions from aqueous media (Escudero et al. 2017). Residues 
of grape skins, seeds, and stems were washed, lyophilized, and pulverized until par-
ticles with a diameter of 80 to 110 µm were obtained. The optimal experimental 
parameters for the biosorption process are shown in Table 1.2. It should be noted that 
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the optimal biosorbent dose is very low compared to the large amount of the residues 
obtained in the wine industry. The data obtained with respect to the biosorption 
kinetics were correctly represented by the pseudo-frst order model. The biosorption 
isotherms data were in good agreement with the Sips model, observing that the pro-
cess was favored at 298 K, being not necessary to supply extra heat to the process. 
With respect to the obtained thermodynamic parameters, the authors concluded that 
the process was spontaneous, favorable, and exothermic. 

Labaran et al. studied the use of rice husk as biosorbent for the biosorption of 
methylene blue dye from aqueous solutions (Labaran et al. 2019). The residue was 
washed, air-dried, and ground to a powder, which was sieved to obtain fne particles. 
It is important to highlight that the biosorption process was favorable at low concen-
trations of the dye, where approximately 100% removal was obtained between 10 
and 20 mg/L with a dose of 0.05 g adsorbent. Regarding the adsorption isotherms, 
the experimental data were correctly adjusted to the Freundlich model, indicating the 
biosorption onto a heterogeneous surface. It can be considered that rice husk residues 
could be a promising biosorbent for wastewater treatment. In this case, a deep study 
to evaluate the matrix effect of complex matrices should be performed. 

Al-Ghouti and Sweleh used activated charcoal obtained from the pit of black and 
green olives to remove methylene blue from water (Al-Ghouti and Sweleh 2019). The 
olive stone was dried, ground, and the obtained powder was calcined at 773 K for 3 
h. The optimal experimental parameters to reach the highest removal of methylene 
blue are shown in Table 1.2. The behavior of the biosorption process related with the 
temperature showed a maximum biosorption at 308 and 318 K using the pit of green 
olives and black olives, respectively. The use of relatively low temperatures such as 
those indicated in this work is a good advantage for the total process, since the ener-
getic cost and the time are considerably reduced. 

1.3.6 Chitin and Chitosan 

At present, biopolymers such as chitin and chitosan have shown great interest for 
their use as adsorbents to remove pollutants (Dassanayake et al. 2018). Chitin is gen-
erally found in the exoskeleton of crustaceans, fungi, and insects and is the second 
most abundant biopolymer in nature (El Knidri et al. 2018). Chitosan is composed 
of glucosamine and acetyl-glucosamine monomers and obtained by deacetylation of 
chitin under alkaline conditions (Desbrières and Guibal 2018). The advantages of 
these biopolymers are their wide availability, low cost, biodegradability, and nontox-
icity (Kasiri 2019). Chitosan also has the ability to conglomerate and precipitate at 
alkaline or neutral pH; it is polycationic and has a long polymer chain that improves 
contact with environmental pollutants (Vidal and Moraes 2019). Due to these char-
acteristics, both chitin and chitosan have been studied with great attention for the 
treatment of wastewaters. 

Kaveeshwar et al. used porous chitosan for the biosorption of divalent iron ions 
from a synthetic fracking wastewater (Kaveeshwar et al. 2018). Porous chitosan was 
prepared using diluted acetic acid by stirring and subsequent lyophilization, then the 
compound was neutralized with sodium hydroxide and washed with distilled water. 
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Several variables were optimized, including pH, where it was established that chitosan 
presented stability and allowed the removal of the maximum pollutant amount at pH 
values between 3 and 4. Kinetic experiments were also performed, and the obtained 
data showed well ft to pseudo-second order kinetic model. Thermodynamic studies 
indicated that the biosorption process was feasible, spontaneous, and endothermic. 

Zhang et al. focused on the use of cross-linked chitosan microspheres to treat 
radioactive iodine from nuclear waste polluting wastewater (Zhang et al. 2019). The 
factors that affect metal biosorption were optimized (Table 1.2). The chitosan spheres 
were obtained by the emulsion polymerization technique, and the study was per-
formed on aqueous samples containing the pollutant, maintaining the safety of the 
analysts during the whole process. Fourier transform infrared spectroscopy, scan-
ning electron microscopy, and thermogravimetric analysis indicated that chitosan 
cross-linking provided a surface with high specifcity that favors biosorption. An 
interesting observation is that the biomaterial was economically viable due to the 
low amount of chitosan microspheres required to obtain high removal effciency. 
Furthermore, it was shown that it could be regenerated and recycled for at least fve 
consecutive biosorption/desorption cycles, keeping the biosorption performance and 
stability of the biomaterial. 

Labidi et  al. developed an experiment to compare the biosorption capacity of 
chitin, chitosan, and chitosan-ethylenediaminetetraacetic acid against divalent cop-
per ions present in wastewaters (Labidi et al. 2016). The ethylenediaminetetraacetic 
acid ligands present a sexidentate structure that gave an important ionic force to 
chelate the copper ions. The three biosorbents behaved in a very similar way, obtain-
ing maximum biosorption responses at 30 min. The biosorbents showed differences 
in their thermodynamic behavior. Thus, the functionalized chitosan showed a spon-
taneous and endothermic process, and individual chitosan exhibited a spontaneous 
and exothermic process, while chitin showed a nonspontaneous biosorption if the 
temperature increased above 298 K. The adsorbed pollutant could be recovered with 
chloride acid, and after simple biosorbent conditioning, it could be used for the sub-
sequent biosorption/desorption cycle. 

Velasco-Garduño et al. evaluated the adsorptive removal of copper from waste-
water using a chitosan-based biodegradable composite in a continuous system 
(Velasco-Garduño et al. 2020). Chitosan molecule was premixed at different ratios 
with thermoplastic prepolymer polyester. The highest copper removal percentage 
(99.16%) was obtained using the composite based on double mass of chitosan in rela-
tion to the polyester prepolymer. It is important to note that the biosorption studies 
were performed at room temperature, generating energy savings because it was not 
necessary to introduce a heating stage in the process. The chitosan-based composite 
showed advantages, such as its low cost for the biosorption of copper from wastewa-
ter effuents. 

This section has revealed that biosorbents, including bacteria, fungi, algae, plant 
derivatives, agricultural and industrial wastes, and chitin and chitosan molecules, 
are low-cost, eco-friendly, and effcient materials for the removal of pollutants, 
reaching removal percentages of both inorganic and organic pollutants from around 
50 to 100%. 
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1.4 hYBRID BIOMATERIALS 

Hybrid biomaterials have emerged as alternatives that often have superlative prop-
erties compared to the materials used individually. For instance, it is usually used to 
produce a hybrid material to improve the fragility of a biosorbent and to implement 
it in a continuous system, improving process times and allowing the hybrid material 
to be reused during several cycles of biosorption/desorption. Another drawback that 
occurs frequently is that sometimes there are no ultracentrifuges in laboratories that 
allow the complete separation of the aqueous phase from that of the supernatant 
phase that contains the cells with the adsorbed pollutant. To solve this situation, it 
is possible to synthesize a material that is composed of a biological substrate and a 
material with magnetic properties, thus forming a hybrid material capable of separat-
ing from the liquid phase with the use of a simple magnet. In other cases, the use of 
hybrid materials could be more economical than the use of an individual material. 
Some works that use hybrid biomaterials for environmental remediation purposes 
will be discussed next. 

Soares et al. used a chitosan-silica hybrid nanosorbent to remove nonpolar organic 
compounds, including toluene, cyclohexane, n-heptane, and chloroform, from water 
(Soares et al. 2017). The hybrid material was prepared following a one-step solgel 
encapsulation method. The biosorption process consisted a simple contact between 
the sample or an ideal solution and the hybrid biomaterial at optimal experimental 
variables, and the separation of phases was successfully performed by the application 
of an external magnetic feld. The biosorption performance was better for the hybrid 
biomaterial in comparison with that obtained with the material without chitosan. 
The biomolecule demonstrated hence to be essential in reaching the highest removal 
percentage and biosorption capacity. As expected, it was possible to regenerate and 
reuse the hybrid biomaterial for at least two cycles of biosorption/desorption. 

Cadmium ions have been removed from aqueous solutions using a hybrid bioma-
terial composed of Plesiomonas shigelloides strain H5 bacteria cells and modifed 
polyacrylonitrile-based carbon fber (Xue et al. 2017). The hybrid material showed 
more superior characteristics than the individual materials, improving the surface 
area and pore width and showing a positive impact on the performance of the bio-
sorption. A removal percentage of around 71% was reached, and a biosorption capac-
ity of 7.123 mg/g was obtained. The system exhibited the advantage of not being 
affected by the ionic strength, which is a promising result, considering that waste-
water samples are complex matrices with high ionic strength. Isotherms data were 
in good agreement with the Freundlich model, revealing a heterogeneous surface of 
the biosorbent and the formation of multilayer when the pollutant was adsorbed on 
the solid phase. 

The adsorption of bromophenol blue dye has been studied using an hybrid mate-
rial formed by impregnation of silver nanoparticles onto pristine Solanum tuberosum 
peel (Akpomie and Conradie 2020). The hybrid material was stable at a wide range 
of pH (2–9), which allows the optimization study to be performed at different pH 
values. Although the removal of the dye was possible in a simulated wastewater pre-
pared in the laboratory, an interference of competing lead, nickel, cadmium, and zinc 



 

 

26 bioteChnology for toxiCity remediAtion And sustAinAbility 

ions for the adsorption on the hybrid material was observed. In this sense, additional 
studies about the application of the biosorption system in real wastewater samples 
would be desirable. 

Also explored was the utilization of hybrid pectin-based biosorbents for zinc ions 
removal (Jakóbik-Kolon et al. 2017). In this work, different varieties of hybrid mate-
rials were assayed, including those formed by pectin and polysaccharide additives, 
for example, arabic, guar, xanthan gum, or lecithin, like phospholipid. The highest 
adsorption capacity was obtained for the xanthan gum additive, achieving a value 
of 25.4 mg/g. The authors stated that these results are promising because the use of 
additives reduces total cost, due to pectin being more expensive than the other addi-
tives, which is an important aspect to consider when hybrid materials are prepared 
for removal purposes. 

Jerold et  al. fabricated a new nanoscale zero-valent iron Sargassum swartzii 
biocomposite to evaluate its adsorptive potential for the removal of crystal violet 
from aqueous solutions (Jerold et al. 2016). Different experimental variables, includ-
ing pH, initial dye concentration, biosorbent mass, temperature, and agitation rate, 
were optimized. The equilibrium time was reached within 120 min of reaction time. 
Fourier transform infrared analysis suggested that carboxyl, hydroxyl, and amine 
groups could be involved in the binding of the dye. Based on the determination 
coeffcient, the Langmuir isotherm model showed accordance with the experimen-
tal data. Thermodynamically, the biosorption demonstrated to be spontaneous and 
endothermic. The complete desorption of the dye from the composite was possible 
using a solution of chloride acid. This could allow the reuse of the solid phase for 
other cycles of biosorption/desorption, although the study of the maximum reuse 
capacity of the material without losing effectiveness remains pending. 

A hybrid biomaterial based on Saccharomyces cerevisiae cells SiO2 was syn-
thesized and evaluated for the removal of mercury divalent ions from aqueous solu-
tions (Shukla et al. 2020). In this work, also observed was the highest adsorption 
of mercury when the hybrid material was used, being that this parameter is minor 
when individual components were considered. Kinetic studies were performed, and 
the obtained data was well described by the pseudo-second order kinetic model. 
Thermodynamic results described a spontaneous and endothermic biosorption. 
Moreover, the study of interferences revealed that potassium, cadmium, lead, iron, 
chloride, sulfate, and nitrate ions did not affect the adsorption of mercury on the 
hybrid material, showing a promising application of the biosorbent for the removal 
of the pollutant from complex matrices. 

Hybrid biomaterials have also been prepared using more than two constituents. 
For instance, Corynebacterium glutamicum MTCC 2745 bacterial cells have been 
immobilized on neem leaves/MnFe2O4 composite for the removal of inorganic arse-
nic species from wastewater (Podder and Majumder 2019). Under optimal exper-
imental conditions, removal percentages of around 80 and 86% were reached for 
trivalent and pentavalent species, respectively. Thermodynamic results showed a 
spontaneous and exothermic biosorption, while the activated energy value revealed 
an ion exchange–type mechanism in the process. 
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In this section, it has been shown that some hybrid biomaterials are more eff-
cient alternatives to individual biosorbents, usually contributing to improvement in 
the fragility of a biosorbent, and therefore its reusability. Furthermore, some hybrid 
biomaterials cost less than if the material consisted of a single component of the 
hybrid. All the works discussed in this chapter revealed that the percentage of pollut-
ant removal was higher using hybrid biomaterials compared to the removal obtained 
for the individual parts that compose the solid phase. 

1.5 CONCLUSIONS AND PERSPECTIVES 

At present, biosorbents such as microorganisms, plant derivatives, agricultural 
and industrial wastes, chitin and chitosan have been widely used as effcient solid 
phases for the retention of different pollutants, including metals, pesticides, hydro-
carbons, pharmaceutical compounds, and dyes, among others. The use of these bio-
materials with remediation purposes is in good agreement with the concept of green 
chemistry as they are biodegradable under natural environmental conditions, as well 
as inexpensive, available, and very easy to obtain. Additionally, many of the pro-
cesses commented on in this chapter show efforts by the researchers to develop con-
tinuous or discontinuous systems with the reuse of the biosorbent during the greatest 
possible number of biosorption/desorption cycles. In many cases, reasonable use of 
chemical reagents has been made, and analytical techniques that require low con-
sumption of polluting solvents have been chosen. Research in the feld of biosorption 
has also focused on the use of biological substrates as part of biohybrid materials, 
with enhanced properties compared to those of individual materials, such as better 
surface area, greater quantity, and availability of functional groups. In this sense, a 
wide variety of materials can be part of the hybrid, for example resins, nanomateri-
als, nanoparticles, magnetic materials, and other biosorbents. However, it is often 
necessary to establish a compromise relationship between an effcient material and 
one that is friendly to the environment, for which awareness in this regard is essen-
tial. Multidisciplinary work is also important in order to have different points of 
view and contribute to a wastewaters remediation process that is as environmentally 
friendly as possible. There is still the challenge of continuing with developments that 
consider in greater depth the principles of green chemistry, based on decisions of 
both effciency and sustainability. 
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2.1 INTRODUCTION 

Globally, water pollution poses a signifcant threat to living organisms, ecologi-
cal systems, and climatic changes. The inadequately treated wastewater from vari-
ous industries, agricultural processes, and households is considered a substantial 

doi: 10.1201/9781003312390-2 35 

https://doi.org/10.1201/9781003312390-2


 

 

36 bioteChnology for toxiCity remediAtion And sustAinAbility 

water pollution source. The wastewater generally includes a wide range of hazardous 
chemical substances, pathogenic bacteria, and organic and inorganic substances that 
affect aquatic ecosystems’ physical and chemical nature. Therefore, it is essential 
to screen and treat the wastewater before releasing it into the environment. These 
industrial wastewaters are heavy and high in strength and show diffculties in treat-
ing them. These wastewaters are high in chemical oxygen demand (COD) of 10,000 
mg/L, or biological oxygen demand (BOD) of 5,000 mg/L. Anaerobic digestion (AD) 
is the method of energy recovery in the wastewater digester in the absence of oxygen, 
as microorganisms metabolize the organic matter into bioenergy and petrochemicals 
(Braun 2007; Petersson and Wellinger 2009). 

The hopeful prospect of wastewater treatment strategies is to extricate the maxi-
mum benefcial things, such as useful microorganisms and substrates for bioenergy. 
On the other hand, due to an overwhelming need and an increasing population 
growth, there is an overexploitation and destruction of natural resources that lead 
to the deterioration of renewable and nonrenewable energy resources. Consequently, 
there is always a quest for novel renewable and nonrenewable energy resources (Otto 
et al. 2020). Interestingly, the combination of wastewater treatment and the produc-
tion of bioenergy can address two signifcant problems of the existing scenario. 

Anaerobic digestion is a useful alternative for wastewater treatment and energy 
recovery (Pantaleo et  al. 2013). Anaerobic digestion is an economical and cost-
effective technique and adaptable to every climatic condition (Lansing et al. 2008). 
To the concern of human health and environment, AD has zero adverse effects 
(Paolini et  al. 2018). The process profoundly relies on the mutual and syntrophic 
interaction of a consortium of microorganisms to digest problematic organic waste 
into simple soluble monomers that include amino acids, fatty acids, and simple sug-
ars. This review presents anaerobic digestion using wastewater as a substrate for 
the coupled system of biofuels and value-added product production and wastewater 
treatment. The overview of wastewater from industries subjected to anaerobic diges-
tion is discussed, along with the participation of microorganisms to improve energy 
production and COD removal. 

2.2 WASTEWATER TREATMENT STRATEGIES 

Wastewater can reverse into reusable and potable by employing various waste-
water treatment strategies. Generally, wastewater treatment involves removing con-
taminants, such as chemicals and sewage (Von Sperling 2015), in three distinct 
stages: primary, secondary, and tertiary (Kreiling et  al. 1981). The primary stage 
employs the sedimentation principle to remove solid wastes within the water by pass-
ing them through a series of settling water tanks and flters to separate the water 
from the contaminants. The resulting leftover sludge from the primary treatment 
is pumped into sludge treatment facilities for other processes (Ødegaard 2006). In 
the secondary stage, the effuent from the primary treatment is fltered to remove 
the suspended solids through biofltration, aeration, and oxidation ponds (Verma 
et al. 2006). Biofltration involves sand flters, contact flters, and trickling flters to 
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remove the solid residues from the wastewater. Aeration is carried out in oxygen to 
metabolize the organic matter in the wastewater, resulting in microbial growth and 
inorganic end products. In oxidation ponds, the effuents from the aeration process 
are passed into natural water bodies like lagoons for a period of two or three weeks. 
The tertiary stage is a specifc process to remove phosphates, nitrates, and pathogens 
to convert the treated wastewater into potable water for human consumption (Weber 
and Hopkins 1970). 

Based on the techniques employed, wastewater treatment is categorized into four 
different types, namely, physical, chemical, sludge, and biological treatments (Von 
Sperling 2015). Physical treatment involves multiple steps, like screening to remove 
objects such as plastics and metals, sedimentation, skimming, and fltration, to sepa-
rate the water from solids, and aeration to supply oxygen for the signifcant degrada-
tion of organic matters. In chemical treatment, chemicals like chlorine and ozone 
are employed to kill the bacteria in wastewater (Qiang et al. 2006). Sludge treatment 
is a combination of thickening (to form more rapidly settling aggregates) and dewa-
tering processes. The biological treatment uses microorganisms to digest organic 
matters such as human waste, food, soap, and oils present in the wastewater (Lapara 
and Alleman 1999). Biological treatment is classifed into three categories, namely, 
aerobic digestion, anaerobic digestion, and composting. In aerobic processes, bacte-
rial organisms decompose the organic matter in the presence of oxygen. In anaerobic 
processes, the wastewater is subjected to fermentation in the absence of oxygen at a 
specifc temperature. Composting involves the aerobic method of treating the waste-
water by mixing it with sawdust or other carbon sources. 

Apart from different physical, chemical, and biological approaches, dark anaero-
bic fermentation with moderate complexity of operation processes is advantageous 
and applicable to the different types of feedstocks, and it shows high productivity as 
compared with light fermentation (Khongkliang et al. 2017). Several studies report 
converting organic matter into bioenergy through anaerobic digestion (Puyol et al. 
2017). Many improved bioreactors are used for anaerobic digestion of new substrates, 
such as pharmaceutical, municipal sewage, petrochemical, and winery wastewater 
(Dereli et al. 2012). There is a shift in the case of biomass where the preference has 
turned towards increased carbon contained in sewage for the generation of several 
bioproductions and their derivatives by anaerobic digestion. It concerns both waste 
management and energy production in a parallel manner; thus, we further discuss 
AD-associated remediation and bioenergy production strategies. 

2.3 ANAEROBIC DIGESTION IN WASTEWATER TREATMENT 

Microbial anaerobic digestion is an effcient way of organic incineration 
(Nasir et al. 2012) and can be processed without pretreatment. It is not only viable 
in large-scale industries but is also applicable in small-scale industries. As com-
pared with other technologies, anaerobic digestion does not form gaseous pollut-
ants and hence does not require a gas purifcation system as an accessory module 
(Appels et al. 2011). Anaerobic digestion (AD) is standard among other wastewater 
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treatment methods and used extensively in the production of bioenergy and other 
petrochemicals in addition to waste reduction (Rajagopal et  al. 2013). Anaerobic 
digestion involves four stages, namely, hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis. In hydrolysis, extracellular enzymes from hydrolytic strains of 
microbes decompose the polymers of carbohydrates and fats into simple mono-
mers and dimers. The extracellular enzymes from microorganisms employed for 
enzyme hydrolysis are galactosidases, lipases, laccases, and phytases (Chylenski 
et al. 2017). In the acidogenesis phase, fermentative or acidogenic microorganisms 
convert the hydrolytic products into acetic acid and its intermediate compounds, 
such as ethanol, lactic acid, short-chain fatty acids (C3–C6), hydrogen, and carbon 
dioxide (Lozano et al. 2009). Like acetate, carbon dioxide, formate, methylamines, 
methyl sulfde, acetone, and methanol directly follow methanogenesis. Acetogens 
utilize other intermediates in the acetogenesis process (Manyi-Loh et  al. 2013). 
Both acetogenesis and methanogenesis use products of acidogenesis to produce dif-
ferent biofuels, bioproducts, and so on. The complete cycle of anaerobic digestion 
is highly dependent on the organic composition of the source and on the acetogens 
and methanogens employed (Lim et al. 2020). 

AD is widely used to treat wastewaters from the olive mill, in starch process-
ing, biodiesel manufacturing containing crude glycerol, and activated sludge and 
produces volatile fatty acids (VFA) (Sun et al. 2011; Trevisan et al. 2014; Wang et al. 
2015). These VFAs are then converted into biofuels and other value-added products 
like polyhydroxyalkanoate (PHA), directed to electricity generation in microbial fuel 
cells (MFC). VFA, as a carbon source in nutrient removal and lipid production by 
microorganisms, is then used for biodiesel production (Christophe et al. 2012). Along 
with VFA, methane, PHA, and MFC are used to produce hydrogen, ABE (acetone, 
butanol, ethanol), and other biofuels and their derivatives. 

2.4 TYPES OF INDUSTRIAL WASTEWATER AND 
ThEIR VALUE-ADDED PRODUCTS 

Wastewater treatment using anaerobic digestion allows for removing the con-
taminants and converting wastewater into an effuent that returns to the water cycle. 
Wastewaters from industries such as agriculture, agroindustry, food, sugar, oil, pulp 
and paper, sago, brewery, distillery, and biodiesel are utilized to produce various 
value-added bioproducts (Figure 2.1). The standard value-added products made from 
industrial wastewater are ABE, hydrogen, PHA, biogas, MFC, and enzymes. 

2.4.1 Agriculture and Agro-Industrial Wastewater 

Agroindustries such as olive oil mills, cheese factories, and dairy farms utilize 
agricultural raw materials like vegetables, fruits, milk, and meat. These industries 
generate millions of wastewaters and many by-products that might be dangerous to 
the environment due to harmful contaminants. The wastes from these industries are 
mostly composed of kerosene, petroleum, paraffn, olive oil, and glycerol (Mafakher 
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Figure 2.1 schematic representation of bioenergy and bioproducts production using waste-
water as the source. 

Table 2.1 List of Bioenergy and Value-Added Products Generated Using Wastewater as 
Feedstock 

Type of Wastewater Products Yield Reference 

Agricultural and 
agro-industrial 
wastewater 

biogas 239 ml Ch4/g vs 

560.47 ml 

valenti et al. (2018) 

onthong and Juntarachat 
(2017) 

1.8 l/l.d Kacprzak et al. (2010) 

methane 695 ml g/l vs Almomani et al. (2019) 

food industrial 
wastewater 

phA 

bioelectricity 

1.2 g/l 

330 mv 

pagliano et al. (2017) 

logroño et al. (2015) 

ethanol 0.43 g/g yang et al. (2014) 

methane 0.99 l/g Alves et al. (2009) 

sugar industrial 
wastewater 

phA 

hydrogen 

5.297 g/l 

3.87 l/l.d 

singh et al. (2013b) 

salem et al. (2017) 

32 kg/m3d han et al. (2012) 

oil industrial 
effluents 

biogas 

methane 

27.65 m3 biogas/m3 

325.13 ml Ch4/g 
mlss d 

Wang et al. (2015) 

Krishnan et al. (2016) 

hydrogen 175.15 ml h2/g 
mlss d 

Krishnan et al. (2016) 

0.35 l h2/g Cod singh et al. (2013c) 

(Continued) 
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Table 2.1 (Continued) 

Type of Wastewater Products Yield Reference 

pulp and paper methane 269 ml/g vsadded priadi et al. (2014) 
industrial 
wastewater 

ethanol 

200 ml/g vsadded 

42.5 g/l 

lin et al. (2011) 

lin et al. (2012) 

sago industrial biogas  2.8 l Kowsalya and poovitha 
wastewater (2018) 

30.7 m3/d rajesh banu et al. (2006) 

3393 ml/l elaiyaraju and partha (2016) 

0.2–0.25 m3/kg saravanan et al. (2001) 
Cod/day 

brewery wastewater biogas 0.53 l/g Cod Chen et al. (2016) 

0.34± 0.06 m3 Ch4 di biase et al. (2018) 
kg-s/Cod 

distillery wastewater hydrogen 125 ml h2/g Cod intanoo et al. (2014) 

380 ml h2/g Cod malik et al. (2014) 

125.1 ml h2/g Cod poontaweegeratigarn et al. 
(2012) 

130 ml h2/gCod intanoo et al. (2012) 

methane 220 l/kg Cod buitrón et al. (2014) 

biodiesel industrial lipids and 230 μg/gd.w Kot et al. (2019) 
wastewater carotenoids 

biogas 9.8 l h2/g Chookaew et al. (2014) 

et al. 2010). Agroindustries regularly release a complex of low-value crude fats and 
fatty acids containing effuents and grease containing wastewater. It is essential to 
treat the wastewater generated from the agroindustry and agriculture practices to 
recover essential organic by-products. The application of anaerobic digestion for 
agri-oriented wastes has tremendous scope for resource sustainability. 

A work by Kacprzak et  al. (2010) showed an increased methane production 
by the codigestion of corn stillage, cheese whey, and glycerin, and biogas was 
produced at a rate of 2.2 L L−1 d−1. In another study, methane production from 
agricultural wastes was enhanced by processing it with semisolid chicken manure 
in an anaerobic codigestion process and achieved a maximum methane production 
of 695 mL g/L VS (volatile solids) (Abouelenien et al. 2014). Valenti et al. (2018) 
studied the anaerobic codigestion of agricultural wastes and by-products from six 
feedstocks (citrus pulp, olive pomace, cattle manure, poultry litter, whey, and corn 
silage) to produce biogas for renewable energy generation. The batch anaerobic 
codigestion with six studied feedstock mixtures generated an average of 239 mL 
CH4/g VS. The studies, as mentioned earlier, suggest the viability of anaerobic 
digestion for the treatment of agro-industrial wastewater in combination with bio-
energy production. 

Microbial communities play an essential role in the anaerobic digestion of agro-
industrial wastewater. For example, Penicillium simplicissium, a facultative anaer-
obic fungus isolated from babassu oil industrial waste, was reported to produce 
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lipase enzyme using soybean meal, additives of soya bean oil, and wastewater from 
the slaughterhouse as a carbon source (De Vrieze et al. 2014). Besides, Yarrowia 
lipolytica, known for its ability to convert waste materials to valuable biomass or 
products grown on the medium containing agro-industrial fatty waste, produced 
citric acid and lipase (Forster-Carneiro et  al. 2007). Mafakher et  al. (2010) iso-
lated two lipolytic yeast strains of Y. lipolytica from the agro-industrial wastewater 
treatment plant. These two strains are investigated for their lipase and citric acid 
production capability on agro-industrial wastes, such as glycerol, paraffn, olive 
oil, kerosene, and petroleum, which are the pollutants of olive oil factories and 
petroleum-contaminated wastewater. Compared to other industrial wastes, when 
olive oil was used as an energy source, it yielded nearly 10–12 g/L higher lipase and 
citric acid. Among the two strains, strain 1 (M1) produced better lipase and citric 
acid than strain 2 (M2). The study concluded that Y. lipolytica is a suitable micro-
organism for the digestion of olive oil containing industrial wastewater for a better 
yield of lipase and citric acid. 

2.4.2 Food Industrial Wastewater 

Food wastes are produced to no small extent and reach up to 1.3 tons annu-
ally, contributing signifcantly to municipal waste (FAO 2019; Paritosh et al. 2018). 
The composition of wastewater from food industries varied based on their substrates 
and processing techniques, mainly in terms of organic matter, acids, proteins, aro-
matic compounds, and nutrients. The typical components, such as total solids, total 
nitrogen, total phosphorus, and biological and chemical oxygen demand (BOD and 
COD), are present in the food industrial wastewater (Rajagopal et al. 2013). The food 
industry wastewater is hazardous if released in the environment without treatment; 
hence, it is essential to treat and manage them appropriately. Anaerobic digestion 
also enables biogas production while treating food industry wastewater (Ariunbaatar 
et al. 2016; Strazzera et al. 2018). 

Loaded substrates present in food industrial wastewater are highly valuable 
substrates for biofuels and bioelectricity (Conesa and Rey 2015; Logroño et  al. 
2015). Food industrial wastewater with a complex of nutrients acts as an effec-
tive medium for the growth of flamentous fungi, such as Rhizopus microsporus 
var. oligosporus (R. oligosporus). R. oligosporus, a zygomycete, is used as a pri-
mary source in the production of tempeh (feed for humans, fshes, and animals) 
(Nitayavardhana and Khanal 2010; Wikandari et al. 2012). Codigestion of piggery 
wastewater and food waste slurry from restaurants was evaluated in the presence 
of trace elements solution (Na, K, Ca, Mg) (Zhang et al. 2011). The increased meta-
bolic activity resulted in the methane of 1.34 mL/g VS added in the high retention 
time (HRT) of 20 days at pH 7.37, with reduced volatile solids up to 75.6%. Another 
study by Kim et  al. (2010) has shown that, in anaerobic digestion, the bacterial 
hydrolysis of suspended organic matter from food recycling wastewater changes 
the pH from 5 to 7 and temperature 40°C to 60°C. Furthermore, the treatment 
also increased propionic acid (8.1 g/L) and butyric acid (12.8 g/L) concentrations 
within two days of incubation. The key microorganisms identifed in the study are 
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Clostridium thermopalamrium, C. novyi, Aeromonas sharmana, Bacillus coagu‑
lans, and Pseudomonas plecoglossicida. 

Wastewater from the seafood canning industry contains high ammonium con-
centration. Treating the wastewater is necessary to protect the environment. For that, 
Arthospira sp. and Nostoc sp. PCC 7314 were cultured in the wastewater in a semi-
continuous manner. At the same time, we monitored the production of protein and 
exopolysaccharides produced by Arthospira sp. and Nostoc sp. PCC 7314. Protein 
production was increased up to 2.5 ± 0.2 mg mL-1, including phycobiliprotein (allo-
phycocyanin, 84.3 ± 10.2 mg g-1; phycocyanin, 73.7 ± 7.7 mg g-1). Exopolysaccharides 
(962.7 ± 26.7 mg L-1) are also produced in the Nostoc sp. culture in anaerobic diges-
tion (Álvarez and Otero 2020). Internal circulation bioreactor and laboratory batch 
test were employed in industrial dairy wastewater and cheese whey treatment using 
anaerobic sludge as the inoculum. The anaerobic sludge was highly loaded with 
hydrogenotrophic methanogens (mostly Methanolinea) and clostridium population. 
The overall treatment yielded 69.8 m3 per infuent COD/L per day with 80% COD 
removal (Charalambous et al. 2020). 

2.4.3 Sugar Industrial Wastewater 

India stands among the top fve countries in the world in sugar production, and 
they are the prime trades in India, releasing large amounts of sugar effuents with 
low BOD, COD, total suspended solids, and chemicals like calcium hydroxide, 
phosphoric acid, and sodium hydroxide (Sreelekshmy et al. 2020). Sugar industry 
effuents are enriched with organic and inorganic matters such as carbohydrates, 
nutrients, oil and grease, chlorides, sulfates, and heavy metals. Inappropriate treat-
ments and disposal lead to severe environmental pollution. Conventional methods 
such as bioenergy, bioproducts, and MFC are developed to utilize the wastewater as 
the feedstock. 

Combined energy generation and wastewater treatment implemented using 
Clostridium butyricum and sugar industry effuents produced a cell potential of 800 
mV, with a power density of 8,000 mW m-2 (Sreelekshmy et al. 2020). Bacillus sub‑
tilis NG220 was employed to produce polyhydroxyalkanoates (PHA). They obtained 
5.297 g/L of PHA, with a growth rate of 0.14 g/h/L using sugar wastewater with 
maltose (1% w/v) and ammonium sulfate (1% w/v), and it accumulated 51.8% (w/w) 
of biomass (Singh et al. 2013a). The study by Salem et al. (2017) investigated the eff-
ciency of hydrogen production using sucrose wastewater at different concentrations 
and immobilized hematite nanoparticles (NPs) and bioflm carriers. Sieved sludge 
from the wastewater treatment plant is used as the inoculum, and the yield increased 
up to 0.3 L H2/g sucrose with the addition of hematite NPs, as compared with the 
yield of 0.19 L H2/g sucrose in the suspended medium. Justo et al. (2016) studied beet 
sugar wastewater as the substrate for the production of biogas. Beet sugar wastewater 
itself is used as the inoculum, and it yields 235 mL/g COD. The microbial analysis 
of beet sugar wastewater showed the bacterial genus Clostridium, Rhodobacter, and 
archaeal genus Methanosaeta. 
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2.4.4 Oil Factory Effluent 

Global palm oil consumption increased to 61.1 million tons in 2015 and is pre-
dicted to increase by 50% in 2050 (Yee et al. 2019). Palm oil production was used to 
produce both solid and liquid wastes by mill processing and plantation. It estimated 
that 5–7.5 t of water is required for the 1 t of crude palm oil production, and half of 
them is discharged as the palm oil mill effuent (POME). POME is the concentrated 
yellow stream with distinct odor and 95% to 96% water, 0.6–0.7% oil, and 4–5% total 
solids, with 2–4% suspended solids. POME has high COD and BOD in the rate of 
44,300–1,02,696mg/L and 25,000–65,714mg/L, and it may lead to severe pollution 
problems by discharging them without any potential treatment. 

Anaerobic digestion is the potential technique employed in the POME waste-
water treatment, and it digests the organic contents and simultaneously generates 
bioenergies, such as biogas, hydrogen, VFA, and methane. Indeed, Lim et al. (2020) 
showed the VFA accumulation of about 10,500 mg/L as per 43.8% of POME using 
seed sludge from the palm mill oil. The seed sludge contained both archaea and 
bacteria. The order of archaea includes Methanosarcinales, and the bacterial phylum 
includes Proteobacteria, Bacterioidetes, Firmicutes, and Actinobacteria. 

In anaerobic digestion, two-stage fermentation is a unique form where two reac-
tors are employed: acid formers and methane formers. Krishnan et al. (2016) used 
an upfow anaerobic sludge blanket reactor (UASB) for the frst stage and a continu-
ously stirred tank reactor (CSTR) for the second stage for sequential hydrogen and 
methane production using POME as the substrate at 55°C and pH 5.5. The granu-
lar sludge from the POME treating unit acted as an inoculum. A signifcant rise in 
hydrogen production up to 175.15 ml H2/g MLVSS d (MLVSS-mixed liquor volatile 
suspended solids) with the production rate of 2.1 L/d was observed. VFA composi-
tion in the reactor increased to a maximum of 8,800 mg/L at the organic loading 
rate (OLR) of 125 kg/m3. VFA composition includes butyric acid, valeric acid, acetic 
acid, and propionic acid, where propionic acid accumulation is slightly higher than 
other acids. COD removal also increased to 80% at the OLR of 75 kg/m3. The overall 
performance of two-stage fermentation reached a hydrogen yield of 49.22 ml/g COD 
and a methane yield of 155.87 ml/g COD at the optimum OLR of 75 g COD/l-d. This 
two-stage operation fermentation is highly preferable for COD removal and VFA, 
hydrogen, and methane production using POME as a substrate. 

2.4.5 Pulp and Paper Industrial Wastewater 

Paper and pulp industry wastewater is low in BOD, dark brown in color due to 
chromophores in its lignin and phenolic content (Akolekar et al. 2002). The waste-
water sludge from the pulp and paper industry contains lavish organic material and 
creates coloration and toxicity in the water bodies. The presence of organic residues 
in the sludge makes it a potential substrate for biogas production using anaerobic 
digestion. During the 1990s, anaerobic digestion has gained more interest in treat-
ing the sludge from the pulp and paper industry (Puhakka et al. 1992; Rintala and 
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Puhakka 1994). The energy trapped in the organic matter can be transferred to meth-
ane to produce vehicle fuels like biogas or electricity (Karlsson et  al. 2011). The 
use of anaerobic digestion has many advantages over conventional methods, like 
sludge volume reduction by 30–70%, methane production, rate of pathogen destruc-
tion, nonsophisticated equipment requirement, cost-effectiveness with low capital 
and operating cost, and applicability in different scales (Ekstrand et al. 2013; Zwain 
et al. 2013). Various anaerobic bacteria used for the digestion process that produces 
biogas, including methane, can be exploited in this method. 

The anaerobic digestion of paper sludge was improvised by codigestion methods 
to increase the biogas yield. The results by Priadi et al. (2014) indicated that the paper 
sludge and the cow manure mixture yielded 18-folds higher methane (269 mL/g VS) 
compared to the paper sludge (14.7 mL/g VS) treatment. Moreover, Lin et al. (2011) 
also suggested that codigestion of pulp and paper sludge along with the monosodium 
glutamate waste liquor enhances methane yield. 

The production process followed in the paper and pulp industries signifcantly infu-
enced raw materials on methane production (Ekstrand et al. 2013). The carbon-nitrogen 
ratio is crucial in the AD since it dramatically affects the yield and an infuential factor 
to impact the anaerobic bacterial growth. The optimal range of the C:N ratio for signif-
cant biogas production would be between 20/1 and 30/1 (Li et al. 2011). 

2.4.6 Sago Industrial Wastewater 

Sago industries process the tubers of tapioca, Mannihot utillisema, to produce the 
edible starch called sago. A vast quantity of water (20,000 to 30,000 L) is required 
to process a ton of sago, where an equal amount of highly organic, foul-smelling, 
acidic wastewater is released. Various anaerobic technologies, including conven-
tional anaerobic treatment, high-rate treatment such as anaerobic flters, and fuid-
ized beds, have been used to treat sago wastewater. Production of methane, ethanol, 
and biogas used sago industrial wastewater as the substrate. 

Ethanol was retrieved from the treated waste of sugary or starchy crops such as 
corn, sugarcane, barley, wheat, wood, and paper pulp industries. Cassava became 
an alternative for corn and sugarcane for its low cost and high yielding capacity. 
Instead of using raw feedstocks, liquid waste from sago industries was employed 
for its zero-cost carbon source (Cremonez et al. 2016). Saccharomyces cerevisiae is 
isolated from batter and molasses used as the microbial inoculum for ethanol pro-
duction from sago industrial wastewater. The wastewater was saccharifed by adding 
hydrochloric acid (HCl) and sulfuric acid (H2SO4) and allowed to ferment under 
anaerobic conditions for 16–18 days at 28°C. S. cerevisiae from molasses outpaced 
the S. cerevisiae isolate from the batter, with an increased ethanol recovery with 
100% purity (Subashini et al. 2011). 

The sago wastewater treated in an anaerobic fuidized bed reactor yielded 59–66.3 L/ 
day of biogas to remove 82% of the COD (Saravanane et al. 2001). Elaiyaraju and Partha 
(2012) developed an anaerobic batch reactor set up to monitor the formation of biogas 
using sago wastewater. Two reactors with different feed inputs were set up (750 mL and 
1,250 mL feed), and the biogas generated from the reactors was found to be 3393 mL/L 
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and 3068 mL/L, respectively. The liberated biogas was analyzed, and it was found that 
about 65–70% was methane, and the remaining 20–25% was CO2. The screened sludge 
sample consisted of Methanosarcina mazei and Methanothrix soehngenii. Banu et al. 
(2006) reported that anaerobically treated sago industrial wastewater using the hybrid 
reactor generated 30.7 m3/d of biogas within 5.9 h, eliminating 83% of the COD. 

Furthermore, the wastewaters from sago industries, local waste, and textile 
industries added in the ratio of 17:33:50 in the single reactor and produced biogas 
around 2.8 L in 17 days with maximum COD removal (Kowsalya and Poovitha 2018). 
Taken together, this method is considered as cost-effective when compared to other 
conventional methods of treatment, because when the wastewaters are combined, 
there is no requirement of chemicals for the pretreatment, and the end product biogas 
serves as a valuable source of energy. 

2.4.7 Brewery Industrial Wastewater 

Brewery industries are prominent in the country’s economy, being a large con-
sumer of water, liberating 70% of water as wastewater (Valta et  al. 2015). This 
wastewater constitutes yeast and leftover grains, which are a primary pollutant to 
the environment. The wastewater also consists of nitrogen, phosphorus, and other 
organic matter; hence, it is unft for different applications (Dvořák et  al. 2014). 
Sivagurunathan et al. (2015) investigated hydrogen production from beverage waste-
water using heat-treated compost as the inoculum. They produced energy at the rate 
of 641 kJ/L-d, with effciency to replace 24% of the electricity of the beverage indus-
try. The screened compost consisted of eight bacterial groups, namely, Clostridium 
butyricum, C. tyrobutyricum, C. celerecrescens, C. pasteurianum, C. acetobutyli‑
cum, Klebsiella oxytoca, Selenomonas lacticifex, and C. perfringens. 

Brewery wastewater treated in anaerobic membrane bioreactor had biogas pro-
duction of 0.53 L/g and, simultaneously, COD removal of 98% (Chen et al. 2016). 
Chlorella protothecoides was one of the known microalgae for bio-oil production. 
Anaerobically treated brewery water is used for the cultivation of C. protothecoides 
and yields a cell density of 1.25–1.84-fold. This study concluded that anaerobic brew-
ery wastewater would act as the economical medium for C. protothecoides–based 
biodiesel production (Darpito et al. 2015). 

Di Biase et al. (2018) estimated biogas production at a maximum of 0.34 m3-CH4 

kg-COD-1 at 18 d HRT using brewery wastewater as the substrate. Brewery waste-
water is highly suitable for hydrogen production with its physicochemical properties 
and residual sugars; besides, COD and nitrogen support anaerobic digestion (Arantes 
et al. 2017; Hay et al. 2017). Enterobacter and K. pneumoniae were used as the inoc-
ulum for the hydrogen production using brewery wastewater, and it yielded 0.80–1.67 
mol mol-1 glucose (Estevam et al. 2018). 

2.4.8 Distillery Industrial Wastewater 

In ethanol production units, large amounts of fermentation residue and wastewa-
ter are produced. Bioethanol industries release 9–18 gallons of waste stream called 
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vinasse during bioethanol distillation, disturbing the environment by polluting 
nearby water bodies. Central Pollution Control Board, India (2009–2010), reported 
that distillery wastewater contains toxic phenolic compounds of lignin, furfural, and 
hydroxymethylfurfural that may lead to recalcitrance and less degradability. The 
presence of different sugars like sucrose, glucose, xylose, and hemicellulose makes it 
meritorious for bioenergy production (Kamalaskar et al. 2010). 

Vinasse is acidic and enriched with organic matter (COD = 50 – 150 g/L). The 
tequila industry–released vinasse was treated by anaerobic digestion using anaero-
bic sludge from the brewery wastewater used as inoculum. Hydrogen and methane 
are produced at a rate of 38.3 H2-ml/gVSS-h and 24.3 CH4-ml/gVSS-h, respectively, 
along with removing 83% volatile solids (VS). 

The wastewater contained sucrose used for hydrogen production using microor-
ganisms such as Fusiform bacilli and Clostridium species in the fermentation pro-
cess (Salem et al. 2017). Interestingly, iron and nickel nanoparticles act as enhancers 
in ferredoxin-dependent hydrogenase activity and increased hydrogen generation 
(Gadhe et  al. 2015). Likewise, Malik et  al. (2014) used distillery wastewater as a 
substrate in the concentration of 110 g/L with iron oxide nanoparticles of 50 mg/L 
at pH 6 and obtained 380 mL of hydrogen (62.14% hydrogen content). Different bio-
reactors such as bioflm-based reactor, hematite NPs–based reactor, and granular-
based reactor operated to better hydrogen production and for COD reduction. As 
compared with other reactors, the granular-based reactor and hematite NPs–based 
reactor yield 0.39 L-H2/g- sucrose, with an effciency of 75% and 57.7%. The hematite 
NPs–based reactor acted better than granular-based reactors in COD reduction and 
achieved 76% COD reduction. Bioflm-based reactor showed the lowest productivity 
of 0.1 L-H2/g- sucrose, with an effciency of 19%. 

Alcohol wastewater was treated for hydrogen production using an upfow anaero-
bic sludge blanket (UASB) and yielded 125 mL H2/g COD (Poontaweegeratigarn 
et  al. 2012). While under thermophilic conditions (55°C), hydrogen produced 130 
ml H2/g COD. Further, alcohol wastewater added with fermentation residue sub-
jected to hydrogen production yielded maximum at the rate of 1,390 ml H2/g MLVSS 
(Intanoo et al. 2014). Liquid waste left over from starch-based feedstocks is called 
stillage. Stillage is usually acidic, with high total solids (TS 11.4%), volatile solids 
(VS 10.4%), and organic matter (COD 203 g/L), and limited alkalinity and nitro-
gen (<1 %). The biogas is produced via anaerobic codigestion to compensate for the 
drawbacks, like low alkalinity and nitrogen. Cassava stillage treated by anaerobic 
sequencing batch reactor under thermophilic condition (55°C) yielded methane of 
about 220 L/kg COD and removal of total COD and soluble COD in the range of 
91–87%, attained in the HRT of ten days (Luo et al. 2010). 

2.4.9 Biodiesel Industrial Wastewater 

Biodiesel industries used to discharge large amounts of wastewater (20–120 L) 
during the wet washing process (Daud et al. 2015), and it has a high composition of 
oil, grease, methanol, soap, and glycerol. It constitutes the vast contents of COD, 
BOD, and suspended solids with a varied range of pH. 



    

 

 

 

 

 

 
 
 

 
  

 
 
 

47 produCtion of biofuels And vAlue-Added produCts 

Crude glycerol is the primary by-product of biodiesel, where every 100 lbs of 
biodiesel produced have leftover of 10 kg of glycerol. Crude glycerol constitutes 
50–60% glycerol, 12–16% alkali soaps and hydroxide, and 15–18% methyl ester 
(biodiesel and 2–3% water (Oh et al. 2011). Processing crude glycerol for methane 
production via AD is economical, and it is a recycled process to utilize heat and elec-
tricity for biodiesel plants. Immobilized bioflm-forming B. amyloliquefaciens CD16 
synthesized 120 L H2/L CG during 120 days of continuous fermentation (Manish 
Kumar and Khushboo Khosla 2017). B. thuringiensis strain EGU45, non-bioflm-
forming bacteria, produced 100 L H2/L CG (Prakash et al. 2018a). Similarly, crude 
glycerol codigested by Klebsiella sp. generated 9.8 L H2/g substrate, with 44% of the 
total biogas (Chookaew et al. 2014). 

The production of lipids and carotenoids is mainly by yeast strains, Rhodotorula 
glutinis, and R.mucilaginosa. Cells cultured in the medium containing glycerol 
waste fraction and potato wastewater increased the biosynthesis of lipids to 10.5–15.2 
g/100gd.w.(dry weight), with an average yield of carotenoids about 230 μg/gd.w. as com-
pared with the control medium (7.1–9.8 g/100gd.w) (Kot et al. 2019). Crude glycerin 
is another by-product of biodiesel production. Chookaew et al. (2014) studied hydro-
gen production from crude glycerin using MFC or microbial electrolysis cell. They 
reported that it yielded 0.55 mol H2/mol of glycerin under the conditions of COD at 
0.55 kg/m3 d pH 7 and 35°C. Two-stage anaerobic sequencing batch reactors process 
with 6.5%, 63.5%, and 30% of hydrogen, methane, and carbon dioxide, respectively, 
using biodiesel wastewater with glycerin fraction (Tangkathitipong et al. 2017). 

2.5 MICROORGANISMS INVOLVED IN ANAEROBIC DIGESTION 

Wastewater contains diverse microbial species to metabolize different substances 
present in it, and it is essential to characterize and segregate them to increase high 
productivity and reduce harmful effects (De Rossi et al. 2017). The process involves 
the participation of numerous anaerobic and facultative anaerobic species of micro-
organisms, such as hydrolytic, acid-forming, acetogenic, and methanogenic microbes 
(Lim et al. 2018). 

Among a variety of microorganisms, such as archaea, bacteria, fungi, and 
algae population, bacteria are prominent in the anaerobic digestion of wastewa-
ter (Li et al. 2020). Bacterial species of Chlorofexi, Firmicutes, Proteobacteria, 
Acidobacteria, Synergistetes, and Actinobacteria phylum are prominent in meth-
ane production using wood vinegar wastewater. Firmicutes and Proteobacteria are 
symbiotic in nature and well-known methanogens. They can potentially assimilate 
carbohydrates and polycyclic aromatic hydrocarbons as carbon sources (Cheng 
et al. 2013). Synergistetes and Actinobacteria play a signifcant role in the degrada-
tion of organic acid and glucose (Honda et al. 2013). Chlorofexi and Proteobacteria 
are used to degrade phenols and yield volatile organic acids (Rosenkranz et  al. 
2013; Enaime et al. 2020). The distillery wastewater–fed MFC is abundant with 
the microbial community of Bacteriodia (52%) among the bacterial community 
(Ha et al. 2012). 
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The class Halanaerobiales are the prime hydrolyzers, and clostridia are strong 
fermenters in municipal wastewater treatment (Guo et al. 2015). The oil mill effu-
ent digester is enormous, with a population of deltaproteobacteria and gammapro‑
teobacteria species (Enaime et al. 2020). The order Clostridiales (Firmicutes) was 
dominant among the four full-scale anaerobic digesters of energy crops, manure, and 
food waste (De Vrieze et al. 2014). The dry batch anaerobic codigestion of food waste 
and cardboard are prominent with the order Clostridiales (Capson-Tojo et al. 2017). 
The order Bacteroidales (Bacteroidetes) are abundant in the studies of 43 household 
biogas digesters (Rui et al. 2015) and four full-scale anaerobic digesters (De Vrieze 
et al. 2014). Bacteroidaceae was the dominant family among the fermentation system 
(Guo et al. 2015). The fermentation of lipid-rich wastewater with oils and long-chain 
fatty acids (LCFA) is predominant with Synergistaceae, Thermobaculaceae, and 
Syntrophophaceae. Synergistaceae are used to degrade LCFA to VFA but are unable 
to degrade glycerol. This bacterial group was concluded as the LCFA degrader (Zhu 
et al. 2017). 

The genera Clostridium, Treponema, Eubacterium, Thermoanaerobacter, and 
Moorella play a signifcant role in acetate production in anaerobic digestion (Guo 
et al. 2015). Even Desulfovibrio species are well-known in the degradation of glyc-
erol and reduction of sulfate (Zhu et  al. 2017; Nakasaki et  al. 2020). The genera 
Acetobacterium, Delfovibrio, Syntrophomonae, and Syntrophorhabdus are respon-
sible for organic acidifcation (Pérez Bernal et al. 2017). The genera Desulfovibrio, 
Anaerolineae (Chlorofexi), and Syntrophorhabdus show characteristics of detoxi-
fcation, degradation of aromatic aldehydes, and aromatic compounds like furfural 
(Rosenkranz et al. 2013; Li et al. 2020). 

The functional consortia of Methanosacrina and Methanosaeta, together with 
proliferation with the enzymatic encoding genes (Ack, PTA, ACSS), are evident 
in the acetoclastic methanogenesis in the anaerobic digester (Guo et  al. 2015). 
Methanosacrina helps in acetoclastic methanogenesis for the anaerobic digestion of 
sewage sludge in methane production (Liu et al. 2016). Methanoculleus was a type of 
methanogen used to produce methane (Li et al. 2013; Enaime et al. 2020). The spe-
cies Methanosarcina mazei and Methanothrix soehngenii were used in the anaerobic 
digestion of sago industrial wastewater for the production of biogas (Elaiyaraju and 
Partha 2016). 

Comparing bacteria and archaea, the presence of fungal and algal community is 
negligible in the anaerobic digestion of wastewater. The anaerobic digester contained 
glycerol waste fraction, and potato wastewater used fungal species Rhodotorula glu‑
tinis R. gracilis and R. mucilaginosa as the inoculum to produce lipids and carot-
enoids (Kot et al. 2019). The fungi R. oligosporus metabolized the food wastewater to 
produce chitosan, industrial enzymes, adsorbents, and animal feed (Nitayavardhana 
and Khanal 2010; Wikandari et al. 2012; Ferreira et al. 2013). The freshwater micro-
algae Chlorella sorokiniana was used to remediate agro-industrial wastewater and 
methane produced in the range of 518 mlg/COD (Hernández et al. 2013). 

The different microorganisms involved in the anaerobic digestion of wastewa-
ter to produce bioenergy and value-added products are detailed in the following 
Table 2.2. 
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Table 2.2 List of Microorganisms Involved in the Production of Bioenergy and Bioproducts Using Wastewater as the Substrate 

Type of Industrial 
NoS. Microorganisms Involved Wastewater Bioreactor Type Products Yield Reference 

1 Anaerolineaceae, lipid-rich wastewater fed-batch methane 400 ml l-1 d-1 nakasaki et al. 
Clostridium, Desulfovibrio, anaerobic (2020) 
Rikenellaceae, digestion 
Treponema, Leptospirales, 
Synergistaceae, and 
Syntrophaceae 

2 Anaerolineae, Wood vinegar uAsb reactor methane 2,000–2,500 ml li et al. (2020) 
Aminicenantales, and wastewater 
Acetobacterium 

2 Methanosarcinales, pome sequencing batch vfA 10,500 mg/l total vfA lim et al. (2020) 
Proteobacteria, reactor 
Bacterioidetes, 
Firmicutes, and
Actinobacteria 

3 Clostridium butyricum sugar industry effluent - power generation 8,314 mW m-2 sreelekshmy 
et al. (2020) 

4 Rhodotorula glutinis, R. glycerol waste fraction - lipids and carotenoids 10.5–15.2 g/100 gd.w Kot et al. (2019) 
gracilis, and R. and potato 
mucilaginosa wastewater 

5 B. thuringiensis strain Crude glycerol Continuous hydrogen 65.5–73.0 l/l Cg prakash et al. 
egu45 culture digestion (2018a) 

6 B. amyloliquefaciens Cd16 Crude glycerol from Continuous hydrogen 165 l/l Cg prakash et al. 
the biodiesel industry culture digestion (2018b) 

7 Enterobacter and K. brewery wastewater batch anaerobic hydrogen 0.80–1.67 mol h2 mol-1 estevam et al. 
pneumoniae reactor glucose (2018) 

8 Fusiform bacilli and sucrose wastewater Cstr bioreactor hydrogen 5.9 mol-h2/ salem et al. 
Clostridium species mol-sucrose (2017) 

9 Clostridium, Desulfovibrio, glycerol-rich lipid uAsb methane 92 ± 5 ml-Ch4/gvs Zhu et al. (2017); 
and Treponema wastewater nakasaki et al. 

