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Antimicrobials in Pharmaceutical  
and Medicinal Research

The need for state- of- the- art antimicrobial agents is greater than ever because of the development of 
multidrug resistance in communal pathogens, the rapid rise of new infections, and the potential for use 
of multidrug- resistant agents in biological protection. Although the need for novel antimicrobials is 
increasing, the development of such agents faces significant obstacles. Pharmaceutical research and 
development costs are estimated to be $400– $800 million per approved agent. The most important 
natural antimicrobial compounds derived from various plant sources contain a wide variety of sec-
ondary metabolites. With collected contributions from international subject experts, this volume 
focuses primarily on antimicrobials.

This book deliberates recent developments in microbial science in combating infectious diseases 
and explores advances in antimicrobial constituents and their applications in the fight against bac-
teria. In addition, it also provides a variety of photographs, diagrams, and tables to help illustrate the 
material. The novel strategies to combat antimicrobial resistance are also described, emphasizing 
collaborative measures of control. We describe the concerted efforts undertaken by global commu-
nities to combat antimicrobial resistance in detail. The most efficient strategy could be a behavioral 
change toward indiscriminate consumption, usage, and prescription of antibiotics.

Students, research scientists, academicians and policy makers can benefit from Antimicrobials in 
Pharmaceutical and Medicinal Research as a resource that addresses biotechnology, applied micro-
biology, healthcare/ pharmaceutical products, medicinal plant products, and all disciplines related to 
antimicrobial research.

Features of the book:

• Covers development in plant- based antimicrobials for sepsis management and progress;
• Describes modern approaches for phyto- nanoconjugates in combating multidrug resistance 

in biomedicine;
• Details methods to improve antimicrobial properties to have a longer service life in combating 

infection;
• Describe bacteriocins and plant metabolites as biotechnological tools in food, pharmaceuticals 

and therapeutics applications;
• Highlights natural antimicrobial therapeutic peptides;
• Offers current and future applications of emerging antimicrobial technologies.
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Preface
Microbial infections are responsible for millions of deaths each year worldwide. More than 
1.2 million people and potentially millions more died in 2019 as a direct result of antibiotic- resistant 
bacterial infections, according to the most comprehensive estimate to date of the global impact of 
antimicrobial resistance. The emergence and spread of drug- resistant pathogens that have acquired 
new resistance mechanisms, leading to antimicrobial resistance, continues to threaten our ability to 
treat common infections. The occurrence of the evolution of resistance has caused the existing anti-
bacterial drugs to become ineffective. In current years, several approaches have been recommended 
to overcome the resistance of antibiotics, which apparently restores the desirable antibacterial action 
and that can create opportunities for innovative therapeutic approaches. So, antimicrobial resistance 
is a global health and development threat. It requires urgent multisectoral action in order to achieve 
the Sustainable Development Goals.

The first chapter by Perçin et al. reviews antimicrobial cryogels for biomedical use. Chapter 2 by 
Abd El- Baky and Al Fattah Amara highlights the roles of natural antimicrobial therapeutic peptides, 
especially on milk lactoferricin and Spirulina platensis peptides. In Chapter 3, Joon et al. describe 
plant- based antimicrobials for sepsis management and attempted to recapitulate the findings from 
the in vitro, in vivo, and clinical studies on the anti- sepsis activities of various plant extracts and 
bioactive isolated from them. Extensive studies on antimicrobials in pharmaceutical and medical 
research are discussed by Sharma et al. in Chapter 4 and in Chapter 5, Gupta and Prakash highlight 
the phyto- nanoconjugates in combating multidrug resistance in biomedicine research. In Chapter 6, 
Jadhav and Karuppayil emphasize natural plant products, that is, essential oil components and anti- 
viral properties. In Chapter 7, Joon et al. describe antimicrobials for sepsis management and in 
Chapters 8 and 9, Praveen et al. highlight bacteriocins and plant metabolites as biotechnological 
tools in food, pharmaceuticals and therapeutics applications. Finally, in Chapter 10, Palomo- Ligas 
et al. highlight strategies and applicability of treatment against intestinal parasite infection.

Arti Gupta and Ram Prasad
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1.1  INTRODUCTION

Hydrogels are polymeric crosslinked three- dimensional network structures. Thanks to its three- 
dimensional networks, hydrogels are able to absorb a large amount of water. Hydrogels can be 
synthesized from natural or synthetic polymers or both together. Hydrogels have attracted great 
interest from scientists over the past few decades due to their outstanding success and potential in 
a wide variety of applications. The ability of hydrogels to absorb water is due to hydrophilic func-
tional groups in their structure and cross- links between network chains. Also, the cross linked struc-
ture provides hydrogels’ resistance to dissolution (Bashir et al. 2020). Besides natural hydrogels, 
interest in synthetic hydrogels with high water absorption capacity, long service life and high gel 
strength has increased in recent years (Madduma- Bandarage and Madihally 2021). Despite its popu-
larity, some limitations of hydrogels, such as pore size, elasticity and mechanical strength, limited 
their use in some application areas.

Cryogels are structures containing various polymeric materials that have applications in multiple 
areas such as biology, biochemistry, medicine, food technology, environment, cell and tissue  
engineering (Razavi et al. 2019; Türkmen et al. 2022). Cryogels consist of polymeric structures with  
three- dimensional interconnected macropores and are synthesized by free radical polymerization  
and freeze drawing techniques under zero conditions (Hezarkhani et al. 2021). Many advantages  
of cryogels come from their three- dimensional supermacroporous interconnected structure, their  
flexibility and their chemical and physical stability (Razavi et al. 2019; Zhao et al. 2019). Similar to  
hydrogels, cryogels can be prepared with either natural or synthetic polymers, or both. Natural and  
synthetic polymers used for cryogel preparation and their application areas are given in Table 1.1.  
Cryogel synthesis basically depends on three stages: preparation of monomer/ polymer solutions,  
polymerization and thawing. Gel precursors are crosslinked either physically, chemically or both  
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ways at sub- zero temperatures during polymerization (Shakya 2022). Most of the solvent starts to  
crystallize while monomer or polymer precursors initiate gelation surrounding ice crystals during  
polymerization. Thus, ice crystals act as porogens (Kumari, Karande and Kumar 2016; Bereli  
et al. 2020). Cryogel properties can be modified by changing synthesis conditions such as type of  
monomers, reaction time, temperature, and ratio of precursors (Milakin et al. 2018). The freezing  
rate has a significant effect on the physical characteristics of cryogels. Slower freezing speed results  
in larger pores and increased connectivity between pores. In contrast, faster freezing speed results in  
reduced interconnectivity and mechanically weaker cryogels (Hixon, Lu, and Sell 2017; Boonkanon  
et al. 2021). Another advantage of cryogels is that they can be prepared in various shapes and forms  
such as disc, rod, bead, column and powder, and in various sizes. Cryogels can also be synthesized  
as composites with various materials such as activated carbons, zeolites and nanoparticles in order  
to achieve many desired properties for different applications (Dinu et al. 2016; Busquets et al. 2016)  
Şarkaya, Bakhshpour and Denizli 2019). Additionally general properties of cryogels are summarized  
in Figure 1.1.

TABLE 1.1
Application Areas of Natural and Synthetic Polymers Used for Cryogel Preparations

POLYMER TYPES APPLICATIONS REFERENCES

NATURAL POLYMERS

Gelatin Tissue engineering scaffold (cartilage, skin, skeletal, bone, 
cardiovascular), Bioreactor, Cell delivery, Drug delivery

(Rezaeeyazdi et al. 2018; 
Goodarzi et al. 2020;  
Y. He, Wang, Wang, Xiao 
and Lin, 2021)

Chitosan Tissue engineering scaffold (cartilage, skin, bone, neural), 
Enzyme immobilization, Wound dressing, Drug delivery, 
Contact lens material, Affinity purification

(Kangkamano et al. 2017)

Alginate Tissue engineering scaffold, Drug delivery, Affinity 
purification, Cell delivery

(Rodríguez- Dorado et al. 2019; 
Sahoo and Biswal 2021)

Cellulose Tissue engineering scaffold (cartilage, skin, bone), Drug 
delivery, wound dressing

(Tyshkunova et al. 2022)

Silk Fibroin Tissue engineering scaffold (bone, skin and cartilage) (Zhang et al. 2022)
Collagen Tissue engineering scaffold (cartilage, neural, bone), 

Wound dressing
(Y. He et al. 2021)

Hyaluronic Acid Tissue engineering scaffold (cartilage, neural, bone, 
cardiovascular, skin)

(T. He et al. 2021)

Agarose Tissue engineering scaffold (neural, cartilage), Protein 
purification, Microbial cell capture, Drug delivery

(Hixon et al. 2017; Razavi 
et al. 2019)

SYNTHETIC POLYMERS

PHEMA (2- hyroxyethyl 
methacrylate)

Tissue engineering scaffold (cartilage, bone), Protein 
purification, Protein depletion

(Şarkaya et al. 2022)

PVA (Polyvinyl alcohol) Tissue engineering scaffold (cartilage, skin, 
cardiovascular), Enzyme and cell immobilization, Drug 
delivery, Bioreactor, Cell separation

(Berillo et al. 2019;Savina 
et al. 2021)

PVP (Polyvinylpyrrolidone) Wound dressing (Priya et al. 2016)
PEG (Polyethylene glycol) Tissue engineering scaffold (cartilage, skin, bone, neural), 

Drug delivery systems
(Bruns et al. 2018; Pacelli  

et al. 2021)
PLG (Polylactic acid) Tissue engineering scaffold (bone), Drug delivery systems (Shirbin et al. 2016)
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Human populations are exposed to microbial infections that endangered human life for centuries  
(Jamal et al. 2019). The discovery of penicillin is a breakthrough for antibiotic development in  
humanity’s war against pathogens (Bhattacharjee et al. 2021). However, bacterial infections con-
tinue to be one of the serious complications that endangered human health, and some serious cases  
can result in death (Odonkor and Addo 2018). Therefore, intense efforts have been ongoing for  
decades to find new broad- spectrum antibiotics that do not pose any risk to the host cell, do not  
cause bacterial resistance, have low toxicity and are effective against various bacterial pathogens.  
Recently, healthcare- related infections (HAI) have caused serious problems for clinicians with the  
development of biological materials and medical equipment. For example, annual costs associated  
with HAIs in the USA are estimated for $33 billion. Medical devices can bring HAIs to hospital  
patients. Transplanted medical devices or biomaterials such as wound dressings, joint implants,  
pacemaker markers, catheters and contact lenses can cause infection (Yang et al. 2018). In addition,  

FIGURE 1.1 General properties of supermacroporous cryogels.
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increased antibiotic resistance and an increasing number of drug- allergic patients complicate the  
selection of correct and effective antibacterial agents (Mazer- Amirshahi et al. 2017).

Biofilm can be defined as a colony of microorganisms that attach to surfaces and exhibit antibiotic 
resistance mechanisms for bacterial survival. Bacteria produces extracellular polymeric substances 
(EPS) and they proliferate in EPS matrix. Furthermore, EPS provide resistance against antibiotics by 
inhibiting the transportation of antibiotics through the biofilm (Rosli et al. 2021; Prasad et al. 2020; 
Sonawane et al. 2022). Traditional antimicrobial agents face increasing problems of drug resistance, 
overdose and cytotoxicity. As a solution to these problems, effective and safe drug delivery systems 
that can minimize the risk of bacterial resistance should be developed urgently. Recently, it has been 
reported that antimicrobial peptides (AMPs) have antimicrobial properties due to their ionic struc-
ture. Therefore, it is difficult to induce bacterial resistance or biofilm formation (Ramesh et al. 2016; 
Scorciapino et al. 2017; Kang et al. 2017). Nevertheless, it should be noted that AMPs are hemolytic 
and easily lose effectiveness. Therefore, effective drug delivery systems with delayed release perform-
ance need to prevent these drawbacks of AMPs (Boonkanon et al. 2021). Metal ions and natural extracts 
have long been used for fighting with microbes. It has been reported that silver, gold, copper and zinc 
are used as antimicrobial agents. Among these metals, the most frequently used is silver, thanks to its 
low toxicity and antibacterial properties (Yang et al. 2018). However, direct contact with metal ions can 
cause cytotoxicity for host cells in high concentrations. When the antibacterial agent is combined with 
polymeric structures, a lower dose systemic application is possible. Thus, the problem of antibiotic 
resistance can be overcome and other undesirable side effects can be reduced (Hemeg 2017).

In this chapter, we focus on antimicrobial cryogels in biomedical field. Antimicrobial cryogels 
can be prepared with various approaches. One of them is cryogels prepared by using polymers 
with antibacterial properties. Cryogels can also be loaded, coated, embedded or encapsulated with 
antimicrobial agents like antibiotics, other antimicrobial drugs, AMPs, metal ions and/ or metallic 
nanoparticles. Schematic representation of the preparation of cryogels and their biomedical 
applications as wound dressings are given in Figure 1.2. Here, we also present literature related 
to antimicrobial cryogels use in biomedical fields like wound healing, blood clotting and tissue 
engineering. In this chapter, antimicrobial cryogels are classified into two categories for better the 
understanding of properties of antimicrobial mechanisms: antimicrobial polymer- based cryogels 
and antibacterial material loaded cryogels.

1.2  ANTIMICROBIAL CRYOGELS AND THEIR APPLICATIONS IN 
BIOMEDICAL FIELDS

Microbial infections are one of the biggest challenging medical concerns for human health 
around the world (González- Henríquez et al. 2017). For this reason, the importance of anti-
microbial drugs, agents and materials is increasing, and the number of studies on the discovery 
of antimicrobial polymers is also increasing (Zare et al. 2020). Today, antibiotics are the most 
widely used drugs on living things. However, frequent use of antibiotics causes big problems 
like antibiotic resistance on bacteria (Bhattacharjee et al. 2021). Researchers investigate to find 
new antibiotics with low toxicity to host cells, a broad spectrum against bacterial pathogens and 
no bacterial resistance (González- Henríquez et al., 2017; Bhattacharjee et al. 2021). Hydrogels 
are preferred in many commercial applications with their healing- promoting, pain- reducing 
effects and superior properties that support new tissue formation. Biocompatible hydrogels and 
cryogels with chemically or physically incorporated, loaded, encapsulated antimicrobial agents 
in their polymeric structure are advantageous. Cryogels have interconnected macropores, high 
water holding capacity and are biocompatible, syringe injectable and mechanically stable 
(Abudula et al. 2021). Thus, cryogel systems are good candidates to enhance antimicrobial 
efficiency, decrease cytotoxicity, enable controlled release of antimicrobial agents and prevent 
loaded molecules from degradation (Bhattacharjee et al. 2021).
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1.2.1  AntimicrobiAl Polymer- bAsed cryogels

In this part of chapter, we will discuss cryogels containing polymers with antimicrobial proper-
ties and we will outline some literature studies. Antimicrobial polymers show their antimicrobial 
effect due to their positive charged functional groups. Specific interactions occur between positive 
charge of polymer and negative charge of cell surface of microorganisms. Thus, the cell membrane 
of microorganisms is disrupted and protein and nucleic acid synthesis is inhibited (Grigoras 2021).

Chitosan is a natural, biocompatible, biodegradable and antimicrobial material which shows 
potential for various biomedical applications (Xiao 2021; Grigoras 2021). Chitosan shows its anti-
bacterial properties by disrupting the barrier properties of Gram- negative bacteria, thanks to the 
free amino groups on its surface (Thakar et al. 2019). Recently numerous wound dressings have 
been developed to protect injured wounds from infection, stop bleeding and to increase healing 
(Darpentigny et al. 2020). There is a clinical need for wound dressings that treat bacterial infections 
while also stopping bleeding and healing wounds. Multidrugresistant (MDR) bacterial infection 
has another major challenge for clinical wound care, because less effective antimicrobial agents 
are available for killing these bacteria. To meet the clinical need, Hou et al. developed antibac-
terial polysaccharide- peptide cryogel (GC- EPL) wound dressings with hemostatic property. GC- 
EPL cryogels were fabricated by copolymerization of glycol chitosan methacrylate (GC- MA) 

FIGURE 1.2 Schematic representation of preparation of antimicrobial supermacroporous cryogels and their 
biomedical application as a wound dressing.
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and different ratios of ε- polylysine acrylamide (EPL- A) concentration. Human dermal fibroblasts 
(HDF) and human bone marrow stromal cells (hBMSC) were used for cytotoxicity of GC- EPL 
cryogels and they showed good biocompatibility. GC- EPL cryogels showed high clotting rate as 
compared with controls which are Combat Gauze and gelatin sponge. Also, the hemostatic property 
of chitosan increased by the incorporation of positively charged EPL in GC- EPL cryogel structure. 
The hemostatic effect of GC- EPL cryogels was investigated with a rat liver- bleeding model for in 
vivo studies. Blood loss was significantly decreased in the cryogel treated group when compared 
to gelatin sponge, Combat Gauze, and the not treated group. An antibacterial effect was increased 
by combining chitosan and EPL in cryogel structure. GC- EPL cryogels showed antibacterial effect 
against both Gram positive methicillin- resistant Staphylococcus aureus (MRSA) and Gram- negative 
Escherichia coli. A full thickness MRS infected murine skin wound model was treated with GC- EPL 
cryogel and high healing efficiency was observed. GC- EPL cryogels with excellent properties were 
good candidates to become multifunctional wound dressings for bleeding control and supplying 
bacteria- infected wound healing (Hou et al. 2020). Wound healing is a highly complex biological 
mechanism. Initiation of acute wound healing involves hemostasis, inflammation, proliferation 
and remodeling. However, acute healing cannot be initiated in diabetic wound healing because of 
occurred hypoxia in wound area (Bai et al. 2020). Chen et al. prepared antimicrobial hydrogel and 
cryogel biomaterials by using glycol chitosan for the treatment of unhealed diabetic chronic wound. 
With the combined application of adipose stem cell- seeded cryogel/ hydrogel biomaterials and acu-
puncture, they treated the diabetic skin wound in a rat model. As a result, researchers concluded that 
the combined treatment produced a synergistic immunomodulatory effect on the diabetic wound 
and 90.34% of wound closure was observed (Chen et al. 2021). Chitosan oligosaccharide (COS) 
which is a positively charged polysaccharide has a time- dependent antifungal activity. Dong et al. 
used different amounts of Chitosan oligosaccharide and poly(N- methacryl arginine) (PMarg) to pre-
pare macroporous zwitterionic composite antifungal cryogel dressings (COS/ PMarg). COS/ Marg 
cryogels showed slow and controlled release of COS by diffusion in vitro. The antibacterial activity 
of COS/ PMarg cryogels was evaluated with Staphylococcus aureus and E. coli and the antifungal 
activity of these cryogels was evaluated with Candida albicans. The COS/ PMarg cryogel showed 
no inhibition zone for S. aureus and E. coli but showed for C. albicans. The COS/ PMarg com-
posite cryogel showed 76.4% antifungal activity for C. albicans. Macroporous zwitterionic COS/ 
PMarg composite cryogel might be a potential antifungal dressing against body surface C. albicans 
infections (Dong et al. 2021). Some modifications of polymers, like increasing quaternary ammo-
nium moieties, bring more effective antimicrobial properties (Grigoras 2021). Quaternized chitosan 
(QCS) is more water soluble and has greater antibacterial properties when compared with chitosan. 
Biocompatible QCS has excellent hemostatic properties. Zhao et al. developed antibacterial, inject-
able, and conductive QCSG/ CNT cryogels. Cryogels were prepared based on carbon nanotube 
(CNT) and glycidyl methacrylate functionalized QCS for wound healing and noncompressible hem-
orrhage. QCSG/ CNT cryogels showed excellent blood uptake capacity and blood- clotting ability. 
QCSG/ CNT cryogel showed better hemostatic capability in in vivo studies (mouse liver injury 
model and mouse- tail amputation model) as compared to gauze and gelatin hemostatic sponge 
(Zhao et al. 2018).

Lignin is one of the most abundant natural polymers and has antimicrobial properties. Lignin is 
used as an antimicrobial material for variable biomedical applications (Zhong et al. 2020). Abudula 
et al. developed injectable, antibacterial, biocompatible, and antioxidant lignin- co- gelatin cryogels 
for biomedical applications. Lignin- co- gelatin cryogels were prepared by researchers with different 
lignin concentrations for improving the mechanical properties of cryogels. Lignin- co- gelatin cryogel 
with 0.2% lignin showed the highest compressive modulus. Also, all prepared lignin- co- gelatin 
cryogels showed over 95% shape recovery. Especially, lignin- co- gelatin cryogel with 0.2% lignin 
showed over 99% shape memory after 90% compression and injected with negligible shape loss 
in injectability tests. Researchers observed that concentration of polymer strongly affected cryogel 
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injectability. Higher or lower polymer concentrations are able to cause a fracture in cryogel structure 
during the injection. Antibacterial properties of lignin- co- gelatin cryogels were evaluated with agar 
disc diffusion assay by using S. aureus and E. coli. Lignin containing cryogels showed an inhib-
ition zone against both bacteria stains. Cytocompatibility studies of lignin- co- gelatin cryogels were 
evaluated with an alamar blue test by using 3T3 fibroblast cells. They found that lignin- co- gelatin 
cryogels have cytocompatibility and promote cell- matrix interactions. Biomaterials risk inducing 
immature dendritic cell maturation and activation which can cause inflammation in transplanted 
areas. However, lignin- co- gelatin cryogels minimally activated immature mouse bone marrow- 
derived dendritic cells. In conclusion, the designed bioresource- based multifunctional lignin- co- 
gelatin cryogel showed excellent promise to be used in multiple biomedical applications such as 
tissue engineering and wound healing (Abudula et al. 2021).

Polypyrrole is an antibacterial, electrically conductive and biocompatible polymer (Sanchez 
Ramirez et al. 2019). Milakin et al. developed electrically conductive polypyrrole- gelatin cryogels for 
potential biomedical applications. Researchers synthesized cryogels by oxidative cryopolymerization 
of pyrrole in the presence 2% to 8% concentraton of gelatin. Cytotoxicity of cryogels were tested 
with MTT assay by using mouse embryonic fibroblast cell line (NIH/ 3T3). Extraction of cryogels 
was prepared and extracts were diluted to 75, 50, 25, 10, and 1% concentrations for cytotoxicity 
experiments. Polypyrrole- gelatin cryogels prepared using 8% gelatin showed the lowest cytotoxic 
for all extracts except from the 100% extract concentration. The 100% extract concentration showed 
mild cytotoxicity. The antibacterial activity of polypyrrole- gelatin cryogels was studied using the 
colony counting method. All prepared cryogels showed antibacterial activity but cryogels with 6% 
and 7% gelatin showed weak antibacterial activity. Cryogels containing 8% gelatin showed the 
highest antibacterial effect. Polypyrrole- gelatin cryogels showed antibacterial properties without 
adding any other material (Milakin et al. 2020). More literature studies for antimicrobial polymer- 
based cryogels are given in Table 1.2.

1.2.2  AntimicrobiAl mAteriAl loAded cryogels

1.2.2.1  Metal Ion and Metallic Nanoparticle Loaded Cryogels
Metallic ion or metallic nanoparticle containing antimicrobial cryogels receive great attention in  
the biomedical field (Abdelgawad et al. 2020). Silver, copper and zinc are antibacterial metal ions  
and they are widely used to prevent bacterial growth on surfaces. Compared with antibiotics, metal  
ions and metallic nanoparticles have great advantages like having antibacterial properties against  
multi drug resistant microorganisms (Bai et al. 2020; Zhong et al., 2020). Metal ions and metallic  
nanoparticles electrostatically interact with the negatively charged cell surface of microorganisms.  
They show antibacterial effect by damaging cell membrane, binding to cytosolic proteins, binding  
DNA and causing reactive oxygen species (ROS) formation. ROS cause oxidative stress and damage  
of macromolecules including nucleic acids. This versatile oxidative damage can cause bacterial cell  
lysis (Gold et al. 2018). Nanoparticles can be loaded into cryogels in order to overcome aggregation 
tendency of nanoparticles. Nanoparticles spread inside large pores of cryogel structure. So, the  
antibacterial effect of nanoparticles and superior properties of cryogels such as mechanical strength  
and flexibility are combined in one polymeric structure. Thus, metallic nanoparticle loaded cryogels  
have effective antibacterial properties (Chaturvedi et al. 2016; Haleem et al. 2021). Recently, anti-
microbial nanoparticles gained attention for treating infections. Nanoparticles are materials having  
size ranges from 1 to 100 nm size. Antimicrobial properties of NPs are originated from size, charge  
and surface morphology (Rosli et al. 2021). Silver, gold and copper nanoparticles are mostly  
used nanoparticles for antibacterial wound healing applications. Silver nanoparticles show anti-  
inflammatory and wound healing activities and have come to the forefront due to their antibacterial  
activity against MDR microorganisms. Silver shows its antimicrobial mechanism by changing the  
cell wall of microorganisms and blocking respiratory enzyme pathways (Bai et al. 2020). Silver  

 

 

 

 

 

 

  

 



8 Antimicrobials in Pharmaceutical and Medicinal Research

8

nanoparticles have antimicrobial activity against many pathogens but they have low toxicity against  
mammalian cells. Silver, which was used in the treatment of many diseases in the past, is now used  
to increase the antimicrobial properties of many biomedical materials such as wound dressings,  
bone cements and dental materials (Demir et al. 2020). Abdelgawad et al. prepared novel cryogels  
with high potential for use as an antibacterial wound dressing. Cryogels were prepared with carra-
geenan (CAR), cellulose nanocrystals (CNC) and different concentrations of silver nanoparticles.  
CNC were used for providing mechanical strength. Controlled release of silver nanoparticles from  
cryogels was exhibited. Silver nanoparticle loaded cryogels showed 100% antimicrobial activity for  
E. coli and S. aureus (Abdelgawad et al. 2020).

Tissues can be damaged and lose their function for various reasons and diseases. Tissue engin-
eering in an interdisciplinary field aims to repair damaged tissue or to develop biocompatible 
artificial organs/ tissues. Tissue scaffolds as three- dimensional microenvironments are used for 
therapeutic repair of injured tissues. These polymeric materials are intended to mimic the extra-
cellular matrix (ECM) and allow interaction between cells. Scaffolds provide cells to survive, pro-
liferate and differentiate (Bayrak et al. 2021). Infections can be observed and biofilm occurred 
between scaffold and host tissue after tissue scaffold transplantations. Biofilm resistance to the host 
immune system and the spreading of infections to the skeletal system through the blood stream are 
the main problems. The addition of antimicrobial agents into tissue scaffolds can prevent infections 
caused from transplantation. Thus, effective healing, regeneration and repair can be obtained. Demir 

TABLE 1.2
Antimicrobial Polymer- based Cryogels and Their Biomedical Applications

Cryogel

Antimicrobial 
monomer/ 
polymer

Antimicrobial 
activity

In vitro / In vivo 
studies

Properties of 
cryogel Reference

Poly(vinyl alcohol)– 
Gantrez® AN 
cryogel

Gantrez® S. aureus HDF cells and Porcine 
skin model

Antibacterial
Wound dressing
Biocompatible

(Caló et al. 
2016)

QCSG/ CNT Cryogel Quaternized 
chitosan (QCS)

E. coli S. aureus  
and P. aeruginosa

L929 cells, New 
Zealand White 
Rabbit, Kunming 
Mice and

Sprague Dawley Rats

Antibacterial
Biocompatible
Wound healing
Hemostatic 

properties
Injectable

(Zhao et al. 
2018)

GC- EPL Cryogel ε- polylysine (EPL) E. coli and S. aureus HDF cells, hBMSC, 
Sprague Dawley 
Rats and BALB/ C 
Mice

Antibacterial
Wound dressing
Biocompatible
Hemostatic 

property

(Hou et al. 
2020)

Polypyrrole- Gelatin
Cryogel

Polypyrrole E. coli and S. aureus NIH/ 3T3 cells Antimicrobial
Biocompatible
Electrically 

conductive

(Milakin et al. 
2020)

COS/ PMarg 
Cryogels

Chitosan 
oligosaccharide 
(COS)

C. albicans - Antifungal
Wound dressing

(Dong et al. 
2021)

Lignin- co- Gelatin 
Cryogel

Lignin E. coli
and
S. aureus

NIH/ 3T3 cells, 
BMDCs

Antibacterial
Biocompatible
İnjectable
Antioxidant

(Abudula 
et al. 2021)
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et al. immobilized AgNPs into injectable chitosan cryogel microspheres for developed antimicrobial 
tissue scaffolds. Prepared all AgNPs- coated chitosan microspheres showed antimicrobial activity for 
S. aureus (ATCC 6538), E. coli (ATCC 10536), Legionella pneumophila subsp. pneumophila (ATCC 
33152), Enterococcus hirae (ATCC 10541), Pseudomonas aeruginosa (ATCC 9027) Bacillus cereus 
and C. albicans (Demir et al. 2020). In another study, Zou et al. (2017) developed cryogel/ silver 
nanocomposites from methacrylated carboxymethyl chitosan (mCMC) and poly(ethylene glycol) 
diacrylate (PEGDA). Silver nanoparticles were incorporated to cryogel structure by in situ chem-
ical reduction. The obtained cryogel/ AgNPs composite showed prominent and durable antibacterial 
activity against Gram- negative E. coli (E. coli, ATCC 25922) even at first 3h and could be utilized 
as potential antibacterial materials. Zou et al. (2017) also proved cryogel was synthesized through 
the cryogelation of methacrylated carboxymethyl chitosan (mCMC) and poly(ethylene glycol) 
diacrylate (PEGDA) precursors by photopolymerization and it is a further level for the potential 
use of silver and chitosan as antimicrobial materials in biomedical fields. Chopra et al. prepared a 
self- crosslinked polymer through the in situ reduction of graphene oxide (GO) in a gelatin cryogel 
(Gel- RGO). Different amounts of silver nanoparticle decorated nanohydroxyapatite (Ag@Hap) 
were incorporated into GelRGOAg@Hap cryogels. Continuous release of silver nanoparticles from 
GelRGOAg@Hap was observed over 14 days. GelRGOAg@Hap cryogels showed prolonged anti-
microbial activity against S. aureus. By supporting biomineralization and differentiation of bone 
cells, biocompatible and hemocompatible GelRGOAg@Hap cryogels showed osteoconductive and 
osteoinductive potential. The results of study suggest that antibacterial GelRGOAg@Hap cryogels 
have a great potential for bone tissue engineering applications (Chopra et al. 2021).

Suner and Sahiner (2018) prepared humic acid particle embedded gum Arabic (GA/ HA) cryogels 
for potential biomedical applications. Silver (Ag), copper (Cu) and iron (Fe) nanoparticles containing 
GA/ HA- M cryogels were also prepared. Antimicrobial effectiveness of GA/ HA and GA/ HA- M 
cryogels were studied with S. aureus, E. coli, and B. subtilis. GA cryogel, GA/ HA cryogel and GA/ 
HA- Fe cryogels did not exhibit antibacterial effect. In contrast, GA/ HA- Ag cryogel and GA/ HA- Cu 
cryogel had an antibacterial effect against S. aureus, E. coli, and B. subtilis. Blood compatibility and 
blood- clotting tests were performed and GA/ HA- M cryogels were found hemocompatible. Results 
of the study showed that silver, copper and iron containing nanoparticles combined with GA/ HA 
cryogels are potential composites for biological applications (Suner and Sahiner 2018). Literature 
about metal ion and metallic nanoparticle containing antimicrobial cryogels are presented in Table 1.3.

1.2.2.2 Drug, AMPs and Antimicrobial Agent Loaded Cryogels
Drug loading efficiency is important for effective wound healing. Effective healing of the infected  
wound is provided with increased antimicrobial agent loading capacity. Drug loaded hydrogel  
system with controlled release is advantageous for wound healing applications. Drugs must be  
delivered even into deep layers of wounded skin by using drug loaded wound dressings. To increase  
the antimicrobial effectiveness and healing activities in the wound area, smart formulations that  
provide effective release of the antimicrobial agent need to be developed. The high water content  
of cryogels helps antimicrobial drugs maintain their activity and protects them from degradation. In  
addition, drugs are protected within the cryogel network, minimizing their enzymatic breakdown  
and providing continuous drug release (Huang et al., 2020; Vladimir I. Lozinsky et al. 2020; Bai  
et al., 2020). Another important parameter for wounds is hemorrhage control. Hemorrhage control is 
an important health issue around the world that uncontrolled hemorrhage causes death. The  
traumatized area must be applied with hemostatic agents for rapid control of hemorrhage. The ideal  
hemostatic agent must be biocompatible, antimicrobial economic, mechanically stable, easy to use  
and able to quickly control hemorrhage (Zhao et al. 2018). Huang et al. prepared antibacterial,  
biocompatible, biodegradable, and injectable interpenetrating polymer network (IPN) dry cryogel  
hemostats using gelatin and dopamine (GT/ DA) in order to promote wound healing and stop deep  
noncompressible hemorrhage. The cytocompatibility and hemocompatibility properties of GT/ DA  
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cryogels were investigated and they showed good cytocompatibility as compared to tissue culture  
plates. All cryogels in this study showed less than 5% hemolysis. Furthermore, researchers found that  
GT/ DA cryogels showed better blood- clotting capacity as compared to control groups which used  
gauze and gelatin hemostatic sponges. The effect of GT/ DA cryogels was investigated for preventing  
blood loss and providing hemostasis in rat liver incision model, in the mouse liver trauma model  
and in the rabbit liver cross- incision model. GT/ DA cryogels exhibited less blood loss and shorter  
hemostasis time as compared to gauze and gelatin hemostatic sponges. Antimicrobial activity of GT/  
DA cryogels was examined with S. aureus and E. coli, GT/ DA cryogels showed 100% antibacterial  

TABLE 1.3
Metal Ion or Metallic Nanoparticle Containing Antimicrobial Cryogels and Their 
Biomedical Applications

Polymer
Metal ion/ 
Metallic NPs Antibacterial activity

In vitro / In 
vivo studies Properties Reference

PVA Cryogel- 
Zinc Oxide 
Nanocomposite

ZnO 
nanopaticles

S. aureus, V. cholera, 
E. coli P. aeruginosa 
and Bacilli

L929 Antibacterial
Biocompatible Wound 

dressing
Hemostatic property

(Chaturvedi 
et al. 2016)

Cryogel/ AgNPs AgNPs E. coli - Antibacterial (Zou et al. 
2017)

GA/ HA-M Cryogel 
Composite

Humic acid NPs
AgNPs, CuNPs,
And
FeNPs

E. coli, S. aureus and 
B. subtilis

- Antibacterial
Hemostatic property

(Suner and 
Sahiner 
2018)

PVA- CG/ BC/ 
Hexahistidine- 
Tagged 
Organophosphorus 
Hydrolase (His6 - 
OPH) Composite

Meropene,
Temporin
and Indolicidin

Pseudomonas sp - Antibacterial (Aslanli et al. 
2019)

CSTFe Cryogels Tannic acid/ 
ferric ion  
(TA/ Fe3+ )

E. coli and S. aureus 3T3 cells
and
SD male rats

Antibacterial Wound 
dressing

Biocompatible
Hemostatic property 

Photothermal activity

(Yu et al. 
2019)

CAR/ CNC AgNPs AgNPs E. coli and S. aureus - Antimicrobial
Wound dressing

(Abdelgawad 
et al. 2020)

AgNPs- Coated 
Chitosan Cryogel 
Microspheres

AgNPs E. coli, S. aureus, 
E. hirae, B. cereus, 
P. aeruginosa, 
L. pneumophila 
subsp. pneumophila, 
and C. albicans

- Antibacterial
Antifungal
Tissue engineering 

scaffolds
DNA cleavage activity

(Demir et al. 
2020)

GelRGOAg@Hap 
Composite Cryogel

AgNPs S. aureus L929 
cells and

MG- 63 cells

Antimicrobial
Biocompatible
Hemostatic property
Controlled release
Osteoconductive and 

Osteoinductive
Bone scaffold

(Chopra et al. 
2021)
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properties against S. aureus and E. coli. Dopamine- free but gelatin- containing cryogels did not have  
antibacterial properties, so antibacterial mechanism of cryogels originated from dopamine. GT/ DA  
cryogels had a great advantage as an antibacterial wound dressing with wound healing effect and  
rapid hemostasis (Huang et al. 2020). Yılmaz et al. prepared CS- g- PNIPAAm/ PVA cryogels for smart  
delivery of antifungal drug voriconazole. Researchers used chitosan (CS)- graft- poly(N- isopropyl  
acrylamide) (PNIPAAm) and polyvinyl alcohol (PVA) as polymers. Voriconazole release from CS-  
g- PNIPAAm/ PVA cryogels was decreased with the increase of PVA amount in the cryogel structure  
and voriconazole was released from this cryogel up to 8 h. Cytotoxicity studies of CS- g- PNIPAAm/  
PVA cryogels was performed with a human kidney proximal tubular epithelial cell line (HK- 2) and  
NIH- 3T3. Voriconazole- loaded CS- g- PNIPAAm/ PVA cryogels significantly increased proliferation  
of HK- 2 and NIH/ 3T3 cells. Unless antifungal experiments were missing for Voriconazole- loaded  
CS- g- PNIPAAm/ PVA cryogels, by performing these experiments, biocompatible CS- g- PNIPAAm/  
PVA cryogels have a great potential for topical applications (Cheaburu- yilmaz et al. 2019).

Rosselle et al. fabricated reduced graphene oxide (rGO) incorporated near infrared (NIR) light 
activable cryogels. They prepared cryogels by using butyl methacrylate (BuMA) and poly(ethylene 
glycol) methyl ether methacrylate (PEGMEMA) for wound healing applications. rGO cryogels 
were prepared and antibiotic cefepime was loaded to cryogels. Cefepime release from rGO cryogels 
were evaluated by HPLC. Cytotoxicity experiments were performed with HeLa cells up to 48h and 
rGO cryogels were found to be biocompatible with no cell viability loss. Researchers also studied 
with S. aureus infected ex vivo human skin samples and inflammatory cytokines of wounded skin, 
infected skin, cefepime treated skin, photothermal activated rGO cryogel treated skins, photothermal 
activated cefepime loaded cryogel treated and nonactivated cefepime loaded cryogel treated skins. 
They found that activated cefepime loaded rGO cryogel treated infected wounds showed a decrease 
in proinflammatory responses. Photothermal activated cefepime loaded rGO cryogels have a poten-
tial to be used as a bandage for wound healing (Rosselle et al. 2020). Lozinsky et al. prepared 
serum- albumin- based cryogels by chemical modification (succinylation) of the cryogenic process. 
They investigated how chemical modifications affect antibacterial properties, biodegradability, 
swelling properties, drug (dioxidine) loading and drug release efficiency of cryogels. Succinylation 
of cryogels provided an increase in swelling degree, increase in resistance to enzymatic degradation, 
increase in loading capacity of antibacterial drug dioxidine and increase in antimicrobial activity. 
Both non- succinylated and succinylated serum- albumin- based cryogel sponges were found capable 
of biomedical applications like biodegradable drug- carriers (Lozinsky et al. 2020).

The need for potential antimicrobial materials has increased with the emergence of antibiotic  
drug resistance problem. Recently, AMPs found great attention in biomedical areas like wound  
healing applications because of the antimicrobial properties to drug resistant bacteria. AMPs are  
natural peptides produced by organisms and they help wound healing by improving immunity (Lin  
et al. 2019). AMPs are first- line defense peptides against pathogens and they are naturally produced  
from organisms. Positively charged AMPs interact with negatively charged bacteria cell membrane  
(Baixe et al. 2021). Instead of direct application of AMPs to the wound area, loading or encapsu-
lating of AMPs on a moist polymeric material such as hydrogels are beneficial for providing con-
tinuous release and protecting AMPs from degradation (Atefyekta et al. 2021). Formulations of  
AMPs should be well designed to increase the stability, to extend the release time and to optimize  
the effect in the wound area. Chambre et al. developed AMP loaded cryogels to obtain better mech-
anical properties. Maleimide modified AMPs were covalently conjugated onto furan- based cryogels.  
Furfuryl methacrylate (FuMA) and poly(ethylene glycol) methyl ether methacrylate (PEGMEMA)  
were used as monomers. The furan group offers a handle for specific loading of the peptides, thus  
minimizing passive and burst drug release. E. coli (DSM 30083) and methicillin- resistant S. aureus  
(ATCC 43300) were used for antimicrobial studies and AMP loaded cryogels showed antibacterial 
activity against S. aureus, but not against E. coli. Researchers generated wounds on ready- to-  
use ex vivo human skin samples and S. aureus was used to infect the wounds. Heat- activated and  
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peptide- loaded cryogels were applied on infected wounds and they showed dry aspects in ex vivo  
skin samples after three days (Chambre et al. 2020).

Another antimicrobial agent, lysozyme, is an antimicrobial monomeric protein used in pharma-
cology and other applications. However, application of free lysozyme is limited due to its instability 
and easy inactivation properties. Loaded lysozyme in hydrogel- based system makes the use of lyso-
zyme more advantageous, providing protection and increasing antimicrobial effectiveness (Wu 
et al. 2018). Diken et al. prepared novel antimicrobial, biocompatible and cost effective cryogel 
membranes to be used in biomedical applications such as tissue scaffolds and wound dressing. 

TABLE 1.4
Drug, Antimicrobial Agent, or AMP Containing Cryogels and Their Biomedical Applications

Polymer Drug
Antimicrobial 
activity

In vitro / In vivo 
studies Properties Reference

CS- g- PNIPAAm/ 
PVA cryogel

Voriconazole - HK- 2 cells and 
NIH- 3T3 cells

Antifungal
and
Drug carrier for topical 

applications

(Cheaburu- 
yilmaz 
et al. 2019)

rGO- CG Cefepime S. aureus HeLa cells 
and Ex vivo 
human skin 
samples

Antibacterial
Wound dressing
Biocompatible

(Rosselle 
et al. 2020)

Serum- Albumin- 
Based Spongy 
Cryogel

Dioxidine E. coli and 
S. aureus

- Antimicrobial
Biodegradable
Drug carrier

(Lozinsky 
et al. 2020)

GT/ DA (Gelatin- 
Dopamin) 
Cryogel

Dopamine
doxycycline and 

vancomycin

E. coli and 
S. aureus

L929 cells, 
Kunming 
mice, SD 
rats and New 
Zealand white 
rabbit

Antibacterial
Antioxidant
Biocompatible
Wound healing
Hemostatic property
Biodegradable

(Huang et al. 
2020)

Furanyl- Based 
CG

RWRWRWC−NH2 
(AMP)

E. coli and 
S. aureus

HeLa cells ex 
vivo skin

Antibacterial
Biocompatible Wound 

bandage

(Chambre 
et al. 2020)

Hypericum 
perforatum 
Incorporated 
Chitosan 
Cryogel

Hypericum 
perforatum

S. aureus, 
E. coli, E. hirae, 
P. aeruginosa 
B. cereus, 
L. pneumophila 
subsp. 
pneumophila, 
and C. albicans

- Antibacterial
Antifungal
Wound dressings 

Antioxidant

(Bölgen et al. 
2020)

Methacrylated 
Hyaluronic 
Acid (HAGM) 
Cryogels

Calcium peroxide 
(CP)

S. aureus
and
P. aeruginosa

NIH/ 3T3 cells 
and BMDCs

Antimicrobial
Biocompatible
Tissue engineering scaffold 

Injectable

(Joshi Navare 
et al. 2020)

P(HEMA- MAH) 
Lyz- MIP

Lysosome S. aureus and 
E. coli

L929 cells Antibacterial
Biocompatible

(Diken Gür 
et al. 2021)

Gelatin 
microcryogels

Lysozyme S. aureus, E. coli
and
B. subtilis

L929 Antibacterial
Biocompatible

(Çetin et al. 
2021)
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Nmethacryloyl- (L)- histidine methyl ester (MAH) was used as the pseudo specific ligand and 
complexed with copper to provide metal ion coordination between MAH and template molecule 
which is lysozyme. Thus, lysozyme imprinted P(HEMA- MAH) cryogel membranes were obtained. 
The antibacterial activity of lysozyme imprinted P(HEMA- MAH) Lyz- MIP cryogel membranes 
was examined with S. aureus and E. coli. 100% bacterial inhibition was detected against S. aureus 
and E. coli by increasing lysozyme concentration in the structure of P(HEMA- MAH) Lyz- MIP 
cryogel (Diken Gür et al. 2021). Other studies in the literature about drug, antimicrobial agent or 
AMP containing cryogels are presented in Table 1.4.