(2020) 
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50 Table 2.2 (Continued) 

Type of Industrial 
NoS. Microorganisms Involved Wastewater Bioreactor Type Products Yield Reference 

butyricumC. , C. brewery industrial immobilized cell hydrogen 20 g/lhexose equivalent sivagurunathan 
tyrobutyricum, C. wastewater reactor et al. (2015) 
celerecrescens, C. 
pasteurianum, C. 
acetobutylicum, Klebsiella 
oxytoca, Selenomonas
lacticifex, and C. 
perfringens 

11 Chlorella protothecoides Anaerobically treated Anaerobic bio-oil 17.40 ± 0.07 to 43 ± darpito et al. 
brewery water digestion 2% total fAme (2015) 

content 

12 Klebsiella sp. Crude glycerol uAsb hydrogen 242.15 mmol h2/l/d Chookaew et al. 
(2014) 

13 Bacillus subtilis ng220 sugar wastewater – poly 𝛽 -hydroxybutyrate 5.297 g/l singh et al. 
(2013a) 

14 Chlorella sorokiniana Agro-industrial photobioreactors methane 517.5 ml Ch4 g Cod-1 hernández et al. 
wastewater added (2013) 

oligosporusR. food wastewater Aerobic and Chitosan, industrial 0.38–0.47, 0.19–0.22, Wikandari et al. 
microaerobic enzymes, adsorbents, and 0.31–0.38 g/g on (2012) 
conditions and animal feed glucose, 

xylose, and a mix of 
sugars consisting of 
cellobiose, glucose, 
xylose, arabinose, 
galactose, and 

mannose 

16 Methanosarcina mazei and sago wastewater Anaerobic biogas gas composition Ch4 elaiyaraju and 
Methanothrix soehngenii codigestion 80% and Co2 20% partha (2012) 

17 Plasticicumulans Wastewater from sequencing-batch phA 89 % (w/w) phA Jiang et al.
acidivorans wastewater treatment bioreactor fed (2011) 

plant with acetate 
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2.6 GENETIC ENGINEERING IN WASTEWATER MANAGEMENT 

The production of bioenergy and bioproducts from wastewater depends on the 
microorganisms involved in it (Srivastava et al. 2018). Theoretically, different species 
of microorganisms prefer different types of substrates for the effcient production of 
biofuels under anaerobic conditions. However, under experimental conditions, some 
inhibitors present in the wastewater cause toxicity to microbial growth and result in 
low product yield. It is, therefore, vital to employ genetic engineering approaches to 
transform microorganisms to adapt to the adverse conditions of the wastewater. For 
strain improvement and increase in the effciency of production, random chemical 
mutagenesis, gene shuffing, and UV exposure are commonly used. To target specifc 
genes or pathways, methods like silencing or overexpressing genes and introducing 
new genes from other microorganisms are in practice to optimize and improve pro-
duction (Prelich). For example, the yeast S. cerevisiae transformed by the deletion 
of the GPD2 gene (glycerol 3- phosphate dehydrogenase) and overexpression of the 
GLT1 gene (glutamate synthase) improved with 4% sugar consumption capacity for 
minimum glycerol concentration. It increased the rate of NADH to NAD+ cofactor. 
It also acquired the effciency to grow under high temperatures and high ethanol 
(Abreu-Cavalheiro and Monteiro 2013). 

E. coli is one of the most preferred species for metabolic engineering techniques 
to regulate the pathway and adoption process (Huffer et al. 2012). A study has shown 
that a genetically engineered E. coli, by introducing the overexpression of genes 
from Z. mobilis (for ethanol production) and gene from Acinetobacter baylyi strain 
ADP1 for the enzymes wax ester synthase/acyl-CoA-diacylglycerol acyltransferase, 
increased the simultaneous production of biodiesel and ethanol (Lin et  al. 2013). 
Another study demonstrated that E. coli engineered by the addition of acyl-acyl car-
rier protein thioesterase allowed it to utilize glycerol as feedstock and improved the 
free fatty acid (FFA) production overexpression of NAD+ kinase and transhydroge-
nase enzymes. This engineered strain yielded 83% of the theoretical value (g FFAs/g 
glycerol) with crude glycerol as the substrate (Wu et al. 2014). Metabolic engineering 
has been well-illustrated in a study with E. coli MG1655 by combining genes from C. 
acetobutylicum (thlA, adc), E. coli (atoDA), and C. beijerinckii (adh) to improvise the 
isopropanol biosynthesis pathway. It generated increased isopropanol production by 
using the liquid stream of acetic acid released as a by-product of syngas production. 
The development of synthetic microbial cells by modern biotechnology techniques 
has increased the utilization of different resources to produce bioenergy, solvents, 
and bioproducts. 

2.7 ChALLENGES AND FUTURE PROSPECTS 

Wastewater is a vital source to produce many environmentally friendly fuels, like 
biogas and biodiesel. AD is a complex mechanism with different parameters. Many 
physical and chemical factors are involved in the optimization of overall anaerobic 
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digestion. To increase the productivity, we have to control the parameters. The 
organic matter involved in the anaerobic digestion is used to promote the preferrable 
environment for the optimum metabolic functioning of the microorganisms in its 
bioprocessing. Wastewater is a complex organic matter with loads of microorganisms 
and decomposed residues. Wastewater as the organic source for anaerobic digestion 
is advantageous while, at the same time, also challenging to digestors. Productivity 
may increase or decrease as per the composition of wastewater. Quality is the great 
challenge we are facing in anaerobic digestion. Even after many refnements and 
compression, biogas still contains some amount of impurities. Even though the gas-
eous mixture is suitable for its usage in kitchen stoves, water boilers, and lamps, the 
generated biofuels may corrode the metal parts of the engine if utilized to power 
automobiles, which might lead to increased maintenance cost. We should focus on 
the purity and quality of the biogas and bioproducts. Maintenance of temperature is 
challenging in the presence of a mixture of microorganisms. Microbial methanogen-
esis occurs in the temperature between 2 and 100°C (Megonigal et al. 2004). The 
growth of mesophilic and thermophilic microbes is highly responsible for the meta-
bolic degradation of organic matter (Scaglia et al. 2014). Screening of the microbial 
composition in wastewater is effective in performing and controlling the parameters 
for the successive anaerobic digestion. We can improvise the anaerobic digestion 
using wastewater by designing the digesters with advanced features and controls 
(Daud et al. 2015). In the future, the application of anaerobic digestion in the treat-
ment of wastewater could prove extremely useful to humankind. Wastewater treat-
ment using anaerobic digestion has various advantages, such as reducing greenhouse 
gas emissions by capturing the methane gas that might otherwise be lost in the atmo-
spheric gases. It also contributes to climate change mitigation by replacing fossil fuel 
usage. Apart from environmental benefts, various economic benefts are associated 
with using anaerobic digestion in waste treatment technologies. When food wastes 
are incorporated into anaerobic digesters, savings are increased twofold by reducing 
energy costs via on-site production. Food and beverage processing facilities can also 
leverage the same benefts on-site, but the introduction of food waste into wastewater 
treatment facilities has become increasingly popular in recent years. 
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3.1 INTRODUCTION 

The current sustainability agenda practiced by many advanced economies places 
biodiesel production at industrially relevant scales at the pinnacle of their renewable 
energy policy priority lists. This is because biodiesel can be used as a direct substi-
tute to fossil diesel used in many internal combustion engines. The biodiesel produc-
tion process, however, is not as straightforward and cost-effective as fossil fuel diesel 
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production. Inherent pitfalls in this production process include major bottlenecks in 
organic transformations in the biodiesel production cascade. 

This chapter examines the key concepts of organic transformations that take 
place in biodiesel production. Primary among these discussion points are the raw 
feedstock types used in biodiesel production, extraction of oil from feedstocks, and 
chemical conversion methods used in transforming chemical compounds found in 
raw feedstocks into biodiesel. Much emphasis in this chapter has been placed on new 
and emerging related concepts, such as the use of waste material as feedstock, the 
use of recombinant technology and metabolic engineering in biodiesel production, 
innovative extraction methods such as ultrasound and microwave extraction, novel 
catalysts for conversion of feedstock into biodiesel, and the use of biorefnery concept 
in biodiesel production. Furthermore, it sheds light on current and potential future 
challenges in using these organic transformations in biodiesel production. 

3.2 ORGANIC FEEDSTOCK TYPES USED 
IN BIODIESEL PRODUCTION 

3.2.1 Waste Cooking Oils 

Waste cooking oil (WCO), or used cooking oil (UCO), has long been considered 
an attractive starting material for biodiesel production, for several reasons (Azeem 
et al. 2016; Canesin et al. 2014; Chhetri et al. 2008). Firstly, it provides a ready source 
of raw material for biodiesel manufacture by transesterifcation reactions. Secondly, 
it provides an attractive recycling solution for used cooking oil that has reached its 
end product cycle. Used waste cooking oil has limited use and poses potential dis-
posal problems once it reaches the end of its product cycle (Canesin et  al. 2014). 
Converting large amounts of waste cooking oil into biodiesel that can be burned 
in internal combustion engines presents an attractive way of averting some of the 
potential environmental problems that improper disposal of waste cooking oil may 
create (Chhetri et al. 2008). 

The use of WCO as a substrate for biodiesel has not traditionally been categorized 
in the substrate-based classifcation scheme of biofuels. The traditional classifcation 
only features four tiers or generations of biofuels based on their feedstock utilization 
(Suurs and Hekkert 2009). As per the traditional classifcation, the least sustainable 
feedstocks, such as edible oil-producing food crops, are categorized in the frst gen-
eration, nonedible oil crops in the second, oil feedstocks from other microorganisms 
(algal oils) in the third, and purpose-designed oil overproducing recombinant organ-
isms are categorized in the fourth generation, respectively (Bernardes 2011; Suurs 
and Hekkert 2009). 

A new classifcation proposed by Hajjari et al. (2017), however, determined that 
waste-based feedstocks are to be considered as a new tier (third generation) in the 
traditional classifcation scheme of biofuel generations (Figure 3.1). According to 
the newly proposed classifcation scheme, WCOs should be placed at the third tier 
of biofuels. 
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 Figure 3.1 Classif cation scheme of biodiesel based on substrate utilization (hajjari et al. 2017). 
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Since over 80% of vegetable oils produced are used in food applications and 
cooking oils, the amount of waste generated when such products reach the end of 
their product cycle is signifcant (Bernardes 2011; Hajjari et al. 2017). Without divert-
ing signifcant resources to remediate WCOs, it is much preferable to convert them to 
usable fuel types, such as biodiesel. Furthermore, the utilization of WCO as a feed-
stock for biodiesel does not compete with other oil-rich food crops, such as soybean 
oil, used as a feedstock for biodiesel production. This also alleviates pressure being 
exerted on arable land and limited water resources diverted to produce such oil-rich 
feedstock for biodiesel from food crops (Hatzisymeon et al. 2019). WCO collection 
and usage in biodiesel production produces a positive environmental outcome as it 
prevents WCOs from being accumulated in landflls and minimizes disposal prob-
lems (Hatzisymeon et al. 2019; Hajjari et al. 2017). 

3.2.2 Large-Scale Utilization of WCOs in Biodiesel Production 

In addition to WCO from domestic and food industry usage, other substrates 
that ft in this category include slaughterhouse wastage, tallow, waste products of 
fsh oil industry, and poultry fat (Thamsiriroj and Murphy 2011). Major producers 
of WCOs in large quantities except for domestic production include food and restau-
rant industry (especially when deep fat fryers are employed), hotels, and canteens 
(Hatzisymeon et al. 2019). All European Union (EU) member states are subject to 
cutting emissions and employing renewable energy sources under the EU Renewable 
Energy Directive (RED). Under this scheme, the EU provides technical assistance 
and subsidies to biofuel companies for developing and utilizing WCO to biodiesel 
conversion technologies (Chiaramonti and Goumas 2019). A key aspect of this 
approach is to have a strong, systematic, and widespread WCO feedstock collection 
network (Figure 3.2). Therefore, such a network is currently being laid out in many 
EU member states to channel an uninterrupted supply of WCO feedstock to be con-
verted to biodiesel (Braungardt et al. 2019; Chiaramonti and Goumas 2019). Similar 
programs are initiated and actively encouraged in other parts of the world, such as 
the United States and Japan. Such initiatives, however, are still in their infancy and 
require a substantial amount of further funding and research. 

3.2.3 Properties of WCO Feedstock 

Many WCO feedstock types obtained from the food industry and domestic use 
contain several undesirable impurities that may adversely affect the biodiesel pro-
duction process and/or the quality of the fnal biodiesel product. Primary among 
these are free fatty acids (FFAs), polymeric products, and other trace compounds 
that result from prolonged frying operation (Supple et al. 2002). In addition to these, 
notable quantities of moisture contained in WCO may further degrade its quality 
to be used as a raw material for biodiesel (Chiaramonti and Goumas 2019; Supple 
et al. 2002; Canesin et al. 2014). The two most problematic components among these 
are the FFA and the moisture content. Depending on the abundance of aforesaid 
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Figure 3.2 Cascade of processes for the production of biodiesel from WCo (uCo as referred 
in this image) and tallow (thamsiriroj and murphy 2011). the demarcated area 
shows the usage of raw materials that lead up to biodiesel and other value-added 
products from oil- and fat-containing waste materials. 

impurities, the conversion method to transform the WCO feedstock into their fatty 
acid methyl esters (biodiesel) varies noticeably. Pretreatment methods are widely 
employed to esterify fatty acids to their methyl esters using KOH as a reactant and 
H2SO4 as the catalyst (Supple et al. 2002). Table 3.1 summarizes how the original 
properties of WCO are altered with different pretreatment regimens to optimize sub-
sequent biodiesel production from raw WCO. 

If the FFA and moisture contents of the WCO feedstock are below 1% (w/w) 
and 0.5% (w/w), the most effcient conversion method was found to be the use of 
an alkali catalyst, such as NaOH. On the contrary, if the contents of the aforesaid 
components are in excess of 1% (w/w), the most effective approach was found to be 
the use of a combination of acid (H2SO4) and alkali (NaOH) catalysts sequentially 
(Thamsiriroj and Murphy 2011; Supple et al. 2002). Material balances conducted 
by Thamsiriroj and Murphy (2017) found that overall losses and wastewater gen-
eration can be kept to a minimum by choosing the correct conversion strategy for 
feedstocks (Figure 3.3). 
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Table 3.1 The Physical and Chemical Properties of Raw WCO and how Such Properties 
Change after Subjecting Them to Different Pretreatment Regimes 

Batch 1 Batch 2 

Property Raw T1 T2 Raw T1 T2 

moisture content (%) 1.1 0.5 0.4 1.4 0.6 0.4 

density (kg/m3) 0.937 0.925 0.921 0.39 0.929 0.922 

Kinematic viscosity (mm2/s) 190.2 130.1 85.3 201.3 110.2 70.1 

Acid value 5.3 4.4 3.9 6.3 4.9 4.3 

iodine value 104.3 103.7 105.24.6 115.3 117.2 116.2 

pv (meq/kg) 5.6 5.3 4.6 6.3 5.7 4.4 

saponifcation number 204.3 194.2 184.2 195.1 194.3 193.9 

unsaponifable matter (%w/w) 3.9 2.7 1.9 4.9 3.0 2.1 

energy value (kJ/g) 37.2 38.8 38.6 37.9 38.3 39.1 

Note: According to data taken from supple et al. (2002), the term “t1” represents the frst stage 
of pretreatment and heating at 65°C, followed by sedimentation. the term “t2” represents 
the second stage of pretreatment and heating at 65°C, followed by sedimentation. 

Figure 3.3 material balance for biodiesel production from WCo feedstock (thamsiriroj and 
murphy 2011). 

3.2.4 Edible and Nonedible Oil Crops as Feedstock 
for Biodiesel Production 

Commercial production of biodiesel mainly depends on some plant oils and ani-
mal fat (Felizardo et al. 2006; Kulkarni and Dalai 2006). Some plant oils, such as 
canola, rapeseed, sunfower, soybean, corn, jatropha, and palm oils, and waste cook-
ing oil are used as feedstocks in biodiesel production (Barnwal and Sharma 2005; 
Brennan and Owende 2010). Oil yield of canola (1,190 L ha-1), corn (172 L ha-1), 



 

 

 
 

68 bioteChnology for toxiCity remediAtion And sustAinAbility 

soybean (446 L ha-1), jatropha (1892 L ha-1), and oil palm (5950 L ha-1) was varied 
(Chisti 2007; Felizardo et al. 2006). Substantial amounts of food crops which include 
wheat (Triticum aestivum), soybean (Glycine max), sugarcane (Saccharum spp.), 
maize (Zea mays), palm oil (Elaeis guineensis), rapeseed oil (Brassica napus), and 
sunfower oil (Helianthus annuus) are being used for frst-generation biofuel produc-
tion (Zaldivar et al. 2001). 

However, biodiesel derived from edible crops, waste cooking oil, edible oil, and 
other vegetable oils is not adequate enough to provide transport fuels for the increas-
ing demand (Mata et al. 2010; Han et al. 2015). These are also not considered sustain-
able due to the fact that it competes with the arable land and limited water resources 
available for food production. The amount of cultivable land utilized for the growth 
of biofuel-producing food crops will likely rise with the growing demand if suitable 
alternatives are not introduced quickly and effciently (Bozbas 2008; Chisti 2007). 
Hence, biofuel produced from fxed CO2 by microalgae could be considered as one of 
the alternatives of substituting crop-based biodiesel feedstocks (Hossain et al. 2008; 
Khan et al. 2018). 

3.3 ThE USE OF MICROALGAE FOR PRODUCTION 
OF FEEDSTOCKS FOR BIODIESEL 

Phototrophic and fast-growing unicellular microorganisms such as cyanobacte-
ria, green algae, and diatoms are grouped as microalgae. They have an ability to con-
vert carbon dioxide to potential biofuels, foods, and bioactive compounds (Metting 
and Pyne 1986). In biodiesel production, microalgae can be used more vigorously 
than other feedstocks because of their abundance and faster growth rate (Canakci 
and Sanli 2008; Khan et al. 2018). Microalgae are capable of fxing CO2 10–50 times 
higher than with the higher plants with the capturing of solar energy (Li et al. 2008). 
The extracellular zinc metalloenzyme carbonic anhydrase (CA) facilitates the CO2 

uptake from the atmosphere (Price et al. 2008). This enzyme catalyzes CO2 converts 
to bicarbonates, which can be taken up by the microalgal cells through specifc trans-
porters (Ramanan et al. 2009; Mondal et al. 2017). Depending upon the microalgae 
species, the fxed CO2 is stored as lipids, proteins, carbohydrates, and from the lipids, 
extracts biodiesel can be produced (Han et al. 2015). The rate of CO2 fxation by 
microalgal cells is a function of light as well as temperature, pH, and fow rate (Yue 
and Chen 2005). 

Microalgae can be used to produce several different types of biofuels, such as 
methane, which is produced by anaerobic digestion of the algal biomass (Spolaore 
et  al. 2006), biodiesel from microalgal oil (Banerjee et  al. 2002; Gavrilescu and 
Chisti 2005), and biohydrogen (Akkerman et al. 2002; Gouveia and Oliveira 2009). 
They possess some characteristics, such as rich energy content, higher growth rate, 
inexpensive culture approaches, higher capacity of photosynthesis, and oxygen gener-
ation to the environment, which enable microalgae to be a successful feedstock (Raja 
et al. 2008). Further, use of microalgal biofuels will reduce greenhouse gas emissions 
(GHG) from 101,000 g of CO2 equivalent per million British thermal units (BTU) 
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to 55,440 g (Rittmann 2008). Currently, research has been carried out to explore 
the advancement of microalgal biodiesel technologies (Lorenz and Cysewski 2000; 
Mohamadzadeh et al. 2017; Spolaore et al. 2006). Among all feedstocks, microalgae-
derived oils are the most promising for biodiesel production (Brennan and Owende 
2010). Therefore, microalgae biomass has to be increased in order to produce biodiesel 
(Chisti 2007). Microalgae are considered as the only source of biodiesel which shows 
the potential of completely displacing fossil diesel (Spolaore et al. 2006; Srivastava 
et al. 2020; Mata et al. 2010). Microalgae signifcantly achieve a higher yield per hect-
are, presumably over 15-fold higher than biodiesel obtained from oil palm (Huntley 
and Redalje 2007). Distinct from other oil crops, microalgae grow extremely 
fast, and many of them are rich in oil (Kulkarni and Dalai 2006). Botryococcus 
braunii, Chlorella protothecoides, Chlorella vulgaris, Chaetocerosmuellen, 
Chlorella emersonii, Chlorococcumparinum, Crypthecodinium cohnii, Dunaliella 
salina, Dunaliella tertiolecta, Neochlorosisoleabundans, Synechococcus sp., and 
Schizochytrium mangrovei are some of the effcient oil-producing microalgae spe-
cies (Spolaore et al. 2006; Huntley and Redalje 2007; Gouveia and Oliveira 2009). 
The microalga Chlorella produces up to 50% lipids, and Botryococcus braunii pro-
duces the highest oil content of approximately 80% of lipids (Ashokkumar et  al. 
2015). Haematococcus pluvialis, a red microalga, can be considered presently as a 
good option for biofuel production (Damiani et al. 2010). Effcient biodiesel produc-
tion requires high-yielding microalgae species, suitable method of cultivation, proper 
harvesting, pretreatment, and extraction processes, and transesterifcation techniques 
(Brennan and Owende 2010). Biodiversity of microalgae is large, and oil content and 
productivity differ from one species to another (Cho et al. 2015). Different microal-
gae species grow optimally under differing growth conditions, and also, they differ 
in the weight fraction of lipids that they can accumulate. The average lipid content 
varies around 70%, but under certain conditions, some species can reach 90% of the 
dry weight (Tredici 2007; Chisti 2007). 

Growth medium for microalgae production required nutrients such as nitro-
gen, phosphorous, potassium, iron silicon, sodium, and magnesium in appropriate 
amounts to facilitate their maximum growth and photosynthesis (Grobbelaar et al. 
1996). Microalgae can be grown in fresh water, seawater, brackish water, and waste-
water in high densities (Spolaore et al. 2006). For the growth of marine microalgae, 
seawater supplemented with nitrate and phosphate fertilizers and other micronutri-
ents is commonly used (Molina et al. 2003). Carbon dioxide is the main source of 
carbon for microalgae in the daylight hours and is supplied continuously to maxi-
mize photosynthesis (Grobbelaar et al. 1996). Carbon dioxide fxed by microalgae is 
converted into carbohydrates and lipids and formed chemicals, foods, or biofuel from 
the microalgal biomass (Yue and Chen 2005). 

Shallow big ponds, tanks, circular ponds, and raceway ponds are bioreactors, 
which are used to cultivate microalgae (Aslan and Kapdan 2006). These ponds can 
be open ponds, which are easy to build, and closed ponds, where the microenviron-
ment can be managed easily (Mohamadzadeh et al. 2017). Closed ponds are used in 
Spirulina cultivation (Li and Qi 1997). Microalgae cultivation in wastewater treat-
ment plant is more benefcial to the environment since required nutrients can be 
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extracted from wastewater and converted to lipids for biodiesel production, and it 
reduces soil and water pollution (Sawayama et al. 1994; Rawat et al. 2011). Usually, 
the continuous culture method is practiced in microalgae biomass production in day-
light (Molina et al. 2003). 

In large-scale production of microalgae, ponds are mainly designed as raceway 
ponds, in which microalgae culture is rotated by paddle wheels, circular ponds which 
are rotated by a rotating device, and inclined systems where mixing is done by gravity 
(Sánchez Pérez et al. 2006; Aslan and Kapdan 2006; Chisti 2007). Photobioreactors 
are essentially designed for growth of single-species culture of microalgae for a long 
time period, and hence, they have been successfully used in large-scale microalgal 
biomass production (Perner-Nochta and Posten 2007; Molina et al. 2003). 

3.3.1 The Use of Recombinant Oleaginous 
Microalgae as Biodiesel Feedstock 

Fatty acid (FA) precursors that may serve as the starting material for biodiesel 
production industrial processes have stirred up considerable amount of research 
interest in the recent past. This is mainly because such feedstocks obtained from 
recombinant organisms will produce biodiesel belonging to fourth-generation biofu-
els (Mukhopadhyay et al. 2008). In other words, they can be considered sustainable, 
with an overall negative carbon mass balance during production. In microalgae and 
cyanobacteria, FA synthesis involves the conversion of acetyl CoA to malonyl CoA, 
catalyzed by acetyl CoA carboxylase (ACCase) (Figure 3.4) (Lü et  al. 2011). The 
associated pathway produces fatty acids that are 16–20 carbons in chain length for 
the synthesis of cellular membranes and organelle membranes, as well as for the 
synthesis of storage lipids, mainly triacylglycerols (TAGs) (Radakovits et al. 2010; 
Lü et al. 2011). Some oleaginous microalgae and cyanobacteria are known to pro-
duce and store up to 30–80% (w/w) TAG of their dry cell weight. At the higher end, 
this is at least one order of magnitude higher compared to terrestrial crop and non-
crop plants possessing the same metabolic capability. Compared to cyanobacteria, 
eukaryotic microalgae possess several advantageous metabolic traits for biodiesel 
precursor production, such as accumulation of TAGs (Lü et al. 2011). 

3.3.2 Metabolic Engineering of Microalgae for 
Optimized Biodiesel Feedstock Production 

Although these microalgae species are promising candidates for supplying start-
ing materials for industrial-scale biodiesel production, several technical limitations 
need to be overcome prior to successful commercialization. Primary among these 
are slow growth rates and diffculties in scaling up into purpose-built industrial-
scale microalgae cultures. Recombinant DNA technology can be utilized to bypass 
some of these bottlenecks and enhance the overall effciency of the feedstock conver-
sion and, eventually, biodiesel production process. Despite such potential offered by 
recombinant DNA technology, its use in achieving aforesaid goal is still in its infancy 
and is relatively underexplored. 



DHAPCO2 

CO2 

Plastid 

Calvin 
cycleGlucose-

6-phosphate 

3PGA Pyruvate 

PDH 

Acetyl-CoA 

ACCase HCO3 -

Malonyl-CoA 

MAT 

Malonyl-ACP 

KAS 

KAR 

3-Ketoacyl-
ACP 

Acyl-ACP 

trans-
Enoyl-ACP

Fatty acid 
synthesis 

3-Hydroxyacyl-
ACP 

HD 

Free 
fatty acids 

FAT 

ENR 

Cytosol 
Free 

fatty acids 

CoA 

Acyl-CoA 

G3PDH 

Glycerol-
3-phosphate 

ER 

Lysophosphatidic 
acid 

Phosphatidic 
acid 

Diacylglycerol 

Phosphatidyl-
choline 

Lyso-
phosphatidyl-

choline 

TAG 
lipid 

body 

GPAT 

LPAAT 

LPAT 

DAGAT 

   

  
 
 
 

 
 

  
 

  
  

71 biodiesel produCtion by orgAniC trAnsformAtions 

Figure 3.4 A simplifed view of the lipid biosynthetic central metabolic pathway of micro-
algae that can be genetically manipulated for enhanced tAg production. 
microalgal lipid biosynthesis is shown in black and enzymes are depicted red 
in the scheme. Chloroplasts synthesize free fatty acids (ffA), and tAgs may 
be synthesized at the er. ACCase, acetyl-CoA carboxylase; ACp, acyl car-
rier protein; CoA, coenzyme A; dAgAt, diacylglycerol acyltransferase; dhAp, 
dihydroxyacetone phosphate; enr, enoyl-ACp reductase; fAt, fatty acyl-ACp 
thioesterase; g3pdh, gycerol-3-phosphate dehydrogenase; gpAt, glycerol-
3-phosphate acyltransferase; hd, 3-hydroxyacylACp dehydratase; KAr, 
3-ketoacyl-ACp reductase; KAs, 3-ketoacyl-ACp synthase; lpAAt, lyso-phos-
phatidic acid acyltransferase; lpAt, lyso-phosphatidylcholine acyltransferase; 
mAt, malonyl-CoA:ACptransacylase; pdh, pyruvate dehydrogenase complex; 
tAg, triacylglycerols (radakovits et al. 2010). 

Carbon fux from photosynthesis in microalgae can be funneled through to the 
central lipid biosynthetic pathway by genetically tinkering with several key control 
enzymes of that pathway. One such enzyme that becomes immediately obvious from 
the scheme presented in Figure 3.4 is acetyl-CoA carboxylase (ACCase). Further 
control points to exert metabolic regulation can be identifed at the key reactions 
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catalyzed by the two enzymes fatty acyl-ACP thioesterase (FAT) and glycerol-
3-phosphate acyltransferase (GPAT). Highly effcient recombinant enzymes possess-
ing high affnity for their respective substrates will signifcantly sway the carbon fux 
towards the TAG biosynthesis in microalgae. 

In addition to this, many recent studies also focus on the usage of rapid-acting 
recombinant lipase enzymes that are capable of driving the FA transesterifcation 
reaction at much higher rates that are comparable to their chemical catalyst counter-
parts, but at much milder reaction conditions (Li et al. 2011; Yan et al. 2014; Huang 
et al. 2014; Bharathiraja et al. 2016). 

3.3.3 Triglycerides Extracted from Oleaginous Microorganisms 
Such as Rhodosporidium toruloides 

Rhodosporidium toruloides, an oleaginous, carotenogenic basidiomycete yeast, 
can be used to produce biofuel effciently because they are capable of using hexose 
and pentose sugars in order to produce lipids (Xue et al. 2008; Wiebe et al. 2012). 
Further, R. toruloides accumulates lipids and carotenoids in high concentrations, 
mainly derived from acetyl-CoA (Xu et al. 2017). They can also grow in high cell 
densities (100 g/L dry cell mass), more important in biodiesel production (Ageitos 
et al. 2011). Apart from lignin, R. toruloides can also use glucose and xylose con-
currently from depolymerized cellulose and hemicellulose (Zhang et  al. 2016). 
Therefore, in advanced biofuel production, R. toruloides converts majority of the 
carbon present in lignocellulose to lipids (Xue et al. 2008; Ageitos et al. 2011). 

3.4 EXTRACTION PROCESSES FOR BIODIESEL PRODUCTION 

Oil extraction is one of the major steps in the manufacture of biodiesel (Shalaby 
2013). There are various methods and techniques used for oil extraction. Mainly, 
oil extraction has two steps. Those are the preparation of feedstocks and extraction 
(Bhargavi et al. 2018). 

3.4.1 Feedstock Preparation 

The selection of feedstock is the primary stage in biodiesel manufacturing. It is 
recognized that each kind of feedstock has a distinct fatty acid content defning the 
characteristics of biodiesel (Atabani et al. 2012) and, ultimately, infuencing the bio-
diesel production process. Biodiesel is categorized according to a raw feedstock as 
one of four biofuel generations: (i) edible oil, (ii) nonedible plant oil, (iii) microalgae 
lipids, cooking oil, and animal waste fat, and (iv) genetically modifed microorgan-
isms (Bhuiya et al. 2016). 

Currently, various renewable biological sources such as algae, soybean, jatropha, 
corn, palm, coconut, rice bran, linseed, jojoba, castor, and waste are regarded as a 
potential source of biodiesel. The choice of appropriate feedstock is the key element 
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in biodiesel production. Appropriate feedstock should possess easy industrial pro-
duction at the lowest related cost (Jahirul et al. 2013; Achten et al. 2008). 

3.4.2 Oil Extraction Methods 

There are three major fat/oil/lipid extraction methods: (i) mechanical extrac-
tion, (ii) chemical extraction, and (iii) biological extraction (enzymatic extraction). 
In addition, the techniques of supercritical fuid extraction (SFE), accelerated solvent 
removal (ASE), microwave-assisted extraction (MAE), pressure solvent extraction 
(PSE), and ultrasound-assisted extraction (UAE) are contemporary approaches for 
oil extraction which are being used (Bhargavi et al. 2018). 

Mechanical extraction and solvent extraction are the most widespread techniques 
used for commercial oil extraction (Shalaby 2013). Suffcient drying of feedstock 
before oil extraction facilitates the process and enhances the effciency of extraction. 
Crude oil is the primary product of oil extraction, and signifcant by-products are 
formed. By-products may be used as organic fertilizers to be used for soil enrich-
ment. In addition, poultry feed, fsh (Medeiros et  al. 2019), and swine cakes also 
apply in fermentation and biotechnology processes (Keneni and Marchetti 2017). 

3.4.3 Mechanical Extraction 

Mechanical presses are the most conventional technique of oil extraction. 
Mechanical extraction is a strong extraction, under applied pressure, to the feedstock. 
Abstaining from chemicals, good quality and quick production of crude oil are sig-
nifcant advantages of mechanical extraction. In addition, cheaper equipment costs, 
lower power demands, and manual functioning are common to mechanical extrac-
tion procedures. In terms of effciency, however, the mechanical extraction proce-
dures show restrictions in residual cakes, low yields, and high oil content (Keneni 
and Marchetti 2017). This makes mechanical extraction systems nonproftable. 

3.4.3.1 Bridge Press 

The bridge press design consists of a press plate and is positioned on the bottom 
of a screw. The setup appears like a set of nuts that run into the cage bridge. The 
blank bar with two levers moves the screwed rod horizontally. Thrust bearings make 
moving the screw rod against the pressurized plate easier. The pressing of the bridge 
press depends on the cage’s diameter. It was originally developed with a 24 cm cage 
diameter, suitable for expelling oil from palm fruits at low pressure. Bridge press 
can be used for oil extraction from a broad variety of seeds due to its fexibility with 
pressure. More pressure may be produced by reducing both the cage diameter and the 
pressure plate. Reducing the cage diameter lowers load capacity by group (Keneni 
and Marchetti 2017). The cage is loaded with a collection of oleaginous compounds 
before activated. The pressures on the material are applied with the movement of the 
plumber, and oil is withdrawn from the opening in the cage. Layer sheets may be 
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placed in the cage to maintain consistent pressure throughout the material. Pressure 
should be raised gently until the oil frst drops out of the substance. The bridge press 
has been shown to be a more effcient technique for sesame oil extraction in labora-
tory testing (Head et al. 1995). 

3.4.3.2 Hydraulic Press 

Hydraulic presses are available in both electrical and manual confgurations. The 
design comprises of a hydraulic jack that is pushed into a cage and is internally 
linked to the piston. Steel plates form the cage, which feeds on oil sources. A perfo-
rated pipe in the cage collects and drains the extracted oil into a container. Pressure 
is applied to the material based on the load at the hydraulic jack, and oil is ejected. 
A standard hand-driven hydraulic jack can support a weight of 10–15 tons. In many 
areas of the globe, hydraulic presses are still the most cost-effective and practical 
method of extracting oil from feedstock, even if they are only suited for grouping 
(Leticia et  al. 2012). The ground seed powder or wet tissues are stacked in sand-
wiched layers with the press cloth during the oil extraction process in the hydraulic 
press. Low pressure is applied at frst, and when the oil content of the substance being 
extracted decreases, then the pressure is increased. In the hydraulic press, a pressure 
of 2,000 pounds per inch2 may be achieved. It takes 1.5–2 hours to express feedstock 
from loading to oil drainage, and the press’s input capacity is determined by its size 
and method of operation. The extraction of oil via hydraulic pressing occurs in three 
phases. The vacuum is produced in the frst step by applying a compressive force and 
expelling air. Seed contact sites are under strain at a crucial juncture, resulting in an 
oil spill. The second stage, commonly known as the dynamic phase, replaces the air 
continually until the oil fow reaches its maximum. When the drainage volume is 
completely flled with oil, the last step starts (Leticia et al. 2012). 

3.4.3.3 Ram Press 

Ram presses are extensively used for the extraction of oilseeds. The design of a 
sheep press primarily comprises of hoppers, a long rotating lever, and a cylindrical 
press cage. The piston is moved into the cylindrical cage. The piston action opens the 
entrance to the medium cage of the hopper so that the feedstock may be entered. The 
reversal of the piston shuts the entrance port and exerts pressure on the seeds. Drains 
of oil from cage perforations into the metal bars underneath the cage and compressed 
seeds are forced through the opening at the end of the cage. By controlling the gap 
using an adjustable restriction cone, the system pressure may be controlled (Head et al. 
1995). In a ram press, a pressure comparable to that of small-scale expellers may be 
obtained. It has a processing capacity of around 4 kg/hour. The extraction effectiveness 
of the ram press ranges between 57% and 62% (Bozbas 2008). On the international 
front, the ram press accounts for 65% of the oil. While the ram press may seem ineff-
cient for large-scale oil extraction, it remains utilized in rural regions for the production 
of energy supplies. The benefts of utilizing ram pressure are easy operability, cheap 
maintenance and repairs, low cost, and inexpensiveness (Head et al. 1995). 
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3.4.3.4 Ghani 

Ghani is an ancient pestle-and-motor device widely used for oil extraction in the 
Indian subcontinent. After the grinding and extraction of the feedstock into a fne 
powder, the Ghani oil extraction process is different from other mechanical equip-
ment. The mortar often consists of wood and is attached to the ground. The plague is 
constructed of wood or steel. These hangers were frst pushed by a bull, which spins 
the lever via a lever. Moving bulls around the mortar lead to the feedstock being 
grinded by mortar bugs. Ground feedstocks are combined with a specifc quantity of 
water, which in turn speeds up oil removal from the feedstock along with the process 
of kneeling. Oil is removed at the base of the mortar outside the aperture. A new 
batch of fresh feedstock is introduced to a mortar, depending on the amount of oil 
released by the feedstock cake. Due to the fact that animals are tired after 3–4 hours 
of continuous labor, shark-driven Ghani is more effcient than bull-driven Ghani. A 
vehicle’s typical production is about 100 kilos per day. Ghani is useful for oil extrac-
tion since it does not need costly equipment. The feedstock also requires no pretreat-
ment, and the oil produced is of quality (Head et al. 1995). 

3.4.3.5 Continuous Screw Presses or Expellers 

The continuous screw presses (expellers) are the most common mechanical oil 
extraction technique utilized in the world. The heart of the machine consists of a 
spinning screw horizontal shaft screwed in a closed steel cage. The feedstock fows 
constantly into the hopper and guide into the nest. The moving cone is positioned at 
the end of the discharge and maintains pressure by setting the circumferential gap 
width. The spacer enables the oil to travel with increasing pressure. The hand glass 
is used to breathe on the opposite end of the screw. The chop size and axial rotation 
should be adjusted according to the feedstock type utilized for removal. Rotation 
pushes the oil through a barrel of feedstock, thus decreasing the feedstock volume 
required for extraction. Further decrease will lead to lower effciency (Khan and 
Hanna 1983). 

The vessel’s effectiveness is dependent on the residual oil content of the cake, 
the pressures, and the speed of the rotating shaft. The reduced speed of the shaft 
causes the cake to lose oil. The particle content of the oil has been increased. More 
pressure can be applied by a displacement press than by a hydraulic press (Khan 
and Hanna 1983). 

3.4.4 Chemical Extraction (Solvent Extraction) 

Organic solvents are commonly used in chemical extraction processes. Chemical 
extraction is hence sometimes referred to as solvent extraction. Solvent extraction is 
a commonly used and commercial method of oil and fat separation. Solvent extrac-
tions were created to solve problems which happen in mechanical technique. Solvent 
extraction is more commonly utilized than mechanical extraction of residual oils in 
feedstock cakes (Mukhopadhyay 2003). Solvent extraction is the separation of solids 
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by application of a chemical solvent from particular components. Among different 
types of solvent extraction, the most commonly used types are the liquid fuid extrac-
tion and solid fuid extraction. The following part focuses on solid-liquid extraction, 
and most oleaginous compounds are the ones that are utilized directly in oil extrac-
tion (Mukhopadhyay 2003; Bhargavi et al. 2018). 

Both the chemical characteristics of the extract and the analysis infuence the 
extract phenomenon. The primary characteristic qualities of an analyst that decides 
the choice of solvent for extraction are often solubility, hydrophobicity or hydro-
philicity, vapor pressure, molecular weight or acid dissociation. The excitation rate 
of the particle size and extraction temperature affect solvent extraction effciency 
(Mukhopadhyay 2003). 

3.4.4.1 Folch Method 

Single organic solvents or organic solvent mixtures are utilized for extracting 
certain lipids from a mixture of organic substances. Some companies have developed 
chloroform and methanol for a soluble lipid extraction method in tissue (2:1 volume 
basis). The Folch technique cells (mainly tissues) are homogenized and balanced 
with a 25% saline solution and followed by vigorous mixing (Fernández et al. 2011). 
The separation of gravity will produce two different layers, allowing for higher-level 
lipids. This is the earliest lipid extraction technique and the foundation for develop-
ing improved soluble extraction methods. This is quicker and simpler than the other 
comprehensive techniques of lipid extraction (Bligh and Dyer 1959). 

3.4.4.2 Soxhlet Extraction 

Extraction by using Soxhlet’s is one of the most classic processes still employed 
for the separation of a large number of volatile chemicals from oil-containing solid 
samples in plants. The apparatus consists of the mouth of the rounded bottom, which 
is attached to the thumb of the Soxhlet (Figure 3.5). It is easy to use. First of all, the 
Soxhlet thumb is flled with feedstock. Hexane, ethanol, methanol and chloroform, 
hexane and methanol, two-propanol, chloroform, and toluene can be used as solvents 
as single mixture or separately (Sarkar and Bhattacharyya 2012). 

It is often used for extracting hexane oil; it is put in the tube to gently heat the 
solvent to evaporate. Soxhlet removal is based on the solvent that passes through 
the side arm and ensures that the condenser is in position and fooding the thumb. 
When a moderately heated solvent interacts with the oil in the thumb, the analyte (oil, 
lipid, fat, or phytochemical) is extracted and the solvent is returned to the tube with 
analysis through the syphon device. The analyzer is fully removed by repeating the 
procedure. At the bottom of the tube, the analysis is gathered because there are more 
boiling points than the solvent of extraction (Dutta et al. 2014). 

As a result, the extraction materials interact with new solvents in each cycle. 
Extraction of Soxhlet is a slow procedure and needs further solvent separation for 
analysis. The major disadvantages of Soxhlet extraction are solvent selection, extrac-
tion duration, and consumption of higher amounts of solvents. Various solvents 
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Figure 3.5 schematic illustration of a soxhlet extraction. 

produce different natural chemicals, and they are different from solvent to solvent. 
The choice of the solvent for oil extraction is thus the most important step in the 
Soxhlet extraction (Wang and Weller 2006). 

3.4.5 Biological Extraction (Enzymatic Extraction) 

The technique of enzyme used for oil extraction has become a useful technology 
for oil extraction. In this method, oil is extracted from feedstock using the proper 
enzymes. The primary beneft is that it is favorable to the environment and does not 
generate volatile organic compounds (VOC). However, the lengthy process time is a 
signifcant disadvantage of this technique. Some feedstocks utilize an ultrasonic and 
aqueous enzyme combination in order to extract oil (Achten et al. 2008). 

As an example, chemical extraction utilizing the N-hexane approach produces 
the greatest output and is the most frequent kind. This kind, however, spends more 
time than other types. In addition, the extraction of n-hexane solvents has an envi-
ronmental effect owing to the production of waste, high specifc energy use and sig-
nifcant volatile organic compound emissions, and human health consequences. The 
use of aqueous enzyme oil extraction signifcantly reduces these issues. The use of 
alkaline proteases has shown improved outcomes in aqueous enzyme oil extraction. 
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In addition, ultrasound pretreatment is a more helpful step in the extraction of aque-
ous oil (Rosenthal et al. 2001; Shah et al. 2005). 

One of the most important investigations to reduce enzyme costs was the devel-
opment of novel enzymes with a low price, high catalytic activity, and stability. 
The main beneft of the enzyme is that it may utilize low-priced and high-quality 
foodstuffs with high levels of free fatty acid effectively in comparison to the tradi-
tional alkaline method, which substantially reduces overall production costs. As a 
catalyst for hydrolysis and esterifcation and transesterifcation processes, lipase is 
extensively utilized. Although lipase-mediated biodiesel production has been studied 
extensively, lipase cost is very expensive, particularly in immobilized lipase, com-
pared to other chemical catalysts. Over 60 microbes, including Aspergillus oryzae, 
Rhizopus oryzae, Thermomyces lanuginosus, Candida antarctica, Pseudomonas 
cepacia, etc., may generate lipase (Sharma et al. 2019). 

3.4.6 Marden Extraction Methods 

The extraction process for the manufacture of biofuels has undergone signif-
cant changes, especially with the advent of unconventional extraction methods. 
Accelerated solvent extraction, supercritical fuid extraction, microwave-assisted 
extraction, and ultrasonic-assisted extraction are the modern extraction methods that 
can be used for biodiesel production 

3.4.6.1 Supercritical Fluid Extraction 

Solvent extraction is often linked to lengthy durations, high solvent needs, and 
ineffcient expulsion from oil. Therefore, new, creative technologies must be devel-
oped which may overcome these constraints. At the beginning of the century, 
supercritical fuid extraction was created as a laboratory technique and alternative 
to organic lipid extraction solvents (Figure 3.6). It was subsequently developed as 
a technique on an industrial scale, and since then typical direct solvent extraction 
methods have been substituted. 

In optimum circumstances, gases such as CO2, propane, toluene, ethane, and water 
are employed as solvents (Tarigan 2013; Sahena et al. 2009). These gases enhance 
selectivity, fow rate, and mass transfer across conventional solvents. Furthermore, 
using these gases as solvents is more effective and ecologically friendly in super-
solvent extraction compared with traditional solvent extraction. Carbon dioxide is an 
oil/lipid extraction solution commonly used for supercritical fuid extraction because 
of its acceptable critical conditions, low cost, infammatory property and because it is 
not poisonous (304 K temperature and 73 atm pressure). The supercritical CO2 char-
acteristics for extracting oils and fats include high solubility of nonpolar molecules, 
excessive dissolving of low molecular weight, strong affnity to organic matter, and 
poor water solubility. Also, by altering the temperature and pressure, proteins, poly-
saccharides, salts, and other components are extracted (Pradhan et al. 2010; Sahena 
et al. 2009). 



   

 
 
 
 
 

 

  

79 biodiesel produCtion by orgAniC trAnsformAtions 

Figure 3.6 schematic representation of supercritical carbon dioxide fuid extraction. 

The extraction vessel should be flled with feedstock for extraction. The dia-
phragm compressor maintains CO2 pressure and is discharged into the extrac-
tor through the pump connection. The heat jacket and thermostat maintain the 
temperature of the extraction vessel. The rear pressure valve serves to control 
the pressure. The ultrasonic CO2 reacts with the extractor chamber material and 
is collected in the extractor collector. The pressure reduction releases carbon 
dioxide, places it in the collector, and maintains CO2 in circulation for extraction 
(Pradhan et al. 2010). 

The concept involved in supercritical fuid extraction is that the oil dissolves in 
the solvent when a solvent interacts with the feedstock sample under its extremely 
changeable circumstances. By decreasing pressure, soluble oil may be isolated from 
supercritical fuid. Factors such as temperature, pressure, and extraction time have 
an impact on oil extraction effciency and oil purity. Almost all lipids make the dis-
solution process in supercritical fuid challenging when considering entire lipids. 
Usually, the release of soluble lipids from supercritical CO2 is improved by the use of 
adsorbents, such as silica, zeolite, and synthetic resins. Super-liquid CO2 extraction is 
more effcient yet produces higher-grade oil than other soluble extracts (Sahena et al. 
2009). However, the technique is still in its infancy, and signifcant commercial uses 
have not been discovered for oil extraction. The major reasons for not commercializ-
ing the technology are high equipment and operational expenses (Sahena et al. 2009; 
Pradhan et al. 2010). 
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3.4.6.2 Ultrasound-Assisted Extraction 

Since traditional techniques of solvent extraction have lengthy extraction, use 
of hazardous solvents, and poor effcacy limitations, studies have shown that the 
combination of methods of mechanical wave solvent extraction may overcome these 
obstacles. Recently, the focus on extraction methods has increased, like ultrasonic 
industrial biodiesel synthesis (Figure 3.7). A laboratory scale may be used with an 
ultrasonic cleaning bath (indirect) and an ultrasound test or horn (direct) system 
for ultrasound extraction. For industrial purposes, acoustic reactors are employed 
(Vinatoru 2001). 

A mechanical exciter and a cooling bath must be supplied for both systems to reg-
ulate the increase in temperature during extraction. The tubs feature foot-mounted 
transmitters used in making ultrasound pulses. In the extraction chamber, the ultra-
sonic transmitter is placed. The test should be in touch with the soluble media during 
direct extraction, but not with the extraction substance. Two physical processes assist 
extraction: diffusing the cell walls and rinsing the intracellular content in the broken 
walls. Gland or cell walls are reported to be very sensitivity (mainly plant-based) and 
may be readily broken by ultrasonic exposure (Vinatoru 2001). 

It is the foundation for the extraction from different substances of fats and lipids 
and essential oils. Reducing the quantity of material may enhance the process eff-
ciency and, therefore, improve the soluble interaction with the substance by extract-
ing cavities. If the ultrasound system is utilized for the extraction and testing of dry 
materials, the extraction is not done by mechanical methods. It consists of two stages, 
and the substance sinks frst to assist the swelling and hydration process. In the fol-
lowing step, diffusion and osmosis processes transport the intracellular substance to 

Figure 3.7 diagrammatic representation of ultrasound-assisted extraction. 
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the solvent. The extraction effciency is greater than that achieved by the mechanical 
agitation of the ultrasonic supporting method. The basis of ultrasound is principally 
on the cavity phenomenon (Christen and Kaufmann 2002). 

If a high-frequency (24 kHz) sample is pulled on an ultrasonic waveguide, the 
media bubbles up. Mature bubbles burst with negative pressure at the cell surface, 
producing mechanical cell stress. The bursting of the bubble cavity on the cell sur-
face disrupts the cell walls and leads to the transfer of the intercellular contents to the 
soluble medium (Christen and Kaufmann 2002). 

When the bubbles burst, shock wave impulses are produced, which create a 
high-temperature microclimate and pressure on the sample surface. These vibratory 
waves and energy micro-liquid jets improve the metabolism of the soluble medium 
and therefore improve extraction. The effectiveness of ultrasound extraction varies 
according to temperature, wave frequency, and ultrasound time. Solid and liquid 
samples may be subjected to ultrasound-assisted extraction, although caution must 
be taken to use solid samples. The collapse of the cavity bubbles may cause the ana-
lyte to degrade if the bubble penetrates, while ultrasonic removal is quicker and more 
effcient than the traditional (Vinatoru 2001; Christen and Kaufmann 2002). 

3.4.6.3 Microwave-Assisted Extraction 

The conventional solvent extraction technique restricts the extraction speed by 
diffusion and osmotic processes when the solvent is transferred from the analytical 
sample to the solvent. In such situations, the kinetics and effciency of extraction may 
be enhanced by intensifying procedures. A nontraditional intensifcation technique 
was devised for microwave-supported extraction to enhance the yield, quality, and 
effciency of conventional solvent-based procedures. Recently, extraction by micro-
wave has become an economically viable, easy, and effective method that offers high 
separation in a short amount of time for chosen chemicals (Figure 3.8). Microwave-
assisted extraction technique includes the use of water or alcohol as a solvent at high 
temperatures and regulated pressures. Water has a high dielectric constant due to its 
strongly polar nature (Luque-García and Luque De Castro 2004). 

Therefore, extraction solvent for nonpolar organic components is usually not 
considered. However, water possesses alcohol characteristics at high temperatures 
and regulated pressures, and the extraction can dissolve low- and medium-polarity 
chemicals. The effectiveness of a solvent that may be utilized for removal by a micro-
wave relies on the dissipation factor, which measures the solubility capacity of the 
microwave for thermal absorption and dissolution in surrounding molecules (Luque-
García and Luque De Castro 2004). 

If the microwave heats the moisture in the sample material cells, humidity tends 
to evaporate and causes swelling on the cell wall to generalize pressure. The accumu-
lation of pressure presses the cell wall to make the wall stretch and break. The extrac-
tion, therefore, enhances the yield. By using solvents with high vapor capacity, the 
effciency of microwave-assisted extraction may be increased further. The following 
stages are the extraction mechanism using the microwave. These are: (i) desorp-
tion of sample matrix analytes under the applied pressure and high temperature, (ii) 
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Figure 3.8 diagrammatic representation of microwave-assisted extraction. 

dissolution into the sample matrix of the extraction solution, and (iii) distribution 
of the extraction solvent into samples (Luque-García and Luque De Castro 2004; 
Mandal et al. 2006). 

The high effectiveness of microwave solvent extraction has been attributed to 
improving solvent analytes, reducing mass transference limitations, and improving 
surface balance. The effectiveness of microwave-assisted extraction is determined 
by solubility and volume, extraction duration, microwave power, particle size, mois-
ture content, temperature, and extraction pressure. The benefts of microwave-aided 
extraction include environmentally friendly, economical, and reduced extraction 
times. On the other hand, when the extraction solvent or analyte is neither polar nor 
unstable, low effciency limitations exist. The higher temperature technology may 
decay thermal labile compounds (Luque-García and Luque De Castro 2004; Mandal 
et al. 2006). 

3.4.6.4 Accelerated Solvent Extraction 

Accelerated solvent extraction is also known as press solvent extraction (PSE). 
This technique utilizes high-temperature and high-pressure organic and/or aqueous 
solvents. The high temperatures were found to speed up the extraction speed and also 
to avoid boiling at a temperature higher than the typical solvent boiling point (Md 
Sarip et al. 2016). 

The accelerated solvent extraction has a higher oil yield than when using conven-
tional solvent oil extraction and supercritical fuid oil extraction. Accelerated solvent 
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extraction has also been reported to be used to extract various feedstocks, including 
wheat and faxseeds. Accelerated extraction of solvents saves considerable time and 
solvent consumption compared with conventional techniques of extraction of sol-
vents (Dunford and Zhang 2003; Oomah and Sitter 2009). 

3.5 ChEMICAL PROCESSES FOR BIODIESEL PRODUCTION 

The main drawback of commercial biodiesel production is the cost of the pro-
duction when compared to the petroleum-based diesel. Many studies have been con-
ducted to identify economically proftable and technically improved methods with 
optimum conditions. Most of the studies conducted have focused on the reduction of 
viscosity (Abbaszaadeh et al. 2012; Aghbashlo et al. 2020; Kim et al. 2013). However, 
as biodiesel raw materials are subjected to heating, blending, chemical processes, 
and other mechanical approaches, volatility is improved and viscosity is reduced. 
Nevertheless, molecular structure and polyunsaturated conditions remain unchanged 
after the modifcation (Abbaszaadeh et al. 2012; Aghbashlo et al. 2020). Further, the 
use of biodiesel for engines requires signifcant engine modifcation (Abbaszaadeh 
et al. 2012; Kim et al. 2013). Feedstock can be converted into biodiesel by thermo-
chemical and biochemical methods. The thermochemical conversion route provides 
extraction of biodiesel, bio-methanol, bio-oil, biohydrogen, and bio-syngas, whereas 
the biochemical route offers liquid fuels and gases by anaerobic respiration or fer-
mentation (Akia et al. 2014). 

3.5.1 Direct Use and Blending 

This method facilitates direct use of vegetable oil mainly blended with usual die-
sel fuels into suited ratios. However, after blending, this can only be used for a short 
time, as esters made by blended-only method are stable for a short period (Bisen et al. 
2010; Kumar et al. 2003). Furthermore, direct use with blended products is not reason-
able or convenient for diesel engines, such as direct and indirect diesel engines, due to 
the elevated viscosity of biodiesel, formed by polymerization and oxidization during 
the storage conditions, combustion, presence of free fatty acids (FFAs), and acid com-
positions (Abbaszaadeh et al. 2012; Bisen et al. 2010; Kumar et al. 2003). 

3.5.2 Pyrolysis 

The pyrolysis process is also known as thermal cracking, which is a process 
of chemical conversion of organic compounds into another using either tempera-
ture or temperature with catalysts or without catalysts in the absence of air (oxygen) 
(Chua et al. 2020; Bisen et al. 2010; Abbaszaadeh et al. 2012; Kumar et al. 2003). 
The temperature of this process starts from about 350°C–550°C and reaches up to 
700°C–800°C and breaks down long-chain carbon, oxygen, and hydrogen com-
pounds into small compounds or molecules (Jahirul et al. 2012). The raw materials 
from organic compounds, animal fats, vegetable oil, algal oil, natural FAs, or methyl 
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esters of FAs are used for biodiesel production by exposing to pyrolysis and conver-
sion into triglycerides with thermal cracking. This method is similar to conventional 
petroleum refning, and many researchers have reported that pyrolysis of triglycer-
ides is the best method to produce the most reliable products for diesel engines (Bisen 
et al. 2010). This method is mainly divided into catalytic and non-catalytic methods 
(Abbaszaadeh et al. 2012; Kumar et al. 2003). This method has been considered as 
high cost due to the cost associated with equipment for heat, removing oxygen, and 
separation (by distillation) (Abbaszaadeh et al. 2012; Bisen et al. 2010). 

3.5.3 Microemulsions 

Microemulsion maintains colloidal equilibrium dispersion in 1–150 nm dimen-
sion range of optically isotropic fuid microstructures, which is created spontaneously 
using two immersible liquids. For this, one or more ionic and nonionic amphiphiles 
with clear, stable isotropic fuids consisting three constituents such as an oil phase, an 
aqueous phase, and a surfactant layer are used (Abbaszaadeh et al. 2012; Bisen et al. 
2010; Kumar et al. 2003). The fuels based on the microemulsions are also named as 
hybrid fuels (Abbaszaadeh et al. 2012). Most of the studies conducted based on the 
solvents such as 1-butanol, hexanol, octanol, methanol, and ethanol meet maximum 
requirements of the diesel engines with perfect viscosity (Abbaszaadeh et al. 2012; 
Kumar et  al. 2003). In addition, alkyl nitrate is used as a cetane improver, while 
alcohol is used as a surfactant (Bisen et al. 2010). 

3.5.4 Transesterifcation 

Transesterifcation is one of the mostly common and convenient approaches used 
to reduce the viscosity of biodiesel. Consequently, biodiesel can be produced by 
using animal fat and vegetable oil with alcohols like methanol (common), butanol, 
and ethanol. The transesterifcation process can be achieved with the presence of 
either homogeneous or heterogeneous catalysts or without any catalysts (Abdelhady 
et al. 2020; Al-Muhtaseb et al. 2019; Kumar et al. 2020; Abbaszaadeh et al. 2012; 
Bisen et al. 2010). During transesterifcation, triglycerides are converted using alco-
hol into FA alkyl esters and glycerin (Figure 3.9) (Dhivya and Thirumarimurugan 

Figure 3.9 transesterifcation reaction. 
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2020; Abbaszaadeh et al. 2012; Chua et al. 2020; Kumar et al. 2020). The main by-
product of the transesterifcation is glycerin. This method is also known as alcoholy-
sis (Abbaszaadeh et al. 2012; Al-Muhtaseb et al. 2019; Bisen et al. 2010). 

However, transesterifcation is completed using catalytic or non-catalytic com-
pounds together with primary or secondary monohydric aliphatic alcohol consisted 
of 1–8 carbons atoms. Additionally, triglycerides and alcohol are nonmiscible and 
lead to slow transesterifcation. Therefore, use of the catalysts enhances both sur-
face contact of triglycerides and alcohol with increasing reaction rate simultaneously. 
Besides, without catalysts, it takes more time. Most of the catalysts used in the pro-
duction of biodiesel are mainly of two types, homogenous or heterogeneous catalysts. 
During transesterifcation, if the catalysts remain at the liquid phase of the reactants, 
it is recognized as homogenous, whereas if the catalyst is present in a different phase, 
it is considered as heterogeneous. Nevertheless, commercial production of biodiesel 
by using the homogenous catalysts is common due to the low cost of production 
(Abbaszaadeh et al. 2012). In addition, there are some factors affecting the produc-
tion of biodiesel, such as selection of different types of catalysts that determine the 
presence of FFAs in the oil. However, many studies have described that the enzy-
matic reactions are insensitive to FFA and water presence in the oil (Abbaszaadeh 
et al. 2012). 

3.5.4.1 Homogenous Catalytic Transesterifcation 

This transesterifcation method needs highly purifed raw materials and catalysts 
(Abbaszaadeh et al. 2012). This method consists of two types, namely, basic catalyst 
and acidic catalyst types. 

3.5.4.1.1 Base Catalytic Transesterifcation 

This method is commonly used for the production of biodiesel using homogenous 
base catalysts such as hydroxides (NaOH, KOH, etc.) and alkaline metal alkoxides 
(potassium methoxide [KOCH3] and sodium methoxide [NaOCH3], sodium or potas-
sium carbonate) (Acosta et al. 2020; Ali et al. 2020; Arumugam and Ponnusami 2019; 
Ayoob and Fadhil 2020; Abdelhady et al. 2020; Abbaszaadeh et al. 2012; Bisen et al. 
2010; Chua et al. 2020; Dhivya and Thirumarimurugan 2020; Kumar et al. 2003; 
Kumar et al. 2020). During the reaction, alkoxy formation happens with alcohol, and 
the formed alkoxy reacts with feedstock oil to produce biodiesel and glycerol. At the 
end, glycerol can easily be separated from the biodiesel due to the density differ-
ence (Bisen et al. 2010) (Figure 3.11). The main benefts of the use of this method in 
the industrial level of biodiesel production are high conversion rate with short time, 
higher catalytic activity, and cost-effectiveness (Dhivya and Thirumarimurugan 
2020; Bisen et al. 2010; Aghbashlo et al. 2020; Abbaszaadeh et al. 2012). However, 
the presence of FFAs and the water content of the feedstock (FFA<0.5 wt.%; H2O < 
0.06 wt.%) are most critical for biodiesel production. If required conditions are not 
in the system, it leads to the production of soap instead of fuel due to saponifcation 
(Figure 3.10) (Abbaszaadeh et al. 2012; Abdelhady et al. 2020; Acosta et al. 2020; 
Aghbashlo et al. 2020; Bisen et al. 2010; Chua et al. 2020; Kim et al. 2013). 
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Figure 3.10 saponifcation reaction. 

Figure 3.11 schematic fowchart for homogenous catalytic transesterifcation. 

Further, secondary hydrolysis can also occur due to the imbalanced composition 
of feedstock, leading to conversion of alkyl esters into FFAs. Therefore, it is impor-
tant to reduce side reaction saponifcation and hydrolysis in the system during the 
production of biodiesel (Abbaszaadeh et al. 2012). 

3.5.4.1.2 Acid Catalytic Transesterifcation 

This processing method uses sulfuric acid (H2SO4), phosphoric acid (H3PO4), 
hydrochloric acid (HCL), ferric sulfate (Fe2[SO4]3), sulfonic acid (H2O3S), and 
methanolic boron trifuoride (BF3) as acid catalysts (Abbaszaadeh et  al. 2012; 
Abdelhady et al. 2020; Ali et al. 2020; Ayoob and Fadhil 2020; Bisen et al. 2010; 
Chua et al. 2020; Kim et al. 2013; Kumar et al. 2003; Kumar et al. 2020). This 
is conducted with the mixing of acidifed alcohol with oil or feedstock, with the 
reaction and separation occurring in a single step. Alcohol acts as a solvent and 
an esterifcation mixture during the reaction, and excess alcohol would dimin-
ish the reaction time. This method is less sensitive to the presence of FFAs when 
compared with the base catalytic method and sensitive to the water content that 
would directly affect the ester yield (Bisen et al. 2010; Abbaszaadeh et al. 2012). 
Additionally, the use of an acid catalytic compound would minimize the formation 
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of soap as catalysts decrease FFAs in the reaction mixture (Chua et  al. 2020; 
Dhivya and Thirumarimurugan 2020). 

The disadvantages of using the homogenous acid catalytic method are reactor 
corrosion, huge amount of wastewater production, formation of a secondary product, 
slow reaction rate with long reaction time, and separation diffculties (Abbaszaadeh 
et al. 2012; Abdelhady et al. 2020; Ali et al. 2020; Chua et al. 2020). 

3.5.4.2 Heterogeneous Catalytic Transesterifcation 

During transesterifcation, the catalysts perform in a different phase from the 
reaction phases. Due to the catalytic activity in different phases, it offers easy sepa-
ration, allowing reuse. The heterogeneous catalytic process requires less energy and 
cost for the separation process compared to the homogenous catalytic transesterif-
cation. Further, no soap and secondary hydrolysis process happen in this method. 
Additionally, this method revealed the capability to get the product at different lev-
els effciently, as triglycerides can be eliminated by washing at different steps and 
recovery of catalysts. This process also can be performed using the fxed bed reac-
tors and applying extreme reaction conditions, such as temperature from 70oC to 
200oC (Abbaszaadeh et al. 2012) (Figure 3.12). Usually, MgO, CaO, TiO2, ZnO, BaO, 
K2MgSiO4, CuFe2O4, graphene oxide/bentonite, niobic acid (Nb2O5·nH2O), sulfated 
zirconia (ZnO/I2, ZrO2/SO4

2-), CaTiO3, Al2O3, KOH/Al2O3, Mg/Al2O3, K2CO3/Al2O3, 
KOH/sodium zeolite, PbO, PbO/zeolite, KNO3/KL zeolite like metal oxides or 
mixed metal oxides and carbon-based catalysts are used during transesterifcation 
(Ballotin et al. 2020; Kayode and Hart 2019; Abbaszaadeh et al. 2012; Abdelhady 
et al. 2020; Acosta et al. 2020; Ali et al. 2020; Ayoob and Fadhil 2020; Dhivya and 
Thirumarimurugan 2020; Kim et al. 2013). 

When compared to homogenous transesterifcation, heterogeneous transesteri-
fcation would result in more yield of biodiesel and high-purity glycerin. Further, 

Figure 3.12 basic fowchart of heterogeneous catalytic transesterifcation. 
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this process is more environmentally friendly as it reduces the risk associated with 
leakage of hazardous and fammable chemical compounds (Abbaszaadeh et al. 2012; 
Dhivya and Thirumarimurugan 2020). 

3.5.4.2.1 Solid-Based Catalytic Transesterifcation 

Several heterogeneous solid-based catalysts are coated with a base or basic oxide 
over the surface, and these are more effective than solid-acid catalysts. Usually, zeo-
lite (hydrated aluminosilicate) is used as a common solid-based catalyst (Dhivya and 
Thirumarimurugan 2020; Abbaszaadeh et al. 2012). The fxed bed reactors consist 
of a solid-based catalyst, making it convenient in separating catalysts and products 
during transesterifcation. With this method, catalysts are activated at the boiling 
temperature of methanol. Further, CaO and MgO like metal oxides and metal oxide 
complexes such as calcined Mg-Al hydrotalcite and CuFe2O4 are used in industrial-
level biodiesel production. This is due to the oxidation numbers of the catalysts and 
other advantages, such as metals being less solubilized in polar medium, cheapness, 
durability, and availability of the catalysts (Abbaszaadeh et al. 2012; Akia et al. 2014). 
If CaO is used as a catalyst, there is a need to conduct a washing process by water as 
this leaches to reaction mixture (Acosta et al. 2020; Abbaszaadeh et al. 2012), com-
promising the advantage of heterogeneous catalysts in the transesterifcation process 
(Abbaszaadeh et al. 2012). CaO-based waste and derivatives are being used world-
wide, as commercial CaO catalysts are environmentally friendly, are economical, 
have higher basicity, and have higher biodiesel conversion ability (Abdelhady et al. 
2020; Acosta et al. 2020). 

3.5.4.2.2 Solid-Acid Catalytic Transesterifcation 

This method has poorer activity, but numerous industries use this due to the 
diversity of acid sites with different Lewis acidity. This method has many ben-
efts, like simultaneous esterifcation and transesterifcation, lack of response to 
FFAs, easy separation of catalysts, and less corrosion (Abbaszaadeh et al. 2012). 
There are few solid-acid catalysts used, such as modifed titania, sulfated zirconia, 
tungstate zirconia, Nafon-NR50, and heteropoly acids, because they have enough 
strong acid site (Abbaszaadeh et al. 2012; Acosta et al. 2020). Though Nafon has 
higher acid strength with higher selectivity to the production of methyl esters and 
glycerol, it is highly costly and shows less activity to liquid acids (Abbaszaadeh 
et al. 2012). 

3.5.4.2.3 Two-Step Acid-Alkali-Catalyzed Transesterifcation 

This is a combined method of acid and alkali catalysts which is used for trans-
esterifcation of feedstock into biodiesel, overcoming the fnal product separation 
challenges. Usually, in the frst step, ferrous sulfate (FeSO4) acid with metallic salt 
is involved, and as a second step, basic salt catalysts, such as NaOH or KOH, are 
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applied to further catalyze the transesterifcation. However, FeSO4 can be reused 
after recovery as some amount is insoluble with oil at the frst step. During the reac-
tion in this system, saponifcation is negligible. Due to different densities/viscosity in 
the system, it allows for easy separation of both product and the by-product (Dhivya 
and Thirumarimurugan 2020). 

3.5.4.3 Biocatalytic/Enzymatic Transesterifcation 

This is an emerging transesterifcation method that can transform feedstock into 
fatty acid methyl esters (FAMEs), and the main drawback is the cost of the enzyme 
when used industrially (Sharma et  al. 2019; Bisen et  al. 2010; Chua et  al. 2020). 
Lipase is used as catalyst to perform glycerol hydrolysis, alcoholysis, and acidolysis 
(Bisen et al. 2010; Chua et al. 2020). Lipase is naturally found and can be extracted 
and isolated from Candida antarctica, C. cylindracea, C. rugosa, Chromobacterium 
viscosum, Cryptococcus spp., Lactobacillus brevis, L. plantarum, Porcine pancreas, 
Pseudomonas fuorescens, P. cepacian, Rhizomucor miehei, Rhizopus oryzae, and 
Thermomyces lanuginosus (Al-Zuhair 2007; Khan et al. 2020; Moazeni et al. 2019; 
Abbaszaadeh et al. 2012; Bisen et al. 2010; Kumar et al. 2020). However, use of lipase 
for transesterifcation is highly selective, as the characters of lipase change according 
to the source. Also, different conditions like stirring rate, enzyme loading, reaction 
temperature, pH, and the molar ratio of methanol to oil are suited to use with lipase in 
the reaction mixture (Sharma et al. 2019; Chua et al. 2020; Khan et al. 2020; Kumar 
et  al. 2020). Lipase can be used with ionic liquids, which help increase selectiv-
ity and transesterifcation (Deive and Rodríguez 2020). This helps immobilize both 
extracellular and intracellular lipases (Sharma et al. 2019; Abbaszaadeh et al. 2012; 
Bisen et al. 2010). This immobility helps reuse the lipase with easy recovery from 
the reaction mixture (Abbaszaadeh et  al. 2012; Arumugam and Ponnusami 2019; 
Bisen et  al. 2010; Khan et  al. 2020; Kim et  al. 2013) and separation (Arumugam 
and Ponnusami 2019; Khan et al. 2020). Further, this immobilization can be done 
using several methods, such as entrapment (encapsulation and lattice-type), carrier 
binding (adsorption, ionic, and covalent binding), and cross-linking. Depending on 
the interaction between lipase and carrier, this process can be either reversible or 
irreversible (Sharma et al. 2019; Moazeni et al. 2019). Nevertheless, the use of extra-
cellular immobilized enzymes is the most popular method for enzymatic alcoholysis, 
and this is a much expensive, complicated process of purifcation and stabilizing 
of enzymes (Abbaszaadeh et al. 2012). Additionally, solvents used during the reac-
tion are very important (Bisen et al. 2010). Therefore, many studies have revealed 
the direct use of intracellular lipase (extracted from Rhizopus oryzae lipases being 
used) as a method called whole-cell biocatalytic method (Arumugam and Ponnusami 
2019; Abbaszaadeh et al. 2012; Moazeni et al. 2019). In this method, there is no need 
for purifcation or stabilization of enzymes, reducing the cost of transesterifcation 
(Abbaszaadeh et al. 2012; Moazeni et al. 2019). 

During transesterifcation reaction with biocatalysts, glycerin acts as an inhibi-
tor, binding to biocatalysts instead of triglycerides (Sharma et al. 2019; Abbaszaadeh 
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et al. 2012). Acyl acceptor is used to overcome this glycerol inhibition in the reaction 
mixture, which forms triglyceride molecule and enhances the reaction (Abbaszaadeh 
et al. 2012; Al-Zuhair 2007). Methanol is used as a common acyl acceptor due to its 
reactivity (Al-Zuhair 2007). Silica gel can also be used with the reaction mixture to 
absorb glycerol (Sharma et al. 2019). Continuous removal of glycerol by dialysis or 
solvent extraction would reduce this inhibitory effect (Bisen et al. 2010). 

This method includes numerous advantages, such as the effciency of product 
separation, absence of by-products, function at low temperature, less production 
time, high activeness, thermostability, reusability, no soap formation, and eco-
friendliness (Abbaszaadeh et al. 2012; Acosta et al. 2020; Sharma et al. 2019; Bisen 
et al. 2010; Kayode and Hart 2019; Khan et al. 2020; Kim et al. 2013). This reac-
tion can be conducted with feedstocks with higher water amount, such as cooking 
oil, due to less sensitivity to FFAs and water. This enzymatic reaction enhances 
phase separation, but under low water content, the reaction could be reversible 
by the reverse hydrolysis process (Abbaszaadeh et  al. 2012; Bisen et  al. 2010). 
Even though this is an eco-friendly, useful approach to transesterifcation, it still 
requires low cost and new immobilized methods with higher activity of reaction 
rate (Arumugam and Ponnusami 2019; Abbaszaadeh et al. 2012; Khan et al. 2020). 
However, there are two methods currently used to reduce the production cost of 
the lipase enzyme. One can be accomplished by extension of the operational life 
of the enzyme, such as alcoholysis, enzyme immobilization, and another method is 
the reduction of production cost by optimization, new lipase development, fermen-
tation, and downstream processing methods (Abbaszaadeh et al. 2012; Bisen et al. 
2010). Moreover, new studies of lipase production have been extended to a superior 
level by a molecular approach, such as using probiotic sources, metagenomics, 
direct evolution, and protein engineering approaches (Sharma et  al. 2019; Bisen 
et al. 2010; Khan et al. 2020). 

3.5.5 Non-Catalytic Biodiesel Production 

3.5.5.1 BIOX Cosolvent Transesterifcation 

This method uses an inert cosolvent that improves the solubility of the low solu-
bilized mixtures, and no catalytic residues exist in any phases, and it gives a higher 
yield of biodiesel (Ambat et  al. 2020; Abbaszaadeh et  al. 2012; Kayode and Hart 
2019). This method is mainly used to overwhelm the slow reaction rate that occurs 
due to less solubility between alcohol and triglycerides phase. There are many cosol-
vents used experimentally and industrially, such as tetrahydrofuran, methanol, and 
methyl tertiary butyl ether. However, due to the hazardous form and toxicity of the 
cosolvent, it is necessary to completely separate the cosolvent, and the fnal prod-
uct must be free of water. Besides, recovery of cosolvent principally depends on its 
boiling point. Tetrahydrofuran is usually used due to its boiling point, which is like 
methanol. Therefore, it is very crucial to select the cosolvent having characters like 
recoverability, inactivity at ambient pressure, and temperature (Abbaszaadeh et al. 
2012; Kayode and Hart 2019). 
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3.5.5.2 Supercritical Alcohol Transesterifcation 

This process is conducted under controlled conditions, such as higher pres-
sure and temperature, without any catalysts, and achieves the supercritical condi-
tions using alcohol during the transesterifcation (Chang et al. 2020; Chauhan et al. 
2019; Abbaszaadeh et al. 2012; Chua et al. 2020). However, this transesterifcation 
method of triglycerides can be achieved by using supercritical ethanol, methanol, 
organic acetone, butanol, methyl acetate, propanol carbon dioxide (CO2), nitrogen 
gas (N2), diethyl ether hexane, propane, heptane, and tetrahydrofuran. Many stud-
ies have proved that those solvents are effective and effcient for transesterifcation 
(Simonelli et  al. 2020; Al-Zuhair 2007; Abbaszaadeh et  al. 2012; Chauhan et  al. 
2019; Kim et al. 2013). 

Methanol with pressurized CO2 is an effective solvent mixture for transesterif-
cation when compared with other solvents because it generates cell disruption and 
extraction of cell contents during the reaction before transesterifcation (Chang et al. 
2020; Dhivya and Thirumarimurugan 2020; Kayode and Hart 2019). The proper 
conditions for this process are pressure between 35 MPa to 60 MPa and temperature 
from 200oC to 500oC (Abbaszaadeh et al. 2012; Chua et al. 2020; Kumar et al. 2003). 
Further, the conditions used in the supercritical method provide higher reaction rate 
within less time, easy separation, purifcation, enhanced phase solubility, and reduce 
limitations of mass transfer (Abbaszaadeh et al. 2012; Chang et al. 2020; Chauhan 
et  al. 2019; Dhivya and Thirumarimurugan 2020). Moreover, this method is not 
infuenced by the presence of water and FFAs, unlike homogenous catalysts meth-
ods (Abbaszaadeh et al. 2012; Chang et al. 2020; Dhivya and Thirumarimurugan 
2020). Therefore, the use of low-value feedstocks remains more suitable with this 
method for the production of biodiesel because it reduces the production cost as well 
(Abbaszaadeh et al. 2012). Requirements of high pressure and temperature are the 
main disadvantages of this process that lead to more initial cost and higher require-
ment of methanol-to-oil ratio (Al-Zuhair 2007; Dhivya and Thirumarimurugan 
2020; Kayode and Hart 2019; Kim et al. 2013). Higher amount of water presence 
in the system leads to the creation of methyl esters and esterifcation of FFAs con-
currently and is a another problem with this method (Al-Zuhair 2007; Dhivya and 
Thirumarimurugan 2020; Kayode and Hart 2019). 

3.5.5.3 In Situ Transesterifcation 

The performance of this process depends on the condition of feedstock, and 
whether feedstocks are in the wet or dry state determines the product yield. Usually, 
dry feedstock contributes more yield, as dry biomass with more limited water content 
drives towards more reliable purifcation of chemical compounds. During biodiesel 
production, both extraction and transesterifcation occur at the same time and have 
many advantages, like easy separation of products and by-products, minimum use 
of solvent, and shorter reaction time (Kim et al. 2013). This also consists of both 
mechanical and chemical catalyzed access, which will enhance transesterifcation 
during biodiesel production. Mechanical in situ transesterifcation includes ultrasonic 
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(sonication) and microwave techniques, whereas chemical in situ transesterifcation 
consists of using the cosolvent system and ionic liquids (Kim et al. 2013). 

3.5.5.4 Ultrasound-Assisted Transesterifcation 

Ultrasonic inputs are used directly without catalysts and with either a homog-
enous or heterogeneous catalyst, such as BaO, KOH, H2SO4, hydrotalcite 
(Mg6Al2[OH]16CO3 4H2O), for obtaining higher yield of biodiesel by waste cook-
ing oil, palm oil, and niloticus oil transesterifcation (Goh et al. 2020; Aghbashlo 
et al. 2020). This can be achieved with less energy within a short time (around 10 
min.) using high-frequency, piezo-based ultrasound module (Aghbashlo et al. 2020; 
Goh et al. 2020). This ultrasonic assistance produces cavities in the reaction mix-
ture that cause rapid heat increase, reduced external energy requirement for heating 
(Goh et al. 2020), and enhance penetration of chemical into biomass. Those improve 
transesterifcation reaction, provide better dispersion, promote homogenized cata-
lysts, and activate chemical and biological catalysts in the reaction mixture (Luo 
et al. 2014). 

Ultrasound module generally starts when the chamber comes to the desired tem-
perature range of 40°C–60°C, which is the methanolysis temperature. At the end, 
biodiesel and glycerol are separated by three times washing at 60°C and sonication 
varying from 25 to 611 kilohertz (kHz). These conditions depend on the biomass 
and catalysts (Aghbashlo et al. 2020; Kim et al. 2013; Luo et al. 2014). However, this 
transesterifcation also depends on several factors, such as catalysts concentration, 
oil-molar ratio, ultrasound power, temperature, and reaction time for the production 
yield (Goh et al. 2020). 

3.5.5.5 Cosolvent with Catalysts Transesterifcation 

This method also improves the yield of biodiesel production by effcient lipid 
extraction using two organic cosolvents that must be solubilized in methanol, insolu-
ble in water, less toxic, and eco-friendly (Kim et al. 2013; Ambat et al. 2020). Mostly, 
ethanol is used as the organic solvent, and others are used based on conditions (Kim 
et al. 2013). Other generally used cosolvents are diisopropyl ether, dibutyl ether, and 
acetone and toluene, tetrahydrofuran, and tert-butyl methyl ether (Ambat et al. 2020). 
Sometimes, transesterifcation is conducted with catalysts (Sr-Al double oxides) also. 
However, yield depends on the concentration of cosolvent, quantity of catalysts, oil-
to-methanol ratio, reaction time, and temperature in the system. Further, if catalysts 
are used, that would decrease methanol usage and increase reaction rate of trans-
esterifcation (Ambat et al. 2020). 

3.5.5.6 Ionic Liquids Transesterifcation 

This transesterifcation method has been found very recently and uses ionic liq-
uids or salt in liquid forms in ambient temperature that degrade lignocellulosic bio-
mass (Andreani and Rocha 2012; Kim et al. 2013; Deive and Rodríguez 2020). Ionic 
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liquids can be produced using alkylation of 1-methylimidazole salt with butyl halide, 
which also can be either bromide or chloride (Andreani and Rocha 2012). These ionic 
liquids immobilize catalysts, allowing recovery and reuse with easy separation of the 
biodiesel with a higher yield. Meanwhile, ionic liquids reside in the aqueous phase, 
as this is not solubilized with the organic phase. Normally, ionic liquids are nonvola-
tile, inherently basic or acidic, highly solubilized, thermally stable, and reusable. The 
main disadvantage of the use of ionic liquids is the comparatively higher cost (Kim 
et al. 2013; Andreani and Rocha 2012; Deive and Rodríguez 2020). 

3.5.5.7 Electrolysis Transesterifcation 

This method conducts transesterifcation by eco-friendly electrolysis with graph-
ite cathode at room temperature together with the use of homogenous catalysts. 
Cathode creates OH ions, and alcohol present in the mixture produces nucleophile 
methoxide ions that convert triglycerides into biodiesel following the transesterifca-
tion reaction. As this could be reversible, the presence of a higher amount of alcohol 
in the system is important to force the reaction towards the production of biodiesel. 
The desired voltage used in this system is 40 V, which would result in maximum 
yield at electrolysis for 120 min. (Asl et al. 2020). 

Graphite cathodes are cheap and do not exhibit any voltage drop or decrease 
during the reaction. This keeps the temperature constant during the reaction period 
in the system, leading to 98% effciency of production of biodiesel. However, this 
method could be used for the conversion of feedstock, like waste cooking oil, which 
is abundant with water, and FFAs, including the impurities. However, the presence of 
impurities would affect electrolysis effciency (Asl et al. 2020). 

Use of cosolvents like tetrahydrofuran, acetone, and methyl tert-butyl ether in 
this transesterifcation system would enhance the reaction effcacy up to 98%. Out 
of these, acetone is more proftable as it is a cost-effective cosolvent. Alcohol-to-
triglyceride molar ratio is a key factor in biodiesel production which determines the 
yield. If the ratio is increased, that makes it diffcult for the separation of glycerol, as 
glycerol solubilization occurs at higher alcohol presence in the system. Therefore, a 
ratio of 7 to 1 is considered to have a higher effciency in the production of biodiesel. 
Any saponifcation reaction does not occur in this system unless with high water 
feedstocks and NaOH or KOH as the catalyst. Because the system is rich with OH 
ions, addition of NaOH or KOH as a catalyst would not have a major impact on the 
yield (Asl et al. 2020). 

3.5.5.8 Microwave-Assisted Transesterifcation 

This approach is used as thermo-conversion of biomass and feedstock to bio-
diesel and is commonly used in pilot plants and at laboratory level due to benefts 
of microwave (MW) heating (noncontact and volumetric). However, this conversion 
with several combined techniques mainly targets the lignocellulose to disrupt bonds 
and dissolution of lignin. Therefore, this has emerged in the last few years as a pre-
treatment before transesterifcation of biomass or feedstock. Most of the time, this 
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method uses a combination of techniques such as alkaline, acids, oxides, and liquids 
with a high boiling point before conversion into biodiesel. This pretreatment also 
can be combined with ultrasound irradiation and steam explosion. The main disad-
vantages in this method are the diffculty of use in large-scale industrial production 
concerning effciency and economical aspects. 

3.6 CURRENT ChALLENGES AND FUTURE DIRECTIONS 
IN ThE PRODUCTION OF BIODIESEL 

With a booming share in the global fuel market which is expected to reach 
54.8 billion USD by 2025 (“Biodiesel Market Size, Share | Industry Trends Growth 
Report, 2025” 2017), biodiesel is a venture worth investing, in terms of overcoming 
challenges and future directions. While selecting feedstock, improving conversion 
methods, and strategies to keep biodiesel cost-effective and carbon-neutral or nega-
tive could be considered as the current main challenges, popularization of third- and 
fourth-generation biodiesel, development of intensifed technologies, and zero-waste 
biorefneries are the future trends of biodiesel production. 

3.6.1 Selection of Feedstock for Biocrude Generation 

The quality of the biodiesel with respect to the cetane number, cloud point, and 
oxidative stability varies with the feedstock used (“Biodiesels Produced from Certain 
Feedstocks Have Distinct Properties from Petroleum Diesel, Today in Energy, US 
Energy Information Administration (EIA)” 2018). Therefore, selecting the proper 
feedstock is vital for the fnal performance of biodiesel and hence the possibility of 
replacing petroleum diesel in the market. However, the current challenge in feedstock 
selection is in identifying low-cost feedstock without compromising the quality and 
the eco-friendly nature of the process involved, especially because cost of feedstock 
is the largest component in biodiesel production, accounting to almost 70% of the 
total cost (Sanjid et al. 2013). In this quest, it is essential to focus on wide availability, 
higher yields, and the ability to avoid food-based fuel concerns (Sani et al. 2012). 
Hence, it is evident that the prospects may rest on the use of algal feedstock, noned-
ible feedstock such as jatropha, and alternative feedstock, such as used vegetable oil 
and sewage sludge. However, these feedstocks have their own set of limitations. For 
instance, used vegetable oil needs dehydration, reduction of free fatty acids (FFA), 
anhydrous alcohol and anhydrous alkali catalysts. Used vegetable oil also produces a 
biodiesel that emits comparatively higher NOX amount (Azad et al. 2015). Moreover, 
the amount of used vegetable oil available as feedstock may not make a signifcant 
contribution (Barnwal and Sharma 2005). Nonfood oilseed crops, such as jatropha, 
castor, and Chinese tallow tree, and lignocellulosic biomass (LCB) crops, such as 
miscanthus, poplar, and cardoon (Yousuf 2012), are promising prospects as feed-
stock with their avoidance of food-based concerns. However, a new trend has devel-
oped which views these nonedible crops as an equivalent to loss of land and human 
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resources for food crops. Therefore, microalgae offer many advantages over frst- and 
second-generation biodiesel feedstocks. These include high content of lipid, better 
growth rate, better photosynthetic effciency, and better mitigation of CO2 (Aresta 
et al. 2005; Han et al. 2016; Medipally et al. 2015). 

Although microalgae feedstocks are fast becoming the trend in biodiesel produc-
tion, high oxygen content, which lowers heating value, and high nitrogen content, 
which makes them unsuitable for combustion, need to be taken care of (Song et al. 
2013). Many an attempt has been made with modifcations to the process to achieve 
low O and N in the biocrude. For instance, Elliot and others have used a continuous 
fow reactor system with hydrothermal liquefaction (HTL) to reduce O, S, and N sig-
nifcantly (Elliott et al. 2013). Furthermore, a study conducted with spirulina, sewage 
sludge, and miscanthus has achieved total removal of O and signifcant removal of 
N using NiMo/Al2O3 catalyst under HTL (Castello et al. 2019). However, in order to 
make a considerable contribution to the current biodiesel market, which is dominated 
by edible oils, such as soybean and corn, microalgae need to be more sustainable in 
the future. One approach to make microalgae sustainable as a biodiesel feedstock is 
to further enhance their lipid content. Various strategies such as nutrient starvation, 
increase of dissolved CO2, changing light intensity and temperature have been pro-
posed to this effect (Zhu et al. 2016). For instance, a study conducted with Dunaliella 
tertiolecta using the inhibition of nitrate reductase by the application of Na2WO4, has 
increased total lipid content from 18% to 50% (Benhima et al. 2018). Another study 
has applied ultrasonic stress to Anabaena variabilis and obtained a lipid content of 
46.9% and a lipid productivity of 54.2/mg/L/d, without compromising the quality of 
biodiesel and protein synthesis of the microalgae (F. Han et al. 2016). These attempts 
would beneft from the in-depth analysis of the lipid biosynthesis pathways facili-
tated by transcriptomic (Rismani-Yazdi et al. 2011, 2012) and metabolomic (Martien 
and Amador-Noguez 2017) approaches. When all these factors are considered, the 
feedstock with the most potential for biodiesel production in the near future would 
be microalgae. 

3.6.2 Improving Enzyme-Catalyzed Feedstock 
Conversion into Biodiesel 

With the identifcation of an arsenal of microbes having the ability to produce 
lipases, the enzyme-catalyzed conversion has become an alternative solution to the 
more cumbersome conventional technologies. Due to the possibility of reuse and 
easy separation, immobilized lipases dominate the enzyme-catalyzed conversions 
over soluble lipases, which offer a homogenous process (Norjannah et  al. 2016). 
However, depending on the immobilization technique, the cost and the activity may 
have to be compromised. Hence, if improvements can be made to shorten lengthy 
reaction times, the less-used soluble lipases offer a cost-effective and sustainable 
option. Wancura and others have proposed a two-step transesterifcation process 
using cheap soluble lipase, which has signifcantly reduced reaction time. However, 
the process also resulted in high acid values in the fnal product, suggesting the 
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requirement of further modifcations to the process to make it truly effective 
(Wancura et al. 2019). 

Another major drawback in using enzymatic conversion of feedstock is the cost 
involved in production due to the requirement of refned oils instead of the cheaper 
crude oil alternatives, which release gummy substances. Furthermore, the removal 
of these undesirable by-products requires the use of acid treatment, making it a less 
eco-friendly option. In order to overcome this, a group of scientists has combined 
phospholipases with liquid lipase in a single-step production of biodiesel using 
crude soybean oil. The phospholipases have worked simultaneously in reducing the 
gummy products of the crude oil (Cesarini et al. 2014). Additionally, the presence of 
adjuvants such as methanol and some by-products such as glycerol affects the enzy-
matic activity (Marchetti and Errazu 2008). In order to overcome the effect of metha-
nol, a stepwise addition has been proposed. An alternative strategy is to improve 
lipase enzymes for methanol tolerance. A study conducted on the lipase produced 
by Proteus mirabilis using directed mutagenesis by error-prone PCR has produced 
an enzyme with a ffty-fold better half inactivation time under 50% aqueous metha-
nol. The researchers, with the help of a structural analysis conducted through X-ray 
crystallography, attribute the improved tolerance to the six mutations achieved in two 
vital regions (Korman et al. 2013). 

The effect of glycerol can be circumvented by substituting the acyl receptor. 
Furthermore, the enzymatic activity can also be improved with the addition of cosol-
vents. However, this approach is widely considered undesirable due to the cost of 
separation and the impact on the environment. 

3.6.3 Fourth-Generation Biodiesel, Genetically Modifed 
Microalgae for high Lipid Content 

With deeper understanding of the transcriptomes and metabolomes of microal-
gae, it has been possible to increase lipid synthesis using genetic engineering. There 
are several strategies that target improved lipid content, and these include downregu-
lation of fatty acid catabolism, improved availability of precursor molecules, and 
transfer of plant fatty acid synthesis genes (Hegde et al. 2015). Trentecoste and others 
have used targeted knockdown of phospholipase, lipase, and acetyl transferase in the 
diatom Thalassiosira pseudonana by antisense strategy to achieve comparatively 
higher lipid content without any growth inhibition (Trentacoste et al. 2013). Another 
study that overexpressed malic enzyme in Phaeodactylum tricornutum achieved a 
lipid content of 57.8%, a 2.5-fold increase compared to the wild type (Xue et  al. 
2015). Zhang and others transferred transcription factor GmDof4 from soybean to 
Chlorella ellipsoidea and observed a total lipid increase of 52.9% compared to the 
wild type (Zhang et al. 2014). Although these studies are quite promising, with the 
general concerns regarding genetic engineering in microalgae, including release of 
toxin-producing strains, invasive GM strains, and other environmental and health 
concerns, GM microalgae for biodiesel production needs to be approached with cau-
tion (Abdullah et al. 2019). 
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3.6.4 Development of Intensifed Technologies 

This strategy involves modifcation of the equipment design or combination of 
several unit operations allowing reduction of the size of the operation unit or the 
process to achieve better effciency (Quiroz-Pérez et al. 2019; Moulijn et al. 2008). 
In this quest, integration of continuous reactors with different separation units pro-
vides the best results (Mazubert et al. 2013). For instance, a study conducted with 
commercially available sunfower oil using continuous stirred tank reactor (CSTR) 
and a continuous contractor centrifugal separator (CCCS) with immobilized lipase 
has shown average biodiesel yield of 86%-mol at steady state (Ilmi et al. 2017). More 
recently, Garcia-Sanchez and others have proposed an intensifcation process con-
sisting of three steps sequentially combining triglyceride hydrolysis, co-hydration, 
and isomerization cracking for bio-jet diesel production (García-Sánchez et al. 2019). 

3.6.5 Zero-Waste Biorefneries 

A biorefnery facilitates production of several biofuels and chemicals from a num-
ber of feedstock conversion processes (Chew et al. 2017). The idea of this operation 
is to generate a combination of low-amount, high-value products, such as pigments 
and nutraceuticals, and high-amount, low-value products, such as biodiesel, in order 
to mitigate overwhelming production costs. Microalgae biorefneries are fast becom-
ing a trend as this provides an alternative solution to bringing down the cost involved 
with microalgal biodiesel production. The concept could be developed further into 
zero-waste biorefneries, as suggested by Bhowmick and others in their model for 
the production of bioenergy and biochar in combination of high-value products (De 
Bhowmick et  al. 2019). Moreover, such models, if successful, will create carbon-
neutral or carbon-negative approaches due to the possibility of using generated CO2 

for algal growth. 

3.7 CONCLUSION 

Biodiesel production and utilization as a substitute to diesel fuels of petrochemi-
cal origin is an attractive avenue for alleviating CO2 contributions to the atmosphere. 
However, signifcant challenges pertaining to production, extraction, utilization, and 
cost of biodiesel still hinder the full replacement of petrochemical diesel by its bio-
diesel counterpart. Despite these challenges, remarkable progress has been made in 
the past decade pertaining to lowering the cost of production by the introduction of 
novel biological sources of fatty acids (especially microalgae and oilseed plants), 
biological process optimization pertaining to fatty acids production, effcient and 
cost-effective extraction processes, effcient novel catalysts for transesterifcation 
reactions, and technological advancements made in internal combustion engines. 
Considering the aforesaid advancements made in biodiesel fuel production technol-
ogy, it can be implied that the returns that can be made on reducing the carbon 
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footprints of entire countries could be maximized by investing heavily in biodiesel 
production and affliated technologies. 
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4.1 INTRODUCTION 

Corrosion leads to the degradation of material, which means weakening of the 
material by losing the cross-sectional area. The thrust of corrosion affects the felds 
of economics, safety, and environmental damage. The national economy is seriously 
affected by metallic corrosion. According to a report in the Journal of Jindal Stainless 
Steel, 2014, corrosion causes a loss of 5,000 billion dollars to the global economy 
every year (The Stainless Post, 2014). In February 2019, the National Association of 
Corrosion Engineers International had announced the impact of corrosion in India 
of about 25,000 rupees a year. As a solution to this problem, corrosion scientists 
are more concentrated on exploring environmentally friendly approaches to protect 
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metals. Corrosion prevention and protection arrest the degradation of material and 
contribute signifcantly to the conservation of resources with minimum damage to 
the ecosystem. Corrosion is controlled by various methods, such as cathodic protec-
tion, organic coatings, and corrosion inhibitors (Ghames et  al. 2017). However, a 
very large quantity of inhibitors is required to handle the problem of corrosion at 
a reasonable level since it is an immense problem. In addition, artifcial corrosion 
inhibitors are poisonous to the surroundings, and this leads to the testing of eco-
friendly metal corrosion inhibitors in diverse media (Zaferani et al. 2013). During 
the acid pickling process, scales on the surface of metals are removed by acid wash-
ing, leading to corrosion. Most acidic solutions, that is, HCl, are highly aggressive, 
leading to undesirable metal dissolution. Further, the acid-based treatments impose a 
heavy environmental burden on the aquatic systems from the acid washout and other 
discharges during treatment procedures. In this context, scientists have indicated the 
prospects of employing corrosion inhibitors—to note, green corrosion inhibitors as 
effective interventions to address this industrial problem. 

Corrosion inhibitors are categorized as organic and inorganic corrosion inhibitors. 
The mechanism of inhibition involved in inorganic inhibitors is adsorption, and in 
organic inhibitors, the inhibition mechanism depends on anodic and cathodic protec-
tion. The synthetic organic and inorganic corrosion inhibitors are toxic, hazardous to 
the environment, and nonbiodegradable. In these circumstances, corrosion research-
ers have indicated green corrosion inhibitors to address the mitigation of corrosion. 
Green corrosion inhibitors are nontoxic, biodegradable, affordable, and readily avail-
able and can be categorized as organic and inorganic green corrosion inhibitors. Ionic 
liquids, biopolymers, surfactants, amino acids, drugs, and plant extracts are examples 
of organic corrosion inhibitors, and rare earth compounds are the candidates for inor-
ganic green corrosion inhibitors. Although the idea of preventing corrosion using 
green resources has been a systematic study, the reality that these green methods have 
not been customized on a manufacturing scale specifes the need to discuss a defni-
tive review of current conditions and future ideas for green corrosion inhibitors. The 
cooperative segments offer an inserted summary of the latest research on green corro-
sion inhibitors and documentation of their rust prevention studies. 

4.2 GREEN CORROSION INhIBITORS—INVESTIGATIONAL FACTS 

Eco-friendly corrosion inhibitors play a major role in recent research for the 
mitigation of corrosion. Literature review divulges the effcacy of ionic liquids, bio-
polymers, surfactants, amino acids, drugs, plant extracts, and rare earth compounds 
against metallic corrosion. 

4.2.1 Drugs 

Many researchers have tried a variety of drugs on dissimilar metal surfaces to 
avoid corrosion. Abdallah et  al. (2019) analyzed the inhibitory effect of the drug 
tramadol on aluminum corrosion. The results obtained from polarization have 
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shown that tramadol is a mixed inhibitor, and tramadol drug inhibition increases 
with increasing concentration and declines with temperature. In another study by the 
same author, melatonin was a drug of option in opposition to the corrosion of carbon 
steel (Al-Fahemi et al. 2016). 

The expired drug adsorbs onto the metallic surface, which prevents later corro-
sion. Also, 90% effective inhibition effciency was found by carbamazepine in strong 
H2SO4 solution, and acetic acid solution provided only 85% inhibitory effciency 
(Vaszilcsin et  al. 2012). The cyclic voltammetry method was used to analyze the 
steadiness of corrosion inhibitors and their electrochemical behavior on the surface 
of the metal. The results show that the components in the drug molecule are frm 
on the interface of metal and inhibitor. Rotaru et al. (2014) deliberated the corro-
sion inhibition effciency of doxycycline, streptomycin, ciprofoxacin, and amoxicil-
lin (antibacterial drugs) in bronze. Although all four antimicrobial drugs’ inhibitory 
activity is a smaller amount than for other drugs, the use of outdated antimicrobial 
drugs as corrosion inhibitors will be a waste management solution. The effciency 
of cephapirin drug inhibition on carbon steel in 1 M HCl solution was studied by 
El-Haddad et al. (2019). The results are based on the fact that the inhibitory effcacy 
increases with increasing inhibitor concentration. UV-visible refectance spectros-
copy was done on the inhibitor before and after applying on carbon steel in order to 
verify the development of the protective flm. Density functional theory was used to 
validate the experimental data, and the outcome of this theoretical study was similar 
to that for the experimental data. The corrosion inhibition activity on mild steel in 
1M HCl and 0.5 M H2SO4 was checked by Srivastava et al. (2017). Potentiodynamic 
polarization study was conducted to analyze the drug molecule’s capability to adsorb 
on an anodic or cathodic site. Studies show that irbesartan drugs operate as a mixed 
kind of inhibitor, and the inhibition effcacy grows with increasing drug concentra-
tion. The corrosion scientist opined that the corrosion resistance of metal and alloys 
is mainly by adsorption of active components of drug molecule on the surface. 

In a recent study, Haruna et al. (2020) investigated the effcacy of outdated met-
formin drug as a corrosion inhibitor in an acidizing environment. The results reveal 
that corrosion inhibition effciency boosts with an increase in temperature and the 
concentration of potassium iodide and shows maximum inhibition effciency of 92%. 
Further, it has been noted that even though metformin acts as a mixed-type inhibitor, 
cathodic hindrance is more predominant. Table 4.1 provides a brief overview of vari-
ous drugs used as corrosion inhibitors. 

4.2.2 Ionic Liquids 

As a solvent, ionic liquids have a wide range of applications in different felds. 
The corrosion scientist identifed the adsorption capability of ionic liquid on metal-
lic surface and has tried it as a corrosion inhibitor. A corrosion inhibition study 
was conducted on two new pyridazinium-based ionic liquids in 1 M hydrochloric 
acid against mild steel. 1-(6-ethoxy-6-oxohexyl) pyridazin-1-ium bromide (S1) and 
1-(2-bromoacetyl) pyridazinium bromide (S2) are the two new ionic liquids synthe-
sized by ultrasound irradiation, which is considered to be an eco-friendly production 
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Table 4.1 Drugs as Corrosion Inhibitors in Acidic Media, Including Modus Operandi and Characteristics of Metal and Electrolytes 

Metal and
Sl.No. Drug Name Techniques Electrolyte Remarks Ref. 

1 Cephapirin 

2 expired 
carbamazepine 
& paracetamol 
drug 

3 tramadol 

4 doxycycline, 
streptomycin, 
ciprof oxacin, & 
amoxicillin drug 

Weight loss method, electrochemical 
impedance spectroscopy, 
potentiodynamic polarization, 
fourier transform infrared 
spectroscopy, uv-visible 
ref ectance spectroscopy analysis, 
density functional theory 

Weight loss method, electrochemical 
impedance spectroscopy, 
potentiodynamic polarization 

Weight loss method, electrochemical 
impedance spectroscopy, 
potentiodynamic polarization 

electrochemical impedance 
spectroscopy, potentiodynamic 
polarization, scanning electron 
microscope, and x-ray 
photoelectron spectroscopy 

Carbon steel 
surface in 2m 
hCl 

Carbon steel in 
 mol/l 0.1

sulfuric acid and 
in 0.25 mol/l 
acetic acid

Aluminum in 1.0 
m hCl 

bronze in a 
solution
simulating acid 
rain (ph 4) 

mixed-type inhibitor, 
temkin adsorption 
isotherm 

83% inhibition
efficiency obtained at 
600 ppm of inhibitor 
concentration 

90% for carbon steel 
in strong acid, and 
for paracetamol, 
retardation 
effectiveness about 
85% for carbon steel 
in weak acid solution 

mixed-type inhibitor, 
langmuir isotherm 

inhibition efficiency 
96% observed at a 
concentration of 500 
ppm

hindrance 
competence % 
obtained for doxy 
(200 ppm), 68.5%;
strepto (200 ppm), 
58.07%; cipro (2,000 
ppm), 56.6%; amoxi 
(800ppm), 28.8% 

el-haddad 
et al. (2019) 

vaszilcsin 
et al. (2012) 

Abdallah et al.
(2019) 

rotaru et al. 
(2014) 
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method. To study the corrosion hindrance capability of ionic liquid, El-Hajjaji et al. 
(2018) performed electrochemical impedance spectroscopy at various temperatures 
(303–333 K) and concluded that pyridazinium derivatives showed good effciency 
as corrosion inhibitors, reaching effective inhibitory activity of 84% of S1 and 82% 
of S2 at 303 K. The adsorption mechanism was elucidated by Langmuir adsorption 
isotherm, and enthalpy of adsorption for the process was found to be negative. To 
understand the interactions between pyridazinium derivatives and iron surface, a 
molecular model has been developed as part of the study and verifed donor accep-
tor interaction. The synthesized novel quaternary-ammonium-derived ionic liquids, 
such as methyltrioctylammonium methyl sulfate and trimethyltetradecylammonium 
methyl sulfate, were analyzed for their corrosion inhibition effciency in API-X52 
steel in HCl medium. Electrochemical studies showed the remarkable corrosion 
inhibition result of these ionic liquids, and it was found that they are mixed-type 
inhibitors. Since methyl sulfate anions have high thermal stability and notewor-
thy inhibition effciency at 40°C, the surface morphology of steel and its chemical 
composition when reacting with inhibitors were examined by using X-ray photo-
electron spectroscopy, scanning electron microscopy, and atomic force microscopy 
(Arellanes-Lozada et al. 2018). The synergistic effect of corrosion inhibition for X70 
steel in acidic medium by different chain lengths ionic liquids was studied by Feng 
et al. (2018). In this study, the researchers focused on three corrosion inhibitors with 
different lengths of anionic carbon chain and their effect on interaction with iodide 
ions. The effect of 1-vinyl-3-methylimidazolium iodide ([VMIM]I), 1-vinyl-3-pro-
plylimidazolium iodide ([VPIM]I), and 1-vinyl-3-butylimidazolium iodide ([VBIM] 
I) on metal surface was studied using corrosion screening techniques. The sorption 
of these inhibitors on the X70 steel surface prevented corrosion by physisorption 
and chemisorption. The theoretical and experimental studies advocated the order of 
corrosion inhibition effciency for the three inhibitors were (VMIM)I < (VPIM)I < 
(VBIM)I. This is an indication that with the increase of alkyl groups, the stability 
of the system increases due to hyperconjugation and increases the electron-donating 
consequence of alkyl groups (Feng et al. 2018). 

A work on imidazolium-based ionic liquids and their effect as green corrosion 
inhibitors was studied in 2017. Studies have shown that these ionic solvents are 
able to prevent corrosion, and this is due to the development of flms on metal sur-
faces by sorption. Imidazolium-based ionic liquids are also chemisorbed on copper 
surface by covalent bond formation, and it covers a larger area on metal surface 
(Qiang et al. 2017). 

Sustainable corrosion inhibitors using choline-based ionic inhibitors were stud-
ied on mild steel surface in acid medium. The maximum effciencies in the range 
of 92–96% were observed at 17.91×10-4 M concentration. Electrochemical analysis 
has proven that ionic liquids behave as mixed-type and interfacial corrosion inhibi-
tors. Computational approaches such as density functional theory and Monte Carlo 
(MC) were done to support the experimental data. Bode phase angle plots developed 
with and without choline-based ionic liquid summarized that an increase in the val-
ues of phase angles occurred due to adsorption of these molecules. Both theoreti-
cal and experimental results agreed that effcient corrosion inhibition is possible in 
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choline-based ionic liquids (Verma et  al. 2018). Three Gemini cationic surfactant 
ionic liquids were synthesized, and their effect on carbon steel in 1 M HCl was 
analyzed. To understand their chemical structures, studies like Fourier transform 
infrared spectroscopy and nuclear magnetic resonance spectroscopic techniques 
were conducted. Surface tension measurements suggest critical micelle concen-
tration and surface properties. It was found that surface coverage increased with 
enlarged concentration but reduced with rise in temperature. The strong adsorp-
tion ability of these surfactants helps form a protective layer on metal surface that 
prevents further corrosion (Tawfk 2016). Four different types of ionic liquids were 
tried as green corrosion inhibitor, namely, 1-hexyl-3-methylimidazolium trifuoro-
methanesulfonate [HMIM][TfO], 1-hexyl-3-methylimidazolium tetrafuoroborate 
[HMIM][BF4], 1-hexyl-3-methylimidazolium-hexafuorophosphate [HMIM][PF6], 
and 1-hexyl-3-methylimidazolium iodide [HMIM][I] on mild steel in 1 M HCl solu-
tion. From the studies, it was found that at 303 K, all electrochemical analysis proved 
that these ionic fuids are mixed-type inhibitors. The inhibition effciency increases 
drastically when concentration increases from 100 ppm to 500 ppm. The results of 
electrochemical studies were supported by the results of Fourier transform infrared 
and ultraviolet-visible spectroscopy (Mashuga et al. 2015). Studies were conducted 
on task-specifc ionic liquid as a new green inhibitor. The result reveals that task-
specifc ionic liquid behaved as a mixed inhibitor (Cao et al. 2019). Table 4.2 clearly 
depicts the different ionic liquids employed as corrosion inhibitors against a variety 
of metals. 

In another study, ionic liquid-poly[3-butyl-1-vinylimidazolium bromide] was syn-
thesized and tried as a corrosion inhibitor, and it was found that the ionic molecule 
adsorbed onto the steel surface by physisorption. Temkin adsorption isotherm was 
verifed, and observations under a scanning electron microscope clearly indicate the 
resistance power of poly[3-butyl-1-vinylimidazolium bromide] ionic liquid against 
corrosion (Ardakani et al. 2020). 