1.3  CONCLUSIONS AND FUTURE PROSPECTS

Infectious diseases are an important issue for biomedical fields. The rapid emergence of antibiotic 
resistance is becoming a serious health problem worldwide. In addition, infections from medical 
devices are increasing noticeably. For solving these problems, antimicrobial polymeric materials 
like antimicrobial cryogels are great candidates for long- term antimicrobial properties. In addition, 
the prepared antimicrobial cryogels must be highly biocompatible since they will be used in bio-
medical fields. However, the fact that the polymers with antimicrobial properties are not high in 
number limits their application areas and limits the studies in literature. Antimicrobial agents like 
AMPs, metal ions and metallic nanoparticles are also great candidates for replacement with the 
antibiotic treatment. Nevertheless, disadvantages like rapid loss of effectiveness and host toxicity 
with higher doses are the main drawbacks for applications of these antimicrobials. In this case, the 
need and concern for systems like cryogels that will maintain the effectiveness of the antimicrobial 
agent and will not show a toxic effect by ensuring the release with appropriate doses is increasing 
for biomedical applications. The interconnected three- dimensional pore structure of antimicro-
bial cryogels will provide this need. Enhanced biocompatibility controlled and continuous release, 
possibility of stimulus- induced release, increased mechanical strength, and flexibility are unique 
advantages of antimicrobial cryogels. With the systematic release property for these antimicrobial 
agents, antimicrobial cryogels provide effective treatment of infections. In this chapter, antimicro-
bial cryogels and their biomedical applications like tissue engineering, drug delivery and wound 
healing are discussed and recent studies were summarized. Thanks to many features such as being 
biocompatible, biodegradable, prepared with antimicrobial polymers or containing antimicrobial 
agents and releasing these agents in a controlled manner, antimicrobial cryogels are a promising 
and emerging field for clinical use in biomedical fields. Nowadays, in vitro and in vivo studies 
on antimicrobial cryogels have been increasing in the biomedical field. For the potential future 
use of antimicrobial cryogels especially for clinical trials, prepared antimicrobial cryogels must 
be developed and it is important to test antimicrobial cryogels against particularly drug resistant 
strains and evaluate first in vitro and then in vivo the biocompatibility of antimicrobial cryogels. 
For further studies, in order for cryogels to show maximum antibacterial activity, cryogels can be 
prepared from antimicrobial polymers containing antimicrobial agents. In addition, it is expected 
that with the different dose trials, the toxicity of antimicrobial cryogels should be minimized for 
the host cells.
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TABLE OF ABBREVIATIONS

ACE angiotensin I converting enzyme
FDA Food and Drug Administration
GRAS generally recognized as safe
GST glutathione S tranferase
HS heparan sulfate
MICs minimum inhibitory concentrations
MRSA methicillin- resistant Staphylococcus aureus
NAMP natural antimicrobial peptides
NMR nuclear magnetic resonance
RTE ready- to- eat

2.1  INTRODUCTION

Natural antimicrobial peptides (NAMPs) are one of the successful mechanisms by which eukary-
otic cells can perform innate chemical defenses against invading microbial pathogens (Hancock and 
Diamond 2000, Zasloff 2002). They have been isolated from natural sources and could exhibit broad- 
spectrum antimicrobial effects. Moreover, numerous bioactive synthetic variants of these peptides 
were synthesized and characterized. NAMPs have significant bactericidal and antiviral activities, 
and represent hope for novel antibiotic lead agents (Uddin et al. 2021). Most of NAMPs are cat-
ionic and amphipathic allowing their binding to and consequently disruption of lipid membranes of 
microbial cells.

Milk is rich in bioactive elements such as antibodies, lactoperoxidase, complex carbohydrates, 
and lactoferrin, which cause protecting activities of milk (Phelan and Kerins 2011, Lonnerdal 2014, 
Hill and Newburg 2015, Hsieh et al. 2015, Pammi and Abrams 2015, Demmelmair et al. 2017, 
Marcone, Belton, and Fitzgerald 2017, Sultan et al. 2018). Research has shown that milk lactoferrin 
and its related cationic peptides have significant and valuable antimicrobial activity (Redwan and 
Tabll 2007, El- Fakharany et al. 2008, Conesa, Calvo, and Sanchez 2010, Liao et al. 2012, Redwan 
et al. 2014, Theolier et al. 2014, Redwan et al. 2016, El- Baky, El- Fakharany, and Redwana 2017, 
Almehdar et al. 2019, 2020, El- Baky et al. 2021). Human milk contains the highest concentration 
of Lf (approximately 1.7 g/ L), followed by camel milk (55– 888 mg/ L) and bovine milk (300– 500 
mg/ L) (El- Agamy 2006, Farah et al. 2007, Konuspayeva et al. 2007). The Lf antimicrobial activity 
is attributed to two mechanisms, an iron sequestering- based bacteriostatic mechanism and an iron- 
independent bactericidal one (Arnold, Cole, and McGhee 1977, Arnold, Brewer, and Gauthier 
1980, Ellison III et al. 1990, Ellison III and Giehl 1991, Nibbering et al. 2001, Legrand et al. 2005, 
Morgenthau et al. 2014, Jahani, Shakiba, and Jahani 2015, Redwan et al. 2016, Samaniego- Barron 
et al. 2016, Drago- Serrano et al. 2017, Almehdar et al. 2019, 2020, Kowalczyk et al. 2022). The 
iron- independent Lf bactericidal mechanism includes direct bacterial lipopolysaccharides (LPS)- 
binding (Ellison III and Giehl 1991), and damage of the bacterial outer membrane via binding to 
numerous bacterial membrane proteins (Ellison III et al. 1990, Morgenthau et al. 2014, Samaniego- 
Barron et al. 2016). The cationic N- terminal peptide of lactoferrin (LFcin) is responsible for these 
bactericidal effects of Lf parent protein through peptide binding to bacterial LPS and membrane 
proteins (Nibbering et al. 2001, Morgenthau et al. 2014, Theolier et al. 2014).

In our body, LFcin is released from N- terminal region of Lf parent protein by gastric pepsin 
digestion. This highly positively charged peptide was considered as the bactericidal domain of 
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lactoferrin. The peptide shares many of the bioactivities performed by the intact protein and occa-
sionally can exceed the potency of its parent protein (Bellamy, Takase, Yamauchi, et al. 1992, Shin 
et al. 1998, Rybarczyk et al. 2017). LFcin demonstrated antimicrobial, antiparasitic, antiviral, 
antitumor, and immunomodulatory effects (Gifford, Hunter, and Vogel 2005, Eliassen et al. 2006, 
Arias et al. 2014).

Spirulina platensis has been consumed as food and feed for centuries. It is marketed as either 
an active ingredient in functional foods or a food supplement. The high nutritional value of this 
filamentous blue- green microalga originates from its high protein content (60– 70%), and its 
constituents of vitamins, essential amino acids and fatty acids, minerals, and carotenoids (Habib 
et al. 2008, Capelli and Cysewski 2010, Vo, Ngo, and Kim 2015). Spirulina also has pharmaceutical 
properties including antiviral, antibacterial, antioxidant, anti- allergic, antidiabetic, and anticancer 
activities (Mao, van de Water, and Gershwin 2005, Sharaf et al. 2010, Sharaf et al. 2013, Vaz et al. 
2016, Wu et al. 2016, Amara 2017, Moreira et al. 2019, Shao et al. 2019).

Bioactive peptides were extracted from the hydrolysis of proteins of Spirulina platensis. These 
peptides have distinctive bioactivities such as antibacterial, antihypertensive, antidiabetic, antioxi-
dant, antithrombotic, anticoagulant, immunomodulatory, and anticancer. These activities depend on 
the number, type, sequence, and characteristics of the amino acids in peptide (Aneiros and Garateix 
2004, Lisboa, Pereira, and Costa 2016, Gogineni and Hamann 2018, Sadeghi et al. 2018, Srinivasan 
et al. 2021).

Until recently, the pharmaceutical industry rarely considered peptide therapeutics, mainly because 
of their costly production and their poor profile for absorption, distribution, metabolism, and excre-
tion. Besides the alarming liability of peptides to enzymatic degradation in biological fluids, their 
problematic sequestration, and challenging transport across the host membranes, in addition to the 
difficulty to reach an effective concentration at deep organs or tissues. However, these limitations 
were recently addressed and appropriately solved. The solutions for these limitations included 
improved strategies for production of recombinant peptides to decrease their cost (Gaglione et al. 
2019, Wibowo and Zhao 2019, Kaur et al. 2020, Sampaio de Oliveira et al. 2020, El- Baky et al. 
2021), and engineering strategies to prevent enzymatic degradation and improve bioavailability of 
peptides via incorporating unnatural amino acids in peptide primary sequence (Yao et al. 2018), 
peptidomimetics (Kuppusamy et al. 2019), enantiomeric peptides (Miao et al. 2020), or by gaining 
a more stable conformation such as cyclation and stapling (Reguera and Rivera 2019). Furthermore, 
the application of nano- sized drug delivery systems to improve peptide bioavailability, targeting the 
right site, avoiding their degradation, as well as sustaining a gradual peptide delivery at the right site 
(Radaic, de Jesus, and Kapila 2020). Thus, FDA approved several peptide therapeutics (Fosgerau 
and Hoffmann 2015, Jad et al. 2019, Al Musaimi, de la Torre, and Albericio 2020, De la Torre and 
Albericio 2020).

Both milk lactoferricin and Spirulina platensis antibacterial peptides among other NAMPs are 
potential novel antibiotic lead agents that can be used as peptide drugs or in combination therapies 
to overcome the crisis of antimicrobial resistance and disturbing decline of antibiotic effectiveness 
as a result of the growing multidrug- resistance developed by microbial pathogens.

2.2  LACTOFERRICIN AND ITS PARENT PROTEIN

In 1991, it was reported that the antimicrobial activity of enzymatic hydrolysate of bovine lacto-
ferrin (bLf), which was digested by porcine pepsin, was more potent than the intact protein effect 
against Escherichia coli 0111 isolate (Tomita et al. 1991). This active peptide fragment obtained 
by pepsin digestion of the parent protein was purified by reverse- phase high- performance liquid 
chromatography (Bellamy, Takase, Wakabayashi, et al. 1992, Bellamy, Takase, Yamauchi, et al. 
1992). Sequence analysis of this peptide fragment revealed that it has a length of 25 amino acids 
(FKCRRWQWRMKKLGAPSITCVRRAF), which corresponds to amino acid segment 17– 41 of 
N- terminal of parent Lf protein sequence (Goodman and Schanbacher 1991).
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In 1993, Yamauchi and coworkers compared the antibacterial effect of both parent protein and the 
pepsin- derived peptide fragment, LFcin, and reported that LFcin peptide has an equivalent effect on 
the outer membrane of microbes to that of the parent molecule, which suggests that this N- terminal 
domain in lactoferrin is the exclusive site for disrupting microbial membrane (Yamauchi et al. 1993).

Lactoferricin displays a broad bactericidal spectrum against various Gram- positive and Gram- 
negative bacteria, and also exhibited virucidal, fungicidal, antiparasitic, and antitumor activities 
(Bellamy et al. 1992, Yamauchi et al. 1993, Bellamy et al. 1994, Turchany, Aley, and Gillin 1995, 
Yoo et al. 1997, Shin et al. 1998, Andersen et al. 2001, Omata et al. 2001, Eliassen et al. 2002, 
McCann et al. 2003, Gruden and Poklar- Ulrih 2021). So far, bovine lactoferricin (bLFcin) is the 
most studied peptide among other LFcin peptides from different animal species (Goodman and 
Schanbacher 1991, Tomita et al. 1991, Bellamy et al. 1992, Bellamy et al. 1992, Yamauchi et al. 
1993, Bellamy et al. 1994, Turchany, Aley, and Gillin 1995, Yoo et al. 1997, Shin et al. 1998, 
Andersen et al. 2001, Omata et al. 2001, Eliassen et al. 2002, McCann et al. 2003, Gifford, Hunter, 
and Vogel 2005, Eliassen et al. 2006, Arias et al. 2014). LFcin shares common features with another 
antimicrobial peptide, magainin (Haukland et al. 2001, Huertas et al. 2017). Both peptides could 
cross the bacterial cytoplasmic membrane. Additionally, LFcin shares the amphipathic alpha- helical 
structure with magainins, dermaseptin, and other amphipathic tryptophan-  and arginine- rich AMPs 
(Chan, Prenner, and Vogel 2006).

Moreover, LFcin peptide was confirmed to be the sole active domain obtained from pepsin diges-
tion of bLf and human lactoferrin (hLf) (Tomita et al. 1991). The LFcin peptide domain is located 
in a glycosylation- free region of Lf parent protein and its sequence is lacking tyrosine and histidine 
residues. This peptide is unique among other Lf- derived peptides by the fact that it comprises a 
disulfide bond between amino acid residues Cys 19 and Cys 36 in bLf and Cys 20 and Cys 37 in 
hLf. Basic amino acid residues (e.g. lysine and arginine) are abundant in sequence of LFcin pep-
tide, about eight basic residues of total 25 in bLFcin and seven basic residues in human lactoferricin 
(hLFcin) (Tomita et al. 1991). Hydrophobic amino acid residues such as tryptophan and phenyl-
alanine are also abundant in sequence of LFcin.

2.3  STRUCTURAL CHARACTERISTICS OF LACTOFERRICIN PEPTIDE

Lactoferricin is a highly basic peptide, comprising several positively charged arginine and lysine 
residues. Even though both bLFcin and hLFcin are highly positively charged, there is a remarkable 
variance in their amino acid sequences and length. This variance was revealed by the relatively 
low sequence similarity of 69% between the aligned N- terminal regions of bLf and hLf (Sinha 
et al. 2013).

The well- established primary structure of bLFcin is a 25- residue peptide (amino acid segment 
17– 41 of N- terminal of parent bLf sequence). It forms into a looped structure via an intramolecular 
disulfide bond (Bellamy, Takase, Yamauchi, et al. 1992). The first amino acid sequence determin-
ation of hLFcin showed that it comprises two peptide chains linked by disulfide bond and includes 
the N- terminal 47 residues of hLf (Bellamy, Takase, Yamauchi, et al. 1992). Nevertheless, the 
more recent primary structure determined by mass spectrometry evidenced that hLFcin contains  
N- terminal 49 residues of hLf in a single continuous chain (Hunter et al. 2005). In 2016, Chahardooli 
et al. (Chahardooli et al. 2016) characterized camel lactoferricin (cLFcin) for the first time, as the 
amino acid region 17– 41 of N- terminal of camel lactoferrin (cLf) that corresponds to previously 
characterized bLFcin and hLFcin.

Helical Wheel tool (https:// heliqu est.ipmc.cnrs.fr/ ) analysis for the primary structure (amino acid  
region 17– - 46 from N- terminal of intact Lf proteins) of bLFcin, cLFcin, and hLFcin, regarding  
hydrophilic, hydrophobic, and charge properties of peptides, demonstrates that cLFcin has the  
highest cationicity among the three peptides, while hLFcin shows the lowest cationicity (Figure 2.1).  
The analyzed sequences for bLFcin, cLFcin, and hLFcin were FKCRRWQWRMKKLGAPSITCVRR
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AFALECI, SKCAQWQRRMKKVRGPSVTCVKKTSRFECI, and TKCFQWQRNMRKVRGPPVSCIK
RDSPIQCI, respectively.

Nuclear magnetic resonance (NMR) spectroscopy studies of the three- dimensional (3D) struc-
ture of bLFcin demonstrated that free bLFcin conformation in aqueous solution varies from that 
found in the intact protein (Hwang et al. 1998). In low salt solutions, bLFcin forms a twisted β- sheet 
instead of α- helix observed in intact bLf. This makes the released peptide turn into amphipathic 
form because almost all the hydrophobic residues lie on one face while the cationic residues lie on 
the opposite. On the other hand, hLFcin preserves its α- helixconformation observed in intact hLf 
(Hunter et al. 2005). The extra length and hydrogen bonds of hLFcin compared to bLFcin may be 
attributed to supporting the helix stabilization.

FIGURE 2.1 Helical Wheel diagrammatic illustration of primary structure of bLFcin, cLFcin, and hLFcin 
peptides. Hydrophilic residues are presented as circles, diamonds are hydrophobic residues, pentagons are 
potentially positively charged, while triangles are potentially negatively charged. Hydrophobicity is represented 
by diamond shapes, while hydrophilic residues are represented by dark grey circles. The potentially charged 
residues are represented by pentagons. H is the abbreviation for hydrophobicity (the image is original for this 
chapter).
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The released hLFcin resembles bLFcin in amphipathicity. Remarkably, the hLFcin hydrophobic  
surface is considerably larger than that in bLFcin, and in aqueous solution, this could be explained  
by the dimer structure behavior of hLFcin (Hunter et al. 2005). The amphipathic structure of bLFcin  
and hLFcin is a common feature of antimicrobial peptides (Zhou, Tieleman, and Vogel 2004).

The 3D structures of bLFcin, cLFcin, and hLFcin are predicted from their amino acid sequences 
(amino acid region 17– 46 from N- terminal of intact Lf proteins) by de novo peptide structure 
predictor PEP- FOLD3 (https:// mob yle.rpbs.univ- paris- dide rot.fr/ cgi- bin/ por tal.py#forms::PEP- 
FOLD3) as presented in Figure 2.2. The generated 3D structures of the three LFcin peptides show 
that they have a conserved amphipathic α- helical structure.

Analysis of the amino acid sequences of LFcin peptides via truncation and design of shorter 
derived sequences was performed to reveal active center and important residues of these peptides. 
As an example, the 11- residue bLFcin derivative (amino acids 20– 30 of N- terminal of bLf) retains 
its bioactivity and could interact with bacterial membrane (Kang et al. 1996). Moreover, the 15- 
residue bLFcin derivative (amino acids 17– 31 of N- terminal of bLf) with lower net charge compared 
to original 25- residue bLFcin (17– 41) demonstrated enhanced antibacterial activity (Rekdal et al. 
1999). In contrast, shorter bLFcin derivatives (18– 31, 19– 31, and 20– 31) showed lower antibacterial 
effect on Staphylococcus aureus and Escherichia coli than the original 25- residue bLFcin (Tomita 
et al. 1994, Rekdal et al. 1999, Liu et al. 2011). Finally, the 6- residue bLFcin derivative sequence 
RRWQWR- NH2 (amino acids 20– 25 of N- terminal of bLf) was identified to be the antimicrobial 
center of bLFcin (Tomita et al. 1994, Schibli, Hwang, and Vogel 1999).

In the case of hLFcin, the 16- residue hLFcin derivative (amino acids 21– 36 of N- terminal of 
hLf, with a sequence of FQWQRNMRKVRGPPVS) and the 11- residue hLFcin derivative (amino 
acids 21– 31) displayed significant antibacterial effects on E. coli and methicillin- resistant S. aureus 
(MRSA) (Odell et al. 1996). The hLFcin derivative fragment 19– 31 was confirmed to be the optimal 
sequence and length for peptide antimicrobial activity. This fragment could bind to bacterial lipid A/ 
LPS (Haversen et al. 2010).

Successive experiments were carried out to scan each individual amino acid in bLFcin deriva-
tive fragment 17– 31 to detect the specific essential amino acids for antibacterial activity of the 
peptide. Obtained data revealed that the two tryptophan residues at positions 6 and 8 in bLFcin 
derivative fragment 17– 31 could not be replaced by alanine, which resulted in slight loss of antibac-
terial activity (Strøm, Rekdal, and Svendsen 2000). This tryptophan effect was further confirmed 
by replacement of one, two, or three residues in bLFcin 17– 31 by tryptophan, which improved its 
antibacterial activity (Strøm et al. 2002). The same result was observed with tryptophan- rich porcine 

FIGURE 2.2 The 3D structures of bLFcin, cLFcin, and hLFcin peptides made by PEP- FOLD3 (the image is 
original for this chapter).
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lactoferricin derivative that has higher antibacterial activity than that of native sequence (Han et al. 
2013). Another critical amino acid is arginine, when all arginine residues in bLFcin 17– 30 and 
hLFcin 1– 11 were replaced by lysine, the activity against Mycobacterium avium was significantly 
lower than the original peptide (Silva et al. 2014). Therefore, arginine-  and tryptophan- rich peptides 
are often used as a good original sequence for designing novel antimicrobial peptides.

2.4  EXPRESSION SYSTEMS FOR RECOMBINANT LACTOFERRICIN PEPTIDES

Lactoferricin peptides resemble other NAMPs in their presence at very low concentrations in host 
organisms. For this reason, isolation of these peptides directly from natural sources is a time- 
consuming and high cost approach. Additionally, large- scale chemical synthesis of both natural and 
synthetic AMPs is costly, especially peptides with disulfide bonds (Li et al. 2010), and those require 
post- translational glycosylation or bromination (Otero- gonzalez et al. 2010).

Recombinant DNA technology has been considered the most effective method for NAMPs pro-
duction regarding time and production costs (Xu et al. 2007, Amara 2013). The main hosts used for 
recombinant NAMPs production are E. coli (prokaryotic expression systems) and yeasts such as 
Saccharomyces cerevisiae and Pichia pastoris (eukaryotic expression systems) (Li and Chen 2008). 
Because of cytotoxicity of cationic NAMPs on E. coli, various fusion partners were used to neu-
tralize these NAMPs to be successfully expressed in E. coli cells. In 2006, bLFcin was fused with 
glutathione S tranferase (GST) to be expressed in E. coli. The expression construct has a thrombin 
cleavage site in the vector located between GST and bLFcin to release recombinant peptide from 
the GST- bLFcin fused product by enzymatic digestion of thrombin (Feng et al. 2006). In 2007, Tian 
et al. (Tian et al. 2007) expressed tetramer of bLFcin derivative (LFcinB15- W4, 10) linked with 
thioredoxin fusion peptides (fusion tag in pET32a vector) in E. coli. About 10 mg/ L of tetramer 
with 99% purity was obtained and exhibited comparable antimicrobial activity to that of synthetic 
LFcinB15- W4, 10 monomer.

Bovine lactoferricin peptide was produced in the Pichia methanolica expression system linked to 
the alpha factor signal peptide of S. cerevisiae. The signal peptide directed the secretion of bLFcin 
from the recombinant yeast cell into the culture medium (Wang, Zhao, and Lu 2007). Recombinant 
cLFcin was successfully expressed in Pichia pastoris and confirmed to have proper antimicrobial 
activity (Chahardooli et al. 2016).

Even transgenic plants were used for production of recombinant lactoferricin. As an example, 
recombinant chimera of bovine lactoferricin and lactoferrampin was expressed in Nicotiana 
tabacum hairy roots. The chimera accumulated at around 4.8 µg/ g fresh weight of hairy root biomass 
(Chahardooli, Fazeli, and Ghabooli 2018). Recently, a cell- free or in vitro protein synthesis approach 
was used to produce four recombinant lactoferricin peptides, three natural (bLFcin, cLFcin, and 
hLFcin) and a synthetic consensus one (El- Baky et al. 2021). The four peptides were expressed in 
crude cell extract of E. coli S30 rather than living host cells to avoid any peptide- cell interaction.

2.5  IN VITRO BIOACTIVITIES ASSOCIATED WITH LACTOFERRICIN PEPTIDE

2.5.1  AntibActeriAl Activity

Lactoferricin has superior antibacterial effect to its parent protein (Arias et al. 2014, Tomita et al. 
1991, Yamauchi et al. 1993). Both bLFcin and hLFcin peptides exhibited antibacterial effects on 
several Gram- negative and Gram- positive bacteria (Han et al. 2013, Hao et al. 2017, Chaparro et al. 
2018) but bLFcin bactericidal activity exceeds that of hLFcin (Shin et al. 1998, Gifford, Hunter, and 
Vogel 2005, Silva et al. 2014). Camel LFcin was reported to achieve twice the antimicrobial activity 
of bLFcin against E. coli, Salmonella typhi, Pseudomonas aeruginosa, S. aureus, and MRSA and 
even four times higher than that of hLFcin against S. typhi (El- Baky et al. 2021). Moreover, it was 
found that the superior biological activities of cLf over other lactoferrins were partially correlated 
with difference in the sequence and levels of intrinsic disorder of cLFcin (Redwan et al. 2016).
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The LPS in the outer membrane of Gram- negative bacteria and the layer of teichoic acid 
surrounding the cytoplasmic membrane of Gram- positive bacteria are negatively charged surfaces; 
accordingly, an electrostatic attraction occurs between the cationic LFcin peptides and these nega-
tively charged surfaces. Thus, the predicted antibacterial mechanism of this peptide is that LFcin 
first binds to the outer bacterial cell surfaces and then crosses this barrier to interact with the bac-
terial cytoplasmic membrane (Chen, Shyu, and Mao 2003, Riahifard et al. 2018). Research reported 
that bLFcin and hLFcin could disturb membrane permeability, permitting the passage of small ions, 
and causing the loss of the electrochemical and pH gradients of bacterial and artificial membranes 
(Aguilera et al. 1999). Nevertheless, the antibacterial effect decreases if the positive charge of pep-
tide is excessively high (Kohn et al. 2018). This is because when the number of positive charges 
exceeds a definite critical value, it will lead to electrostatic repulsion between the NAMPs, which 
is stronger than their electrostatic attraction to the bacterial membrane. This prevents the NAMPs 
molecules accumulation and the subsequent formation of membrane pores, decreasing membrane 
lysis and antimicrobial action (Sun et al. 2018).

2.5.2  AntifungAl Activity

Bovine lactoferricin could efficiently inhibit the growth of numerous yeasts (e.g. Candida albicans), 
molds, and filamentous fungi (e.g. dermatophytes such as Trichophyton mentagrophytes) (Bellamy 
et al. 1994). Lactoferricin has two suggested antifungal mechanisms, either via a direct fungicidal 
activity (Bellamy et al. 1993) or by upregulating host defense. Both bLFcin and hLFcin interact with 
the plasma membrane of Candida albicans triggering the dispersion of the proton gradient across 
the cell membrane (Lupetti et al. 2000, Gifford, Hunter, and Vogel 2005, Basso 2020). Also, both 
LFcin peptides appear to affect the cytoplasm of fungal cells. Aggregation of cytoplasmic material 
was observed with bLFcin- exposed fungal cells and treatment of the blastoconidia life stage of 
C. albicans with hLFcin- derived peptide results in synthesis and secretion of ATP from the mito-
chondria. Interestingly, this ATP is released extracellularly, where it can interact with extracellular 
ATP binding sites on the plasma membrane, giving rise to pore formation and cell death (Bellamy 
et al. 1994, Ueta, Tanida, and Osaki 2001, Fernandes and Carter 2017). Bovine lactoferricin was 
showed to upregulate host defense through the stimulation of reactive oxygen species that induce 
the Candida cell- killing activity of polymorphonuclear leukocytes (Fernandes and Carter 2017).

2.5.3  AntiPArAsitic Activity

LFcin peptides are parasiticidal against a range of protozoans, however how LFcin exerts this effect 
is not known (Turchany, Aley, and Gillin 1995, Omata et al. 2001, Aguilar- Diaz et al. 2017, Zarzosa- 
Moreno et al. 2020). Probably, the cell surface of tachyzoites of Toxoplasma gondii is negatively 
charged, and LFcin peptide was proved to attract to this surface, resulting in the disruption of the 
membrane. It is also possible that this interaction releases parasitic structural components that 
subsequently activate the host defense system. Bovine lactoferricin could effectively reduce the 
sporozoites’ infectivity of Toxoplasma gondii and Eimeria stiedai in mice and rabbits, respectively 
(Omata et al. 2001). Furthermore, LFcin peptides had in vitro giardicidal activity via interaction 
with Giardia intestinalis and causing an increase in the granularity and vacuolization of its cyto-
plasm. In addition, pore formation, membrane disruption, and programmed cell death were observed 
in trophozoites of G. intestinalis treated with LFcin peptides (Aguilar- Diaz et al. 2017).

2.5.4  AntivirAl Activity

In contrast to other bioactivities, the antiviral activity of LFcin is less than that of the parent Lf pro-
tein. Though LFcin moderately inhibits in vitro multiplication of many viruses, the activity of intact 
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Lf against these same viruses is as much as seven- fold higher, suggesting that either the size of the 
molecule is important or that other regions of Lf contribute to the antiviral activity (Andersen et al. 
2001, Berkhout et al. 2002, Di- Biase et al. 2003, McCann et al. 2003, Hu et al. 2021, Zhu 2022). 
LFcin peptides are highly positively charged peptides, which have a critical affinity to heparan 
sulfate (HS) or glycosaminoglycans (highly negatively charged carbohydrates that are the typical 
viral receptors on the host cell surface) which blocks the initial viral entry, thus inhibiting cell- to- 
cell spreading of an ongoing infection (Andersen et al. 2001, Jenssen et al. 2008, Hu et al. 2021). 
Although parent protein also prevents viral entry into the cell by binding to these carbohydrate 
molecules, there is evidence that Lf and LFcin act via different antiviral mechanisms (Jenssen et al. 
2004). The structural characteristics of peptide such as hydrophobicity, molecular size, and the 
secondary structure are also involved in its antiviral activity (Jenssen et al. 2004). Both bLFcin 
and parent protein significantly reduced herpes simplex virus- 1 (HSV- 1) cellular uptake. Even 
internalized virus particles had delayed intracellular trafficking (Marr et al. 2009).

2.5.5  AnticAncer Activity

LFcin resembles its parent protein in exhibiting cytotoxic effect against many cancer cell lines 
including leukemic, melanoma, fibrosarcoma, colon carcinoma, and neuroblastoma cells at a con-
centration that does not affect normal fibroblasts, lymphocytes, epithelial cells, endothelial cells, 
or erythrocytes (Yoo et al. 1997, Eliassen et al. 2002). It causes loss of tumor cell membrane 
integrity via membrane binding and formation of membrane pores, then enters the cytoplasm of 
the cancer cell and targets negatively charged mitochondria (Eliassen et al. 2006, Mader et al. 
2007, Guerra JR et al. 2019). Another LFcin antitumor pathway against human leukemia and 
breast carcinoma is via killing these cells by the sequential generation of reactive oxygen species, 
impairing mitochondrial transmembrane potential, and inducing apoptosis (Mader et al. 2005). 
For high LFcin antitumor activity, both a net positive charge of + 7 and amphipathic structure are 
required (Yang et al. 2004). Mader et al. (Mader et al. 2005) suggested that the cyclization of 
bLFcin by the disulfide bond between residues Cys 3 and Cys 20 is not required for its antitumor 
effect. However, another study reported an opposite concept, that in vitro anticancer activity of 
bLFcin against fibrosarcoma cells is critically dependent on its cyclic structure (Eliassen et al. 
2002). Therefore, the role of the disulfide bridge in mediating the anticancer activity of bLFcin 
remains unclear.

2.6  SYNERGY OF LACTOFERRICIN WITH ANTIMICROBIAL DRUGS

The ability of LFcin to impair the integrity of bacterial inner membrane possibly will stimulate 
other antimicrobial agents’ (e.g. other antibacterial peptides or antibiotics) uptake, which results 
in synergistic effects of LFcin with conventional antibiotics. An example of this antibacterial syn-
ergism is synergistic activity of bLFcin with ceftazidime or ciprofloxacin against S. aureus and 
P. aeruginosa (Oo et al. 2010, Vargas- Casanova et al. 2019). Another study evaluated the impact of 
bLFcin on the activity of fluoroquinolones against uropathogenic E. coli strains (Longhi et al. 2009). 
Obtained results demonstrated different effects including synergism, partial synergism, or indif-
ference, which depend on the examined E. coli strains. Overall, combination of fluoroquinolones 
with bLFcin may reduce inhibitory concentrations of fluoroquinolones against some uropathogenic 
E. coli strains. Different combinations of bLFcin, bLf, and alphaS2- casein with nisin (a bacteriocin 
produced by Lactocococcus lactis spp. Lactis and used for food preservation) were analyzed against 
E. coli, Salmonella enterica Serotype Choleraesuis, Staphylococcus epidermidis, and Listeria 
monocytogenes. The combination of bLFcin and its parent protein showed a synergistic effect on 
S. epidermidis and E. coli, while a combination of bLFcin and nisin displayed an antagonistic effect 
against E. coli (López- Expósito et al. 2008).
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In the same context, LFcin affects the physiology of fungal cell cytoplasm making some strains 
of azole- resistant C. albicans more susceptible to itraconazole or fluconazole in its presence even 
at comparatively low concentration. This synergistic effect was absent with antifungal agents like 
amphotericin B, which is a non- azole type agent (Wakabayashi et al. 1996, Wakabayashi et al. 1998).

2.7  LACTOFERRICIN: FROM MILK TO HUMAN AND VETERINARY MEDICINE

2.7.1  PreclinicAl triAls for HumAn diseAses treAtment

To our knowledge, until now, the in vivo trials of lactoferricin peptide were in mice and rabbits not 
humans. Those trials proved that lactoferricin represents a potential treatment as a bactericidal, fun-
gicidal, virucidal, parasiticidal, anti- inflammatory, and antitumor agent.

Teraguchi et al. (1994) reported that bLf and its porcine pepsin hydrolysate (bLFcin) have bac-
teriostatic effects on intestinal Enterobacteriaceae in mice that were fed with bovine milk. This 
was the first report for in vivo bacteriostatic activities of both intact protein and its peptides. The 
same research team revealed the effectiveness of bLf and its porcine pepsin hydrolysate (bLFcin) 
to control the bacterial growth of diverse strains of Clostridium spp. in a mouse model (Teraguchi 
et al. 1995).

The first in vivo trial of bLFcin peptide as antitumor agent was in 1997 using established tumor 
models in mice (Yoo et al. 1997). The subcutaneous injection of 0.5 mg peptide/ mouse after one day 
from tumor inoculation significantly inhibited liver, spleen, and lung metastasis. Bovine lactoferricin 
suppressed tumor growth on day 8 after tumor inoculation. Nevertheless, long- term analysis of 
tumor growth for up to 21 days after tumor inoculation revealed that single administration of bovine 
lactoferricin displayed inhibitory activity on tumor growth only during the early period (8 days) 
(Yoo et al. 1997).

Regarding parasiticidal activities of bLFcin, the peptide could effectively reduce the sporozoites 
infectivity of Toxoplasma gondii and Eimeria stiedai in mice and rabbits models, respectively 
(Omata et al. 2001).

In 2010, it was described that bLFcin acts synergistically with ciprofloxacin or ceftazidime against 
eight strains of P. aeruginosa isolated from ocular infection in vitro, counting multidrug- resistant 
ones. On the other hand, this synergism was absent between peptide and gentamicin. Furthermore, 
bLFcin acts synergistically with only ciprofloxacin against two out of ten test strains of S. aureus 
isolated from ocular infection in vitro. Combined treatment of peptide and ciprofloxacin to infected 
corneas of mice considerably enhanced the clinical results, as peptide acts as an adjuvant enhan-
cing ciprofloxacin activity and consequently reducing bacterial growth and myeloperoxidase (MPO) 
levels. Interestingly, the peptide alone could decrease MPO levels in infected corneas resulting in 
reduction of in vivo inflammatory response (Oo et al. 2010).

During treatment of keratitis, biofilm eradication is crucial to solve the occurrence of drug resist-
ance. In 2012, an ex vivo research was conducted to evaluate the combined efficacy of bLFcin with 
other antifungals in inhibiting formation of fungal biofilm on contact lens by three fungal pathogens 
that cause keratitis, C. albicans, Fusarium solani, and Aspergillus fumigatus. These fungal pathogens 
were isolated from keratitis patients (Sengupta et al. 2012). The combination of bLFcin with con-
ventional antifungal agents such as amphotericin B, voriconazole, or fluconazole improved the sen-
sitivity of fungal biofilms and planktonic cells to antifungals, and reduced minimum inhibitory 
concentrations (MICs) of antifungal agents more than eightfold. Moreover, the addition of peptide 
to solution of lens care has efficiently eradicated the mature fungal biofilm formed on contact lenses. 
Thus, bLFcin can be considered a promising therapeutic candidate that increases susceptibility of 
fungal biofilm to conventional antifungals. In addition, if a peptide is used in solution of lens care, 
it can act as an antibiofilm/ antifungal additive (Sengupta et al. 2012).

Lactoferricin was reported to have therapeutic potential against genital herpes simplex virus 2 
(HSV- 2) infection in mice. It demonstrated a strong antiviral activity in female mice inoculated 
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intravaginally with HSV- 2 alone or with a mixture of HSV- 2 and lactoferricin. Mice treated with 
lactoferricin did not develop any sign of the disease nor did they lose weight. The peptide delayed 
both disease onset and disease severity when given 24 h post- viral inoculation. Lactoferricin was 
also tested for its ability to stimulate the production of chemokines. It did not induce the production 
of CCL3, CCL5, CXCL1 or CXCL2 by mouse splenocytes in vitro but could induce the production 
of CCL5 and CXCL2 chemokines in vivo at 8 h post- administration when deposited on the genital 
mucosa (Shestakov et al. 2012).

Bovine LFcin has anti- inflammatory and anti- catabolic activities, which were studied in ex vivo 
tests on human articular cartilage and synovium (Yan et al. 2013). Results confirmed that bLFcin 
exhibited chondroprotective properties, hindering synovial fibroblasts inflammatory response, and 
could thus be described as a promising preventive agent and/ or treatment of diseases of degenerative 
joint. This antimicrobial peptide may also have therapeutic effects on septic arthritis.

2.7.2  lActoferricin for veterinAry APPlicAtions

When Lf alone was used as intramammary treatment for mastitis in dairy cattle caused by 
Streptococcus dysgalactiae, Streptococcus uberis, and S. aureus, the outcome was disappointing 
especially for control of infection by beta- lactam resistant S. aureus. Yet, co- administeration of Lf 
at low concentration with penicillin G efficiently reduced the activity of beta- lactamase of resistant 
S. aureus and elevated penicillin inhibitory activity up to four- fold, improving the rate of treatment 
from about 12.5% (penicillin alone) to 33.3% (combination of Lf and penicillin) (Lacasse et al. 2008, 
Sharun et al. 2021). Interestingly, bLFcin exhibited powerful activity against mastitis pathogens, 
which has attracted attention to its possible application in udder infections control. Kawai et al. 
(2003) carried out an in vivo trial in which lactoferrin hydrolysate (bLFcin) was infused in cows 
infected by subclinical mastitis. Obtained results revealed a significant reduction in numbers of 
E. coli and Staphylococci in the milk from infected cows on day one after infusion, and disappear-
ance of the bacterial pathogens by the 14th day after lactoferrin hydrolysate administration. In a 
more recent study, the same research team reported that bovine lactoferrin hydrolysate (bLFcin) has 
an in vitro antimicrobial effect on S. aureus, E. coli, Enterococci, coagulase- negative Staphylococci, 
Klebsiella pneumoniae, Prototheca zopfii, and yeast- like fungi, all of which were isolated from 
bovine mastitis clinical cases (Kawai et al. 2007). Furthermore, bLFcin was proved to possess the 
ability to activate the production of bovine neutrophil superoxide. Nevertheless, these encouraging 
in vitro outcomes have to be further confirmed in vivo (Bruni et al. 2016).

In a step toward a new strategy to prevent bovine mastitis, bLFcin was expressed into the mam-
mary gland of goat by an expression plasmid vector specific for mammary gland tissue and carrying 
the genes of bactericidal peptides (Zhang et al. 2007). This plasmid- mediated gene transfer approach 
enabled synthesis and secretion of bLFcin and bovine tracheal bactericidal peptides by mammary 
cells. Obtained results revealed that the expression of these antibacterial peptides in goat milk lasted 
for three to six days. Furthermore, milk collected from the injected mammary glands with a vector 
carrying the genes of bactericidal peptides displayed in vitro bacteriostatic effect on E. coli D12K31 
and S. aureus ATCC 25923.

Tang et al. (2011) studied the effect of using bLFcin at a pharmacological level as a component of 
dietary supplementation in 21- day- weaned piglets that were challenged with enterotoxigenic E. coli 
and peptide role to replace colistin sulphate (an antibiotic that suppresses colonic flora and treats 
intestinal diseases). Dietary supplementation with cipB- LFcin, a fusion protein that releases the 
peptide in the piglets’ stomach, improved gut microflora via decreasing the concentration of E. coli 
and increasing those of Bifidobacterium and Lactobacillus in the duodenum, jejunum, and ileum. 
The peptide also promoted piglet intestinal mucosal morphology via stimulating development of 
the jejunum and ileum crypt/ villus architecture. Moreover, dietary supplementation with the pep-
tide caused a decline in serum levels of cytokines and improved growth hormone. Overall, dietary 
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supplementation with bLFcin could replace colistin sulphate in all of its effects on gut microflora, 
intestinal mucosal morphology, and circulating cytokines.

Vercelli et al. (2015) published an in vivo pilot study in dogs and recommended daily use for 
14 days of an emulsion comprising bLFcin, verbascoside, and glycerophosphoinositole lysine for 
efficient treatment of recurrent otitis externa with clinical and bacterial and/ or yeasts overgrowth. 
They also reported synergistic bactericidal and fungicidal activities of this therapeutic combination.

2.8  LACTOFERRICIN AS FOOD AND BEVERAGE PRESERVATIVE

In 2012, Quintieri et al. (2012) analyzed the antimicrobial effectiveness of bLf and its pepsin- 
digested hydrolysate (bLFcin) to control spoilage mesophilic bacteria, which contaminate trad-
itional Mozzarella cheese during cold storage. They evidenced for the first time that bLFcin can 
inhibit the growth of cheese spoilage bacteria including coliforms and pseudomonads. In a more 
recent study, the same research group reported for the first time that bLf pepsin- digested hydrol-
ysate (bLFcin) could prevent Mozzarella cheese blue discoloration via delaying the growth of 
psychrotrophic cheese pigmenting bacterial strains of Pseudomonas fluorescens (Caputo et al. 
2015). Thus, bLFcin has the ability to counteract the chromatic spoilage of cheese during storage. 
Although bLFcin did not considerably affect the viable cell count of food beneficial microbes which 
is an advantage for its use as food preservative, its application has the drawback of peptide rapid 
degradation in food matrices, particularly foods comprising lactic acid bacteria with robust proteo-
lytic activity (Quintieri et al. 2012, Caputo et al. 2015). Paul and Somkuti ( 2010) studied bLFcin 
hydrolytic breakdown by lactic acid bacteria including Lactobacillus delbrueckii sp. bulgaricus and 
Streptococcus thermophilus (strains of yogurt starter). They reported that the peptide was degraded 
by peptidases of lactic acid bacteria at neutral pH but compared to other bioactive peptides derived 
from milk, bLFcin is more resistant, with about 50% of the peptide lasting after 4 h of incubation. 
In addition, bLFcin was resistant to hydrolysis at acidic pH (pH 4.5).