4.2.3 Biopolymers 

Biopolymers have fascinated signifcant deliberation in corrosion inhibition owing 
to their biodegradable nature. Charitha and Rao (2020) conducted an investigation 
on corrosion control of 6061Al-15%(V) SiC (P) composite (AlMMC’s) in 0.025 M 
HCl by employing electrochemical techniques using biopolymer pectin as inhibitor. 
They concluded that pectin exhibited a rise in inhibition effciency, as concentration 
was amplifed from 0.2 to 1.0 g L-1. They performed thermodynamic and kinetic 
calculations and exhibited that pectin was produced chemically, which follows the 
Langmuir adsorption isotherm. 95% high inhibition effciency was achieved with the 
addition of 1 g/L of pectin. The results concluded that pectin appeared to be an out-
standing inhibitor for the corrosion mitigation of AlMMCs in acid medium. Another 
work was carried out by the same researcher using inulin, a carbohydrate polymer, 
for controlling the acid corrosion of 6061 aluminum alloy and 6061Al─15%(v) 
SiC(P) composite material (Al-CM) (Charitha and Rao 2017). The concentration of 
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Table 4.2 Ionic Liquids as Corrosion Inhibitors in Acidic Media, Including Techniques and Nature of Metal and Electrolytes 

Ionic Liquid Metal and
Sl. No. Name Techniques Electrolyte Remarks References 

1 s1 and s2 electrochemical impedance mild steel in 1m hCl langmuir adsorption isotherm el-hajjaji 
spectroscopy inhibition efficiency of 84% in et al. (2018) 

s1 and 82% in s2 at 10–3 
(303 K) 

2 tmA and ttA electrochemical studies, x-ray Api-x52 steel in 1 m mixed-type inhibitors; Arellanes-
photoelectron spectroscopy, hCl inhibition effect maximum at lozada 
scanning electron 40°C et al. (2018) 
microscopy, and atomic force 
microscopy 

3  (vpim)i and electrochemical x70 steel in 0.5m langmuir isotherm feng et al. 
(vbim)i measurements, weight loss h2so4 inhibition efficiency of order (2018) 

methods, atomic force (vmim)i < (vpim)i < (vbim)i 
microscopy, scanning 
electron microscopy, fourier 
transform infrared 
spectroscopy 

4 (Abim)br, (Ahim) electrochemical Copper in 0.5 m langmuir isotherm Qiang et al.
br, and (Aoim) measurements, f eld h2so4 modest cathodic inhibitor (2017) 
br emission-scanning electron 

microscopy, atomic force 
microscopy 

5 [Chl][Cl], [Chl][l], electrochemical impedance mild steel surface in temkin adsorption model verma et al. 
and [Chl][Ac] spectroscopy, 1m hCl maximum efficiencies order; (2018) 

potentiodynamic polarization [Chl][Cl] (92.04%) < [Chl][i] 
methods, density functional (96.02%) < [Chl][Ac] (96.5%) 
theory, monte Carlo at 17.91 × 10-4 m 
simulation concentration 

6 g2il, g3il, and potentiodynamic polarization, Carbon steel in 1 m langmuir adsorption isotherm tawfk (2016) 
g6il electrochemical impedance hCl Corrosion rate declined with 

spectroscopy, and weight raise in concentration 
loss 
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Table 4.2 (Continued) 

Ionic Liquid Metal and
Sl. No. Name Techniques Electrolyte Remarks References 

7 [hmim][tfo], 
[hmim][bf4], 
[hmim][pf6], and 
[hmim][i] 

8 imidazolium-
based task-
specifc ionic
liquid (tsil) 

9 poly [3-butyl-1-
vinylimidazolium 
bromide] 

electrochemical 
measurements, 
spectroscopic analyses, and 
quantum chemical
calculations

Weight loss measurements, 
potentiodynamic polarization 
test, electrochemical 
impedance spectroscopy, 
atomic force microscopy, 
scanning electron 
microscopy, contact angle 
measurements 

electrochemical impedance 
spectroscopy, 
potentiodynamic polarization, 
density functional theory, 
scanning electron 
microscopy 

mild steel in 1m hCl 

low carbon steel in 
1m hCl 

mild steel in 1m hCl 

langmuir adsorption isotherm 
in [hmim][tfo], [hmim] 
[bf4], [hmim][i], and temkin 
isotherm in [hmim][pf6] 

order of efficiency of the ionic 
fuids observed to be [hmim] 
[tfo] > [hmim][i] > [hmim] 
[bf4] >[hmim][pf6] 

langmuir adsorption isotherm 
With increase in tsil 
concentration, efficiency of 
the inhibitor also increases 

Compared with protonated 
form of inhibitor, has great 
capacity to donate electrons 

maximum inhibition efficiency 
of 96.6% at 400 ppm 

mashuga 
et al. (2015) 

Cao et al. 
(2019)

 Ardakani 
et al. (2020) 
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inulin was within the range of 0.2 gL-1 to 1.0 gL-1 and temperature range of 303 to 
323 K. The sorption of inhibitor on the Al alloy surface and Al-CM was confrmed 
via spectroscopic measurements. The results gathered from electrochemical methods 
confrmed that inulin acts as an effcient corrosion inhibition against 6061Al-15%(v) 
SiC(P), with an inhibition effciency of 93.9% for the addition of 1 g L-1 of inulin. 

Pectin was tried for controlling the corrosion of mild steel in 1 M phosphoric acid 
medium by Sushmitha and Rao (2020). The sorption and interaction of the inhibitor 
with the material were confrmed through elemental mapping by means of energy-
dispersive X-ray studies. In order to maximize the inhibition effciency, operating 
conditions were optimized. Pectin exhibited maximum inhibition effciency of 70% 
in phosphoric acid medium, which is very low when comparing with pectin in HCl 
medium. From the result it was found that corrosion inhibition effciency not only 
depends on inhibitor but also on the type of material, operating condition, and cor-
rosive medium. 

Hasanin and Al Kiey (2020) synthesized new gentle, high-performance corrosion 
inhibitors based on biopolymer using different cellulosic materials and niacin. They 
evaluated the anticorrosive effect of cellulose composites for copper in 3.5% NaCl 
solutions, and results advocate that ethyl cellulose-niacin composite has an inhibi-
tion effciency of 94.7%. The use of biopolymer glycogen as a green inhibitor was 
performed to control the corrosion of 6061Al-15% (V) SiC (P) composite material in 
3.5% NaCl medium (Kagatikar et al. 2020). By the addition of 0.8 g L-1 of glycogen, 
the corrosion inhibition effciency reached 78.9%. Surface morphology study reveals 
that glycogen forms a frm barrier between the metallic surface and the aggressive 
medium. Rao and Rao (2020) conducted electrochemical and surface studies using 
glycogen to reduce the corrosion of 6061 aluminum alloy to 0.01 N sulfuric acid 
medium. Langmuir adsorption isotherm was verifed and concluded that inhibitor 
adsorb onto the metallic surface by physical adsorption. When comparing with the 
previous result, corrosion inhibition effciency was 54.73%, which is very less in 0.01 
N sulfuric acid medium at 308 K by the accumulation of 0.8 g/L of glycogen. 

The inhibitory supremacy of the invasive brown seaweed Sargassum muticum 
extract was based on alginate biopolymer, which is gathered from the Atlantic coast 
of Morocco, against the corrosion of carbon steel in 1 M HCl medium (Nadi et al. 
2019). The methanolic crude extract of Sargassum muticum is loaded in alginate 
biopolymer. Their evaluation of corrosion tests exhibited that this algal extract acts 
as a mixed corrosion inhibitor, and maximum inhibition effciency reached 97% with 
1 g/L of Sargassum muticum extract at 303 K. It was found that the seaweed extract 
adding in the corrosive electrolyte raises the polarization resistance and contrarily 
diminishes the charge capacitance at the interface. Jmiai et  al. (2018) developed 
experimental and theoretical methods on alginate biopolymer as a green corrosion 
inhibitor for copper in 1 M hydrochloric acid. Their results have shown that the 
inhibitory effcacy increases with sodium alginate concentration to 83% at a concen-
tration of 0.1 ppm. The adsorption mechanism and interaction among metal surface 
and sodium alginate molecule were evaluated via quantum chemical calculations. 

Alipour et al. (2018) investigated the corrosion inhibition of Chryseobacterium 
indologenes MUT.2 bacterial biopolymer. The studies were done in different 
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biopolymer concentration from 0.2 to 0.5 g/Land temperature ranging from 25 to 
55°C in 0.5 M HCl corrosive solution. Growing the temperature reduces the inhi-
bition effciency by about 10%. A high inhibition effciency of 58% was found in 
the presence of 0.5 gL-1 biopolymer at room temperature (25°C). Scanning electron 
microscope images indicated biopolymer deposition on metal surface. Prevention 
of high-grade corrosion by HPMC biopolymer derivatives is a saline solution inves-
tigated by Shi and Su (2016). HPMC derivatives used were hydroxypropyl methyl-
cellulose phthalate (HPMCP) and hydroxypropyl methylcellulose acetate succinate 
(HPMCAS). They evaluated the corrosion inhibition effect of high-speed steel 
coated with HPMC derivatives and demonstrated the anticorrosion performance 
well through Nyquist plot and Tafel polarization. HPMCP showed better anticorro-
sion performance than HPMCAS due to the hydrophobic surface and lower moisture 
content. An overview on recent research in biopolymer as corrosion inhibitor against 
dissimilar materials in different media is shown in Table 4.3. 

4.2.4 Surfactants 

Surfactants have the ability to form sealed bubbles between liquid and solid. 
Recently, many studies have been done with surfactant as corrosion inhibitor. 
Al-Sabagh and his coworkers synthesized hexa-anionic surfactant mild steel corro-
sion in desalination plants (Al-Sabagh et al. 2018). The inhibition effciency of pre-
pared surfactant for mild steel corrosion was verifed by variant corrosion evaluation 
methods and showed 100% scale inhibition at 7 ppm. Scanning electron microscopy 
and energy-dispersive X-ray analysis demonstrated the creation of surfactant layer on 
the mild steel surface, and it also obeys Langmuir adsorption isotherm. 

Bedair et al. (2017) prepared three nonionic surfactants based on azodye and Schiff 
base that were diluted with polyethylene glycol as a corrosion inhibitor for mild steel 
in acidic medium. The result proved that the surfactant 1 (bis(17-hydroxy-3,6,9,12,15-
pentaoxaheptadecyl) 4,4′-(3,3′-hydrazine-1,2-diylidenebis (methan-1-yl-1-ylidene) 
bis(4-hydroxy-3,1 phenylene))bis (diazene-2,1-diyl)dibenzenesulfonate)) has an eff-
ciency of 92.25%, surfactant 2 ((bis(17-hydroxy-3,6,9,12,15-pentaox-aheptadecyl) 4,4′ 
(3,3′-thiocarbonylbis(azan-1-yl-1-ylidene) bis (methan-1-yl-1-ylidene) bis (4-hydroxy-
3,1-phenylene)) bis (diazene-2,1-diyl) dibenzenesulfonate) has 94.11% effciency, and 
surfactant 3 (bis(17-hydroxy-3,6,9,12,15-pentaox-aheptadecyl) 4,4′-(3,3′-(1,4-phen-
ylene bis (azan-1-yl-1-ylidene))bis (methan-1-yl-1-ylidene)bis(4-hydroxy-3,1-phenyl-
ene))bis(diazene-2,1-diyl)dibenzenesulfonate) has 92.96% effciency. The corrosion 
inhibition performance of synergistic compounds like imidazoline quaternary salt 
(IM) and benzotriazole (BTAH), imidazoline quaternary salt (IM), and octyl phenol 
ethoxylates (OP) was tried on L245 steel placed in 10 vol% HCl solution at 298 K 
(Han et al. 2018). The corrosion inhibition of Acacia catechu bark was confrmed 
experimentally and theoretically on mild steel in sulfuric acid medium (Haldhar 
et al. 2020). The results of UV-vis spectroscopy and FT-IR reveal the presence of 
different functional groups that contain heteroatoms and promote the development of 
a protective layer above the surface. The inhibition effciency of Acacia catechu was 
found to be 93.85% at 600 ppm. Table 4.4 demonstrates the action of surfactants on 
dissimilar metal surfaces under different corrosive environment. 
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Table 4.3 Biopolymer as Corrosion Inhibitors in Acidic Media, Including Modus Operandi and Characteristics of Metal and Electrolytes 

Sl. No. Biopolymer Name Techniques Metal and Electrolyte Remarks References 

1 pectin 

2 pectin 

3 inulin 

4 Cellulose-niacin 
composite (neC) 

5 glycogen 

Weight loss method, 
electrochemical impedance 
spectroscopy, potentiodynamic 
polarization, energy-dispersive 
x-ray spectroscopy, scanning 
electron microscopy, and atomic 
force microscopy. 

electrochemical impedance 
spectroscopy, potentiodynamic 
polarization, energy-dispersive 
x-ray spectroscopy, scanning 
electron microscopy, and atomic 
force microscopy analysis 

electrochemical impedance 
spectroscopy, potentiodynamic 
polarization, energy-dispersive 
x-ray spectroscopy, scanning 
electron microscopy, and atomic 
force microscopy analysis 

electrochemical impedance 
spectroscopy, potentiodynamic 
polarization, dynamic light 
scattering, scanning electron 
microscopy, and energy-
dispersive x-ray spectroscopy 

electrochemical impedance 
spectroscopy, potentiodynamic 
polarization, scanning electron 
microscopy, and atomic force 
microscopy 

6061Al-15%(v) siC(p) 
composite (AlmmC’s) 
in 0.025 m hCl 

mild steel in 1 m
phosphoric acid 
medium

6061 aluminum alloy 
and 6061Al-15%(v) 
siC(p) composite 
material (Al-Cm) in 
0.025 m hCl 

Copper in 3.5% naCl 

6061Al-15%(v)siC(p) 
composite material in 
3.5% naCl 

inhibition efficiency 95% 

maximum inhibition 
efficiency of 70% 
corresponding to 800 
ppm inhibitor 

optimum efficiency of 
92% can be achieved 
for Al-Cm 

inhibition efficiency of 
ethyl cellulose-niacin 
composite 94.7% 

maximum inhibition 
efficiency of 78.9% for 
the addition of 0.8 g l-1 

of glycogen 

Charitha and rao 
(2020)

sushmitha and 
rao (2020) 

Charitha and rao 
(2017) 

hasanin and Al 
Kiey (2020) 

sneha Kagatikar 
et al. (2020) 
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Table 4.3 (Continued) 

Sl. No. Biopolymer Name Techniques Metal and Electrolyte Remarks References 

6 glycogen electrochemical impedance 6061 aluminum alloy in maximum efficiency of rao and rao 
spectroscopy, potentiodynamic 0.01 n sulfuric acid 54.73% at 308 K for the (2020) 
polarization, scanning electron medium addition of 0.8 g l-1 

microscopy, and atomic force 
microscopy 

7 Alginate electrochemical impedance Copper in 1 m hCl surface coverage Jmiai et al. (2018) 
spectroscopy, potentiodynamic increases with alginate 
polarization, energy-dispersive concentration and then 
x-ray spectroscopy, scanning reaches a maximum of 
electron microscopy, and 83% at a concentration 
gravimetric method of 0.1 mg/l 

8 Alginate gravimetric method, Carbon steel (Cs) in 1 inhibition efficiency of nadi et al. (2019) 
electrochemical impedance m hCl 97% reached with 1 g/l 
spectroscopy, potentiodynamic of crude extract of 
polarization, scanning electron Sargassum muticum at 
microscopy, x-ray photoelectron 303 K; increases 
spectroscopy polarization resistance 

and conversely 
decreases charge 
capacitance at the 
interface 

9 Chryseobacterium electrochemical impedance Carbon steel in 0.5 m maximum inhibition Alipour et al.
Indologenes spectroscopy, potentiodynamic hCl efficiency of 58% (2018) 
mut.2 bacterial polarization, scanning electron 
biopolymer microscopy 

10 hpmC, hpmCp, electrochemical impedance high-speed steel in 0.5 promising corrosion shi and su (2016) 
and hpmCAs spectroscopy, potentiodynamic m saline solution resistance performance 

polarization, and raman of hpmCp and 
spectroscopy hpmCAs 
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Table 4.4 Surfactant as Corrosion Inhibitors in Acidic Media, Including Modus Operandi and Characteristics of Metal and Electrolytes 

Metal and
Sl. No. Surfactant Name Techniques Electrolyte Remarks References 

1 hexa-anionic 
surfactant 

2 three nonionic 
surfactants based 
on azodye and 
schiff base 

3 imb (imidazoline 
quaternary salt 
benzotriazole), imo 
(imidazoline 
quaternary salt octyl 
phenol ethoxylates) 

4 Acacia catechu 

5 Lemon balm 

electrochemical impedance 
spectroscopy, 
potentiodynamic 
polarization 

electrochemical impedance 
spectroscopy, 
potentiodynamic 
polarization, scanning 
electron microscopy, and 
atomic force microscopy. 

Weight loss method, 
electrochemical impedance 
spectroscopy, 
potentiodynamic 
polarization 

Weight loss method, 
electrochemical impedance 
spectroscopy, 
potentiodynamic 
polarization 

electrochemical impedance 
spectroscopy, 
potentiodynamic 
polarization, scanning 
electron microscopy, 
density functional theory 

mild steel in saline 
water 

steel in 1m hCl 

mild steel in hCl 

mild steel in 0.5 m 
sulfuric acid 

mild steel in 1m hCl 

inhibition efficiency 
found to be 88% 

order of inhibition 
efficiency: s2 > 
s3 > s1 

inhibition efficiency 
of imo found to 
be 83%, and imb 
found to be 
79.6% at 298 K

inhibition efficiency 
found to be 
93.85% at 600
ppm

molecular 
simulation verif es 
donor-acceptor 
interaction 

Al-sabagh et al. (2018) 

bedair et al. (2017) 

han et al. (2018) 

haldhar et al. (2020) 

Asadi et al. (2019) 
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The study of corrosion inhibition of mild steel using lemon balm extract was con-
ducted by Asadi et al. (2019). Surface characterization of mild steel was conducted, 
and the result revealed that the steel surface damage gets signifcantly reduced by 
the addition of lemon extract. The inhibition competence was found to be 95% at a 
concentration of 800 ppm of lemon balm extract. 

4.2.5 Plant Extract 

The corrosion inhibition property of several plants was studied for the past years. 
The corrosion inhibition effciency of the plant extract was determined through meth-
ods like weight loss method and electrochemical methods. All the studies disclose 
that the addition of plant extract at a particular concentration resulted in a decrease 
of corrosion rate. Thus, in turn, it indicates the corrosion hindrance effect of plant 
extract as opposed to corrosion. Even though Bassia muricata is used as animal feed, 
El-Katori and his coworkers tried its effectiveness towards the corrosion inhibition of 
aluminum in 1.0 M H2SO4 (El-Katori and Al-Mhyawi 2019). Results obtained through 
these techniques indicate that as the concentration of the plant extract increases, the 
corrosion rate was found to decrease. This, in turn, reveals that Bassia muricata can 
resist the corrosion process to an extent and is a green corrosion inhibitor. The results 
obtained through weight loss method show that Bassia muricata has an inhibition 
effciency of about 90% at 300 ppm. Studies also reveal that adsorption of B. muri‑
cata over the aluminum surface follows the Temkin adsorption model. Kinetic and 
thermodynamic studies have been done to recognize the mechanism of inhibition 
action. Results obtained through kinetic studies reveal that the plant extract reduces 
corrosion rate (at 300 K CR = 0.1048 mg cm-2 min-1) by increasing activation energy 
(at 300K Ea

* = 77.1 kJ mol-1) through adsorbing on the aluminum surface and blocks 
mass and charge transfer. Tafel plot obtained due to polarization study shows that 
Bassia muricata perform as cathodic and anodic inhibitors. The existence of the 
protective layer of Bassia muricata over the surface of the aluminum sample was 
examined through surface morphology analysis techniques like scanning electron 
microscope and atomic force microscopy. Morphology analysis provides valuable 
information regarding the interaction between Bassia muricata and the metal ions 
over the aluminum surface. Studies also reveal that Bassia muricata loses its inhibi-
tion performance at a higher temperature; this is because at the higher temperature, 
the adsorbed molecule undergoes desorption from the aluminum surface, which in 
turn reduces the inhibition effciency. 

Sunfower seed hull extract inhibition effciency was studied by Hassannejad and 
Nouri against plain carbon steel in 1 M HCl. The functional group and compounds 
present in sunfower seed hull extract were identifed by Fourier transform infrared 
spectroscopy and gas chromatography, which is responsible for corrosion inhibition. 
The inhibition effciency was about 98% in the presence of 400 ppm of inhibitor. For 
more critical analysis, thermodynamic parameters were also found and scrutinized. 
UV-vis analysis confrmed the formation of a complex on the metal surface that 
occupied a large surface area (Hassannejad and Nouri 2018). 
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The effect of extracts of green leafy vegetables on corrosion was tested by 
immersing carbon steel in 1 M HCl solution (Al-Senani et  al. 2015). It has been 
reported that corrosion rate decreased with an increase in the concentration of the 
extract and elevated with an increase in temperature. The adsorption mechanism was 
studied, and it was found to follow the Langmuir, Freundlich, and Temkin adsorption 
isotherm models. Khadom et al. (2018) investigated the inhibitory performance of 
Xanthium strumarium leaves against low-carbon steel in hydrochloric acid solution. 
The inhibition effciency was studied by conducting a weight loss method. Results 
obtained through the weight loss method reveal that Xanthium strumarium extract 
can actually act as an environment-friendly green corrosion inhibitor against low-
carbon steel. Results obtained reveal that this plant extract has an inhibition effciency 
of about 94.82% at higher inhibitor concentrations and even at high temperatures. 
Mathematical and statistical studies were also done to represent the corrosion rate 
data. The obtained value of free energy was −24.603 kJ/mol, which indicated that the 
X. strumarium has adsorbed onto the metal through chemisorption. 

Alibakhshi et  al. (2018) tried Glycyrrhiza glabra extract as a green source of 
corrosion inhibitor against mild steel in 1 M HCl solution by varying plant extract 
concentrations as 200, 400, 600, and 800 ppm. The corrosion inhibition effciency 
was evaluated by different electrochemical techniques. The surface of the metal 
sample was characterized by atomic force microscopy and contact angle tests. 800 
ppm Glycyrrhiza glabra extract with 24-hour immersion period produces maximum 
corrosion inhibition effciency of 88%. There is a shift in the anodic and cathodic 
branch of the linear polarization curve that indicates that Glycyrrhiza glabra extract 
behaved as a mixed-kind inhibitor. The results of impedance spectroscopy desig-
nate that increasing inhibitor concentration and inhibition time will decrease the 
corrosion rate. That surface roughness of the mild steel sample gets reduced by the 
addition of inhibitors was implicit by atomic force microscopy study. The contact 
angle was maximum for the sample containing 800 ppm plant extract, confrming 
that the organic molecule present in the plant extract adsorbed onto the metal sur-
face. Pongamia pinnata leaf extract produced good corrosion inhibition effciency 
of 94.6% at 100 ppm concentration. Studies reveal that inhibitor adsorption follows 
Langmuir, Temkin, and Freundlich adsorption isotherm. The existence of the protec-
tive flm of inhibitor molecule was tested through variant spectroscopic techniques 
(Bhuvaneswari et al. 2018). 

A study conducted by Alvarez and his coworkers using Rollinia occidentalis 
observed that this plant’s inhibition effciency on mild steel immersed in 1 M HCl 
was 71.6% at 298 K. With an increase in temperature and extract concentration, the 
inhibition effciency decreases. The corrosion inhibition was achieved through physi-
cal adsorption. The extract can be taken as a mixed-type inhibitor as it affects both 
the anodic and cathodic reactions (Alvarez et al. 2018). Inhibitory performance of 
the papaya peel was determined against aluminum alloy in 1 M HCl. Tafel polariza-
tion indicates that the papaya peel extract is agreed to be a cathodic-type inhibition. 
When comparing with other plant extract, papaya peel showed maximum inhibition 
effciency of 98% (Chaubey et al. 2018). 
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Ali Dehghani and his coworkers studied the inhibition effciency of Eucalyptus 
as a green corrosion inhibitor against mild steel in 0.1 N HCl. Maximum effciency 
of 88% was obtained, and corrosion current density values for the uninhibited and 
inhibited samples were 0.93µA/cm² and 0.25µA/cm². The degree of inhibition was 
observed with the help of a polarization test. The results of EIS analysis exhibited 
that the rise in extract concentration led to the increment of charge transfer resis-
tance. The molecular simulation revealed the adsorption of the inhibitor on a steel 
substrate (Dehghani et al. 2019). Parthipan et al. (2017) reported the effciency of 
neem extract (Azadirachta indica leaves extract) in inhibiting the corrosion of car-
bon steel in the occurrence of different bacterial strains. The corrosion inhibition 
effciency of Azadirachta indica leaves extract on carbon steel API 5LX was evalu-
ated by using different corrosion monitoring techniques. The studies were executed 
in a hypersaline environment. An inhibition effciency of 81% and 72%, respectively, 
was reported for the abiotic control and the extract. The presence of bacterial strains 
has established an increase in corrosion effciency. Fourier transform infrared spec-
troscopic analysis of Azadirachta indica leaves extract revealed that azadirachtin 
present in the Azadirachta indica leaves extract form an Az-Fe complex on the metal 
surface, which plays a vital role in controlling bacterial bioflm on the metal surface 
and preventing further corrosion. At a glance, different types of plant extract used as 
green corrosion inhibitors under different corrosive environments against metals are 
illustrated in Table 4.5. 

4.2.6 Amino Acids 

The key elements like oxygen, carbon, nitrogen, and hydrogen present in the 
amino acids will interact with the metallic surface and direct bond formation. 
Yeganeh et  al. (2020) studied the corrosion inhibition effciency of L-methionine 
on AISI309S steel in 1 M H2SO4 solution. The corrosion inhibition property of 
L-methionine could be recognized from the dramatic boost in the charge transfer 
resistance and decline in corrosion current density. L-methionine showed high inhi-
bition effciency in the range of 95% by EIS analysis. L-methionine acts as an anodic 
inhibitor owing to the bond formation between the sulfur atom in the inhibitor mol-
ecule and the iron surface. The experimental data recommended that the corrosion 
reaction was inhibited by adsorption of the inhibitor molecules on the surface of the 
corroding mild steel and ftted well to the Langmuir. Complex formation of amino 
acid and cerium guide to establish lower corrosion rate with cerium glutamic acid 
and cerium glutamine (Liu et al. 2020). Two polar group–substituted imidazolium 
zwitterions are produced and detected as corrosion inhibitors on mild steel in HCl 
solution using chemical and electrochemical methods. Sulfur-containing zwitterion 
(Z-2) succeeded good inhibition efficiency. When comparing the two zwitterions, the 
sulfur-containing Z-2 showed better performance with 95% IE at a very low concen-
tration of 6.01 μmol/L than hydroxyl group containing Z-1, which showed 94% IE 
at 150.4 μmol/L. Up to 30 hours, inhibitors were stable on mild steel immersed in 
strong acid medium (Haque et al. 2020). 
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Table 4.5 Plant Extracts as Corrosion Inhibitors in Acidic Media, Including Modus Operandi and Characteristics of Metal and Electrolytes 

Metal and
Sl. No. Plant Name Techniques Electrolyte Remarks References 

1 Bassia muricata 

2 sunf ower seed hull 
extract 

3 Lactuca sativa, Eruca 
Sativa, Petroselinum 
crispum, Anethum
graveolens 

4 Xanthium Strumarium
leaves 

Weight loss method, 
electrochemical 
impedance
spectroscopy, 
potentiodynamic 
polarization, and atomic 
force microscopy. 

fourier transform infrared 
spectroscopy, uv-visible 
ref ectance spectroscopy 
analysis, gas 
chromatography, 
electrochemical 
impedance
spectroscopy, 
potentiodynamic 
polarization 

Weight loss method 

Weight loss method 

Aluminum in 1 m 
h2so4

mild steel in hCl 
solution

1 m hCl carbon 
steel 

low-carbon steel 
in 1 m hCl 

mixed-type inhibitor; 
maximum of 90% 
inhibition efficiency with 
an extract concentration 
of 300 ppm

mixed-type corrosion 
inhibitor, langmuir 
adsorption isotherm; 
inhibition efficiency 98% 
in the presence of 400 
ppm of inhibitor 

langmuir, freundlich, and 
temkin isotherm; 
Petroselinum crispum 
extract exhibited 
maximum inhibition 
efficiency of 81.39% at 
60% v/v extract 
concentration 

langmuir adsorption 
isotherm, 94.82% 
hindrance performance 

el-Katori and Al-mhyawi 
(2019) 

hassannejad and nouri 
(2018) 

Al-senani et al. (2015) 

Khadom et al. (2018) 
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Table 4.5 (Continued) 

Metal and
Sl. No. Plant Name Techniques Electrolyte Remarks References 

Glycyrrhiza glabra electrochemical mild steel 1 m mixed-type inhibitor, Alibakhshi et al. (2018) 
leaves extract impedance hCl surface coverage about 

spectroscopy, 72% at 800 ppm
potentiodynamic 
polarization, atomic 
force microscopy 

Pongamia Pinnata Weight loss, mild steel in 1 n langmuir, temkin, and bhuvaneswariet al. 
potentiodynamic h2so4 freundlich adsorption (2018) 
polarization, isotherm; corrosion 
electrochemical current density value 
impedance spectroscopy 171.19 A/cm2 

Rollinia occidentalis Weight loss, mild steel langmuir adsorption Alvarez et al. (2018) 
potentiodynamic immersed in 1 m isotherm, mixed-type 
polarization, hCl inhibitor; maximum 
electrochemical inhibition efficiency of 
impedance spectroscopy 71.6% at 298K 

papaya peel electrochemical Aluminum alloy in experimental and Chaubey et al. (2018) 
impedance spectroscopy 1 m hCl theoretical results 
and potentiodynamic complementing each
polarization other; cathodic inhibitor 

eucalyptus leaves electrochemical mild steel in hCl langmuir adsorption dehghani et al. (2019) 
extract impedance spectroscopy solution isotherm; ie of 88% 

and potentiodynamic achieved using 800 ppm 
polarization of inhibitor after 5 h 

exposure 

neem extract Weight loss, carbon steel Api 150 ppm of Aile identif ed parthipan et al. (2017) 
electrochemical 5lx in a as minimal iC for 
impedance hypersaline bacterial strains B. 
spectroscopy, fourier environment subtilis A1, S. parvus B7, 
transform infrared P. stutzeri NA3, and A. 
spectroscopy, x-ray baumannii MN3
diffraction 
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Corrosion inhibition properties of 2-(5-(4-cyanophenyl) -2,4,6,8-tetraoxo1,2,3,4, 
6,7,8,9-octahydropyrido [2,3-d:6,5-d’]dipyrimidin-10 (5H)-yl)-3-(1H-imidazol-
4-yl) propanoic acid (CTDP) and 4-(2,4,6,8-tetraoxo-2,3,4,5,6,7,8,9-octahydro-
1H-pyrano[2,3-d:6,5-d’]dipyrimidin-5-yl) benzonitrile (OPDB) on steel in 15% HCl 
solution were deliberated by using electrochemical and theoretical calculations. It 
has been proven that CTDP and OPDB have high inhibition effciency experimen-
tally and theoretically (Saraswat et al. 2020). Fan et al. (2020) attempted to blend 
L-cysteine with calcium phosphate (Ca-P) and made a coating on Mg alloy. This 
Ca-PL-Cys coating increased the thickness of the flm from 9.67 ± 4.16 m to 18.67 ± 
1.52 m and also decreased the roughness of the coating from 6.61 ± 0.76 m to 2.41 ± 
0.23 m. Ca-P nucleation was accelerated by the dual action of -COOH and -SH pres-
ent in the inhibitor, and thus Ca-P crystal grains became smooth. Table 4.6 provides 
an outline on the amino acids utilized as green corrosion inhibitors. 

4.2.7 Rare Earth Metals 

Recent study reveals that natural rare earth element has an immense potential 
to act against corrosion. A study conducted on corrosion hindrance of carbon steel 
by the combined effect of polyethylene glycols and rare earth Ce4+ was proved to be 
effectively functioning as an inhibitor in sulfuric acid solution. The corrosion effect 
of sulfuric acid in carbon steel is an important issue, especially in the oil and gas 
industry. During the process of refning and oil extraction, concentrated H2SO4 is 
produced from H2S and SOx transformation. This study has attempted to identify 
effective polymer inhibitors for this process. Polymers have the property of forming 
complexes with metal ions through their functional groups. The effectiveness of the 
corrosion inhibitor was analyzed by considering the synergy of two polyethylene gly-
cols (PEGs) compounds, PEG (I) and PEG (II), along with rare earth Ce4+. The two 
compounds PEG (I) and PEG (II) have different molecular weights of 400 and 6,000 
g/mol. The effciency of inhibition was found to be high at higher concentrations 
and molecular weight of PEGs. Also, the adsorption of PEG confrmed Langmuir 
adsorption isotherm, and its mechanism of adsorption was found to include both 
physisorption and chemisorption. The synergistic effect improved the corrosion inhi-
bition effciency of PEG compounds (Abd El-Lateef 2016). 

Studies were conducted on the combined corrosion hindrance effect of CeCl3(Ce) 
and serine (Ser). Their inhibition effciency was measured on carbon steel in a 3% 
NaCl solution. The main purpose of this study identifes the synergistic effect 
between rare earth salts and amino acids. Corrosion inhibition studies on metals 
such as aluminum, copper, and magnesium alloys have been conducted. However, 
studies on carbon steel are much less common. Inhibition in rare earth compounds 
occurs by the repulsion of positively charged rare earth ions and metal surfaces. 
Cerium salt was chosen as part of this study as it was found to be more abundant 
and low-cost. Scanning electron microscopy was used for microstructure analysis 
of carbon steel surfaces, and the flms formed by corrosion inhibitors on the metal 
surface were studied using infrared spectroscopy. From this experiment, it was found 



  

 

 

 

  

 

   

  

 
  

 

Table 4.6 Amino Acids as Corrosion Inhibitors in Acidic Media, Including Modus Operandi and Characteristics of Metal and Electrolytes 

Sl. No. Amino Acid Name Techniques Metal and Electrolyte Remarks References 

1 l-methionine 
(lmt) 

2 glutamic acid and glutamine 

3 Zwitterions 

4 2-(5-(4-cyanophenyl)-2,4,6,8-
tetraoxo1,2,3,4,6,7,8,9-
octahydropyrido [2,3-d:6,5-d'] 
dipyrimidin-10 (5h)-yl)-3-(1h-
imidazol-4-yl) propanoic acid 
(Ctdp) and 4-(2,4,6,8-
tetraoxo-2,3,4,5,6,7,8,9-
octahydro-1h-pyrano[2,3-
d:6,5-d']dipyrimidin-5-yl) 
benzonitrile (opdb). 

5 1,1́ -(pyridine-2,6-
dihylbis(methylene)) 
bis(5methyl-1-h-pyrazole-3-
carboxylic acid) (em1) 

6 2-amino-4-(4-methoxyphenyl)-
thiazole (mpt) 

l-cysteine 

electrochemical impedance 
spectroscopy, scanning 
electron microscopy, atomic 
force microscopy, x-ray 
photoelectron spectroscopy 

potentiodynamic polarization, 
electrochemical impedance 
spectroscopy, scanning 
electron microscopy, and 
uv-visible spectroscopy 

electrochemical impedance 
spectroscopy, 
potentiodynamic polarization, 
and gravimetric tests 

Weight loss method, 
electrochemical impedance 
spectroscopy and tafel 
polarization curves 

Weight loss method, 
electrochemical impedance 
spectroscopy, and tafel 
polarization 

electrochemical impedance 
spectroscopy, 
potentiodynamic polarization, 
uv–visible spectra 

electrochemical impedance 
spectroscopy, 
potentiodynamic polarization 

Aisi309s steel in 1 m 
h2so4

p110ms sheet in 0.5m 
hCl 

mild steel in 1 m hCl 
solution

mild steel in 1 m hCl 

mild steel in 1 m hCl 

mild steel in 0.5 m 
h2so4 and 1 m hCl 
solutions

mg alloy AZ31 

Corrosion resistance of 
stainless steel 
increased by escalating 
concentration of lmt 
from 0 to 700 ppm 

efficiency raises with 
increasing 
concentration of the 
cerium complex 

sulfur-containing Z-2 
showed better 
performance with 95% 
inhibition efficiency 

Ctdp and opdb 
exhibited inhibition 
performance of 68.22 
and 63.46%,
respectively 

efficiency reaches 93% 

inhibition effi ciency 95% 
in 0.5 m h2so4 

Corrosion rate 
decreases with rising 
temperature 

yeganeh et al. 
(2020)

liu et al. (2020) 

haque et al. 
(2020)

saraswat et al. 
(2020)

el Azzouzi et al. 
(2017) 

gong et al. 
(2019) 

fan et al. (2020) 
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that both cerium and serine have the ability to inhibit corrosion of P110 carbon steel, 
but effciency was only 50%. However, a strong synergistic effect has been observed 
between cerium and serine. It exists as a cathodic inhibitor. The Ce-Ser complex flm 
formed on the metal surface signifcantly reduces the corrosion rate of carbon steel 
(Liu et al. 2018). 

An experimental study on rare earth 3-(4-methylbenzoyl)-propanoate com-
pounds as corrosion inhibitors for AS1020 mild steel has been investigated in 0.01 
M NaCl solutions. In the study, two new rare earth (RE) 3-(4-methylbenzoyl)-
propanoate(mbp) complexes (RE(mbp)3 RE = La, Y) have been analyzed. Also, it 
is compared with lanthanum 4-hydroxycinnamate (La(4-OHcin)3), which is a robust 
considered inhibitor for AS1020 mild steel. Mild steel is commonly used for several 
applications as it has good ductility, toughness, and low cost. This study mainly 
focuses on the long-term performances of Y(mbp)3 complex and La(4-OHcin)3. 
From the polarization measurements, it was observed that Y(mbp)3 complex had an 
increasing inhibition effciency with time and was found to be at its peak at 24-hour 
immersion. This was observed in comparison to La(4-OHcin)3 and La(mbp)3 at 0.25 
mM. Also, Y(mbp)3 compound acted as a mixed inhibitor. From the analyses, it can 
be concluded that Y(mbp)3 is an effective corrosion inhibitor of mild steel at concen-
trations of 0.25 mM (Peng et al. 2018). 

A study was conducted in the marine environment on the infuence of rare earth 
compounds on the corrosion of aluminum alloy (AA6061). The impact of rare earth 
compounds CeCl3 and Ce2(SO4)3 was analyzed as part of this study in 3.5% NaCl 
solution. Aluminum alloy (AA6061) has wide industrial applications, and it mainly 
contains magnesium and silicon. But a major drawback of this alloy is its corrosion 
occurring in aqueous solutions, especially in chloride. Studies confrmed that adding 
CeCl3 or Ce2(SO4)3 to the blank chloride solution can decrease corrosion rate. The 
rate of corrosion inhibition of Ce2(SO4)3 was found to be higher than that of CeCl3. 
From the results, it can be concluded that a conversion coat of Ce2O3/Ce(OH)3 on the 
metal surface aided in preventing corrosion (Deyab et al. 2020). The emerging study 
on rare earth metal for corrosion inhibition against different materials is included in 
Table 4.7. 

4.3 FUTURE DIRECTIONS 

The current review encompasses the effectiveness of dissimilar compounds as 
green corrosion inhibitors against metallic corrosion. Some of the research directions 
that can further authenticate this green technology to a scalable form are that, frstly, 
attempts to improve the extraction methods and a meticulous characterization of the 
corrosion inhibition of active compounds are indispensable to form a compact root. 
Further, a systematic scale-up investigation in the manufacturing perspective is also 
uniformly signifcant. In the industrial scenario, hybrid coating with green inhibi-
tors incorporating nanoparticles could also be traversed. The metallurgical behavior 
forecast and revision of digital-assisted tools for revamping the investigational data 
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Table 4.7 Rare Earth Metal as Corrosion Inhibitors in Diverse Media, Including Modus Operandi and Characteristics of Metal and 
Electrolytes 

Rare Earth Metal Metal and
Sl. No. Name Techniques Electrolyte Remarks References 

1. rare earth Ce4+ 

2. CeCl3 (Ce) 

3. Cerium/ 
benzimidazole 

4. CeCl3 and 
Ce2(so4)3 

electrochemical impedance 
spectroscopy, potentiodynamic 
polarization, scanning electron 
microscopy, and quantum 
chemical studies

potentiodynamic polarization, 
electrochemical impedance 
spectroscopy 

field emission scanning 
electron microscopy, energy-
dispersive x-ray spectroscopy, 
fourier transform infrared 
spectroscopy, x-ray diffraction 

potentiodynamic polarization, 
electrochemical impedance 
spectroscopy, energy-
dispersive x-ray spectroscopy, 
scanning electron microscopy 

Carbon steel in 0.1 
m h2so4

Carbon steel in a 
3% naCl 

steel in naCl media 

Aluminum alloy 
(AA6061) in 3.5%
naCl solution 

strong synergistic 
effect with rare 
earth Ce4+ and
polyethylene glycol; 
obeyed langmuir 
adsorption 
isotherm 

strong synergistic 
effect between 
cerium and serine; 

cathodic-type 
inhibitor 

efficiency of 72% 
observed at the 
ratio of 1:1 of 
benzimidazole/ 
cerium 

Corrosion inhibition 
of Ce2(so4)3 higher
than that of CeCl3 

Abd el-lateef (2016) 

liu et al. (2018) 

peng et al. (2018) 

deyab et al. (2020) 
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on green inhibitor action could also be incorporated so as to guarantee sustainable 
know-how as a mechanically acquiescent alternative. The developed green corrosion 
inhibitor can be studied in terms of economic aspect for commercial production, 
which would mitigate the corrosion to some extent. 

4.4 CONCLUSION 

Mild steel acid corrosion has been identifed as a major industrial concern that 
results in the economical turnover of the country and also affects process effciency. 
Although numerous traditional approaches to handling this industrial problem have 
been addressed, the existing methods are found to have disadvantages from envi-
ronmental and economic points of view. In recent times, exploit of plant extracts as 
metallic corrosion inhibitors has fascinated important research attention. Green cor-
rosion inhibitors replace toxic traditional synthetic corrosion inhibitors to ease envi-
ronmental threat since they are cheap, widen ease of use, and have high corrosion 
inhibition effectiveness. Literature review reveals that naturally available compounds 
have been successfully engaged as viable inhibitors for metal corrosion. The present 
review provides a brief overview of the experimental evidence pertaining to green 
corrosion inhibition in the recent context and the possible mechanisms that explain 
corrosion inhibition. Results indicate that green corrosion inhibitors hold immense 
potential as eco-friendly alternatives for present-day techniques, and further studies 
in this regard are the need of the hour to scale up the option to an industrial scenario. 
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5.1 INTRODUCTION 

All life-forms on planet Earth utilize electron transfer reactions to derive their 
metabolic energy. The Nobel laureate biochemist Albert Szent-Györgyi once stated 
that “[l]ife is nothing but an electron looking for a place to rest.” All cells rely on an 
electron donor’s chemical oxidation and a cascade of subsequent biochemical reac-
tions where the liberated metabolic electrons end up on a terminal electron acceptor. 
The organism uses the electron fow between the reduced electron donor and the 
reduction of the terminal acceptor to harness energy for its metabolism, movement, 
growth, and sustenance. In a majority of biological cells, including human cells, the 
terminal electron acceptor is transported across cell membranes into the cellular 
milieu, where the metabolic electrons liberated from the oxidation of a reduced elec-
tron donor will combine. The harnessing of energy also takes place within the intra-
cellular space. This suggests that an overwhelming majority of living cells require 
soluble terminal electron acceptors transported across their cellular membranes into 
the cell interior for cellular respiration to occur. 

However, some bacteria were found to have a special capability to transfer their 
metabolic electrons outside their cell boundaries into insoluble external electron 
acceptors, such as iron oxide and manganese oxide. Some of the frst microorganisms 
that were identifed to have this special capability belonged to the genera Shewanella 
and Geobacter. Several species belonging to these two genera were demonstrated to 
use insoluble metal oxides found in their natural environments as electron sinks for 
their cellular respiration. These bacteria were identifed to be capable of conducting 
“extracellular electron transfer” reactions to fulfll their metabolic requirement for a 
terminal electron sink. A technology exploits this special capability of extracellular 
electron transfer to produce biogenic electricity in microbial fuel cell devices. 

It exploits the special ability of certain types of specialized microorganisms to 
transfer metabolic electrons outside their cell boundaries into external insoluble elec-
tron acceptors. In bioelectrochemical systems, including microbial fuel cells, this 
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capability is exploited by decoupling of the electron donor and acceptor reactions 
into separate half-cells. A usable current fow can be harvested from the cell by con-
necting the two half-cells via an external circuit. Microbial fuel cells can harness 
chemical energy from waste material and directly convert it to usable electricity in a 
single-reaction step. 

5.1.1 Extracellular Electron Transfer 

Some microbes have the ability to transfer the electrons outside the cell to an 
electron acceptor without taking them inside the cell. This process is called extracel-
lular electron transfer. extracellular electron transfer is ubiquitous in nature, where 
minerals containing iron and manganese oxides are reduced. The microbes which 
conduct extracellular electron transfer are called by a special name, “exoelectro-
gens.” Exoelectrogens use different mechanisms to pass their electrons to the elec-
trodes when used in microbial fuel cells. There are several currently accepted models 
of extracellular electron transfer mechanisms in bacteria. 

5.1.2 Direct Electron Transfer 

Microbes such as Shewanella putrefaciens (Kim et al. 2002), Geobacter sulfurre‑
ducens (Bond and Lovley 2003), Geobacter metallireducens (Min et al. 2005), and 
Rhodoferax ferrireducens (Chaudhuri and Lovely 2003) and many other microbes 
can transfer their electrons directly to the electrodes. They can produce conductive 
bioflms on the anode surface Beyenal and Babauta (2015), then use their membrane-
bound electrochemically active redox proteins (cytochromes) and electrically con-
ductive pili (nanowires) to transfer electrons; thus, they do not require any exogenous 
chemicals (mediators), and the microbial fuel cell in which they are used are termed 
as “mediatorless microbial fuel cells.” Such microbial fuel cells are preferred and 
have attracted much interest due to its high effciency and simplicity (Shi et al. 2016). 

5.1.3 Mediated Electron Transfer 

Certain microbes that are incapable of conducting direct transfer of electron to 
electrode or are physically not in contact with the electrode (due to the anode bioflm 
being too thick) transfer their electrons indirectly through mediators (Rabaey et al. 
2004; Logan et al. 2006; Rabaey et al. 2005). Such electron shuttles enter the outer 
cell membrane, accept the electrons, become reduced, and leave the cell in reduced 
form and shuttle electrons to the electrode. 

These mediators can either be produced by the microbe itself or it can be artif-
cial mediator molecules. Some iron reducers, like Shewanella oneidensis (Lies et al. 
2005), Geothrix ferementans (Nevin and Lovley 2002), and Pseudomonas species 
(Boon et al. 2008), can produce their own mediators. They can be ferric ion chelators or 
extracellular electron-shuttling molecules like humic acids, favin molecules, and cer-
tain extracellular quinones. It has been reported that the mediators produced by some 
microbes can be used by or can evoke the electron transfer of some other microbes 
(Boon et al. 2008). When microbial fuel cells use microorganisms like Escherichia 
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coli (Logan 2008; Bond and Lovley 2003), Proteus (Choi et al. 2003), and Bacillus 
species, artifcial mediators (Park and Zeikus 2000) are used as they cannot shuttle 
electrons directly or produce their own mediators. A wide variety of artifcial electron 
shuttles are thus far identifed, ranging from thionine, benzylviologen, 2,6-dichloro-
phenolindophenol, 2-hydroxy-1,4-naphthoquinone, anthraquinone-2, 6-disulfonate, 
anthraquinone-2-sulfonate, various phenazines, phenothiazines, phenoxoazines, iron 
chelates, and neutral red dyes (Park and Zeikus 1999; Stams et al. 2006; Lin et al. 
2014; Logan 2006; Flimban et al. 2019). But they are not preferred or are no longer 
used due to their high cost and possible toxicity to the microbial culture. 

5.1.4 Electron Transfer Proteins 

Several types of proteins are known to be directly involved in conducting extra-
cellular electron transfer between electrochemically active cells and various terminal 
electron sinks. Primary among these are membrane-bound cytochrome-type pro-
teins. However, recently it has come to light that many other types of proteins are 
capable of conducting extracellular electron transfer. Primary among these are cyto-
chrome C proteins, iron, sulfur proteins, and favoproteins. 

5.1.4.1 Type-C Cytochrome Proteins 

C-type cytochrome proteins are known to be the primary means of long-range 
extracellular electron transfer in genera such as Geobacter spp. and Shewanella spp. In 
Geobacter spp., several c-type cytochrome proteins are essential in conducting long-
range extracellular electron transfer. Namely, outer membrane c-type cytochromes 
(OMCs) OmcB, OmcE, OmcS, and OmcZ were demonstrated to be indispensable 
for conducting long-distance extracellular electron transfer events in Geobacter spp. 
(Kumar et al. 2017). Several prevailing models assign slightly differing roles to vari-
ous outer membrane cytochrome (OMC) proteins in the extracellular electron trans-
fer process of Geobacter spp. Long-range extracellular electron transfer process in 
Geobacter spp. is ultimately aided by the conductive protein type-IV pili (Liu and 
Li 2020). Out of the known OMCs, OmcZ is thought to be indispensable in conduct-
ing long-range electron transfer reactions. Shuttling electrons from the periplasmic 
space into the other OMCs was identifed to be the role of OmcB in Geobacter spp. It 
has been suggested by genetic and transcriptomic studies that OmcZ is the primary 
cytochrome protein responsible for conducting electron transfer either into type-IV 
pili or an insoluble electron acceptor, such as an electrode or a metal oxide (Chabert 
et al. 2019; Nevin et al. 2009). It is now the general consensus that OmcE and OmcS 
are responsible for electron transfer onto type-IV pili and OmcZ and act as a conduit 
between the fnal electron acceptor and the metabolic electrons accumulated within 
the periplasmic space. However, it has been demonstrated that OmcE and OmcS 
proteins are capable of directly transferring electrons onto insoluble external electron 
acceptors, such as electrodes in microbial fuel cells (Liu and Li. 2020). 

In Shewanella oneidensis and other extracellular electron transfer–capable 
Shewanella species, it has been shown that the CymA electron transport protein is 
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Figure 5.1 protein data bank (pdb) x-ray diffraction crystal structures of periplasmic mul-
tiheme cytochrome proteins from (A) Geobacter sulfurreducens (triheme cyto-
chrome C7) solved at a resolution of 1.6 Å, and (b) C-type membrane-bound 
diheme cytochrome protein from Shewanella benthica solved at a resolution of 
1.71 Å (pdb accession numbers of A and b, respectively, are 3h34 [www.rcsb. 
org/structure/3h34] and 6A3K [www.rcsb.org/structure/6a3k]). Arrows indicate 
single-heme groups in each protein. 

essential in shuttling electrons to periplasmic reductase enzymes that subsequently 
transfer metabolic electrons onto a cascade of Mtr electron transport proteins (MtrA, 
MtrB, and MtrC) (Chabert et al. 2019; Liu and Li 2020). Mutagenesis studies con-
ducted on the cymA gene in Shewanella oneidensis have shown an 80% reduction of 
extracellular electron transfer effciency in cymA mutants carrying a nonfunctional 
CymA protein (Sturm et al. 2015). Metabolic electrons accumulating in the periplas-
mic space in Shewanella spp. are then shuttled into the insoluble terminal electron 
acceptor by either MtrC or OMC proteins. The multiheme stacked arrangement of 
these cytochrome proteins found in organisms such as Geobacter and Shewanella 
spp. allows for an electron-hopping mechanism whereby the transported electrons 
are shuttled across adjacent multiple heme groups and fnally onto various extracel-
lular terminal electron acceptors that come into direct contact with these (Figure 5.1). 
In addition to these, Shewanella spp. are known to produce short-range small mol-
ecule electron shuttles such as favin molecules that aid their extracellular electron 
transfer process (Light et al. 2018). 

5.1.4.2 The Role of Iron-Sulfur Proteins and Flavoproteins 
in Extracellular Electron Transfer 

Several proteins that contain iron-sulfur clusters (Fe-S) are known to be responsi-
ble for conducting extracellular electron transfer in bacteria. PioA and PioC are high-
redox-potential iron-sulfur cluster proteins from phototrophic Rhodopseudomonas 
palustris strain TIE-1 that are capable of conducting effcient extracellular electron 
transfer (Guzman et al. 2019). Flavoproteins containing either one or several favin 

http://www.rcsb.org
http://www.rcsb.org
http://www.rcsb.org


  

    

 

 

 
 

 
 
 
 

 

142 bioteChnology for toxiCity remediAtion And sustAinAbility 

mononucleotide or favin adenine dinucleotide prosthetic groups are also implicated 
in bacterial extracellular electron transfer. Recently, Light et al. (2018) reported the 
presence of a newly characterized multiple favin mononucleotide prosthetic groups 
carrying favoprotein responsible for carrying out effcient extracellular electron 
transfer in Listeria monocytogens and other related Listeria species. 

All cytochrome proteins that are involved in extracellular electron transfer in 
bacteria are from the ferredoxin group containing iron-sulfur cluster proteins. It was 
recently shown that the Fe2+ oxidizing bacterium Acidothiobacullus ferroxidans uti-
lizes a multi-iron-sulfur cluster containing proteins to donate electrons to cytochrome 
C proteins known as Cyc1, Cyc2, and Cyc3 for conducting extracellular electron 
transfer reactions from iron oxide minerals (Percak-Dennett et al. 2017). Although 
Fe2+ is used as an electron donor by A. ferroxidans, the reactions taking place can 
still be considered as extracellular electron transfer due to the insoluble nature of 
the iron oxide electron donor. Cyc2 is known to be the primary protein involved in 
iron oxidation metabolism in A. ferroxidans. The Cyc cytochrome proteins and their 
homologs found in species such as A. ferroxidans and Bradyrhizobium sp. are known 
to perform a similar role, where they shuttle electrons into the cellular interior from 
an external insoluble electron donor (He et al. 2017). 

5.1.4.3 Electron Transfer Mechanisms in Cable Bacteria 

Long-range electron transfer events by cable bacteria were frst identifed and 
characterized by Nielsen et al. (2010). It was formally defned as the conductance of 
metabolic electrons in groundwater aquifers and in sediments over distances greater 
than 1 cm by flamentous bacteria (Nielsen et al. 2010). Cable bacteria allow elec-
tron transport from reduced electron donors found within the sediment layer into 
various high-redox-potential electron acceptors, such as atmospheric oxygen, nitrate, 
and sulfate. Cable bacteria such as the bacteria belonging to the candidate phylum 
Electronema (Ca. Electronema) were earlier shown to be oxidizing H2S in sulfdic 
and highly anoxic sediments to sulfate (Kjeldsen et al. 2019). The metabolic electrons 
generated by this oxidation process are then transported along gradients of redox 
potentials onto electron acceptors, such as molecular oxygen and nitrate that are situ-
ated close to the surface. The oxidation of sulfde by such cable bacteria appears to 
be occurring by the reversal of canonical sulfate reduction pathway (Marzocchi et al. 
2020; Müller et al. 2020). 

Electrons generated in cable bacteria that reside in highly anoxic sulfdic zones 
are thought to be transported to oxic zones via flaments spanning many centime-
ters in length and consisting of several thousand individual cable bacteria cells with 
the aid of stacked periplasmic cytochrome proteins (Sandfeld et al. 2020). It is likely 
that the metabolic electrons originating in the anoxic zones follow a hopping mecha-
nism along multiheme periplasmic cytochrome stacks, and they eventually end up on 
terminal electron acceptors in the oxic zone, such as atmospheric molecular oxygen 
and nitrate. This mechanism can be likened to an extension of short-distance direct 
electron transfer events driven by multiheme stacked Mtr- and PpcC-type periplasmic 
cytochrome proteins of microorganisms belonging to Geobacter and Shewanella spp. 
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5.1.4.4 Extracellular Electron Transfer Mechanisms 
Used by Different Bacteria and Archaea 

Several known extracellular electron transfer mechanisms are used by bac-
teria for deriving metabolic energy by respiring insoluble electron acceptors that 
are situated outside their cellular boundaries. Apart from the traditionally known 
extracellular electron transfer mechanisms discussed in the foregoing sections, sev-
eral others have gained prominence in recent years. Primary among these are the 
recently demonstrated extracellular electron transfer capabilities of methanogenic 
archaea communities. In anaerobic environments where methanogenesis takes place, 
a complex bacterial and methanogenic archaeal community leads a mutually sup-
portive lifestyle where electron donors are cascaded down to mechanogenic archaea 
from bacteria. These bacteria conduct the preceding reactions to methanogenesis, 
such as acidogenesis and acetogenesis. It has now been demonstrated that in addi-
tion to the transfer of electron donors such as organic acids and acetate among these 
organisms, metabolic electrons are also shuttled between different cells. Bacteria and 
archaea in complex anaerobic methanogenic environments were demonstrated to be 
conducting extracellular electron transfer in a syntrophic manner. Table 5.1 includes 
several known modes of extracellular electron transfer employed by various bacteria 
and archaea belonging to diverse microbial groups. In addition to these, extracellular 

Table 5.1 Some of the Known Mechanisms Used by Microorganisms for Extracellular 
Electron Transfer 

Microbial Mode of Extracellular 
Group Species Electron Transfer References 

metal respiring 
bacteria 

Shewanella spp. direct electron transfer 
via cytochromes and 
conductive pili 
(nanowires) and 

mediated electron 
transfer via favin 
shuttles 

Kim et al. 
(2002); light 
et al. (2018); 
liu et al. 
(2020) and yi 
et al. (2021) 

Geobacter spp. direct electron transfer 
via nanowires and 
cytochromes 

reguera et al. 
(2005); ren 
et al. 2021, 
shi et al. 
(2009) and 
ueki et al. 
(2017) 

Rhodopseudomonas 
palustris tie-1 

phototrophic carbon 
fxation through 
porin-cytochrome 
complexes 

nonmetal 
respiring 
gram-positive 
bacteria 

Listeria monocytogens flavin-based mediated 
electron transfer 

light et al. 
(2018) 

(Continued) 
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Table 5.1 (Continued) 

Microbial Mode of Extracellular 
Group Species Electron Transfer References 

nonmetal Pseudomonas phenazine and huang et al. 
respiring aeruginosa favin-based mediated (2018) 
gram-negative electron transfer and 
bacteria conductive pili-based 

direct electron transfer 

methanogenic Methanosarcina Cell-to-cell electron holmes et al. 
archaea acetivorans transfer using (2019) 

membrane-bound 
cytochromes 

syntrophic Methanobacterium Anaerobic methane gao et al. 
interspecies spp. and Geobacter oxidation coupled to (2017) 
extracellular spp. syntrophic syntrophic extracellular 
electron transfer extracellular electron electron transfer to an 
events between transfer electrode 
bacteria and 
archaea 

electron transfer events occurring in bacteria when electron acceptors such as azo 
dyes that are incapable of crossing cellular membranes were demonstrated in earlier 
studies (Dissanayake et al. 2021; Fernando 2014; Fernando et al. 2016). 

5.1.5 The Use of Advanced Materials in Enhancing 
Extracellular Electron Transfer Events 

With the recent advances made on novel physical and chemical properties of 
advanced materials such as graphene, carbon nanotubes, conductive composites, 
and conductive foams, a resurgence of research interest can be observed in the 
potential use of such material in bioelectrochemical devices, such as microbial 
fuel cells and microbial electrolysis cells (MECs). The use of material such as 
carbon nanotubes in microbial fuel cell anodes and cathodes to enhance power 
densities and to enhance coulombic effciency of microbial fuel cells was dem-
onstrated several years earlier in a handful of landmark studies (Zou et al. 2008; 
Sharma et al. 2008). Since then, a variety of other advanced carbon-based materi-
als such as graphene and conductive foams have been used in microbial fuel cell 
systems to increase their extracellular electron transfer rates and to increase their 
performances. 

5.1.5.1 The Use of Carbon Nanotubes in Microbial 
Fuel Cell Systems 

Certain desirable properties of carbon nanotubes, such as high porosity, high 
accessible surface-area-to-volume ratio (A/V ratio), high electrical conductivity, 
unique morphology, and nanometer size, make them very attractive as an electrode 
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material in fuel cells in general and microbial fuel cells in particular (Sharma et al. 
2008). These properties make them ideal candidates for microbial fuel cell electrodes 
that are less prone to electrochemical losses at the electrode surfaces. Improvements 
of electrochemical performances of such cells utilizing modifed carbon nanotubes 
were reported to be between 10- and 15-fold higher compared to their counterpart 
microbial fuel cells utilizing only graphite plate electrodes (Sharma et al. 2008; Zou 
et al. 2008; Zhao et al. 2019). Some of the modifed (Pt, Sn, Rb modifed), multi-
walled carbon nanotubes could deliver power densities up to 1,600 mWm-2 per micro-
bial fuel cell. 

5.1.5.2 The Use of Graphene in Microbial 
Fuel Cell Systems 

The advent of two dimensional graphene generated great promise in various 
technology sectors, such as semiconductor, super capacitors, and battery tech-
nologies, including solar cells, fuel cells, and microbial fuel cells. The use of 
graphene in fabrication of electrode material for microbial fuel cell technology 
was seen as a very promising way to attempt major breakthrough pertaining to 
circumventing large electrochemical losses that are inherent in microbial fuel cell 
systems, thereby providing the microbial fuel cell technology with the capability 
of producing larger current and power densities on par with conventional chemi-
cal fuel cells. The envisaged benefts of using graphene material in microbial fuel 
cells can be attributed to desirable properties of graphene, such as enormous sur-
face area, excellent conductivity, and mechanical properties such as high mechan-
ical strength (ElMekawy et al. 2017). Graphene-based microbial fuel cells were 
designed and tested in several previous studies that incorporated graphene as the 
cathode catalyst (Feng et al. 2011), an anode surface enhancement for extracel-
lular electron transfer microorganisms to transfer electrons more effciently (Yuan 
et al. 2012; Zhang et al. 2011) and as a proton exchange membrane (Khilari et al. 
2013). It was observed that power densities up to 2,700 mWm-2 could be obtained 
by modifying microbial fuel cell anodes with graphene (Zhang et al. 2011). On the 
contrary, the maximum power density recorded by modifying the microbial fuel 
cell cathode to date is approximately 1,350 mWm-2 and was recorded by an earlier 
study conducted by Feng et al. (2011). A detailed review on this aspect conducted 
by Elmekawy et al. (2017) estimated that, on average, 12.5% more power can be 
harnessed from microbial fuel cells by graphene modifcation of microbial fuel 
cell anodes rather than conducting graphene modifcation of microbial fuel cell 
cathodes (Figure 5.2). 

While the current density and power density values reported for graphene-modi-
fed microbial fuel cells are high, they are yet to surpass the electrochemical perfor-
mances demonstrated by microbial fuel cell systems with conventional setups. For 
this reason, the initial optimism on this area of research has receded somewhat in 
recent years. This area of research, however, still remains a fertile area of achieving 
breakthroughs in MFC electrochemical performances. 
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Figure 5.2 A comparison of power densities that can be obtained by graphene-modifed 
anodes and graphene-modifed cathodes in microbial fuel cell systems. 

Source: Adapted with permission from elmekawy et al. (2017). 

5.2 GENOME ENGINEERING FOR hIGh-
PERFORMANCE EXOELECTROGENS 

Although exoelectrogens with increased extracellular electron transfer capa-
bility have been recovered under selective pressure for higher electricity genera-
tion, they still cannot yield adequate levels of current for pragmatic applications of 
microbial fuel cells (Leang et al. 2013). The sluggish extracellular electron transfer 
between exoelectrogens and electrodes is one of the major limiting factors impeding 
industrial-scale application of exoelectrogens in microbial fuel cells for microbial 
electrosynthesis (Zou et al. 2018). The extracellular electron transfer bottleneck of 
exoelectrogens is due to the inherently low effciencies of electron transfer pathways 
and substrate utilization (Luo et al. 2009). Also, a great deal of knowledge regard-
ing the molecular and genetic underpinnings of physiological pathways responsi-
ble for extracellular electron transfer, substrate utilization, energy conversion, and 
electrically active bioflm formation, all of which affect microbial electrosynthesis, 
continues to expand (Zou et al. 2018; Chiranjeevi and Patil 2020). Therefore, here 
lies an opportunity to overcome the bottlenecks by reconstructing exoelectrogens 
for sustainable microbial electrosynthesis through genetic manipulations (Zou et al. 
2018; Glaven 2019). Researchers in the feld of bioelectrical systems have utilized 
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genome engineering methods to genetically modify exoelectrogens for higher energy 
demands, based on the understandings of relevant physiological processes (Leang 
et al. 2013; Shin et al. 2017). These methods have been used for improving functions, 
such as extracellular electron transfer and electrically active bioflm formation of 
known exoelectrogens for improved microbial electrocatalysis, and even transform 
microorganisms that do not naturally possess microbial electrosynthesis function 
into exoelectrogens (Glaven 2019). 

5.2.1 Technical Approach of Genome Engineering 

Genome engineering for microbial electrosynthesis involves fabricating host 
microbial DNA through site-specifc alterations, such as inserting or deleting genes 
and introducing mutations for targeted improvement of desired characteristics. To 
achieve a higher performance of a particular trait through genome modifcations, it is 
crucial to decide which organisms’ gene(s) to be manipulated and for what purpose. 
Consequently, successful genetic manipulation dictates the selection of an appropri-
ate microorganism with an adequately resolved genome and the availability of suit-
able biotechnology tools. Here the preference is to aim at microorganisms naturally 
endowed with traits related to extracellular electron transfer (Shin et al. 2017). For 
improvements in power yields, a researcher may manipulate genes responsible for 
conductivity, such as extracellular electron transfer, electrically active bioflm forma-
tion, and substrate utilization (Song et al. 2014). Genome engineering relies on two 
types of natural host DNA repair mechanism known as nonhomologous end joining 
(NHEJ) and homology directed repair (HDR), both of which activate in response 
to DNA damage caused by double-strand breaks (DSBs). NHEJ repairs DSBs ille-
gitimately by joining the two broken ends while causing nucleotide insertions and 
deletions, introducing site-specifc mutations. HDR, on the other hand, repairs DSBs 
by patching up the damaged site through homologous recombination if a donor DNA 
with sequence homology such as plasmids or single-stranded oligonucleotides is 
present (van Gessel et al. 2017). In practice, genome editing, whether it is by NHEJ 
or HDR, is induced in a host following the introduction of site-specifc DSBs by engi-
neered nucleases, such as clustered regularly interspaced short palindromic repeats 
(CRISPR) CRISPR-associated protein 9 (Cas 9), transcription activator-like effector 
nucleases (TALENs), and zinc-fnger nucleases (ZFNs) (Gaj et  al. 2016; Osakabe 
et al. 2015). In comparison to NHEJ, HDR is the most preferred tool for genome edit-
ing as it facilitates direct delivery of DNA to a target site in the genome without los-
ing a single nucleotide (van Gessel et al. 2017). Consequently, HDR-mediated gene 
insertion can be applied for precise genome modifcations using both wild-type and 
mutated gene sequences resulting in both genome modifcations and site-directed 
mutagenesis. Targeted HDR can also occur without nuclease-mediated DSBs on the 
host genome if oligonucleotide donor DNA are provided, since its ends are recog-
nized as DSBs by the DNA repair mechanism (Gaj et al. 2016; van Gessel et al. 2017; 
Osakabe et al. 2015). However, in practice, nuclease-mediated DSBs are often used 
for HDR-directed gene insertion as they are known to signifcantly increase the eff-
ciency and specifcity of the donor DNA integration (van Gessel et al. 2017). 
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5.2.2 Production of Genetically Modifed Geobacter 
sulfurreducens Strains 

G. sulfurreducens has been particularly instrumental as a chassis for the develop-
ment of genetically modifed strains for both functional analysis and higher conduc-
tivity. G. sulfurreducens has important implications for the development of mutant 
strains for increased current production (Leang et al. 2013) as it generates the highest 
power densities of any organism available in pure culture (Nevin et al. 2008). Also, it 
is a genetically tractable organism with methods developed to introduce foreign DNA 
through electroporation, mutate chromosomal DNA at specifc locations, and express 
proteins from plasmids. These biotechnology methods combined with the availability 
of G. sulfurreducens genomes have enabled researchers to both mutate and study its 
gene functions of G. sulfurreducens (Coppi et al. 2001). Deleting genes for producing 
knockout mutants and introducing genes for heterologous protein expression has been 
extensively used for producing genetically engineered G. sulfurreducens strains. Both 
types of modifcation have been facilitated through HDR-mediated targeted inser-
tion of DNA sequences into the host genome through double-crossover homologous 
recombination. To facilitate this, the desired donor DNA fragment containing 5’ and 
3’ adapter regions with homologous sequences fanking the DNA sequence of interest 
must be provided to the host cell. Then double-crossover homologous recombination 
can be facilitated through either with or without targeted nuclease-mediated DSBs 
on the host genome. A brief description of how these biotechnology tools have been 
utilized to develop genetically modifed G. sulfurreducens strains is described using 
two examples. In both mutant strains, genetic manipulations were rationally designed 
for higher conductivity based on the knowledge of physiological properties contribut-
ing to extracellular electron transfer (Lloyd et al. 2003; Ueki et al. 2017). Furthermore, 
genome editing in both cases were achieved through HDR-mediated gene insertion 
without introducing DSBs with the aid of engineered nucleases. 

5.2.2.1 G. sulfurreducens Strain CL-1 

The ability to form prominent electrically active bioflms is a unique feature of 
G. sulfurreducens. Differences in bioflm properties in distinct strains of G. sul‑
furreducens are linked with various abilities to produce current. This link between 
electrically active bioflm structure and current production has been exploited by 
researchers to manipulate electrically active bioflm characteristics for higher con-
ductivity. Deleting genes encoding a group of proteins with PilZ domains that affect 
electrically active bioflm formation resulted in the generation of a mutant G. sul‑
furreducens strain capable of higher conductivity (Leang et  al. 2013). Knockout 
mutants of G. sulfurreducens were prepared through double-crossover homologous 
recombination by incorporating a chloramphenicol-resistant cassette fanked by 
adaptor sequences similar to the 5’ and 3’ ends of the target gene (Leang et al. 2013; 
Ueki et al. 2017). The knockout mutant established by deleting the gene GSU1240 
yielded a strain with increased bioflm structure due to the higher production of 
pili and polysaccharides. The GSU1240-defcient G. sulfurreducens mutant, desig-
nated as CL-1 strain, produced electrically active bioflms that were sixfold more 
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conductive than wild-type bioflms. In addition, the higher conductivity of the CL-1 
strain contributed to an increase in power densities by 70% more than the wild-type 
strains due to the reduction in the potential losses (Leang et al. 2013). 

5.2.2.2 G. sulfurreducens Strain ACL 

G. sulfurreducens has been engineered to enable autotrophic growth on cathodes 
where cathodes are the only source of electron supply. This was made possible by 
completing the incomplete carbon dioxide pathway of G. sulfurreducens. Although 
wild-type G. sulfurreducens consists of a reverse tricarboxylic acid cycle, it lacks 
the potential to synthesize precursors from carbon dioxide due to defciency of one 
enzyme, a citrate lyase (Figure 5.3). 

Capitalizing on this defciency of the reverse tricarboxylic acid pathway, research-
ers developed a genetically modifed G. sulfurreducens strain by introducing two 
genes of Chlorobium limicola, aclA, and aclB, which encode two subunits for the 
ATP-citrate lyase. The genes were incorporated into the native G. sulfurreducens 
strain DL-1 adjacent to the GSU1106 chromosomal gene for citrate synthase. Both 
the genes were incorporated into G. sulfurreducens chromosome through the previ-
ously mentioned homologous recombination method, and the resultant strain was 
designated as G. sulfurreducens strain ACL. In microbial fuel cells, strain ACL grew 
well on cathodes in a medium under anaerobic conditions, where cathodes were the 
only source of electron donor, fumarate as the electron acceptor, and without acetate 
as the carbon source (Figure 5.3). The growth of bioflms on cathodes was visible as 
thick red bioflms and resulted in a steady maximum current consumption rate which 
is more than tenfold higher than that of the wild-type strain (Ueki et al. 2018). 

5.2.3 Targeted Genome Editing with Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR) 
CRISPR-Associated Protein (Cas) System 

Clustered regularly interspaced short palindromic repeat (CRISPR) sequences 
and associated Cas nucleases are a prokaryotic defense mechanism designed to 
protect them from their nemesis bacteriophages. In the event of a bacteriophage 
infection, the CRISPR-Cas system destroys inserted bacteriophage DNA by Cas-
mediated cleavage guided via a short complementary RNA strand, known as the 
guide RNA (gRNA) (Tycko et al. 2016). Consequently, the CRISPR-Cas system has 
been included in the genetic engineering toolbox, allowing genome editions with 
unprecedented precision and sensitivity. Researchers are now using this technique 
to edit target DNA not only at a single locus but also at multiple loci simultane-
ously (Cao et al. 2017). Genetic engineering of exoelectrogens has been possible with 
CRISPR-Cas system due to the availability of broad-range plasmid-based CRISPR-
Cas vector delivery systems. CRISPR-Cas-mediated genome engineering involves 
two basic steps. The frst step involves constructing a plasmid cloned with comple-
mentary DNA (cDNA) for a Cas endonuclease, such as Cas9, and a single-guide 
RNA (sgRNA) comprising CRISPR RNA (crRNA) complementary to the desired 
target sequence and a transactivating crRNA (tracrRNA) that recruits the crRNA 
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Figure 5.3 (a) genetically modifed G. sulfurreducens strain ACl with the two genes aclA 
and aclb indicated strong adherence to a cathode electrode when it was used 
as the sole electron donor, compared to the wild-type G. sulfurreducens (b), and 
(c) confocal laser scanning microscopy indicates the formation of a thick bioflm 
on the cathode electrode and (d) indicates the enhanced current consumption in 
the cathode bioflm occupied by the genetically modifed G. sulfurreducens strain 
ACl (ACl = Atp-dependent citrate lyase) (scale bar-50 µm). 

Source: reproduced with permission from ueki et al. (2018). 

to Cas:traceRNA duplex, forming the ribonucleoprotein (RNP) complex. Secondly, 
the plasmid-CRISPR-Cas vector construct is transferred into the recipient cells usu-
ally through electroporation. Expressed Cas endonuclease is then complexed with 
the sgRNA, which localizes it to the target DNA for cleavage by introducing DSBs 
(Suzuki et al. 2019). This way, knockout mutants of any gene can be produced by 
providing a complementary sgRNA against the desired target DNA. In addition to 
gene knockouts, diverse forms of genetic changes can be realized through CRISPR-
Cas system, ranging from the insertion of genes to site-directed mutagenesis, to the 
regulation of gene expression (Cao et al. 2017; Szydlowski et al. 2020). 
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CRISPR-Cas technology with exoelectrogens has been primarily used to conduct 
proof-of-concept studies to demonstrate its feasibility as a biotechnology tool for 
genetic engineering. Shewanella oneidensis strain MR-1, which is a well-established 
facultatively anaerobic exoelectrogen with extracellular electron transfer capacity, 
has been successfully established for CRISPR-Cas-mediated genome editing. Broad 
host range pBBR1-based plasmid was used as a vector to deliver CRISPR-Cas system 
to S. oneidensis. The plasmid was constructed with cDNA-encoding Streptococcus 
pyogenes Cas9 gene and an sgRNA specifc to crp gene, which is essential for 
anaerobic growth of S. oneidensis. When grown under anaerobic conditions, the 
CRISPR-Cas9-modifed S. oneidensis mutant had substantially decreased growth 
under anaerobic conditions. This is due to the cell death during anaerobic growth 
caused by Cas9-mediated inactivation of the crp gene. Furthermore, researchers 
demonstrated the ability to introduce site-directed mutations into the S. oneidensis 
MR-1 genome using the same vector system. For introduction of a site-directed muta-
tion, the pBBR1 vector with CRISPR-Cas9 DNA elements was incorporated with an 
additional donor DNA with a crp gene containing a representative frameshift muta-
tion (crp-fs). Upon transfection, the S. oneidensis MR1 strain grew under anaerobic 
conditions and was found to contain the frameshift mutation in the crp gene S. onei‑
densis MR-1 strain. Incorporation of the mutation was facilitated through CRISPR-
Cas9-mediated double-stranded breaks, followed by replacement of the native crp 
gene with the mutant crp gene through HDR (Suzuki et al. 2019). 

Genetically modifying exoelectrogens by inducing permanent phenotypic 
changes through strategies such as knocking out genes has been the mainstay 
approach for the development of mutant strains. However, precise tuning and regu-
lation of genes responsible for functions such as extracellular electron transfer and 
bioflm formation may provide an edge in developing the next generation of geneti-
cally modifed exoelectrogens for better extracellular electron transfer and power 
output. A variant of CRISPR technology known as CRISPR interference (CRISPRi) 
is a method to regulate gene expression at the transcriptional level. CRISPRi system 
utilizes a catalytically inactive Cas9 (dCas9) that lacks endonuclease activity but 
possesses the DNA-binding function supported by the sgRNA. dCas9 prevents RNA 
polymerase binding and elongation, leading to gene repression. The study by Cao 
et al. demonstrated the usefulness of the CRISPRi for effcient regulation of extra-
cellular electron transfer by repression of genes involved in extracellular electron 
transfer and electrically active bioflm in S. oneidensis MR-1 strain. In this study, 
genes of the primary extracellular electron transfer pathway, mtrA, mtrB, and mtrC, 
and genes infuencing the formation of the electrically active bioflms, speF and uvrY, 
were expressed individually and simultaneously. In both cases, gene repression was 
achieved by providing suitable sgRNA for dCas9 binding to the target sequences. 
The gene repression levels were detected by quantifying mRNA levels of target 
genes through real-time PCR (RT-PCR) and showed to result in various levels of 
extracellular electron transfer effciencies and electrically active bioflm formation. 
In brief, mtr gene repression alone was shown to signifcantly reduce the ability of 
extracellular electron transfer, while the repression of speF and uvrY genes together 
was associated with increased electrically active bioflm formation, leading to a 1.7-
fold higher power density output. Based on these results, the CRISPRi technique can 
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regulate the expression of multiple or individual genes to achieve a spectrum of gene 
regulation levels for increase or decrease in extracellular electron transfer effcien-
cies and power outputs (Cao et al. 2017). 

5.3 MICROBIAL ECOLOGICAL ASPECTS OF 
EXTRACELLULAR ELECTRON TRANSFER 

Microbial ecology has got to do with what microorganisms are present in an 
environment, what (metabolic) reactions they carry out, and how the different micro-
organisms interact with each other and the environment. 

5.3.1 Microorganisms Used in Microbial Fuel Cells 

Microbial fuel cells rely on the ability of electrochemically active microorgan-
isms to exchange electrons with a solid object. This ability has now been found to 
be prevalent among many different types of microorganisms, including bacteria, 
especially Gammaproteobacteria, Aeromonas spp., Vibrio spp., fungi, extremophiles 
hyperthermophiles, and even microalgae (Logan et  al. 2019; Dopson et  al. 2016). 
Methods commonly used to identify the microorganisms (after isolation/enrichment; 
see Section 5.3.2) include 16sRNA gene sequencing, FISH (fuorescence in situ 
hybridization), T-RFLP (terminal restriction fragment length polymorphism), qRTm 
PCR (quantitative real-time polymerase chain reaction), and metagenomics. Of the 
Gammaproteobacteria, the most commonly studied microorganisms are Shewanella 
oneidensis and Geobacter sulfurreducens. 

Fungi can be grown in the anode of microbial fuel cells as well as be used as 
a biocathode. Species such as Saccharomyces cerevisiae, Candida sp., Hansenula 
anomala, etc. have been used in the anode, while Trametes versicolor, Aspergilus sp., 
and Rhizopus sp. have been used in the cathode in the latter case, taking advantage of 
their laccase production ability. 

One recent development is that of cable bacteria (Section 5.1.4.3). These are mul-
ticellular, flamentous bacteria within the Desulfobulbaceae family with the ability 
to conduct electrons from one end to another. They can, for example, couple sulfde 
oxidation in sediments with oxygen reduction over centimeter distances. Cable bacte-
ria could therefore be benefcial in benthic microbial fuel cells. Research is currently 
underway to uncover the presence, distribution, and diversity of cable bacteria in 
different habitats as well as understand the mechanisms cable bacteria use to conduct 
electrons over such long distances (Pfeffer et al. 2012). 

5.3.2 Enrichment Methods for Better Extracellular 
Electron Transfer 

Electrochemically active microorganisms are originally obtained from nature. 
Prospecting approaches can follow a shotgun approach, where matrices such 
as digested sludge, sediments, soils, etc. can be used as the starting material. 
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Alternatively, a more targeted approach may be used. Most electrically active bio-
flms are dissimilatory metal reducing bacteria, that is, they can use metals as ter-
minal electron acceptors instead of oxygen. So matrices such as abandoned mines, 
dumps for metals, etc. may be used as the source of electrochemically active bacteria. 
To enrich/isolate electrochemically active microbes, a selection pressure is needed. 

Before fundamental or applied studies of electrochemically active bacteria, 
electrically active bioflms are frst allowed to acclimatize and occupy an electrode 
surface. The purpose is to enhance bioflm formation and/or allow the electrode to 
develop a steady-state, open-circuit potential. 

5.3.2.1 Common Acclimatization Methods 

Acclimatization is a term often used to refer to exposure of mixed cultures usu-
ally undefned to given conditions. Enrichment for selection of electrochemically 
active microorganisms can be done using metal ions, for example, Mn4+, as the only 
terminal electron acceptor. Alternatively, an electrode (poised or not) can be used 
as a temporary electron acceptor. Here, four different reactor confgurations can be 
used (Figure 5.4). 

Closed-circuit confguration. The bioflm-forming electrode and the counter 
electrode form a completed electrical circuit or are connected via an external resistor. 

Figure 5.4 microbial fuel cell reactor setups for enrichment of electrochemically active micro-
organisms. re = reference electrode. (a) closed circuit, (b) open circuit, (c) con-
stant potential applied to an mfC. mfC = microbial fuel cell. (d) mfC with a poised 
anode. A membrane separates the anode from the cathode. 
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Open-circuit confguration. The bioflm-forming electrode is not connected to 
the supporting electrode electrically. This means the anode chamber must have a 
soluble electron acceptor available. Utilizes natural redox processes in the environ-
ment in the case of mixed electrically active bioflm in the environment. 

Controlled cell potential. A regulated external potential difference is applied 
between the bioflm-bearing electrode and the counter electrode. This ensures that 
the steady-state electron transfer is taking place at a predetermined level. 

Controlled electrode potential. A constant polarization is applied between the 
bioflm-containing electrode and the reference electrode (RE). This allows for the 
steady-state transfer of electrons to occur irrespective of the redox state of the coun-
ter electrode. 

Note that the nature of enrichment may affect the nature of electrochemically 
active bacteria that develops. Once the bioflm reaches a certain target—thickness, 
surface coverage, metabolic activity, current—the electrochemically active bioflm 
electrode is switched for further investigations. 

5.3.2.2 Factors That Can Affect the Rate of Enrichment 

A number of factors can affect the rate of enrichment, including: 

• Enrichment confguration. Enrichment confguration choice: speed of enrichment, 
availability of potentiostats. 

• Polarization voltage. Typically apply a more positive electrode potential than the 
open-circuit potential (potential at which there is no current). This will allow elec-
trons to move from the bacteria to the electrode. At any rate, the polarizing voltage 
should be somewhat similar to electrode potentials during operation of the micro-
bial fuel cell. 

• How rich the starting inoculum is of electrically active bioflm, including its age 
and size. 

• Nature of bioflm electrode. Carbon paper, cheaper graphite, carbon felt commonly 
used. The electrode should have a large surface area, be highly conducting, and be 
rough enough to allow bioflm formation. 

• Type of medium used and other factors that can affect growth rate. The medium 
should, for example, not contain any dissolved electron acceptor, for example, 
nitrates. 

There are reports that the type of polarization potential or external resistance, if used 
in a closed circuit with a resistor, can affect the nature of the bioflm that develops 
structurally (3D confguration) as well as electron transfer properties. 

Note that the polarization potential can be used to select for different types of 
electrochemically active bacteria with different extracellular electron transfer abili-
ties (Torres et al. 2009). However, for subsequent utility in a microbial fuel cell, the 
potential should not be too different to what is observed in actual application. It is 
important to ensure that the working electrode is the current-limiting one. A cur-
rent-limiting electrode is an electrode that will not let through a higher current than 
the other electrode either because of its smaller size or because of slower electrode 
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Figure 5.5 the generally observed chronoamperometric bioflm growth pattern of several 
growth cycles in a fed-batch reactor. the oxidative current reaches a steady state 
at the third cycle of medium change. nonturnover means no substrate (gimkiewicz 
and harnsich 2013). 

kinetics. For this reason, counter electrodes are usually of large surface area and 
are highly conductive. To know the current-limiting electrode in a microbial fuel 
cell, monitor individual electrode potentials using a reference electrode. When the 
external resistance load is changed, the electrode with the largest change in electrode 
potential is the current-limiting electrode. 

Fed-batch operation is often necessary before stable operation can be realized 
(Figure 5.5). 

5.3.2.3 Enrichment of Biocathodes 

To enrich electrochemically active bacteria with the ability to accept electrons 
from an electrode, the polarization voltage is reversed (e.g., -405 V vs. SHE), com-
pared to enrichment for electron-donating microbes in the anode (Figure 5.6). 

While the cathode now works as an electron source, microbes can feed off car-
bon dioxide or organic carbon substrates to grow (Figure 5.6b). It is important to 
protect the reactor used from sunlight to avoid enrichment of phototrophs. 

Shewanella oneidensis and Geobacter sulfurreducens are prominent electro-
chemically active microorganisms which have been studied by many researchers. 
Shewanella was originally isolated from sediments from Oneida Lake, near Syracuse 
(Myers and Nealson 1988), while Geobacter was isolated from sediments from the 
Potomac River in Washington (Lovley et al. 1987). 
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Figure 5.6 extracellular electron transfer at the cathode of microbial fuel cells. (a) microbial 
electrosynthesis of acetate from carbon dioxide mediated by Sporomusa ovata; 
(b) mediated microbial electrosynthesis of succinate from formate typical of 
Actinobacillus succinogenes. 
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Figure 5.7 A graphical representation of interactions between Clostridium species and S. 
oneidensis during the mineralization of organic carbon in the anode chamber of 
microbial fuel cells. 

5.3.3 The Role of Cocultures in Enhancing Extracellular 
Electron Transfer in Bioelectrochemical Systems 

Cocultures could be used to enhance electricity production in microbial fuel 
cells, for example, by taking advantage of synergistic properties between or among 
the microorganisms (Bader et al. 2010). Metabolites of one type of bacterium could 
be syntropically used as a substrate by other bacteria in an electro-active bioflm 
(Figure 5.7). This allows for more electron generation at the anode electrode, per 
mol of substrate. Ren et al. (2007) demonstrated that a coculture microbial fuel 
cell of G. sulfurreducens and Clostridium cellulolyticum with cellulose as a sub-
strate showed that the coculture had a signifcantly better coulombic effciency 
(39%) as opposed to 22% for the MFCs inoculated with sludge, although COD 
reduction was the same for both types of inocula. Qu et al. (2012) demonstrated 
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that a coculture of G. sulfurreducens and E. coli improved the electricity genera-
tion relative to that of a monoculture of G. sulfurreducens in a microbial fuel cell, 
and this ability was attributed to E‑coli’s capability of scavenging oxygen from 
the oxygenated cathode through to the anode chamber through the ion exchange 
membrane of microbial fuel cell. 

On the contrary, Bourdakos et al. (2014) utilized the same set of microorganisms 
as Qu et al. (2012) in a membraneless microbial fuel cell and observed that the cocul-
ture produced less power (63 mW m-2) than the monoculture MFC of G. sulfurredu‑
cens (128 mW m-2). They attributed this reduction of power output to the production 
of reduced metabolic end products, such as succinate, reducing current production in 
the coculture microbial fuel cells. Liu and Choi (2017) recently developed a self-sus-
taining, solar-driven microbial fuel cell, taking advantage of the interactions between 
a coculture of heterotrophic (Shewanella oneidensis MR-1) and phototrophic bacteria 
(Synechocystis sp. PCC6803). Without the addition of fuel, the coculture produced 
sustained current (7 µA/cm2) over 13 days when illuminated; this was 70 times more 
than when Synechocystis sp. PCC6803 was used alone (0.11 µA/cm2) and 4.5 times 
more when Shewanella oneidensis MR-1 was used alone. Fapetu et al. (2016) used a 
coculture of Shewanella oneidensis and Clostridium beijerinckii, and the microbial 
fuel cells gave a power output of 87 mW m-2 compared to 48 mW m-2 and 60 mWm-2, 
respectively, for S. oneidensis and C. beijerinckii as standalone monocultures in 
the MFC anodes. Substrate degradation was also enhanced to 67% from 20% when 
coculture was used as opposed to a monoculture of S. oneidensis as the anode micro-
organism in the MFCs. 

The use of defned cocultures for effective treatment of contaminated water has 
been demonstrated both in industrial and laboratory scales. Van der Gast et al. (2003) 
investigated the effectiveness of a fve-bacteria-member nonpathogenic defned bac-
terial consortium for treatment and detoxifcation of metal-working fuids. The con-
taminated water in this study contained a range of oils which are carbon-rich and 
water used to cool metalwork pieces when they are being machined. They contrasted 
its performance in COD reduction with that of undefned mixed inocula from sludge. 
The defned consortium was demonstrated to be 50% more effective in terms of 
COD removal compared to the undefned consortium from activated sludge. It was 
also demonstrated that the results from the defned bacterial consortium were more 
reproducible compared to those from the undefned sludge consortium. 

Despite their potential usefulness, cocultures have some limitations when used 
in practice: they might be comparatively more susceptible to virus attack and may 
not be easily adapted to widely changing substrate types or concentrations. Some 
of the important considerations in employing cocultures in microbial fuel cells are 
thus: What considerations are made in choosing the microorganisms used? How are 
the different metabolic and nutrient needs of various microorganisms met? What 
are the dynamics of the microbial community composition relative to the chang-
ing conditions? What is the mechanism of any observed synergistic/inhibitory/addi-
tive effects? Most studies involving microbial fuel cells have used undefned mixed 
cultures. Undefned mixed cultures have shown higher current densities than pure 
cultures, are resistant to bacteriophages, need no sterilization, and can be robust to 
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Figure 5.8 A two-microorganism consortium could compete for available carbon sources 
in microbial fuel cell while interacting with other exoelectrogenic bacteria. such 
semidefned microbial consortia combinations in theory could potentially produce 
more biogenic electricity than individual microbial species. 
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changing substrates. However, they have inherent disadvantages, such as variability 
between batches; discerning the roles of microorganisms with respect to biogenic 
electricity production is too diffcult, especially when the undefned culture diversity 
is very high and has limited controllability. 

Defned cocultures may become useful in bioaugmenting microbial fuel cells 
which are plagued by underperformance problems and are instrumental in discern-
ing microbial interactions of microorganisms engaged in electricity production. In 
terms of future prospects, using genetically modifed Escherichia coli grown in 
coculture with electrogenic microorganisms can be useful to confer certain charac-
teristics, for example, produce quorum-sensing molecules that help in bioflm forma-
tion or produce redox mediators, for example, ribofavin that mediate extracellular 
electron transfer (Figure 5.8). 

To further enhance the power output of microbial fuel cells, cooperation mecha-
nisms among different wild-type microorganisms with different ecological relation-
ships, for example, mutualism, amensalism, etc., could improve our understanding 
of the area (Figure 5.9). 

5.3.4 The Role of Quorum Sensing in Extracellular 
Electron Transfer 

Microbial fuel cells are still in need of improvement with regard to attaining 
acceptable levels of power production. Power densities reported are low, generally 
less than 150 W/m3 when normalized to the anode volume. For microbial fuel cells 
to become industrially and economically viable, the energy recovery needs to reach 
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Figure 5.9 various types of microbial relationships that can be established between microbes’ 
exoelectrogenic microbial communities. these can be exploited to enhance exo-
electrogenic activity in mfCs. in mutualism, members of the coculture all beneft; 
in commensalism, one or more members beneft while others are not harmed. in 
amensalism, some organisms have adverse effect on others, for example, antibi-
otics produced by one organism killing other organisms. 

400 W/m3. This level of energy output will be competitive with anaerobic digesters, 
treating about 5 to 25 kg of COD per m3 of the reactor per day (Pham et al. 2006). 
For this to happen, the substrate turnover rate has to substantially increase, and the 
bioflm density in the anode may directly infuence this. 

Microbial fuel cells still lack the technical capability to produce acceptable levels 
of power output. Power densities reported are comparatively poor to technologies 
such as solar cells and abiotic chemical fuel cells. Commonly, the power outputs of 
MFCs are observed to be less than 150 W/m3 of the anode volume. For MFCs to be 
economically viable, the energy recovery needs to reach at least 400 W/m3, an energy 
output that would be on par with anaerobic digesters treating about 5 to 25 kg of 
COD per m3 of the reactor per day (Pham et al. 2006). To this end, there needs to be 
an increased substrate turnover rate, which among other things may be dependent on 
bioflm density on the anode. 

Literature suggests that bioflm formation may be quorum-sensing related 
(Davies et al. 1998; Abisado et al. 2018; Li and Zhao 2020). Quorum sensing is a 
mechanism whereby certain microbes have the ability to communicate with each 
other, utilizing chemical signals (autoinducers) that allow the bacteria to monitor 
their population density. The signals allow the bacteria to respond in a coordinated 
way by expressing genes that beneft the whole community, for example, form a bio-
flm. The formation of bioflms on electrodes is thought to be important for enhanc-
ing direct electron transfer (Fapetu et  al. 2016), where membrane-bound proteins 
transfer electrons directly from the microorganism to the electrode. The exogenous 
addition of quorum-sensing molecules could be expected to increase bioflm forma-
tion and hence current density. 

Quorum-sensing molecules in Gram-negative organisms, for example, 
Shewanella spp. and Geobacter spp., are of the N-acyl homoserine lactone type, 
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Figure 5.10 short peptides and acyl homoserine lactones act as quorum-sensing molecules 
in gram-positive and gram-negative bacteria, respectively. the r-side chain is 
species-specifc. some homoserine lactones can be detected by more than one 
type of species. 

and in Gram-positive organisms are short peptides. Quorum-sensing molecules in 
Gram-negative organisms, for example, Shewanella spp. and Geobacter spp., belong 
to the N-acyl homoserine lactone type. Therefore, it can be expected that a molecule 
such as N-(3-oxododecanoyl)-L-homoserine lactone (Figure 5.10), naturally synthe-
sized by Pseudomonas aeruginosa, may promote activities such as bioflm formation 
and enhance electricity production in microbial fuel cells seeded with the Gram-
negative S. oneidensis. Only a handful of studies have been reported on this issue; 
for example, recent results by Chen et al. (2017) indicated that when a mixed culture 
(mixture of aerobic and anaerobic sludge extracted from a waste treatment facility) 
was inoculated in microbial fuel cells and supplemented with the quorum-sensing 
molecule N-3-oxododecanoyl homoserine lactone at a concentration of 3 µg/mL 
(10 µM), improvements in microbial fuel cell performance, for example, energy 
recovery, start-up time, cell viability, etc., were observed. Mixed cultures, however, 
can be variable, and negative effects on one organism may be more than compen-
sated for by positive effects on another. With regard to pure cultures, though, Chabert 
et al. (2019) observed that quorum-sensing activation of Acidithiobacillus ferrooxi‑
dans using C14-acyl homoserine lactones remarkably increased electrode coloniza-
tion, resulting in a twofold enhancement of current output. 

5.4 CONCLUSION 

The molecular aspect of bioelectrical system is one of the most fundamental yet 
least understood areas in electrical phenomena demonstrated by microorganisms. 
Many advances were made in the recent years pertaining to the electron transfer 
mechanisms of electrochemically active microorganisms, molecular manipulation of 
microbes for better extracellular electron transfer, bioelectrical system types, and the 
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use of advanced materials for optimization of electrochemical activity in bioelectrical 
system. New information has come to light in recent years about new types of related 
metabolic activities, such as the novel electron transfer mechanisms found in cable 
bacteria. Much has been understood about the proteins and other molecular features 
that are responsible for conducting extracellular electron transfer reactions. This under-
standing has allowed scientists and bioinformaticians to manipulate and tinker with 
these molecular features that may enable the construction of better bioelectrical system. 
Yet much remains to be discovered pertaining to such molecular aspects of bioelectri-
cal system. Moreover, the original barriers, such as low current and power densities, 
that plagued the microbial fuel cell technology and hindered it from becoming widely 
commercialized still largely remain intact. Therefore, if this promising sustainable 
technology is to be widely utilized, research breakthroughs are required in areas where 
electrochemical losses are minimized, catalysis is enhanced, and cost of catalysts and 
other component materials is substantially lowered. A thorough understanding of the 
molecular aspects discussed in this chapter will be key in achieving that. 
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6.1 INtrODUCtION 

Food is indispensable for all living organisms, and without exception, all the 
food items are loaded with microbes in one form or another, due to which, currently, 
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the world is much concerned about food safety and security. Safety measures focus 
on the food microbiome (aggregate of all microbiota/genetic material of the micro-
biota in a particular environment), which encompasses benefcial microbiota (probi-
otics), fermentation-causing microbes, spoilage microbes, and pathogenic microbes. 
The food-associated microbial fora has revolutionized our approach in ensuring the 
safety of the food system. Traditional methods of identifying microbes associated 
with food using selective media and biochemical characteristics have evolved to 
imbibe the search for key molecular signatures present in the DNA. Rapid develop-
ments over the years in microbial sequencing techniques, data analysis techniques, 
modern bacterial strain banks, and scalable computing platforms have remarkably 
improved our knowledge of the connection between the microbiome and food safety 
(Srinivasan 2019). Certain bacteria and yeast species are the key workhorses in pro-
ducing specifc traditional food items, such as cheese or pickles. These microbes 
stabilize the proteins, fat, and sugars that are unstable in milk, fruit, and animal 
products with functional and therapeutic roles (Bourrie et al. 2016). For example, the 
alcoholic fermentation of sugar found in natural food prevents the growth of patho-
genic bacteria and leaves the product safe and stable for an extended period. Hence, 
the benefcial microbes from diverse environments are continuously investigated 
for their role in the enhancement of rheological, nutritional, sensorial, and thera-
peutic properties. Meanwhile, the undesirable or spoilage organisms are studied for 
unraveling the molecular mechanism behind the pathogenesis in biological environ-
ments. At the same time, other research area of interest is to decipher the strategies 
to exclude the bad microbes and protect the good (workhorse) microbes for achieving 
the desired food safety (Doyle et al. 2013; Lorenzo et al. 2018; Castellano et al. 2017). 

Despite the low sensitivity and challenges in formulating an ideal growth 
medium, conventional food microbiology mainly rely on culturing techniques in the 
laboratory setup to identify and characterize environmental microbes of interest (De 
Filippis et al. 2017). Such media-based microbial cultivation techniques may lead to 
in accurate detection and need further downstream analysis, such as biochemical and 
phenotypic characterization for precious identifcation of microbes. With the advent 
of modern, next-generation sequencing techniques, detection, source-tracking, 
and characterization of food microbes have become an easy task and are routinely 
employed in food and health industries (Bokulich et al. 2012). These culture-inde-
pendent nucleic aci–based techniques have several advantages: direct analysis of food 
matrix, which is relatively more accurate and sensitive. The improved knowledge of 
food microbiota and bioinformatic studies on metatranscriptomics and metagenom-
ics have mostly uncovered the functional capacity of the communal microbial clus-
ters. Hence, future sequencing techniques are expected to advance the know-how on 
the potential links between the invaluable food microbiota and food safety. 

6.2 MICrOBIaL LaNDSCapeS WIthIN FOOD SYSteMS 

Fermented foods such as yogurt, pickles, and others have various microbial 
communities in diverse proportions during food processing operations. The most 
common organisms of certain foods relevant to food safety and nutrition are listed 
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table 6.1 Normal Microbial Flora in Common Foods 

Food 
S. No. Category Normal Microbial Flora 

1. Dairy acid producers 
Lactobacillus, Coliforms, Micrococcus, 
Microbacteria 

Biochemical types 
Streptococcus lactis, S. cremoris 
ropy Fermenters 
Alcaligenes, Streptococcus, Enterobacter 
Gas producers 
Clostridium, Coliforms, Torula cremoris 
proteolytic 
Proteus, Bacillus, Pseudomonas, 

agriopoulou et al. 
2020; appiah et al. 
2020; Bozoglu 2022; 
fair and tor 2014; 
groenenboom et al. 
2020; le and Wang 
2020; masoomshahi 
et al. 2020; Owusu-
Kwarteng et al. 2020; 
Srinivasan and 
Kumaravel 2015; 

Streptococcus 
Mesophilic 
Bacillus coagulans 
psychrophiles 
Pseudomonas, Lactic streptococci, 
Flavobacterium, Coliforms 

thermophile 
Bacillus stearothermophillus 
Other Dairy-Specifc Bacteria 
Leuconostoc, Micrococcus, Geotrichum 

thirukumaran et al. 
2022; Vignesh et al. 
2015; Voidarou et al. 
2020 

2. egg and 
poultry 

egg 
Proteus thamnidium, Pseudomonas 
fuorescens, P. ovalis, Salmonella 

poultry 
Chromobacter, Bacillus, Alkaligenes, 
Proteus, Pseudomonas 

3. meat, beef, Meat 
and fshery 
products 

Enterobacteria, Micrococcus, Proteus, 
Staphylococcus, Candida, Aspergillus, 
Clostridium 

Fishery 
Chromobacterium, Sarcina, Serratia, E. coli, 
Flavobacterium 

Beef 
Cladosporium, Sporotrichum 

4. fruits and 
vegetables 

Corynebacterium, Fusarium, Trochothecium, 
Bacillus, Pseudomonas, Saccharomyces, 
Rhizopus, Monilla, Erwinia, E. coli, 
Aspergillus 

5. fermented 
foods 

Lactobacillus, Saccharomyces, 
Leuconostoc, Acetobacter, Lactobacillus, 
C. botulinism, Pediococcus, Streptococcus 
lactis 

6. Seafood Pseudomonas, Vibrio 

7. Pickles Leuconostoc mesenteroides, 
Brettanomyhces, Debaryomyces 

8. Bakery 
products 

Saccharomyces cerevisiae, Leuconostoc, 
Bacillus polymxa, B. pumilis, Lactobacillus 
brevis, Serrtia marcescens, Rhizopus 
nigricans, Penicillium, Aspergillus, Mucor 
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in Table 6.1. There is an ever-increasing awareness of probiotics, postbiotics, and 
paraprobiotics in health-improving properties (Abd El-Ghany 2020). Meanwhile, the 
global market for prebiotics or postbiotic formulations capable of boosting the gut 
microbiota to provide a therapeutic property is increasing nowadays. Interestingly, 
probiotics and food microbiota or otherwise microbial communities survive a pro-
longed period along with food ingredients and extend the fermentation period. These 
microbes, though they are unculturable, produce numerous bioactive components. 
These concepts indicate that the baseline food microbiome can shift as the probiotic 
bacteria are added to the system (Ribeiro et al. 2020). The addition of these benefcial 
bacteria can determine food safety, and their relative abundance may be correlated 
with the level of safety and quality (Zdolec et al. 2018). The food microbiome rich-
ness and diversity scenario can be employed to develop and manage a stable and 
healthy gut. The recommended dosage of probiotics to trigger a health beneft in the 
host system is 6 to 7 log CFU per milliliter of the food sample (Mohan et al. 2020). It 
is also emphasized that the probiotic bacteria should be viable at an effcacious state 
during the entire shelf life period, which is considered the most challenging aspect of 
formulating a probiotic food. 

The food matrix is one of the ideal media for the survival of a community of 
microbes known for increased food product shelf life. For example, in the case 
of marinating meat, the effect of routing handling and food processing alters the 
salinity, the pH, and eventually, the microbial community living on the food matrix 
(Yusop et al. 2010). Studying microbial ecology in these products as compared to 
perishable food is essential while considering the strategies to control food spoilage 
(Singh et al. 2017). From a food safety perspective, modern science has revealed the 
importance of preventive measures from farm produce to food processing and distri-
bution levels. It is of importance that the foodborne microbes are both benefcial and 
sometimes detrimental to consumers. 

Meanwhile, some probiotic cultures in single species and clusters are used as 
antimicrobials against selected pathogens and spoilers that could cause food spoil-
age. The food microbes and their metabolites (postbiotics/cell-free supernatant) are 
powerful management tools in many food safety–related issues. The scientifc areas 
include enhancement of food quality through modifying the microbe-feed propor-
tions, reduction of preharvest hazards by intervening with the crop-level pathogens, 
prevention of food deterioration and extension of storage life by bacteria interactions, 
engineered marketable starter culture, and application of competitive microbes in 
reduction of food toxins (Iwu and Okoh 2019). 

The food-associated bacteria play diverse roles in food safety, security, nutri-
tion, and food processing operations. The antibioflm, antioxidant, and antimi-
crobial properties of the Streptomyces sp. isolated from mangrove sediments are 
found to be very promising (Kemung et  al. 2020) and survive in extreme high-
stress environments like temperature and pressure. The antioxidant potential of 
the bacterium can be widely employed in metal chelating applications of food pro-
cessing, safety, and quality (Shahidi and Zhong 2015). The copper-tolerant fungus 
Trichoderma harzianum is used as a biocontrol agent for pesticides and reduces 
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copper contamination during food processing operations (Sood et al. 2020). This 
fungal strain in the food system can ultimately reduce hazardous chemical pes-
ticides and overcome copper pollution. Fungi Umbelopsis isabelline has proven 
to infuence the lipid profle of poultry breast meat and increased the ω6/ω3 fatty 
acid composition. Remarkably, the oxidative quality of the poultry meat remained 
unchanged and improved sensory quality throughout the storage period (Slaný 
et al. 2020). 

The wide use of lactic acid bacteria (LAB) in food, pharma, and nutraceutical 
industries has confrmed the possibilities of LAB in improving the safety and qual-
ity of foods. The antifungal activities of the genus Lactobacilli in controlling the 
food spoilage organism Penicillium, Aspergillus, and Rhizopusare are well elucidated 
(Karami et al. 2017). Of note, there is no negative effect of this antifungal LAB on the 
sensorial characters of cheese (Leyva Salas et al. 2017). The functional properties of 
LAB on human health through the production of antioxidants, bacteriocins, antifun-
gal, and anti-infammatory molecules are a well-known scientifc phenomenon. The 
antimicrobial properties of food-based LAB against the enteric pathogenic human 
microfora also play signifcant roles in protecting the gastric ecosystem (Voidarou 
et al. 2020). 

6.3 COMpLeX INteraCtIONS IN FOOD-MICrOBe eCOSYSteMS 

The microbes in food systems are rarely encountered as single organisms, which 
mostly occur as clusters depending on the type of environment they exist. The enor-
mous diversity of microbiota facilitates cohabitation and leads to various relationships 
in food through symbiotic, pathogenic, antagonistic, and competitive associations. 
The secondary metabolites synthesized by the colonizing bacteria perform a wide 
range of functions, including quorum sensing and bile salt modulation in gut tissues. 

Prioritizing the food microbiome has led to health benefts in many traditional 
man-made environments (food ecosystems—yogurt/kefr/ambali) which play signif-
cant role in quality management, pathogen control, toxin prevention, and nutritional 
enrichment of food products (Bourrie et al. 2016). It is worth mentioning that the 
modern food processing environments in developed countries consider the microbial 
ecosystems as a critical parameter in maintaining food quality and safety (Amit et al. 
2017). Bidirectional transfer of bacteria from food contact surfaces to the environ-
ment and vice versa, aided by the food processing equipment, is a common phenom-
enon that results in product contamination (Patange et al. 2021). 

Most excitingly, modern, next-generation sequencing techniques are potentially 
infuential in exploring the microbial transmission routes from building to process-
ing facilities to food distribution channels, in addition to the pathogenic interactions 
across the food facilities. Bioflms are one such classic example formed by patho-
genic microbes such as Listeria monocytogenes, which can pose serious threats to 
food and recontamination of processed foods (Grigore-Gurgu et al. 2020). In cheese-
making plants, it is common that the microbiota in the regional houses forms the 
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basis for cheese type and characters, where the surface of the equipment largely 
infuences the cheese-making process. 

In a food medium, microbial interactions are considered crucial for many prop-
erties, including the protection against pathogens through multiple mechanisms 
and signaling systems. The signal molecules act in accordance with the concen-
tration of the available secondary metabolites or bioactive compounds in the food 
medium (Krishnamoorthy et al. 2013). The outputs of diverse microbial interactive 
patterns (mutualism, synergism, commensalism, predation, parasitism, amensalism, 
competition) in a food environment are illustrated in Figure 6.1. In the scenario of 
mutualism, the chemicals synthesized by the symbiotic bacteria are used by the 
communal bacteria and offer protection against potential competitors in the food 
medium (Srinivasan and Buys 2019). In commensalism, though both organisms 
remain in association, one interacting microbe derives benefts while others remain 
unaffected. Especially in the fermentation of Swiss-type cheese, the lactic acid syn-
thesized by lactic acid bacteria is used by the propionic acid bacteria and acts as a 
starter culture. Likewise, Debaryomyces hansenii (yeast) metabolizes milk sugar 
and produces lactic acid, which is further metabolized by Geotrichum candidum 
(fungi) (Karami et al. 2017). 

Figure 6.1 Summary of microbial interaction patterns in food medium. In each interaction, the 
type of relationship of food substrates with microbial species and its effects on the 
metabolites are illustrated. 