Two synthetic derivatives from bLFcin (LFcinB (17– 31) and LFcinB (20– 25)) were found to 
possess antifungal activity against phytopathogenic filamentous fungus Penicillium digitatum that 
causes spoilage in mandarins, with a unique mode of action (Muñoz and Marcos 2006, Martínez- 
Culebras et al. 2021). LFcinB (17– 31) showed superior inhibitory activity against Penicillium 
digitatum growth than LFcinB (20– 25), nevertheless, LFcinB (17– 31) was not fungicidal to qui-
escent fungal conidia, whereas LFcinB (20– 25) was. Baruzzi et al. (2015) provided for the first 
time direct evidence for bLFcin ability to control microbial spoilage caused by various strains 
of Pseudomonas spp. in ready- to- eat (RTE) leafy vegetables (escarole chicory and Iceberg and 
Trocadero lettuce) throughout cold storage. These reports present an alternative green strategy to 
fungicides in the production of vegetables and fruits.

The in vitro antibacterial activity of bLf, pepsin- digested bLf (bLFcin), and amidated bLf was 
evaluated against Listeria monocytogenes, S. aureus, and Enterococus faecalis. The latter showed the 
highest resistance to these bactericidal agents, whereas Listeria monocytogenes was the most sensitive, 
and S. aureus displayed a moderate resistance. These bactericidal agents reduced L. monocytogenes 
to less than 0.5 log CFU/ g in inoculated chicken breast fillets. When antimicrobials were combined 
with high- pressure treatment for 10 min at 400 MPa, their bactericidal effect slightly improved to 
less than 1 logCFU/ g. Treatment of inoculated chicken breast fillets with antimicrobials either 18 h 
before or 1 h after high- pressure handling mostly gave the best results (reduced L. monocytogenes to 
less than 1.5 log CFU/ g). Thus, both parent bLf protein and its peptide derivatives have a restricted 
potential for controlling meat pathogens (Del Olmo, Calzada, and Nunez 2012).

Enrique et al. (2009) examined the bactericidal effects of bLf pepsin hydrolysate (bLFcin) and 
a synthetic derivative from bLFcin (LFcinB (17– 31)) against wine- related spoilage lactic acid bac-
teria responsible for wine spoilage during processes of winemaking. Both peptide and its synthetic 
derivative could inhibit growth of wine- related spoilage lactic acid bacteria in vitro. The bacteri-
cidal effect of LFcinB (17– 31) against Oenococcus oeni, Pediococcus damnosus, and Lactobacillus 
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brevis was demonstrated in most fermentation experiments in which these three LAB co- existed 
with the winemaking Saccharomyces cerevisiae T73 in the presence of the peptide. Last, LFcinB 
(17– 31) at inhibitory concentrations did not modify enological parameters of wine must or fermen-
tation kinetics.

Table 2.1 summarizes antimicrobial and antiviral activities of milk lactoferricin peptides and 
their different potential applications.

TABLE 2.1
Antimicrobial and Antiviral Activities of Milk Lactoferricin Peptides

Peptide
Bioactivity
and applications Target pathogens Reference

Porcine pepsin hydrolysate of bLf Antibacterial Escherichia coli 0111 (Tomita et al. 1991)
Lactoferricin B (bLFcin) Antibacterial Escherichia coli

Salmonella enteritidis Klebsiella 
pneumoniae

Proteus vulgaris
Yersinia enterocolitica 

Pseudomonas aeruginosa 
Campylobacter jejuni 
Staphylococcus aureus 
Streptococcus mutans 
Corynebacterium diphtheriae

Listeria monocytogenes 
Clostridium perfringens

(Bellamy, Takase, 
Wakabayashi, et al. 
1992)

Antimicrobial domain near the 
N- terminus of bLf and hLf in 
a region separate from sites of 
iron- binding

Antibacterial Escherichia coli IID- 861 
Klebsiella pneumoniae 
JCM1662T

Pseudomonas aeruginosa 
IFO‑ 3446

Staphylococcus aureus JCM- 2151
Listeria monocytogenes IDF- 1b

(Bellamy, Takase, 
Yamauchi, et al. 
1992)

Lactoferricin B (bLFcin) Antifungal Candida albicans (Bellamy et al. 1993)
Pepsin- derived bLf peptide 

(lactoferricin)
Antibacterial Escherichia coli CL99 1- 2 

Salmonella typhimurium SL696
Salmonella montevideo SL5222

(Yamauchi et al. 
1993)

Lactoferricin B (bLFcin) Antifungal Candida albicans Trichophyton 
mentagrophytes

(Bellamy et al. 1994)

Porcine pepsin hydrolysate 
(bLFcin)

Orally administered 
bacteriostatic agent

Intestinal Enterobacteriaceae in 
SPF mice

(Teraguchi et al. 1994)

Porcine pepsin hydrolysate 
(bLFcin)

Orally administered 
bacteriostatic agent

Clostridium species in the gut of  
mice

(Teraguchi et al. 1995)

N- terminal peptides derived from 
hLf and bLf

Antiparasitic Giardia lamblia (Turchany, Aley, and 
Gillin 1995)

LFcin combined with itraconazole 
or fluconazole

Antifungal Some strains of azole- resistant 
Candida albicans

(Wakabayashi et al. 
1996, Wakabayashi 
et al. 1998)

(continued)
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Peptide
Bioactivity
and applications Target pathogens Reference

Three bLFcin peptides; the 
sequence corresponds to 
residues 17 to 42, two 
sequences residues 1 to 16 
and 43 to 48 linked by a single 
disulfide bond, and disulfide- 
linked heterodimer corresponds 
to residues 1 to 48 cleaved 
between residues 42 and 43

Antibacterial A number of pathogenic and 
food spoilage microorganisms, 
Listeria monocytogenes

(Dionysius and Milne 
1997)

Pepsin hydrolysate of bLf (bLFH) 
and bLFcin

Antibacterial Escherichia coli O157:H7 (Shin et al. 1998)

Synthetic peptides derived from 
N- terminus of hLf; hLF (1- 11) 
and hLF (21- 31)

Antifungal Candida albicans (Lupetti et al. 2000)

Cyclic lactoferricin Inhibiting viral entry into 
human fibroblasts

Human cytomegalovirus (Andersen et al. 2001)

bLFcin Reduction of the infectivity 
of sporozoites in mice 
and rabbit models

Toxoplasma gondii
Eimeria stiedai

(Omata et al. 2001)

A novel bLf peptide, 
FKCRRWQWRM

Antifungal Two strains of Candida albicans (Ueta, Tanida, and 
Osaki 2001)

Lactoferrin-  and other milk 
proteins- derived peptides

Antiviral HIV (Berkhout et al. 2002)

N- terminal peptide of bLf 
(bLFcin)

Antiviral Adenovirus (Di- Biase et al. 2003)

bLf hydrolysate (bLFcin) Infused antibacterial agent 
into mammary glands 
of cows infected with 
subclinical mastitis

Escherichia coli and 
Staphylococci

(Kawai et al. 2003)

Lactoferricin B (bLFcin) Inhibiting the viral ability 
to infect cell cultures

Feline calici virus
Poliovirus

(McCann et al. 2003)

Cyclic and linear human and 
bovine LFcin derivatives

Antiviral HSV- 1 and HSV- 2 (Jenssen et al. 2004)

Two synthetic derivatives from 
bLFcin (LFcinB (17- 31) and 
LFcinB (20- 25))

Control spoilage in 
mandarins

Penicillium digitatum (Muñoz and Marcos 
2006)

bLf hydrolysate (bLFcin) In vitro antibacterial effect 
on mastitis pathogens

Staphylococcus aureus 
Escherichia coli

Enterococci
Coagulase- negative Staphylococci
Klebsiella pneumoniae

(Kawai et al. 2007)

hLFcin and bLFcin Antiviral Herpes simplex virus 1 and 2 (Jenssen et al. 2008)
Combination of bLFcin and bLf Synergistic antibacterial 

effect
Staphylococcus epidermidis
Escherichia coli

(López- Expósito et al. 
2008)

bLf pepsin hydrolysate (bLFcin) 
and a synthetic derivative from 
bLFcin (LFcinB (17- 31))

Antibacterial action against 
wine lactic acid bacteria

Oenococcus oeni
Pediococcus damnosus
Lactobacillus brevis

(Enrique et al. 2009)

bLFcin combined with 
fluoroquinolones

Synergistic antibacterial 
effect

Uropathogenic Escherichia coli 
strains

(Longhi et al. 2009)

TABLE 2.1 (Continued)
Antimicrobial and Antiviral Activities of Milk Lactoferricin Peptides

 

 



33Natural Antimicrobial Therapeutic Peptides

33

2.9  RECENT RESEARCH ON LACTOFERRICIN

Recent research studies focused on modifying the natural lactoferricin peptide to become more 
potent. Björn et al. (2016) developed HLR1r peptide from hLFcin by substitution of amino acids 
based on the hydrophobicity and the addition of an arginine- rich motif to the hLFcin peptide. This 
peptide was designed to facilitate the peptide- bacterial membrane interactions. Another approach 

Peptide
Bioactivity
and applications Target pathogens Reference

bLf and bLFcin Interfering with 
intracellular viral 
trafficking

Herpes simplex virus- 1 (Marr et al. 2009)

bLFcin combined with ceftazidime 
or ciprofloxacin

Synergistic antibacterial 
effect

Staphylococcus aureus
Pseudomonas aeruginosa

(Oo et al. 2010)

bLFcin Antibacterial component of 
dietary supplementation 
in 21- day- weaned piglets

Enterotoxigenic Escherichia coli (Tang et al. 2011)

bLFcin In vitro antibacterial effect 
combined with high 
pressure on spoilage of 
chicken breast fillets

Listeria monocytogenes
Staphylococcus aureus

(Del Olmo, Calzada, 
and Nunez 2012)

bLf and its pepsin- digested 
hydrolysate (bLFcin)

Control spoilage 
mesophilic bacteria that 
contaminate traditional 
Mozzarella cheese 
during cold storage

Coliforms and pseudomonads (Quintieri et al. 2012)

bLFcin combined with 
amphotericin B, voriconazole, 
or fluconazole

Inhibiting formation of 
fungal biofilm on contact 
lens by keratitis- causing 
fungi

Candida albicans
Fusarium solani
Aspergillus fumigatus

(Sengupta et al. 2012)

Lactoferricin Inhibiting viral infection 
in mice

Herpes simplex virus type 2 (Shestakov et al. 
2012)

bLFcin Control microbial spoilage 
in escarole chicory and 
Iceberg and Trocadero 
lettuce throughout cold 
storage

Various strains of Pseudomonas 
spp.

(Baruzzi et al. 2015)

bLFcin Prevent Mozzarella cheese 
blue discoloration

Psychrotrophic cheese 
pigmenting bacterial strains of 
Pseudomonas fluorescens

(Caputo et al. 2015)

bLFcin combined with 
verbascoside and 
glycerophosphoinositol

Bactericidal and fungicidal 
emulsion in treatment of 
otitis externa in dogs

Some bacterial strains and/ or 
Malassezia spp. Yeasts

(Vercelli et al. 2015)

Bovine lactoferrin peptides Antiparasitic Giardia intestinalis (Aguilar- Diaz et al. 
2017)

cLFcin, bLFcin, and hLFcin Antibacterial Escherichia coli
Salmonella typhi 

Pseudomonas aeruginosa 
Staphylococcus aureus

MRSA

(El- Baky et al. 2021)

TABLE 2.1 (Continued)
Antimicrobial and Antiviral Activities of Milk Lactoferricin Peptides
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was taken involving synthetic generation offusion or chimeric peptides from the combination 
of multiple bioactive peptides such as LFchimera, a fusion of bLFcin and lactoferrampin (Silva 
et al. 2013, Chahardooli, Fazeli, and Ghabooli 2018, Sarhadi, Jahandar, and Tanhaeian 2020), and 
LFT33, a fusion of bLFcin and the insect- derived antimicrobial peptide thanatin (Feng et al. 2012). 
Moreover, new functions and capabilities of LFcin may be uncovered in future studies, leading to 
additional therapeutic applications of LFcin.

2.10  SPIRULINA PLATENSIS AS SOURCE OF NUTRACEUTICAL AND 
PHARMACEUTICAL INGREDIENTS

The marine ecosystem is characterized by unique and diverse environmental conditions including 
different levels of temperature, illumination, pressure, and salinity, which increase the availability 
and chemical diversity of nutraceutical and pharmaceutical ingredients derived from marine 
organisms (Freitas et al. 2012). Spirulina platensis is a prokaryotic multicellular cyanobacterium 
microalga with photosynthesis capability that was isolated from soda lakes, seawater, as well as 
fresh water (Agustini et al. 2015). This microalga has been commercially produced for more than 
three decades. Spirulina is mostly consumed in vitamin supplements, aquaculture, fish food, food 
dyes, nutraceuticals, and pharmaceuticals (Belay et al. 1993).

Spirulina platensis is an excellent source of protein (percent composition of 60– 70 by wet weight 
and includes eight essential amino acids and ten non- essential amino acids), carbohydrates (per-
cent composition of 13.5– 15 by wet weight and comprise galactose, glucose, rhamnose, mannose, 
xylose in addition to two unusual sugars (3- O- methyl- L- rhamnose and 2- O- methyl- L- rhamnose)), 
lipids (percent composition of 5– 6 by wet weight and include polyunsaturated fatty acids), vitamins 
(percent composition of below 1 by wet weight), essential minerals (percent composition of about 7 
by wet weight), and pigments (percent composition of below 1 by wet weight) (Becker et al. 1986, 
Yücetepe and Özçelik 2016).

Many scientific reports listed Spirulina health benefits such as its use in treatment of obesity 
and diabetes, reduction of high blood pressure, and its anticancer as well as antiviral effects 
(Hosoyamada, Takai, and Kato 1991, Aneiros and Garateix 2004, Mao, van de Water, and Gershwin 
2005, Capelli and Cysewski 2010, Sharaf et al. 2010, Tang and Suter 2011, Sharaf et al. 2013, Vo, 
Ngo, and Kim 2015, Lisboa, Pereira, and Costa 2016, Vaz et al. 2016, Wu et al. 2016, Amara 2017, 
Gogineni and Hamann 2018, Sadeghi et al. 2018, Moreira et al. 2019, Shao et al. 2019, Bilal and 
Altiner 2020). In 2010, Sharaf et al. (2010) confirmed that phosphate buffer and hot water extracts 
of an American strain of Spirulina platensis could inhibit multiplication of herpes simplex virus 
prior to and after virus infection of host cells. On the other hand, they reported that the same extracts 
from an Egyptian Spirulina platensis strain directly inactivated virus particles before infection of 
host cells. They suggested application of Spirulina crude extracts as treatment for recurrent herpetic 
infection. In a more recent study, the same researchers demonstrated that crude extracts of Spirulina 
platensis strain from Chad lake also have antiviral effects on herpes virus before and during virus 
infection of host cells (Sharaf et al. 2013). Moura et al. (2011) reported that Spirulina platensis 
could effectively reduce total circulating levels of hepatic lipids and LDL- cholesterol, either alone 
or combined with physical exercise in diabetic Wistar rats. Recently, Spirulina was proved to be an 
efficient inhibitor to oxidative stress and hyperglycemia induced by diabetes and its administration 
was suggested to prevent diabetic complications (Gargouri et al. 2018). The therapeutic effect on 
diabetic complications was even more notable with Spirulina than that caused by insulin injection.

The protein content of Spirulina platensis is considered as a complete protein with high nutri-
tional quality, comprising numerous essential amino acids, such as isoleucine, leucine, and valine, 
but with lower amounts of cysteine, methionine, and lysine compared to standard proteins (e.g. 
eggs, soybean, etc.) (Benelhadj et al. 2016). Spirulina platensis contains predominantly two 
phycobiliproteins (water soluble and highly fluorescent pigment- protein complexes responsible 
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for capturing of light in cyanobacterial photosynthetic apparatus), namely C- phycocyanin and 
allophycocyanin (Patil et al. 2008). Both phycobiliproteins were used as natural dyes for cosmetics 
and food (Yoshida, Takagaki, and Nishimune 1996), fluorescent markers with various applications 
in biomedical research (Glazer 1994), in addition to potential pharmaceuticals in oxidative stress- 
induced diseases (Bhat and Madyastha 2001, Dagnino- Leone et al. 2022). Recently, Braune et al. 
(2021) reviewed current understanding of molecular mechanisms of potential phycocyanin- based 
anticancer treatments and approaches to improve their efficacy.

2.11  ANTIBACTERIAL PEPTIDES FROM SPIRULINA PLATENSIS

Bioactive peptides derived from natural sources are mostly found in enzymatic hydrolysate of pro-
tein. Peptides are released from proteins in food during digestion by the gut hydrolytic enzymes then 
affect health and cellular functions. Sun et al. (2016) isolated an antibacterial peptide of 18 amino 
acid residues, namely SP- 1 from the papain and alkaline protease hydrolysate of Spirulina platensis 
by a series of chromatographic procedures. SP- 1 was the first bactericidal peptide derived from 
protein hydrolysate of S. platensis. Its amino acid sequence was KLVDASHRLATGDVAVRA and 
has a molecular weight of 1878.97 Da. The peptide showed antibacterial activity against E. coli and 
S. aureus at MICs of 8 mg/ ml and 16 mg/ ml, respectively.

They reported that the antibacterial activity of SP- 1 peptide was dependent on its α- helical struc-
ture, hydrophobicity that allows partitioning of the peptide into lipid bilayers of the bacterial mem-
brane, and cationicity that allows peptide binding to negatively charged bacterial LPS, leading to 
perturbation of the integrity of bacterial cytoplasmic membrane or translocation of peptide into the 
bacterial cytoplasm (Sun et al. 2016).

Helical Wheel tool analysis for primary structure of SP- 1 is presented in Figure 2.3. This analysis  
demonstrates that the peptide has a net charge of 1, and hydrophobicity of 0.228, comprising polar  
residues +  glycine with number/ percent of 9/ 50, uncharged residues +  glycine including histidine  

FIGURE 2.3 Helical Wheel diagrammatic illustration of primary structure of SP- 1 peptide from protein 
hydrolysate of Spirulina platensis. D residue is acidic hydrophilic, V and L are nonpolar hydrophobic residues, 
T and S are polar and uncharged hydrophilic resides, R and K are basic hydrophilic residues.
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1, serine 1, threonine 1, and glycine 1, charged residues including lysine 1, arginine 2, and aspartic  
acid 2, nonpolar residues with number/ percent of 9/ 50, and no special residues (cysteine 0, proline  
0) or aromatic residues.

The 3D structure of SP- 1 peptide is predicted from its amino acid sequence by PEP- FOLD3 as 
presented in Figure 2.4. The generated 3D structure of the peptide shows that it has a conserved  
α- helical structure.

Sadeghi et al. (2018) evaluated antibacterial and anticancer activities of chymotrypsin-  and 
trypsin- digested protein hydrolysate of S. platensis against E. coli, S. aureus, and human colon 
adenocarcinoma cell line SW480. Hydrolyzed protein of S. platensis has approximately 22 kDa 
molecular weight and its derived bioactive peptide fraction has a molecular weight of below 3 kDa. 
This <3 kDa peptide fraction could decrease bacterial growth of E. coli and S. aureus with 15.2% 
and 19.6%, respectively, inhibition after 16 h incubation of bacterial cells with peptide fraction. The 
MIC values for peptide fraction against both bacterial species were 625 µg/ ml. The <3 kDa peptide 
fraction also significantly reduced cell viability of SW480 in a dose- dependent manner with percent 
of cell viability of 44.9% at peptide concentration of 8 µg/ µl. They suggested that Spirulina plantesis 
is a potential source of protein for future industrial production of bioactive peptides.

2.12  OTHER BIOACTIVITIES OF PEPTIDES FROM SPIRULINA PLATENSIS

2.12.1  iron- cHelAting Activity

An iron- chelating peptide was purified from flavourzyme-  and alcalase- digested protein hydrolysate 
of Spirulina that can be used as an iron supplement. The protein hydrolysate was ultra- filtered and 
fractionated on Q- Sepharose and Sephadex G- 15 columns to isolate the fractions below 3 kDa, 
then the peptide with the highest iron- chelating effect was isolated and identified. Its amino acid 
sequence was Thr- Asp- Pro- Ile(Leu)- Ala- Ala- Cys- Ile(Leu), with a molecular weight of 802 Da 
(Kim et al. 2014).

2.12.2  AnticAncer Activity

An anticancer peptide was identified from papain- digested protein hydrolysate of Spirulina platensis 
that can be considered as a promising pharmaceutical or food ingredient. The protein hydrolysate 
was fractionated by gel filtration chromatography, and a new peptide with inhibitory effects on 

FIGURE 2.4 The 3D structure of SP- 1 peptide made by PEP- FOLD3 (the image is original for this chapter).
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five cancer cell lines (A549, HepG- 2, HT- 29, MCF- 7, and SGC- 7901) was isolated. The peptide 
sequence was YGFVMPRSGLWFR, and has values of half- maximal inhibitory concentrations 
(IC

50
) that range between 104.05 and 336.57 μg/ ml against test cancer cells (Wang and Zhang 2016).

2.12.3  AntioxidAnt Activity

Yu et al. (2016) isolated a novel antioxidant peptide from an enzymatic hydrolysate of Spirulina 
platensis that can be applied in food and pharmaceutical industries. Its sequence was Pro- Asn- Asn 
and has a molecular mass of 343.15 Da. This peptide exhibited free radicals scavenging activity 
of 81.44 ± 0.43% for the antioxidant test of DPPH at 100 µg/ ml peptide concentration, which was 
comparable to that of glutathione (82.63 ± 0.56%), 54.01 ± 0.82% for hydroxyl radicals and 47.84 
± 0.49% for hydrogen peroxide at 10 mg/ ml peptide concentration.

2.12.4  AntiHyPertensive Activity

Heo et al. (2017) purified a heptameric peptide from chymotrypsin- , pepsin- , and trypsin- digested 
protein hydrolysate of Spirulina. Its sequence was TMEPGKP and has molecular weight of 759 Da. 
It has a non- competitive inhibitory effect on the angiotensin I converting enzyme (ACE). It also 
blocked the phosphorylation of p38 mitogen- activated protein kinase, and inhibited angiotensin II- 
induced vascular dysfunction and reactive oxygen species in human endothelial cells. Altogether, 
this heptameric peptide is a promising candidate as antihypertensive agent.

2.13  FUTURE PROSPECTS

The alarming rise in the numbers of pathogens that developed multidrug- resistance has turned the 
attention of scientific and health communities toward using alternative therapeutics as a substi-
tute to conventional antibiotics and exploration of natural resources for novel, unconventional or 
complementary antimicrobial therapeutics for the future. During their exploration, scientists luckily 
found the treasure multifunctional protein, milk Lf, which plays a key role in various physiological 
processes. Aside from the significant and crucial bioactivities performed by intact Lf protein, this 
protein is an excellent source for derivatives or fragments with potential pharmaceutical applications. 
These derivatives or fragments are still being prepared by different enzymatic and chromatography 
processes, and explored for bioactivities (Rastogi et al. 2014, Bruni et al. 2016).

Until now, the highest bactericidal, fungicidal, and parasiticidal bioactivities against human 
and animal pathogens were achieved by intact protein and LFcin, nevertheless, extensive research 
remains to be carried out to explore their antimicrobial mechanisms. In fact, antimicrobial 
mechanisms of LFcin are still not fully discovered but promising and interesting outcomes begin 
to be obtained.

Antibacterial and antifungal effects of bLf and bLFcin, combined with their safety profile, have 
made them potential food preservatives that preserve food from pathogens and spoilage. This recent 
approach may decrease both food loss caused by spoilage and the use of chemical preservatives. It 
can also lead to developing new food products in the future for industry and markets.

Furthermore, the established protective roles of bLFcin against pathogens, cancer, and inflamma-
tion, its safety, as well as its natural origin make the peptide a promising candidate for therapeutics 
and functional foods.

Extensive research should be done in the future concerning synergy between LFcin and con-
ventional antibiotics, via testing various combinations of LFcin- antibiotic and different pathogens, 
besides systematic studies on in vivo models, and selecting different administration routes of peptide 
(Sanchez- Gomez et al. 2011). Another underexplored approach is applying LFcin ability to pene-
trate cells as vectors of drugs for intracellular targets (Durzynska et al. 2015).
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The construction of chimera peptides from LFcin and other AMPs is a promising approach for 
obtaining improved activity. Yet, such chimera may suffer from some drawbacks like difficulty of 
their large- scale production, in addition to stability and toxicity issues (Flores- Villasenor et al. 2010, 
Bolscher et al. 2012).

Moreover, besides LFcin derived from lactoferrin, there is a need to pursue research on enzym-
atic hydrolysate of other whey proteins from different species of mammals, which may result in 
constant discovery of novel peptides with antimicrobial effects. Therefore, evaluating both the in 
vitro and in vivo synergy profile of these peptides with conventional antimicrobials and their anti-
microbial spectrum are the key targets for the future development of novel antimicrobial peptides.

Spirulina platensis is a famous marketed food supplement with so many health benefits. Various 
reports studied these benefits and the nutraceutical and pharmaceutical ingredients. Although, this 
microalga is well studied, only two antibacterial peptides were isolated and identified from its pro-
tein hydrolysate. Thus, more effort should be done in the future to isolate more antibacterial peptides 
from Spirulina platensis and explore their antimicrobial mechanisms.

2.14  CONCLUSION

Recently, peptides as a novel therapeutic approach have gained increasing attention. Peptides can 
play a crucial role in several biochemical processes because of their broad- spectrum activity and 
wide availability. The number of therapeutic peptides available in the market already exceeds 60, 
while many hundreds of novel peptide pharmaceuticals are currently under development in preclin-
ical and clinical trials. The in vitro and in vivo reports detailed in this chapter regarding bioactivities 
of milk lactoferricin and Spirulina platensis antibacterial peptides present these NAMPs as prom-
ising candidates for novel antibiotic lead agents, antiviral and anticancer therapeutics, veterinary 
medicine applications, or even their utilization as functional food ingredients, food preservatives, 
and so many other applications. However, improving their cellular permeability and stability via 
appropriate modifications on the physical and chemical properties of peptides remains a challenge to 
certify success of drugs derived from these peptides. As soon as this improvement will be achieved 
in future, the new peptides with high cell permeability and stability, combined with their specificity, 
high efficacy, and safety as natural molecules, will be transformed into effective peptide therapeutics.
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3.1  INTRODUCTION

Sepsis is an ill- regulated host inflammatory response to microbial intrusion that leads to massive 
and fatal tissue damage [1]. Depending upon the magnitude of severity, sepsis is categorized into 
severe sepsis, septic shock, and multi- organ failure [1]. A life- threatening clinical syndrome affects 
the health status of the population from all age groups and is among the leading cause of mortality 
worldwide [2]. In particular, the elderly (aged more than 65 years), children (aged less than 4 years), 
immune- compromised individuals, and patients with chronic ailments are primarily victimized [2]. 
Notably, the clinical manifestations of sepsis comprise a pronounced fluctuation in the cardiac, 
blood pressure and respiratory rates, and body temperature (fever with chills) of the affected host 
[3– 5]. At present, the therapeutic approaches for sepsis rely on the empirical administration of an 
antibiotic or a combination of broad- spectrum antimicrobials [6– 14]. Quite dismally, the therapeutic 
efficacy of these chemically synthesized antimicrobials is limited by the highly adaptive resistance 
mechanisms for myriad drugs amongst these pathogens [6– 14]. This, in turn, raises serious environ-
mental concerns about the vicious cycle of reckless administration of antibiotics and the emergence 
of multidrug- resistant microbial strains [6– 14]. Moreover, these are accompanied by side effects 
that include dizziness, diarrhea, nausea, skin rashes, severe allergic reactions, and might predis-
pose the host to other microbial infections, such as those caused by Clostridium difficile [15]. This 
emphasizes the exploration of naturally occurring low- cost, plant- based herbal formulations and 
therapeutics for sepsis management. Undoubtedly, the phytoconstituents obtained from medicinal 
plants offer innumerable clinical and economic advantages as a treatment alternative for sepsis over 
commercial antibiotics, including negligible side effects (after accurate dose- determination) and 
low cost of production [16]. These phytocompounds are biologically active secondary metabolites 
that display diverse pharmacological properties such as antibacterial, antidiabetic, antifungal, anti- 
inflammatory, antioxidant, and antitumor activities [16].

In light of the above facts, this review aimed at highlighting the therapeutic potential of trad-
itionally used medicinal plants for sepsis management and presenting important findings on the 
anti- septic properties of their crude extracts or bioactive phytoconstituents in vitro and/ or in vivo.

3.2  TRADITIONAL MEDICINAL PLANTS IN SEPSIS TREATMENT

3.2.1  AngelicA sinensis

Angelica sinensis, a Chinese herb, is commonly known as Dang gui or Dong quai or female ginseng 
and belongs to the family Apiaceae. The roots of A. sinensis harbor pharmacologically important 
phytoconstituents such as ferulic acid, Z- ligustilide, and polysaccharide sulphate [17, 18]. It was 
demonstrated that the aqueous root fraction (low molecular weight, >10 kDa) from A. sinensis, 
significantly affected the release of high mobility group box 1 (HMGB1) protein in vitro. Further, 
an intraperitoneal administration of the same aqueous root extract from A. sinensis was shown 
to significantly attenuate the systemic accumulation of HMGB1 protein in BALB/ c septic mice 
models and impart protection against endotoxemia (highly lethal) in a dose- dependent manner [19]. 
HMGB1 is a ubiquitous late pro- inflammatory mediator cytokine, which is released by the activated 
immune cells (macrophages and monocytes) during endotoxemia and sepsis [20– 25]. In this study, 
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ferulic acid was not found to be inhibitory against HMGB1 in vitro (Figure 3.1). Finally, the authors 
suggested exploring the pharmacological significance of this herb in human inflammatory diseases, 
such as sepsis [19].

3.2.2  sAlviA miltiorrhizA

Salvia miltiorrhiza is commonly known as Chinese sage or Red sage, Danshen or Tan Shen, and 
belongs to the family Lamiaceae. The roots of S. miltiorrhiza harbor pharmacologically important 
phytoconstituents such as salvianolic acid B (Sal B) [26, 27] and steroid- like pigments called 
tanshinones (cryptotanshinone, tanshinones I, II, and IV) [28]. Sal B is reported to impart protec-
tion against chronic renal ailments and treatment of cerebrovascular disorders via anti- oxidation 
and cell- protective attributes (Figure 3.1) [26, 27], while the tanshinones possess anti- inflammatory 
properties in vitro [29– 31]. Tanshinone II- A sodium sulfonate (TSNIIA- SS) from S. miltiorrhiza 
was shown to confer protection to the murine model against highly lethal endotoxemia (lipopoly-
saccharide, LPS- induced) and sepsis (Figure 3.1). Notably, there was a significant reduction in 
the systemic HMGB1 levels in experimental murine septic models. These findings strengthen the 
involvement of HMGB1 protein in the sepsis lethality and suggest TSNIIA- SS as a potential thera-
peutic candidate for sepsis management [32].

3.2.3  cAmelliA sinensis

Camellia sinensis is commonly known as a tea plant or tea shrub or tea tree or green tea and 
belongs to the family Theaceae. C. sinensis contains catechins, which are a group of polyphenols. 
These include clinically important catechins such as epicatechin, epigallocatechin, and (- )- 
epigallocatechin- 3- gallate (EGCG) (Figure 3.1) [33]. These are documented to display antimicro-
bial, anti- oxidative, and antitumor activities [34, 35]. Notably, EGCG is the key active catechin 
present in the natural C. sinensis extracts [33]. The administration of natural EGCG extract from 
C. sinensis post- inception of induced sepsis successfully rescued the mouse models. Noteworthy, 
a dose- dependent EGCG inhibition of LPS (macrophage or monocyte cultures) and CLP- induced 
sepsis (intraperitoneal administration in male, BALB/ c mice) was observed. There was an increase 
of 29 percent in the survival rate of sepsis mouse models in comparison to the control group. 
This effect was seen with a delay of 24 hours in the treatment of the mice models post- inception 
of induced sepsis. At a concentration of 10 mM EGCG, there occurred a complete annulment of 
HMGB1 release. This could be ascribed to the anti- HMGB1 activity of EGCG, which attenuated 
the systemic accumulation of HMGB1. Eventually, this averted the clustering of HMGB1 on 
the macrophage surfaces. Finally, the inflammatory responses mediated by HMGB1 were also 
suppressed [20]. In another study, there occurred a complete HMGB1 inhibition in vivo at a dose 
of 10 µl/ ml or 1ml/ kg of leaf extracts of EGCG (C. sinensis folium). EGCG was not observed to be 
cytotoxic in vitro (macrophage cell cultures) [21]. Conclusively, the authors proposed that EGCG in 
the C. sinensis extract significantly reduces HMGB1 release in induced sepsis conditions (in vitro 
and in vivo) by novel mechanisms and imparts protection against sepsis lethality and endotoxemia 
[36, 37].

3.2.4  PAnAx ginseng c.A. meyer

Panax ginseng is commonly known as Korean ginseng and belongs to the family Araliaceae [28]. 
The diverse biological activities of P. ginseng are attributed to its rich root reserves of ginsenosides  
[39– 41]. Amongst these, ginsenoside- Rh1 is the key active component with reported anti- 
inflammatory [42], antioxidant [43], anti- stress [44], and immunomodulatory [42] activities.
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FIGURE 3.1 Bioactives isolated from various known medicinal plants with anti- inflammatory and anti- septic 
properties. Compound 1: ferulic acid [19]; Compound 2: Salvianolic acid B (SAL B) [26, 27]; Compound 
3: Tanshinone II A sodium sulfonate (TSNIIA- SS) [32]; Compound 4: (- )- Epigallocatechin- 3- gallate (EGCG) 
[33]; Compound 5: Ginsenoside- Rh1 [45]; Compound 6: Ginsenoside- Rb1 [46]; Compound 7: Rosmarinic 
acid (RA) [48- 56]; Compound 8: Aspalathin (ASP) [66].
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In an interesting study, ginsenoside- Rh1 exhibited in vitro (HUVECs, human umbilical vein 
endothelial cells) and in vivo (CLP- induced male C57BL/ 6 mouse model of sepsis) anti- septic 
effects against HMGB1. Precisely, there was a significant ginsenoside- Rh1 dose- dependent 
reduction in the release of HMGB1 (LPS- induced HUVECs), while the survival rate in the mice 
increased (Figure 3.1) [45]. Another ginsenoside, that is, ginsenoside- Rb1 from P. ginseng, led 
to a reduction in the in vitro (human uterine fibroid cells) levels of HMGB1. This occurred as 
ginsenoside Rb1 inhibited uterine fibroid cell proliferation and promoted their apoptosis as a part 
of its HMGB1 regulatory activity (Figure 3.1) [46]. These observations strengthen the candida-
ture of ginsenosides Rb1 and Rh1 for the management of severe inflammatory diseases, including 
sepsis.

3.2.5  PerillA frutescens (l.) Britt. vAr. AcutA

Perilla frutescens var. acuta is commonly known as ‘beef steak plant’ or ‘Chinese basil’ and belongs 
to the family Labiatae [47]. The leaves of P. frutescens contain Rosmarinic acid (RA) as a key 
active phytocompound with well- documented anti- inflammatory [48– 50], antimicrobial [51], anti-
oxidant [52], and neuroprotective [53, 54] properties (Figure 3.1). As a proof of concept, there was 
diminished mortality in the mice group (BALB/ c mice) that were infected with Japanese encephalitis 
virus (JEV), but RA- treated. In this group, the levels of viral load (P < 0.001) and pro- inflammatory 
cytokines (P < 0.001) decreased significantly in comparison to the JEV- infected, RA- untreated 
mice. These effects were observed after 8 to 9 days of JEV infection in mice. Hence, RA could suc-
cessfully inhibit the replication of JEV and the induced inflammation in vivo [55]. In another study, 
the leaf extract of RA from P. frutescens displayed anti- HMGB1 activity. Specifically, the HMGB1 
release was inhibited together with the down- regulation of the inflammatory responses dependent 
on HMGB1 in vitro (in HUVECs). Further, RA also inhibited the hyper- permeability and leukocyte 
migration mediated by HMGB1 in vivo (in male C57BL/ 6 mice). In addition, there was a reduction 
in the release of HMGB1 upon induction by CLP as well as diminished mortality related to sepsis 
in the mouse models. The authors suggested RA as a potential HMGB1- inhibitor and therapeutic 
compound with anti- inflammatory attributes [56].

3.2.6  PrunellA vulgAris vAr. lilAcinA

Prunella vulgaris var. lilacina is commonly known as ‘self- heal’ and belongs to the family Labiatae 
[57]. P. vulgaris contains pharmacologically important constituents, namely, flavonoids, phenols, 
and polysaccharides, and possess anti- allergic, anti- inflammatory, anti- oxidative, antiviral, and 
anxiolytic- like properties [58– 63]. P. vulgaris ethanol extract- induced heme oxygenase- 1 (HO- 1) 
protein and inhibit the release of HMGB1 in LPS- activated macrophages in vitro (RAW 264.7 cells). 
Similarly, there was a reduction in the serum levels of HMGB1 and its expression in the lungs in the 
septic mice models (CLP- induced BALB/ c mice). This strengthens the clinical relevance of P. vul‑
garis for sepsis treatment [64].

3.2.7  AsPAlAthus lineAris (rooibos)

Aspalathus linearis belongs to the family Fabaceae. It contains bioactive polyphenols, namely, 
dihydrochalcones, flavanones, flavones, and flavonols [65]. The key active dihydrochalcones, 
namely, aspalathin (Asp), 8 and nothofagin (Not), 9 from Rooibos (green tea) abrogated HMGB1 
release in the LPS- induced HUVECs (Figures 2.1 and 2.2). Also, Asp and Not could effectively 
inhibit HMGB1 release along with concomitant suppression of leukocyte migration and adhesion, 
hyper- permeability, and cell adhesion molecule (CAM) expression in CLP- induced animal septic 
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models (male C57BL/ 6 mice). All these sepsis- related responses are mediated by HMGB1. Thus, 
Asp and Not are recommended to be explored for their therapeutic potential in treating severe 
inflammatory diseases including sepsis [66].

3.2.8  cycloPiA suBternAtA

Cyclopia subternata is commonly known as ‘honey bush’ and belongs to the family Fabaceae.
The key active flavonoids, namely, vicenin- 2, 10 (VCN, Apigenin- 6,8- di- C- glucoside) and 

scolymoside, 11 (SCL, Luteolin 7- O- rutinoside) [67– 69] from C. subternata abrogated HMGB1 
release in the LPS- induced HUVECs (Figure 3.2). Also, Asp and Not could effectively inhibit 
HMGB1 release along with concomitant suppression of leukocyte migration and adhesion, hyper- 
permeability, and CAM expression in CLP- induced animal septic models (male C57BL/ 6 mice). 
Additionally, Tumor Necrosis Factor Alpha (TNFα) and Interleukin 6 (IL- 6) production as well as 
Nuclear Factor Kappa B (NF- κB) and extracellular signal- regulated protein kinase (ERK1/ 2) were 
suppressed. All these sepsis- related responses are mediated by HMGB1. Thus, VCN and SCL are 
recommended to be explored for their therapeutic potential in treating severe inflammatory diseases 
including sepsis [70].

3.2.9  rhodiolA roseA l.

Rhodiola rosea is commonly known as ‘golden root’ or ‘rose root’ and belongs to the family 
Crassulaceae. The treatment with an ethanolic root extract from R. rosea led to a significant attenu-
ation of tumor necrosis factor- α- inducible protein 8- like 2 (TIPE2), Fas and Fas ligand (FasL) 
expression in the CLP- induced sepsis mouse models (male, BALB/ c mice). In this treated mice 
group, there was an increase in the B- cell lymphoma 2 (Bcl- 2) expression (P<0.05). In comparison 
to the CLP- induced treated mice group, a significant elevation in the count of T- lymphocytes was  
observed in the CLP- induced untreated mice group (P<0.05). On the contrary, the rate of apop-
tosis of T- lymphocytes was significantly lower in the CLP- induced treated mice group in com-
parison to the CLP- induced untreated mice group (P<0.05). Further, treatment with an ethanolic 
root extract from R. rosea caused a significant decline in the cluster of differentiation 3 (CD3+ ) 
and the cluster of differentiation 4 (CD4+ ) T- lymphocytes without affecting the elevated IL- 4 and 
IL- 10 cytokine levels in the CLP- induced septic mice. Of note, the otherwise enhanced IL- 12, IL- 2, 
and IFN- γ cytokine levels were further elevated significantly in the CLP- induced R. rosea extract- 
treated mice group (P<0.05). In comparison to the CLP- induced untreated mice group, there was a 
marked improvement in the thymus index and survival rate of the extract- treated group. These key 
observations are suggestive of the anti- septic properties of R. rosea attributed to its apoptotic, cyto-
kine, and host immune- regulatory activities [71].

Histological examination revealed the administration of salidroside, 12 from R. rosea (SAL,  
p- hydroxyphenethyl- β- D- glucoside) in the CLP- induced septic rats (Wistar rats) alleviated pul-
monary injury along with a decreased HMGB1 serum levels (Figure 3.2). Further, SAL pre- 
treatment caused a significant dose- dependent (50, 100, and 200 μg/ ml) inhibition of HMGB1 
release in LPS- induced RAW267.4 cells. Furthermore, in vitro LPS- induced HMGB1 translocation 
into the nucleocytoplasm was inhibited by SAL pre- treatment (200 μg/ ml). Moreover, SAL pre- 
treatment (200 μg/ ml) inhibited HMGB1 acetylation (activated by LPS- induction) in vitro through 
Adenosine Mono Phosphate- activated protein kinase (AMPK)- pathway- mediated up- regulation 
of sirtuin 1 (SirT1). As observed, the over- expression of SirT1 led to an attenuation of HMGB1 
acetylation and translocation into nucleocytoplasm in vitro (in the LPS- induced RAW267.4 cells). 
SAL treatment reversed HMGB1 acetylation (due to LPS- activation) and its translocation into 
nucleocytoplasm in RAW267.4 cells transfected with SirT1 shRNA (small hair- pin ribonucleic 
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FIGURE 3.2 Bioactives isolated from various known medicinal plants with anti- inflammatory and anti- septic 
properties. Compound 9: Nothofagin (Not) [66]; Compound 10: Vicenin- 2 (VCN, Apigenin- 6,8- di- C- glucoside) 
[67– 70]; Compound 11: Scolymoside (SCL, Luteolin 7- O- rutinoside) [67– 70]; Compound 12: Salidroside 
(SAL, p- hydroxyphenethyl- β- D- glucoside) [72, 73]; Compound 13: Boeravinone X (C- methylrotenoid) 
[74]; Compound 14: Dieckol (phlorotannin) [75]; Compound 15: Myricetin [79]; Compound 16: Quercetin 
[79]; Compound 17: Chlorogenic acid (CGA) [87]; Compound 18: Benzoylpaeoniflorin [96– 98]; Compound 
19: Danshensu [96– 98]; Compound 20: Gallic acid [96– 98]; Compound 21: Hydroxysafflor yellow A [96– 98]; 
Compound 22: Oxypaeoniflorin [96– 98].
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acid) plasmid. In conclusion, SAL causes attenuation of HMGB1 acetylation and its translocation 
into nucleocytoplasm possibly by up- regulating the expression of SirT1 [72].