Source: adapted and modifed from tshikantwa et al. (2018) cc by 4.0. 
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6.4 MICrOBIaL eCOLOGY StUDIeS IN 
traDItIONaL FOOD prOCeSSeS 

Traditionally, many food process operations such as fermentation rely on microbes 
to enhance the preservation, quality, and functionality of the product. Though these 
microbes can be classifed as “benefcial,” “spoilage,” and “pathogenic, the useful 
bacteria like lactic acid bacteria suppress the growth of infectious microbes and pre-
serve the food. The most common food products produced through microbial activity 
are bread, yogurt, sausages, cheese, and pickles (Zongo et al. 2021). The desirable 
property of the fnal product is achieved through enzymatic catalysis and the transfor-
mation of complex chemical components through microbial actions. The application 
of culture-independent techniques has greatly accelerated microbial ecology, where 
the food microbiota is considered as a consortium (Krishnamoorthy et  al. 2020). 
Sequencing of taxonomic relevant genes has uncovered the population of microorgan-
isms associated with the food samples. Both metatranscriptomics and metagenomics 
are popularly used to fnd microbial abundance. Nevertheless, metatranscriptomics is 
found more appropriate to identify genes expressed in a food environment (Aguiar-
Pulido et al. 2016). Many ecological investigations (Groenenboom et al. 2020) studied 
in food systems so far had reported the dynamic variations in microbial populations 
during the fermentation process (De Filippis et al. 2018), specifc portions of DNA 
that are amplifed in a thermal cycler, referred to as amplicon regions, and those used 
by high throughput sequencing techniques in food environments are provided in Table 
6.2. Most of the studies have chosen 16S rRNA gene for amplicon sequencing tech-
nique to study the dynamics in food fermentation. The 16S rRNA gene is a ribosomal 
RNA sequence with an approximate length of 1,600 base pairs. The gene region has 
nine variable segments (V1–V9), which are conservative and help identify microbial 
species at the genus or species level. Especially, the regions with the highest diver-
sity that can differentiate microbial communities lie in the V1–V5 regions of the 16S 
rRNA used in metabarcoding studies (Krishnamoorthy et al. 2020). 

table 6.2 List of Studies that analyzed the Food Microbiome During the Fermentation 
process, Storage period, and Spoilage time 

Food amplicon abundant Microbe 
Sample region purpose of the Study reported in the Study reference 

chica (a 
maize-
based 
fermented 
beverage) 

Sourdough 

Sourdough 
(in bakery 
industries) 

V3–V5 

V1–V3 

V2–V3 

microbial diversity 
during the 
fermentation process 

characterization of 
microbiota in french 
sourdough 

microbial population 
during rye sourdough 
fermentation in 4 
different locations 

Lactococcus lactis, 
Lactobacillus plantarum, 
Enterococcus hirae, 
Leuconostoc 
mesenteroides, 
Weissella viridescens 

L. hammesii, L. plantarum, 
L. sanfranciscensis 

L. amylovorus, L. pontis, 
L. sanfranciscensis, 
L. helveticus 

elizaquível 
et al. 2015 

lhomme et al. 
2015 

Viiard et al. 
2016 

(Continued) 
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table 6.2 (Continued) 

Food amplicon abundant Microbe 
Sample region purpose of the Study reported in the Study reference 

cheese 

mexican 
Pico 
cheese 

matsoni 
(african 
fermented 
milk) 

ricotta 
cheese 

grana-type 
cheese 

milk kefr 

Pork 

Beef 

Beef 

White 
pudding 

Sausages 

V3–V4 

V3–V4 

V4 

V3–V4 

V1–V3 

V3–V4 

V1–V3 

V1–V3 

V1-V3 

V1–V3 

V1–V2 

microbial diversity in 
different whey 
dilutions and 
temperature during 
Dutch-type cheese 
production 

effect of ripening ages 
in the microbial 
population of 
mexican Pico cheese 

effect of milk variety 
and regionalism on 
microbial population 
differences 

microbial diversity 
during the shelf life of 
cheese 

microbial abundance 
during ripening and 
fermentation process 
of cheese 

Bacterial population 
during kefr grains 
fermentation 

microbial diversity in 
spoiled and 
vacuum-packed pork 

microbiota changes in 
spoiled beef stored 
under high pressure 
and under vacuum 

microbial population in 
spoilage of 
beefsteaks kept 
under modifed 
atmospheric storage 

microbial diversity 
during spoilage of 
Belgian white 
pudding (meat and 
oatmeal) 

Impact of lactate and 
diacetate addition at 
different concentrations 
during spoilage of 
fresh pork sausage 

L.curvatus/sakei, 
Lactococcus raffinolactis, 
Leuconostoc 
pseudomesenteroides, 
Lactococcus lactis, 
Lactococcus 
chungangensis, 
Leuconostoc 
mesenteroides 

Enterococcus, 
Lactococcus, 
Acinetobacter, 
Streptococcus, 
Staphylococcus 

Enterococcus, 
Streptococcus, 
Lactococcus, 
Lactobacillus 

Paenibacillus, Bacillus, 
Clostridium 

Streptococcus 
thermophilus, 
L. helveticus, L. casei, 
Propionibacterium acnes 

Acetobacter 
pasteurianus, L. 
kefranofaciens, 
Leuconostoc 
mesenteroides 

Lactobacillus, 
Brochothrix, Weissella, 
Photobacterium 

Lactobacillus, 
Lactococcus, 
Photobacterium, 
Leuconostoc 

Carnobacterium, 
Brochothrix, 
Lactococcus, 
Leuconostoc 

Serratia, Lactococcus 
lactis, L. fuchuensis, 
L. graminis, 
Carnobacterium 
maltaromaticum 

Serratia, Leuconostoc 
citreum, Carnobacterium 
divergens, L. graminis, 
L. gasseri, Pseudomonas 
lini 

Porcellato and 
Skeie 2016 

riquelme et al. 
2015 

Bokulich et al. 
2015 

Porcellato and 
Skeie 2016 

alessandria 
et al. 2016 

garofalo et al. 
2015 

nieminen et al. 
2016 

Jääskeläinen 
et al. 2016 

Säde et al. 
2017 

cauchie et al. 
2017 

Benson et al. 
2014 
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Food amplicon abundant Microbe 
Sample region purpose of the Study reported in the Study reference 

grape V5–V6 microbial diversity 
analysis during wine 
fermentation of three 
grape varieties 

grape 18S Diversity of fungal 
populations during 
Italian wine 
fermentation 

ready-to- V6–V8 microbial profle of 
eat leafy green leafy vegetables 
vegetables grown organically and 

conventionally 

Halomonas, marzano et al. 
Gluconobacter, 2016 
Shewanella, 
Oenococcus 

Saccharomyces cerevisiae, De filippis 
Zygosaccharomyces et al. 2017 
rouxii, Hanseniaspora 
uvarum, Candida 
zeylanoides 

Serratia, Acinetobacter, Jackson et al. 
Flavobacterium, 2013 
Pseudomonas, Pantoea, 
Erwinia 

The amplicon-targeted food microbiome analysis has added appreciable knowledge 
of the microbial fora in food processes, such as fermentation of cereals, ripening of 
cheese, and food spoilage (Figure 6.2). Though lactic acid bacteria and yeast are the 
key players in many food fermentations, these biochemical reactions are carried over 
by a complex microbial cluster (De Filippis et al. 2017). These microbial characteriza-
tions help in defning the conventional cheese manufacturing process. The pattern of 
microbial diversity also facilitates traceability of the food samples and product label-
ing for safety concerns (Marzano et al. 2016). The shotgun metagenome sequencing 
enabled identifcation of the microbial taxa to play a lead role in desired favor or tex-
ture during food processing operations (Säde et al. 2017). Interestingly, certain micro-
fora common to the food processing industry are investigated through metagenomic 
sequencing approaches essential in designing starter cultures or ascertaining the ben-
efcial microbes in traditional ethnic food, such as cheese, fermented beverages, and 
sourdough (Nieminen et al. 2016). Source tracking and pathogen control have become 
more convenient through next-generation sequencing techniques. Recently, many 
foodborne disease outbreaks have emerged because of poor hygiene measures in food 
production systems. A few of the outbreaks which were identifed through genomic 
source tracking were salmonellosis in 2008 (Crum-Cianfone 2008), E. coli O157:H7 
in 2006 (Wendel et al. 2009), and Listeriosis outbreak in 2011 (McCollum et al. 2013). 

Based on functional annotation, the possibilities of interrelationship in the microbial 
taxa of the food microbiome have shown many casual effects and correlations. These 
ecological relationships and biochemical determinations highlight many species of 
unculturable bacteria with benefcial properties and give new insights into food safety 
and product development (Porcellato and Skeie 2016). For example, the enrichment 
of organoleptic qualities and protein profle of cheese through analyzing the pathways 
linked with branched-chain amino acids and sulfur were identifed in a metagenomic 
study (Wolfe et al. 2014). Similarly, the microbiome analysis in cheese revealed the path-
ways in producing favor compounds, such as proteolysis, carbohydrate fermentation, and 
amino acid metabolism (Dugat-Bony et al. 2015). Likewise, Geotrichum candidum, as 
a key microbial organism, is involved in the initial phases of the ripening process, where 
the catabolism of amino acids was high through the yeast genes (De Filippis et al. 2017). 
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Figure 6.2 most abundant microf ora in food samples. heat map showing the presence (brown) and absence (dark blue) of the 
dominant microbial taxa (listed on the right). the column bar is colored in accordance with the kind of food matrix, where 
the row bar indicates the taxa of lactic acid bacteria (green) and others as blue. 

Source: adapted and modif ed from De filippis et al. (2018) with permission. 
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6.5 FOOD-MICrOBIOta INteraCtIONS, BaCterIaL 
MetaBOLIteS, aND eVOLVING hUMaN DIet 

The emergence of new molecular tools (DNA sequencing, RNA transcriptomics, 
metabarcoding techniques, metabolomics, gnotobiology, in vitro human gut mimick-
ing models) in food safety explored unpredictable genetic linkages between the food 
and the host microbes. These advanced techniques are employed in postbiotic effects 
of the gut microbiota in neuronal and immune pathways. Identifying missing func-
tions and the strategies for complementing the microbial metabolic pathways that can 
overproduce the harmful compounds will play a critical role in the food-microbiota-
gut health. Some of the key microbial metabolites that are biotransformed by food 
and gut microbiota are listed in the following. 

6.5.1 Bile Salts 

Bile salts play crucial roles in food metabolisms, such as facilitating digestion, 
absorption of lipids, fat-soluble vitamins, and other micronutrients. The greenish-
yellow liquid produced and stored in the liver contains bile salts, the primary compo-
nent of bile. However, for the bile salt to induce and exert its role in food metabolism 
as a biosurfactant molecule, needed are chemical transformations such as deconju-
gation, hydrolysis, dihydroxylation, etc. The gut microbes act and deconjugate the 
bile acids to produce bile salt hydrolases (BSH) used by the host cells to activate 
the  signaling receptors in nutrient synthesis and metabolism (Yokota et  al. 2012). 
The bacteria that thrive in the gut tissues endure the antibacterial activities of the bile 
salts through multiple biochemical and physiological alterations. These adjustments 
include activation of vitamin D receptors, absorption of carotenoids, modifcation of 
cell-signaling pathways to regulate the mechanisms in balancing fatty acids, glucose 
and lipoprotein synthesis (Derrien and Veiga 2017). Similarly, bile salts shape the gut 
microbiome, whereby the microbial diversity varies among individuals based on the 
health conditions. 

6.5.2 phytoestrogens 

Phytoestrogens or dietary estrogens are naturally occurring compounds found in 
plants, and many of such plants are already a part of the human diet. The human gut 
microbiota has protective effects on the absorption of phytoestrogens plant polyphe-
nols. Notably, phytocompounds such as enterolignans, lignans, ellagitannins, equol, 
and urolithins are activated by the gut microbiota (Kujawska and Jodynis-Liebert 
2020), which can bind to estrogen receptors and enhance immunity against colon 
cancer developments. 

6.5.3 Isothiocyanates 

The glucosinolates of the plants are the major precursors for isothiocyanates. 
They are highly reactive organosulfur compound and have a preventive role in the 
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treatment of colon cancer. However, the plant glucosinolates in their original form 
are inactive and transformed through myrosinases (Mi ekus et al. 2020). Generally, 
these myrosinase enzymes are not produced in the human body. Meanwhile, cru-
ciferous vegetables have these bioactive compounds that are cooked and used for 
human consumption, which can kill the natural microfora of the food samples. In 
this scenario, the enzymes produced by the gut microbes play a signifcant role in 
the bioconversion of glucosinolates to isothiocyanates and hence offer protection of 
intestinal cells against colon cancer and other colon-specifc disorders (Shukla and 
Beran 2020). 

6.5.4 Conjugated Linoleic acids 

Lipids consumed through human food are absorbed in colon tissues. The aver-
age lipid content per day ranges from 6 to 8 g, while the fatty acids through food 
occur mostly in ɷ-6 forms. Natural microfora, including Lactobacillus sp. and 
Bifdobacterium sp., are proven to conjugate these ɷ-6 fatty acids into conjugated 
linoleic acids (CLA) (Zongo et al. 2021). These CLA molecules can reduce colon 
carcinogenesis and other infammatory disorders and insulin sensitivity issues. In 
general, CLAs act on cyclooxygenases, peroxisome receptors, and lipoxygenases 
on colon cells to promote immunity against infammatory disorders. In recent times, 
many researchers (Salsinha et al. 2018) have reported the genes encoding the lin-
oleic acid conjugation process in lactic acid bacteria, and a few others have cited 
Propionibacterium as a potential biocatalyst. Recent fndings (Wang et  al. 2018) 
have reported that microbial population in goat intestinal tissues has the capacity 
to conjugate linoleic acid and bacterial population in the bovine liver to biosynthe-
size vitamin A. This implies the signifcance of food-associated microbes in human 
nutrition (Srinivasan and Buys 2019). 

6.5.5 Vitamins 

The vitamin-producing microorganisms from the food source cometabolize the 
key nutrients in the human body to produce energy. Nutraceutical designs incorporate 
these probiotic bacteria in their functional food to fulfll vitamin defciencies (Gu and 
Li 2016). Few bacteria synthesize de novo, and others associate with the human body 
in metabolizing vitamin precursors (Srinivasan 2019). The essential vitamins that are 
synthesized by bacteria include vitamin K, thiamine, folates, cobalamin, ribofavin, 
and some water-soluble vitamins. 

6.5.6 Short-Chain Fatty acids 

Short-chain fatty acids are microbial metabolites produced in gut tissues as 
end metabolites of undigested fbers and carbohydrates. The primary fatty acids 
are butyrate, propionate, and acetate, whereas other short-chain fatty acids such 
as lactate and valerate are also key molecules in the food digestion process. These 
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fatty acids are the energy sources for intestinal tissues and accelerate interleukins, 
nitrous oxide, and tumor necrosis factors (Zongo et al. 2021). Perhaps these micro-
bial-based fatty acids have an antibacterial role against pathogens and protect 
epithelial tissues against invading foreign bodies. Venegas et al. 2019 reveal that 
the Bacteroides sp. produces butyrate during fatty acid metabolism, which can 
resist pathogenic Salmonella sp. from colonizing the gut environment. Moreover, 
diverse studies have documented the impact of short-chain fatty acids (butyr-
ate, acetate, propionate) concentrations on dysregulation of intestinal pathogenic 
colonization. 

6.5.7 Other Key Metabolites 

Many other key metabolites are food microbiota–derived products that can be 
readily absorbed by the colonic tissues and exert benefcial effect when entering 
exogenous and endogenous pathways. For example, the microbiota of the food matrix 
has considerable proteolytic power and can metabolize dietary proteins as well as the 
complex proteins of human origin. These protein metabolites, such as amino acid, 
peptides, ammonia, and carbon dioxide gas, formed after bioconversion, are suf-
fciently available to the host and increase bioavailability at the colon tissues (Shukla 
and Beran 2020). 

6.6 taXONOMY aND DIVerSItY aNaLYSIS OF FOOD 
MICrOBIOta tarGetING the 16S RrNa 

With the recent developments in metagenomic marker analysis such as 16S 
rRNA (bacteria) and internal transcribed spacer (fungi), the taxonomic struc-
ture of the microbial fora in the food became easy for testing novel food safety 
hypotheses (Table 6.3). As highlighted in section 6.4.1, the 16S rRNA techniques 
are popularly used for discriminating the diversity within and between the sam-
ples in fermentation, like food process operations. Though the coverage (number 
of sequences retrieved for a particular sample) and taxonomic resolution (iden-
tifcation of organisms at species level) of the microbial community is achieved 
almost accurately, the potential of these techniques to highlight taxonomic diver-
sity is superior to other techniques (Mayo et al. 2014). Interestingly, these tech-
niques can give several sequences read per sample (rarefaction curve), revealing 
the level of diversity of microbial fora in food samples. On the other aspect, these 
amplicon sequencing techniques are applied on controlled fermented foods inoc-
ulated with starter cultures (Van Reckem et al. 2020) to defne the structure of 
the fermentation-causing microbes. For example, the number of sequence reads 
required for fermented mozzarella cheese (Figure 6.3) is more than that for the 
raw milk as the number of sequences for analysis will be lesser after fermentation 
(Yeluri Jonnala et al. 2018). Similarly, for assessing the microbial quality of the 
meat samples, more sequences are required for fresh meat than for the spoiled 
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table 6.3 Culture-Independent analysis of Food Microbiota taxonomic Composition 
through amplicon Sequencing technique 

Sample 
Sequencing 
Method 

amplicon 
Variable 
region 

Database 
Used 

taxonomic 
resolution reference 

fermented fsh 454 flx V1–V2 rDP genus/Species Koyanagi 
et al. 2011 

Beef 454 flx V1–V3 ncBI genus/Species ercolini et al. 
2011 

meju (fermented 
soybean) 

454 flx V1–V3 rDP genus/Species Kim et al. 
2011 

Kefr (fermented 
milk drink) 

454 gS 20 V1–V2 rDP genus leite et al. 
2012 

Wine fermentation 
(Botrytized 
sweet) 

Illumina 
gaIIx 

V4 rDP family/genus Bokulich et al. 
2012 

cheese (Irish 
origin) 

454 flx V4 ncBI genus roh et al. 
2010 

red pepper 
(fermented) 

454 flx V1–V2 rDP genus/Species nam et al. 
2012b 

raw milk cheese 
(Danish) 

454 flx V3–V4 rDP genus masoud et al. 
2012 

rice beer 454 flx V1–V3 rDP genus Kim et al. 
2011 

Pearl millet 
(fermented) 

454 flx V3 rDP genus humblot and 
guyot 2009 

rice bran 
(fermented) 

454 flx V6–V8 rDP genus/Species Sakamoto 
et al. 2011 

Kefr grains 454 flx V4 ncBI genus Dobson et al. 
2011 

Buffalo cheese 454 Junior V1–V3 green-
genes 

Species ercolini et al. 
2012 

cheonggukjang 
(fermented 
soybean) 

454 flx V1–V2 rDP genus nam et al. 
2012a 

Seafood 
(fermented) 

454 flx V3 green-
genes 

genus roh et al. 
2010 

meat samples since the microbiota tend to reduce during meat spoilage (Stellato 
et al. 2016). 

Though the metagenomic amplicon sequencing approach is commonly used for 
microbial diversity analysis, only high-throughput sequencing techniques (whole 
genome sequencing) are the realistic prospects and are widely used to confrm the 
identity of the microbial cluster. In the food environment, to achieve taxonomic reso-
lution at species level, long read approaches such as shotgun sequencing are proven 
to be effective (Rausch et al. 2019). 
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Figure 6.3 rarefaction curves: (a) samples of mozzarella cheese production and (B) fresh and spoiled beef and pork samples. 

Source: adapted from ercolini et al. (2012) cc by 4.0. 

 
f

O
O

D
 m

Ic
r

O
B

IO
m

e
 



 
 

 
 
 

 
 
 

 
 

  
 

 
 

  
 

 
 

 
 

 

 

 

184 BIOtechnOlOgy fOr tOxIcIty remeDIatIOn anD SuStaInaBIlIty 

6.7 rOLe OF FOOD MICrOBIOMe StUDIeS BeYOND 
taXONOMIC COMpOSItIONaL aNaLYSIS 

This chapter describes the effcacy of high-throughput, next-generation sequenc-
ing in the microbial composition of foods. Beyond this cataloguing application, several 
other advantages are revealed through advanced bioinformatic tools (Hanage 2014). 
The metabarcoding-led postsequencing analytical techniques (PICRUSt, Tax4Fun) 
have technical limitations, such as annotated functional profles, which do not con-
sider the actual gene clusters to analyze the metabolic activity. Whole metagenome 
analysis is another fascinating sequencing technique that can offer microbial groups’ 
functional potentials or microbes based on the real-time analysis of actual genes. The 
combined output of metatranscriptomics, metabolomics, and metaproteomics unrav-
els the molecular scenario behind a food system (Franzosa et  al. 2015). The most 
common application is fnding the dominant bacteria in a bioprocess. The important 
microorganism in kimchi fermentation is Leuconostoc mesenteroides and L. sakei 
(Jung et al. 2011). These bacteria had demonstrated the metabolic potential to ferment 
mono- and oligosaccharides that form the major constituent of the kimchi sample. 

In the cocoa bean fermentation study, the genes associated with carbohydrate metab-
olism and pectinolytic pathway are revealed through whole metagenome analysis. In 
particular, the genes responsible for heterotactic fermentation and pyruvate catabolism 
were found enriched in Lactobacillaceae (Illeghems et al. 2015). Likewise, the genes 
responsible for citrate metabolism and pectinolytic were found in Enterobacteriaceae in 
large numbers. These connections between the metabolic potential and chemical con-
version during cocoa fermentation indicate that these bacteria could contribute to the 
favor formation. Similarly, the food microbiome analysis is used to design appropriate 
strategies to enhance the qualities of food through unraveling the microbes in connec-
tion with the food spoilage or defects. In a metagenomic analysis study on Chinese 
rice wine, the genes responsible for biotin malolactic acids and short-chain fatty acid 
production were revealed by identifying the genes of L. brevis. 

Similarly, L. brevis was found to be more prevalent in spoiled wine samples 
(Hong et al. 2016). In another metagenomic study, the bacteria relevant to the pinking 
defect in cheese is identifed as Thermus thermophilus, and its associated genes were 
abundantly high in spoiled cheese samples (Quigley et  al. 2016). This knowledge 
on defective cheese further explored control strategies to decode the microbial fora 
associated with favor defects and late blowing. 

In cheese industry, the selection of starter culture for enhancing the favor pro-
fle is an important criterion in cheese fermentation. Many microbial fora were 
explored in the cheese rind study (Wolfe et al. 2014). In a comparative analysis of 
natural, bloomy, and washed cheese rind microbial study, Brevibacterium linens and 
Pseudoalteromonas spp. were found in large numbers. The metabolic pathways asso-
ciated with favor compounds, such as methionine and cysteine metabolism, and the 
degradation pathways of leucine and isoleucine for putrid and sweaty aromas were 
identifed in both bacteria abundantly found in cheese samples. Hence, these experi-
ments offer insights into the development of multiple starter cultures with proven 
functional capabilities. 
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6.8 CONCLUSION aND FUtUre reSearCh treNDS 

The study of microbial fora associated with food spoilage, contamination, and 
their role in human welfare is a growing research area that is remarkably transform-
ing the food processing environment. The genomic characterization of starter culture, 
benefcial bacteria or probiotics, foodborne pathogens, and the mixed bacterial clus-
ters in food production facilities revolutionized the safety of probiotic candidates, 
which has enabled tracing back during foodborne disease outbreaks. The culture-
independent amplicon sequencing analysis provides limited resolution and is limited 
only to compositional and diversity analysis. Meanwhile, the long read sequencers 
(PacBio, MinION, and Illumina) allow species- and strain-level identifcation to fne-
tune food safety analysis. Further, the strain-level inference of food microbiome can 
facilitate the isolation and characterization of health-relevant microbial species. 

Interspecies communications and biochemical linkages remain highly complex 
on food-microbe interaction, inducing shifts in physicochemical conditions. To attain 
the maximum beneft out of food-associated benefcial bacteria, it is necessary to 
investigate the molecular language behind the microbe-food-host connections. In a 
food matrix, the microbes (LAB, flamentous fungi, and yeast) are not just limited 
to strain-level coexistence; rather, many mutual exchanges exist, including metabo-
lite exchange, growth-promoting or growth-inhibiting factors, and food substrate–level 
interactions. Hence, the key challenge in enhancing the food-microbe link is achieving 
more understanding of the cellular interactions. For example, the cellular mechanism 
behind bacterial starter culture and the inherent natural yeast in a food medium remain 
ambiguous, signifcantly improving the industrial adaptation of foodborne microbes. 
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7.1 INtrODUCtION 

7.1.1 Why Is resistance a Worry? 

Antimicrobial-resistant microbes and the spreading of antimicrobial resistance 
genes are terrible threats to humans worldwide. Antimicrobial resistance (AMR) 
can be specifed as the microbe expressing resistance to the drug which was effec-
tive in the past and has become less effective or not effective at present. By 2050, 
the death rate ratio by AMR may reach up to 10 million worldwide, a prediction 
by the British government (Nadeem et al. 2020). The most impactful medicine in 
history is antibiotics, which cured a large number of diseases. Due to overuse and 
misuse, we are in a situation of losing them with the emergence of AMR (Nathan 
2020). For all these reasons, AMR is one of the world’s ten highest health threats, 
listed by the World Health Organization (WHO) (May and Grabowicz 2018). In the 
past few years, the AMR of bacterial strains has emerged as a global predominance, 
threatening public health. The increasing magnitude of this issue may be reckoned 
with the widespread excessive use and misuse of antibiotics in clinical practices 
(Huang et al. 2020). 

In the medical and farming felds, the overuse and abuse of antibiotics have 
mounted the drug-resistant bacterial population (Pulzova et al. 2017). Owing to that, 
AMR has gained the upper hand in the developing world. Hence, today AMR is 
regarded as a constant impediment and a tough challenge for the human, farming, 
and medical research sector (Martins et al. 2011). AMR can be expressed in three 
major levels, namely, (i) multidrug resistance, which expresses resistance to two or 
more antimicrobial classes; (ii) extensive drug resistance, acquired lack of suscepti-
bility to more than three antimicrobial classes; and (iii) total drug resistance, which 
expresses lack of susceptibility to all classes of antimicrobial (Magiorakos et  al. 
2012; Shriram et  al. 2018). AMR is indeed a signifcant global worry since there 
have been no successful, effcient discoveries of novel potent antibiotics to combat 
bacterial infections and even secondary infections, especially in the pandemic cri-
sis COVID-19 (Huang et al. 2020). COVID-19 patients having secondary bacterial 
infections like pneumonia and staphylococcal infections, which can be combatted 
by the best arsenal, antibiotics, is becoming a major issue due to AMR (May and 
Grabowicz 2018). Therefore, these global health issues make AMR more problematic 
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than ever, and more attention and action need to be reinforced through effcient, 
novel approaches and biomedical research. 

7.1.2 Do aMr Bacteria Feed on antibiotics? 

In this kill-or-be-killed AMR world, the superbugs—bacteria resistant to mul-
tiple numbers of various antibiotics—have found successful defense mechanisms to 
avoid antibiotics’ effect (Martins et al. 2011; Al-Seghayer and Al-Sarraj 2021). Some 
combat the antibiotics through effux pumps, target alterations, or protective coat-
ings as they shield their vulnerable parts (Housseini et al. 2018). One of the mecha-
nisms that superbugs are adapting gradually is that they have learned to eat those 
antibiotics. Turning those antibiotics into buffets for them has evidenced that these 
AMR bacteria have noshed on the germs-killing drugs to gain more energy (May 
and Grabowicz 2018). Utilizing these drugs as fuel and multiplying in great quantity 
reveals an increasing AMR health threat (Duan and Kumar 2018). 

Post-destructing beta-lactam rings of antibiotics by beta-lactamase, the bacte-
rium will use an enzyme, namely, amidase, to break the big antibiotic body into 
smaller molecules (Sader et al. 2013). Gradually, the AMR bacteria will be able to 
chew on the dismantled molecules of the drugs and fnally eat them (Blair et al. 2014). 
Feeding on antibiotics as fuel for growing and multiplying has become a strong key 
factor for developing AMR bacteria, especially soil bacteria (Pozzi 2020). Using 
antibiotics components such as carbon and nitrogen as their fuel source boosted the 
growth of AMR bacteria, which perilously led to the development of pandrug resis-
tance in many sectors across the world (Martins et al. 2011; Pozzi 2020). 

7.2 aNtIMICrOBIaL reSIStaNCe aND ItS GLOBaL DOMINaNCe 

Antimicrobial resistance (AMR) is a major health crisis in both developing and 
developed countries (Raina 2019). AMR is the capability of germs to endure the 
effects of the antimicrobial agents that were earlier active in treating infections 
caused by the same bugs (Moo et al. 2020; Amann et al. 2019). Recent reports fnd 
the prevalence of AMR microorganisms in humans and animals and in the Arctic 
and International Space Station (McCann et  al. 2019; Urbaniak et  al. 2018). For 
several years, ResistanceMap (resistancemap.org) has to monitor the geographic 
trends in microbial resistance. Global Antimicrobial Resistance Surveillance, Global 
Antibiotic Research and Development Partnership, and Interagency Coordination 
Group on Antimicrobial Resistance have been formed by the WHO to analyze the 
epidemic nature and research and development in AMR from all countries (Frost 
et al. 2019). Using the standardized protocols and the data from the country, Global 
Antimicrobial Resistance Surveillance declared the major factors infuencing AMR, 
and a few are poor sanitation, consumption of broad-spectrum antibiotics, destitute 
health-care setup, and people traveling at both national and international levels. 
There are many strategies organized to confne AMR by global collective action. 
Mutual plans such as providing awareness to health-care professionals, rapid diag-
nostic techniques to identify the strain, educating patients on how the improper use 
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of antimicrobials became a hazard to health as well as clear instructions on tak-
ing antimicrobials, limiting the availability of drugs, proper monitoring system for 
antimicrobials in agricultural sectors, regulating multidrug treatment, and social 
immunization to develop immunity against diseases provide signifcant results in 
stewardship against AMR (Spruijt and Petersen 2020). 

7.2.1 History of Antimicrobial Resistance 

Antimicrobials, very particularly antibiotics, were considered a magical tool in 
the history of medicine. There is plenty of literature restating the indispensable role of 
antimicrobials in various circumstances. With the emergence of AMR, the research 
community has confessed that this has not been the case in a little while. Many anti-
biotics such as tetracycline, actinomycin C2, C3 have been discovered from human 
skeletal remains from the earliest Sudanese Nubia around 350–550 CE (Bassett et al. 
1980; Nelson et  al. 2010; Dhingra et  al. 2020). Likewise, many historical studies 
indicate the exposure of antimicrobials by conventional treatment for a long time. 
Continuous exposure and selective pressure by this kind of treatment for a long time 
may contribute to the accumulation of AMR in the environment (Wong et al. 2010). 
Phylogenetic reconstruction revealed the occurrence of antibiotic resistance genes 
in a human. This analysis suggested that long-term exposure of antimicrobials may 
increase the possibility of antimicrobial resistance genes in humans by nature, and 
this may work well before the antibiotic era (Aminov and Mackie 2007; Kobayashi 
et al. 2007). 

7.2.2 Antimicrobial Resistance vs. Humans 

AMR is one of the major health crunches in the twenty-frst century since the 
postantibiotic era was less successful with the rise of AMR microbes (Figure 7.1). 
This may occur due to many factors, chiefy the overuse of antimicrobials and less 
knowledge and facilities to identify the microbe and its susceptibility (Anderson 
et al. 2019; Ajuebor et al. 2019). 

Figure 7.1 Milestones in antibiotic history and the development of antimicrobial resistance. 
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The other cause of AMR escalation is the evolution and distribution of resistance 
determinants within the bacterial populations. The plethora of uses of antimicrobials 
against the bacteria has further sped up the resistance. In reality, huge numbers of 
fraudulent pharmaceutical companies have appeared due to a large requirement of 
drugs. This drug counterfeit may play a vital role in the spread of AMR in humans 
(Renschler et al. 2015; Evans et al. 2019). AMR bacteria such as Escherichia coli, 
Klebsiella pneumoniae, and Staphylococcus aureus are reported to be pathetic 
strains even though AMR is disclosed in fungi, viruses, and parasites. Both Gram-
positive and Gram-negative human pathogens emerged as AMR and caused devasta-
tion to public health. Incidence of methicillin-resistant S. aureus, extended-spectrum 
beta-lactamase, vancomycin-resistant enterococci, AmpC beta-lactamase, and car-
bapenemase-producing enterobacteriaceae may be considered as substantial threats 
to humans (Santajit and Indrawattana 2016). Commonly, health-care institutions act 
as an epicenter for AMR organisms, and some are causing community-acquired 
infections with increased morbidity and mortality, which again facilitate the over-
use of antimicrobials (Van Duin and Paterson 2016). To avoid overprescription of 
antibiotics for ear infections, common colds, sore throats, and sinusitis, there are 
new antibiotic stewardship programs formed which signifcantly reduce new AMR 
strains (Centers for Disease Control and Prevention 2019; Yong et al. 2010). On the 
other hand, humans themselves act as a promising carrier who has been spreading 
AMR since the ancient period (Yang and Buttery 2018; Brinkac et al. 2017). 

After discovering penicillin, Alexander Fleming stated that penicillin-resistant 
microbes would appear in the meantime, and that prediction has become true quickly. 
The role of humans in AMR is certainly signifcant, but at the same time, AMR also 
occurs in nature. Resistance gene clusters in bacterial species did not arise with the 
golden age of the antibiotic era, but they must have been in the bacterial DNA for 
30,000 years. These shreds of evidence suggest that naturally, bacterial systems have 
carried the antimicrobial-resistant gene for a long time, which is highly expressive in 
the meantime. At fnal, AMR in bacteria is a natural process that would exist even in 
the absence of human management. 

7.2.3 antibiotic resistance in animals 

The overuse of antimicrobials by humans has caused an adverse effect in the 
environment, which leads to intensifying AMR. Therefore, AMR is an immediate 
global priority call for international combined collaboration over a “One Health” 
response. Other than humans, animals, plants, and the surrounding environment 
also contribute to AMR. Animals are the second major potent source that causes 
and spreads AMR in low- and middle-income countries. Generally, AMR is a label 
for resistance to bacteria, viruses, parasites, and fungi. The new term antibacterial 
resistance (ABR) is known for resistance in bacteria, which is the most crucial form 
of AMR, because of the increased mortality and morbidity at the global level. Van 
Boeckel et al. (2015) initiated the frst step to analyze AMR data on farm animals 
globally. Four bacterial species, Campylobacter spp., Salmonella spp., E. coli, and 
S. aureus, were chosen based on infection in humans and animals (He et al. 2020). 
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Data on AMR in animals are very little since the problem is not focused on widely 
worldwide. In food animal production, antimicrobials and growth hormones were 
used to treat infection and increase the growth of animals. In such a case, mass medi-
cation is practiced through food and water instead of individual exposure. Mass medi-
cation practice, which is commonly known as metaphylaxis, targets the treatment of 
infected animals and is sometimes used to prevent diseases (McEwen and Fedorka-
Cray 2002). A list of antimicrobials is approved and justifed for treating animals for 
various infections, such as liver abscesses, and to improve weight gain and treat respi-
ratory diseases. Due to chronic exposure of antimicrobials and growth promoters, 
major zoonotic pathogens, Salmonella, Campylobacter, Yersinia, and E. coli, become 
antimicrobial-resistant pathogens. These newly emerged pathogens can easily transfer 
through the food chain to humans (Salyers 1995). On the other hand, fecal waste from 
thousands of animals is often used for composting and manure preparation, which also 
involves the spread of antimicrobial-resistant microbes in water and the environment 
(Chee-Sanford et al. 2001). Less availability of veterinary diagnostic laboratories and 
its action to identify the outbreak species may also concern the spreading of AMR. 
In middle- and low-income countries, the costs of testing for the endemic emergence 
of bacteria has become an economic burden for animal producers, ultimately reduc-
ing data on AMR in animals (Pieri et al. 2020). Inadequacy of resources for testing, 
lack of coordination, and concern about sampling bias are considered major barriers 
to improving close observation (Andleeb et al. 2020). A continuous enhancement of 
animal disease control programs may help downturn the spread of animal disease and 
the spreading of resistant zoonotic pathogens (Fedorka-Cray et al. 2002). 

7.2.4 antibiotic resistance in the atmosphere 

Contemporary research undoubtedly found AMR as an ancient phenomenon, not 
newly emerged. Other than the activities of humankind and animals, environmental 
factors are majorly contributing to AMR. Before discovering antibiotics by a human, 
a wide range of bacterial species synthesized antibiotics for several thousand years. 
Synthesis of antibiotics by a microbe may compete against other competitors, and the 
competitors start to develop resisting mechanisms on their own. So it’s not surpris-
ing that antimicrobial-resisting microbes and antimicrobial-resisting genes are perva-
sive in nature and can be predominant in urban wastewater (Pieri et al. 2020). The 
aquatic background is considered as a key reservoir for the spread of AMR with the 
increased rate of conjugation (Alves et al. 2014; Pérez-Etayo et al. 2020). For instance, 
the unrestrained discharge of semitreated, most of the time untreated, wastewater from 
the clinical and pharmaceutical industry accumulates huge levels of antibiotics in the 
environment (Waseem et al. 2017; Lübbert et al. 2017). This polluted environment may 
facilitate the discharge of antimicrobial-resisting genes in sewage or effuent, which 
causes recontamination in humans and animals, even more when an immunosup-
pressed person contacts with it (Lenart-Boro et al. 2017; Heß et al. 2019). Commonly, 
the urban environment is getting polluted by direct and indirect actions of humans, but 
unusually, remote atmospheres such as forest and grassland also host antimicrobial-
resisting genes with varieties of novel AMR factors from soil metagenomes (Willms 
et al. 2019). The factors behind the incidence of antimicrobial-resisting genes in wildlife 
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are not yet revealed; still, there are many kinds of research attempts to measure the 
concentration of antimicrobials and describe the AMR. Unfortunately, concern on the 
system that includes human, animals, and the environment about AMR is still lacking 
in developing and developed counties. This breach should be addressed without further 
delay. The unifed surveillance between human medicine, veterinary medicine, and the 
environment at local, national, and international levels is highly needed to determine 
the factors involved in the emergence of new AMR (Moore 2019; Queenan et al. 2016). 

7.3 the eVOLUtION OF MICrOBIaL 
DeFeNSe: GeNeraL MeChaNISMS 

The evolution of strong microbial defense over the years is majorly due to vari-
ous mechanisms that bacteria adapt to attain resistance to antibiotics. For instance, 
methicillin-resistant Staphylococcus aureus, vancomycin-resistant enterococcus, 
drug-resistant Salmonella serotype typhi, and so on (Puigbò et al. 2017). These resis-
tant bacteria were developed due to microbial defense mechanisms that slow down or 
disrupt the actions of antibiotics, thus giving rise to a global pandemic alarm, AMR. 
Mechanisms usually encompass several different biochemical alterations that modify 
various bacterial cellular functions and properties (Pozzi 2020). The bacteria, therefore, 
become resistant and less susceptible to a particular antibiotic, and the effectiveness 
of that antibiotic automatically diminishes. Some key examples of those biochemical 
alterations which give rise to bacterial resistance involve the development of strong 
membrane impermeability, which strengthen the inhibition of drug uptake; activation 
of effux pumps for the antibiotics, which purposely pushes and remove the drug out of 
the cell; enzyme degradation, which inactivates the action of the drug; altered-antibi-
otic targets of the protein or receptor, which will lead to the impairment of the binding 
site, thus rendering the antibiotic ineffective; and antibiotic resistance gene, which is 
developed through mutation or novel gene acquisition (Blanco et al. 2016; Pozzi 2020). 

7.3.1 efflux pumping 

Drug effux pumping is regarded as a key primary resistance factor that is mostly 
adapted in Gram-negative microbes. This particular pump system focuses on solut-
ing the antibiotics out of the bacterial cell (Huang et al. 2020). It is understood that 
when those effux pumps are overexpressed, it produces a strong correlation and link to 
resistance against drugs (Martins et al. 2011). Without any alterations of the antibiotic 
or target site, the effux pumps greatly reduce the drug concentration and drug uptake 
(Figure 7.2A). Thus, with the effux pump mechanism, resistance in various clinical 
microorganisms is acquired (Ebbensgaard et  al. 2020). Tetracycline effux pump in 
E. coli was the frst known and discovered effux pump, and it is a secondary active 
transporter that is normally activated by a membrane proton gradient. Effux pumps are 
a renowned, common resistance mechanism that several clinical bacteria have adopted 
for several classes of antibiotics, namely, macrolides, phenicols, aminoglycosides, 
streptogramins, tetracyclines, and others (Blanco et al. 2016). Being the most common 
mechanism of expulsing the germ-killing medication through its wall, this mechanism 
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of effux pumping is majorly generated from the resistance nodulation cell family, which 
are enhanced by gene regulators (Ebbensgaard et al. 2020). Apart from antimicrobial 
agents, effux pumps also allow the bacteria to remove toxic and unwanted materials, 
such as metabolites, quorum molecules, and others (Blair et al. 2014). 

Effux pumps constituting several active transporters such as resistance nodula-
tion cell, ATP-binding cassette superfamily, major facilitator superfamily, and so on 
aid majorly in expelling the antibiotics out of the cell (Blanco et al. 2016). Utilizing 
energy sources, the effux pump systems can remove the drugs out of the cell, result-
ing in increased AMR. Thus, studies and research on the effux pump mechanism 
may effectively assist in discovering novel antibiotics for different lines of treatment. 

7.3.2 Membrane Impermeability 

This particular defense mechanism of bacteria has been employed against antibi-
otic therapies, whereby the bacteria will have a membrane barrier to limit intracellu-
lar access of antibiotics (Housseini et al. 2018). In clinical isolates, the prevention of 
antibiotic infusion owing to strong membrane impermeability is an imperative step 
that creates an elevated level of antibiotic resistance (Salusso and Raimunda 2017). 
The outer membrane barricade of a bacterium is normally strengthened by an extra 
layer of protection that diminishes antibiotics’ entry scope to a great level (Figure 
7.2B). The dual inhibitory effect of bacteria is due to a strong macromolecular assem-
blage, resulting in a natural resistance (Puigbò et al. 2017). 

Figure 7.2 general mechanisms of antimicrobial resistance. 
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The outer membrane proves to be a robust permeability barrier in antibiotics by 
demonstrating strong inhibitory capacity due to the assembly of the lipid bilayer in 
a contiguous and unique barrier (Housseini et al. 2018). The asymmetrical bilayer 
barrier, encompassing the phospholipids (inner leafet membrane) and liposaccha-
rides (outer leafet membrane), improves the impermeable complexity and capacity 
of the highly hydrophobic membrane barricade (May and Grabowicz 2018; Salusso 
and Raimunda 2017). Hence, the reduction of permeability is considered an effective 
microbial defense for multidrug resistance (Seasotiya et al. 2015). 

7.3.3 altered-antibiotic target 

Apart from drug modifcation, AMR is also greatly attained by altering antibiotic 
target binding sites in a bacterium (Phillips and Gnanakaran 2014). In contrast to 
the mechanistic way of enzymatic degradation, which modifes the whole drug, the 
altered-antibiotic target defense mechanism is inclined towards impairing the target 
binding site (Figure 7.2C). Altering the shape of the target and not destroying the 
whole native function of the bacteria is mainly caused by mutations. For instance, 
quinolones (ciprofoxacin, macrolide) cannot show inhibitory action to certain bac-
teria, owing to mutations that have changed the structure of the antibiotic targets 
(Housseini et al. 2018). Antibiotic target enzymes of quinolones are DNA gyrases, 
and when the genes coding for these particular proteins are mutated, then resistance 
is apparent (Seasotiya et al. 2015). 

7.3.4 enzyme Degradation 

Enzymatic degradation is one effective mechanistic approach of multidrug-resis-
tant bacteria that majorly confer resistance to various antibiotics. Multidrug-resistant 
bacteria code for different kinds of enzymes to modify and degrade antibiotics. The 
shape of the antibiotics is normally degraded or modifed by enzymes that have been 
coded by the bacteria (Blair et al. 2014). For instance, the beta-lactamase enzymes 
have been coded by bacteria to degrade and alter the beta-lactam antibiotics orien-
tation to inactivate the inhibitory action of the medications (Bethany 2020). The 
enzymes will focus on cleaving the functional lactam ring of the drug, thus rendering 
the latter to be inactive (Culp and Wright 2016). The modifying enzymes will express 
their degradation action on the antimicrobial agent such that the characteristic fea-
tures will be disoriented (Figure 7.2D). Hence, enzyme degradation depicts high 
destructive effects on antibiotics, which elevates the resistance level of multidrug-
resistant bacteria. 

7.3.5 antibiotic resistance Gene 

Chromosomal mutations have acquired resistance to antibiotics when DNA is 
normally copied during growth and development (Phillips and Gnanakaran 2014). 
Through these sequential mutations, bacteria advance step-by-step from low- to 
high-level resistance. E. coli and other Enterobacteriaceae strains have improved 
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resistance to fuoroquinolones, owing to chromosomal mutations in the topoi-
somerases (Wang et al. 2001). Two major genetic mechanisms may establish anti-
biotic resistance: mutation and new genetic material acquisition. In mutation, the 
pace at which the resistance develops can be related and attributed to the rate at 
which the bacteria are mutating. A mutation may be defned as a continuous altera-
tion in the genetic material of an organism. When cells split, mutations inevitably 
occur (Seasotiya et al. 2015). Bacteria are particularly very vulnerable to mutation 
because their genome consists of a single chromosome and has a high replication 
rate. The more the cells replicate, the greater the risk of mutation in those bacteria 
(Ebbensgaard et al. 2020). Acquisition of new genetic material is a natural process 
that occurs in bacteria. That genetic mechanism is the most common way by which 
resistance in bacteria develops. Gaining a new mutated, antibiotic-resistant gene is 
greatly facilitated by the prokaryotic characteristic feature of bacteria (they do not 
have a nucleus; hence, their genome is not well protected, in contrast to eukaryotes) 
and by the presence of plasmids (bits of small DNA), which are present in bacteria, 
separated from the chromosome (Seasotiya et al. 2015). Therefore, when the bacte-
rial genetic material is foating openly in the cell, there are more chances of gene 
transfer (Phillips and Gnanakaran 2014). The transferrable gene process is when 
a segment of a particular genetic material has been moved from one bacterium to 
another bacterium. The gene transfer frequently involves transmitting the small plas-
mids in bacteria (Seasotiya et al. 2015). 

Horizontal gene transfer in bacteria may result in genomic expansion and acqui-
sition of novel characteristic functions. Moreover, loss of the genome may lead to 
genome reduction, and they are known as key processes of new and evolving bacte-
rial and archeal genome systems (Blanco et al. 2016). One of the main key factors 
associated with the environmental propagation of AMR is the acquisition of for-
eign genes or mobile genetic elements between species regardless of their genus that 
causes the emergence of resistance. Some of the mobile genetic elements transferred 
through conjugation include insertion genes, plasmids, integrons, and transposons. 
Also, soil bacteria may produce genes for antibiotic resistance, which cause various 
mechanisms to overcome natural environmental antibiotics (Housseini et al. 2018). 

7.4 FaCtOrS INFLUeNCING reSIStaNCe IN eNVIrONMeNt 

Over several decades, AMR has been considered to be a major public health 
crisis, even though the emergence of AMR is a natural process. During exposure to 
antimicrobials, susceptible or normal hosts will be inhibited, and some will remain 
with resistance mechanisms acquired by nature. On the other hand, AMR also 
evolves through the various man-made processes. There are many factors, such as (a) 
high consumption of broad-spectrum antibiotics, (b) consumption of food animals, 
(c) pharmaceutical industry pollution, (d) poor sanitation exercises, and (e) practices 
in the wellness program that may contribute to increased AMR in the environment 
(Gandra et al. 2017) (Figure 7.3). The impact of AMR in terms of mortality of humans 
and animals is quite challenging due to insuffcient data on the national level. 
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Figure 7.3 Possible routes of carrying antimicrobial resistance. 

Several felds of contemporary treatment approaches, intensive care for newborn, 
organ transplantation, accident care, and chemotherapy for cancer highly depend 
on effective drugs. As a result of new evolved AMR strains in a health-care setup, 
the infection of AMR pathogens in postoperation becomes challenging to cure. The 
infuence of AMR in the economic sector of a country is also a leading calamity. 
While resistance is observed for the frst line of antibiotics, there is a need to move to 
the second and third line of antibiotics, which will be an additional economic burden 
for low-income countries (Smith et al. 2015). 

7.4.1 high Consumption of Broad-Spectrum antibiotics 

Sales of antimicrobials every year are continuously elevating from all over the 
globe. China was in the frst place for antimicrobial consumption based on antibiotic 
sales in 2014 (Laxminarayan et al. 2016). As the monitoring and regulation for the 
consumption of antimicrobials are not practiced properly, overprescription by medi-
cal practitioners may facilitate AMR. Without the full characterization of infectious 
agents, medical experts are forced to prescribe antibiotics due to fewer laboratory 
facilities and time (Asensio et al. 2011). On the other side, self-medication practice 
has turned into a common pattern that also plays a vital part in AMR emergence. 
Easy availability of drugs may promote self-medication and excessive use in develop-
ing countries. People fail to know the ground reality that antibiotics are not wonder 
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drugs and cannot cure all ailments. The need for and consumption of antimicrobi-
als in a hospital setup are much more than in the common community. Prolonged 
use of antimicrobials to treat chronic diseases may enrich AMR and its fast spread. 
Immunosuppressed elders, the intensity of clinical therapy, a lengthy stay in hospital 
can spread AMR from one patient to another (Gandra et al. 2017). 

The casual use of broad-spectrum antimicrobials, specifcally third-generation 
cephalosporin, has considerably increased in recent years, from 2000 to 2015. As 
a result, third-generation cephalosporin-resistant E. coli has been reported in many 
countries. Many key factors elevate the use of broad-spectrum antibiotics, particu-
larly third-generation cephalosporin (Taneja 2007). Initially, narrow-spectrum anti-
biotics, fuoroquinolones, were used to treat enteric fever and dysentery in humans. 
Due to the long and continuous use of fuoroquinolones, however, fuoroquinolone 
resistance in bacteria emerged and caused the demand for the next line of antibiotics 
(Mukherjee et al. 2013). The second reason for the increased use of third-generation 
antibiotics are general physicians who directly prefer wide-spectrum antibiotics 
instead of starting from a narrow spectrum (Kotwani et al. 2010). The last reason 
is, with the availability of narrow-spectrum antibiotics, wide-spectrum antibiotics 
replace narrow-spectrum antibiotics in pharmacy due to physicians’ preference. The 
use of narrow-spectrum antimicrobials instead of broad-spectrum in a possible place 
may limit AMR’s genetic evolution and spread (Kotwani et  al. 2015). Multidrug 
therapy further assists in the progression of AMR in modern medicine. Multidrug 
therapy combines two or more drugs in a single-dosage form (Gautam and Saha 
2008). Before the prescription of multidrug therapy, a clear proven advantage, safety 
measures, and side effects of the dose should be analyzed (Fernández-García et al. 
2020). Unfortunately, multidrug therapy is heavily prescribed in both developing and 
developed countries, and again this happens due to less availability of diagnostic lab-
oratory services. Injudicious use of multidrug therapy with varieties of combinations 
is increasingly high in many countries. These practices surely decrease the avail-
ability and effcacy of available drugs and further lead to the emergence of AMR 
(Ahmad et al. 2016; Palwe et al. 2020). 

Many social factors, such as overprescription, self-medication, use of the same pre-
scription for second-time infection, and informal health providers, are directly associ-
ated with the emergence of AMR in a common community. Among the previous list, 
self-medication is considered to be a huge issue in many countries. Self-medication 
has become a common practice for infections such as common colds, headache, and 
fever. The main reason for self-medication is to avoid a fnancial burden, such as 
physician fees, a costly diagnostic procedure that may restrict people from a formal 
medical visit. The freelance accessibility of drugs in pharmacy also encourages the 
general public towards self-medication (Broom et al. 2020; Chambers et al. 2020). 

7.4.2 Consumption of Food animals 

Currently, it is unimaginable to think about veterinary medicine without antimi-
crobials. After the discovery of antimicrobials, it also started to do magic in the vet-
erinary world (Zhao et al. 2020; Sun et al. 2020). In the olden days, without knowing 
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zoonotic diseases, people followed some practices to prevent the spread of diseases 
in animals, such as isolation of infected animals and separating aged and immuno-
suppressive animals from the club. There was also a belief that a disease outbreak 
was an act of God (Vaarten 2012; Rell et al. 2020). After the discovery of the very 
frst antibiotic, there were many attempts to fnd various antimicrobials. In a concise 
period, antimicrobials are widely applied in veterinary treatments. Generally, anti-
microbials are used in four different ways in contemporary food animal production, 
and they are (1) therapy, to treat infected animals; (2) metaphylactic, treatment with 
the healthy animal to prevent symptoms and infection; (3) prophylactic, medicated 
early weaning; and (4) growth promotion, the mixing of antimicrobial in animal feed 
to improvise growth (Aarestrup 2005; Palma et al. 2020). On another side, modern 
antimicrobials provide food safety through the maintenance of healthy animals. It 
also prevents farmers from poverty, by having a wide range of animal species pro-
tected from a spectrum of infections (Vaarten 2012). 

For all the aforementioned reasons, overuse of antimicrobial in the veterinary 
world has paved the path for the emergence of AMR in animals. Data for antimicro-
bial use in food animals is not available in many countries. Modifcation of health 
practices may demand increased animal protein further to accelerate antimicrobial 
use in food animals. The increased market of food animals fully depends on growth 
promoters, and these promotors’ administration has become a common practice. In 
poultry, colistin, tetracycline, doxycycline, and ciprofoxacin are used as growth pro-
moters that are highly harmful to human health (Brower et al. 2017; Zhang et al. 
2020). The vast list of antibiotics and growth promoters is also reported in the aquatic 
environment in many countries. Among all, many drugs like colistin and ciprofoxa-
cin are used to treat severe illnesses in humans. Various research on AMR in food 
animals clearly describes that the continuous exposure to this kind of growth pro-
moter leads to plasmid-mediated resistance (mcr-1 gene), and the prevalence of this 
plasmid-mediated resistance is. also reported in humans all over the world (Liu et al. 
2016; Wang et al. 2020; Andersson et al. 2020). It will also cause an adverse effect 
in the common community who are associated with this practice. This is the collec-
tive responsibility of the government and the private and public sectors to stop the 
overuse of antimicrobials to protect their effectiveness for the future and prevent the 
emergence of AMR further. The present scenario also urges us to anticipate the legal 
use of antimicrobials and the development of alternatives for the health of humans 
and animals. 

7.4.3 pharmaceutical Industry pollution 

Investment in pharmaceutical companies to produce antimicrobials was gradu-
ally increased in the golden era of antibiotics. As a result, the effuent from these 
companies contains antibiotics in substantial quantity, polluting the land, groundwa-
ter, and water bodies located nearby (Lübbert et al. 2017; Gothwal and Shashidhar 
2017). 

The WHO framed good manufacturing practice for drug safety, but the whole 
responsibility for monitoring the company was given to the local government 
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(Karmacharya 2014). There are two majorly classifed pharma companies: (i) active 
pharmaceutical ingredient manufacturer, who produces a wide range of drugs, and 
(ii) formulation companies, who receive the raw drug from the active pharmaceutical 
ingredient and formulate them as syrups, tablets, and vials. Among the two, active 
pharmaceutical ingredient units discharge a considerably large quantity of effu-
ent with a notable trace of antibiotics to the environment (Azuma et al. 2019). The 
diversity of antibiotics in the effuent leads to AMR development in the microbes 
associated with the environment. Many recent studies report an enormous amount 
of antibiotics from the soil and water bodies nearby pharmaceutical companies. 
Therefore, there is an urgent need for proper guidelines and an absolute monitoring 
system at the global level to control the effuent discharge from the pharmaceutical 
industries to prevent AMR in the environment (Aydin et al. 2019; Khan et al. 2020). 

On the other side, the declining investment in pharma companies’ research and 
development sector for the development of new antibiotics may be fueling AMR 
(Fair and Tor 2014). A diminishing picture in the development of new antibiotic 
is observed for various reasons, mainly regulatory barrier and cost, the perception 
that there are no new antimicrobials, challenge with competition in the market, and 
fnally, cost of capital investment. As a result of AMR, the plan of developing new 
antimicrobials is “kept on the shelf,” not being sold (Årdal et al. 2020; Lewis 2020). 

7.4.4 poor Sanitation exercises 

Proper sanitation practice in the environment may play a vital role in the emer-
gence and spread of AMR. Improved water sanitation structure is a fundamental 
element for protecting public health from these mutating AMR microbes (McEwen 
and Collignon 2018). As per the report from UNESCO, 2017, more than 80% of 
wastewater from the nation is still streaming to the terrestrial and aquatic ecosystem 
without proper treatment (Hendry et al. 2017). There are plenty of ways for resistance 
to emerge from wastewater in both rural and urban environments. In most countries, 
collective wastewater treatment plants have plentiful unresolved issues that highly 
commit AMR spread in microbes and diverse resistant genes (Reis et  al. 2020a). 
Wastewater treatment plants continuously hold a wide spectrum of human commen-
sals, including antimicrobial-resistant bacterial species and their resistant genes and 
also the trace of antibiotics from human excreta (Zhang and Li 2011). Selective pres-
sure even less in quantity would be caused by antibiotics to human commensals in 
the wastewater. The continuous exposure of selective pressure surely assists the prog-
ress of AMR evolution (Berendonk et al. 2015; Reis et al. 2020b). 

Further, the presence of disinfectants, metals, and biocides facilitates horizontal 
gene transfer by conjugation process. Surveying the rate of horizontal gene transfer 
in wastewater treatment plants is still unknown since the process occurs at various 
frequency levels. Even the occasional gene transfer event, pathogen acquiring a new 
antimicrobial resistant gene, is also essential to frame potent wastewater treatment 
plant (Von Wintersdorff et al. 2016). Therefore, there is a need for advanced research 
and standardized procedures to monitor the diversifcation of AMR microorganisms 
in the wastewater management system. Both the WHO and national AMR policies 
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would proft from a more holistic “one water” awareness (Bürgmann et  al. 2018). 
Therefore, the suitable collection, execution, and treatment process of sewage is a 
fundamental step in limiting the spread of abundant human diseases, preventing the 
need for antimicrobials and, ultimately, AMR organisms. 

7.4.5 practices in the Wellness program 

To all appearances, misuse of antimicrobials may be the key factor for the evo-
lution and spread of AMR in various microorganisms. Many practices in primary 
wellness programs, such as pressure to the physician for quick relief by the patient, 
may initiate the prescription of wide-spectrum antibiotics (Md Rezal et  al. 2015; 
Weiner et al. 2016). Another is fear of prescribing costly diagnoses. If the investiga-
tion is costly, the patient will not come back in the future. To avoid these, doctors 
go for a wide spectrum of antimicrobials (Chandy et al. 2014; Shet et al. 2015). The 
next major reason is pressure from pharmaceutical companies on doctors to impose 
new antibiotics. In most of the public sector, that the physicians must attend to a list 
of patients in a short period may prevent proper investigation and proper awareness 
about antimicrobials. Lack of diagnostic laboratories in primary and secondary hos-
pitals and the economic burden of common people not being able to afford to go for 
the diagnostic procedure in the private sector further accelerate the spread of AMR. 
The supply of medicine in the public sector may not be even; in some periods, it 
may be high, and sometimes nil. This is an informal duty that the physician should 
balance both situations. Frequently, doctors in this situation overprescribe drugs to 
dispose of them before expiry. Finally, lack of awareness on AMR in both public and 
private sectors may be the sole reason for AMR’s scattering in wellness practices 
(Kotwani et al. 2010; Stålsby Lundborg and Tamhankar 2014; Dyar et al. 2016). 

7.5 perSpeCtIVeS aND aLterNatIVe apprOaCheS IN trIaL 

Nearing the century, works of literature indicate that antibiotic resistance can-
not be stopped. However, AMR can be adequately postponed, or its occurrence can 
be controlled (Laxminarayan et al. 2013; Culp et al. 2020). Ever since AMR’s frst 
report, attempts have focused on discovering antimicrobial drugs or improvements to 
existing antibiotics. Nevertheless, consistency and concentration of static dose com-
binations, distribution of plasma drugs over time, interdeployment variability, etc. are 
not well regarded to resolve the AMR problems in clinicians’ opinions (Capita and 
Alonso-Calleja 2013; Cantas et al. 2013). As an alternate technique for dramatically 
delaying AMR growth, the current phenomena of pharmacokinetics or pharmaco-
dynamics should be utilized effectively (Manyi-Loh et al. 2018; Sharma et al. 2018). 

A clinician should initiate treatment with the minimum available dosage of a 
specifc or a mixture of antibiotic(s) and steadily increasing the amount of the anti-
biotic and dose duration for each dosage (Barker 1999). The expectation is that an 
incremental increase in the medicine concentration of microbes could result in a 
substantial decrease in the time needed for AMR production because the selective 
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pressure of pathogens cannot be graded. The rationale for the theory is that nonresis-
tant pathogens replicate faster than resistant in below the least inhibitory concentra-
tion and destroy nonresistant pathogens and breeds of resistant pathogens within the 
therapeutic window (Tanih et al. 2009). 

The drug dose outside therapeutic windows is useful during the treatment of 
resistant mutants. Oversight in Gram-negative species, including Pseudomonas aeru-
ginosa, appears to have been gained in the intervention era by introducing fuoroqui-
nolones, carbapenems, and oxymino-cephalosporins (Weinstein 2001). Admittedly, 
certain organisms react with a signifcant ability to pass, recruit, and alter the expres-
sion of resistance genes through their membrane organization, making it possible to 
exclude and exert antibiotic drugs (Konreddy et al. 2019). These genes can encrypt 
extended-spectrum beta-lactamases, carbapenemases, aminoglycoside-blocking 16S 
ribosomal RNA (rRNA) methylases, and an aminoglycoside-modifying enzyme that 
modifes quinolones (Overbye and Barrett 2005). 

7.5.1 the Drastic Need for Novel antibiotics 

To battle antimicrobial resistance, we need novel antibiotics, and we require them 
fast. About that, most important pharmaceutical industries’ antibiotic production pipe-
lines have fallen. Not one single new antibiotic class has been discovered since 1987, 
and out of the eight antibiotics approved by the Food and Drug Administration Agency, 
most do not have new mechanisms of action or are simply combinations of existing 
antibiotics. Many approaches have been adapted to combat the resistance (Alvan et al. 
2011). 

Another alternative to treat drug-resistant infections is the restoration of disre-
membered antibiotics, such as colistin, to practice them properly and to their full 
possible and moderate use of more current antibiotics, in addition to alternating anti-
biotics that are commonly used in hospital sites (Sundqvist et al. 2010). Hitherto, this 
is not an explanation in the long term; meanwhile, resistant strains will unavoidably 
arise. The combination of multiple antibiotics that work through various mechanisms 
is another strategy that is being studied. For instance, beta-lactamic acid (a beta-lac-
tamase inhibitor of the bacterial enzyme) was active in combination with clavulanic 
acid. Even then, mutants resistant to clavulanic acid inhibition of beta-lactamase 
have begun to appear. Alternatives may also be altered to improve the effcacy of 
available antibiotics and to counteract the mechanisms of resistance, but the compo-
sition of the medication is impossible to modify without inactivating it (Long et al. 
2008). New antibiotics are a clear medicinal necessity. The commercial logic is less 
evident. The number of infections that cannot be handled with current agents is lim-
ited, demand is restrictive, and infections are widely spread, rendering clinical trials 
more diffcult (Wang et al. 2020). 

7.5.2 Bacteriophage therapy 

Dysentery and cholera were successfully treated with phages in recent years. These 
phages were isolated from patients that returned from the disease spontaneously (Ho 
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2001). They removed and fltered the phages from the heaters and gave other patients 
the phages. An analysis in Punjab, India, accounted for 63% of those untreated for 
cholera, and 8% have died with the treatment modalities. The discovery of penicillin 
and an improvement in antibiotics also dominated the phages treatment, despite the 
early successes (Fortuna et al. 2008). 

In general, phages frst tend to kill by detecting bacteria and landing on them. 
There is a particular landing pad in each type of phage. The phage is inserted into the 
bacteria by its DNA. This DNA is replicated, the phage is membrane-enhanced, and 
freshly generated DNA is packaged into a new shell. Finally, the phage creates toxic 
chemicals that break the bacterial host from within and release its new children to the 
outside for the infection of still more bacteria (Ho 2001) (Figure 7.4a). 

7.5.2.1 Advantages of Phages over Antibiotics 

Bacteriophages are by far the most biological object. They could be found in 
soil and seawater, oceanic and terrestrial environments, and extreme environments, 
including those distinguished by extremely low or very high temperatures. In con-
trast, pathogens, from human and animal tissue, have been discovered in hospitals, 
in sewage, and where they reside. No bacteria that cannot be listed by at least one 
bacteriophage is potentially present. Bacteriophages are considerably more effec-
tive than antibiotics in this respect. Some antimicrobial medicinal products have a 
wide range of activities, and no antibiotic can kill all bacterial organisms. However, 
the most attractive characteristic of bacteriophages is their specifcity of action, that 
is, their ability to kill only the pathogen that they can recognize (Fabijan et al. 2020; 
Connerton et al. 2011). 

Firstly, phages are unique to one type of bacteria, so the benefcial microbes liv-
ing in our guts are unlikely to bother (Clokie et al. 2011). Additionally, phages are 
capable of destroying antibiotic-resistant bacteria. The approach that phages destroy 
bacteria makes it harder for bacteria to develop resistance, whereas it varies com-
pared to how antibiotics eradicate bacteria (Yosef et al. 2015). The host specifcity 
is variable, with some phages infecting many species where some infect only one 
isolate (Letarov and Kulikov 2009). Though their specifcity is comparatively higher 
than that of antibiotics, the specifcity of the phage is mainly determined by genetic 
and physical mechanisms (Kaneko and Kamio 2004). In highly conserved species, a 
single phage can destroy most bacterial strains (Carlton et al. 2005). Phages that pro-
liferate on species with high clonal diversity naturally kill a small cohort of strains 
(Abdelkader et al. 2019). 

7.5.3 antimicrobial peptides 

In the background of new therapeutic strategies for bacterial infections, anti-
microbial peptides (AMPs) have gradually appeared (Mahlapuu et  al. 2016). The 
golden era of antibiotic discovery was initiated almost 100 years ago when Fleming 
discovered penicillin in 1928 and is considered one of modern medicine’s great-
est events, which seems ample. Although it was a common belief that pathogens 
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were subjugated before the 1980s, today, alarming data about increasing resistance 
to antibiotics are designated due to dangerous practices and misuse in medicine, food 
industry, and agriculture (Done et al. 2015; Capita and Alonso-Calleja 2013). 

The present resistance situation upsurges worry everywhere in a postantibiotic 
era with no antimicrobial treatment choices. All at once, the growth of new anti-
biotics falls under with only three new classes in the past two decades focused on 
Gram-positive pathogens (Walsh and Wencewicz 2014). Calculations claim that by 
2050, worldwide, 10 million people a year will be deceased from infections initiated 
by drug-resistant bacteria, and the WHO classifes the occurrence of antibiotic resis-
tance as one of the main threats to human health (Abat et al. 2018; Ventola 2015). 

From the time when Alexander Fleming discovered the frst antibiotic, penicillin, 
in 1928, a lot of antibiotics had been found to treat pathogenic organisms. USFDA’s 
frst antibiotics were used in animal products in 1951, and the rate of deaths due to 
bacterial infection declined considerably (Yang et al. 2014). Conversely, the exten-
sive misuse and abuse of antibiotics result in serious issues with several pathogens. 
Bacteriocins are defned to deprive important animal and plant pathogens, such 
as Shiga toxin–producing E. coli, enterotoxigenic E. coli, methicillin-resistant S. 
aureus, vancomycin-resistant enterococcus, Agrobacterium, and Brenneria spp. 
(Riley and Wertz 2002; Gyles 2007). The killing tactics of bacteriocins are mainly 
present in the receptor binding of the bacterial outer cell membrane to the end of the 
inner membrane (Amini 2019) (Figure 7.4b). Additionally, bacteriocins are low-toxic 
peptides or proteins sensitive to proteases, such as trypsin and pepsin. 

7.5.4 Nanoparticles as antimicrobials 

Nanoparticles are ultrasmall particles that are at least one dimension, that is, 
depth, length, or width at a nanoscale. At this nanosize, sets of atoms are bonded 
together with a structural radius carrying less than 100 nm. Nanoparticles have 
emerged as one of the best inspirational materials of the last decade because of 
their size-structure-dependent properties in the technical world (Jaiswal et  al. 
2019). These impelling ideas are improving as scientists manipulate better tools 
and develop new suggestions, giving novel insights which open even deeper con-
nections amid microbiologists. Nanotechnologists are working effciently to induce 
interdisciplinary research consequences of eradicating drug-resistant community 
microbes (Narayanan and Sakthivel 2010). Microorganisms play a vital role in toxic 
metals remediation through fall in metal ions; this was measured as fascinating that 
microbes got new aspects as nanofactories towards the synthesis of nanoparticles. 

Nanoparticles have better scientifc advantages over macroparticles. Nanoparticles 
feature multiple modes of action on pathogens; for instance, due to their dependent 
property, these nanosize drugs can easily permeate the pathogen cell wall and cause 
pit, resulting in loss of cellular content (Reshma et al. 2017). Few scientifc works of 
literature report the prevention of DNA replication and inactivation of vital enzymes/ 
proteins. However, the most prevalent constraints limiting their use in biomedical 
applications include the use of extremely radioactive elements associated with the 
fnal product that becomes void in most sensitive situations, regardless of their mode 
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of synthesis. A large variety of nanoparticles against microbes of multidrug resis-
tance is considered to have antimicrobial effcacy (Rudramurthy et al. 2016). 

Nowadays, micro- and nanoscale drug delivery systems have demonstrated their 
effcacy in increasing drug distribution, improvising the rate of drug release, and 
facilitating the specifc targeting of drugs (LaVan et al. 2003). Drug carriers to the 
specifc site of interest may be from nanoparticles to macroscale. On the other hand, 
drug carriers with micro- or nanoscale countenance are notably interesting, as these 
nanocarriers can connect with targeted systems on the same frequency scale as cells 
and cellular processes (De Jong and Borm 2008). The effcacy of these nanocarri-
ers is further improving pharmacokinetics and therapeutic outcome and also attains 
effcient delivery to the target sites (Finbloom et al. 2020). 

These nanoparticles are a good source to battle the rising number of infectious dis-
eases. Because of their scale, the properties of nanoparticles confront the dissemination 
of disease-resistant bacteria and their infection through multiple action methods, such 
as cell membrane involvement in cell wall formation pit, respiration effect by inhibit-
ing respiratory chain enzymes, interference with cell DNA synthesis, etc. (Prema et al. 
2017) (Figure 7.4c). It is well-known to use the silver solution as an antimicrobial agent, 
but the effectiveness of medications has increased in contrast with the silver formulation 
with the introduction of silver nanoparticles (Kim et al. 2007). Similarly, both Gram-
negative and Gram-positive pathogenic bacteria were highly infuenced by the combina-
tion of silver nanoparticles with standard antibiotics available (Gurunathan et al. 2014). 

7.5.5 prevention of effluxing 

Many factors are furnishing antimicrobial resistance in microorganisms. Among 
all, the multidrug effux pumps in bacteria play a vital role in forming potent resis-
tance against a wide spectrum of antimicrobials. AMR is more widely common in 
Gram-negative bacteria than Gram-positive due to the natural impermeability for 
drug infux (Exner et al. 2017). These bacteria curtail the outer membrane porins and 
activate effux pumps against biocidal compounds to maintain drug resistance (Masi 
et al. 2017). The nonspecifcity of effuxing in bacterial strains potentially resisting 
effective drugs further aggravated the AMR in bacteria. Additionally, effux pumps 
facilitate stress adaptation and pathogenicity and help in essential nutrients transpor-
tation (Kourtesi et al. 2013; Sun et al. 2014). All the aforementioned aspects make the 
effux pumps a universal target for treating AMR. Many strategies, such as prevention 
of effux by modifed drug structure (Van Bambeke et al. 2003), biological inhibi-
tion of active effux (Oethinger et al. 2000), and pharmacological inhibition of active 
effux (Kaatz 2005), were proposed and progressed to clinical trials. Prevention and 
inhibition of effuxing strategy will increase the concentration of drug inside the cell. 
Recognition of drugs by effux pumps has not fully cleared up since effuxing is not 
happening in a specifc manner. But it is really interesting to know the variations in 
transport of structural analogs within the same antibiotic family (Figure 7.4d). Many 
attempts were made to develop newer molecules from the existing drugs and reported 
less susceptibility to effux pumps. It was proven that third- and fourth-generation 
quinolones are less susceptible than frst- and second-generation quinolones (Van 
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Bambeke et al. 2003). Structural modifcation of existing drugs to prevent chromo-
phore recognition by effux pumps may be one of the easiest and most successful 
approaches to combat AMR in bacteria. 

7.5.6 Live Biotherapeutic products as an alternative 

Current signs of progress in understanding the connection between the micro-
biota and its host have delivered proof concerning the therapeutic potential of desig-
nated microbes to avert or treat disease (Rouanet et al. 2020). According to the Food 
and Drug Administration, the live biotherapeutic product is a biological product that 
(1) comprises live organisms, such as bacteria; (2) is pertinent to the prevention, 
treatment, or cure of a disease or condition of human beings; and (3) is not a vaccine. 
A recombinant biotherapeutic product is a live biotherapeutic product composed of 
microorganisms that have been genetically modifed through the purposeful addi-
tion, deletion, or modifcation of genetic material (Pot and Vandenplas 2021). The 
planned mode of action is commonly to inhibit the growth of a pathogenic or poten-
tially pathogenic microorganism in the body or to arouse other benefcial cellular 
progressions as a consequence of transient perseverance and/or long-term coloniza-
tion with the microorganisms contained in the live biotherapeutic product. Without 
any doubt, the antimicrobial sensitivity profle of the strain(s) present in the live 
biotherapeutic product is of the highest importance. 

7.6 DISCUSSION aND reCOMMeNDatIONS 

Global research always has the goal of universal health coverage, particularly in 
primary health, but still in the twenty-frst century, billions of common people lack 
access to basic facilities in health-care bodies. Besides, the health crisis that has arisen 
with the development of AMR, which causes a decline in the effectiveness of anti-
microbials, poses a huge menace to modern medicine. With this occasion, low- and 
middle-income countries have become more vulnerable due to the need for wide-spec-
trum antimicrobials, which are costlier (Klein et al. 2018). Expansion of AMR forces 
people towards poverty beyond health. By 2030, more than 28 million people may be 
in extreme poverty due to AMR, a survey says (World Bank 2017). Between 2000 and 
2015, a 65% increase in antibiotic consumption may have been the crucial factor that 
reached the peak of AMR worldwide (Klein et al. 2018). Poor sanitation and unsafe 
water invite diseases, and ultimately the call for antibiotics to treat the infection. AMR 
must also be addressed in the food chain where proper sanitation and hygiene are poor. 
The role of farming and agriculture in AMR emergence should be highlighted, and 
providing awareness to the community is a must to control AMR. A costly diagnos-
tic procedure may prevent the public from visiting health-care centers and routes for 
self-medication. Sometimes, underdiagnosis leads to overtreatment, also the cause of 
AMR. In both cases, an inexpensive and rapid diagnostic technology is an urgency to 
control AMR further. Mass immunization is one of the strategies to prevent infection 
and reduce the use of antimicrobials proposed by the WHO (Diekema 2012). 
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Substantial knowledge on the basic mechanism of AMR in humans, enhance-
ment of facilities and accessibility of primary health centers, awareness of AMR 
among the general public and health-care workers may be the highest need to bypass 
AMR among humans. The lack of large-scale studies and data in food animals is a 
major disadvantage towards fxing AMR in the right way. Thus, the need for deep 
and sizable studies is required to focus on AMR in animals and also much impor-
tant to analyze the mechanism on the spread of AMR from animals to humans. 
Furthermore, a signifcant focus is on AMR in the environment through the rooted 
studies on various pollutions in water bodies, land, and air. Developing standards 
and modern tools are necessary to detect antimicrobial traces in the effuent from the 
rural and urban environment and the immediate need to combat AMR. 

7.7 CONCLUSION 

AMR is one of the extreme health challenges experienced by humans in modern 
medicine. Various deep studies evidently reveal that AMR is not a new phenom-
enon but has been happening in nature for a long time. But resistance in microbes 
is well-documented after the discovery of penicillin, followed by sulfonamides, to 
treat infection in hospitals. To continue that, the pattern of antimicrobial resistance 
in bacteria has been delineated. The environmental factors that contribute to AMR 
have recently attracted attention to extend study worldwide. AMR does not repre-
sent a worry of any specifc region; accordingly, a global action should address it. 
Currently, AMR has become an annoyance to “one health challenge” worldwide. 
Modern science focuses on this issuance with much attention due to the widespread 
atmosphere. Collective surveillance includes national and international policies with 
defned practices that pave the direction to combat AMR. 
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8.1 INtrODUCtION 

Cancer therapeutics has been a compelling issue in recent times. Over the last 
decade, medicine has focused on creating damage to the tumor-bearing tissue using 
radiation and drugs. But there was little thought given to the damage instigated on 
the healthy tissue and the weakening of the patient’s immune system (Nicholas et al. 
2005; van der Most et al. 2006; Kang et al. 2009). Moreover, there is an increased 
need to provide effcient cures with lesser side effects. In this respect, phytochemi-
cals, which are naturally occurring chemical ingredients widely originating in plants 
as secondary metabolites (Dillard and German 2000; Kennedy and Wightman 2011), 
can play an essential role by manipulating the metabolic pathways in the body, ben-
efting to maintain a healthy state (Xiao 2015). During the last two decades, more 
than 25% of the drugs used in the medical industry have a plant origin, while another 
25% of the drugs are chemically modifed natural products (Vuorela et al. 2004). 
There is an increasing number of studies that summarize the benefts of phytochemi-
cals against coronary heart disease, diabetes, spasmodic conditions, ulcers, abnormal 
blood pressure (Ghaffari and Roshanravan 2020), cancers, and microbial, parasitic, 
and viral infections, as well as diminishing oxidative stress (Dillard and German 
2000; Kendall et al. 2008; Čanadanović-Brunet et al. 2009; Dagdelen et al. 2014; 
Romeo et al. 2018; Purayil et al. 2019). 

Nigella sativa L. (Ranunculaceae) (N. sativa) is an annual fowering herb native 
to Southern Europe, North Africa, and Southwest Asia and cultivated in India, 
Pakistan, Syria, Turkey, Saudi Arabia, and countries bordering the Mediterranean 
Sea. Nigella sativa is colloquially called as the black caraway seed, black seeds, 
black cumin, kalonji, and blessed seed. Owing to the widespread use of the seeds, we 
have used the terms in the review to describe Nigella sativa. The seeds have been a 
part of traditional spices and condiments for centuries. The seed and the oil extracts 
have been used as a traditional medicine throughout the world (Khader and Eckl 
2014). Black seeds are regularly used as a diet supplement in alternative medicine, 
along with chemotherapy drugs for cancer patients (Mayadagli et  al. 2011; Jazieh 
et al. 2012). 

8.2 CheMICaL COMpOSItION OF NIGELLA SATIVA 

According to an investigation on the components in Nigella seeds conducted by 
Gali-Muhtasib et al. (2006), the seed oil contains more than a dozen amino acids, 
a good portion of carbohydrates, proteins, alkaloids, crude fber, as well as trace 
minerals, like iron, calcium, sodium, phosphorus, and potassium. Kaseb and Selim 
(2009) showed that the seeds have aromatic compounds, such as thymoquinone, 
dihydrothymoquinone, p-cymene, carvacrol, α-thujene, and thymol. It also contains 
terpenes and oils like the linoleic acid, oleic acid, and palmitic acid. These fxed oils 
and volatile oils compose around one-third of the total N. sativa seeds (Gharby et al. 
2015). Gharby et al. (2015) indicated that Nigella plant extract has close to 30–48% 
thymoquinone, dihydrothymoquinone, and thymohydroquinone, 7–15% p-cymene, 
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6–12% carvacrol, and 2–7% 4-terpineol, t-anethol, α-pinene, and thymol as its bio-
active ingredients. It is worth mentioning that on storage, thymoquinone gives rise to 
dihydrothymoquinone (Atta-ur-Rahman et al. 1995). Ali and Blunden (2003) report 
the distinguishable lowered toxicity of the seeds and oil of the plant. 

The seed extract and essential oils show pharmacological activities, like anti-
oxidant (Abdel-Wahhab and Aly 2005; Ashraf et al. 2011; Entok et al. 2014), anti-
infammatory (El-Dakhakhny et  al. 2002; Hajhashemi et  al. 2004; Entok et  al. 
2014), antidiabetic (Desai et al. 2015), antibacterial (Kokoska et al. 2008; Bakathir 
and Abbas 2011; Chaieb et  al. 2011), hepatoprotective (Daba and Abdel-Rahman 
1998; Hassan et al. 2012; Al-Suhaimi 2012; Talib and Abukhader 2013), antimuta-
genic (Bourgou et al. 2008; Khader et al. 2010), and antitumor (Majdalawieh et al. 
2010; Arafa et  al. 2011; Aikemu et  al. 2013; Khan et  al. 2015) activities. Ahmad 
et al. (2013a) reviewed that most of the therapeutic activities of Nigella sativa arise 
from the presence of its major bioactive components. The seed extract using metha-
nol as a solvent for the volatile oil yields alkaloids, among which thymoquinone 
is the principal active ingredient (Akram Khan and Afzal 2016). Among different 
methods to extract pure thymoquinone, methanol solvent shows the highest eff-
cacy (Gimbun et  al. 2014; Kausar et  al. 2017). Extraction method also infuences 
the amount and pharmacological potential of thymoquinone isolated in the solvent. 
Ultrasound-assisted extraction (Kausar et al. 2017) and supercritical carbon dioxide 
extraction (Solati et al. 2014) methods are much effective in isolating thymoquinone 
from Nigella seeds into essential oil in comparison with other methods, like Soxhlet, 
maceration, and refux. The chemical arrangement of thymoquinone is ’2-Isopropyl-
5-methylbenzo-1,4-quinone’. Shahein et  al. (2019) discuss that, as a monoterpene 
diketone, thymoquinone regulates many key signaling pathways in several diseases. 
Alkharfy et al. (2011) reported that thymoquinone exists in a tautomeric keto-enol 
form and mixtures, keto structure being the prime fraction (~90%), accountable for 
its pharmacological properties. Apart from their well-known properties, modern 
approaches evidence the capacity of thymoquinone to serve as a covalent topoisom-
erase inhibitor. In such an event, it provides a humongous potential as an anticancer 
agent to introduce transient covalent DNA breaks in cancer cells. 

Although we can see hope in thymoquinone performance, biomedical and clin-
ical purposes are limited due to its lower solubility in water, low bioavailability, 
constraints of pure form, reduced sensitivity, and imprecise delivery to tumor sites 
(Shahein et al. 2019). However, its combined use with classical chemotherapy drugs 
has become an interesting issue during the last years (El-Far et al. 2020). 

8.3 pharMaCOLOGICaL prOpertIeS OF thYMOQUINONe 

8.3.1 antioxidant activity 

Many natural compounds are being studied for their phyto-preventive prop-
erties of free radical scavenging and antioxidant capabilities (Mansour et  al. 
2002). Studies delineating the growing links of oxidative stress with neurological 
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disorders, respiratory syndromes, or ageing make the urgent need for antioxidant 
uptake or consumption. Bodily metabolism and radiation exposures, like ultravio-
let rays, can initiate the formation of free radicals in our body. Oxidative stress rea-
soned by reactive oxygen species in the form of superoxide, hydroxy, peroxyl, nitric 
oxide radicals can potentiate oxidation of nucleic acids, proteins, and lipid biomol-
ecules, which cause cellular and tissue damage. Antioxidants play a vital role in 
removing oxidative stress. Some antioxidant enzymes like catalase and superoxide 
dismutase and metabolites like vitamin C, vitamin E, and glutathione in the body 
help maintain an oxidative balance. In this respect, it has been shown that thy-
moquinone is able to decrease arsenate-induced neurotoxicity by downregulating 
the levels of serotonin, lipid peroxidation (malondialdehyde levels), nitric oxide, 
and tumor necrosis factor-α levels while increasing the levels of superoxide dis-
mutase, catalase, norepinephrine, dopamine, glutathione, glutathione peroxidase, 
glutathione reductase in the cerebellum and brain stem (Kassab and El-Hennamy 
2017). The antioxidant property of thymoquinone is pronounced in its inhibition of 
tert-butylhydroperoxide-induced 2′,7′-dichlorofuorescin-diacetate oxidation under 
the antioxidant assay with an IC50 value of 1 μM (Bourgou et al. 2010). An earlier 
report highlights the in vitro antioxidant activity of carvacrol and thymoquinone 
isolated from Nigella sativa essential oil (Burits and Bucar 2000). Dergarabetian 
et  al. (2013) report that thymoquinone acts by reducing the viability of human 
T-lymphotropic virus 1 negative malignant T cells through a reactive oxygen spe-
cies–dependent apoptotic mechanism using N-acetyl cysteine-antioxidant assay. 
The authors also state that this increased sensitivity of Jurkat cells towards thy-
moquinone results from foundering glutathione levels in the cells. Notably, there 
is a diminished secretion of enzymes, namely, catalase, glutathione peroxidase, 
glutathione-S-transferase, in the kidney and liver. Multiple studies indicate that 
the antioxidant characteristics of thymoquinone can be indicated by its effcacious 
repression of lipid peroxidation and superoxide radicals (Banerjee et al. 2010; Woo 
et  al. 2012). Khalife and Lupidi (2007) discuss that thymoquinone’s reactivity 
towards antioxidant enzymes like nicotinamide adenine dinucleotide-hydride and 
nicotinamide adenine dinucleotide phosphate-hydride gives rise to dihydrothymo-
quinone and glutathionyl-dihydrothymoquinone. Mohamed et al. (2003) claimed 
that the recovery of allergic encephalomyelitis in female Lewis rats was produced 
by elevated levels of glutathione. 

Further studies back up the usage of thymoquinone and the volatile oil ingredients 
in reversing the carbon tetrachloride toxicity in mice (Mansour 2000; Mansour et al. 
2001). Erboga and their colleagues (2016) showed that cadmium-induced nephrotox-
icity can be reduced by the action of thymoquinone by diminishing the cadmium-
induced nuclear factor Kappa-B (NF-κB) expression in renal tissue. It also restrained 
lipid peroxidation and improved the activities of antioxidant enzymes in renal tis-
sue of rats, suggesting the antioxidant potential of thymoquinone against cadmium 
toxicity. Furthermore, Bordoni et al. (2019) indicated thymoquinone isolated from 
stored cold-pressed Nigella sativa essential oil produces higher antioxidant property 
(measured with 2,2-diphenyl-1-picrylhydrazyl [DPPH] radical scavenging assay) and 
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cytotoxicity (measured with methyl thiazolyl diphenyl-tetrazolium bromide [MTT] 
assay) than freshly prepared Nigella sativa essential oil on Simpson-Golabi-Behmel 
syndrome human preadipocytes even when the thymoquinone quantity observed is 
higher in freshly prepared oil than stored oil. The result could be drawn from the 
better preservation of polyphenol stability in a restricted environment of 18–20°C 
under dark. 

Relating to its outcome against hyperuricemia and renal oxidative stress, 
Dera et  al. (2020) inform that administering thymoquinone (10–20 mg/kg) by 
weight (b.w.) reduces oxonic acid (750mg/kg b.w.) induced abnormalities in rats. 
In addition, the analysis of oxidative stress markers and antioxidant enzymes 
proves the antioxidant activity of thymoquinone in preventing oxonic acid toxic-
ity. Thymoquinone gives this protection on hyperuricemia-induced renal oxidative 
stress through extensive controlling of nuclear factor-erythroid-2-related factor 2, 
Akt, HO-1 signaling. (Dera et al. 2020) Similar research work on renal oxidative 
stress concentrates on the thymoquinone compound’s activity in nuclear factor-
erythroid-2-related factor 2, Akt signaling, and protection against nephrotoxicity 
and neurotoxicity caused by various chemical agents, like mercuric chloride, cis-
platin, gentamicin in rat models (Sayed-Ahmed and Nagi 2007; Fouda et al. 2008; 
Üstün et al. 2018; Al Fayi et al. 2020). Combinational treatment of thymoquinone 
(20 mg/kg b.w.) and Curcumin (20 mg/kg b.w.) protects against gentamicin (100 
mg/kg by weight) induced liver damage in rats by ameliorating the oxidative stress 
and acting as an anti-infammatory agent (Galaly et al. 2014). After thymoquinone 
treatment, the role of reactive oxygen species production and p38/MAP-K signal-
ing plays a key role in stopping tumor progression and inducing apoptosis in breast 
cancer and breast tumor xenograft mouse model. Woo et al. (2013) reported that 
there was a signifcant reduction of antiapoptotic gene expression and an upregu-
lated catalase, superoxide dismutase, and glutathione expression in mouse liver 
tissue. Sayed-Ahmed et al. (2010) describe that thymoquinone ameliorates hepatic 
carcinogenesis by its antioxidant properties by reversing the reduced expression of 
antioxidant enzyme activity in liver tissue. Thymoquinone effectively decreased 
the production of superoxide and nitric oxide in LPS/IFN-γ activated BV-2 murine 
microglia (Cobourne-Duval et  al. 2016). In H2O2-activated microglia model, it 
signifcantly reduced the synthesis of superoxide and hydrogen peroxide levels 
(Cobourne-Duval et al. 2016). In another report by Abdel-Daim et al. (2019), pip-
erine and thymoquinone act synergistically to remove hepatotoxicity and neuro-
toxicity in mice caused by microcystin-LR. Figure 8.1 encompasses the detailed 
signaling pathways which are initiated by thymoquinone. 

8.3.2 anti-Infammatory or Immunomodulatory effect 

Thymoquinone has been examined for its infammatory responses against bac-
teria, viral infections, the stimulus to stress and cytokines, providing an all-round 
miracle immunomodulatory protective agent to our cells (Ahmad et al. 2013a; Zheng 
et al. 2016; Oskouei et al. 2018). There are multiple reports that extend support on 
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Figure 8.1 thymoquinone-targeted signaling transduction controlling protective pharmacological activities and anticancer activities. akt: Protein 
kinase-B, alP: alkaline phosphatase, alt: alanine aminotransferase, aSt: aspartate aminotransferase, Bad: Bcl-2-associated death 
promoter, Bax: Bcl-2-associated x protein, Bcl-2: B-cell lymphoma 2, Bcl-xl: B-cell lymphoma-extralarge, Bcl-xS: Bcl-2-like 1 protein 
isoform, cat: catalase, cdc25: cell division cycle 25a, cl-ParP: cleaved poly (aDP-ribose) polymerase, cOx-2: cyclooxygenase-2, 
cPK-mB: creatine phosphokinase-mB, c-Src: proto-oncogene tyrosine-protein kinase Src, cyt-c: cytochrome-c, erK1/2: extracellular 
signal-related kinase 1/2, fac: focal adhesion molecule, fsp1: f broblast-specif c protein 1, gr: glutathione reductase, gSh: glutathi-
one, gSt: glutathione-S-transferase, gSt-Px: glutathione peroxidase, Ifns: interferons, Il-1: interleukin-1, Il-1β: interleukin-1β, Il-6: 
interleukin-6, Il-8: interleukin-8, inOS: inducible nitric oxide synthase, IraK-1: interleukin-1 receptor-associated kinase 1, JaK-2: Janus 
kinase-2, JnK: c-Jun n-terminal kinase, Ki67: marker of proliferation Ki-67, lDh: lactate dehydrogenase, mcl-1: induced myeloid leu-
kemia cell differentiation protein 1, mDa: malondialdehyde, meK: mitogen-activated protein kinase or maP2K, mmP-13: matrix metal-
loproteinase-13, mmP-17: matrix metalloproteinase-2, mmP-2: matrix metalloproteinase-2, mmP-9: matrix metalloproteinase-9, mPO: 
myeloperoxidase enzyme, mtOr: mammalian target of rapamycin, naDh: nicotinamide adenine dinucleotide dehydrogenase, naDPh: 
nicotinamide adenine dinucleotide phosphate oxidase, nf-kB: nuclear factor-kappa B, nO: nitric oxide, nOx-4: naDPh oxidase 4, p21: 
cyclin-dependent kinase inhibitor 1, p27: cyclin-dependent kinase inhibitor 1B, p38/maP-K: p38 class mitogen-activated protein kinases, 
p53: tumor protein 53, p65: rel-associated protein (nf-kB subunit), Paf: platelet activating factor, PaI-1: plasminogen activator inhibitor 
type I, PaK-1: p21 protein-activated kinase 1, Pcna: proliferating cell nuclear antigen, PD-1: programmed cell death protein 1, Pge-2: 
g-coupled protein prostaglandin e2, PI3K: phosphatase inosine 3 kinase, PKc: protein kinase c, raf: raf family of serine/threonine-
protein kinases, ras: ras family gtPase proteins, rOS: reactive oxygen species, SOD: superoxide dismutase, Stat3: signal transducer 
and activator of transcription 3, tgf-β1: transforming growth factor beta-1, tlr-2: toll-like receptor-2, tlr-4: toll-like receptor-4, tnf-a: 
tumor necrosis factor-α, t-Pa: tissue-type plasminogen activator, traIl: tnf-related apoptosis-inducing ligands, tWISt1: twist-related 
protein 1, u-Pa: urokinase-type plasminogen activator, Vegf: vascular endothelial growth factor, xIaP: x-linked inhibitor of apoptosis 
protein, ZO-1: zonula occludens-1 or tight junction protein-1, α-Sma: α-smooth muscle actin alpha, ↓: downregulation, ↑: upregulation. 
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thymoquinone’s activity against pro-infammatory factors and mediators of infam-
mation, like 5-lipoxygenase, cyclooxygenase, prostaglandin-D2, interleukins, tumor 
necrosis factor-α levels, NF-kB/STAT-3, and other cell regulatory enzymes (Ragheb 
et al. 2009; Al Wafai 2013; Amin and Hosseinzadeh 2015; Shaterzadeh-Yazdi et al. 
2018). Akter et  al. (2020) suggest that the regulatory function of thymoquinone 
on pro-infammatory mediators and NF-kB pathway could be the reason behind 
its involvement as an anticancer agent. Works of Chehl et al. (2009) on pancreatic 
ductal adenocarcinoma cells show declining gene expression of infammatory cyto-
kines like MCP-1, tumor necrosis factor-α, and cyclooxygenase-2. Thymoquinone 
inhibits an array of interleukins (namely, interleukin-4, interleukin-5, and interleu-
kin-13) and promotes interferon-gamma production in bronchoalveolar lavage fuid 
of allergic lung infammation mouse model (El Gazzar et al. 2006a). Thymoquinone 
also reportedly inhibits the constitutive and tumor necrosis factor-α-mediated acti-
vation of NF-κB, curbing its nuclear transport (Chehl et al. 2009). Bourgou et al. 
(2010) explain that the examination of the effect of nigella seed oil and thymoqui-
none on inhibition of lipopolysaccharide-induced nitric oxide synthesis is produced 
by suppressing the mRNA and protein levels of nitric oxide synthase. This effect 
of thymoquinone was pronounced on RAW 264.7 macrophage cell population the 
highest, 95% inhibition of nitric oxide more than 90% effcacy of the Nigella sativa 
essential oil. 

Guida et al. (2016) show that pro-infammatory cytokine level control of thymo-
quinone can productively resuscitate T lymphocytes from ill effects of gamma irradi-
ation in rats. Rats exposed to radiation upregulated Bax, PD-1, caspase-3 expression 
while, contrastingly, thymoquinone acts in rescuing the T cells from apoptosis and 
maintaining the upregulated gene levels, providing a radioprotective effect. Effective 
protection against cerulein (a cholecystokinin analogue) induced pancreatitis can 
be seen by its immunomodulatory effect of pancreatic amylase, pancreatic lipase, 
and total antioxidant capacity in rats (Dur et al. 2017). It was also found to inhibit 
IRAK-1, nitric oxide synthase, c-Src, and JAK-2 activation, confrming its anti-
infammatory responses (Hossen et al. 2017). Thymoquinone also exerts functions 
of reducing infammation in a rat model with acute bacterial prostatitis caused by 
Pseudomonas aeruginosa (Rifaioglu et al. 2013). Nanoformulations in the form of 
either thymoquinone-loaded liposomes, thymoquinone-poly (lactic-co-glycolide)-
polyvinyl alcohol, or thymoquinone-poly (lactic-co-glycolide) nanoparticles help 
as an effcacious topical delivery agent that functions to produce anti-infammatory 
properties (Mostafa et al. 2018; Saghir et al. 2019). Infammatory response leads to 
thymoquinone’s array of activity in the antiviral response pathways. Its action in 
suppressing the transcriptional activation of interferon regulatory factor-3 downregu-
lates the innate immune responses and production of type I interferons (Aziz et al. 
2018). Arsenic-induced hippocampal toxicity can also be controlled by the action of 
thymoquinone by its cytokine regulation in Wistar rat model (Firdaus et al. 2018). 
Thymoquinone has a vastly acknowledged control of the Toll-like receptor signaling, 
which is a central line in the antiviral response. Abulfadl et al. (2018) illustrate that 
thymoquinone’s control in decreasing Toll-like receptors lessens the infammation of 
induced Alzheimer’s disease in an animal model. It also tends to alleviate rheumatoid 
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arthritis by downregulating Toll-like receptor 2, Toll-like receptor 4, tumor necro-
sis factor-α, interleukin-1, and NF-κB expression levels (Arjumand et al. 2019) and 
ameliorates the pain in rheumatoid arthritis patients (Mahboubi et al. 2018). 

8.3.3 hypoglycemic and antidiabetic activity 

Traditional therapy like the action of thymoquinone and Nigella sativa essential 
oil can induce relief from chronic illness like diabetes. Scientifc reports suggest an 
advantageous use of alternative medicine that thymoquinone can provide in reduc-
ing some problems associated with diabetes, for example, cardiovascular diseases, 
neuropathic pain, and retinopathy. Thymoquinone administration (80 mg/kg b.w. for 
45 days) in streptozotocin (45mg/kg b.w.) nicotinamide (110 mg/kg b.w.) induced 
diabetic rats rescued them from the diminishing levels of catalase, glutathione per-
oxidase, glutathione-S-transferase, providing a hypoglycemic relief to the pancre-
atic cell function in the diabetic condition (Sankaranarayanan and Pari 2011). By 
the same token, Rani et al. (2019) reported a polymeric nanoformulation containing 
glycyrrhizin and thymoquinone in combination treated streptozotocin-nicotinamide-
dosed diabetic rats by signifcant lower glucose, HbA1c levels, and cytotoxicity. A 
signifcant improvement in the nanostructure feld has boosted the effcacy of thymo-
quinone in diseases. Thymoquinone nanocapsules improved diabetic rat lipid pro-
fles, decreased blood glucose levels, and glycated hemoglobin more productively 
than thymoquinone at half its dosage and comparable to metformin alone (Rani et al. 
2018). A thymoquinone-engineered nanostructured lipid vessel assisted in speeding 
up in vitro wound healing by active antioxidant targeting. Alexander et al. (2019) 
inform that the thymoquinone-lipid nanocarrier increased the number of 3T3 and 
3T3-L1 healthy cells and gradually removed early apoptotic cells in a dose-depen-
dent manner in comparison with thymoquinone. Abdelmeguid et al. (2010) reported 
on thymoquinone’s effect of regulating mitochondrial vacuolization, DNA damage, 
β-cell functioning by diminishing superoxide levels. Kapoor’s (2009) report further 
supports that the hypoglycemic effect is brought about by its action on decreasing 
DNA injury and increasing levels of glutathione-S-transferase, catalase, and glutathi-
one. Thymoquinone’s protective effect against diabetic neuropathy is observed with 
mesenchymal expression of Fsp1, desmin, matrix metalloproteinases-17 markers, and 
falling of ZO-1 epithelial marker in streptozotocin-induced diabetic rat kidney glom-
eruli (Omran 2014). In another report of neuropathy, thymoquinone (10 mg/kg b.w. 
dosage) brought back histopathological shifts in sciatic nerves and reduced myelin 
breakdown. It also improved the control of reactive oxygen species and infamma-
tion in the kidney cells (Kanter 2009). Investigation of diabetic rat eye lens changes 
brings us to thymoquinone acting against hyperglycemia and hypoinsulinemia. 
Thymoquinone (50 mg/kg b.w. for 30 days) has a strong reaction to streptozotocin-
treated hamsters, showing signifcantly reduced gestational diabetes, blood glucose, 
and HbA1c. (Fararh et  al. 2005) Dose-dependent treatment of thymoquinone for 
12 weeks attenuated the elevated levels of malondialdehyde, glycated proteins, nitric 
oxide, tumor necrosis factor-α, and caspase-3 activity in streptozotocin (45 mg/kg) 
induced diabetic rat’s lens tissues (Fouad and Alwadani 2015). Hypoglycemic activity 
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of thymoquinone is elucidated with further studies in streptozotocin-induced dia-
betic rats, detailing its course of action through nitric oxide inhibitory mechanism, 
regulating cytokines, abrogation of oxidative stress, mediating PI3K/Akt pathway, 
suppression of cyclooxygenase-2 in pancreatic tissue (Fouad and Alwadani 2015). 
Badr et al. (2013) report on the effect of feeding thymoquinone on maternal diabetic 
rats to infant pups. The induction of diabetes in maternal rats during the course of 
their pregnancy and lactation leads to the pups with complications of increased blood 
glucose, abnormal obesity, reactive oxidative species, interleukin-1β, interleukin-6, 
and tumor necrosis factor-α cytokines and having a decreased circulating lympho-
cyte count. The infants of maternal rat models that were fed with thymoquinone had 
a restored lymphocyte count, while their free radical production and blood glucose 
reduce to normal levels by mediating PI3K/Akt pathway (Badr et al. 2013). Liu et al. 
(2016) also support the involvement of Akt through its phosphorylated state during 
thymoquinone treatment in streptozotocin-induced type-2 diabetes mellitus rat mod-
els (Liu et al. 2016). Thymoquinone acts on reducing the characteristics of diabetic 
nephropathy and albuminuria by its hypoglycemic and renoprotective effects and 
overexpression of collagen IV, transforming growth factor-β1 and vascular endothe-
lial growth factor-A in the diabetic kidney (Al-Trad B. et al. 2016). 

8.3.4 antihypertensive and Cardiovascular protectivity 

Cardiotoxicity can be explained by various changes and damage to cardiomy-
ocytes, like increased oxidative and DNA damage, endoplasmic reticulum stress, 
mitochondrial malformations. Increased myocardial cell damage is observed post-
cisplatin treatment and reported DNA fragmentation along with increased caspase 
activity and apoptosis. Cardioprotective activity of thymoquinone against cisplatin-
induced cardiac injury is shown by Adalı et al. (2016) by increasing antiapoptotic 
Bcl-2 expression, reducing apoptotic cardiomyocytes in rats. Isoproterenol (85 mg/ 
kg b.w.) induced cardiac malfunctions (similar to myocardial infarction) was cured 
by thymoquinone (20 mg/kg b.w., 21-day treatment) by reducing the lipid malo-
ndialdehyde levels and pro-infammatory cytokines interleukin-6, tumor necrosis 
factor-α, and interleukin-1β. Pretreatment of thymoquinone before isoproterenol 
gave a signifcant reduction of the levels of myocyte injury markers aspartate trans-
aminase, alanine aminotransferase, lactate dehydrogenase, and creatine kinase. The 
histopathological analysis of myocardium shows thymoquinone’s reduced myo-
necrosis and infltration of infammatory cells (Ojha et al. 2015). Supporting this 
data, Al-Nimer et  al. (2016) observed the prevented cardionecrosis when isopro-
terenol was given simultaneously with thymoquinone, while it improved the car-
dionecrosis when thymoquinone is post-treated after isoproterenol. Thymoquinone 
supplementation in diabetic cardiomyopathy rat model abolished plasma nitric 
oxide, superoxide dismutase levels, and in addition promotes vascular endothelial 
growth factor, nuclear factor-erythroid-2-related factor 2 protein. Atta et al. (2018) 
report that thymoquinone plays a part in maintaining the levels of plasma triacyl-
glycerol, low-density lipoprotein-cholesterol, and signifcantly improved the high-
density lipoprotein-cholesterol levels. Xu et al. (2018) report that after the intake of 
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thymoquinone, the cardiac tissue of hypercholesterolemia-induced cardiac damage 
in apolipoprotein-E-negative mice had lower low-density lipoprotein cholesterol, 
high-sensitivity C-reactive protein, and lectin-like oxidized low-density lipoprotein 
receptor-1 than controls. Asgharzadeh F et al. (2018) report that LPS lipopolysac-
charide induced infammation and cardiac fbrosis in rats. Thymoquinone admin-
istration improved myocardial and perivascular fbrosis by its antifbrotic effect, 
signifcantly reducing the heart permeability. The pro-infammatory response has 
been known to increase cardiac damage in sepsis. Thymoquinone given to rats with 
sepsis decreased infammatory cytokines, p62, and PI3K expression in their cardiac 
tissue, protecting damage via autophagy (Liu et al. 2019). 

Angiotensin II has a direct vasoconstricting effect on blood vessels that increases 
the blood pressure, leading to hypertension. Angiotensin II tends to boost super-
oxide anion produced via NOX4 oxidase activation, resulting in higher vascular 
damage. Thymoquinone uptake brings an antihypertensive action by antagonizing 
the superoxide levels and overexpressing heme-oxygenase-1 levels, which in turn 
works on leveling angiotensin II (Kundu et al. 2014). Enayatfard et al. (2018) showed 
that nigella seed extract at doses ranging from 200 to 600 mg/kg (BW) affect in 
maintaining the upregulated systolic blood pressure and mean arterial pressure in 
angiotensin II–induced hypertension in Wistar rats. Dera et al. (2020) illustrated the 
antihypertensive activity of thymoquinone by monitoring the systolic blood pres-
sure in Sprague Dawley rats after oxonic acid treatment (Dera et al. 2020). Studies 
have concentrated on the attenuation of myocardial ischemia/reperfusion (M-I/R) 
injury by thymoquinone in animal models. Thymoquinone is thought to exploit 
sirtuin-1 signaling by acting as its activator and reducing mitochondrial oxidative 
stress and improving mitochondrial functioning, succinate dehydrogenase, cycloox-
ygenase levels in rat cardiomyocytes (Lu et al. 2018). Lu et al. (2018) also reviewed 
that sirtuin-1 activation adds protection from injuries by upregulating antioxidants 
and p53 deacetylation, which reduces cardiomyocyte cell apoptosis. In addition, 
Xiao et al. (2018) reported that thymoquinone protected cardiomyocytes from apop-
tosis by modulating autophagy. They also intend to show that when autophagy was 
inhibited by chloroquine, the extent of the cardioprotective and antiapoptotic activ-
ity was diminished. Danaei et al. (2019) showed that diazinon-induced cardiotox-
icity in rats was cured by thymoquinone (10 mg/kg b.w. for 28 days), marked by 
the elevated levels of cardiac markers, like creatine phosphokinase-MB, troponin, 
malondialdehyde, lactate dehydrogenase, and fallen superoxide dismutase, catalase, 
cholinesterase activity. 

Brown and their coworkers (2014) reported that the antioxidant and anti-infam-
matory properties of thymoquinone alleviate doxorubicin-induced cardiac injury 
in Swiss albino mice. Oxidative damage and chronic infammation reduced after 
thymoquinone addition, rescuing the doxorubicin-induced injury. Contrastingly, 
combinational treatment of thymoquinone and doxorubicin in leukemic RAW 264.7 
macrophage cells resulted in a lowered cell viability and subsequently induced spin-
dle cell formation and cellular damage, while on cardiac myocytes at same con-
centrations, the synergistic response gave similar morphology but promoted their 
survival unlike leukemic cells (Brown et al. 2014). 
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8.3.5 respiratory Disorders 

Widely researched works involving thymoquinone on respiratory ailments show 
its diverse functioning in various pathways. Rhinosinusitis is often associated with 
infectious or noninfectious infammation initiated by viral, bacterial, allergy, genet-
ics, or immune dysregulation. Thymoquinone and cefazolin sodium (an antibiotic) 
together in rats with rhinosinusitis exhibited a spectacular lowering of vascular con-
gestion and epithelial injury and milder infammatory infltration, providing an over-
all antimicrobial and immunomodulatory effect (Cingi et al. 2011). Sinonasal ciliary 
beat frequency controls the mucociliary fow in the respiratory tract. It was closely 
related to the nasal mucociliary clearance in healthy people. Uz et al. (2014) reported 
that the synergistic application of thymoquinone with montelukast (an asthmatic 
drug) stimulates sinonasal ciliary beat frequency, providing increased ciliary func-
tion and acting as a protective barrier against upper respiratory tract infections (Uz 
et al. 2014). Thymoquinone and nigellone, the core compounds of the caraway seed 
extract, account for the mucociliary clearance while also acting as an antispasmodic 
effect by removing trachea contractions induced by leukotriene (Wienkötter et al. 
2008). Yetkin et al. (2020) reported that cigarette smoke induces chronic obstruc-
tive lung damage in rats, which can be reversed by thymoquinone action on reduc-
ing the interleukin-1β and interleukin-8 cytokine levels and, to an extent, preventing 
apoptotic lung cells at lower thymoquinone doses for short term. Allergic asthmatic 
infammation in rat lung models shows that thymoquinone attenuates the damage 
by its inhibition of leukotriene biosynthesis and the pro-infammatory response (El 
Gazzar et al. 2006b; El Gazzar et al. 2006a). Ovalbumin-induced asthma in mice 
brings airway obstruction and infammation. Thymoquinone administration mini-
mized infammatory activation and regulated the expression of CD31 and α-smooth 
muscle actin alpha that was increased in asthmatic mice. Moreover, Su et al. (2016) 
state that thymoquinone brings antineoangiogenetic effect by inhibiting vascular 
endothelial growth factor receptor R2/Akt activation and upregulating Slit glycopro-
tein-2, potentially curing the characteristics of asthma in mice. 

Suddek (2010) described thymoquinone-removed phenylephrine-induced stiff-
ness and promoted pulmonary arterial rings movability, which could be regulated 
via ATP-sensitive K+ channel activation and plummeting serotonin and endothelin 
receptors in lung tissue. Thymoquinone’s supremacy over the downregulation of pro-
fbrotic genes and oxidative stress helps in reducing damage in paraquat-induced pul-
monary fbrosis in mice. The levels of fbrotic genes, α-smooth muscle actin alpha, 
transforming growth factor-β1, collagen 1a1, and collagen 4a1 were signifcantly 
reduced after thymoquinone treatment in mice. Lipid peroxidation was signifcantly 
reduced and superoxide dismutase values restored after thymoquinone administra-
tion (Suddek 2010). The product thymoquinone has also been worked on to reduce 
ailments in acute respiratory distress syndrome and protect lung tissue in rats (Isik 
et  al. 2005). Reduction of reactive oxygen species by thymoquinone minimized 
transforming growth factor-β1 expression and, thus, collagen expression, controlling 
fbrosis progression in mice (Pourgholamhossein et al. 2016). Thymoquinone also 
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suppressed the development of bleomycin-induced pulmonary fbrosis and emphy-
sema in rat alveoli by upregulating the expression of NF-kβ and checking the amounts 
of antioxidant enzymes, superoxide dismutase, and glutathione-S-transferase in lung 
cells. Thymoquinone maintains the cell infltration and lymphoid hyperplastic cells 
initiation around bronchioles (El-Khouly et al. 2012). Günel C et al. (2017) discuss 
the antiallergic response of Nigella sativa component thymoquinone. In an allergic 
rhinitis rat model, thymoquinone treatment lowered interleukin-4, immunoglobulin-
E levels, interleukin-1B expression. Eosinophil infltration was hugely minimized, 
promoting the anti-infammatory response. Sezen et al. (2018) state that following 
M-I/R injury in rats, levosimendan and thymoquinone individually rescued the 
animal models from lung injury by overexpressing Bax and p53 observed through 
immunostaining of the lung tissue. 