In another study, a dose- dependent treatment with SAL caused a significant reversal in the other-
wise enhanced expression of iNOS protein, phosphorylation of NF- κB p65, and declined expression 
of SIRT1 protein in the LPS- treated RAW264.7 macrophages. In addition, there was a signifi-
cant inhibition of elevated cytosolic expression of HMGB1 protein with a dose- dependent SAL 
treatment of RAW264.7 macrophages. Similar effects of SAL were observed in the LPS- induced 
sepsis mouse models (male, ICR mice). In brief, the systemic inflammatory responses and release of 
HMGB1 protein were alleviated in the SAL- treated sepsis mice group. Here, SAL led to a reversal 
of diminished expression of SIRT1 protein. There was a marked alteration in the pulmonary edema, 
lipid peroxidation, histopathological parameters, and mortality rates in the CLP- induced SAL- 
treated septic mice group. The pulmonary ratio of arterial oxygen partial pressure and fractional 
inspired oxygen (PaO2/ FiO2 in mmHg) markedly improved in the SAL- treated septic mice group. 
Further, TNF- α, IL- 6, and NO serum levels, and HMGB1 release declined significantly. A signifi-
cant decrease in the expressions of iNOS and phosphorylated NF- κB p65 proteins was also observed 
together with nuclear translocation of HMGB1 in the lungs in the SAL- treated septic mice. These 
findings strengthen the candidature of SAL as a potential anti- septic phytocompound with protective 
effects against severe pulmonary injury and mortality in mice septic models [73].

3.2.10  ABroniA nAnA s. WAtson

Abronia nana S. Watson belongs to the family Nyctaginaceae. Boeravinone X, 13, a rare and new 
C- methylrotenoid from A. nana, possesses anti- septic activity against HMGB- 1 protein, which is a 
known mediator of sepsis- related responses (Figure 3.2) [74]. Boeravinone X was found to inhibit 
the release of HMGB- 1 in the LPS- induced HUVECs. Other sepsis- related responses known to be 
mediated by HMGB- 1 were also suppressed. These included cell adhesion molecule expression, 
hyper- permeability, leukocyte adhesion, and migration. Boeravinone X could efficiently suppress 
TNF- α and IL- 6 production as well as NF- κB and ERK1/ 2 activation in CLP- induced septic mice 
models (C57BL/ 6 male mice). The authors concluded that Boeravinone X could be a promising 
treatment alternative for HMGB- 1- mediated inflammatory diseases [74].

3.2.11  eckloniA cAvA

Ecklonia cava belongs to the family Lessoniaceae. The anti- inflammatory activity of phlorotannin- 
rich extract of E. cava was investigated in septic mouse models (LPS- induced C57BL male mice) 
and macrophage cell line (murine RAW 264.7 macrophage cells). Oral administration of E. cava 
phlorotannin- rich extract (before LPS- induction (25 mg/ kg) led to a significant increase in the sur-
vival rate of the septic mice (50% survival with 100 mg/ kg/ day).

Notably, there was a dose- dependent decrease in the alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and blood urea nitrogen (BUN) levels in the septic mice group as 
compared to the control LPS- induced group. Thus, the phlorotannin- rich extract demonstrated hep-
atic and nephroprotective activities as it could efficiently protect mice from lethal septic effects, 
namely, endotoxemia and septic shock. Additionally, there was an attenuation of nitric oxide (NO), 
Prostaglandin E2 (PGE2), and HMGB1 serum levels in the septic mice group [75].

Pre- treatment of primary murine peritoneal macrophages and RAW 264.7 cells with various 
concentrations of E. cava extract (25, 50, 100 µg/ ml for 60 minutes) before induction with LPS (1 µg/ 
ml for 24 hours) led to a marked inhibition of NO and PGE2 production. The results were compared 
with the positive controls, that is NS398 (5 µM) and L- NIL (10 µM). Further, E. cava phlorotannin- 
rich extract pre- treatment (for 1 hour) caused suppression of HMGB- 1, IL- 6, and TNF- α, and 
down- regulation of COX- 2 and iNOS mRNA. The corresponding COX- 2 and iNOS enzymes are 
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responsible for NO and PGE2 synthesis. Thus, the anti- inflammatory activity of E. cava phlorotannin- 
rich extract is attributable to its transcriptional regulation of important pro- inflammatory cytokine 
sepsis mediators (HMGB- 1, IL- 6, and TNF- α), and NO and PGE2 synthesizing enzymes (COX- 2 
and iNOS). Furthermore, pre- treatment with E. cava phlorotannin- rich extract led to significant 
suppression of the NIK/ TAK1/ IKK/ IκBα- mediated NFκB pathway in vitro. Here, LPS- induction of 
primary murine peritoneal macrophages and RAW 264.7 cells was done for 8 hours (NIK: Nuclear 
Factor- κB- inducing kinase, TAK1: Transforming growth factor beta- activated kinase 1, IKK: inhibi-
tory κ- kinase, IκBα: Inhibitor of nuclear factor κB alpha). E. cava phlorotannin- rich extract led to 
a marked induction of HO- 1 expression and stimulation of the nuclear factor erythroid- 2- related 
factor 2 (Nrf2) translocation to the nucleus. In an HO- 1 knockdown, specific small interfering ribo-
nucleic acid (siRNA) partially attenuated E. cava extract- induced suppression of NO and PGE2. 
This ascertains the association between the anti- inflammatory activity of E. cava extract and Nrf2/ 
HO- 1 pathway activation, which, in turn, led to the production of NO and PGE2 in RAW 264.7 
cells [75].

Dieckol, 14, a key phlorotannin in E. cava extract was found to inhibit the production of NO 
and PGE2 in macrophages (primary macrophages) (Figure 3.2). Administration of 100 mg/ kg of 
dieckol conferred protection to the septic mice models against LPS- induced hyper- inflammatory 
responses leading to a 75% increase in their survival. Additionally, it was shown to exhibit hepatic 
and nephroprotective effects with a dose- dependent attenuation of ALT, AST, and BUN. A sig-
nificant attenuation of NO and PGE2 serum levels, and production of HMGB1 was also observed 
upon dieckol administration to septic mice models. The authors concluded that E. cava negatively 
regulates pro- inflammatory factors and has the potential to suppress severe sepsis [75].

3.2.12  inulA helenium l.

Inula helenium L. is commonly known as ‘horse- heal’ or ‘elf- dock’ and belongs to the family 
Asteraceae. The ethanolic root extract from I. helenium was found to up- regulate p38 MAPK/ Nrf2 
- mediated HO- 1 expression in a concentration-  and time- dependent manner in vitro (LPS- induced 
RAW 264.6 macrophage cells). Notably, there occurred a down- regulation of COX- 2 and iNOS 
expression in LPS- induced RAW 264.6 cells. Here, NO and PGE2 production was inhibited together 
with the HMGB1 release. Further, the expression of intercellular adhesion molecule 1 (ICAM- 1) 
and vascular cell adhesion molecule 1 (VCAM- 1) was also inhibited in HUVECs stimulated by 
TNF- α. Furthermore, there was a marked reduction in the levels of TNF- α and IL- 1β in the LPS- 
induced macrophages. Of note, the ethanolic root extract led to an induction of HO- 1 expression via 
translocation of Nrf2 and inhibition of NF- κB activation in a dose- dependent manner in the LPS- 
induced macrophages [76].

In vivo studies showed that the ethanolic root extract administration (5 and 10 mg/ kg of 
intraperitoneal dose) caused a significant reduction in the ALT, AST, BUN, and creatinine plasma 
levels in septic mouse models (CLP- induced, male, BALB/ c mice). This indicates attenuation of 
multiple organ injury in the septic mice by an ethanolic root extract from I. helenium. Similarly, there 
occurred a significant reduction in HMGB1 concentration in the blood of septic mice. Conclusively, 
ethanolic root extract from I. helenium possesses HO- 1- pathway- dependent anti- inflammatory 
activity [76].

3.2.13  AlPiniA kAtsumAdAi hAyAtA

Alpinia katsumadai Hayata is commonly known as ‘shell ginger’ and belongs to the family 
Zingiberaceae. The oral administration of ethanol seed extracts from A. katsumadai (EAKH) con-
ferred protection to the CLP- induced septic mice models (male ICR mice) against polymicrobial 
sepsis. The oral dose of ethanol seed extract was administered both pre (1 hour) and post (2 hours) 
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CLP- induction in the mice. A significant improvement in the mouse survival rate at an EAKH 
dosage of 100 mg/ kg and 200 mg/ kg) was observed. In addition, the mean arterial pressure mark-
edly improved with EAKH in a dose- dependent manner with a nearly complete restoration at 200 
mg/ kg. The septic mice were protected from tissue injury and organ dysfunction (liver and lungs) 
as confirmed by the evaluation of ALT/ AST serum levels and histological assessment. Notably, the 
ALT and AST serum levels were significantly reduced by EAKH in a dose- dependent manner (50 
mg/ kg, 100 mg/ kg, and 200 mg/ kg). Even though EAKH did not exert bacteriostatic and bactericidal 
effects directly, bacterial clearance (from the peritoneal cavity) and enhanced migration of leukocyte 
(into the peritoneal cavity) was facilitated in the septic mice group. There was a marked decrease 
in the serum levels of IL- 1β, NO, and TNF- α (pro- inflammatory cytokines) in the experimental 
septic mice models. Thus, EAKH exerts its septic preventive effects in CLP- induced mice through 
a heightened local defense mechanism [77].

3.2.14  syzygium jAmBolAnum

Syzygium jambolanum is commonly known as ‘Malabar plum’ or ‘Java plum’ or ‘black plum’ and 
belongs to the family Myrtaceae. The prophylactic administration (subcutaneous) of hydroalcoholic 
crude leaf extract (HCE) of S. jambolanum conferred protection to the CLP- induced mouse models 
(male C57BI/ 6 mice) against polymicrobial sepsis. There was an enhanced survival of mice with 
increased migration of neutrophils to the site of infection (peritoneal cavity) and release of hydrogen 
peroxide. A decrease in the TNF and nitrite serum levels was observed. The bacterial colony forming 
units (CFU) did not decline even when there was an increase in the peritoneal cell migration and 
activation. The number of bone marrow cells was also significantly reduced by HCE treatment 
without causing any alteration in the spleen and lymph node cells. Thus, S. jambolanum exhibit anti- 
septic properties via activation and recruitment of immune cells (neutrophils) to the site of infection, 
and reduction in the systemic inflammatory responses. The authors recommend the characterization 
of phytocompounds responsible for this observed anti- septic activity of S. jambolanum [78].

3.2.15  eugeniA uniflorA

Eugenia uniflora is commonly known as ‘Pitanga cherry shrub’ and belongs to the family Myrtaceae. 
A hydroalcoholic (butanol) crude leaf extract from E. uniflora (HE- Bu) caused a reduction in the 
sepsis lethality in CLP- induced septic mice models (male Swiss albino mice) when administered 
orally. There occurred a marked decline in the rate of mortality in the septic mice models by 30%. 
Further, the accumulation of neutrophils in the lungs was thwarted followed by a decrement in 
the serum levels of TNF- α and IL- 1β. A significant down- regulation of cellular expression (ileum 
cells) of iNOS and COX- 2 was also observed. Notably, the Hu- Bu fraction was found to contain 
myricetin, 15 and quercetin, 16 rhamnosides as the major flavonoid phytoconstituents (Figure 3.2). 
Thus, Hu- Bu from E. uniflora possesses anti- septic properties that could efficiently protect mice 
from the lethal sepsis effects. The authors recommended the exploration of phytocompounds from 
E. uniflora to exploit their anti- septic adjuvant properties [79].

3.2.16  cArum cArvi l.

Carum carvi L. is commonly known as ‘caraway’ or ‘meridian fennel’ or ‘Persian cumin’. It belongs 
to the family Apiaceae. The intraperitoneal administration of essential oils (post- sepsis induction) 
from gamma- irradiated caraway seeds (at 100 mg/ kg dose) demonstrated hepato- protective effects 
against polymicrobial sepsis lethality on the CLP- induced septic rat models (male Wistar albino 
rats). The administration of oils from fresh and gamma- irradiated seeds led to a reversal in the 
CLP- induced increased myeloperoxidase (MPO) activity along with increased hepatic levels of 
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thiobarbituric acid reactive substances (TBARS). The hepatic levels of Glutathione (GST) were also 
replenished. There was significant suppression of ALT and AST plasma concentrations in the septic 
rats treated with the caraway essential oils evident from the liver function test. Histopathological 
studies revealed that the ALP, albumin, total bilirubin, and total protein remained unaltered in the 
CLP- induced treated rats. This implies that the anti- oxidative effects of essential oils from caraway 
seeds remain unaffected with gamma- irradiation [80].

In another study, intraperitoneal treatment with the essential oils (50 and 100 mg/ kg body weight) 
from caraway seeds altered the otherwise elevated lipid peroxidation (LP) (kidney) and urea/ cre-
atinine levels (plasma) in the CLP- induced sepsis rat models (male Wistar albino rats). This effect 
was not observed in the sepsis rats treated with hydroethanolic seed extract from caraway (50 and 
100 mg/ kg body weight). GST levels (in the kidney and heart) remained unaffected in the sepsis 
rats treated with either essential oils or hydroethanolic seed extract from caraway. These findings 
strengthen the protective efficacy of essential oils from caraway against sepsis- induced oxidative 
stress [81].

3.2.17  nigellA sAtivA

Nigella sativa is commonly known as ‘black cumin’ or ‘kalanji’ or ‘kalonji’ and belongs to the family 
Ranunculaceae. Treatment with N. sativa (NS) ethanolic seed extract caused a significant decline 
in the serum levels of pro- inflammatory cytokines in CLP- induced sepsis rats. Also, alterations in 
the hepatic histopathology, lipid peroxides (LPO) level, and MPO activity were observed. On the 
contrary, there was a significant elevation in the hepatic levels of GSH and superoxide dismutase 
(SOD) activity. In addition, there was a reduction in the mortality rate in the sepsis rats that received 
NS post- CLP- induction. This was probably due to the reduced oxidative stress in the hepatic tissues 
and decreased cytokine levels in the serum. This suggests that NS has the potential to mitigate the 
occurrence of multiple organ failure by altering the host systemic inflammatory responses against 
sepsis. The authors concluded that NS harbors anti- oxidative and anti- inflammatory properties that 
prevent CLP- induced sepsis formation in rats [82].

3.2.18  melilotus suAveolens ledeB

Melilotus suaveolens Ledeb belongs to the family Fabaceae. A prior oral administration of 
Melilotus extract (2 hours) from M. suaveolens conferred protection to the CLP- induced septic rat 
models (Sprague- Dawley rats, male) against acute lung injury (ALI) [83]. This protective effect 
was attributed to the up- regulation of cannabinoid (CB) 2 receptor expression on the peripheral 
monocytes by Melilotus extract. Further, there was an abrogation of NF- κβ65 activity with a sig-
nificant reduction in the inflammatory (neutrophils and lymphocytes) and total cells in the Melilotus 
extract- treated mice over the untreated control mice group. Furthermore, Melilotus extract caused 
a significant decrease in the levels of TNF- α and IL- 6. Notably, Melilotus extract ameliorated the 
pulmonary inflammation in the CLP- induced sepsis mice group as revealed by histological studies. 
In conclusion, CB2 was found to be negatively correlated to the mRNA and protein expression of 
NF- κβ [84].

The administration of Melilotus extract (25 mg/ kg) in the CLP- induced sepsis mouse models had 
a pronounced effect on the pulmonary pathophysiology and the inflammatory response. Accordingly, 
the expression of TIPE2, HO- 1, and inhibitor of κB (IκB) kinase was up- regulated. Further, the activ-
ities of NF- κB and toll- like receptor- 4 (TLR- 4) were inhibited. The Melilotus extract- treated septic 
mice models showed a decline in the MPO and malondialdehyde (MDA) levels. Contrastingly, SOD 
levels were elevated in this group of mice. The authors concluded that Melilotus extract possesses 
anti- inflammatory and anti- oxidative properties that can be exploited for treating pulmonary injuries 
evident from in vivo studies [84].
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3.2.19  AstrAgAlus memBrAnAceus

Astragalus membranaceus is commonly known as the ‘yellow leader’ (Huang Qi) and belongs to the 
family Fabaceae [85]. The oral administration of saponin fraction from roots of A. membranaceus 
(SAM) imparted protection to CLP- induced septic mice models (male ICR mice) against 
polymicrobial sepsis. There was a significant increase in the survival rate (33%) of the SAM- treated 
mice group. SAM attributed this effect to the up- regulation of the protein C pathway and inhib-
ition of inflammation. There was a reversal in the reduced expression of the mRNA for protein C 
receptors, namely thrombomodulin (TM) and endothelial PC receptor (EPCR) by SAM in vitro 
(LPS- induced HUVECs) [86].

3.2.20  lonicerA jAPonicA

Lonicera japonica is commonly known as ‘Japanese honeysuckle’ or ‘golden- and- silver honey’ 
or ‘suckle honeysuckle’ and belongs to the family Caprifoliaceae. The intravenous administration 
of Lonicera flos extract (HS- 23) conferred protection against polymicrobial sepsis in LPS- induced 
septic mouse models (C57BL/ 6J mice). There was a decline in the blood cytokine levels of TNF- α, 
IL- 1β, and HMGB- 1 in the septic mice. Further, it was found that Chlorogenic acid, 17 (CGA) and 
its isomers were the key phytocompounds responsible for imparting anti- endotoxemia protection 
to the mice intoxicated with LPS (Figure 3.2). Precisely, HS- 23 or CGA or its isomers (crypto- 
CGA, neo- CG) abrogated the IL- 1 receptor- associated kinase 4 (IRAK- 4) auto- phosphorylation 
ex vivo (murine peritoneal macrophages). The phosphor- transfer (kinase) function of IRAK- 4 was 
also inhibited in cell- free reactions. Consequently, the downstream signal- transduction pathways 
were also suppressed by HS- 23. These pathways are indispensable for NF- κB and activating pro-
tein 1 (AP- 1) activation ex vivo (post- LPS- induction). In addition, NO production induced by toll- 
like receptor agonists was inhibited by HS- 23. Furthermore, the expression of inflammatory genes 
targets concerning NF- κB or AP- 1 was also down- regulated ex vivo. The authors concluded that the 
anti- inflammatory effects of HS- 23 or CGA (or its isomers) are attributed to its IRAK- 4 inhibitory 
function as observed in the septic mouse models [87].

The intravenous administration of HS- 23 (at 0 and 24 h post- CLP- induction) in sepsis mouse 
models (male, ICR mice) ameliorated survival in mice. Also, there was a reduced bacterial load and 
attenuation of sepsis- induced multiple organ failure in septic mice. Further, HS- 23 down- regulated 
the hepatic and pulmonary expression of TLR- 4 protein as well as mRNA. HS- 23 attenuated 
the CLP- induced elevated hepatic and pulmonary expression of myeloid differentiation primary 
response protein 88 (MyD88). Likewise, the elevated hepatic and pulmonary expression of p38 and 
c- Jun N- terminal kinase (JNK1/ 2) was also suppressed by HS- 23. The sepsis- induced elevation in 
the hepatic and pulmonary expression of TRIF and IFN- β protein, and IRF3 phosphorylation was 
attenuated by HS- 23. Of note, this attenuation was observed only in the liver. Further, the CLP- 
induced hepatic and pulmonary increase in NF- κB nuclear localization and phospho- c- jun (p- c- jun) 
nuclear translocation were attenuated by HS- 23. Moreover, the sepsis- induced increment in the 
bacterial load (CFU) was reduced significantly by HS- 23 in the lung, peritoneal fluid, and spleen. 
Conclusively, the anti- septic activity of HS- 23 is attributed to its TLR- pathway suppression activity, 
which makes it a potential therapeutic candidate for sepsis treatment [88].

In another study, the intravenous administration of HS- 23 in CLP- induced sepsis mouse models 
(male ICR mice) conferred protection against sepsis. HS- 23 attenuated the CLP- induced decline in 
splenocytes and lymphocyte (B cells and natural killer T cells) populations along with T cell (CD4(+ 
) and CD8(+ ) cells) apoptosis. Moreover, the splenic apoptotic pathways (intrinsic and extrinsic 
pathways) were also inhibited by HS- 23 together. Furthermore, there occurred an attenuation of the 
otherwise reduced production of IL- 17, TNF- α and IL- 2 (due to CLP- induction) by HS- 23. HS- 23 
attenuated the CLP- induced decrease in interleukin (IL)- 17 production. CLP significantly decreased 
splenic production of tumor necrosis factor- α and IL- 2, and these effects were attenuated by HS- 23. 

 

 

 

 

 

 



61Plant-Based Antimicrobials for Sepsis Management

61

Thus, HS- 23 has immunosuppressive reversal activity observed in the later sepsis phase attributed to 
its lymphocyte apoptotic inhibition and elevated cytokine (Th1) production properties. This makes 
HS- 23 a potential therapeutic candidate for sepsis treatment [89].

3.2.21  Aloe verA

Aloe vera belongs to the family Asphodelaceae. Reportedly, the intravenous administration of PBS 
(Phosphate buffered saline) - dissolved Aloe vera gel (25 mg/ kg and 50 mg/ kg) conferred protec-
tion against the polymicrobial sepsis in the CLP- induced mouse models. It could therapeutically 
relieve sepsis lethality (multiple organ dysfunction syndromes, MODS) as there was a rapid bac-
terial clearance in the septic mice models [90]. There was a significant reduction in the serum levels 
of TNF- α and IL- 1β with complete attenuation of IL- 6 upon therapeutic administration of Aloe vera 
in septic mouse models. The pro- inflammatory cytokines, namely, TNF- α and IL- 1β, are important 
mediators of sepsis- related inflammatory hepatic responses, while IL- 6 arbitrates organ dysfunction 
and sepsis mortality [91]. The authors were convinced by their findings and recommended Aloe vera 
as an attractive candidate for sepsis treatment (See Figure 3.3).

3.2.22  chenoPodium AmBrosioides l.

Chenopodium ambrosioides L. is commonly known as Jesuit’s or Mexican- tea and belongs to the  
family Amaranthaceae. The subcutaneous administration of the hexane fraction (HEX, 5 mg/ kg)  
of C. ambrosioides extracts in the septic mice models (CLP- induced) effectively retarded bacterial  
growth (reduction in the CFUs) possibly via phagocyte activation (macrophages and neutrophils)  
with a simultaneous check on the sepsis inflammatory responses in this group. This prophylactic  
treatment was given 6 hours before the CLP- induction in vivo and the assessment was made in com-
parison to the effects observed in the control mice group and sodium chloride (0.9% NaCl, control).  
Although no change was observed in the bacterial CFU with hydroalcoholic crude extract (HCE, 5  

FIGURE 3.3 Bioactives isolated from various known medicinal plants with anti- inflammatory and anti- septic 
properties. Compound 23: Paeoniflorin [96– 98]; Compound 24: Protocatechualdehyde [96– 98]; Compound 
25: Safflor yellow A [96– 98]; Compound 26: Senkyunolide I [96– 98].
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mg/ kg) prophylactically, there occurred an elevation in the phagocyte secretion of hydrogen peroxide  
and production of NO ex vivo with both HCE and HEX. This was evaluated 12 hours post- CLP-  
induction. In addition, there were diminished serum levels of pro- inflammatory cytokines. These  
observations support the anti- inflammatory activities of HCE and HEX from C. ambrosioides [92].

3.2.23  toonA sinensis

Toona sinensis Roem is commonly known as Chinese cedar or Chinese toona and belongs to the 
family Meliaceae. A pre- treatment with the aqueous leaf extracts of T. sinensis exhibited anti- septic 
activity in LPS- induced murine macrophage cells (RAW 264.7 cell line) and CLP- induced septic 
rat model (male adult Sprague- Dawley rats) [93]. Notably, there was an attenuation of sepsis- 
induced damage in the lungs as observed histologically. In addition, there was an improvement in 
the survival of septic animals upon oral administration of T. sinensis leaf extracts (pre- treatment) 
for 30 days. Moreover, there occurred an attenuation of LPS- induced iNOS expression, which, in 
turn, abrogated the production, as well as the release of NO in vitro. Other cytokines, that is, TNF- α 
and IL- 1β, remained unaffected. However, there was an increase in the expression of HO- 1 pro-
tein. Conclusively, the authors recommended further rigorous experimentation for these preliminary 
findings [93].

3.2.24  AttAleA sPeciosA (synonym orBignyA PhAlerAtA mArt. BABAssu)

Attalea speciosa belongs to the family Arecaceae. The babassu mesocarp extract (powdered or flour) 
exhibited in vitro antimicrobial activity against Enterococcus faecalis, Staphylococcus aureus, and 
methicillin- resistant Staphylococcus aureus (MRSA). Further, there was an enhanced survival in the 
CLP- induced septic mice models (Swiss mice) that received a subcutaneous dosage of the mesocarp 
extract (125 mg/ kg and 250 mg/ kg) 6 hours post- CLP- induction. The cytokine production, mainly 
TNF- α, and IL- 6, was significantly inhibited in this mice group. Thus, babassu mesocarp extract 
harbors antimicrobial and immunomodulatory attributes, which makes it an attractive anti- septic 
agent for the management of sepsis and related inflammatory diseases [94].

3.2.25  xueBijing (xbJ)

This traditional Chinese herbal formula comprises five herbs (Radix Angelicae Sinensis, Radix 
Salviae Miltiorrhizae, Flos Carthami, Rhizoma Ligustici Chuanxiong, and Radix Paeoniae Rubra). 
It is well- documented that Xuebijing confers protection to sepsis- induced animals. Efforts have 
been made to investigate the efficacy of XBJ in Acinetobacter baumannii- mediated sepsis. A par-
tial reversal was observed in the pulmonary histopathology and associated inflammatory responses 
in the sepsis rat models (A. baumannii- infected male Wistar rats) treated simultaneously with XBJ 
through the intravenous route. Notably, an XBJ- induced enhanced annexin A1 (anti- inflammatory 
mediator) expression was observed in these septic rat models. Further, there occurred a decline in the 
IL- 8 and TNF-  α levels. These results are suggestive of the fact that XBJ exerts its anti- inflammatory 
anti- septic activity by regulating the host cytokine levels. Conclusively, an early intravenous admin-
istration of XBJ might abrogate the progression of A. baumannii- mediated sepsis [95].

The therapeutic effects of XBJ were also studied in the sepsis- induced inflammation and pul-
monary injuries in the CLP- induced septic mice models. There was an improvement in the mortality 
of CLP- induced septic mice models regarding pulmonary injury upon intravenous XBJ adminis-
tration. The pulmonary morphology was restored along with a reduction in the alveolar infiltra-
tion of neutrophils and the ratio of pulmonary wet to dry weight. Other important XBJ- mediated 
immunological alterations were HMGB1 and RAGE (receptor for advanced glycation end- products) 
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down- regulation. Furthermore, there was a decrement in the bronchoalveolar lavage (BAL) neutro-
phil count and pro- inflammatory cytokine (IL- 1β, IL- 6, and TNF- α) expression. Hence, the improved 
mortality effects of XBJ are possibly due to its HMGB1/ RAGE- mediated pro- inflammatory cyto-
kine inhibitor activity [96– 98]. Conclusively, benzoylpaeoniflorin (18), danshensu (19), gallic acid 
(20), hydroxysafflor yellow A (21), oxypaeoniflorin (22), paeoniflorin (23), protocatechualdehyde 
(24), safflor yellow A (25), and senkyunolide I (26) were identified to be the key anti- inflammatory 
or NF- κB inhibitory molecules in XBJ (Figure 3.2 and 3.3) [96, 97].

3.2.26  BAi-  hu- tAng (bHt or WHite tiger decoction)

This traditional Chinese medicinal formula comprises Gypsum fibrosum, Anemarrhenae rhizoma, 
radix Glycyrrhizae preparata, and non- glutinous rice (powdered extract in the ratio of 3:8:1:4). Lin 
et al. demonstrated in vivo anti- septic potential of BHT [99]. The survival rate of CLP- induced, 
BHT- treated (BHT- H6 group, a high BHT dose of 0.9 g/ kg at 6 hours post- operation) septic rats 
(male, Sprague- Dawley rats) was significantly higher (80%) than the CLP- induced, sepsis- control 
group (P<0.005). Additionally, there were a significant decrease in the plasma IL- 6 and IL- 10 cyto-
kine levels after 12 hours of operation in comparison to the CLP- induced, sepsis- control group. 
These observations are suggestive of the anti- septic properties of BHT as a promising treatment 
alternative for sepsis [99].

3.2.27  huAng- liAn- jie- du- tAng (HlJdt)

This traditional Chinese formula comprises four herbs, namely, Rhizoma Coptidis (Coptis 
chinensis, family Ranunculaceae), Radix Scutellariae (Scutellaria baicalensis, family Lamiaceae), 
Cortex Phellodendri (Phellodendron chinense, family Rutaceae), and Fructus Gardeniae (Gardenia 
jasminoides, family Rubiaceae). HLJDT (in the ratio 3:2:2:3) conferred protection to the CLP- 
induced rats against lethal sepsis (male Sprague- Dawley rats) prophylactically. Notably, the liver and 
lung injuries in rats induced by CLP improved together with the suppression of pro- inflammatory 
cytokine release. Specifically, these included interleukins (IL- 1, IL- 6, and IL- 17A) and TNF- α indi-
cative of the fact that HLJDT has the potential to regulate inflammatory responses in sepsis. Bacterial 
phagocytosis by the peritoneal macrophages was also facilitated by HLJDT. CLP- induced IFN- γ 
was de- repressed, while IL- 4 was blocked in the rat spleens at 24 h post- CLP- induction. Further, 
HLJDT caused a shift in the immunological response from Th1 (Type 1 helper T- lymphocytes) to 
Th2 (Type 2 helper T cells) in sepsis rat models. Finally, IL- 17A and ROR- γt (retinoic acid receptor- 
related orphan receptor gamma in the thymus) splenic expression was inhibited by HLJDT in these 
septic rats. Under septic, non- inhibitory conditions, IL- 17A and ROR- γt cause activation of Th17. 
The authors concluded that HLJDT has anti- septic activity and is a potent medication candidate for 
treating septic patients [100].

3.3  CONCLUSION

Sepsis is among the major causes of morbidity and mortality in the population of all age groups 
worldwide. The current treatment strategy largely relies on empirical administration of antibiotics 
or a combination of specific antimicrobials depending upon the diagnostic accuracy and sepsis 
severity. Unfortunately, this chemically synthesized antibiotics- based treatment regimen for sepsis 
is challenged by multidrug- resistant pathogens. With this view, the plant- based, cost- effective nat-
ural herbal formulations are expected to alleviate the problem of microbial resistance, which, in turn, 
might revolutionize the present treatment modalities for sepsis. Howbeit, this would depend upon 
the timely and accurate diagnosis of sepsis using advanced diagnostics, such as RNA sequencing, 
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and its severity. Further, a barcode- based compilation of the herbal plants with a prior authentica-
tion of their medicinal attributes is indispensable for preparing pathogen- specific antimicrobials for 
sepsis treatment. Furthermore, the phyto- active compounds with antimicrobial properties must be 
appropriately documented for ease of accessibility and utilization. Moreover, structural elucidation 
is pertinent for these bioactive compounds to deduce structure- function relationships, explore their 
pharmacological relevance in sepsis treatment, and in designing novel anti- septic drug molecules. 
Also, it is suggested that advanced purification methods must be exploited for extracting the iden-
tified active phytoconstituents in their purest form followed by recombination into pre- determined 
(from clinical data) dose formulations. In conclusion, the anti- septic properties of some extensively 
studied important medicinal plants have been discussed to disseminate the desired information for 
developing potent anti- septic plant- based formulations.
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4.1  INTRODUCTION

Reminiscence about maladies traces us back to the pre- antibiotic era when it was arduous to decipher 
the nature of prevailing ailments. Anxious- ridden human population across the border relied on nat-
ural products that ranged from using moulds by the ancient Egyptians to the barks of cinchona plant 
and other plant- derived compounds, such as artemisinin and ginseng, as an antimicrobial agent 
(Aminov, 2009). However, during the early 1900s, most of the global population suffered from 
common ailments, namely cold and flu, owing to the paucity of antimicrobial agents. The substances 
that inhibit the growth and development of microorganisms such as bacteria, viruses, protozoa and 
fungi are called antimicrobials (Burnett- Boothroyd and McCarthy 2011). The term antibiotic, on 
the other hand, originates from antibiosis which means ‘against life’. Earlier, the use of this term 
was confined to the natural chemical ingredients produced by microbes that were either lethal (bac-
tericidal) or inhibitory (bacteriostatic) to other related microorganisms (such as algae, bacteria and 
fungi) but now they also include chemically- synthesized compounds (Aminov and Mackie, 2007; 
Amnirov, 2009).

Till now, ~250 types of antibiotics have been noted for use in humans and animals where they  
have been shown to affect the biosynthesis of components of cell wall, protein synthesis machinery,  
folic acid synthesis, metabolism and genetic element of the organisms (Figure 4.1; Kummerer,  
2003; Singh et al., 2021). The prime source for antimicrobials/ antibiotics includes algae, bacteria,  
fungi and plants (Hayashi et al., 2014; Inamuddin et al. 2021). With advances in therapeutics, the  
multitude of antibiotics usage and lack of surveillance gathered crucial setbacks, of which acquired  
resistance is the prominent one. Bacterial resistance can be categorized into multidrug- resistant  
(MDR), pan drug- resistant (PDR) and extreme drug- resistant (XDR) (Magiorakos et al., 2012).  
MDR bacteria have become an alarming concern owing to their steadily growing resistance to last  
drug resorts such as vancomycin and colistin. Acquiring resistance to the in- use antibiotics pose sig-
nificant threats that can be accounted to the following grounds (Reygaert, 2018).

FIGURE 4.1 Mode of action and molecular targets for selected antibiotics.
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• Genetic mutations in target gene(s)
• Acquiring resistant genes such as HGT
• Antibiotic modification
• Decreased accumulation of drug due to active efflux pump
• Alteration in target site(s)

Antimicrobial resistance (AMR) is a continuous evolutionary process that makes the drugs inef-
fective due to their continuous exposure and use in a short period of time. This leads to decline 
in private investment and lack of new technological innovations in discovery and development of 
antibiotics (Magiorakos et al., 2012). The major challenge before the medical community is to over-
come the increasing AMR by finding new strategies or antimicrobials. The increasing incidences of 
AMR have also underlined the importance of antimicrobial stewardship which aims for the selection 
of an optimal dose and duration of the drug resulting in an improved effectiveness with negligible 
toxicity to the patients (Doron and Davidson, 2011). The World Health Organization (WHO) is 
the main regulatory body that oversees the functionality of stewardship in hospitals to scrutinize 
the implementation of antibiotics (Doron and Davidson, 2011). In 2017, WHO published a list of 
priority pathogens against new antibiotics to address the increasing AMR world- wide. Over 60% 
of antibiotics are revived from natural sources but their production remains insufficient owing to 
the arduous process of drug discovery. Therefore, to overcome such challenges, the production of 
antibiotics could be facilitated through industrial microbiology using recombinant DNA technology 
(Pham et al., 2019). Based on these scientific backgrounds, a growing interest of research on anti-
microbial peptides and aptamers is observed in recent times (Lee et al., 2017; Colombo et al., 2020). 
The chapter is focussed on chemical nature and evolution of AMR against existing antimicrobials.

4.2  CHRONOLOGY OF ANTIMICROBIALS/ ANTIBIOTICS

With the boom in industrialization, mankind took giant strides towards modernization which paved 
the path to more lethal diseases, syphilis was one of them. In 1910, scientists deployed a cure for 
syphilis (drug marketed as salvarsan) that suppressed Treponema pallidium infection (Hutchings 
et al., 2019). The drug exhibited bacteriostatic nature and inhibited bacterial infection by affecting 
essential cellular biomolecules/ pathways responsible for bacterial multiplication and growth. Later, 
bacteriologists Florey and Fleming, in 1928, put forward an elixir by the breakthrough discovery 
of penicillin isolated from a mould, Penicillium crysogenum, was more of a miracle (Ligon, 2004). 
Penicillin, the first beta- lactam antibiotic, upon arrival into the clinical setting (in 1948) attained 
new heights as it was highly useful to treat wounded soldiers during the World War II (Ligon, 2004; 
Hutchings et al., 2019). However, in 1944, the AMR in S. aureus was attributed to the overuse of 
β- lactamase- type antibiotics. The milestone discoveries that led to the generation of different kinds 
and classes of antibiotics are presented in Figure 4.2.

During 1932, pharmaceutical company Bayer Laboratory took ample interest in treating wound  
infections caused in the aftermath of the First World War (Wainwright and Kristiansen, 2011). Later,  
Gerhard and colleagues from the same laboratory screened a library of synthetic compounds for  
their potential antibacterial activity against the haemolytic streptococcal infections and discovered  
a red diazo dye streptozon which became popular with the trade name prontosil. This first ever  
discovered sulpha- drug elicited its activity upon conversion to its apo- form to the active sulphanila-
mide counterpart (Gaynes, 2017). Gerhard studied the clinical efficacy of prontosil on animal  
models as well as on his daughter who then suffered from streptococcal infection on her amputated  
arm. In contrast, Dr. Walksman and his students, in 1943, observed that certain soil actinomycetes  
inhibit the growth of other co- occurring microbes (Woodruff, 2014). These milestone discoveries  
laid the red carpet for scientists to discover or develop new antibiotics. These sparks led to the  
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discovery of the first ever class of aminoglycoside antibiotic, streptomycin. This bactericidal anti-
biotic exerted its effect by binding to the 30s ribosomal subunit and thus inhibiting translation.  
Giuseppe Brotzuin, an Italian bacteriologist in the year 1948, discovered cephalosporins from a  
mould Acremonium strictum which was the first ever antibiotic against Salmonella typhi, the causa-
tive agent of typhoid fever (Bo, 2000). These expeditions in the search for new antibiotics led to the  
discovery of polymyxin antibiotics, the last line of the drug against MDR Gram- negative infections  
(Velkov and Roberts, 2019). It has been noted that the majority of the antimicrobial/ antibiotic agents  
have been revived from actinomycetes (45%), followed by fungi (38%) and unicellular eubacterial  
(17%) species (Mullis et al. 2019).

4.3  CLASSIFICATION AND PHYSICOCHEMICAL PROPERTIES OF 
ANTIMICROBIAL AGENTS

The antimicrobial agents can be divided into specific groups based on their mode of action that 
enhances the effectiveness of the drug molecules via inhibition of cell wall synthesis, blocking meta-
bolic pathways, interfering with nucleic acid and protein synthesis (Reygaert 2018; Hotinger et al., 
2021). Based on the structural similarity, the drugs can exhibit similar antagonistic activity against 
specific targets in a microbial cell, and one can be as effective as another drug with a correlative 
absorption, distribution, metabolism, excretion and toxicology (ADMET) profile. Structural- activity 
relationship (SAR) studies focus on providing insightful information about the drug specificity index 
and exploring the opportunity to discover new antimicrobial compounds closely associated with 
lead molecules (Elkamhawy et al., 2021; Guo et al., 2021; Zhou and Huang 2021). For example, a 
chemical analog of AHL molecule can mimic the similar structural conformation and bind with the 
cognate receptor (LasR/ RhlR in Pseudomonas aeruginosa; AbaR in Acinetobacter baumannii) and 
possess a competitive inhibitory effect. Computer- aided drug design strategies contribute signifi-
cantly to drug discovery, where structural similarity is crucial for future drug development towards 
multidrug- resistant strains (Elkamhawy et al., 2021; Mardirossian et al., 2021; Zhang et al., 2021; 
Pena- Diaz and Ventura, 2022).

FIGURE 4.2 Timeline for the evolution of antibiotics.
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4.3.1  β-lActAms

Penicillin and cephalosporin are bactericidal drugs containing four- membered lactone rings attached 
to the molecular structure known as β- lactam drugs. These drugs interfere with peptidoglycan bio-
synthesis by exhibiting transpeptidase and transglycosylase activity (Gontijo et al., 2021; Dutta and 
Phull, 2021; Bouza, 2021; Melenotte et al., 2021; Hussain et al., 2021; Carcione et al., 2021).

4.3.2  sulfonAmides

Sulphonamides are amphoteric, non- antibiotic compounds used to treat allergic reactions. They are 
composed of a sulphonamide group with an amine group that inhibits folate biosynthesis, an essen-
tial element for bacterial growth and multiplication via blocking dihydropteroate synthase (DHPS). 
These synthetic compounds are used as anti- allergen, while being used as antibiotics for treating 
inflammatory bowel disease (Christensen et al., 2021; Mphahlele 2021; Bora et al., 2021)

4.3.3  Aminoglycosides

Aminoglycosides are bactericidal compounds that hinder bacterial translation process by binding to 
the 30s ribosomal binding site at the penicillin- binding domain. These drugs are composed of more 
than two amine groups associated with aminocyclitol structure by glycoside bonds. Tobramycin and 
streptomycin are well- reported aminoglycosides as antimycobacterial drugs and can treat urinary 
tract infections in females (Diepstraten et al., 2021; Obasi et al., 2021; Singh et al., 2021; Chaves 
and Tadi, 2022). Gentamicin, kanamycin, tobramycin and amikacin are used in general to treat 
Gram- negative infections alone or in combination.

4.3.4  tetrAcyclines

Tetracyclines are bacteriostatic polyketides produced by Streptomyces species and are effective 
against a wide range of human pathogens. Based on the structural diverisity, they can be classified 
into four groups called tetracycline, oxytetracycline, doxycycline and chlortetracycline. They are 
composed of four cyclic hydrocarbon rings that diffuse through the porin channels and interfere 
with the protein synthesis or translation. They exhibit antagonistic activity via binding with 30s ribo-
somal subunit and hinder the binding of tRNA with mRNA- ribosomal unit leading to an inhibitory 
effect on the bacterial growth (Matlock et al., 2021; Ahn et al., 2021; Zhuang et al., 2021; Bunduki 
et al., 2021; Del Rosso et al., 2021).

4.3.5  mAcrolides

Macrolides are high molecular weight compounds with a large macrocyclic lactone ring that 
incorporates more than one deoxy sugar that contributes to their lipophilic nature. Erythromycin and 
azithromycin treat bacterial infection by inhibiting their protein biosynthesis via binding with the P 
site of 50s ribosomal subunit in a reversible manner. They are derived from Streptomyces erythreus 
and act as antimicrobial agents against Gram- positive bacteria (Pollock and Chalmers, 2021; De 
Lemos Neto et al., 2021; Huang et al., 2021; Miklasińska- Majdanik, 2021; Hema- Ouangraoua et al., 
2021; Yang et al., 2021a).