8.3.6 anticancerous properties 

8.3.6.1 Cancer Signaling Regulation and Cancer Cell Migration 

Thymoquinone alters a variety of pathways and molecular targets to bring 
about the antimigratory and infammatory responses to result in apoptotic activity 
against cancer cells in in vivo and in vitro conditions. Research on pancreatic ductal 
adenocarcinoma cells reveal that thymoquinone reduces the cell proliferation and 
initiates apoptosis by increasing Bax-Bcl-2 ratio and caspase-3, as well as downregu-
lating HDAC activity like trichostalin A (an HDAC inhibitor) (Chehl et al. 2009). 
Dergarabetian EM et al. (2013) showed the action of thymoquinone on Jurkat cells, 
elucidating the release of caspase 3, caspase 9, cytochrome c, and cleavage of poly 
(ADP-ribose) polymerase, progressing into apoptosis. Cytotoxicity of thymoquinone 
extracted from black seeds using Soxhlet apparatus showed dose-dependent cell 
death in HeLa cells with IC50 = 3.1 µM. Comparatively, the cytotoxic analysis of 
thymoquinone isolated from Thymus vulgaris resulted in cell death at higher con-
centrations (with IC50 = 18.2 µM) in HeLa cells (Butt et  al. 2019). Racoma et  al. 
(2013) identify that thymoquinone acts as an autophagic inhibitor by promoting lyso-
some membrane permeabilization, helping in moving the lysosomal hydrolases to 
the cytosol, and also induces caspase-independent apoptosis in glioblastoma cells 
(Racoma et al. 2013). Another study led by Harpole JL et al. (2015) suggested that 
the anticancer activity of thymoquinone might arise from its ability to regulate nitric 
oxide in an ovarian cell line. Yang et  al. (2015) reported that reduced expression 
of mRNA and protein levels of proliferating cell nuclear antigen (PCNA), cyclin 
D1, matrix metalloproteinase-2, and matrix metalloproteinase-9 confrm thymoqui-
none’s antiproliferative action on A549 lung cancer cells by reduced phosphorylation 
of ERK1/2. Owing to its antioxidant properties, thymoquinone is a hepatoprotec-
tant, acting against the proliferation of hepatocellular carcinoma, and proves to be 
nontoxic (Bimonte et al. 2019). Figure 8.2 depicts the angiogenesis, metastasis, and 
invasion cancer signaling effects that are associated with thymoquinone in normal 
cells and cancer cells. 



   

 

Normal cell division Cancer cell division 

Intrinsic or 
extrinsic factors 

Intrinsic or 
extrinsic factors 

A
ng

io
ge

ne
si

s 
Pr

og
re

ss
io

n 
Pr

om
ot

io
n 

In
iti

at
io

n 

Premalignant cells 

DNA Damage 

Repair Apoptosis 

thymoquinoneMalignant cells 

Normal cell  Dead cell 

VEGF 

MMP-9 

Metastatic cells 
Biood vessel 

M
et

as
ta

si
s 

In
vi

si
on

EMT, Zeb1 
Twist, E-cadherin 

ERK 1/2 

liverlungs 

Brain 

Figure 8.2 Scientifc diagram representing the activity of thymoquinone in pathways affecting 
angiogenesis, metastasis, and invasion cancer signaling. 

Source: reprinted under creative commons license cc By-nc-nD 4.0 (mahmoud and 
abdelrazek 2019). copyright 2019. Published by elsevier masson SaS. 
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Thymoquinone exerts its function by moderating a variety of pathways. There 
is a huge indication to support its anticancerous activity through its interactions 
with caspase cascade and activation of caspase 3, caspase 9, and caspase 8, which 
result in cytochrome c upregulation and altered Bax, Bcl-2 apoptotic gene expres-
sion in myeloblastic leukemia HL-60 cells (El-Mahdy et  al. 2005). Abdelfadil 
et al. (2013) reported the killing effect of thymoquinone on oral cancer cells via 
inhibition of p38 signaling, expanding on the compound’s involvement in apop-
totic mechanisms. Owing to the antioxidant properties mentioned earlier, Woo 
et  al. (2013) experimented the effect of thymoquinone, which introduced reac-
tive oxygen species signaling and downstream p38 activation on human breast 
cancer cells in vitro and in in vivo models, promoting apoptotic progression and 
antiproliferative activity in the cells. It appears to also boost the antitumor action 
of doxorubicin (Woo et al. 2013). Similar observations of the inhibition of pro-
liferation and migration are reported by Xu et  al. (2014) in cellular treatments 
of TFK1 and HuCCT1 cell lines at higher doses of thymoquinone in a time-
dependent fashion. There was marked reduction of several downstream signal-
ing pathways, like X-linked inhibitor of apoptosis protein, vascular endothelial 
growth factor, p65, PI3K/Akt, Bcl-2, cyclooxygenase-2, and NF-κB signaling in 
the human cholangiocarcinoma-derived cell lines. In another report by Ahmad 
et al. (2013b), experiments were performed on metastatic A375 cells and mouse 
B16F10 melanoma cells with thymoquinone administration. Thymoquinone exer-
cises antimigratory effect by the inhibition of NLRP3 infammasomes, providing 
an accessory vehicle for metastasis and melanoma therapy. PPAR-γ levels were 
seen to be overexpressed, while Bcl-2, Survivin, Bcl-xL anti-apoptotic genes were 
downregulated by the action of thymoquinone in breast cancer cells. Woo et al. 
(2011) reported that the activity of thymoquinone on PPAR-γ was signifcantly 
reduced with PPAR-γ-specifc inhibitors and dominant-negative PPAR-γ plasmids, 
consequently delineating thymoquinone’s potential action as a ligand of PPAR-γ. 
HepG2 cells treated with N-acetyl cysteine (a reactive oxygen species scavenger) 
inhibited reactive oxygen species production and reactive oxygen species-induced 
apoptosis caused by thymoquinone in the cells. In the isolated treatment with 
thymoquinone, there was a diminished expression of interleukin-6, interleukin-8 
receptor, and NF-κB. Reactive oxygen species levels and oxidative stress-associ-
ated genes like NQO1 and HO-1 were hastened up during thymoquinone admin-
istration (Ashour et al. 2014). Ashour et al. (2014) show that in mRNA expression 
of Bcl-xS, TRAIL death receptors were incited, leading to TRAIL-induced cell 
apoptosis in the HepG2 cells against migration and cell growth, supporting its role 
as an antihepatocellular carcinoma drug. Microtubule-targeting agents act as a 
tubulin-microtubule binding network agent, thus restraining microtubule polym-
erization, leading to cell cycle arrest and cell death. Thymoquinone acts as an 
microtubule-targeting agent in A549 cells, but the activity was not replicated in 
HUVEC cells (Acharya et al. 2014). 

Triple-negative breast cancer cells lacking p53 functionality were tested 
with thymoquinone. The triple-negative breast cancer cells showed G1-cell cycle 
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arrest and a characteristic loss of mitochondrial integrity, leading to apoptosis 
by the release of cytochrome c and activation of caspase-9 (Sutton et  al. 2014). 
Proliferation of multiple myeloma cells was inhibited by simultaneous treatment 
of thymoquinone and bortezomib through the activation of caspase-3, poly (ADP-
ribose) polymerase cleavage, initiating apoptotic cell death. Expression of invasion 
induced by C-X-C motif chemokine 12 and chemotaxis is signifcantly reduced 
by thymoquinone in multiple myeloma cells in vitro and in vivo condition in a 
xenografted mouse model (Siveen et al. 2014). Thymoquinone exposed to malig-
nant astrocytic brain tumors like glioblastoma demonstrated its effort in inhibiting 
autophagy and promoting caspase-dependent cell death. Racoma et al. (2013) also 
shows that thymoquinone could show promising effects in killing glioblastoma 
cells that are resistant to previous treatments of temozolomide chemotherapy and 
ionizing radiation. Bax/Bcl-2 ratio was boosted by the action of thymoquinone in 
Neuro-2a mouse neuroblastoma cells, which is crucial in driving the cytochrome 
c production into the cytosol, caspase-3 activation, cleavage of poly (ADP-ribose) 
polymerase kinase, and downregulates the levels of caspase inhibitor, X-linked 
inhibitor of apoptosis protein, eventually resulting in increased apoptosis of the 
Neuro-2a cells. The activity of accelerating the pathways leading to apoptosis is 
very much pronounced in the neuroblastoma origin cells treated with thymoqui-
none (Paramasivam et al. 2012). 

Thymoquinone in the form of nigella seed oil nanoemulsion formulations 
introduced phosphatase and tensin homolog upregulation (inhibits PI3K/Akt sig-
naling), p53 upregulation, and promoted apoptosis at 25–100 µM concentrations 
for 48 h exposure in doxorubicin-resistant human breast cancer cells (Arafa et al. 
2011; Periasamy et  al. 2016). Polymeric nanoencapsulation of thymoquinone in 
Pluronic P68 and F127 carriers improve the in vitro release and show antiprolif-
erative effect in breast adenocarcinoma cells. The IC50 value was 7 µM and 12 
µM for PF 127 and PF 68 nanoparticles, much lesser than the free thymoquinone, 
which was around 40 µM at 48 h treatments (Shaarani et al. 2017). HK2 cells and 
human renal cancer cells (769-P and 786-O) subjected to thymoquinone curbed 
the migratory and invasive property of the cancer cells. It is also revealed that 
thymoquinone induced the abundant expression of E-cadherin and diminished the 
mRNA and protein expressions of Snail, ZEB1, and vimentin. Thus, a resultant 
activated AMPK and hepatic kinase B1 were observed (Kou et al. 2018). Notably, 
the renal cancer cells 786-O and ACHN added with thymoquinone suppressed 
metastasis in the human renal cancer cells via activation of autophagy by AMPK/ 
mTOR signaling. There was a signifcant downfall in the epithelial-mesenchymal 
cell transition and migration capacity of the human renal cancer cells (Zhang 
et al. 2018b). Ranging concentration of thymoquinone from 20 to 160 µmol/l up 
to 72 h in human bladder cancer cells revealed the inhibition of cell prolifera-
tion, activation of ER and mitochondrial stress, caspase cascade, articulating the 
mitochondrial-facilitated apoptosis (Zhang et  al. 2018a). Coaddition of thymo-
quinone and paclitaxel-induced apoptotic cell death on 4T1 mouse breast cancer 
cells at thymoquinone concentrations of 0.64, 2.4, and 3.2 mg/kg b.w. was enough 
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to completely clear the tumor growth, showing the expression of apoptotic-mod-
ulated genes like p53, JAK/STAT, overexpressing caspases-3, caspase-7, and cas-
pase-12 (Şakalar et al. 2016). 

Thymoquinone has a profound effect on lessening cancer metastasis and cell 
migration. In in vitro studies conducted in CCF-STTG1 and U-87 cells, thymo-
quinone treatment brings out this effect by reducing the phosphorylation of ERK 
kinase and reduced expression of focal adhesion kinase, matrix metalloprotein-
ases-2, and matrix metalloproteinases-9 (Kolli-Bouhafs et al. 2012). The role of 
preventing metastatic cancer progression is prevalently seen through thymoqui-
none’s active inhibition of the TWIST1 promoter region in breast cancer cells, 
showing an unfathomable activity to counter epithelial-mesenchymal cell tran-
sition and controlling the cancer cell migratory and invasion properties (Khan 
et al. 2015). 

8.3.6.2 Thymoquinone’s Effect as an in Vivo Anticancer Molecule 

Over the last couple of years, a variety of in vivo studies have been used to 
model cancer research with thymoquinone. Thymoquinone reduced the cancer 
progress and oxidative stress induced by 1,2-dimethylhydrazine in rat colon can-
cer models, showing antioxidative and a tumor-reductive activity (Jrah-Harzallah 
et al. 2013). In another in vivo report on rat hepatic tumors, the activity of thy-
moquinone showed decreasing antioxidant enzymes, like glutathione peroxidase, 
glutathione-S-transferase, and catalase, which contributes to the reducing tumor 
mass (Sayed-Ahmed et al. 2010). In another study, the G1/S phase transition and 
G1/S cell cycle arrest were pronounced by the action of thymoquinone in rat 
hepatocellular carcinoma (Raghunandhakumar et  al. 2013). Thymoquinone is 
effcacious in reducing migration, invasion, and tube formation in the human 
cell migration of umbilical vein endothelial origin. It suppresses Akt activation 
and angiogenesis in prostate cancer in mice (Yi et al. 2008). Modulatory effect 
of thymoquinone is brought by the anti-infammatory stimulus, which demotes 
the expression of NF-κB, opposing the breast tumor progression in mice breast 
tumor model (Connelly et  al. 2011). In another in vivo study in breast cancer 
xenografted mice, cancer mass reduction was observed with the action of thy-
moquinone (Khan et  al. 2015). Breast cancer initiation triggered by the car-
cinogen 7,12-dimethylbenz[a]anthracene reacted to thymoquinone treatment by 
decreasing the expression of BRCA-1, BRCA-2, ID-1, and reducing the activity 
of malondialdehyde, lactate dehydrogenase, alkaline phosphatase, and aspartate 
transaminase antioxidant enzymes, downgrading any tumor progression (Linjawi 
et al. 2015). 

Several in vivo studies also have been reported to support the pro-apoptotic 
action of thymoquinone against cancer growth and proliferation. Thymoquinone 
delivered at a dosage of 5mg/kg for three weeks into a mouse model of colorectal 
cancer impeded the cancer progression in the xenografts and reduced multiplicity. 
Thymoquinone doses up to 60 µM in C26 cells reduced invasion and introduced 
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apoptosis through a p53 medicated mechanism (Gali-Muhtasib et  al. 2007). 
Thymoquinone at dosage 20 mg/kg or 100 mg/kg once every three days decreased 
the migration of triple-negative breast cancer cells xenografted into orthotopic 
mice model. It also showed downregulation of the expression of eukaryotic-elon-
gation factor-2 kinase, Src/FAK, and Akt in the cells (Kabil et al. 2018). Nigella 
sativa essential oil given to colon cancer rat models for 14 weeks decreased the 
spread of cancer cells in rats of initiation and postinitiation phases with no side 
effects during the thymoquinone drug treatment (Salim and Fukushima 2003). 
Salim (2010) discusses that nigella seed oil treatment continuously for 30 weeks 
reduced benign and malignant propagation of colon tumor sizes in multiple rat 
organs like the lungs, alimentary canal, and forestomach. Ethanolic extract of 
nigella seeds at a concentration of 250 mg/kg given for fve consecutive days 
reversed the growth of hepatocarcinoma induced by diethyl nitrosamine in Wistar 
rats (Alenzi et al. 2010). It effectively reduced the abnormal increase in the hepatic 
HGF-β protein expression, serum vascular endothelial growth factor, and AFP 
levels. Considerable improvement was seen by the effect of thymoquinone and 
Nigella sativa essential oil in the toxicity induced by cyclophosphamide in the 
rat models (Alenzi et al. 2010). X-linked inhibitor of apoptosis protein alteration 
plays a vital part in the apoptotic caspase cascade. In pancreatic cancer models, 
thymoquinone represses X-linked inhibitor of apoptosis protein, matrix metal-
loproteinases-9 to induce an antineoplastic and antiangiogenic activity. Similar 
observations of X-linked inhibitor of apoptosis protein downregulation were 
given in mouse Neuro-2 cells, Akt dysregulation in breast cancer models, and 
Doxorubicin-resistant breast cancer (Arafa et al. 2011; Rajput et al. 2012; Rajput 
et al. 2013). JNK inhibition and Akt dephosphorylation functions increased apop-
totic cell death of squamous cell carcinoma in mice cancer model (Das et  al. 
2012). Polyp formation is an outstanding characteristic of familial adenomatous 
polyposis progression. Treatment with thymoquinone impedes the polyp forma-
tion via Wnt signaling regulation and apoptotic pathways in mouse xenografted 
familial adenomatous polyposis (Lang et  al. 2013). Gastric cancer in mice is 
impeded by thymoquinone’s activity of STAT3 pathway regulation (Zhu et  al. 
2016). Immunoregulation can be advanced by thymoquinone treatment in leu-
kemic cells. In murine leukemic WEHI-3 cells, thymoquinone elevated natural 
killer cell activities, which showed a matured and better cytotoxic apoptotic activ-
ity on the tumor. Further advances could help in making thymoquinone a critical 
drug in cancer immunotherapy (Ali Salim et al. 2014). 

8.3.6.3 Combinational Effect of Thymoquinone 
with Other Chemotherapy Agents 

Synergistic activity of 5-fuorouracil with thymoquinone intensifes the apoptotic 
activity on gastric cancer in vitro and in vivo (Norwood et al. 2007; Lei et al. 2012). 
The anticancer activity of 5-fuorouracil has increased when combined with thymo-
quinone in treatment of SW-626 human colon cancer cells (Norwood et al. 2007). 
Combination of thymoquinone, 5-fuorouracil, and epigallocatechin-3-gallate showed 
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profound apoptosis in FaDu nasopharyngeal carcinoma and SK-OV-3 ovarian cell line 
(Williams et al. 2014; Harpole et al. 2015). 5-fuorouracil and thymoquinone together 
repress the expression of several cancer signaling pathways, like the Wnt/β-catenin, 
NF-κB, i-nitric oxide synthase, vascular endothelial growth factor, and TBRAS, while 
antitumorigenic CDNK-1A, transforming growth factor-β, Smad4 are upregulated in 
rat colorectal cancers (El-Shemi et al. 2016). Combinational treatment of the chemo-
therapeutic drug doxorubicin along with thymoquinone has improved the anticancer 
activity in leukemic RAW cells lowered cell viability, in HL-60 cells, and in multi-
drug-resistant MCF-7/TOPO cancer cells (Effenberger-Neidnicht and Schobert 2011; 
Brown et al. 2014). Cervical squamous cancer that was treated with thymoquinone 
decreases Bcl-2 protein levels and increases the cytotoxicity of the cells more than 
the effect caused by cisplatin (Ng et al. 2011). Comparing the individual effects of the 
two drugs, Ng et al. (2011) reported that thymoquinone was much dominant than cis-
platin in leading to cell death in SiHa cells (cervical squamous carcinoma) (Ng et al. 
2011). Jafri et  al. (2010) reported using cisplatin, a commonly used chemotherapy 
agent, along with thymoquinone demonstrated evidence of effective removal of cis-
platin resistance in non-small-cell lung cancer, small-cell lung cancer cell lines, and 
mice tumor model (Jafri et al. 2010). Combinational treatment of thymoquinone with 
benzo(a)pyrene showed promising results in reducing the cancer viability. A549 cells 
exposed to benzo(a)pyrene showed that thymoquinone addition upregulated TRAIL1, 
TRAIL2, p21, and pro-apoptotic proteins. This led to the downstream p53-induced 
activation of G2/M arrest and cellular apoptosis (Ulasli et al. 2013). Similar enhance-
ment of the anticancer activity was observed in the combinational treatment of cispla-
tin and thymoquinone in ID8-NGL mouse cells (Wilson et al. 2015). Refer to Figure 
8.3 for the combinational activity of both the agents, cisplatin and thymoquinone. 
Pretreating the pancreatic tumor (in vitro and in vivo) with thymoquinone followed 
by gemcitabine combinationally increases the apoptotic cell death and inhibits cancer 
growth and metastasis in pancreatic cancer (Mu et al. 2015). The synergy also sup-
presses the Notch1 and NICD levels, inactivating Akt/mTOR signaling. This leads to 
a drastic reduction in the p65 phosphorylation, curbing its nuclear translocation (pro-
moted by tumor necrosis factor-α). Additionally, this altered signaling is accompanied 
by the upregulated apoptotic (caspase 3, caspase 9, Bax) expression and downregu-
lated antiapoptotic protein expression (Bcl-2, Bcl-xL, XIAP) (Mu et al. 2015). PC-3 
and DU-145 cancer cells (drug-resistant prostate origin) upon synergistic exposure to 
thymoquinone with zoledronic acid showed DNA fragmentation, a characteristic indi-
cator of caspase-induced apoptosis supported with an increased caspase 3 activity and 
cytotoxicity in the PC-3 cells (Dirican et al. 2014). Relles et al. (2016) also discussed 
the apoptotic induction in pancreatic cancer cells by the addition of thymoquinone. 
Another such pronounced combinational cancer-killing activity of thymoquinone is 
seen when combinationally treating with resveratrol (Figure 8.4). Thymoquinone at 
doses 40–60 µM along with topotecan showed sizeable antitumor activity in colorec-
tal cancer cells in which the cotreatment lead to p53 independent apoptosis (Khalife 
et al. 2016). Khalife et al. (2016) showed that the toxicity of topotecan was increased 
and proliferation inhibition improved drastically after thymoquinone addition to the 
cells via p53, Bax/Bcl-2 independent mechanisms. Docetaxel with thymoquinone 
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Figure 8.3 combinational activity of thymoquinone (tq) and cisplatin (cis/cisp) promotes 
apoptosis and inhibited cell proliferation in tumors harvested from mice treated with 
vehicle control (Veh), tq (20 mg/kg), cisplatin (2 mg/kg), or the tq/cis combination 
for 30 days. Ki67 expression, a good indicator of tumor growth and proliferation, is 
reduced, while tumor cell death markers such as Bax, cleaved caspase-3 (cl casp-
3), and cleaved ParP (cl ParP) are overexpressed during the combinational treat-
ment of cisplatin and tq. Stained in green against blue DaPI under fuorescence 
microscopy. 
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Source:  adapted under creative commons license cc By-nc-nD 4.0 (Wilson et al. 2015). 
copyright 2015. 

effectually acted in inducing cytotoxic and apoptotic activity through PI3K/Akt,  
signaling regulation against castrate-resistant prostate cancer (Dirican et  al. 2015).  
Thymoquinone also increased the effciency of tamoxifen in inducing programmed  
cell death to human breast cancer cell lines (MCF-7, MDA-MB-231) (Ganji-Harsini  
et al. 2016). Bashmail et al. combine the effect of thymoquinone with gemcitabine  
activity in different breast cancer cell types (Figure 8.5). Utilization of thymoquinone  
against glioblastoma cells improved activity of temozolomide, a clinically relevant  
drug used against human glioblastoma (Pazhouhi et al. 2016). Vitamin D is increas-
ingly becoming celebrated for its chemopreventive supplemental activity in current  
research. Thymoquinone can boost the functioning of vitamin D in preventing cancer  
initiation in rat colon cancers (Mohamed et al. 2017). 
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Figure 8.4  Introduction of thymoquinone (tq) along with resveratrol (reS) intensifed Dn 
fragmentation and apoptosis in mice breast tumor sections. the microscopic 
images represent tumors treated with (a) vehicle control, (B) 50 mg/kg/d tq, 
(c) 50 mg/kg/d reS, (D) or a combination of both tq and reS 50 mg/kg/d. 
fragmented Dna is stained in brown. 

Source: reprinted under creative commons license cc By-nc-nD 4.0 (alobaedi et al. 2017). 
copyright 2017 hainan medical university. Production and hosting by elsevier B. V. 

8.3.6.4 Thymoquinone Activity as Topoisomerase II Covalent Poison 

There are reports on the potential function of thymoquinone as a human topoi-
somerase II covalent poison.  Ashley and Osheroff (2014) displayed that thymoqui-
none shows up to fvefold increase in the enzyme-propitiated DNA damage, similar 
to the activity of a well-known topoisomerase II poison, etoposide. This activity can 
be utilized to induce DNA damage to the cancer cells and specifcally exploit its 
anticancer activity against tumors. 

Covalent topoisomerase II poisons or catalytic inhibitors are a class of compounds 
that consist of reactive protein modifcation groups (like quinones and isothiocya-
nates), which form covalent adducts with cysteine residues that are distal to the active 
site of topoisomerase II (Vann et al. 2015). Such characteristics of the covalent poisons 
to create DNA damage can be utilized for precise targeting in cancer chemotherapy 
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Figure 8.5 addition of thymoquinone (tq) sensitized breast cancer cell lines mcf-7 and 
t47D to gemcitabine (gcB) at a lower concentration via apoptotic and autophagic 
activities (a, c, e correspond to mcf-7 cell line, and B, D, f correspond to t47D 
cell line viabilities at 24 h, 48 h, and 72 h treatment, respectively). 

Source: reprinted under creative commons license cc By-nc-nD 4.0 (Bashmail et  al. 
2018). copyright 2018. 
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due to the fact that topoisomerases have a generally elevated expression in malignant 
cancers. Modern use of these compounds impact the direct stabilization of the cleaved 
DNA-enzyme complexes or inhibiting the catalytic activity and leading to higher cyto-
toxic activity in the cancer cells (Dwarakanath et al. 2004; Stewart and Ratain 2005; 
Sparreboom and Zamboni 2006). Especially, the topoisomerase II enzymes inhibition 
makes the cells vulnerable due to the created double-strand DNA damage, and at high 
levels, these cleavage complexes–induced double-strand breaks trigger permanent 
chromosomal breaks, chromosomal translocations, cytotoxic and cell death pathways. 

1,4-benzoquinone is a benzene compound that can act as a topoisomerase II inhibi-
tor and elevate the DNA break concentrations. Being similar to 1,4-benzoquinone, thy-
moquinone behaves as topoisomerase II covalent poison and increases DNA cleavage 
by transiently cleaving double DNA strands (Nitiss 2009; Pommier et al. 2010). These 
breaks can be recognized as double-strand DNA damage and aggravate the damage 
response pathways. For instance, Ashley and Osheroff (2014) demonstrated that cova-
lent topoisomerase poison thymoquinone can elevate topoisomerase IIα–mediated 
DNA cleavage up to fvefold, comparable to the effect of etoposide. They also report 
that pure thymoquinone, black seed extract, and the Nigella sativa essential oil pro-
moted the human topoisomerase IIα–induced DNA double strands breaks. The poison 
activity can be pronounced only with their activity to inhibit religation of the DNA 
strands. Covalent poisons of topoisomerase II, like the thymoquinone, can moderate 
the relegation by 35–50% against etoposide that inhibited religation up to tenfold. N. 
sativa seed extract formulations also can provoke topoisomerase II–generated DNA 
cleavage up to fourfold (Ashley and Osheroff 2014). 

8.3.6.5 Combinational Targeting of DNA Repair with 
Thymoquinone, a Topoisomerase II Poison 

The intensity of DNA repair system determines the durability of cancer to evade 
apoptosis, a key survival mechanism. Therefore, a defective repair mechanism increases 
chances of mutations and genetic instability, which promotes cancer progression. 
Veuger and Curtin (2014) described that redundancy exists within the repair systems, 
which makes the loss of one repair pathway to impair partly or wholly their response 
to DNA damage. This enables the cancer pathways to rely on backup repair machinery 
to maintain viability. An inherited defcit in homologous recombination repair (HRR) 
infuences in a higher risk of developing cancers (Venkitaraman 2002). Carriers of these 
defcit genes have one functioning allele, but the development of cancer depends on the 
somatic inactivity of the second one, contributing to the cancer cell’s ineffective repair. 
Then, DNA repair plays a vital role in determining treatment effcacy. Elevated DNA 
repair might lead to the removal of DNA injuries, rising resistance against the therapy, 
and defects in MMR repair gives resistance (Kaina et al. 1997), while nonfunctional 
HRR in tumors renders them susceptible to DNA cross-linkers (Tutt et al. 2001). 

An interesting approach in cancer therapy would represent the inhibition of DNA 
repair responding to double-stranded DNA breaks, where the repair pathways support 
an augmented role in cancer survival. Double-stranded DNA break repair inhibitors 
downregulate the response of the tumor to DNA damage, driving them into cell cycle 
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arrest and cell apoptosis (Sullivan et al. 2012). They play an essential role in improv-
ing the effcacy of radiotherapy or chemotherapy, removing resistance. The removal 
of therapy resistance would lead to an irregularity in DNA damage response, which 
can be exploited in targeting against cancer. Supplementing with a double-stranded 
DNA damage-inducing agent like the thymoquinone or topoisomerase II poisons 
would turn the cellular system into double-stranded DNA initiators, and thus, the 
dysregulated double-stranded DNA repair pathway would increase cell cycle arrest, 
but due to the repair ineffciency, we can observe that the cells would progress into 
apoptosis. 

Several synthetic lethal targets utilizing the interactions between ATM kinase, 
ATR kinase, and other DNA damage response components are being analyzed nowa-
days. Inhibition or knockdown of ATM tends to be synthetically lethal in cells with 
Fanconi anemia pathway defciency (Kennedy and D’Andrea 2006; Kennedy et al. 
2007). Poly (ADP-ribose) polymerase inhibition also possesses a lethal activity in 
ATM-defcient cells (Aguilar-Quesada et al. 2007; Williamson et al. 2012; Kubota 
et al. 2014). There is also potential research works showing the non-small-cell lung 
carcinoma cells with nonfunctional p53 and ATM kinase being sensitive to ATR 
inhibition (Weber et al. 2014; Weber and Ryan 2015). Following prior studies of com-
binational targeting to fnd synthetic lethal targets, (Kaelin 2005; Fong et al. 2009) 
the HRR and DNA repair pathways stand as interesting targets for combinational 
targeting with topoisomerase II poisons like thymoquinone. 

8.4 DISCUSSION aND FUtUre perSpeCtIVe 

The global cancer burden has risen to 18.1 million people from the recent 2018 
WHO report, growing into one of the leading causes of death worldwide (Bray et al. 
2018). This raises an increased need to provide personalized and effcient cures with 
lesser side effects as well as to enhance the specifcity of targeting and killing all the 
cancer population to aid in the patient’s lifestyle after the diagnosis (Tsimberidou 
et al. 2020). This leads the way for an option of using natural phytochemical agents 
which show improved anti-infammatory, antioxidant properties against tumor cells. 
This review aimed at introducing the pharmacological properties of thymoquinone 
and delivering an interesting approach to using it for cancer treatments through its 
enhanced topoisomerase inhibitory activity. 

Amid the astounding results given by thymoquinone as alternative medicine, sev-
eral challenges lay before its wide use into clinical use. Pharmacokinetic analyses 
showed poor absorption and poor bioavailability of thymoquinone while being rapidly 
eliminated from the system. Some derivatives can be added to improve the pharma-
cokinetic capacity of thymoquinone by increasing bioavailability. For instance, Odeh 
et al. (2012) showed that thymoquinone-loaded liposome nanoparticles of sizes approx-
imately 100 nm showed stability and bioavailability to induce a pronounced antitumor 
activity against breast cancer cells. Other works are increasing to improve the bio-
compatible formulations of thymoquinone by complexing with poly (lactic-co-glycolic 
acid) or polyethylene glycol to succeed in giving high solubility and heat sensitivity. 
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Synthetic lethal interactions could be present between topoisomerase-II and 
DNA damage response targets that can be utilized to target specifc repair-defective 
cancers with thymoquinone. Future studies are needed to observe the manipulation 
of these intricate pathways to fnd suitable therapy (Guo et al. 2011; Awasthi et al. 
2015). And we hope that further investigation would help in fguring the pharmaco-
logical properties of the thymoquinone in preclinical and clinical trials to be avail-
able in the market in the coming years. It would promote the development of direct 
pharmaceutical drug or indirect therapeutic advances like the nasal sprays and food 
ingredients available for commercial uses to common public. 
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9.1 INtrODUCtION 

Nanotechnology corresponds to a new platform that assures to provide a 
broad range of modern technologies for biological and biomedical applications. 
Nanostructure of zinc sulfde (ZnS) nanoparticles were explored as they have unique 
chemical and physical properties and are useful in various applications, including 
manufacturing biosensors, cell imaging, and electrical materials (Elghanian et  al. 
1997; Fang et al. 2011; Bahadir and Sezgintürk 2014). In the human body, zinc is the 
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second most abundant transition metal ion (Wills et al.2008). Particularly, zinc is 
highly available in retinal pigmented ocular tissues (Ugarte et al. 2012; Ugarte et al. 
2013). Zinc, as a prominent metal, participates in multiple functions, such as gene 
expression, quenching of free radicals, cell metabolism, cell proliferation, and reti-
nal development (Otteson et al. 2004; Ricchelli et al. 2011; Watabe et al. 2011). Zinc 
defciency is also a principal cause of visual impairments, such as abnormal dark 
adaption and night blindness (Erie et al. 2009). 

In retina, pigment epithelial cell (RPE) plays a vital role in photoreceptor cell 
survival and maintaining normal functioning of photoreceptors, which include syn-
thesis and transportation of many substances, such as vitamin A and its metabolites 
and phagocytosis of molted outer segments of rods and cones (Bok 1993; Rizzolo 
1997; Marmorstein 2001). In order to have proper vision, RPE cells and differenti-
ated melanocytes produce a light-absorbing pigment called melanin (Strauss 2005). 
RPE cells that produce melanin contain zinc, which is expected to be involved in 
regulatory function of retinal photoreceptors that in turn is likely to decrease with 
ageing (Sarna 1992). Several recent studies also witnessed that inadequate level 
of zinc in the RPE cell induces caspase-dependent apoptosis, which may lead to 
progression of macular degeneration (Hyun et al. 2001; Wood and Osborne 2011; 
Nakajima et al. 2014). On the other hand, overload of zinc may cause dysfunction 
of the immune system, oxidative stress–involved cell toxicity, mitochondrial injury 
(Ugarte and Osborne 2014), and zinc-induced copper defciency (Willis et al. 2005). 
As a matter of fact, the RPE contains photoreceptors and retinal neurons that are 
highly sensitive and induce apoptosis in the condition of “loosely bound” zinc in 
excess concentration (Redenti et al. 2007). Furthermore, earlier studies have reported 
that zinc defciency, which results in elevation of free radicals called ROS, in turn 
leads to apoptosis through hypophosphorylation of AKT and ERK kinase pathway 
(Lefebvre et  al. 1999; Clegg et  al. 2005). Akt, a serine/threonine protein kinase, 
is involved in the regulation of cell survival and proliferation, protein translation, 
and metabolism. Therefore, maintaining homeostasis of zinc in RPE cells is very 
important for normal retinal function. In consideration of all the aforementioned 
facts, instead of using zinc as bulk material, nanosize particles can be used to have a 
better retinal zinc metabolism. Since nanosize particles characteristically possess a 
larger percentage of atoms at the material’s surface, it can lead to increased surface 
reactivity (Nel et  al. 2006). Quantum dots and nanocarriers have high affnity to 
associate with many other proteins and macromolecules that allow them to be used 
as therapeutic agents of target cells (Bajwa et al. 2016). As far as biodistribution is 
concerned, there is no evidence provided for ZnS nanoparticles reaching the retina, 
but there are reports that show other nanoparticles, like yttrium and ceria particles, 
reaching the retina (Chen et al. 2014; Mitra et al. 2014). Compared to other nanosize 
metal ions, zinc is naturally available in the retina, and using it in nanoform will 
make it an ideal available source of nanoparticle that can effectively control and 
regulate retinal cell viability. 

In this chapter, we look into the cytotoxicity effect of ZnS nanoparticles on reti-
nal pigment epithelial cells. We further extended to identify the possible biological 
function of ZnSNPs in regulating ROS elevation and cell permeability in RPE cells 
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at various concentrations of ZnS nanoparticles. The outcome of our work will be 
more useful to evaluate the future prospect of using ZnS nanoparticles as drug car-
rier and to treat retinal diseases. 

9.2 ZINC NaNOpartICLeS 

Several metal nanoparticles are consistently used in many industrial applications. 
Among them, zinc is paid more attention because of its huge reactivity, effcient 
reducing potential, and fve strong isotopes. Zinc-based nanoparticles are in different 
forms, and they are ferrite, sulfde, selenide, phosphide, and zinc oxide (ZnO); they 
are eco-friendly, have various physiochemical properties, and have most effcient 
applicability (Ali et al. 2018). Zinc is mainly released into the soil from minerals 
such as zinc sulfates, oxides, sulfdes, and silicates of parent rock. Zinc released from 
the soil is in the following forms: (i) adsorbed in transferable form to hydroxides 
of aluminum and iron, humins, and clayey colloids;(ii) water-soluble Zn2+ bound to 
organic substances; and (iii) insoluble complexes and mineral (Sturikova et al. 2018). 
Low toxicity and biodegradability are the signifcant characteristics of nanomateri-
als. Zinc is a vital trace element for several metabolic parameters. Recent studies 
have focused on zinc nanoparticles because of their superior biological and chemical 
properties, including biocompatibility and high magnetic susceptibility (Valko et al. 
2005; Aydemir et al. 2006). These properties allow for its use in many biomedical 
applications, drug delivery, and cell labeling (Ali et al. 2018; Wang et al. 2010). 

9.3 eYe aND OCULar NaNOtherapY 

The eye is a primarily essential organ in the body, and the retina receives the 
information, what we see such as shapes, movements, and colors. The retina is 
located on back of the eye of vertebrates and has an average thickness of 200 μm. It 
consists of ten different tissues, three neuronal layers (NS), such as outer retinal pig-
ment epithelium (RPE), and another inside of the glass body limits. The internal lim-
iting membrane is the deepest retinal layer and consists of basement membrane and 
ganglion cells, or Müller cells, which demarcate from the retina and vitreous body. 
The ganglion cell is the third neuronal layer of the retina, and their axons extend into 
the optic nerve through photoreceptors next to the visual center of the brain. The 
axons of photoreceptors extend into the outer plexiform layer (OPL) and end up in 
highly specialized synapses. These synapses have contact with the horizontal and 
bipolar cells of the eye. 

Nanoparticles are used in the delivery of ocular drugs for many ocular diseases, 
like corneal disease, glaucoma, uveitis, and age-related macular degeneration (Zhou 
et al. 2013). Age-related macular degeneration is further classifed as dry and choroi-
dal neovascularization (CNV) (Figure 9.1). The core/shell nanoparticles loaded with 
VEGF, hyaluronic acid–altered chitosan nanoparticles (Choi et al. 2010), and dexa-
methasone (DEX)-loaded poly (lactic acid-co-glycolic acid) nanoparticles are used 
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Figure 9.1 representation of eye and progression of advanced age-related macular 
degeneration. 

as intravitreal injection (Zhang et al. 2009). Gold nanoparticles and siRNA-loaded 
PEGylated liposome-protamine-hyaluronic acid nanoparticles (PEG-LPH-NP-S) are 
the effcient nanoparticles used in corneal and retinal diseases (Liu et al.2011). The 
high absorption of gene/DNA in nanoparticles will be a challenge for gene delivery 
(Pannier and Tatiana 2013). Although nanoparticles-loaded drug delivery is one of 
the most effcient carriers to conquer delivering transversely biological barriers in eye 
(Dombu and Didier 2013), nanoparticles are carrying drugs and genes to be delivered 
to the retina and cornea, and a balanced design of nanoparticles needs to be altered. 

9.4 ZINC NaNOpartICLeS aND OCULar therapY 

Zinc is a highly abundant transition metal ion found in all tissues of the eye when 
compared with other organs of the human body. The retinal pigment epithelial cell 
functions are highly regulated through rich zinc binding on melanosomes (Kokkinou 
et  al. 2005). The free zinc is relatively embedded in intercellular organelle mem-
branes, like endoplasmic reticulum, Golgi apparatus, mitochondria, and the nucleus 
of the retina (Redenti et al. 2007). Zinc is essential for regular metabolic functions, 
such as regulation of mitochondrial ROS production (Ricchelli et  al. 2011), anti-
oxidant defense (Arranz et al. 2001), and retinal development (Zhang et al. 2004; 



  

 

   

   

 
 
 
 
 
 

 
 
 

 

 

271 functIOn Of ZnS nanOPartIcleS On StreSS-meDIateD aPOPtOSIS 

Schippert et al. 2007). During this process, huge amount of zinc is used, and alterna-
tively, the nanoform of zinc is an inventive tool that has effcient surface area and is 
a useful drug material for targeted delivery. 

9.4.1 ZnS Nanoparticles 

ZnS nanoparticles are multifunctional material, and their semiconducting nature 
makes versatile applications in biomedical felds (Ni et al. 2004), including bio-label-
ing, radiation absorption, and photocatalysis (Fang et al. 2011; Elghanian et al. 1997). 
Besides, many drugs loaded with nanoparticles are used as therapeutics because of 
their ability to interact with many other proteins and macromolecules of target cells 
(Bajwa et al. 2015). Among them, yttrium and ceria nanoparticles penetrate from the 
cornea to the retina; however, there is no evidence for ZnS nanoparticles reaching 
the retina (Chen et al. 2006; Mitra et al. 2014). Zinc is obviously found in the retina 
when compared with other metals, and zinc nanoparticles successfully control and 
regulate cell viability of the retina. 

9.4.2 ZnS Nanoparticles Synthesis and toxic effect 
in rpe Cells 

ZnSNPs have been synthesized both via biological and chemical method. Previous 
analysis of SEM image represents both biological (Figure 9.2A&B) and chemically 
(Figure 9.2C&D) synthesized ZnS nanoparticles having spherical shape. The spec-
trum of EDX appeared zinc peak in biological (44.32%) and chemical (45.31%) 
methods. Similarly, the sulfur content in the biological is 55.68%, and for chemi-
cal synthesis, it is 54.69%. Therefore, zinc concentration is relatively reduced 1% in 
biological synthesis when compared with chemical synthesis of ZnS nanoparticles. 

9.4.3 role of ZnS Nanoparticles on retinal pigment 
epithelial Cells 

Retinal pigment epithelial cells are the important cells which are located in 
between the retina and choroid layers. Retinal pigment epithelial cells are essential 
cells to maintain normal homeostasis of the blood retinal barrier. Our earlier studies 
illustrated ZnS nanoparticles’ effect on primary mouse RPE cells. The biologically 
synthesized ZnS nanoparticles were analyzed through SEM-EDX, followed by the 
optimal dosage and cytotoxic effect of ZnS nanoparticles extended to investigate 
their impact in primary mouse retinal pigment epithelial cells at different concen-
trations. ZnS nanoparticles are showed in a time- and dose-dependent manner and 
produced cytotoxicity in mouse retinal pigment epithelial cells and no signifcant 
morphological alterations, and their confuence is observed at initial dosage of 
nanoparticles. Further, more dosage of ZnS nanoparticles produced cellular perme-
ability in mouse retinal pigment epithelial cells. The DCFHDA analysis confrmed 
that ZnS nanoparticles–treated retinal pigment epithelial cells had increased reac-
tive oxygen species and arrested cell death. In addition, ZnS nanoparticles–treated 
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 Figure 9.2 SEM and EDX analysis of both biological and chemically synthesized ZNS nanoparticles, the biological synthesis of ZNS nanoparticles 
of (A) SEM and (B) EDX analysis. The (C) SEM and (D) EDX patterns of chemically synthesized ZNS nanoparticles. 



  

 

 
 
 

 

 
 

 
 

  

273 functIOn Of ZnS nanOPartIcleS On StreSS-meDIateD aPOPtOSIS 

primary retinal pigment epithelial cells led to increased phosphorylation of Akt and 
indicated regulating cell survival at less concentration. Our earlier study demon-
strated that up to 600 nm ZnS nanoparticles do not induce cell death in mouse reti-
nal pigment epithelial cells. The morphological analysis of mouse retinal pigment 
epithelial cells appeared in hexagonal morphology and tight confuence. However, 
the increased concentrations of ZnS nanoparticles reduced cell viability through 
shrinkage, rounding up, and loss of cell adhesion molecules of retinal pigment epi-
thelial cells. 

The mouse retinal pigment epithelial cells treated with H2O2 and thapsigargin 
induced cell death, which reverts back to normal morphology supplemented with 
ZnS nanoparticles (Figure 9.3). At the same time, no proportions of cell death were 
visualized in mouse retinal pigment epithelial cells preincubated with ZnS nanopar-
ticles when treated with H2O2 and TG. 

In addition, electron microscope studies identifed the ZnS nanoparticles 
found in mouse retinal pigment epithelial cells (arrows), and there were no sig-
nifcant morphological changes (white arrows) observed in nanoparticles-treated 
mouse retinal pigment epithelial cells (Figure 9.4A). In contrast, organelles like 
endoplasmic reticulum and mitochondria damages were observed in H2O2-and 
TG-treated cells. The H2O2-treated mouse retinal pigment epithelial cells of mito-
chondria are vacuolated and degenerated cristae. Similarly, thapsigargin-treated 
retinal pigment epithelial cells of endoplasmic reticulum are bulged and extended 
(Figure 9.4Band C). 

Figure 9.3 cell viability of ZnS nanoparticles on of h2O2- and tg-treated mouse retinal pig-
ment epithelial cells. the mouse retinal pigment epithelial cells are shown in tight 
confuence and hexagonal shape of both control and ZnS nanoparticles–treated 
cells under phase contrast microscopy. the h2O2- and tg-treated mouse retinal 
pigment epithelial cells were altered morphologically and induced cell death at 24 
h. even though no changes were found in ZnS nanoparticles prevailed with h2O2-
and tg-treated mouse retinal pigment epithelial cells, the ZnSO4-treated mouse 
retinal pigment epithelial cells induced cell death through alteration of morphology 
12 and 24 h after incubation. Scale bars represent 50 µm. 
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Figure 9.4 The oxidant molecules’ effects on ultrastructural changes in mouse retinal pig-
ment epithelial cell. An ultrastructure image of control mouse retinal pigment epi-
thelial cells, the H2O2 (B) and TG (C) treated mouse retinal pigment epithelial cells. 

RPE cell damage may lead to irregular growth factor secretion, which may lead 
to various retinal diseases, such as proliferative vitreoretinopathy, and the loss of RPE 
cells leads to age-related macular degeneration. Age-related macular degeneration 
affects the outer retina with photoreceptors and retinal complex consisting of the RPE, 
Bruch’s membrane (BrM), and choroid. Above all, the RPE and the BrM are affected in 
age-related macular degeneration. In addition to drusen formation, an accumulation of 
lipofuscin in RPE cells resulting in the thickening of BrM has been discovered with an 
altered elevated zero maze (EZM) in age-related macular degeneration patients (Roth 
et al. 2004). Though these changes can be found in normal aged retinas, they are more 
pronounced in age-related macular degeneration patients. The main constituent of lipo-
fuscin is A2E fuorophore (N-N-retinyl-ethanolamine retinylidene), a vitamin A deriv-
ative and a waste product of phagolysosomes. The accumulation of lipofuscin in RPE 
leads to increase in oxidative stress–induced A2E through wide light-absorbing spec-
trum that results in induced superoxide anion (O2) and H2O2 generation (Rózanowska 
et al. 1995, 1998). The insuffcient concentration of A2E results in phagocytosis of RPE 
cells by reducing the membrane potential of mitochondria and inhibition 

9.5 AGE-RELATED MACULAR DEGENERATION 

Age-related macular degeneration is the most important cause of unalterable 
visual injury disturbing 30–50 million among the world’s population every year. Both 
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endoplasmic reticulum and oxidative stress are vital factors for the development of 
age-related macular degeneration. Endoplasmic reticulum stress leads to aggregation 
of misfolded proteins that turn to the formation of unfolded protein response (UPR) 
of the cell for its survival. It is also a fact that prolonged endoplasmic reticulum stress 
induces cell death. The transition between unfolded protein response and endoplas-
mic reticulum stress–mediated apoptosis remains elusive. Present treatments do not 
focus on endoplasmic stress–mediated signals, which are responsible for age-related 
macular degeneration–like diseases. 

Age-related macular degeneration is an intricate ocular disease found in elderly 
people and leads to central vision loss. In India 1.14 million people are affected 
by age-related macular degeneration; among them, the curable ranges from 1.8 to 
4.7%. Symptoms in the early stages of age-related macular degeneration are diffcult 
to identify, and the later stage leads to severe vision loss (Jager et al. 2008). Late 
age-related macular degeneration is divided into two types, and they are geographic 
atrophy of dry and choroidal neovascularization (CNV) or wet form of age-related 
macular degeneration. The inhibitors of vascular endothelial growth factors (VEGF) 
are usedin the treatment of choroidal neovascularization, but not to fully cure; how-
ever, till now no treatment is available for geographic atrophy (Fritsche et al. 2014). 
Dry age-related macular degeneration outcomes are the pigmentary irregularities of 
retinal pigment epithelial cells, and growth of extracellular aggregates in the outer 
retinal layers are called drusen. The malfunctioning of mitochondria, protein deg-
radation, and stress responses induced the formation of drusen in the retina (Samiec 
et al. 1998). The different types of age-related macular degeneration, such as dry, 
wet, and choroidal neovascularization, are found in India. Early detection of age-
related macular degeneration is done by testing the fundus images of linear confgu-
ration coeffcient (CC) and pattern occurrence (PO). The fundus image analyses are 
two types; they are automated retinal image analysis (ARIA) and structured analysis 
of the retina (STARE). Both methods of detection are very highly sensitive to detect 
age-related macular degeneration, from 97 to 98% accuracy (Mookiah et al. 2015). 
John et al. (2013) reported that transplantation of retinal pigment epithelial cell is a 
promising option for age-related macular degeneration clinical trials using differ-
ent cell types and are at preliminary level. Oxidative stress develops in the retina 
through inequality among the production of reactive oxygen species and clearance of 
oxidative damage (Chopdar et al. 2003). The production of oxygen radicals in retina 
is induced through a combination of strong exposure to light, increased oxygen, and 
polyunsaturated fatty acids (Beatty et al. 2000). 

9.5.1 role of ZnS Nanoparticles on Stress-Mediated 
apoptosis in Mouse retinal pigment epithelial Cells 

Antioxidant molecules play a major role on the implementation of retinal degen-
eration. Molecular oxygen interacts with several biomolecule and produces free 
radicals (Das et al. 2013). Retinal pigment epithelial cell damage and apoptosis are 
caused by the degradation of free radical–responsible biomolecules. Endoplasmic 
reticulum stress is activated through hydrogen peroxide and thapsigargin in mouse 
retinal pigment epithelial cells, which pertain to induced intracellular calcium (Ca2+) 
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that leads to apoptosis inhibited by ZnS nanoparticles. Zinc is a significant trace ele-
ment in the retina, and its insufficiency leads to age-related macular degeneration. 
ZnS nanoparticles are paid more attention in the field of biological and chemical 
research, including biosensor and photocatalysis. Till now, minimal research is avail-
able in ZnS nanoparticles’ interactions in retinal pigment epithelial cells. The main 
function of retinal pigment epithelial cells involves maintaining photoreceptor and 
vision. Several natural and artificial nanoparticles are used as antioxidative agents 
and inhibit oxidative stress in many types of cells. The high surface area of nanoma-
terials is associated with cellular organelles and anticipated to perform as efficient 
clearance of free radical scavengers (Figure 9.5).

The inhibitory effects of ZnS nanoparticles on H2O2-and thapsigargin-treated 
mouse retinal pigment epithelial cells’ induced cell death were stained with DAPI, 
as shown in Figure 9.7. Both control and ZnS nanoparticles–treated cells are homog-
enous and intact nuclei; however, H2O2- and TG-treated mouse retinal pigment epi-
thelial cells illustrated that bigger fluorescent spots and fragmented DNA, indicating 
apoptotic bodies. In continuation, ZnS nanoparticles–pretreated cells abolished 

Figure 9.5  graphical representation of ZnS nanoparticles’ inhibitory effect on mouse retinal 
pigment epithelial cell apoptosis during h2o2 and tg treatment.
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Control 
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Figure 9.6 the h2O2-and thapsigargin-induced rOS production inhibited by ZnS 
nanoparticles. 

H2O2- and thapsigargin-altered cell death. Further identifying mechanisms behind 
ZnS nanoparticles inhibits H2O2- and thapsigargin-induced cell death were ana-
lyzed through ROS production by 2,7 DCFH-DA assay. The H2O2- and thapsigar-
gin-treated cells showed highly elevated ROS production when compared with the 
control. The ZnS nanoparticles–pretreated retinal pigment epithelial cells drastically 
reduced ROS production when compared with H2O2- and thapsigargin-treated cells 
(Figure 9.6). Overall, ZnS nanoparticles inhibit cell death through oxidative stress– 
induced ROS production. 

9.5.2 role of ZnS Nanoparticles on Intracellular Stress 
response in Mouse retinal pigment epithelial Cells 

The endoplasmic reticulum is a vital cellular organelle and primarily concerned 
with folding of protein, calcium storage, and lipid biosynthesis of cell. The physi-
ological malfunctioning of improper folding of proteins in the endoplasmic reticu-
lum leads to an accumulation of unfolded proteins, raising endoplasmic stress, which 
initiates unfolding protein response (UPR) (Ron and Walter 2007). The glucose-
regulated protein is located in the lumen of the endoplasmic reticulum and begins the 
proper folding of misfolded proteins through unfolded protein response. 

The upregulation of glucose-regulated proteins induces unfolded protein response 
and reduces translation of proteins (Marciniak and Ron 2006). CHOP interacts with 
activating transcription factor 4 through leucine zipper motif, and upregulation of 
Bcl2 leads to induction of ER stress (Harding et al. 2003). 

During the endoplasmic reticulum stress, the unfolded protein response leads 
to aggregation of proteins. These aggregates are mainly dumped in the macula and 
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block the transport of nutrients to the retinal cells and trigger apoptosis, which leads to 
the formation of age-related macular degeneration (Karthikeyan et al. 2015a, 2015b, 
2017). Therefore, Ca2+-induced ER stress plays a key role in the formation of age-
related macular degeneration. ZnS nanoparticles maintain intracellular homeostasis 
during ER stress condition in mouse RPE cells ER stress response (Karthikeyan 
et al. 2015a). 

Previous study shows that ZnS nanoparticles effectively attenuate oxidative 
stress–mediated ROS production in the mitochondria (Karthikeyan et  al. 2015a). 
Further, ZnS nanoparticles regulate ER stress response through altering GRP78 and 
eIF2. Addition of ZnS nanoparticles on mouse RPE cells retains cell viability during 
TG and H2O2 treatment. These studies clearly evidence the role of ZnS nanoparticles 
on antiapoptotic effect in mouse RPE cells during oxidative stress (Figure 9.7). 
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Figure 9.7 h2O2- and thapsigargin-induced Dna fragmentation inhibited by ZnS nanoparticles. 
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Figure 9.8 Possible protective mechanism of ZnS nanoparticles on oxidative stress–induced 
rOS generation and maintenance of er homeostasis by activating er stress 
response. 
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9.6 SUMMarY 

Nanoparticles are essential for a promising antioxidant and intracellular stress 
response in a biological system. This chapter might lead to various insights into the 
activity of ZnS nanoparticles in mouse RPE cells. The most favorable amount of 
ZnS nanoparticles maintains healthy mouse retinal pigment epithelial cells. Till now, 
there is no evidence for ZnS nanoparticles distributed inside any of the retinal cells. 
When compared with other metals, zinc is merrily available in retina, and its nano-
forms effectively control and regulate retinal cell viability. Altogether, this chapter 
elucidates the inhibitory role of ZnS nanoparticles on mouse RPE cells apoptosis 
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during oxidative stress and ER stress response. Further in-depth studies on ZnS 
nanoparticles on RPE cells will explore the development of therapeutic drug and 
drug carrier for ocular-related disorders. 
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