4.3.6  Quinolones

Quinolones are broad- spectrum antimicrobials that have dual nature for microorganisms as they 
display bactericidal and bacteriostatic properties. These antibiotics restrict DNA replication in bac-
teria via interrupting enzymes such as DNA gyrase and topoisomerase IV involved in the DNA 
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replication. Quinolones are comprised of a central ring system attached with a functional group at 
C- 6 or C- 7 carbon position. Similarly, fluoroquinolone is developed via fluorine atoms at C- 6 pos-
ition. The first generation of quinolones namely, nalidixic acid, ciprofloxacin and levofloxacin were 
helpful in treating mycobacterial and urinary tract infections (Albuquerque et al., 2021; Doña et al., 
2021; Yan and Bryant, 2021; Mohamed et al., 2021; Terreni et al., 2021; Romo et al., 2021).

4.3.7  PolyetHer ionoPHores

Salinomycin is one of the well- known polyether ionophores responsible for the transportation of K+  
across the lipid- bilayer due to lipophilic nature produced by Streptomyces spp. Polyether ionophores 
consist of a cyclic ether chain with a terminal alcohol group and a carboxylic group at both ends 
(Huczyński, 2012; Naujokat and Steinhart, 2012; Zhou et al., 2013; Abdelrahman et al., 2014; 
Chapman and Jeffers, 2015).

4.4  ANTIMICROBIAL RESISTANCE (AMR)

Antimicrobial compounds have been a significant part of the scientific community and the general 
public fighting microbial infections for decades. The discovery of substantial antimicrobials has 
been a great challenge due to emerging MDR microbial species against conventional antimicrobials. 
Due to the evolution of MDR strains, WHO estimated considerable increase in mortality because 
of untreatable infections. The organization has identified ESKAPE pathogens (Escherichia coli, 
Staphylococcus aureus, Klebshiella pneumoniae, Acinetobacter baumannii, Pseudomnonas 
aeruginosa and Enterococcus faecium) as clinically important due to the complexity of their patho-
genicity (Fortier and Sekulovic, 2013; Pacios et al., 2020; Maryam et al., 2021). Based on the 
survey, considering AMR for global threat, the scientific community has been assigned to find 
novel drug molecules without increasing the risk of AMR in microbial agents. Selective pressure of 
antibiotics leads to the evolution of microbial machinery on molecular and cellular levels that have 
compromised drug efficacy (Gupta et al., 2020). To understand AMR in microbes, we must learn 
the ethics of antimicrobial targets to specify the anti- infective agents for the specific infection and 
mitigate the threat via targeting the molecular pathways associated with the pathogenicity (Wright, 
2010; Erken et al., 2013; Amaro et al., 2021). By focusing on the particular targets, the scientific 
community can provide an ultimate solution for the global health issues raised by AMR.

4.4.1  evolution And mecHAnisms of Amr

This section emphasizes a brief account of the defence mechanisms contributing to antibiotic 
resistance against existing antimicrobial agents. The microbial communities can be intrinsic 
(overexpression of resistance genes or under stimulating conditions) or acquire resistance via self- 
medication, overdose of the drug or genetic mutation and gene transfer (conjugation, translocation 
or transduction). The acquired resistance is most often induced by drug overdose, unprescribed 
drugs, or self- medication, leading to the magnification of acquired resistance. These resistance 
mechanisms protect microbial cells by enzymatic degradation of the antibiotics, such as β- lactamase 
and aminoglycosides, limiting drug influx, target site modification, activation of efflux pump and 
thick biofilm formation (Aminov et al., 2007, 2009; Davidovich et al., 2020).

4.4.2  enzymAtic modificAtion of Antibiotics

An enzymatic modification of drug molecules can be achieved using two mechanisms: alteration of 
the functional group of the specific drug molecule and disintegration of structure of the molecules 
leading to deactivation of the antimicrobial agents. A schematic representation of mechanisms of 
AMR against antimicrobials is provided in Figure 4.3.
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4.4.2.1 Drug Chemical Alteration
Bacterial enzymes can alter the chemical structure of drug molecules through chemical group transfer 
mediated by acetylation, phosphorylation and adenylation (Chen et al., 2014). Aminoglycosides 
such as gentamycin and streptomycin inhibit bacterial translation via binding with 16S ribosomal 
unit of the 30S rRNA. Aminoglycosides promote the misreading of codons to prevent protein syn-
thesis in bacteria. On the other hand, chloramphenicol crosses the bacterial membrane and binds 
with 50S ribosomal unit facilitating inhibition of peptide bond formation. The process blocks 
amino acid transfer suppressing peptidyl transferase activity. Similarly, fluoroquinolone blocks 
bacterial synthesis via impeding DNA gyrase and topoisomerase and halting normal cell division. 
Aminoglycoside N- acetyltransferase uses acetyl- CoA to transfer acetyl group to aminoglycoside 
drugs and is classified into four specific groups based on their particular site for acetylation. AAC- 2′ 
(aminoglycoside N- acetyltransferase) from M. tuberculosis has been implicated for N- acetylation 
of drugs containing 2’- hydroxyl or amino group substituent (Hegde et al., 2001; Prabu et al., 2015). 
Vibrio fluvialis secretes aminoglycoside 6- N- acetyltransferase (AAC- 6′) and alters the substrate spe-
cificity of ciprofloxacin (Chowdhury et al., 2011), while AAC- 6′ from Pseudomonas fluorescens 
grants resistance against gentamycin (Lambert et al., 1994).

4.4.2.2 Structural Modification
Cephalosporin and penicillin belong to β- lactam class of antimicrobial compounds, containing a 
central β- lactam ring (Yang et al., 2021b). Penicillin inhibits cell wall formation via binding with 
penicillin- binding protein specifically to DD- transpeptidase, an essential enzyme for facilitating cell 
wall peptidoglycan formation. The β- lactam antibiotics cause blockage of peptidoglycan synthases 

FIGURE 4.3 Schematic representation of microbial resistance mechanism against antimicrobial agents.
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and hydrolases, further restricting the biosynthesis of the bacterial cell wall (Fatima et al., 2021). 
S. aureus acquired mecA gene confers resistance against β- lactam antibiotics via cleavage of the β- 
lactam ring from the complex structure (Jabila Mary et al., 2021).

4.4.3  limiting drug influx

Gram- negative bacteria possess an extra peptidoglycan layer that creates a barrier around the bac-
terial cells to prevent drug entry and make it less permeable for certain antibiotics such as vanco-
mycin. A decreased level of intracellular fluoroquinolones in E. coli is a prime example of limited 
drug influx in the bacterial cells. Studies have shown a reduced intrabacterial accumulation of 
hydrophilic and polar drug molecules (tetracyclines and β- lactams), indicative of restricted cellular 
permeability (Vergalli et al., 2020; Richter et al., 2020; Sabnis et al., 2021).

4.4.3.1 Target Modification
Modifying the drug target site prevents the drug binding to the active binding site and blocks 
the bactericidal activity of the particular drug molecules. RNA ribosylation is one of the known 
mechanisms for drug target modifications where the enzyme methylates the active site and alters the 
bactericidal function (Vazquez- Laslop et al., 2008). The ermC gene encoding erythromycin ribo-
somal methylase from Streptomyces erythraeus promotes binding with the 16S rRNA unit, leading 
to alteration at the binding site and blocking streptogramin and macrolides that require 16S rRNA 
to inhibit the bacterial protein synthesis. Fluoroquinolone inhibits nucleic acid synthesis, which can 
be prevented by binding with DNA gyrase and topoisomerase V in S. aureus and E. coli (Seefeldt 
et al., 2021).

4.4.4  ActivAtion of efflux PumP

Efflux pumps are membrane- spanning proteins that mediate the transportation of toxic compounds 
from an intracellular region to the outside of the bacterial cells. These efflux pumps are divided into 
five specific classes based on their substrate specificity, energy sources, membrane- anchored struc-
ture and transmembrane spanning region, enlisted as RND family, MFS family, SMR family, MATE 
family and ABC family (Soto, 2013; Thakur et al., 2021).

4.4.4.1 Resistance- Nodulation- Division (RND) Family
The RND family is one of the largest efflux pumps present in Gram- negative bacteria with consid-
erably large periplasmic domains that assemble outer membrane channels with periplasmic adaptor 
proteins to translocate cationic drugs across the cell membrane. The efflux pump is a tripartite 
structure that contains three specific transmembrane domains (TMs), the pore channel and a drug- 
binding pocket (Nikaido and Takatsuka, 2009). The TM is made up of 12 α- helices that help in 
drug movement using protons as an energy source. The TM domain coupled with the pore domains 
provides an energy- driven channel for the lipophilic drugs. The pore channel is comprised of four 
sub- domains; PN1 and PN2 (proximal domain) and PC1 & PC2 (distal domain) for substrate speci-
ficity due to specified polar and charged residues at binding pocket (Blair and Piddock, 2009). For 
example, A. baumanni & Acinetobacter nosocomialis displays resistance towards tigecycline by 
elevated expression of adeB (adeABC efflux pump), adeG (adeFGH efflux pump), and adeJ (adeIJK 
efflux pump) (Yang et al., 2019; Foong et al., 2020). In E. coli, the RND efflux pump illustrates anti-
biotic resistance against β- lactams, tetracyclines, and chloramphenicols using acriflavine (AcrAB, 
AcrAD, AcrEF) and the multidrug transporter (MdtABC, and MdtEF) efflux pump system (Pan 
et al., 2020). P. aeruginosa provides evidence of RND- type efflux pump involvement in reduced 
antibiotic for ciprofloxacin, carbepenem, and aminoglycosides correlated with MexD, MexA, and 
MexY efflux pumps (Pourakbari et al., 2016).
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4.4.4.2 Multidrug Facilitator Superfamily (MFS)
MFS utilizes the proton motive force to transport the drug molecules outside the bacterial cell. The 
efflux pump comprises 12 α- helices transmembrane proteins that confer resistance via three distinct 
modes, namely uniport, symport and antiport, using “Rocket- switch” strategy. The model requires 
binding of the proton followed by the substrate or vice versa depending on the type of MFS efflux 
pumps (Hinchliffe et al., 2014; Li et al., 2019). S. aureus reported overexpression of norA gene- 
regulating extrusion of fluoroquinolones that leads to the lowering the susceptibility towards certain 
biocides and dyes such as ethidium bromide and acridine orange (Utegenova et al., 2018; Elhidar 
et al., 2021). Overexpression of proteins involved in Nor A efflux pump in E. coli and A. baumannii 
is accounted for the resistance against methylene blue (Rineh et al., 2018).

4.4.4.3 Small Multidrug Resistance (SMR) Family
The SMR family is the smallest efflux pump comprising of four TM α- helices that span cell mem-
brane and small amino acyl residues that are responsible for translocation of cationic/ lipophilic 
molecules through the hydrophobic region. The mechanism involves four α- helices dichotomized 
with dimer interface providing substrate binding with three TM regions during the fourth spanner 
control homodimer dimerization. The fourth TM helix forms a β- stand structure nearby the 
substrate- binding domain responsible for an allosteric movement of the efflux pump (Jack et al., 
2000; Ranaweera et al., 2015; Ebbensgaard et al., 2020). A. baumannii has shown resistance towards 
amikacin, ciplofloxacin and imipenem owing to the overexpression of a putative adeS gene encoding 
AdeS efflux pump belonging to the SMR family (Srinivasan et al., 2009; Lin et al., 2017; Alav et al., 
2021). E. coli illustrated similar efflux pump EmrE which is known for decreasing bacterial cell 
susceptibility towards quaternary cation compounds (Bay et al., 2012; Ovchinnikov et al., 2018; 
Shcherbakov et al., 2021). Meanwhile, E. coli was reported for the overexpression of ynfA gene- 
regulating efflux pump mediated resistance towards tetracyclines, carbepenem and aminoglycoside 
(Sarkar et al., 2015).

4.4.4.4 Multidrug and Toxic Compound Extrusion (MATE) Family
The extrusion of polyaromatic and cationic drugs can be mediated through a proton driven force or 
a Na+  gradient based motion forming a TM channel called the multidrug and toxic compound extru-
sion or MATE efflux pump. The MATE family has an open- facing position at membrane leaflet, 
forming a centrally located V- shaped cavity involving amino acid terminal and a carboxyl terminal 
associated with pseudo- two- fold symmetry and spanning bilayer membrane in cell membrane 
(Kuroda and Tsuchiya, 2009; Wang et al., 2016). The MATE efflux pump mediates drug trans-
portation with binding of proton or Na+  to the channel followed by conformational changes in the 
structure and opening of the V- shaped cavity. This step enables drug assimilation at the channel and 
initiates deprotonation of the membrane to transfer drug molecules. The mechanism involves four 
main steps: binding of protons, conformational changes in the channel protein, restoring the open 
face state and relocating the drugs (Du et al., 2021). MepA protein belongs to MepRAB efflux of the 
MATE family, restoring the resistance mechanism in S. aureus against tigecycline (Opperman et al., 
2010; López et al., 2020; Herrera et al., 2021; Rocha et al., 2021).

4.4.4.5 ATP- binding Cassette (ABC)Transporter Family
The ABC family facilitates the transportation of drug molecules initiated by ATP hydrolysis, pro-
viding enough energy to drive the influx and efflux process. The mechanism involves harbouring 
the substrate- binding pocket and nucleotide- binding pocket that mediate ATP hydrolysis via the 
TM spanning protein. This process can be summarized as the binding of drug molecules to the 
nucleotide- binding site, followed by the dimerization of the nucleotide- binding domain leading to 
conformational changes and dissociation of the dimerized complex controlled via ATP hydrolysis 
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(Pohl et al., 2011; Koh- Tan et al., 2016; Sunkara et al., 2022; Mohanty et al., 2021). For example, 
Candida albicans have increased tolerance against antifungal compounds due to candida drug 
resistance (CDR) known as cdr1p and cdr2p belonging to the ABC transporter family (Shukla 
et al., 2006; Banerjee et al., 2020). Riemerella anatipestifer reduces antibiotic susceptibility for 
aminoglycosides, cephalosporins, quinolones and macrolides via overexpression of the RanB efflux 
pump (Guo et al., 2017; Li et al., 2020), and Enterococcus faecalis for the ABC transporter gene 
(lsaE) regulating antibiotic resistance against macrolides, clindamycin and aminoglycoside (Salah 
et al., 2021).

4.5  SYSTEM FOR QUORUM SENSING AND BIOFILM FORMATION

Quorum sensing is a bacterial communication system regulated by diffusible chemical signals  
that recruit other bacterial species to form biofilm in order to enhance the bacterial pathogenicity  
(Sonawane et al. 2022). A graphical presentation for the same in Gram- negative and Gram- positive  
bacteria is represented in Figure 4.4. Biofilm can be defined as a complex structure comprised of  
a heterogeneous bacterial population that produces an enormous amount of virulence factors in a  
synchronized manner that prevent antibiotic penetration in the community. The QS system is an  
enzymatic reaction of the signalling molecule production that binds with a membrane- anchored  
receptor protein to control numerous physiological parameters in the bacteria. These parameters are  

FIGURE 4.4 Quorum sensing system in Gram- negative and Gram- positive bacteria. Gram- negative utilizes 
AHL molecules as signalling molecule whereas Gram- positive depends on peptide signaling molecule for 
quorum sensing regulation. The QS system led to biofilm formation restricting antibiotic entry and conferring 
resistance towards antimicrobial agents.
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enlisted as bacterial motility, horizontal gene transfer, the production of pathogenic determinants  
(toxins, cellulolytic enzymes) and biofilm associated factors such as alginate, rhamnolipid, exo-  
polysaccharides and extracellular DNA (Thornton et al., 2021; Simonetti et al., 2021; Kreve and  
Reis, 2021; Tripathi et al., 2021). The Gram- negative bacteria utilize acyl- homoserine lactone as a  
signaling molecule. The Gram- positive bacteria, on the other hand, requires an autoinducer peptide  
to activate the bacterial QS system. AHL molecules play a significant role in intra- species bacterial  
communication regulated by LuxI/ R type regulatory system, mainly found in Gram- negative bacteria  
such as P. aeruginosa (LasI/ R, RhlI/ R, PQS) (Reynolds and Kollef, 2021; Chadha et al., 2021) and  
A. baumannii (AbaI/ R) (Niu et al., 2008; Tang et al., 2020; Sun et al., 2021). Autoinducer peptides  
require activation via phosphorylation of histidine sensor kinase in Gram- positive bacteria. Some of  
the peptide- based QS systems are Agr- RNAIII operon in S. aureus (Canovas et al., 2016; Xu et al.,  
2017) and comQXPA operon in Bacillus subtilis (Dogsa et al., 2014; Kalamara et al., 2018).

4.6  ANTIMICROBIAL STEWARDSHIP

Over the decades, microorganisms have modified their resistance mechanism to fight the 
antimicrobials and strengthen their survival skills by establishing a robust immune system against 
antimicrobials. International organizations have declared AMR a global menace and provided 
guidelines to deal specifically with the emerging health problems (Berhe et al., 2021; Aslam et al., 
2021). John McGowan and Dale Gerding, in 1996, from Emory University alarmed the scientific 
community about factors associated with the emerging rate of microbial resistance suggesting the 
necessity of antimicrobial stewardship. In 1997, the Infectious Diseases Society of America (IDSA) 
and Society for Healthcare Epidemiology of America (SHEA) curated clinical guidelines for health 
professionals to prevent AMR among pathogenic strains. After a decade, the Centre for Disease 
Control and Prevention (CDC) was concerned about the rapid increase in the AMR in bacteria, virus 
and fungal strains. Later, IDSA associated with SHEA released a new clinical practice protocol to 
minimize the risk of AMR. Paediatric Infectious Diseases Society (PIDS) along with SHEA and 
IDSA declared a joint policy statement related to treatment, control and eradication of infectious 
diseases under antimicrobial stewardship (Ruiz- Ramos et al., 2021; Granata et al., 2021; Hamada 
et al., 2021).

In 2014, Mr. Barack Obama, the then U.S. president, formed a Presidential Advisory Council on 
Combating Antibiotic- Resistant Bacteria (PACCARB) that issued an executive order (13676) on 
Combating Antibiotic‑ Resistant Bacteria for five years to reduce the unauthorized drug prescription, 
control the infection rate, rise in antimicrobial resistance (AMR) and provide effective treatment 
for the patients. In 2017, the joint commission regulations were implied to comply with hospitals 
following clinical practice guidelines via antimicrobial stewardship by forming a three- member 
regulatory committee consisting of infection preventionists, pharmacists and practitioners or doctors 
(Wils et al., 2021; Weragama et al., 2021). These strategies acknowledge developing countries can 
execute proper ethical practices for consumption of antimicrobials via specific protocols for drug 
use. An antimicrobial stewardship program implies monitoring the optimal drug prescription, per-
petuating patient records, minimizing antimicrobial stewardship evolution and tracking financial 
records (Thursky et al., 2021; Van den Bergh and Brink 2021). The World Health Assembly initiated 
five strategies to conquer the situation with self- medication and overuse of drugs without worsening 
the situation (Rizk et al., 2021; Sahitya et al., 2021; Mariappan et al., 2021; Gu et al., 2021). These 
five strategies are as follows:

1. Education and Training: Provide antimicrobial stewardship- related information to the general 
people and health workers via specialized workshops and educational training.

2. Surveillance and Research: Data collection based on knowledge and evidence through case 
studies.
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3. Maintain Hygiene Conditions: Minimize the infection rate by maintaining hygienic conditions 
through regular sanitization and preventive protocol.

4. Drug Dose Optimization: Prescribe an adequate dose for human and animal consumption.
5. Economic Development: Encourage government and businesses to invest in medicinal 

research to enhance diagnostic tools and vaccines production.

4.7  CONCLUSION AND FUTURE PERSPECTIVE

Over the last few decades, antibiotic resistance has emerged as a global menace due to the overuse 
of drugs and environmental factors that contribute to horizontal gene transfer and mutations. The 
increasing rate of effective antimicrobials due to the emergence and spread of multidrug- resistant 
(MDR) pathogens has alarmed the world’s healthcare system. Prior to the COVID- 19 pandemic, the 
healthcare experts predicted that AMR will result in ~10 million deaths annually by 2050, and will 
have a major impact on the economy of the healthcare system. The awareness increased during this 
pandemic about personal hygiene, basic microbiology, infections and ways of preventing infectious 
diseases can be exploited to manage the infections related to antimicrobial resistance, prevent the 
spread of infection and ensure sensible use of antimicrobials. Computational approaches play an 
important role in modern drug discovery involving structure activity relationships using in silico 
approaches and ADMET profiling. Antimicrobial stewardship aims to instruct health professionals 
to utilize drugs and keep a record for future drug prescriptions. It is hoped that in- depth research in 
the health sector diagnoses the disease and provides an effective, affordable treatment to the patients 
and monitors the situation to avoid drug resistance. It is believed that the lack of contribution by the 
private sector to new antimicrobial development is the major barrier to the discovery of new anti-
microbial agents. The obvious reasons for this are the cost and time required for new drug develop-
ment. The accurate design of antimicrobial delivery systems specific to the type of infection is the 
need of the hour in order to avoid the spread of the AMR. The ideal antimicrobial agent should be 
cost- effective, and effective in treating specific infections at low concentrations with a simple route 
of administration. It is mandatory to implement the surveillance for use of antimicrobials on the 
ground with strict measures/ control on its sale and use.
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5.1  INTRODUCTION

The unprecedented use of antibiotics has led to the development of resistance affects human 
health worldwide. The prescription of antibiotics imprudently and irrationally in different diseases 
progressed with the acquisition and development of antibiotic- resistant microbes that led to the 
resurgence of pathogenic strains harboring enhanced armors against existing therapeutics. The 
emergence of resistance among microbes has limited the effectiveness of antibiotics, shifting  
the lifesaving paradigm built around them. This prominent trend is regarded as a matter of concern 
by agencies like the World Health Organization and has become a challenging situation for the med-
ical fraternity worldwide (WHO, 2017).

Antimicrobial resistance (AMR) is increasing globally and the latest projection showed drug- 
resistant diseases could cause 10 million deaths each year and impose a cumulative $100 trillion 
burden on the global economy and a GDP loss of $100.2 trillion by 2050 (Prestinaci et al. 2015). 
By 2030, antimicrobial resistance could force up to 24 million people into extreme poverty. The 
European Centre for Disease Prevention and Control (2015) estimated about 6,71,689 infections in 
the EU and a huge loss in the economy. More and more common diseases, including respiratory tract 
infections, sexually transmitted infections and urinary tract infections, are untreatable, and risky. 
Therefore, the WHO has declared AMR as the top global public health threat against humanity and 
immediate action to tackle it (CDC, 2019).

India carries one of the largest burdens of drug- resistant pathogens worldwide, including the 
highest burden of multidrug- resistant tuberculosis, and alarmingly high resistance among Gram- 
negative and Gram- positive bacteria even to newer antimicrobials such as carbapenems and 
faropenem since 2010. Reporting high AMR among pathogens such as Salmonella typhi, Shigella, 
Pseudomonas and Acinetobacter annually, more than 50,000 newborns are estimated to die from 
sepsis due to pathogens resistant to first- line antibiotics (Ventola, 2015). Two million deaths are 
projected in India due to AMR by 2050 (Centre for Disease Dynamics, 2015). The emergence of 
New Delhi metallo- β- lactamase (NDM- 1), named after the national capital of India in 2008, rap-
idly spread to other countries (Nordmann et al. 2011). Available data indicate rising rates of AMR 
across multiple pathogens of clinical importance in the country. In 2008, about 29% of isolates of 
Staphylococcus aureus were methicillin resistant, and by 2014 this had risen to 47% in countries 
with effective control of antibiotics (Chokshi et al. 2019).

Superbug is a term used to describe those strains of bacteria that are resistant to the majority 
of antibiotics commonly used today. It is a naturally occurring phenomenon that can be slowed, 
but not stopped. Over the time, bacteria adapt to the drugs that are designed to kill them and 
change to ensure their survival. This makes previously standard treatments for bacterial infections 
less effective, and in some cases, ineffective. The main bacteria described as antibiotic- resistant 
threats and referred to as “superbugs” are Carbapenem- resistant Enterobacteriaceae (CRE), 
Methicillin- resistant Staphylococcus aureus (MRSA), ESBL- producing Enterobacteriaceae 
(extended- spectrum β- lactamases), Vancomycin- resistant Enterococcus (VRE), Multidrug- 
resistant Pseudomonas aeruginosa, Multidrug- resistant Acinetobacter and E. coli H30- Rx 
(Dadgostar, 2019).

5.2  FACTORS ACCELERATING THE RATE OF ANTIMICROBIAL 
RESISTANCE (AMR)

The high burden of AMR in India is driven by multiple factors. The main factor in developing anti-
microbial resistance is due to the uncontrolled sale of antibiotics without a prescription, in many 
low-  or middle- income countries. Besides, releasing large quantities of antibiotics into the environ-
ment during pharmaceutical manufacturing without adequate waste water treatment also increases 
the risk. Antibiotic resistance increases with duration of treatment. Therefore, as long as an effective 
minimum is kept, shorter courses of antibiotics are likely to decrease rates of resistance, reduce cost 
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and have better outcomes with fewer complications. Within the hospitals, lack of monitoring of anti-
biotic use is one of the major factors driving the spread of resistance (Ventola, 2015).

In India a study found the median cost of treatment of a resistant bacterial infection to be more 
than a year’s wages of a rural worker (Chandy et al. 2014). The lack of newer antibiotics is a world-
wide problem and certainly a challenge for India to tackle AMR challenge. To fulfil these gaps, 
coordinated new policies and research focus is urgently needed to manage the AMR crisis.

A compromised treatment regime of a broad range of antibiotics and the rise in resistance has 
threatened human health and increased the treatment cost of diseases. Despite incredible advance-
ment in scientific and modern medicine, the hope in antibiotics has faded away by the appearance of 
different resistance mechanisms that present a grave concern against frontline antibiotics. Of them, 
antibiotic inactivation through the production of a range of enzymes, change in cell permeability, 
alteration of drug targets, intrinsic expression of efflux pumps and biofilm formation all act as a 
defense against drugs and contribute to the sustained persistence of resistance bacteria (Dunphy 
et al. 2019). In addition to mutations, mobile genetic elements (plasmids, insertion sequences, 
transposons and integrative conjugative elements) play a crucial role in the expansion of resistance 
among diverse groups of bacteria (Beceiro et al. 2013). The four main mechanisms by which bac-
teria exhibit resistance to antibiotics are drug inactivation or modification, alteration of target or 
binding site, alteration of metabolic pathway and reduced drug accumulation: by decreasing drug 
permeability or increasing active efflux (pumping out) of the drugs across the cell surface (Pang 
et al. 2019).

5.3  NATURAL PRODUCTS FOR ANTIMICROBIAL RESISTANCE

Researchers have encouraged considering plant- derived substances (PDS) as an alternative or in 
complementing antibiotics against diseases due to the lack of a strategic management plan on diverse 
on metabolic, genetic, physiological fronts, rapid progression of resistant microbes.. Considering 
the quantitative characteristics of plant constituents that attribute beneficial health effects, analyt-
ical procedures for their isolation, characterization and phytochemical testing for elucidating ethno 
pharmacological effects has been worked out for employment in the treatment of different diseases. 
With an immense potential to combat bacterial infections, PDSs such as polyphenols, alkaloids, and 
tannins present a great potential for use, either as antimicrobials or as antibiotic resistance modifiers. 
Natural products from medicinal plants may play an important role for the design of novel com-
bination therapy protocols. With an immense potential to combat bacterial infections, plant- derived 
substances such as polyphenols, alkaloids and tannins present a great potential for use, either as 
antimicrobials or as antibiotic resistance modifiers (AlSheikh et al. 2020).

Conventional curative systems have counted upon traditional herbs that are rich in compounds, 
such as alkaloids, terpenoids, tannins, steroids, coumarins and flavonoids, and do not normally cause 
resistance (Yother, 2011; Lewis and Ausubel, 2006). Essential oils from parsley, lovage, basil and 
thyme disrupt the physiological status of the bacterial cell by causing an increase in cell perme-
ability, leakage of cell constituents, alterations in bacterial cell wall and cell membrane, ATP loss, 
inhibition of protein synthesis, pH disturbance, intracytoplasmic damage, DNA damage and inhib-
ition of quorum sensing among bacteria like Bacillus cereus, Staphylococcus aureus, Pseudomonas 
aeruginosa, Escherichia. coli and Salmonella enterica serovar typhimurium (Kolli et al. 2016; 
Gemeda et al. 2018). Table 5.1 describes some of the important plant- derived substances and their 
action against different microbes.

5.4  PARADIGM SHIFT IN CHEMOTHERAPY

Meanwhile, a paradigm shift in chemotherapy involves a gradual transition, away from the 
mono- drug therapies that have been long and forcefully advocated, toward multidrug regimens. 
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TABLE 5.1
Plant- derived Substances and Their Action Against Different Microbes

Plant name Plant derivatives Bacterial sp.

Anogeissusa cuminata terpenoids, flavonoids,
saponins, tannins,
alkaloids

S. aureus
A. baumannii
C. freundii
E. coli
K. oxytoca
K. pneumoniae
P. aeruginosa

Azadirachta indica beta- sitosterol, flavonoids S. aureus
A. baumannii
C. freundii
E. coli
K. oxytoca
K. pneumoniae
P. aeruginosa
H. pylori

Bauhinia variegata terpenoids, flavonoids,
tannins, saponins,
glucoside

S. aureus
A. baumannii
C. freundii
E. coli
K. oxytoca
K. pneumoniae
P. aeruginosa

Punica granatum flavonoids, ellagitannin,
punicalagin, ellagic acid

S. aureus
A. baumannii
C. freundii
E. coli
K. oxytoca
K. pneumoniae
P. aeruginosa

Terminalia chebula flavonoids and flavins,
terpenoids, steroids,
alkaloids, tannins and their
derivatives, glycosides

S. aureus
A. baumannii
C. freundii
E. coli
K. oxytoca
K. pneumoniae
P. aeruginosa

Occimomum basilicum
EO

rosmarinic acid, phenol
and terpenoid

B. cereus
S. aureus
P. aeruginosa
E. coli
S. typhimurium

Eucalyptus globulus 1,8- cineole, alpha- pinene,
p- cymene

S. aureus

Alpinia galanga alpha- pinene, myrcene,
limonene

Mycobacterium
smegmatis

Salvia fruticosa flavonoids, phenolics and
rosemarinic acid

S. epidermidis

Hypericum olympicum essential oils, beta- pinene,
beta- ocimene,
beta- caryophyllene,
germacrene- D

S. aureus
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Combinations of synthetic chemicals or antibiotics with phytotherapeutics were categorically 
rejected. This decision implied a strict separation of chemotherapy from phytotherapy. It is self- 
evident that this therapeutic practice was never officially recognized by the medical authorities, 
because most of the phytotherapeutics were not standardized and no independent medical control 
with double- blind studies could be established.

5.5  ISOLATION AND CHARACTERIZATION OF BIOACTIVE COMPOUNDS

Different approaches are employed for screening the bioactive constituents of plant- derived 
substances. The direct method involves total chemical characterization of a plant species using 
approaches of de- replication (identification of already known bioactive constituents) via liquid 
chromatography– mass spectrometry (LC– MS). The objective is to isolate novel plant compounds, 
which are then sent directly for biological testing (Deng et al. 2014; Guo et al. 2013). Isolated 
plant compounds are collected for libraries, such as the National Cancer Institute’s Natural Product 
Repository (Liu et al. 2013). Libraries can be screened to test the bioactivities of various compounds 
in order to examine fully characterized, new natural products (Ramasamy et al. 2014; Wiedenfeld 
et al. 2007). The bioactivity- guided fractionation method uses bioassays as fractionation monitors; 
uninterrupted fractionation cycles are used together for testing bioactive extracts so that pure and 
active principle compounds are isolated. This is the most commonly used way of determining 
bio- actives. Despite significant increase in the number of studies reporting bio- actives (Agarwal 
et al. 2014) through this process, a large number of botanicals and their preparations are still in use 
without any knowledge of their bio- actives (Fakhrudin et al. 2014; Mabona et al. 2013).

The synergy directed fractionation method uses bioactivity- guided fractionation combined with 
bioactivity testing in order to understand synergistic connections between the compounds present 
in a mixture. The method uses mass spectrometry (MS)- profiling for a guided isolation of natural 
products, targeting the synergistic interactions among obtained extracts which could not have been 
taken into consideration through conventional guided fractionation (Junio et al. 2011). Metabolism 
directed method is focused on the identification of bioactive metabolites not present at the begin-
ning of the test, but produced with time due to changes in the metabolism of the plant or plant 
organ under study (Goretta et al. 2012). Additionally, metabolic profiling (metabolomics) method 
correlates chemical profiling of plant extracts with isolation and identification of new or already 
known bioactive constituents at an early stage (de- replication) (Wolfender et al. 2015); the goal 
of metabolomics in general is to analyze all secondary metabolites in a sample, both qualitatively 
and quantitatively. Comparison of bioactivity data permits early stage de- replication. This method 
also gives information about possible synergistic effects between molecules (Keerthi et al. 2014). 
Table 5.2 describes the mode of action of some important PDSs against broad range of microbes.

5.6  HYBRID COMBINATIONS

There is a paradigm shift in chemotherapy from mono- drug therapy toward multidrug combination  
regimens. It was noticed that only a combination of synthetic chemical drugs or antibiotics with  
defined plant- derived constituents (e.g., low molecular weight phenolic or terpenoid compounds)  
increased the pharmacological activity of the hybrid combination and simultaneously minimized  
the toxic side effects of synthetic drugs. These properties were found only with phenolic and ter-
penoid compounds. The aforementioned natural products originate from the secondary metabolism  
of plants that produce these constituents themselves as defence, signal or storage substances. The  
most frequent constituents produced in significant amounts are preferred phenolic and terpenoids  
compounds (in concentrations up to 60– 80% as compared to all other constituents). Within the  
structural class of phenolic compounds, phenol- carboxylic acids (e.g. caffeic acids, ferulic acids  
or shikimic acids), flavonoids, procyanidines, anthocyanins, catechins and lignan derivatives  
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predominate, while among the terpenoids mono- , di- , sesqui-  and triterpenoids (the latter also in  
glycosidic form) represent the majority. Biosynthetically, C5- isopentenyl diphosphate (IPP) and  
dimethylallyl diphosphate (DMAPP) serve as C5- building blocks (Ndhlala et al. 2013).

Phenolic and terpenoid compounds are of low molecular weight, which means that they can 
be easily isolated or synthesized or are commercially available from companies that specialize in 
the production of such compounds. Some of these low molecular weight plant constituents were 
marketed for several years following pharmacological testing, but their production was discontinued 
in the meantime. The argument frequently was that their therapeutic efficacies were too weak for the 
treatment of severe diseases. Therefore, their production and marketing as single plant drugs was 
estimated as not being sufficiently profitable for the pharmaceutical industry (Ruddaraju et al. 2020).

5.7  INTERACTIONS OF PHENOLIC AND TERPENOIDS COMPOUNDS WITH 
SYNTHETIC AND ANTIBIOTIC DRUGS

Low molecular phenolic compounds with one or several OH- groups are water- soluble and are 
able to form ionic bonds or H- bridges to enzymes, receptors or several other biomarkers. Many 

TABLE 5.2
Mechanism of Action of Plant- Derived Substances (Pdss) Against Broad Range of Microbes

Phytochemicals Extract Mode of action
Antimicrobial resistant 
microbes

Flavonoids Vaccinium macrocarpon
Alt (cranberry)

Modifies biofilm formation Enterococcus faecalis,
E. coli,
Pseudomonas aeruginosa

Myricetin,
robinetin,
epigallocatechin

Blocks bacterial DNA
synthesis

E. coli

Quercetin Inhibit ATPase activity,
GrYB protein, elevates
extracellular phosphatase
and beta- galactosidase

E. coli, S. aureus

Plant- derived peptides Moringa oleifera Membrane disruption E. coli, S. aureus,
P. aeruginosa,
S. typhimurium

Essential oils (EOs) Petroselinum crispum EO,
Levisticum officinale EO,
Ocimum basilicum EO,
Thymus vulgaris EO
Cannabis sativa EO

Increase cell permeability,
leakage of cell constituents,
alteration of bacterial cell wall and 

membrane disturbance, ATP loss, 
inhibit protein synthesis,

lead to pH disturbance,
intracytoplasmic damage, DNA damage, 

inhibit quorum sensing
inhibits biofilm formation

Bacillus cereus, 
Staphylococcus aureus,

P. aeruginosa,
E. coli,
S. typhimurium
S. aureus

Tea tree oil (TTO) terpenes,
monoterpenes,
sesquiterpenes

disrupts membrane
permeability, damages cell
membrane, obstructs cell
growth, cause cell death

E. coli, S. aureus,
C. albicans

Natural Efflux pump
inhibitors (EPIs)

reserpine, gallotannin,
piperine, curcumin,
berberine, chalcones,
carnosic acid

Inhibit various efflux pump
in bacteria (EtBr EP,
MexAB- OprM)

MDR Uropathogenic 
E. coli,

MDR, P. aeruginosa
(clinical isolates)
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phenolic compounds possess anti- oxidative properties, for example they are able to maintain the 
redox homeostasis in a definite state. This might be necessary to keep the balance between reactive 
oxygen species (ROS) and antioxidant enzymes such as superoxide dismutase (SOD), catalase, 
glutathione (GSH) peroxidase and GSH reductase. Therefore, it is of interest to determine the degree 
of the scavenging activity of the selected phenolic compound as a possible adjuvant with stable 2,2- 
diphenyl- 1- picrylhydrazyl (DPPH). Some phenolic compounds such as salicylic acid possess anti- 
inflammatory activity, and a few also induce apoptosis of tumor cells. Due to their lipophilic 
structural features (e.g. OCH

3
- groups, conjugated aliphatic chains or ester groups), the majority of 

terpenoids is able to penetrate cell walls or enter tumor cells. The triterpenoids with additional sugar 
molecules (glycosides) or carboxylic acids possess amphoteric (amphiphilic) properties and there-
fore reveal far- reaching penetration capabilities (Wagner 2011).

The most practicable and illustrative method for selecting the best suitable phenolic and terpenoids 
from several dozens of low molecular weight compounds occurring in plants is the “isobol” method 
of Berenbaum (1977), which has been previously discussed regarding its application in phytotherapy 
(Berenbaum 1977).

Based on specific isobolograms, the following effects can be recorded, if a phytochemical com-
pound is combined with a synthetic chemical drug or an antibiotic compound: additive effects; 
over- additive or potentiated effects and zero or antagonistic effects. The over- additive or potentiated 
effects are unique effects that demonstrate suitability for use as adjuvants for hybrid combination 
therapy. All single drugs administered orally or per injection cause multi- target effects, which could 
be not clarified in all their detail, in spite of the great progress in molecular- biological research. 
Predictions made in scientific publications that modern medicine, based on progress, would shortly 
lead to the development of new drugs remained unfulfilled (Wagner and Ulrich- Merzenich, 2009).

5.8  NANOPARTICLES FOR ANTIMICROBIAL RESISTANCE

The conventional antibiotic therapy proved to be ineffective due to low absorption and low bioavail-
ability. Therefore, novel drug delivery to specific target organs using metallic nanoparticles (NPs), 
of 1– 100 nm seems promising for antibiotic resistance due to their tuned physicochemical properties 
and ability to modulate oxidative stress. Since NPs can provide specifically targeted or localized 
therapy, and their use seems a promising therapeutic option as compared to conventional therapy 
for multidrug resistance. The most commonly used nanoparticles which have wide applications are 
silver, gold, zinc, copper and iron. Recently, scientists were increasingly focused on the activity of 
silver, gold, selenium, zinc, titanium (TiO2) nanoparticles, or a mixture of Ag/ ZnO nanoparticles 
that exhibit antibacterial, antiviral and antifungal effects (Rai et al. 2014).

Nanoparticles in particular have demonstrated broad- spectrum antibacterial properties against 
both Gram- positive and Gram- negative bacteria. For example, ZnO nanoparticles were found to 
inhibit Staphylococcus aureus, and Ag nanoparticles exhibit concentration- dependent antimicrobial 
activity against Escherichia coli and Pseudomonas aeruginosa (Ramalingam et al. 2016).

Due to the size of the nanoparticles, their properties are accustomed to giving a larger surface 
area compared to the bulk material. Thus, materials made up in such a way will have atoms that have 
more contact with the external environment; whereas those which are considered as bulk hold the 
atoms closer to the center (Mohanraj and Chen, 2006).

As discussed in the above paragraphs, natural molecules (phytochemicals) could serve as a 
potential alternate source to combat antibiotic resistance antimicrobials. The antibacterial activities 
of phytochemicals are a well- known phenomenon and represent a possible hope of effective, cheap 
and safe antimicrobial agents. They have the ability to bind to protein domains leading to modi-
fication or inhibition protein- protein interactions. It has been observed experimentally that some 
phytochemicals exert synergistic effect in combination of antibiotics (Stefanovic and Comic, 2012; 
Olajuyigbe and Afolayan, 2012). Indeed, this combination therefore allowed reducing bacterial 
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resistance to drugs. The phytochemicals are found to be effective modulators of host- related cel-
lular processes viz. immune response, mitosis, apoptosis and signal transduction. Thus they may 
have antimicrobial activity with reduced ability to develop resistance to botanicals. Nutritional and 
botanical approaches, combined, may provide powerful tools for controlling an array of infections 
(Abascal and Yarnell, 2002).

But usually, phytochemicals have low bioavailability, low hydro- solubility, low stability in 
gastrointestinal tract and rapid elimination.

A number of strategies have been used to increase their chemical stability or permeability such 
as encapsulation in nano- conjugate has emerged as a novel and effective drug delivery strategy to 
improve delivery, distribution and bioactivity (Wagnera and Efferth 2017). These drawbacks can be 
overcome by using different nano conjugates that perform a wide range of additional functions like 
reduction of oxidative stress, antimicrobial, antifungal, immuno- modulatory, chemo- preventive and 
antioxidant with low toxicity (Kim et al. 2018). Due to their high bioavailability, low toxicity and 
affordability, nano forms can be the most appropriate mode of drug delivery. Further, it has been 
indicated that nanoparticles are 60 times more effective in fighting infections caused by S. aureus, 
E. coli and P. aeruginosa than conventional treatments (Ananth et al. 2019).

Different types of nanoparticles with a potential to inhibit drug- resistant microorganisms are 
discussed below.

5.8.1  selenium nAnoPArticles

This is a metalloid and an essential micronutrient. It plays vital functions in the human body by 
improving the action of enzymes such as glutathione peroxidase and seleno- enzymes which defend 
the body against immunity related diseases (Romero- Perez et al. 2010).

Selenium nanoparticles can be used as antibacterial agent as they have a unique structure and 
larger surface area that can be more in contact with the external environment. Selenium is also an 
antioxidant and immunity booster. The antibacterial effect is due to the fact that at a particular con-
centration nano- selenium interacts with the bacterial cell surface and penetrates into the cell, thus 
causing damage. SeNPs are more stable in nature; possess excellent biocompatibility, bio- efficacy 
and low toxicity as compared to various organic and inorganic forms of selenium compounds  
(Chiou and Hsu 2011). The biosynthesis of SeNPs has gained much interest due to its excellent 
therapeutical and nutraceutical potential among the other nanoparticles. Further, it has been indicated 
that nano- selenium conjugates are 60 times more effective in fighting infections caused by S. aureus, 
E. coli and P. aeruginosa than conventional therapy. Due to their unique morphological and chem-
ical nature, Se nanoparticles are more reactive and lethal to bacteria. Therefore, Nano- selenium can 
be a viable alternative to antibiotics to prevent and treat a number of multi- drug- resistant bacterial 
infections in humans (Conte et al. 2016).

The utilization of “conjugate combination” for the therapeutic application of polyphenolic nano 
conjugates along with synthetic antibiotic drugs may play a key and unique role by synergistically 
enhanced pharmacological activity and reduced toxicity (Conte et al. 2016). There is convincing 
evidence for such effects by hybrid/ conjugate combinations and support for more intensive and sci-
entific efforts should focus in this direction.

5.8.2  silver nAnoPArticles (AgnPs)

For a long time, silver has been used as an antimicrobial agent for wound healing, both in its solid 
state and with salt solutions to clean wounds. Nowadays, dressings impregnated with silver nitrate 
(AgNO

3
) can be found (Chen et al. 2008). Silver exhibits very interesting properties due to its chem-

ical stability, good conductivity, catalytic and antibacterial activity. Moreover, nanoparticles made 
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of silver (silver nanoparticles, AgNPs) are one of the most widely studied nowadays (Aderibigbe, 
2017). AgNPs have been applied in different fields such as textile, cosmetics, food industry and 
biomedicine. In the biomedical field, they are gaining strength especially due to their applications 
as antimicrobial agents, as coating for medical devices and as carrier for chemotherapeutic drugs 
(Zhang et al. 2016; Aziz et al. 2014, 2015, 2016, 2019).

Bactericidal properties of silver nanoparticles are the most widely studied, but a wide variety of 
other biomedical properties such as antifungal, antiviral, anti- amoebial, anti- cancer, anti- angiogenic 
and anti- inflammatory activity are also being exploited (Zhang et al. 2016). New antifungal agents 
are also a demand, in particular, for immunosuppressed patients. AgNPs have a high antifungal 
potential, for example in Candida albicans infections, AgNPs stabilized with dodecyl sulphate 
show a better activity than conventional treatment (Panáˇcek et al. 2009). AgNPs also show antiviral 
properties. In the case of activity against HIV1, AgNPs have demonstrated anti- retroviral ability in 
addition to a potent virus inhibition effect. They have also proven to be efficient inhibitors against 
hepatitis B virus (HBV) (Lara et al. 2010).

5.8.3  zinc oxide nAnoPArticles (znonPs)

Zinc is an essential mineral involved in the catalytic activity of numerous enzymes present in the 
organism and is widely distributed throughout the body tissue (Król et al. 2017). In the pharmaceut-
ical field it is recognized as one of the safest materials by the Food and Drug Administration (FDA) 
(Vijayakumar et al. 2018). ZnONPs exhibit significant optical properties that offer NPs the ability to 
be used as a drug delivery system, as antitumor, antibacterial, antidiabetic and as a theragnostic tool.

ZnONPs possess antimicrobial activity against Gram- positive (S. aureus, S. epidermis, B. subtilis, 
B. cereus, L. monocytogenes, E. faecium) and Gram- negative (P. aeruginosa, E. coli, K. pneumoniae, 
Salmonella sp.) bacteria (Vijayakumar et al. 2018). Moreover, Singh et al. compared antimicrobial 
and antifungal potential of zinc oxide nanoparticles. Pathogenic microorganisms selected included 
different bacteria, Escherichia coli (MTCC443), Staphylococcus aureus (MTCC 3160), Bacillus 
subtilis (MTCC 441) and two fungi, Aspergillus niger (MTCC 281) and Candida albicans (MTCC 
227). They show a 50% efficacy when nanoparticles are used instead of particles (Singh and Nanda, 
2013). Antimicrobial tests carried out with different bacterial strains showed that minimum inhibi-
tory concentration (MIC) values are 50– 85% lower in Gram- positive than Gram- negative bacteria. 
The difference in antibacterial activity of ZnONPs toward Gram- positive and Gram- negative bac-
teria could be clarified due to the interaction with the cell wall. In Gram- negative bacteria, the struc-
ture of lipopolysaccharide opposes the attachment of ZnO and restrains the ions passing across the 
outer membrane (Yu et al. 2015). The toxicity induced by antimicrobial drugs is due to modifications 
in the membrane potential through the blockage of K+  ion channel present in the bacteria cell mem-
brane. ZnONPs in aqueous medium are dissolved with consequent release of Zn2+ . Zn2+  ions, that are 
attracted to the bacterial surface causing this phenomenon. These changes increased permeability of 
the membranes, leading to destabilization. Moreover, ROS production by nanoparticles contributes 
to this result. Due to their charge, Zn2+  ions can easily penetrate the bacterial cell wall and interact 
with different molecules— such as lipids, proteins, and nucleic acids— disrupting important meta-
bolic pathways (Bhuyan et al. 2015).

Several authors have used ZnONPs as antimicrobial agents either as ZnO alone or in combin-
ation with drugs (Sirelkhatim et al. 2015). Recently, ZnONPs have been developed using a plant 
extract (Punica granatum) and obtaining spherical and hexagonal shapes of 32.98 nm diameter with 
antibacterial activity against E. coli and E. faecalis (Nur et al. 2019). Moreover, Jayabalan et al. in 
their last work have demonstrated that the ZnONPs synthetized using a biological method based 
on the use of Pseudomona putida, obtaining nanoparticles with a spherical shape and an average 
diameter of 44.5 nm. This ZnONPs presented antimicrobial activity against Pseudomonas otitidis, 
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Pseudomonas oleovorans, Acinetobacter baumannii, Bacillus cereus and Enterococcus faecalis 
using micro- titer plate method and disk diffusion assay (Jayabalan et al. 2019).

5.8.4  gold nAnoPArticles (AunPs)

AuNPs are colloidal or clustered particles composed of a gold core, an inert and biocompatible com-
pound (Gerber et al. 2013). One of the advantages of these particles are their synthetic versatility, 
which allows the control of their size, shape and surface properties. Furthermore, their coating can 
be modified to control particle solubility, stability and interaction with the environment. Also, the 
particle surface can bind thiols and amines, providing functional groups to the AuNPs for labeling, 
targeting and conjugating pharmacologic molecules (Her et al. 2017). Their unique characteristics 
make them a material of extreme interest in the medical field due to their optical and electronic prop-
erties of Au. Some of the major areas of application of AuNPs include biosensors and bio- imaging, 
drug delivery systems and also the treatment of some cancers. Meanwhile, some researchers have 
been interested in the potential antibacterial activity of AuNPs since this material is less toxic to 
mammalian cells compared to AgNPs, the most common nanoparticles employed as antimicrobial 
agents (Table 5.4) (Abdel- Kareem and Zohri, 2018).

AuNPs are active against Gram- negative and Gram- positive bacteria, namely E. coli,  
P. aeruginosa, S. typhi, Serratia sp., K. pneumoniae, S. aureus, B. subtilis and E. faecalis, among  
others (Table 5.3). The fact that AuNPs are relatively inert implies that they exhibit no apparent  
intrinsic antibacterial activity. Thus, it is understood that their main mechanism of bacterial toxicity  
is based on direct adherence of AuNPs onto the bacterial surface driven by electrostatic forces. This  
mechanism is highly dependent on nanoparticles size, typically with smaller nanoparticles showing  
lower MIC. From their adhesion results alterations of membrane potential, inhibition of adenosine  
triphosphatase (ATPase) activity (resulting in inhibition of ATP synthesis) and inhibition of tRNA  
binding in subunit of the ribosome. This phenomenon will block instrumental metabolic processes  
which result in the loss of cellular integrity (Abdel- Kareem and Zohri, 2018). Due to their low  
reactivity, AuNPs show ion release and ROS production as a minor mechanism of action. Therefore,  
they need to achieve higher concentrations to produce the same antibacterial effect as other metal-  
based nanoparticles (for example AgNPs). In this sense, Zhang et al. showed that to produce the  
small zone of inhibition for S. aureus, AuNPs need a concentration of 197 µg/ mL, whereas AgNPs  
need small concentrations as 4.86 µg/ mL (Zhang et al. 2015).

TABLE 5.3
Antibacterial Applications of Au- Based Green Nanoparticles, with Respective Minimum 
Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) Values

Au- nanoparticles efficacy against 
microorganisms Production method MIB and MIC values

P. aeruginosa Biological method (extract of A. comosus) MIC, MIB: 4 µg/ mL
S. aureus Biological method (extract of M. piperita) MIC: 3.92 µg/ mL
E. coli Biological method (extract of G. elongate) MIB: 12– 16 µg/ mL

MIC: 4 µg/ mL
K. pneumoniae Biological method (extract of S. brachiate) MIC: 3.3 µg/ mL
S. typhimurium Not available MIC, MIB: 8 µg/ mL
K. oxytoca, E. faecalis,
V. cholera, S. paratyphii,
V. parahaemolyticus,
P. vulgaris

Biological method (extract of S. marginatum) Data not available
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5.8.5  coPPer And coPPer oxide nAnoPArticles (cunPs, cu2onPs And cuonPs)

Cooper is a semiconductor material considered to be an excellent candidate for the synthesis of 
metal- based nanoparticles. Besides being highly resistant to heat, it is also robust, stable, cheap 
and easily synthesized (Abbaszadegan et al. 2015). The antimicrobial activity of CuONPs has been 
shown in Table 5.4.

The mechanism of antibacterial activity of CuONPs is not well explicated yet, but it is thought 
that it enhanced the attachment to bacterial cell wall which is initiated by electrostatic interactions. 
Dissociation of Cu2+  induces the generation of ROS that make contact with cellular membranes. 
These ions also have the capacity to enter the cell, causing membrane damage which is associated 
with disruption of cells’ internal content and bacterial cell leakage (Slavin et al. 2017; Yadav et al. 
2017). Moreover, their antibacterial activity has been studied particularly against microorganisms 
such as E. coli, V. cholera, P. aeruginosa, S. typhus, S. aureus. E. faecalis, B. subtilis and S. faecalis 
(Rajendran et al. 2017).

Mirhosseini confirmed in vitro that CuONPs had antibacterial properties, reducing signifi-
cantly the growth of S. aureus and P. aeruginosa at the concentration of 500 µg/ mL and also 
showing growth reduction percentages by 24% for S. aureus and 7.9% for P. aeruginosa 
(Mirhosseini, 2015).

The antimicrobial effect of copper nanoparticles is reduced at C90 E. coli and B. subtilis at the 
concentrations of 33.49 µg/ mL and 28.20 µg/ mL, respectively (Yoon et al. 2007). Kumar et al. 
also synthesized colloidal CuONPs from glucose, starch and CuCl

2
 and its antibacterial properties 

were assessed against E. coli (Gram- negative), S. epidermis (Gram- positive), a methicillin- resistant  
S. aureus (superbug MRSA) isolate and the spore- forming Bacillus megatherium.

Results showed that treatments of CuONPs with elemental copper concentrations of 0.0113 
and 0.00113 113 mol L−1 kill all the microorganisms assessed (Kumar et al. 2019). Moniri 
et al. synthesized ultra- small CuONPs obtaining a MIC (derived from both precursors) against 
E. coli and S. aureus of 3.75 and 2.50 mg/ mL, respectively (Moniri Javadhesari et al. 2019). 
The biosynthesized CuO NPs showed higher antibacterial activity (zone of inhibition) against 
various human and fish bacterial pathogens like B. cereus, P. mirabilis, A. caviae (Nabila and 
Kannabiran 2018).

TABLE 5.4
Antimicrobial Activity of Cu and Cuo- Based Nanoparticles, with Respective Zone of 
Inhibition (Z), Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal 
Concentration (MBC) Values

Nanoparticles efficacy against MOs Therapeutic efficacy
Zone of inhibition (Z)/ 
MIB/ MIC values

Staphylococcus aureus, Pseudomonas 
aeruginosa

Ultrasound increased the antibacterial effect 
of CuO nanoparticles against S. aureus and 
P. aeruginosa

Data not available

E. coli, S. epiderdimis, methicillin 
655 resistant S.s aureus (superbug 
MRSA) isolate,

Spore‑ forming Bacillus megatarium

Reaction of copper nanoparticles of 100 nm with 
B. subtilis showed the highest susceptibility

Z =  0.0734 mL/ µg

B. megatarium,
S. epidermidis, E. coli MRSA

Cu1X and Cu10X kill B. megatarium, 
S. epidermidis, E. coli and MRSA

Data not available

E. coli,
S. aureus

CuCl
2
·2H

2
O derived nanoparticles showed more 

antibacterial activity than CuSO
4
 .5H

2
O derived 

nanoparticles

E. coli MIC:3.75 mg/ mL
S. aureus MIC: 2.50 mg/ mL
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5.8.6  bimetAllic nPs

Ag and Au may be used in a single nanoparticle to enhance the effects of a drug and reduce the 
required dose. Alternatively, they can be used alone since they possess antimicrobial properties that 
are enhanced when combined in the form of bimetallic NPs (Arvizo et al. 2010; Singh et al. 2016).

Gold(Au)- silver(Ag) alloys are an optimal solution since they combine the antimicrobial effect 
of silver with the ease of functionalization and improved stability in complex biological media 
provided by gold (dos Santos et al. 2012). Fakhri and co- workers synthetized and functionalized 
AgAuNPs with a tetracycline and concluded that there exists a synergetic effect of the antibiotic 
with the bimetallic nanoparticle, with greater bactericidal activity of this form in detriment of its free 
forms. The mechanism of action was established as being the generation of ROS (Fakhri et al. 2017). 
Also recently, Baker and collaborators described the synthesis and antimicrobial activity of bimet-
allic AgAuNPs from the cell free supernatant of Pseudomonas veronii strain AS41G inhabiting 
Annona squamosa L. The authors showed their synergistic effect with standard antibiotics with 
87.5, 18.5, 11.15, 10, 9.7, and 9.4% fold increased activity with bacitracin, kanamycin, genta-
micin, streptomycin, erythromycin and chloramphenicol, respectively, against bacitracin resistant 
strains of Bacillus subtilis, E. coli, and K. pneumoniae (Baker et al. 2017). Zhao and collaborators 
have demonstrated the antibacterial activity of AuPtNPs bimetallic NPs against sensitive and drug- 
resistant bacteria via the dissipation of the bacterial membrane potential and the elevation of adeno-
sine triphosphate (ATP) levels (Zhao et al. 2014).

5.9  PHYTO- NANO CONJUGATES AND ANTIMICROBIAL RESISTANCE

Plants are renewable and economical sources of antimicrobials with little toxicity and rich chem-
ical diversity. Metabolites (alkaloids, polyphenols, terpenes, glycosides, etc.) in plant extracts 
are mainly phenolic derivatives that can stop bacterial growth by binding to bacterial proteins or 
through reducing pH, which alters the bacterial cellular process and kills bacteria (Mostafa et al. 
2018; Prasad 2014). These plant- based antimicrobials (PBA) possess certain clinical value, as the 
bioactivity does not impose any resistance (Cheesman et al. 2017). To date, there has been no 
claim on identification of bacteria, which developed resistance to plant antimicrobials. There are 
also recent reviews on plant extracts’ antibacterial activity describing their effective action and the 
defense mechanisms of plants to bacterial resistance (Gupta and Birdi, 2017). Nevertheless, trad-
itional medicine (Ayurveda, Traditional Chinese medicine, Kampo, Unani, and Siddha) has not 
entered into the modern medicinal framework due to the chemical complexity of plant extracts, the 
requirement of higher concentrations for activity, poor water solubility and the lack of standardiza-
tion (Harvey, 2008). Beyond these minute limitations, their true chemical diversity (extensive func-
tional group and chirality) has encouraged phytochemicals for industrial biological applications 
(Cowan, 1999; Lewis and Ausubel, 2006).

To reduce toxicity and improve efficacy of chemically synthesized nanoparticles (NPs) as anti- 
bacterials, some researchers have employed plant metabolites as adjuvants. Green synthesized NPs 
are known to inhibit popular resistance mechanisms exhibited by bacteria such as excessive and 
poor influx, biofilm and so on (Musarrat et al. 2015). The strategy of using green NPs as an adjuvant 
to antibiotics is to acquire toxic- free antimicrobials as the minimum criteria (Slavin et al. 2017).

It is encouraging to know that research is focused recently on microbial and plant assisted NPs 
in combination with antibiotics, considering them as least toxic to mammalian cells. Formerly, 
many reports and reviews are available on green synthesized NPs using various plant and microbial 
sources (Abdelghany et al. 2018), but very few are available solely on combinational therapy of 
green synthesized NPs as an adjuvant to antibiotics. Some selected examples of synergism between 
phyto- nano conjugates and antibiotics for antimicrobial activity is given in Table 5.5.

Some other examples including combination effects of silver nanoparticles with cinnamaldehyde  
and eugenol, Se- NPs with quercetin, Au- NPs and Ag- NPs with resveratrol have been reported with  
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irreversible membrane damage against Gram- positive and Gram- negative bacteria (Huang et al.  
2016; Park et al. 2016). When metallic NPs are administered at therapeutic dose, they are not toxic  
by themselves, as there is daily requirement of metals for our body (Akter et al. 2018). But toxicity  
may arise due to agents in the chemical synthesis. There is a recent review by Khan et al. focusing  
on the toxicity associated with chemical methods and properties of NPs. To overcome the toxicity  
issue, green nanotechnology can be an undeniable approach as it does not employ any synthetic  
reagents (Vasanth et al. 2017).

Nanoparticles (NPs) and plant- based antimicrobial therapies need a better perceptual view for a 
rational design of NP and plant- based antimicrobials. Expectantly, green nanotechnology and their 
combinational therapies with antibiotics have recently been employed as modern methodology in 
standardized protocols, to provide alternate mechanisms against MDR (Multiple Drug Resistance) 
bacteria (Mostafa et al. 2018). Green NPs with antibiotics carry numerous moieties in one scaffold; 
where the bacteria cannot develop multiple gene mutations simultaneously in the same micro-
bial cell (Plank, 2009). Thus, this combinational approach can command and modify molecular 
structures at the nano- scale to attain smart, targeted and controlled delivery in an economical way 
through securing natural microbiome.

5.10  LIMITATIONS AND FORTHCOMING CONTESTS OF 
NANOPARTICLES (NPS)

Regardless of the anticipated potential of NPs for medical applications, there are still several 
limitations related with their acute and long- term exposure in humans. Several routes of exposure 
must be considered when evaluating NPs exposure, such as oral and gastrointestinal tract, dermal, 

TABLE 5.5
Synergism Between Phyto- Nanoconjugates and Antibiotics for Antimicrobial Activity

Nanoparticle Plant constituent Antibiotic Targeted bacteria

Ag NP Corn leaf waste of Zea mays 
extract

Kanamycin and rifampicin Bacillus cereus, Escherichia coli, 
Staphylococcus aureus, Listeria 
monocytogenes, and Salmonella 
typhimurium

Ag NP Gum kondagogu Ciprofloxacin, streptomycin, 
and gentamicin

Gram- positive (Staphylococcus aureus) and 
Gram- negative

(E. coli, Pseudomonas aeruginosa)
Au NP Aqueous extracts of outer 

oriental melon peel (OMP) 
and peach

Kanamycin and rifampicin E. coli, S. aureus

Cu NP Green tea (Camellia 
sinensis) and 
β- cyclodextrin

Ampicillin, amoxicillin, 
gentamicin and 
ciprofloxacin

E. coli (Gram- negative rods), S. typhi (Gram- 
negative rods), Micrococcus luteus (Gram- 
positive cocci) and Streptococcus mutans

Ag NP Flower broth of Tagetes 
erecta

Commercial antibiotics Gram- positive (Staphylococcus aureus and 
Bacillus cereus), Gram- negative (E. coli 
and Pseudomonas aeruginosa) bacteria

Ag NP Adiantum philippense extract Amoxicillin MRSA
Ag NP Leaf extracts of Ficus virens streptomycin Gram- positive (Bacillus subtilis, 

Staphylococcus epidermidis, Enterococcus 
faecalis) and three gram- negative 
(Klebsiella pneumoniae, Vibrio cholera 
and Vibrio vulnificus)

(Ruddaraju et al. 2020)
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respiratory system and endovenous administration directly to the bloodstream (De Matteis, 2017). It 
is well known also that the physicochemical properties of NPs (e.g., size, shape and surface chemistry) 
affect their interaction with biological systems, influencing cellular uptake, pharmacokinetics and 
bio- distribution, all with a direct impact on final biological effects (Warheit, 2018; Prasad et al. 2016; 
Srivastava et al. 2021). This poses a major concern to effectively draw critical conclusions on NPs’ 
safety due to the vast number of different types/ shapes/ surface modified nanoparticles, the different 
methods used to evaluate their safety and environmental effects and also by the fact that most of these 
under in vitro/ in vivo studies present acute studies rather than long- term exposure (Xia et al. 2016).

Several studies have shown that intravenously injected NPs accumulate in the colon, lung, bone- 
marrow, liver, spleen and lymphatics (Hagens et al. 2007). Inhalation has also been shown to cause 
cytotoxicity in lung, liver, heart and spleen through systemic circulation (Leucuta, 2013). This is 
of particular relevance for small NPs because of efficient cellular uptake and transcytosis across 
epithelial and endothelial cells into the blood and lymphatic circulation. Several NPs systems have 
demonstrated toxicity in multiple organs, such as free radical- mediated oxidative stress generated 
by the interaction of antimicrobial NPs with cell components that can result in hepatotoxicity and 
nephrotoxicity (De Jong and Borm, 2008).

Nevertheless, these in vivo and in vitro studies have been providing clues to the specific 
mechanisms by which NPs trigger an adverse effect enabling future surface modification of NPs 
to make them safer and less toxic (De Matteis, 2017). These concerns relating to nano- safety have 
been addressed and implemented via European Commission FP7 and H2020- sponsored programs 
followed by some relevant conclusions issued by the US National Academy of Science Committee 
on Research Progress of Environmental Health and Safety Aspects of Engineered Nanomaterials 
(Warheit, 2018).

Due to the 3Rs (Replacement, Reduction and Refinement) policies of in vivo studies, the future 
challenge of Regulatory Agencies is the standardization of the in vitro methodologies to establish 
the toxicology profile of NPs based on good laboratory practice (GLP) and the construction of flex-
ible and reliable databases in which NPs are classified according to the data derived from these toxi-
cological investigations. Together, these efforts might provide information on the dosage at which a 
particular NP can be considered safe and thus appropriate for medical use.

5.11  CONCLUSION

All renowned antibiotic classes have earned notable resistance and monotherapy approaches have 
become limited in the landscape of MDR pathogens. As an alternative, researches have focused 
on the resistance mechanisms of bacteria and developed adjuvant therapy with antibiotics. This 
combinational approach can bypass bacterial resistance mechanisms, but due to adjuvant- antibiotic 
interactions, resistance is spreading further. In addition, the broad- spectrum activity of these com-
binations is affecting natural microbiome. Therefore, scientists have shifted their focus on nanotech-
nology as an interdisciplinary approach to target MDR bacteria.

NPs have the ability to modulate their physicochemical properties that grant novel molecules for 
effective bactericidal activity with feasible administration routes. Several methods are employed 
(physical, chemical and biological) to prepare NPs. Each method has its own pros and cons with the 
fore- most merit of resistance- free and principal demerits of heterogeneous (physical) and toxicity 
(chemical). Of all methods, the biological method may satisfy the criteria of resistance- free and 
homogenous NPs with limited toxicity. Thus, it is a reverse brain drain of plants and metals in nano 
forms, as green NPs work against MDR bacteria through targeted delivery with no resistance and 
toxicity. In spite of NPs efficacy as antimicrobials with a targeted approach, our world cannot ignore 
antibiotics as they have proved their outstanding performance in antibacterial activity since the 20th 
century. Thus, a combination of antibiotic with greener NPs can be a paradigm shift to deliver the 
optimum concentration of drug at the target place, by bypassing resistance mechanisms of bacteria. 
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In addition, adopting greener NPs as drug delivery vehicles can be a toxic- free approach with fewer 
administration frequencies along with biocompatibility.
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6.1  INTRODUCTION

The essential oil market in the countries in the Asia Pacific region is expected to grow at a fast 
pace. Various factors may facilitate this like favorable weather, availability of labor, and the avail-
ability of sufficient quantities of raw materials. A change in shift in preferences among customers 
toward the use of healthier and more nutritious food may provide lucrative growth opportunities. 
Large consumer demand for the skincare market along with the enhanced demand for fragrances 
is expected to boost the demand for essential oils. In the year 2021 the essential oils market was 
US$ 11,768.6 million globally. The market is predicted to touch 24,731.60 million US$ by 2030, 
growing with an annual growth rate of 8.1% from 2022 to 2030 [1]. The prospect of essential oils 
and other phytochemicals against SARS- CoV- 2 was reviewed by Hensel et al. 2020 [2, 3]. The 
possible mechanism of action of phytochemicals and their components is reviewed by Barkat et al. 
(2022) [4].

Essential oils (EO) are complex mixtures of low molecular compounds found in various plants. 
These oils are produced by more than 17,500 species of plants and 300 of them are commercialized. 
EOs may include hundreds of different metabolites belonging to various chemical classes. 
Terpenoids and phenylpropanoids form the major constituents of the essential oils. In addition to the 
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aromatic and aliphatic constituents, monoterpenes, sesquiterpenes and their oxygenated derivatives 
are the largest group of entities in essential oils. The overall activity may be due to a combination 
of molecules. Essential oils find various applications in health, pharmaceuticals and cosmetic and 
food industries. The biological properties exhibited by essential oils include antibacterial, antifungal, 
antiviral, anti- mutagenic, anticancer, antioxidant, anti- inflammatory, immunomodulatory and 
anti- protozoal properties. The emergence of drug resistant strains of pathogens, increase in the 
immune- compromised population and limitations of the available drugs have encouraged people 
to use the complementary and alternative therapies, including the use of essential oils. Secondary 
metabolites which are synthesized by plants in response to attack by bacteria, fungi, viruses, and 
insect pests constitute a complex mixture of essential oils. These small molecule metabolites alone 
and in combination possess significant medicinal properties; hence, they may be used for chemo-
therapy of infectious as well as non- infectious diseases [5– 7]. The traditional systems of medicine 
like ayurveda use a number of plants against viral diseases in humans. Essential oils may con-
tain hundreds of different metabolites belonging to various chemical classes like monoterpene 
hydrocarbons (p- cymene, limonene, α- pinene and - terpinene), oxygenated monoterpenes (cam-
phor, carvacrol, eugenol and thymol), diterpenes (cembrene C, kaurene and camphorene), sesqui-
terpene hydrocarbons (germacrene D, caryophyllene and humulene), oxygenated sesquiterpenes 
(spathulenol, caryophyllene oxide), monoterpene alcohols (geraniol, linalool and nerol), sesquiter-
pene alcohol (patchoulol), aldehydes (citral, cuminal), acids (geranic acid, benzoic acid), ketones 
(acetophenone, benzophenone), lactones (bergapten), phenols (thymol, eugenol and catechol), esters 
(bornyl acetate, ethyl acetate) and coumarins (fumarin, benzofuran). The overall activity may be due 
to a combination of molecules [8– 10].

6.2  ANTIVIRAL PROPERTIES OF ESSENTIAL OILS

Essential oils possess antiviral properties against herpes simplex virus type 1 (HSV- 1) and type 2 
(HSV- 2), HIV, HPV, Hepatitis B, Hepatitis C, dengue virus type 2, influenza virus, adenovirus type 
3, Zika virus, SARS- CoV- 2 virus, poliovirus, Japanese encephalitis and coxsackievirus B1(Figure 
6.1). The potential of essential oils as antivirals is reviewed by Swamy et al. (2016) [8], da Silva et 
al. (2020) [9], Sharifi- Rad et al. (2022) [10], Corrêa et al. (2022) [11], Jadhav and Karuppayil (2021) 
[12], Tomas et al. (2022) [13]. Reviews by Ma and Yao (2020) [5] and da Silva et al. (2020) [9] pro-
vide an overview on the antiviral efficacy of essential oils from various plants and their components, 
as well as their mechanisms of action. The roles of individual components relative to the overall 
antiviral efficacy of essential oils, together with the antiviral activity of essential oils in comparison 
with commercial drugs are discussed [5, 9] (Table 6.1 and Table 6.2).

6.2.1  sArs- cov- 2

Anuj Kumar et al. (2020) [14] reported metabolites, namely ursolic acid, carvacrol and oleanolic  
acid as the potential inhibitors against main protease (Mpro) of COVID- 19. It was found that these  
three ligands bind to protease [14]. Furthermore, these molecules possessed stable and favorable  
energies causing strong binding with the binding site of Mpro protein. The three molecules have  
passed the ADME (Absorption, Distribution, Metabolism, and Excretion) tests as well as Lipinski’s  
rule of five. The study provides a basic foundation and suggests that the three phytochemicals could  
serve as potential inhibitors in regulating the Mpro protein’s function and controling viral replication. 
Using molecular docking, Thuy et al. (2020) [15] report the inhibitory effect of garlic oil  
components on the human receptor, angiotensin- converting enzyme 2 (ACE2) protein. Seventeen  
organic sulfur compounds of the garlic essential oil exhibited interactions with the amino acids  
of the ACE2 protein and the main protease of SARS- CoV- 2. Strong anti- coronavirus activity was  
shown by allyl disulfide and allyl trisulfide, which account for 51.3% in the garlic essential oil.  
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These results suggest that the garlic essential oil may be a valuable source with antiviral compounds  
[1]. Domingues et al. (2022) developed the Essential Oils- Loaded Electrospun Fibrous Mat Mask to  
protect against Escherichia Virus MS2, Surrogate of SARS- CoV- 2 [16].

The essential oil sage, Salvia officinalis, is reported to be active against SARS CoV- 2 at IC 50, 
870 mg/ ml [17]. Based on in silico docking studies on main protesase of SARS- CoV- 2, Bouchentouf 
and Noureddine report that Nigelledine and alpha Hedderin from Nigella Sativa as new Potential 
Inhibitors SARS- CoV- 2 [18]. These molecules exhibited a better energy score than that exhibited by 
Hydroxychloroquine and Flavipiravir. Sharma and Kaur (2020) reported inhibition of SARS CoV2, 
main protease Mpro through a molecular docking study. They suggest that Eucalytol may represent 
a potential treatment option [19].

Da Silva et al (2020) (5) carried out a molecular docking analysis using 171 essential oil  
components with SARS- CoV- 2 main protease (SARS- CoV- 2 Mpro), SARS- CoV- 2 endoribonuclease  
(SARS- CoV- 2 Nsp15/ NendoU), SARS- CoV- 2 ADP- ribose- 1″- phosphatase (SARS- CoV- 2 ADRP),  
SARS- CoV- 2 RNA- dependent RNA polymerase (SARS- CoV- 2 RDRP), the binding domain of  
the SARS- CoV- 2 spike protein (SARS- CoV- 2 rS), and human angiotensin−converting enzyme  
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FIGURE 6.1 Antiviral activity of essential oil components.
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TABLE 6.1
Antiviral Activities of Essential Oil Components

Essential Oil 
Components Struture Assay Name of Virus IC50 (μg/ mL) Reference

(E)−Anethole Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 20 [54]

Camphor Plaque reduction 
assay (Vero 
cells),

HSV- 1 2600 [55]

Carvacrol MTT assay 
(Mardin−Darby 
bovine kidney 
(MDBK) cells,

HSV- 1 48.6 [56]

β- Caryophyllene Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 0.25 [56]

Caryophyllene 
oxide

Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 0.7 [56]

1,8- Cineole Plaque reduction 
assay (Vero 
cells),

HSV- 1 1800 [55]

1,8- Cineole Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 1200 [54]

p- Cymene In vitro antiviral 
assay

Influenza, HSV- 
1, HSV- 2, 
ECHO 9, 
Cox B1, 
Polio 1, 
Adeno 6

>500 [57]
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Essential Oil 
Components Struture Assay Name of Virus IC50 (μg/ mL) Reference

p- Cymene Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 16 [57]

α- Pinene Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 4.5 [54]

β- Eudesmol Plaque reduction 
assay (Vero 
cells),

HSV- 1 6 [54]

Eugenol Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 35 [54]

Eugenol Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 25.6 [58]

Farnesol Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 3.5 [59]

Citral (Geranial +  
Neral)

Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 3.50 [60]

Isoborneol Plaque reduction 
assay (Vero 
cells),

HSV- 1 <1000 [61]

Thymol Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 30 [54]

Terpinen- 4- ol , Influenza, HSV- 
1, HSV- 2, 
ECHO 9, 
Cox B1, 
Polio 1, 
Adeno 2

25 (influenza) 
>50 (others)

[57]

(continued)

TABLE 6.1 (Continued)
Antiviral Activities of Essential Oil Components
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Essential Oil 
Components Struture Assay Name of Virus IC50 (μg/ mL) Reference

Terpinen- 4- ol Plaque reduction 
assay (Vero 
cells),

HSV- 1 60 [54]

α- Terpineol Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 22 [54]

Terpinolene In vitro antiviral 
assay

Influenza, HSV- 
1, HSV- 2, 
ECHO 9, Cox 
B1, Polio 1, 
Adeno 3

12 (influenza) 
>12 (others)

[57]

Thujones (α & β) Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 400 [55]

γ- Terpinene Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 7 [54]

γ- Terpinene In vitro antiviral 
assay

Influenza, HSV- 
1, HSV- 2, 
ECHO 9, Cox 
B1, Polio 1, 
Adeno 5

>120 [57]

α- Terpinene Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 8.5 [54]

Nerolidol (natural) Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 4.2 [60]

TABLE 6.1 (Continued)
Antiviral Activities of Essential Oil Components
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Essential Oil 
Components Struture Assay Name of Virus IC50 (μg/ mL) Reference

Nerolidol 
(synthetic)

Plaque reduction 
assay (RC- 37 
cells),

HSV- 1 1.5 [60]

Piperitenone oxide Plaque reduction 
assay (Vero 
cells)

HSV- 1 1.4 [61]

(E)- Cinnamaldehyde Virus growth 
assay in vitro 
and In vivo

Influenza type 
A (H1N1) 
virus

70% at a 
concentration 
of 0.53% after 
3 h

[62]

(E)- Cinnamaldehyde in vivo in a mouse 
model

H1N1 89% inhibition [62]

Citral (Geranial +  
Neral)

In vitro antiviral 
assay

YFV 17.6 [63]

p- Cymene In Vivo assay in 
nice

H1N1 Inactive [64]

Germacrone In vitro antiviral 
assay

Influenza type 
A (H1N1) 
virus

1.22– 1.55 [65]

Germacrone In vitro antiviral 
assay

Influenza type 
A (H3N2) 
virus

0.34 [65]

Germacrone In vitro antiviral 
assay

Influenza type 
B virus

1.38 [65]

(continued)

TABLE 6.1 (Continued)
Antiviral Activities of Essential Oil Components
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Essential Oil 
Components Struture Assay Name of Virus IC50 (μg/ mL) Reference

Octanal In vitro antiviral 
assay

Influenza type 
A (H1N1) 
virus

15 [65]

Patchouli alcohol Plaque reduction 
assay

Influenza type 
A (H1N1)

89% inhibition 
at 10 μg/ mL

[66]

Patchouli alcohol in vitro, in vivo 
and in silico.

Influenza type 
A (H2N2)

0.89 [66]

Patchouli alcohol in vitro, in vivo 
and in silico.

Influenza type 
A (H2N2), 
in vivo test 
using a 
mouse model

70% survival 
rate at a dose 
of 5 mg/ (kg 
day)

[67]

α- Terpinene In vitro antiviral 
assay

Influenza, HSV- 
1, HSV- 2, 
ECHO 9, 
Cox B1, 
Polio 1, 
Adeno 4

>12 [57]

α- Terpinene In vitro antiviral 
assay

Influenza type 
A (H1N1) 
virus

Inactive [64]

γ- Terpinene In vitro antiviral 
assay

influenza type 
A (H1N1) 
virus

inactive [66]

Thymol In vitro and in 
vivo assay

Influenza type 
A (H1N1) 
virus

Active [64]

2- Undecanone In vitro antiviral 
assay

influenza type 
A (H1N1) 
virus

62 [62]

TABLE 6.1 (Continued)
Antiviral Activities of Essential Oil Components
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(hACE2). Sesquiterpene hydrocarbon (E)- β- farnesene has been shown to have binding affinity with  
SARS- CoV- 2 Mpro. The best binding affinity for ligands includes (E,E)- α- farnesene, (E)- β- farnesene  
and (E,E)−farnesol with SARS- CoV Nsp15/ NendoU. (E, E)−Farnesol also binds with SARS- CoV- 2  
RDRP efficiently [9].

6.2.2  Hsv1

Minami et al. (2003) report the efficacy of lemongrass oil against HSV- 1 infection. The topical use 
of essential oils, especially lemongrass, is recommended by these authors for the treatment of recur-
rent ocular and dermal infection with HSV- 1 [20]. Alpha- pinene and alpha - terpineol revealed the 
highest selectivity index against HSV1 [21]. Peppermint oil exhibited high levels of virucidal activity 
against HSV- 1 and HSV- 2. At noncytotoxic concentrations of the oil, plaque formation was signifi-
cantly reduced by 82% and 92% for HSV- 1 and HSV- 2, respectively. Peppermint oil reduced titers 
of herpes viruses by more than 90%. Herpes viruses were significantly inhibited when pretreated 
with the essential oil prior to adsorption. Peppermint oil affected the virus before adsorption, but not 
after penetration into the host cell. This oil was active against an acyclovir resistant strain of HSV- 1 
(HSV- 1- ACVres). Plaque formation was significantly reduced by 99%. These authors opined that 
peppermint oil might be suitable for topical therapeutic use as a virucidal agent in recurrent herpes 
infection [22]. The envelope of HSV- 1 was disrupted when treated with oregano (O. vulgare) oil and 
clove (S. aromaticum) oil. Eugenol (4- ydroxyl- 3- methoxy- allyl- benzene), the main component of 
clove oil, was shown to be a very effective against HSV- 1 and HSV- 2. Eucalyptus oil is reported to 
suppress HSV 1 virus multiplication by 96% [22].

Mieres- Castro et al. (2021)[23] reported that molecular mechanisms involved in the antiviral 
activity by the direct binding of monoterpenes with free viruses, particularly with viral proteins 
involved in the entry and penetration of the host cell, thus avoiding viral infection [23].

TABLE 6.2
Molecules from Essential Oils Inhibiting Various Viruses [1, 5]

Name of Molecules Antiviral property

Beta Tujone, linalool, Myrcene, Carvacrol, Beta caryophellene, bicyclogermacrene, 
alpha Phellandrene, p cymene, germacrene, D., alpha Pinene, estragalol, eugenol, 
Farnesol, Limonene, Trans- antheol, β- Eudesmol, Trans- anethole, Thymol, р- Cymene, 
(E)−Anethole Camphor Carvacrol, Caryophyllene oxide,1,8- Cineole,β- Pinene, β-  
Eugenol Isoborneol, Nerolidol (natural) Nerolidol (synthetic) α- Pinene,Piperitenone 
oxide, α- Terpinene, γ- Terpinene Terpinen- 4- ol Terpinen- 4- ol,Terpinolene, Thujones. 
Inhibitor of Acylovir resistant HSV 1: Carvacrol

Inhibitors of HSV 1

Myrcene, beta caryophellene, citral, Caryophellene oxide, Camphor, citranellal Inhibitors of Avian influenza 
virus (AIV subtype H9N2)

Pachulol, alpha gurjunene, alpha guaine,aromadendrene,beta pachoulene. Patchouli 
alcohol

Inhibitors of Influena virus H2N2

Carvacrol Germacrone, Germacrene, Eugenol, β- Santalol I(E)- Cinnamaldehyde  
Eugenol Octanal, Patchouli alcohol

Inhibitors of IFV- A (H1N1)

Germacrene, Santalol Inhibitors of IFV – A (H3N2)
Citral Inhibitor of Yellow fever virus
B caryophellene Inhibitor dengue virus:
Thymohydroquione dimethly ether Inhibitor of Zikka Virus
Thymol and Carvacrol Inhibitors of SARS- CoV- 2 Main 

protease
Isothymol,Thymol, Limonene, P- cymene, gama terpinene Inhibitors of ACE2
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Tea tree oil has been shown to inhibit replication of the Herpes simplex virus by 96% [24]. Β 
caryophyllene inhibited the propagation of HSV1 with IC50 and SI values of 0.25 μg/ mL and 140 
μg/ mL, respectively. The plants which contain β caryophyllene include pepper, cannabis, oregano, 
cloves and cinnamon. A wide range of common components in essential oils have been screened 
for their anti- herpes activities and all exhibited high antiviral activities at the concentration range 
of 0.025- 0.8 μg/ mL [5]. Germacrone was shown to effectively inhibit multiple strains of feline 
Calici viruses and nonenveloped RNA viruses. These results suggested that Germacrone, a major 
component from the rhizome curcuma, could be used as a promising broad spectrum therapeutic 
agent. 1,8- cinole and Eugenol are effective against HSV 1 [12– 13]. Several phenyl propanoids and 
sesquiterpenes including eugenol, trans- anethole, β- eudesmol, β- caryophyllene, and farnesol, which 
are present in essential oils, also have antiviral properties against HSV [25].

6.2.3  influenzA

Essential oils from Umbelliferae, Labiatae, Myrtaceae, Thymus vulgaris, Cinnamomum zeylanicum, 
Citrus bergamia are reported to show high antiviral efficacy [26]. An EO- derived molecule, 
Germacrone, is among the most effective against IFV which may be due to its broad spectrum of 
mechanism of action by inhibiting multiple steps of viral replication [27]. β- Santalol was investigated 
for its activity against influenza A/ HK (H

3
N

2
) virus. β- Santalol exhibited anti- influenza activity of 

86% with no cytotoxicity at a concentration of 100 μg/ ml. Oseltamivir showed an antiviral activity 
of 83% against A/ HK (H3N2) virus at 100 μg/ ml. The presence of 100 μg/ ml of β- santalol caused 
inhibition of late viral RNA synthesis compared with oseltamivir [28].

The in vitro and in vivo anti- influenza activities of Maqian essential oil and its major ingre-
dient, d/ L- limonene, were assessed against Influenza A Virus H1N1 [29]. Virucidal activity was 
also investigated of D- limonene, the major terpene in essential oils of C. xaurantium, and its 
enantiomer L- limonene [30]. A mixture of the of the essential oils of eucalyptus, Cinnamom 
zyleanicum, Rosmarinus, Daucus carota and Camelina satiava oil significantly reduced H

1
N

1
 titer 

after 60 minutes of exposure [31]. Sood et al. (2009) studied crude extracts of leaves and bark of 
E. jambolana for antiviral activity against a highly pathogenic strain of avian influenza virus (H5N1) 
[32]. The cold and hot aqueous extracts of bark and hot aqueous extract of leaves of E. jambolana 
showed 100% inhibition. Choi et al. (2011) evaluated the effect of quercetin 3- rhamnoside (Q3R) 
on influenza A/ WS/ 33 virus infected mice [33]. Significant decreases in weight loss and decreased 
mortality in mice was observed by treatment of Q3R orally (6.25 mg/ kg per dose) after influenza 
virus infection was exhibited. Lung virus titers of mice killed after infection were about 2000 times 
lower than that of control mice and about two times lower than that for the oseltamivir treated mice. 
Development and progression of pulmonary lesions were also delayed by the administration of 
Q3R. This suggests that Q3R could be an attractive lead for the development of agents against influ-
enza virus. Choi et al. (2018) found that 11 of the 62 essential oils (100 μg/ mL) tested possessed 
anti- influenza activity > 30%. Marjoram, clary sage and anise oils exhibited anti A/ WS/ 33 virus 
activity of > 52.8%. Clary sage and anise essential oils were the most effective. All the three oils 
contained linalool, suggesting that this may have anti- influenza activity [33].

6.2.4  Hiv

Salehi et al. (2018) [34] has reviewed the use of 717 species of plants against human immunodefi-
ciency virus [34]. Of these, several plant species have shown remarkable anti- HIV activity, espe-
cially Artemisia annua, Garcinia edulis, Justicia gendarussa, Phyllanthus pulcher, Rhus chinensis, 
Smilax corbularia, Terminalia paniculata and Tuberaria lignose. Activities against HIV- RT, HIV- 
PR, and HIV- IN are reported for 206, 254 and 43 species, respectively. About 390 species of plants 
are studied for enzyme inhibition activity against HIV [34].
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Antiviral activity of ethanol extracts of the Alpinia eremochlamys leaves, pseudostems, and 
rhizomes parts on HIV- infected MT- 4 cells is reported [35].

The essential oil of Cymbopogon nardus is found to inhibit HIV1 reverse transcriptase with a 
IC50 value of 1.2 mg/ mL. Thymus vulgaris, Cymbopogon citratus and Rosmarinus officinali essen-
tial oils effectively inhibited HIV1 Tat/ TAR RNA interaction with an IC50 ranging from 0.05 to 
0.83 μg/ mL [36].

Bicchi et al. (2009) reported the HIV 1 inhibitory properties of the essential oils of Ridolfia 
segetum and Oenanthe crovata [37]. Mediouni et al. (2020) found that the most abundant 
components of oregano oil, carvacrol and its isomer, thymol, are shown to block virus- target cell 
fusion while not perturbing other stages of the virus life cycle. The changes in virus particle density 
were observed since cholesterol depletion from the HIV- 1 envelope membrane reduces virus entry. 
Furthermore, infection was rescued by adding exogenous cholesterol. Key motifs of carvacrol and 
thymol neutralized HIV and identified previously unknown active analogs. Oregano oil components 
carvacrol and thymol analogs could be considered to supplement current HIV therapeutics [38].

6.2.5  dengue

Castro et al. (2015) reported that all DENV proteins are potential targets for docking by essential 
oil components which showed significant docking: (- )- α- copaene, (+ )- α- copaene, β- bourbonene,  
(- )- germacrene D, (+ )- germacrene D, (- )- spathulenol, (+ )- spathulenol, β- caryophillene, caryophillene 
oxide and (+ )- epibicyclosesquiphellandrene. β- caryophyllene showed promising antiviral activity 
at a concentration of 22.5 ± 5.6 µM [39]. Qadir et al. (2015) reviewed anti- dengue activities of 
plants from around the globe. Sixty- nine studies from 1997 to 2012 and 31 species from 24 families 
possessed anti- dengue activities. Ten phytochemicals have been isolated from 11 species, among 
which are compounds with the potential for development of dengue treatment [40].

6.2.6  cHikungunyA

Kothandan and Swaminathan R (2014) [41] studied the in vitro cytotoxicity of the extracts of Hyptis 
suaveolens in vero cells for the determination of maximum non- toxic concentration and in vitro anti 
chikungunya activity. Hyptis suaveolens aqueous and aqueous ethanolic extracts partially inhibit the 
virulence of the Asian strain of chikungunya virus. Of all the three plants tested for antiviral activity 
against two lineages of chikungunya virus, Hyptis suaveolens was found to be effective against the 
Asian strain of chikungunya virus [41].

[6]- gingerol has antiviral activity against CHIKV infection in in vitro human hepatocyte HepG2 
cells. The antiviral activity mechanism was investigated using direct virucidal and four indirect 
(pre- , post- , full- , and prevention) treatment assays. [6]- Gingerol showed weak virucidal activity but 
significant indirect antiviral activity against CHIKV through post-  and full treatment with of 0.038 
mM and 0.031 mM, respectively, without showing cell cytotoxicity (Hayati et al. 2021) [42].

6.2.7  HPv

Li et al. (2018) [43] investigated the effects of dehydrocostus lactone on the cell growth and apop-
tosis of recombinant human papilloma virus (HPV)- 18 [43]. The HPV- 18 genome was transfected 
into HaCaT cells, which were used for analysis. Dehydrocostus lactone reduced the cell proliferation 
and induced apoptosis of HPV- 18 HaCaT cells. On treatment with dehydrocostus lactone, caspase- 
3/ 9 activities and the protein expression of Bcl- 2- associated X and p53 in HPV- 18 HaCaT cells were 
significantly increased and cyclin D1 protein expression was suppressed. Dehydrocostus lactone 
upregulated the expression of phosphatase and tensin homolog and inhibited the phosphatidylinositol 
3- kinase (PI3K)/ Akt signaling pathway in HPV- 18 HaCaT cells. Dehydrocostus lactone may 
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suppress cell growth and induce apoptosis in recombinant HPV- 18 HaCaT cells via the PI3K/ Akt 
signaling pathway [43].

A study by Moutinho et al. (2018) [44] addressed the effects of two nutraceuticals on the expres-
sion of COX2 and tumor- associated inflammation in human papillomavirus type 16 (HPV16)- 
transgenic mice. Six- week- old FVB/ n mice were administrated with rutin or curcumin. Both the 
compounds reduced leukocytic infiltration, but neither prevented epidermal dysplasia. COX2 expres-
sion in HPV16- induced lesions may be modulated by nutraceuticals, reducing tumor- associated 
inflammation [44].

6.2.8  zikA virus

The medicinal plant Ayapana triplinervis essential oil and its component thymohydroquinone 
dimethyl inhibited propagation of the Zika virus [45]. Assays were performed on human epithe-
lial A549 cells infected with either GFP reporter Zika virus (ZIKV) or viral strain. Acute toxicity 
of THQ was studied in Zebra Fish. ZIKV infection was inhibited by the essential oil and THQ in 
human cells with IC

50
 values of 38 and 45 µg/ mL, respectively. At the non- cytotoxic concentrations, 

essential oil and THQ reduced virus propagation by 3- log. This study revealed that THQ could act 
as a viral entry inhibitor. At the antiviral concentration, THQ injection in zebrafish did not cause any 
signs of stress and effect on fish survival, demonstrating the absence of acute toxicity for THQ [45].

Lippia alba is a species widely used in folk medicine for various health treatments. Essential 
oil from L. alba and its major compound β- caryophyllene were examined for its antiviral activity 
against ZIKV in vitro and in silico. In addition, the larvicidal activity on the Aedes aegypti and 
Aedes albopictus larvae of the third instar was investigated. Anti- zika activity of these products was 
determined at different stages of ZIKV infection and replication cycle [46].

6.2.9  HePAtitis virus

Parvez et al. (2016) reviewed the efficacy of molecules of plant origins like flavonoids (e.g., 
Vogonin), terpenes (e.g., Artemisinin), alkaloids (e.g., Oxymatrine), polyphenolics (e.g., geraniin), 
saponins (e.g., Astragaloside IV) and lignans (e.g., Helioxanthin) against HBV in vitro as well as in 
vivo. These compounds possessed different and overlapping mechanisms of action like inhibition of 
viral antigens or suppression of DNA replication [47].

Chaieb et al. (2007) studied the biological activity of clove, Eugenia caryophyllata on Hepatitis 
C virus. In addition to antiviral activity, clove essential oil possesses anti- inflammatory, cyto-
toxic, insect repellent and anesthetic properties [48]. Giraud- Robert (2005) conducted a study on 
patients who were chronic carriers of Hepatitis C. Essential oils such as ravintsara, Labrador tea, 
carrot seed, thyme, thujanol, laurel, niaouli and helichrysum were used orally either in mono-
therapy or as a complement to allopathic treatment. In patients with Hepatitis C virus (HCV), 
treated with essential oils, tolerance and response to treatment was improved. For patients with 
HCV treated with monotherapy (essential oils), an improvement in hepatitis was noted in 64% of 
the cases [49]. Nanoemulsion formulations (NE) of Jasminum humile and Jasminum grandiflorum 
EO were prepared and examined for their cytotoxic and antiviral activities. NE characterization 
and stability examination tests were performed to ensure formula stability. The antiviral activity 
was determined against hepatitis A (HAV) and herpes simplex type- 1 (HSV- 1) viruses using MTT 
assay [50].

Quercetin is a natural flavonoid, which has been shown to have anti- HCV properties [51]. The 
mode of action of quercetin on HCV life cycle are not clearly understood. These workers have 
studied the effect of quercetin on various steps in the HCV life cycle in Huh- 7.5 cells and primary 
human hepatocytes (PHH) infected with HCV. Quercetin treatment caused considerable decrease in 
the viral genome replication, production of infectious HCV particles and specific infectivity of the 
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newly produced viral particles by 85% and 92%, Huh7.5 and PHH respectively. When treated directly 
on HCV particles, quercetin reduced their infectivity by 65%, suggesting that it affects the integ-
rity of the virion. Quercetin inhibited HCV- induced up- regulation of diacylglycerol acyltransferase 
(DGAT) and the typical localization of the HCV core protein to the surface of lipid droplets, which 
is known to be mediated by DGAT [51].

6.2.10  JAPAnese encePHAlitis virus

Roy et al. (2015) [52] extracted Ajwain oil and in vitro cytotoxicity assay was performed in vero 
cell line [52]. In vitro antiviral activity of Ajwain oil was quantified by the plaque reduction neu-
tralization test (PRNT). Cytotoxic concentration of the oil was 1 mg/ ml. The titer of the virus pool 
was 50×107 PFU/ ml. These researchers observed 80% and 40% virus inhibition in 0.5mg/ ml of 
Ajwain oil [52]. The antiviral activity of citronella essential oil against Japanese encephalitis virus 
is reviewed by Sharma et al. (2019) [53].

6.3  CONCLUSIONS AND FUTURE PROSPECTS

Limited literature is available on the antiviral properties of essential oils and little information on 
their components. More than 123 essential oils have been shown to possess antiviral properties. 
Even though the essential oils are reported to possess antiviral properties, because of the variations 
in the composition, reproducibility of the results is questionable. As such, the use of components of 
essential oils is advisable. Around 45 essential oil components (EOC) are reported to exhibit anti-
viral properties. The molecular mode of action is rarely investigated. Most of the data is available 
on HSV viruses. Sixteen EOCs are reported to inhibit HSV 1 viruses followed by six molecules 
inhibiting HSV 2 virus and avian influenza virus (AIV subtype H9N2). Ten EOCs are known to 
inhibit various types of influenza viruses. Four EOCs are reported to inhibit Japanese encephal-
itis virus. Very few studies address the potential of EOCs as inhibitors of SARS- CoV- 2. A small 
percentage of the phytochemicals from plants are systematically investigated for their antiviral 
properties. The COVID- 19 pandemic has positively influenced the growth of the market of essen-
tial oils globally. Essential oils possess many bioactive properties including antiviral, antibacterial, 
antifungal, anticancer, immune boosting, antioxidant, anti- depressant and alleviating sleeping 
disorders properties. With the pandemic, enhanced awareness around the globe and health awareness 
have become important. Exploration of essential oils as sources of antivirals seems to be a good 
alternative. A coordinated effort from natural product chemists, organic chemists, phramacologists, 
clinicians and basic scientists may be necessary to take full advantage of the potential of essen-
tial oils. There is necessity for detailed scientific studies on the quality, pharmacological activities, 
safety and therapeutic benefits of essential oil components.
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7.1  INTRODUCTION

Sepsis is a life- threatening emergency and a major public health issue that influences millions of 
people across the world and it is one of the top causes of mortality [1]. It is a potentially life- 
threatening illness characterized by an organ malfunction because of a dysregulated host response 
to infection [2]. Furthermore, the prevalence rate of sepsis is escalating, which is likely due to 
population aging, increased comorbidity, and better detection of the syndrome [3]. Despite tremen-
dous progress in our knowledge of sepsis pathogenesis, multiple clinical studies have failed to find 
novel treatments capable of altering disease progression and outcome [4, 5]. It is vital to recognize 
sepsis as a medical issue since, in the absence of a specific treatment. Moreover, effective treatments 
need early infection management and organ support [6]. It is recommended that intravenous broad- 
spectrum antibiotics should be started immediately as feasible, ideally within an hour post sepsis 
diagnosis [7]. Various investigations on sepsis and septic shock have revealed that delaying anti-
biotic administration has adverse implications [8– 11].

Broad- spectrum antibiotics, despite their apparent benefits, can pose serious health risks, 
notably antibiotic- associated potential complications and life- threatening issues linked to anti-
microbial resistance [12– 14]. Multidrug- resistant (MDR) pathogen infections have expanded 
substantially around the world, restricting our therapeutic approaches. As a result, improving anti-
microbial efficacy while limiting the evolution of resistant strains during therapy is a real con-
cern in sepsis management. In this scenario, antimicrobial stewardship (AS) is a realistic sepsis 
management approach. It relies on multidisciplinary teamwork, and the adequacy, appropriate-
ness, and optimization of antimicrobial therapy [15]. AS teams, comprise pharmacists, infectious 
disease specialists, and microbiologists and are now the standard of care for patients diagnosed 
with sepsis. Pharmacodynamics (PD) and antimicrobial pharmacokinetics (PK) are indeed key 
factors to consider for better treatment outcomes. The individualized dose should be used instead 
of prescribed dosing in critically ill individuals. AS also entails the change to or suspension of a 
drug class, culminating in selective drugs and treatment shortening. This chapter highlights various 
critical factors that must be taken into consideration before the administration of antimicrobial 
therapy.

7.2  WHAT DETERMINES THE SUCCESS OF AN ANTIMICROBIAL THERAPY IN 
SEPSIS MANAGEMENT?

Early diagnosis of sepsis severity and timely administration of anti- sepsis antimicrobials are 
important elements in the success of antimicrobial therapy in sepsis management. The ability to 
ascribe organ dysfunction to infection is tricky for clinicians and involves a combination of extensive 
clinical information and sound clinical judgment. The Sequential Organ Failure Assessment (SOFA) 
score is a valuable tool for assessing organ dysfunction [2]. In addition, the quick SOFA (q- SOFA) 
score is useful to screen patients with infection and a substantial risk of death [16]. A retrospective 
examination of adult sepsis patients to see whether the one- hour target from Emergency Department 
(ED) triage to the administration of antibiotic treatment could be met [17]. Reportedly, non- specific 
symptoms at onset, the shift from triage to non- acute regions, and poorer SOFA scores were all 
individually linked to delayed antibiotic administration [17]. Further, there have been investigations 
focusing on the factors related to the patient and institutional policies that restrict early antibiotic 
administration [18– 20]. Furthermore, an earlier administration of antibiotics was done in patients, 
who received out- of- hospital care. These patients were then admitted to ED. In another study, the 
q- SOFA score at triage proved ineffective in detecting early sepsis [21]. Moreover, no improvement 
in the timing of the antibiotics regarding patient outcomes (diagnosed with bacterial infections) was 
observed [21]. Notably, antibiotic administration (even early administration) was done often for 
patients having a q- SOFA score of equal to or more than 2 in comparison to those having a q- SOFA 
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score of less than 2. Soon, emerging technology will help patients with suspected sepsis get a faster 
diagnosis and choose the best treatment [21].

Multi- professional collaboration and implementing programs to improve sepsis management 
are two viable methods for eliminating antibiotic delays. The appropriateness of antimicrobial 
therapy in sepsis has progressed due to educational and training programs targeted at improving 
sepsis management [22, 23]. Improved communication among medical workers and the deploy-
ment of automated electronic sepsis alert systems are also advantageous [24– 26]. Irrespective of the 
patient’s location, hospital administrative structures and alignments must be adjusted to allow the 
delivery of critical treatment procedures, particularly when patients are scheduled to be relocated 
to the Intensive Care Unit (ICU) [27]. In this context, the adoption of a “sepsis code” protocol has 
yielded great results [28]. A diligent pharmacist should include appropriate antibiotic distribution 
and immediate availability of the most commonly used antibiotics [29]. The accessibility of pre- 
mixed antimicrobial solutions was investigated to minimize the period between the first antimicro-
bial drugs being administered in the ED [30].

7.3  IS EMPIRIC ANTIMICROBIAL THERAPY A FEASIBLE OPTION FOR SEPSIS 
MANAGEMENT?

For improved patient outcomes, it is critical to prescribe an empiric antibiotic treatment that 
addresses the most likely microorganisms responsible. There is a substantial amount of research 
on the deleterious repercussions of inadequate empiric therapy in sepsis [10, 15, 27, 31– 34]. Thus, 
it is recommended that a single or a combination of broad- spectrum antibiotics against all poten-
tial infections should be used as the first line of defense [7]. Quite dismally, insufficient empiric 
therapy is still being prescribed [22, 33– 36]. Lower survival rates have been linked to the confluence 
of postponement and paucity of therapy. Reportedly, individuals with greater severity- of- illness 
(SOI) scores gain the most from effective antibiotic treatment. Further, in nearly 5,000 patients with 
septic shock, it was found that inadequate empiric antimicrobial therapy was linked to a five- fold 
decline in their survival (from 55% to roughly 11%) [11]. In a prospective observational study, the 
effect of delayed administration of antibiotics and their inefficiency on the survival of 342 patients 
was assessed (at the stage of septic shock) [32]. Conclusively, the patient survival was negatively 
affected by delayed administration of antibiotics as well as their inefficiency. This was regardless of 
patient characteristics or sepsis severity [32]. Another single- center retrospective cohort study was 
undertaken to determine adequate antimicrobial therapy as an outcome predictor in patients (2,594 
patients) with severe sepsis and septic shock [34]. As reported, adequate antimicrobial therapy was 
determined to be an important outcome predictor in patients with severe sepsis and septic shock. 
In conclusion, the authors suggested that enhanced empiric antimicrobial targeting for MDR bac-
teria, candida species, MRSA (methicillin- resistant Staphylococcus aureus), and Pseudomonas 
aeruginosa might strongly influence the diminished mortality in these patients (that arise from 
inappropriate antimicrobial treatment) [34].

When choosing an appropriate empiric antimicrobial therapy, make sure to include all possible 
microorganisms that are causing the infection. When selecting an initial antimicrobial therapy, con-
sider the factors associated with both the patient and the pathogen [15]. Age, weight, allergies, 
and other comorbidities are all issues to consider when treating a patient. Immunosuppressive 
therapy, chronic organ failure (such as hepatic or renal dysfunction), and antimicrobial therapy 
administered recently must all be taken into consideration. In addition, it is important to evaluate 
the risk associated with the MDR strains. These include exposure to the antibiotics, duration of stay 
in the hospital, hospitalization of the patient in recent times, use of invasive therapy; whether the 
patient was exposed to MDR strains previously, resistance trends, and so on [15].

Various methods to improve empiric antibiotic therapy in sepsis patients have been proposed. 
These include but are not limited to infectious diseases consultation (IDC), automated antibiotic 
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alerts (AAA), local antibiotic prescription guidelines (LAPG), and computerized clinical decision 
support systems (CCDSSs) [25, 26, 37]. Antibiotic empirical regimens that are prescribed must be 
established. Further, these antibiotic empirical regimens need to be upgraded for catering to indi-
vidual institutional healthcare protocols [26].

7.4  HOW IMPORTANT IS A COMBINATION ANTIMICROBIAL THERAPY FOR 
SEPSIS MANAGEMENT?

For a sustainable antibiotic stewardship strategy, customized empiric therapy is crucial. Minimizing 
antimicrobial resistance and drug- associated detrimental effects are the main objectives of the de- 
escalation programs. In addition, it is recommended that when the causative organisms and their 
susceptibility to an antibiotic are established, or when a positive clinical trend is evident, the spec-
trum of antibiotics should be shortened [7].

De- escalation therapy has been demonstrated to be a safe approach with reduced mortality rates 
in sepsis patients [38, 39, 40]. Reportedly, there was no evidence that the de- escalation had any prog-
nostic value in an observational study [41]. This study suggested that in cancer patients with severe 
sepsis (neutropenic), the de- escalation of empirical antibiotic therapy is often used in the ICU. Both 
the effectiveness of empiric antibiotic treatment and adherence to clinical recommendations were 
found to be independently related to the probability of de- escalation in this study [41]. Another 
study (randomized controlled trial) compared the effects of de- escalation over a continued empir-
ical antimicrobial treatment in patients diagnosed with severe sepsis [42]. An approach based on 
antibiotics led to a prolonged duration of stay in the ICU over the group and a continued empirical 
antimicrobial treatment. The mortality rate, however, was unaffected [42]. Even though antibiotic 
de- escalation is a safe strategy, its execution has been inconsistent across settings [43]. In chil-
dren diagnosed with sepsis (severe sepsis and septic shock), a multifaceted educational intervention 
reduced the time it took to administer antibiotics and even improved empirical antibiotic treatment 
in adult sepsis patients as reported in independent ABISS Edusepsis studies [22, 44]. These studies 
strengthen the notion that educational interventions can escalate the sepsis treatment approaches.

7.5  WHAT ARE THE STANDARD PRACTICES AND GUIDELINES FOR SEPSIS 
SAMPLE HANDLING AND DIAGNOSIS?

The proper collection of cultures from blood and the infection site is critical. The gold standard 
for detecting bacteremia is still blood cultures. Further, before commencing antimicrobial therapy, 
adequate cultures should be collected [7]. Optimization of antibiotic treatment is aided by the iden-
tification of the pathogen. This is followed by culture sterilization [7]. Procuring blood cultures 
can often cause antibiotic therapy to be delayed, thereby compromising outcomes for patients. The 
sensitivity of blood cultures collected soon after the commencement of antimicrobial therapy was 
investigated in a prospective study [45]. Therefore, procuring blood cultures before initial anti-
biotic therapy is recommended by this study [45]. In cases where this practice is not feasible, the 
individualized decision for prompt antimicrobial administration is advisable [45].

The time from the withdrawal of samples to culture findings may be exhaustive. Furthermore, 
getting sufficient samples might be challenging, and a large number of patients have negative results. 
By minimizing the time to directed therapy and swiftly detecting resistant species, technological 
improvements may boost the effectiveness of antimicrobial therapy. These include mass spectrom-
etry, polymerase chain reaction (PCR), the matrix- assisted laser desorption ionization- time of flight 
(MALDI- TOF), and next- generation sequencing (NGS). Unfortunately, these techniques are not 
commonly available, and clinicians must make an effort to translate findings into quick and appro-
priate interventions. These fast diagnostic tests should be used with prudence and in conjunction 
with educational and AS initiatives [46].
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7.6  FOR HOW LONG TO ADMINISTER THE ANTIMICROBIAL THERAPY TO 
PATIENTS WITH SEPSIS?

Antimicrobial therapy over a longer period is linked to increasing resistance, an elevated risk of 
drug- related side effects, and increased costs. There is a shred of accumulating clinical evidence on 
the safety of short treatments over the longer ones while the treatment outcomes remain unaffected 
[47– 50]. Reportedly, short- duration treatments enhanced the number of days without antibiotics 
while MDR- related ventilator- associated pneumonia (VAP) infections declined. In addition, 
there were no adverse effects on the mortality or the treatment outcomes (failure or success rates) 
[51]. Further, a shorter anti- bacteremia regimen (against Enterobacteriaceae) exhibited treatment 
outcomes comparable to prolonged therapy. However, a shorter anti- bacteremia regimen conferred 
protection against the MDR strains of Gram- negative bacteria [52]. Similarly, a shorter anti-  men-
ingococcal regimen was a success. In addition, it did not affect the risk of future recurrences of the 
infection [53]. In another clinical study, a pre- determined duration of antimicrobial therapy for intra- 
abdominal infections was evaluated against the standard treatment regimen. When a four- day course 
was compared to an eight- day course, there was no difference in the patient outcomes [48]. In yet 
another clinical trial (prospective, randomized), an 8- day course was compared to a 15- day course. 
It was observed that the patients (with recurring lung infections) who received a short 8- day course 
were less likely to have resistant bacteria over a longer 15- day course. Moreover, the duration of stay 
in the ICU or mortality rates remained unaffected [47].

However, the length of therapy cannot be precisely determined in diverse situations because anti-
microbial prescription modifications depend on an effective source control as found in an observa-
tional study [55]. Although starting antibiotic medication can be a challenging issue, discontinuing 
antibiotic therapy might be even more challenging in certain circumstances. Infected necrotizing 
pancreatitis or intra- abdominal infections have a difficult clinical course. In some circumstances, 
effective infection control is not possible promptly, promoting the development of antibiotic resist-
ance. Antibiotic therapy duration decisions must be made on an individual basis. It, therefore, 
becomes pertinent to take into account factors that are associated with the individual patient (for 
example, type of clinical condition and its severity and response to the treatment regimen), infection 
type, and the diagnostic efficiency and type [56].

7.7  WHAT ARE THE POTENTIAL BIOMARKERS FOR SEPSIS MANAGEMENT 
USING AN ANTIBIOTIC THERAPY?

At present, there are various diagnostic, therapeutic, and prognostic biomarkers employed in 
sepsis management. Amongst these, the most common studies are the C- reactive protein (CRP) 
and procalcitonin (PCT). For bacterial infections, PCT is more sensitive than CRP, and its use has 
been suggested as a way to reduce the overuse of antibiotics [57]. PCT has a half- life of about 24 
hours, and successful antibiotic therapy is linked with a steady decline in its plasma levels. Various 
studies have investigated the role of algorithms based on PCT plasma levels in reducing antibiotic 
treatment time without compromising clinical results [58]. In critically ill patients, the advantages 
of PCT- based algorithms have been established. Yet, the PCT- guided approach may not be effective 
in patients with lower respiratory tract infections [59]. When the levels of PCT are less than 0.5 ng/ 
ml or there is a decline of 80% in the concentration levels of the highest PCT peak, it is advisable to 
discontinue antibiotic therapy in patients with sepsis or septic shock. This was also observed to be a 
key determiner of positive patient outcomes [60].

Inflammatory diseases that mimic infection can influence PCT levels, which makes it a non- 
specific sepsis biomarker. This, in turn, affects treatment decisions for surgical patients. In another 
clinical trial (on patients diagnosed with intra- abdominal infection and septic shock), a PCT- based 
algorithm was not clinically useful [61]. In another clinical pediatric study (on- pump heart surgical 
patients), PCT (cut- off level =  2 ng/ mL) was reported to be an efficient diagnostic biomarker against 
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bacteremia [62]. CRP is also an integral component of the AS program. A clinical trial on patients 
with sepsis demonstrated the significance of CRP at par with PCT in minimizing antibiotic use [63]. 
According to a meta- analysis, the PCT- guided treatment algorithm had a good effect on reducing 
and minimizing the antibiotic treatment duration and stay in the ICU stay without affecting mor-
tality rates [64].

At present, there is no substantial evidence strengthening the reliability of PCT in critically ill 
patients for supporting the antibiotic de- escalation decision post- culture availability. As a result, 
using PCT levels to minimize the antibiotic spectrum is not a viable option. Infection biomarkers 
are progressively being used in clinical settings to help sepsis patients in de- escalating antibiotics. 
Although biomarkers present excellent diagnostic, therapeutic, and prognostic tools for sepsis, clin-
ical decisions must not solely rely upon them.

7.8  HOW TO OPTIMIZE THE ANTIBIOTIC DOSAGE ADMINISTRATION?

The recommendation of an optimal dose and the existence of acceptable tissue concentrations at 
the target site dictate antibiotic effectiveness. Antibiotic dosage methods that maintain therapeutic 
levels of antibiotics improve clinical outcomes reduce antibiotic toxicity and resistance, and lower 
mortality in sepsis patients [65]. Furthermore, an elevation in renal clearance has been linked to a 
rise in the elimination of the drug by the kidneys [66– 68].

Because of these changes, the loading dose of commonly used anti- sepsis antibiotics must be 
increased, which include colistin, glycopeptides, and aminoglycosides. Post- initial monitoring 
of plasma levels of antimicrobials, 50% of patients (diagnosed with sepsis and critically ill) in 
a prospective study needed a rise in the regular dose of beta- lactam antibiotics [69]. Further, it 
was revealed that the standard initial dose for several beta- lactams was unlikely to achieve the 
targeted PK/ PD on the first day [70]. Generally, a starting dose of 1.5 times the regular dose is 
recommended [71].

Multi- organ dysfunction caused by sepsis usually follows a typical sequence, with reduced 
renal and hepatic function. As a result, the antibiotic clearance pathway influences maintenance 
dosages, and PD must be considered owing to the growing number of MDR infections. Another 
study revealed that one- fifth of the patients (amongst 248, diagnosed with severe sepsis and given a 
beta- lactam antibiotic treatment) failed to achieve the targeted PK/ PD. In addition, there occurred 
a difference of 500 folds in antibiotic concentration in blood samples. Far more antibiotic exposure 
was linked to better clinical results [72].

Prolonged antibiotic infusions, according to several studies, are related to diminished mortality 
risk over infusions intended for short- term or intermittent- bolus dosing. With longer infusions, beta- 
lactam antibiotics have shown to be more effective at targeting MDR pathogens [73– 75]. Extended 
infusions are also beneficial for achieving effective PK/ PD levels and reducing linezolid and vanco-
mycin toxicity [76]. Yet, when it comes to lowering fatality rates, the evidence is inconclusive [77].

7.9  CONCLUSION

Sepsis is a life- threatening medical condition with alarmingly high mortality and detrimental 
consequences. In this situation, one of the foundations of therapy to help save lives and life- 
threatening consequences is reliable and sustainable antibiotic therapy. To minimize the risk of 
mortality in suspected or confirmed instances of sepsis, doctors must administer a broad- spectrum 
antibiotic within an hour of diagnosis. In addition, antibiotic use must also be optimized to achieve 
positive outcomes and to decrease antibiotic- related morbidity and the emergence of antibiotic 
resistance. In this scenario, AS must be considered a critical component of sepsis management. It 
entails tailoring antimicrobial therapy to the person. To facilitate empirical antibiotic prescribing, 
hospitals should establish and update particular empirical regimens for specific locations of infection 
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regularly, combining regional and national microbiology, and patterns of resistance based on practice 
standards. Antimicrobial sepsis care necessitates culture collection. AS also entails de- escalation and 
a reduction in treatment time. Individual dosing should substitute the notion of conventional dosing 
in critically ill patients. Most patients will require elevated loading doses along with an extended or 
continued beta- lactam perfusion. Patients with sepsis should get the routine treatment that includes 
ongoing monitoring of illness progression and effective antimicrobial therapy. Recommendations 
of the clinical guidelines recommendations, regarding ideal treatment duration, algorithms based 
on PCT, de- escalation, novel diagnostic stewardship approaches, and AS frameworks will all aid in 
improving patient care quality.
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8.1  INTRODUCTION

The World Health Organization (WHO) and FAO have defined probiotics as non- pathogenic living 
organisms that greatly benefit host cells and have several positive outcomes at the level of gut. The 
intake of probiotics at an adequate amount confers good health and many times is used for sev-
eral treatments (Hill et al. 2014; Gibson et al. 2017). Not only the microorganisms as a whole, but 
the proteins or peptides secreted by these species have tremendous applications in food spoilage, 
pharmaceuticals, antibiotic development, and much more. Thus, antimicrobial peptides from bac-
teria have drawn more attention for their wide range of applications.

Antimicrobial proteins (AMPs), also termed as antimicrobial peptides (which are comparatively 
smaller in size), are produced by major groups of microorganisms. Two types of AMPs are produced 
by bacteria: a) Synthesized by ribosomes (termed bacteriocins) and b) AMPs which do not have struc-
tural gene coding for protein and, thus, are not synthesized by ribosomes (Chikindas et al. 2018). 
Bacteriocins are multifunctional, ribosomally generated proteinaceous antibacterial agents that are 
products of members of the phylum Firmicutes and Actinobacteria (Negash and Tsehai 2020; Lajis 
2020a). Bacteriocins were discovered to exhibit antibacterial action against a wide range of patho-
genic organisms. Bacteriocins which inhibit bacteria belong to the same species are termed narrow- 
spectrum bacteriocins and if they are found to inhibit bacteria belonging to a range of species they are 
considered broad- spectrum bacteriocins. Mostly cell membrane- associated molecules become an easy 
and accessible target for bacteriocin action (Daba et al. 2018; Daba et al. 2017). Interestingly, host 
cells producing bacteriocins are resistant to their own antimicrobial peptides due to specific immune 
proteins produced by themselves (Juturu and Wu 2018). Furthermore, structurally it can be linear or 
globular, and the properties of bacteriocins are determined by sequential arrangement of amino acids 
(Lajis 2020). There are many beneficial properties of bacteriocins produced by lactic acid bacteria 
(LAB), it is known for its tolerance to high thermal stress, and stable over a wide range of pH. These 
antimicrobial peptides are colorless, odorless, and tasteless and resulted in its potential application 
(Negash and Tsehai 2020; Perez et al. Zendo and Sonomoto 2014a). Structurally, bacteriocins are 
cationic, amphipathic molecules which possess more amounts of lysine and arginyl residues, and can 
readily get suspended into aqueous solutions. They can change conformation to helical when exposed 
to solvent- like trifluoroethanol or in combination with anion in phospholipid membranes (Vivek 
Kumar 2020). Bacteriocins being proteinaceous are prone to be inactivated by proteolytic enzymes 
like trypsin and chymotrypsin in the human gut. This minimizes the interaction of bacteriocins with gut 
microbiota or target strains (Perez, Zendo, and Sonomoto 2014a; Gálvez et al. 2014; Egan et al. 2016).

The time when first bacteriocins were reported in the 1920s from E. coli, as colicin V (Negash 
and Tsehai 2020; Daba and Elkhateeb 2020), has greatly attracted the worldwide scientific commu-
nity to explore its therapeutic application. The actual nomenclature of these antimicrobial peptides 
was referred to as “bacteriocins” by Jacob and colleagues (Jacob et al. 1953). Gram- positive and 
Gram- negative bacteria both produce bacteriocins, but majorly the Gram- positive bacteria LAB is 
known for its extensive application in many fields. Bacteriocins from LAB are considered GRAS 
by the American FDA (Zacharof and Lovitt 2012). Bacteriocins are the best choice as commer-
cial food preservation. Nisin A is one of the most studied bacteriocins, and 60 countries across the 
world have legally approved bacteriocin to commercially use as a food preservative (de Arauz et al. 
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2009a). Studies confirm food fermenting LAB as a significant producer of antimicrobial molecules 
like organic acetoin, acids, hydrogen peroxide, diacetyl, antifungal peptides, and bacteriocins. 
Therefore, LABs are used on an industrial scale for a wider range of bacteriocin production.

With regard to its genomic analysis, functions are determined by genes encoded by plasmid. 
The genes that code for bacteriocin participates in immunity are usually grouped as operon and can 
be found on elements like chromosomes in conjunction with transposons, or plasmids (Kumariya 
et al. 2019; Zacharof and Lovitt 2012). This also facilitates genetic engineering and strain improve-
ment which can yield a higher amount of bacteriocins. Plasmid encoding bacteriocin genes can be 
transferred by natural means for higher production, but the disadvantage can be loss of the plasmid 
during transferring process (Gálvez et al. 2014). According to genetics, there are two main modes 
of biosynthesis, that is, circular and leaderless, which have been described in this chapter. For genes 
to be expressed there are several modes of regulation undergoing to produce functional and active 
bacteriocins. Sometimes, organisms have their own way of regulating the expression depending 
upon how the genes are encoded. The produced bacteriocins pose a differential mode of action 
against Gram- positive or Gram- negative bacteria, wherein they either act upon cell- envelop or 
inhibits the gene expression and protein production (Cotter et al. 2013).

The functions of bacteriocins are known worldwide and are applicable in many fields. The anti-
microbial peptides from certain bacteria such as Bacillus and Lactobacillus are highly used for food 
preservation and in pharmaceuticals for several therapies. Food- spoilage bacteria are a threat to the 
quality of food and degrade them into toxic substances which can be fatal sometimes. Pathogens 
such as Listeria monocytogenes, Clostridium botulinum, Streptococcus, Escherichia coli, and so 
on, can be highly neurotoxic because of their secretive toxins which can cause inflammatory dis-
ease, intestinal disorders, several respiratory problems, and can be linked to cancer (Kumariya et al. 
2019). In these conditions, antimicrobial peptides, that is, bacteriocins, have proven to be ideal for 
its application in food spoilage. Cheese spreads which contain the germination C. botulinum spores 
were found to be inhibited by nisin. Pediocin PA- 1, also known as AltaTM 2341, is generated by 
Pediococcus acidilactici and has the capacity to increase the shelf life of ready- to- eat foods while 
arresting the growth of L. monocytogenes (Kumariya et al. 2019). Nisin finds its best application as a 
potential inhibitor of growth and colonization of Helicobacter which causes ulcers. Many pathogens 
such as Streptococcus agalactiae, Micrococcus luteus, and L. monocytogenes can be targeted by 
subtilosin A bacteriocin. This way, not only in pharmaceuticals or food preservation, it is widely 
applicable in livestock, aquaculture, and agriculture (Prasad et al. 2020). Thus, this chapter focuses 
on bacteriocins, its classification, biosynthesis, and the mode of action to its application majorly in 
the food industry and pharmaceuticals.

8.2  CLASSIFICATION OF BACTERIOCINS

Scientists from around the world have proposed different schemes for the classification of anti-
microbial agents called bacteriocins. However, classification has proven to be difficult due to the 
sheer number of bacteriocins reported to date. This is because many properties of bacteriocins may 
coincide, like structure, function, genetic characters, among others (Simons et al. 2020a). Although 
bacteriocins can be grouped based on their dimensions, structure, chemical composition, thermal 
stability or modification (Simons et al. 2020; Cui et al. 2021a), they can be primarily differentiated 
based on the organism that produces them (Simons et al. 2020a). A general summary of the several 
classes of bacteriocins and their distinguishing features are detailed in Table 8.1.

Hence, bacteriocins are characterized as:

Bacteriocin obtained from 
Gram-positive bacteria 

(BGPB)

Bacteriocin obtained from 
Gram-negative bacteria 

(BGNB)
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TABLE 8.1
Overview of Bacteriocin Classification

Group Characteristics Examples Reference

Bacteriocins acquired from Gram- positive bacteria

Class Ⅰ <5 kDa size, resistance to heat, pH and 
proteolysis, subdivided into 3 subclasses.

Nisin (Wencewicz and Miller 2018; 
Ongey et al. 2017; Kumariya 
et al. 2019; Simons, Alhanout, and 
Duval 2020a; Cui et al. 2021a; 
GradisteanuPircalabioru et al. 
2021)

Subclass Ⅰa Long peptides, positively charged, possess 
unique amino acid composition (lanthionine 
bridges), pleated sheet N- terminal, α- helical 
C- terminal, type of lantibiotics.

Nisin, epidermin 
and gallidermin

(Balciunas et al. 2013; Kumariya 
et al. 2019; Simons, Alhanout, and 
Duval 2020a; Cui et al. 2021a)

Subclass Ⅰb Labyrinthopeptins with post- translationally 
modified labionin and labyrinthine, globular 
peptides that are negatively charged, 
inflexible, with maze- like structure.

Lacticin 481, 
cytolysin and 
salivaricin

( Simons et al. 2020, Cui et al. 2021)

Subclass Ⅰc It is comprised of sulphur- α- carbon cross- 
links, resemble sactibiotics.

Thuricin CD and 
subtilosin A

(Cui et al. 2021a)

Class Ⅱ <10 kDa size, heat stable, positively charged, 
subdivided into 4 subclasses.

Pediocin AcH (Yang et al. 2014a; Wencewicz and 
Miller 2018; Wiebach et al. 2018; 
Simons, Alhanout, and Duval 
2020a)

Subclass Ⅱa Dominant class, anti- listerial bacteriocins, 
linear bisulfide bridge present, N- terminal 
conservative sequence of YGNGV 
present, pediocin- like bacteriocins, highly 
homologous, amphipathic, cationic.

Leucocin A, and 
pediocin PA- 1

(Simons, Alhanout, and Duval 
2020a; Zacharof and Lovitt 2012; 
Kumariya et al. 2019; Cui et al. 
2021a; Collins et al. 2017)

Subclass Ⅱb Two- peptide (heterodimeric) bacteriocins 
necessary for the antibiotic activity (α/ β), 
cationic, encoded by genetically closely- 
related genes, possess GxxxG- motifs 
structure, show high conformational lability.

Lactococcin G, 
lactococcin Q 
and plantaricin 
NC8

(Simons, Alhanout, and Duval 2020a; 
Balciunas et al. 2013; Ekblad, 
Nissen- Meyer, and Kristensen 
2017; Mokoena 2017; Cui et al. 
2021a; Yang et al. 2014a)

Subclass Ⅱc Small circular bacteriocins, leaderless, contain 
1 (cystibiotics) or 2 (thiolbiotics) cysteine 
residues, covalent bonding between N- 
terminal and C- terminal.

Lactococcin A, 
divergicin A and 
acidocin B

(Yang et al. 2014a; Simons, Alhanout, 
and Duval 2020a; Cui et al. 2021a)

Subclass Ⅱd Single, linear, absence of post- translational 
modification, lacks fixed conservative 
sequence and structural features, non- 
pediocin- like, leaderless peptides.

Epidermicin 
NⅠ01, 
lactococcin 
A and 
bactofencin A

(Cui et al. 2021a; Yang et al. 2014a; 
Kumariya et al. 2019)

Class Ⅲ >30 kDa size, heat susceptible, subdivided 
into 2 subclasses.

Zoocin A (Bennallack and Griffitts 2017; 
Garvey and Rowan 2019; Simons, 
Alhanout, and Duval 2020a)

Subclass Ⅲa Lytic peptides, bacteriolysins, possess 
hydrolase- like activity.

Enterolisin A and 
lysostaphin

(Yang et al. 2014a; Ceotto- Vigoder 
et al. 2016)

Subclass Ⅲb Non- lytic peptides, hydrolase- like activity 
absent.

Helveticin J, 
caseicin 80 and 
Enterolysin A

(Yang et al. 2014a; Cui et al. 2021a)

Class Ⅳ It is a large complex; properties are 
determined by lipid and carbohydrate parts.

Pediocin N5p and 
lactocin 27

(Maky et al. 2015; Simons, Alhanout, 
and Duval 2020a; Cui et al. 2021a)
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Group Characteristics Examples Reference

Bacteriocins acquired from Gram- negative bacteria

Colicins 30- 80 kDa size, heat and protease labile, 
subdivided into 3 subclasses.

Colicin K (Simons, Alhanout, and Duval 2020a; 
Zimina et al. 2020)

(Based on mode of action)
Subclass Ⅰ Forms pore/ channels in the bacterial cell wall, 

disturb electrochemical gradient, loss of 
ions leading to cell death.

Colicins A,  
B and E1

(Simons, Alhanout, and Duval 2020a)

Subclass Ⅱ Degrades nucleic acid structures. Colicins E2 to E9 (Simons, Alhanout, and Duval 2020a)
Subclass Ⅲ Exhibit peptidoglycanase activity causing cell 

death.
Colicin M (Zimina et al. 2020)

(Based on translocator system)
Group A Tol proteins are required for translocation over 

the outer bacterial membrane, generated on 
tiny plasmids and coupled with the lysis gene.

Colicins A, E1 
and K

(Kleanthous 2010; Camargo et al. 
2018; Yang et al. 2014a)

Group B Utilize Ton proteins for translocation across 
outer bacterial membrane, formed on larger 
plasmids, absence of lysis gene.

Colicin 5, 10 and B (Yang et al. 2014; Kleanthous 2010; 
Camargo et al. 2018)

Colicin- like >10 kDa size, resemble colicins, categorized 
into 2 subclasses.

Klebicins (Simons, Alhanout, and Duval 2020a; 
Zimina et al. 2020)

Subclass Ⅰ Induces the growth of pores in the target cell’s 
wall.

Pyocin S5 (Brown et al. 2012; Simons, 
Alhanout, and Duval 2020a)

Subclass Ⅱ Causes degradation of nucleic acid structures. Pyocin S1 and S4 ((Brown et al. 2012; Simons, 
Alhanout, and Duval 2020a)

Microcins <10 kDa size, highly protease, pH and 
temperature stable, 2 subclasses.

Microcin D93 (Simons, Alhanout, and Duval 2020a; 
Zimina et al. 2020)

Subclass Ⅰ Post- translational modification, molecular 
weight <5 kDa.

Microcins B17 and 
J25

(Simons, Alhanout, and Duval 2020a)

Subclass Ⅱ Unmodified/ minimal modification, 5- 10 
kDa, linear, chromosomally encoded, a 
siderophore with a C- terminal positioning is 
present, further subdivided.

Microcins E492,  
V and L

(Simons, Alhanout, and Duval 2020a; 
Zimina et al. 2020)

(Subdivision of Subclass Ⅱ)
Group Ⅱa Three genes are involved in the synthesis and 

assembly of functional peptides, peptides 
encoded by plasmids, post- translational 
modification absent, disulphide bonds might 
be present.

Microcins L, V 
and N

(Camargo et al. 2018; Yang et al. 
2014a)

Group Ⅱb Linear, C- terminal end displays post- 
translational modifcations (siderophores), 
chromosomes encode peptides.

Microcins E492,  
M and H47

(Camargo et al. 2018; Yang et al. 
2014)

Phage tail- like 20- 100 kDa size, subdivided into 2 subclasses. R pyocins and  
F pyocins

(Zimina et al. 2020)

R type Evolutionarily resemblance with phage tails in 
the Myoviridae family, long shell- encircled 
tube present, basal plate possesses receptor- 
binding proteins (RBP).

R pyocins (Simons, Alhanout, and Duval 2020a; 
Zimina et al. 2020)

F type Resemble phage tails in Siphoviridae family, 
shell absent.

F pyocins (Zimina et al. 2020)

TABLE 8.1 (Continued)
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TABLE 8.2
Comparison between Aantibiotics and Bacteriocins

Characters Antibiotics Bacteriocins Reference

Etymology Originated in the mid- 19th 
century from two Greek words 
antimeaning “against” and bios 
meaning “life.”

It was derived in the 1950s from the 
French word bactériocine, formed 
by the Greek word bactērion for 
“small cane” andcolicin.

(Yang et al. 2014)

Discovery In 1928, Alexander Fleming 
discovered antibiotics that 
ultimately led to the development 
of penicillin.

Discovered in 1925 by André Gratia. (Yang et al. 2014; 
Castellano et al. 2017b; 
Gaynes 2017)

Size The molecular weight of <1 kDa is 
usually observed.

Usually possess low molecular 
weight. Sometimes can be over 
10 kDa.

(Simons, Alhanout, and 
Duval 2020b; Bhatti, 
Veeramachaneni, and 
Shelef 2004)

Stability to 
temperature

Shows low thermal stability. Shows high thermal stability. (Perez, Zendo, and 
Sonomoto 2014b)

Functional pH 
range

Can work in limited pH range. Can work over greater pH range. (Perez, Zendo, and 
Sonomoto 2014b)

Other properties May exhibit characteristic color, 
odor, and taste.

Do not exhibit any characteristic 
color, odor or taste.

(Perez, Zendo, and 
Sonomoto 2014b)

Origin The origin of antibiotics is 
non- ribosomal.

Ribosomal in origin. (Cleveland et al. 2001)

Production The soil bacteria and fungi produce 
it as a secondary metabolite.

The primary growth phase in bacteria 
has ribosomes acting as the 
production centers of bacteriocins 
by translation.

(Beasley and Saris 2004; 
Zacharof and Lovitt 
2012)

Nature These drugs are antibacterial. These substances are proteinaceous 
toxins.

(Cleveland et al. 2001)

Activity Antibiotics monitor bacterial 
populations by utilizing the 
structural difference between 
bacteria and host cell walls and 
inhibiting their development or 
killing them.

Action by inhibiting the growth of 
bacteria.

(Cotter, Ross, and Hill 
2013)

Classification It is categorized based on its 
effectiveness against a range of 
pathogens as narrow spectrum 
(affecting fewer species) and a 
broad spectrum (affecting a more 
extensive range of species).

Among the various schemes existing 
for classification, bacteriocins are 
primarily grouped based on origin 
as-  bacteriocins acquired from 
Gram- positive bacteria (BGPB) 
and bacteriocins obtained from 
Gram- negative bacteria (BGNB).

(Simons, Alhanout, and 
Duval 2020b; Acar 1997)

Modification Post- translational changes are not 
essential.

Post- translationally modified 
peptides.

(Cotter, Ross, and Hill 
2013)

Cost Industrially expensive drug. Not as expensive as antibiotics. (Hahn- Löbmann et al. 
2019)

Target Antibiotics affect a broad range 
of bacteria equally without 
preferentially attacking related 
strains.

Bacteriocins show antibacterial 
activity either against weaker 
strains of their producing species 
or closely- related species.

(Beasley and Saris 2004)
(Hahn- Löbmann et al. 
2019)

Attachment Cause antibacterial action by 
binding to specific receptors 
provided on target organisms’ 
cell walls.

Bind to the target via attachment 
to the cell wall to bring about 
antibacterial action.

(Alavi and Ghoroghi 
2018b; Cleveland et al. 
2001)
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Characters Antibiotics Bacteriocins Reference

Mode of action Antibiotics inhibit vital processes 
like the synthesis of cell walls. 
By making use of different 
mechanisms, like DNA 
degradation, they efficiently carry 
out bactericidal and bacteriostatic 
action.

The strategy of action of bacteriocins 
necessitates the formation of 
openings in the bacterial cell wall. 
These holes form due to an ionic 
imbalance, resulting in cell leakage 
and the death of the target cell.

(Alavi and 
Ghoroghi 2018b; 
GradisteanuPircalabioru 
et al. 2021a)

Dosage Requires higher concentration to 
carry out the antibacterial activity 
(50 mg/ kg).

Shows optimum activity even at low 
concentrations (0.5– 5 mg/ kg).

(Perez, Zendo, and 
Sonomoto 2014b)

Degradability It may or may not be easily 
degraded by proteolytic enzymes.

Proteolytic enzymes quickly degrade 
them.

(Perez, Zendo, and 
Sonomoto 2014b)

Effect on 
beneficial 
microbes

Harm the beneficial organisms 
present in humans owing to their 
broad- spectrum action.

Do not cause any damage to the 
beneficial microbes in humans.

(Ghoson M. Daba and 
Elkhateeb 2020)

Toxicity May cause damage to eukaryotic 
cells.

Usually do not bring harm to 
eukaryotic cells.

(Perez, Zendo, and 
Sonomoto 2014b)

Susceptibility to 
bactericidal 
agent

Producers show high susceptibility 
to bactericidal agents.

Producers are not sensitive to the 
action of these agents.

(Alavi and Ghoroghi 
2018a)

Development of 
resistance

Antimicrobial resistance develops 
quickly in response to antibiotics 
by inactivation of active 
compounds.

Resistance to bacteriocins may take 
more time to develop. It may 
occur by changing cell membrane 
composition.

(Perez, Zendo, and 
Sonomoto 2014c)

Example Penicillin. Nisin. (Cui et al. 2021b)
Applications They are usually used in the medical 

field.
They have utilized in the food as well 

as the medical field.
(Perez, Zendo, and 

Sonomoto 2014b)

8.2.1  bActeriocins AcQuired from grAm- Positive bActeriA (bgPb)

Bacteria that are Gram- positive synthesize low molecular weight bacteriocins. Typically lactic 
acid bacteria, or LAB, is bacteria producing a wide array of bacteriocins that differ in size, struc-
ture, properties, and inhibitory action (Yang et al. 2014a). Between 2– 21 genes may be involved 
in their production (Zimina et al. 2020). Due to this substantial diversity of bacteriocins, different 
scientists have classified them differently (Yang et al. 2014a; Cotter et al. 2005). According 
to Klaenhammer classification, there are four classes of bacteriocins (Klaenhammer 1993) in 
contrast to the two classes described by the Cotter classification (Cotter et al. 2005). Here, an 
alternate classification that incorporates the Klaenhammer and Cotter schemes (Balciunas et al. 
2013), and classifies the bacteriocins into Class Ⅰ to Ⅳ, according to dimensions, biochem-
istry, action strategy, structure, and other attributes of the genes (Ahmad et al. 2017; Antonio 
et al. 2021).

Class Ⅰ— these are small- sized, ribosomally synthesized bacteriocins (19– 50 amino acids) 
and possess membrane- active peptides and show post- translational modifications (dehydration 
and cyclization), forming non- standard amino acids present as polycyclic ethers or unsaturated 
forms (Zacharof and Lovitt 2012; Simons, Alhanout, and Duval 2020a). These unusual amino 
acids (Kumariya et al. 2019) form multiple ring structures, thus providing rigidity and functionality 

TABLE 8.2 (Continued)
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(Zacharof and Lovitt 2012; Simons et al. 2020a; Zimina et al. 2020). Nisin is best known amongst 
several members of this division (Cui et al. 2021a). Bacteriocins organized under Class Ⅰ are 
separated to form smaller divisions according to their respective structural and functional attributes 
(Meade et al. 2020; Antonio et al. 2021).

Class Ⅱ— this group contains small, ribosomally synthesized bacteriocins (30- 60 amino acids) 
made of amphiphilic helical structure and lacking unusual amino acids (Simons et al. 2020a; 
Cui et al. 2021a). However, some members of this class, like pediocin PA- 1 and pediocin AcH, 
may be minimally modified. These membrane- active, hydrophobic, non- lanthionine possessing 
bacteriocins can be further subdivided based on structural features (Cui et al. 2021a; Meade et al. 
2020; Mokoena 2017).

Class Ⅲ— the large, unmodified bacteriocins belonging to this group have different domains and 
are subdivided based on whether these are lytic or non- lytic (Yang et al. 2014a; Antonio et al. 2021; 
Cui et al. 2021a). Some scientists have placed the Gram- positive bacteria derived tailocins in this 
class as well (Garvey and Rowan 2019).

Class Ⅳ— here, the peptides are found along with lipid or carbohydrate moieties (O’Bryan et al. 
2018; Simons et al. 2020a). However, some authors do not consider Class Ⅳ as a category of BGPB 
and are referred to as bacteriolysins (Kumariya et al. 2019; Antonio et al. 2021).

8.2.2  bActeriocins AcQuired from grAm- negAtive bActeriA (bgnb)

The narrow- spectrum antimicrobial activity of BGNB serves as a vital drawback behind its restricted 
utilization compared to BGPB (Balciunas et al. 2013). Although most BGNB was isolated from 
E. coli, many were also obtained from genera like Pseudomonas and Klebsiella. Here, we outline 
the four major classes of BGNB, ranging from colicins and colicin- like to bacteriocins classified as 
microcins and phage tail- like (Simons et al. 2020a; Zimina et al. 2020).

Colicins— these E. coli synthesized bacteriocins serve as models to understand the struc-
ture of bacteriocins, as well as function and evolution (Acedo et al. 2018). They are produced by 
colicinogenic plasmids with few present on chromosomes during stress conditions. This depends 
on a cluster of three related and closely- placed genes that encode toxin, immunity, and lysis protein 
(BRP— bacteriocin release protein) (Chikindas et al. 2018; Simons et al. 2020a; Zimina et al. 2020). 
Based on the action mechanism and translocator system, diverse types of these bacteriocins exist 
(Zimina et al. 2020).

Colicins- like— these bacteriocins are similar in structure, size, and function to colicins; however, 
they are produced by bacteria other than E. coli. Similar to the colicins, this class is also subdivided 
according to the mechanism of action. Unlike colicins, these bacteriocins, like pyocin S3, may lack 
the lysis gene (Simons et al. 2020a).

Microcins— these peptides are hydrophobic and ribosomally synthesized mainly by 
Enterobacteriaceae during stress conditions where they take part in competitive interactions 
(Camargo et al. 2018; Zimina et al. 2020). Usually, the plasmids encode these microcins. Genomic 
DNA seldom contributes to the same. Although variable in number, the genes present are conserved 
(Zimina et al. 2020; Camargo et al. 2018). They lack the gene causing lysis and are transported out-
side the bacterial cell via a transporter system like Type Ⅰ ABC (ATP binding cassette) transporter 
(Yang et al. 2014a). This class of bacteriocins can be subdivided based on properties like molecular 
mass, disulphide bonds, organization of gene cluster, leader peptide sequence, and post- translational 
modifications (Yang et al. 2014a; Zimina et al. 2020).

Phage tail- like— also called tailocins, consists of a cylindrical structure bearing 8– 14 different 
polypeptide units that resemble a phage tail structure and can be further subdivided. This class of 
bacteriocins is encoded by a larger gene cluster (>40 kbp) that encodes other vital proteins that help 
in releasing bacteriocins into the environment (Zimina et al. 2020). The overview of bacteriocin 
classification is presented in Table 8.1.
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Bacteriocins may demonstrate comprehensive antibacterial action depending on the target. This 
broad- spectrum nature helps them to act on various pathogens. This is deemed helpful in treating 
infections when the cause is unspecified. On the other hand, narrow- spectrum bacteriocins attack 
specific pathogens, thus protecting the beneficial organisms (Cotter et al. 2005).

8.3  ANTIBIOTIC VS BACTERIOCIN

Alexander Fleming discovered the penicillin drug in 1928, now being extensively used to control 
bacterial growth, and known as antibiotics. These antimicrobials act by either killing, as in the case 
of bactericidal antibiotics, or inhibiting bacterial growth like in bacteriostatic antibiotics. The dis-
covery of penicillin kickstarted the development of many drugs. These are being utilized today to 
treat a sizable range of bacteria. However, they are ineffective against other microbes like fungi, 
viruses, and others (Cleveland et al. 2001).

Despite the similarities in their production (both are acquired from bacteria) and activity (potent 
antimicrobials being developed as drugs against bacteria), both antibiotics and bacteriocins are in 
stark contrast from one another. Here, we have highlighted some significant differences between 
antibiotics and bacteriocins.

The common antimicrobial agents being used today comprise antibiotics, bacteriocins, and 
bacteriophages. Even though all have been studied equally, their simplicity in production and 
ability to attack a considerable range of bacteria, irrespective of their Gram status, has led to the 
overconsumption of antibiotics. The detrimental effect of this industrially drug is the development 
of resistance in bacteria that renders them useless and threatens our health. Another way it harms our 
health is by eradicating the population of beneficial bacteria owing to their broad- spectrum action of 
these antibiotics. These limitations have paved the path for bacteriocins to emerge as an appealing 
alternative, thereby reducing the dependence on antibiotics (Gholami et al. 2018; Alanis 2005).

8.4  MODE OF ACTION OF BACTERIOCINS

Bacteriocins stop the target organism from growing. The cationic bacteriocins target the anionic 
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), lipopolysaccharide (LPS), lipoteichoic 
acid (LTA), and cardiolipin (CL) present on the bacterial cell surface (Rashid et al. 2016). Bacteriocins 
exhibit electrostatic attraction to the negatively charged cell surface target molecules since they 
pose a net positive charge. On other hand, hydrophobic surfaces align with the membrane and pass 
through the lipid bilayer. It causes the cell membrane of the microorganism to permeabilize, causing 
proton motive forces to dissipate, intracellular ATP to deplete, cellular content leakage, and cell 
death (Kumariya et al. 2019; Yang et al. 2014).

The “barrel- stave” concept, in which antimicrobial peptides form transmembrane holes by 
inserting into the target’s lipid core, was the first proposed mechanism. The “toroidal” method, on 
the other hand, entails bundling peptides and injecting them into the membrane. In the “carpet” 
model, bacteriocins will cover the bacterial cell surface, changing its shape; this contact is driven 
by electrical attraction, causing in cell disruption (Wiebach et al. 2018). Bacteriocins can result in 
bacteriolysis in both Gram- positive and Gram- negative bacteria. Gram- positive bacteria are attacked 
by disrupting the cell wall, while Gram- negative bacteria are targeted by affecting gene expression 
(Negash and Tsehai 2020).

8.4.1  grAm- Positive bActeriA

The bacterial cell wall is an important component that keeps the cell’s integrity and shape. It  
prevents cytoplasmic osmotic pressure from causing cell lysis and allows membrane components  
to be attached. The cell walls of Gram- positive bacteria have thicker peptidoglycan outer cell coats.  
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A Gram- negative bacterial cell wall is made up of thin peptidoglycan layers. Lipid II is a potent pep-
tide attractant and a critical precursor of peptidoglycan synthesis. Bacteriocins of class I kill bacteria  
by preventing the development of cell walls while enabling the efflux of ATP, K+ , and PO

4
3-  ions  

(Wiebach et al. 2018).
Nisin, a common food- grade class I bacteriocin, attaches to lipid II first, generating membrane 

holes and the loss of amino acids, potassium ions, and ATP. Teichoic acid and lipoteichoic acid 
are rendered ineffective by nisins binding to lipid III and IV. It also causes cell wall disintegration, 
lysis, and death by increasing the action of the autolysin N- acetylmuramoyl- L- alanine amidase. 
Mersacidin, a type I antibiotic, binds to sugar residues on the lipid II binding site, while nisin binds 
to phosphate, ensuring peptidoglycan inhibition (Wiebach et al. 2018).

Lactococcin A127 and microcin E492 are examples of class II bacteriocins which target the cell 
membrane- bound mannose phosphotransferase system (Man- PTS), causing the membrane to desta-
bilize and leak (Wiebach et al. 2018; Simons et al. 2020a). Class III bacteriocins have antibacterial 
activity due to enzymatic activity (such as endopeptidase), which aids in bacterial cell wall disin-
tegration. Bacteriocins of the category IIIa lyses the cell walls of susceptible strains, killing them. 
Class IV bacteriocins help by breaking the bacteria cell membrane with their lipid and carbohydrate 
moieties. Because of their structural specificity, these bacteriocins are sensitive to a wide range of 
glycolytic and lipolytic enzymes (Simons et al. 2020b). The mechanism of action for Gram- positive 
is shown in Figure 8.1.

8.4.2  grAm- negAtive bActeriA

Gram- negative bacteriocins destroy prey by affecting the metabolism of protein, DNA, and RNA  
(Cotter et al. 2013). Buforin II peptides can bypass the cell membrane and assemble in the cytoplasm  

FIGURE 8.1 In Gram- positive bacteria, nisin attaches to lipid II resulting in pores on the cell membrane, loss 
of amino acids, potassium ions, and ATP and disruption of teichoic acid. Lactococcin A bind to cell envelope 
associated mannose phosphotransferase system leading to pores and destabilizing the membrane. Lysostaphin 
help in bacterial cell wall disruption due to enzymatic activity.
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without being permeabilized. This has a strong preference for nucleic acids. The proline hinge  
permits peptide to enter the cell and attach to DNA and RNA in the cytoplasm, preventing microbes  
from multiplying. Indolicidin, the tiniest natural cationic peptide, causes membrane depolarization  
and inhibits DNA synthesis. Puroindoline, a peptide with a high tryptophan residue count, functions  
by interfering with DNA synthesis (Wiebach et al. 2018).

Colicins peptides have three domains: amino- end translocation (T) domain, central receptor- 
binding (R) domain, and an antibacterial carboxy- end cytotoxic (C) domain (Yang et al. 2014). 
This antibacterial activity can be detected in sensitive species strains as well as strains that are 
closely related to them (Yang et al. 2014c). The strain that produces the colicin- like bacteriocins 
is dangerous because when they are released, they cause membrane lysis and cell death. They, like 
colicins, act against the weaker strains of the generating species (Cascales et al. 2007).

Bacteriocins that look like phage tails work by either perforating the membrane or inducing 
cell death (Scholl 2017) or membrane potential disturbance resulting in membrane pore creation 
(Michel- Briand and Baysse 2002). MccJ25, a bacteriocin, suppresses transcription by inhibiting 
RNA polymerase channels. MccB17 peptide prevents mRNA synthesis by preventing DNA 
supercoiling caused by DNA gyrase. MccC7- C51 prevents DNA replication by inhibiting aspartyl- 
tRNA synthetase (Negash and Tsehai 2020; Cotter et al. 2013). The mechanism of action for Gram- 
negative bacteria is shown in Figure 8.2.

8.4.3  induction of cell deAtH

The peptides’ distinguishing feature is that they generate pores in the cell wall, allowing the cell to 
leak. The outflow of K+  initiates apoptosis, with calcium ions and reactive oxygen species functioning 

FIGURE 8.2 In Gram- negative bacteria, Idolicidin leads to memebrane depolarization and DNA synthesis 
inhibition. Buforin II attaches to RNA and DNA preventing mutilication of microbes. MccB17 passes through 
the outer membrane of the cell with help of porin OmpFand passes across via SbmA inhibiting DNA gyrase 
thereby interfereing with DNA replication.
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as secondary messengers. The caspase cascade is activated by the release of cytochrome E as a result 
of these signals affecting mitochondrial homeostasis (Wiebach et al. 2018).

8.5  BIOSYNTHESIS OF BACTERIOCINS

For the production of bacteriocins, four types of genes are required such as structural genes, an 
immune gene, ABC transporter which is associated with membrane, and several accessory proteins. 
Bacteriocins are initially non- active in nature when they are synthesized as pre- peptides, it has 
amino- terminal signaling peptide which is bonded to carboxy- terminal pro- peptide (Alvarez- Sieiro 
et al. 2016; Sidhu and Nehra 2021). The structural genes encode these pre- pro- peptides; further 
these pre- peptides will be directed for maturation and transportation will happen via signal peptide 
as that is a maker for recognition which keeps the peptide in an inactive state and protected inside the 
host bacterial cells. This signal peptide interacts with pro- peptide domain to ensure the state of con-
formational structure. The biosynthesis functions well due to immune genes asthe host cell creates a 
defence mechanism to protect themselves from the action of bacteriocins. These genes are encoded 
nearby to structural and accessory genes (Sidhu and Nehra 2021).

A multi- component regulatory system for biosynthesis of bacteriocins includes a) a signal pep-
tide; b) signal peptide which binds to cell surface receptor; and c) a regulator for response. However, 
Nisin exhibits auto- inducer expression through two- component system activation. There are a few 
notable examples, such as class II bacteriocin production of LsbB, which controls its expression 
by increasing RNA stability thrice, leading to a 30- fold increase in expression (Uzelac et al. 2015). 
Additionally, the signal peptide's attachment to the histidine- kinase receptor results in phosphoryl-
ation and a signalling influx, which directs the phosphate residue to the response regulator, which 
in turn activates gene expression for increased bacteriocin production by attaching to the promoter 
region (Sidhu and Nehra 2021). Bacteriocins are generated as precursors, which must be processed 
and modified post- transcriptionally (Morton et al. 2015). The modified bacteriocins are then 
transported using transporters such as ABC, and sec- dependent exporters (Kumariya et al. 2019). The 
ABC transporter has two functions: it separates the substrate from the signal peptide and transports 
it across the cytoplasmic membrane. This helps to prevent the active and fully produced bacteriocins 
to withstand inside the cytoplasm. Biosynthesis of bacteriocins can be divided depending upon 
types of organism, that is, Bacteriocin Produced by Gram- Positive Bacteria (BGPB) and Bacteriocin 
Produced by Gram- Negative Bacteria (BGNB). The mode of action of antimicrobial peptides from 
Gram- positive bacteria in comparison to Gram- negative has a broad range of target. Thus, many 
researchers have focused on LAB for active biosynthesis of bacteriocins (Perez et al. 2014).

This was a general mechanism for biosynthesis, while its detailed mechanism is divided into two 
important groups named Circular and Leaderless Bacteriocin biosynthesis which will be discussed 
in this chapter.

8.5.1  biosyntHesis of circulAr bActeriocins

Structurally, these bacteriocins exhibit a signature structure with a backbone of conserved circular 
peptides due to covalent bonding of N and C- terminal residues. Circular bacteriocins are a part of 
family which is ribosomally synthesized and post- translationally modified peptides (RiPPs). The 
greatest advantage of circular bacteriocins over linear bacteriocins is their better stability. But prob-
ably the most promising aspect of this class of bacteriocins is a better knowledge of their biosyn-
thetic mechanism, which remains the most difficult process (Perez et al. 2018).

The genetic cluster either on chromosome or plasmids is designed in such a way that it codes for 
biosynthesis of amylocyclicin (Scholz et al. 2014), acidocin B (Acedo et al. 2018), enterocin NKR- 
5- 3B (Masuda et al. 2016), pumilarin (Auke J. van Heel et al. 2017), and plantaricyclin A (Borrero 
et al. 2017), and many more which is briefly described by Perez et al. (2018). Even though with 
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greater understanding of these gene clusters, the mechanism and its regulation are still a challenge. 
Leader peptides from the same group will share a similar motif that is essential in the substrate- 
enzyme interaction process during the formation of circular bacteriocins (Oman and van der Donk 
2010). Type I lantibiotic bacteriocin leader peptides feature a conserved FNLD box and helical 
structures that are important for interaction with their biosynthetic enzymes (Rink et al. 2007). 
Because of the length and sequence of leader peptide in circular bacteriocins differ so significantly, 
it’s difficult to anticipate its involvement during biosynthesis.

The three major and primary processes in production of circular bacteriocins are cleavage of  
the leader peptide, circularization, and its export to the extracellular space as shown in Figure 8.3.  
Previously, it was assumed that these processes were linked, but it was shown that the cleavage of  
the leader peptide was independent of the remaining of the biosynthetic activities. Genes for biosyn-
thesis which are responsible for producing precursor peptide and linear forms, but a single mutation  
can cause loss of function for circularization reaction. Similarly for other bacteriocin leucocyclin Q,  
circularization and secretion process are separate processes depicting different genes for its regula-
tion (Gabrielsen et al. 2014; Mu et al. 2014). This data is also not enough to prove the independent 
nature of cleavage and circularization, thus according to the scientists the alterations might  
be caused by the separation of cleaved leader peptides and events of circularization. Considering  
the regulation of circular bacteriocin production, it is still unknown in many aspects. Regulator  
proteins and histidine kinase were found near biosynthetic gene cluster in the regulation of a few  
circular bacteriocins such as circularin, enterocin NKR- 5- 3B, butyrivibriocin AR10, and uberolysin.  
Also, one such regulation which is also found as quorum sensing using three component system  
(Bennallack and Griffitts 2017).

FIGURE 8.3 Biosynthesis mechanisms of circular bacteriocins.
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8.5.2  biosyntHesis of leAderless bActeriocins

Leaderless bacteriocins are unique from other kinds of bacteriocins. According to term “Leaderless”, 
they are synthesized without the leader sequence while all other inactive bacteriocins have leader 
sequence at their N- terminal. Due to this characteristic, they don’t come under family of RiPPs 
because they don’t follow post- translational modifications. But it is still considered a part of RiPPs 
because of its biosynthesis mode which is ribosomal in nature and its characteristic. Also, the simpli-
city of leaderless bacteriocins being the strongest resource, because it enables them to be expressed 
for large- scale production (Perez et al. 2018). The functions of the leader peptides are: a) acts as a 
biosynthetic enzyme recognition site; b) protects the producer strain from the bacteriocin’s inhibi-
tory action; and c) ensuring the stable and suitable conformation for the enzyme- substrate inter-
action, as it lacks post- translational modifications (PTM).

The genes for leaderless bacteriocins, which give immunity like lacticins Q and Z, are similar to 
circular bacteriocins (Iwatani et al. 2012 2013), aureocin A53 (Nascimento et al. 2012), and aureocin 
A70 (Coelho et al. 2014; Netz et al. 2002). However the common mechanism for its biosynthesis 
is still unknown. For enterocin L50 (A and B), its structural genes are encoded in 50 kb plasmid of 
pCIZ1, while for enterocin Q which is produced along enterocin L50 is encoded on 7.4- kb plasmid 
of pCIZ2 (Perez et al. 2018). While for lacticins Z and Q (Iwatani et al. 2013 2012), aureocin A53 
(Nascimento et al. 2012), and aureocin A70 (Coelho et al. 2014; Netz et al. 2002).

Considering its mode of regulation, there is no general mechanism for leaderless bacteriocin pro-
duction. Recently it was found that LnqR, a member of the TetR family of transcriptional regulators, 
is a positive regulator that can improve transcription of lacticin Q’s biosynthetic genes lnqBCDEF 
for its synthesis (Iwatani et al. 2016). For aurecin A70, the whole production is a complex pro-
cess which is regulated by alternate transcription factors and phage regulators (Coelho et al. 2016). 
Several mechanisms also depend on nutritive- adaptive control, which was found for weissellicins 
Y and M bacteriocins. Basically, thiamine presence will enhance growth and normally produces 
weissellicins M but reduces weissellicins Y (Masuda et al. 2016). Thus, scientists are working to 
understand the common mechanism running for the production of leaderless bacteriocins because 
of genetic heterogeneity in production.

8.6  ROLE OF BACTERIOCINS IN FOOD PRESERVATION AS FOOD 
PRESERVATIVE AND PROBIOTIC

8.6.1  food PreservAtive

The environment has numerous different types of microorganism that cause food and beverage 
contamination (Haruta and Kanno 2015). Food and beverage spoilage has been a major concern 
to ensure food safety and security in industries, as it can lead to food- borne illness and degrade 
the flavor and quality of food (Villalobos- Delgado et al. 2019). Food poisoning and infection are 
caused by dangerous microbes, which are grouped into five categories: bacteria, viruses, parasites, 
protozoans, and fungus are all examples of pathogens (Bhalla et al. 2019).

Food poisoning is due to variety of harmful substances produced by microorganisms in the 
food, which causes an adverse reaction in the body after consumption. Enterotoxin produced 
by Staphylococcus aureus, for example, can cause small intestine irritation. Humans infected 
with Salmonella can cause diarrhea (Castro et al. 2018). Food infection leads to intestinal infec-
tion when you eat food contaminated with live pathogens that can develop and reproduce in the 
digestive tract. Pathogens have such adverse effects on the health, it is necessary to preserve 
food. Therefore, chemical preservatives have been widely used. Because of its harmful effects on 
human health, there is a significant demand for natural and chemical- free products. Many studies 
have been conducted to look into bio preservatives that can be utilized to prevent diseases from 
infecting food.
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Bio- preservation is a method of preserving nutrient, quality and increasing the shelf life of food 
by utilizing non- pathogenic microorganisms or metabolites (Iordache et al. 2017). Bacteriocins are 
used in bio- preservation to address the demand for natural preservatives. When it comes to the 
preservation, bacteriocins are used in dairy, meat, seafood, beverages, and vegetables. Some of the 
commonly used bacteriocins are as follows.

8.6.1.1 Nisin
Nisin bacteriocin has been confirmed safe by the World Health Organization and the US Food and 
Drug Administration and suitable for use in the food sector (Ng et al. 2020). Nisin was discovered 
for the first time from fermented milk cultures in 1928 and sold in 1953 due to its ability of micro-
bial static effect; it is used as a bio- preservative. Its molecular size is 3354kDa and made up of 
34 amino acids (da Costa et al. 2019). Lactococcus and Streptococcus, both Gram- positive bac-
teria, are employed to manufacture it. Nisin is safe for humans to use at concentrations less than 
83.25 mg/ kg (Kitagawa et al. 2019). Nisin inhibits B. cereus, C. botulinum, L. monocytogenes, and 
S. aureus, among other Gram- positive bacteria present in food (Zhao et al. 2016). Gram- negative 
microorganisms can be killed or inhibited by a combination of nisin and antibiotics (Ng et al. 2020).

NisaplinTM, a commercially available version of nisin, inhibits pathogen growth in both liquid 
and solid form (Silva et al. 2018). It kills L. monocytogenes and S. aureus, and improves the shelf 
life of cheese. Nisin, when added to the food matrix, inhibits the growth of bacteria which are heat- 
resistant spore- forming organisms of the genera B. cereus, C. botulinum, and C. perfringens, and 
thereby preventing spoiling of milk and milk products (Negash and Tsehai 2020). In dairy, culinary, 
bakery, and beverage products, the pathogens L. monocytogenes, B. cereus, and C. botulinum are 
detected, whereas C. botulinum and L. monocytogenes cause spoilage in meat and meat products. 
Nisin is used as an excellent antimicrobial agent against them for extending the expiration date 
(Negash and Tsehai 2020; Gharsallaoui et al. 2016). The basic action of nisin as preservation is 
binding to anionic phospholipids in the cell membrane (particularly lipid II) and then insertion into 
the cell membrane. These mechanisms can halt all metabolic processes in Gram- positive bacteria, 
resulting in their death (Younes et al. 2017a).

8.6.1.2 Pediocin
Pediocin is a class II bacteriocin with molecular weight of 2.7– 17 kDa (Ng et al. 2020). It is marketed 
in the name of Alta 2341TM or MicrogardTM (Ng et al. 2020; Garsa et al. 2014). Gram- negative 
bacteria like Pseudomonas and E. coli are more sensitive to this peptide than Gram- positive bac-
teria like L. monocytogenes and S. aureus (Ng et al. 2020). Derived from Pediococcus strains, it 
has a high heat, pH, and protease enzyme stability. By adsorbing the amino acid at the lipid bilayer 
of the target cells, they inhibit microorganisms that cause food spoilage, such as C. perfringens 
and L. monocytogenes. The bacteriocin is administered in the food matrix by being inoculated 
with Pediococcus, Enterococcus, or Lactobacillus strains to make pediocin, or directly employing 
pediocin in the food matrix to prevent pathogen growth (Silva et al. 2018).

Pediocin PA- 1, derived from the P. acidilactici MCH14 bacteria, possesses antibacterial cap-
abilities against L. monocytogenes and C. perfringens, enhancing the shelf life of sausages and 
fermented pork products. Pediocin PA- 1 is a salad dressing ingredient that also has an antibac-
terial effect against Leuconostoc mesenteroides, making it effective for preserving highly perishable 
food such as cottage cheese, fresh meat, and vacuum- packed beef and L monocytogenes growth is 
inhibited in fish fillets (Ng et al. 2020). Bacillus subtilis and B. licheniformis can be hindered by 
pediocin PA- 1 in sous vide products, pediocin PA- 1 from E. faecium NCIM 5423 in fermented soy 
milk, pediocin 34 from Pediococcus pentosaceous 34 in meat and milk products can all extend shelf 
life (Egan et al. 2016). By creating pores in the cytoplasmic membrane, pediocin inhibits a variety 
of sensitive bacterial cells by targeting the cell, collapse intracellular pH of target, and inhibit proton 
motive force for energy production (Niamah 2018).
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8.6.1.3 Enterocin
Enterocin is a bacteriocin that is produced by Enterococcus spp. Two species, namely Enterococcus 
faecalis and Enterococcus faecium, are potential isolates for enterocin production obtained from 
human intestine (Gálvez et al. 2014). There are four different classes of enterocin, among them 
class II and III enterocins like enterocin AS- 48, E. faecalis, which have great importance as they 
inhibit pathogenic strains of Bacillus and Clostridium (Dubin and Pamer 2017). When people con-
sume ready- to- eat veggies, they are susceptible to a range of illnesses; to combat this, enterocin 
AS- 48 is effective against B. cereus, Bacillus macroides, Paenibacillus spp., and S.aureus (Luna- 
Guevara et al. 2019). It is used to store soybeans, sprouts, canned fruits, and vegetables, inhibiting 
L. monocytogenes (Burgos et al. 2014; Gálvez et al. 2014). Because of the high nutritious com-
position, the dairy sector is readily polluted. It was found to have bactericidal properties against 
Staphylococci in skimmed milk, as well as L. monocytogenes in skim, half fat, full fat, and no- fat 
hard cheese (da Costa et al. 2019). To stop L. monocytogenes from multiplying, enterocin A from 
E. faecium CTC492 and enterocin 416K1 from E. casseli‑ flavus IM 416K1 were employed in cottage 
cheese (Vimont et al. 2017). The enterocins L50A and B from E. faecium F58, as well as enterocin 
CRL 35 from E. faecium CRL35, were used to prevent the growth of L. monocytogenes in goat milk 
for cheese preservation (Ng et al. 2020). Furthermore, enterocin CCM 4231 from E. faecium has 
been claimed to possess antibacterial properties in the preservation of skimmed milk, yogurt, and 
Saint- Paulin cheese against S. aureus and L. monocytogenes.

Lactobacillus sakei CTC746 was suppressed using enterocins A and B, as well as sakacin K 
from E. faecium CTC492 and L. sakei CTC494 was employed to keep up the quality of cooked 
pork. Pathogens detected in cooked ham and dried fermented sausages were shown to be resistant to 
enterocins A and B (Castellano et al. 2017a). In addition, enterocin AS- 48 produced by E. faecalis 
A- 48- 32 is used extensively in the preservation of fruit juices, apple cider and infant rice- based food 
(Burgos et al. 2014). Enterocin AS- 48 has a high pH and heat stability, making it useful in the food 
industry. It can be added to meals in two ways: by introducing enteroicn- producing strains or by 
adding pure or semi- purified enterocin (Ng et al. 2020).

8.6.1.4 Leucocin
Leucocin is a bacteriocin isolated from Leuconostoc spp. It belongs to the class IIa group. Leucocin 
A, a bactericidal bacteriocin produced by Leuconostoc gelidum UAL187, deprives the growth of 
L. monocytogenes in milk, meat, and sausages (Ng et al. 2020). The molecular weight of leucocin 
A is 3.93kDa (Balay et al. 2017). It prevents the growth of C. divergens UAL9 bacteria in meat 
products and L. monocytogenes. It was inhibited by leucocin K7, while L. innocua CIP 80.11 is 
detected in dry sausages and pork products that have been fermented restricted by leucocin B- 
KM432Bz (Ng et al. 2020).

8.6.1.5 Lacticins
Lacticins are produced by strains of L. lactis. Lacticin 3147 is useful in making buttermilk. This 
bacteriocin has antibacterial activity against a wide range of pathogens in addition to LAB which 
prevents deterioration of food. Studies had reported the application of a powder form of lacticin 
3147 to inhibit Listeria and Bacillus in milk and milk products (Castro et al. 2018). Another example 
is lacticin 481, a mono peptide that exhibits average inhibition spectrum. It is efficiently employed 
against LAB, Clostridium tyrobutyricum, and L. monocytogenes. Administration of semi- purified 
lacticin 481 to fresh cheeses kept in the fridge reduced the amount of L. monocytogenes in the 
cheese (Ribeiro et al. 2017).

8.6.2  Probiotics

The term “probiotic” comes from the Greek word pro bio, which means “for life” or “life support” 
(Yang et al. 2014d). Probiotics help to keep the gut flora in check and provide additional health 
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advantages. Probiotics are defined by the WHO as “live microorganisms that, when administered 
in suitable proportions, impart a health benefit on the host” (Dobson et al. 2012). Probiotics are a 
group of strains that are beneficial to the host animal and can survive in the environment and aid in 
metabolic activity, they are non- pathogenic and nontoxic, and remain stable and viable in the face 
of extreme conditions for long periods of time in the environment (Yang et al. 2014b). Probiotics 
regulate intestinal infections by the synthesis of antimicrobial substances, competitive pathogen 
exclusion, immune system modulation, and nutritional competition. Probiotics create bacteriocins, 
which suppress gut microorganisms. Purified bacteriocins and probiotics that produce bacteriocins 
have been shown to reduce the number of infections in mice, chickens, and pigs, as well as alters the 
composition of their intestinal microbiota (Bernbom et al. 2006).

Studies prove that L. lactis strain CHCH2862 that can produce nisin, as well as those that don’t 
produce nisin, can have an influence on the microbiota composition in the intestine of rats. In rats 
fed with L. lactis nisin- producing and non- nisin- producing L. lactis, the number of bifidobacterium 
in their feces increased, but the number of Enterococci and Streptococci in the duodenum, ileum, 
cecum, and colon decreased. This clearly indicates its impact on the intestinal microbiota through 
competition for nutrients or adhesion sites. Enterobacter, Escherichia, Klebsiella, Morganella, 
Salmonella, Shigella, and Yersinia have all been demonstrated to be inhibited by colicin Ib, E1, and 
microcin C7 from E. coli strain H22 (Cursino et al. 2006).

E. coli strain H22 is one of the promising probiotics for both cattle and humans, Lactobacillus 
salivarius UCC118 produced bacteriocin Abp118 for inhibition of food- borne infection by 
L. monocytogenes in mice, mutation of which was unable to protect the mice from this pathogen. 
L. lactis MM19 and P. acidilactici MM33 isolated from the human feces showed the capability 
of reducing the number of vancomycin- resistant Enterococci (VRE) in mice (Cutler et al. 2007). 
Moreover, nisin Z and pediocin PA- 1 bacteriocins, from L. lactis MM19 and P. acidilactici MM33 
respectively, displayed strong antimicrobial activity against clinical VRE isolate. L. lactis and mutants 
of P. acidilactici MM33A that produce non- pediocin PA- 1/ AcH increased total LAB and anaerobe 
populations in healthy mouse feces, but P. acidilactici MM33 decreased enterobacteriaceae numbers 
(Yang et al. 2014b). Furthermore, VRE populations decreased after three days of feeding MM19 or 
MM33. The pediocin PA- 1 generating probiotic P. acidilactici UL5 showed in vitro suppression of 
L. monocytogenes (Dabour et al. 2009).

8.7  ROLE OF BACTERIOCINS IN FOOD PROCESSING

Two notable applications of bacteriocins in dairy industry have to a greater extent prevented food- 
borne diseases. The simple practice of inoculating food with lactic acid bacteria that produce 
bacteriocins and adding pure or semi- purified bacteriocins directly to food improved the product 
life and also reduced food- borne diseases. Antibacterial starter cultures and protection cultures 
made from bacteriocin- producing LAB strains may have an advantage over semi- purified/ purified 
bacteriocins. When bacteriocins are typically incorporated into food substrates they get quickly 
degraded and tend to lose their antibacterial activity and, as a result, including bacteriocins into 
food packaging films/ coatings, which boosts their activity and stability in complex food systems, is 
a feasible alternative (Salgado et al. 2015). The possibility of employing immobilized bacteriocins 
in the production of antimicrobial packaging films to reduce food- borne pathogenic bacteria like 
L. monocytogenes (Sánchez- Hidalgo et al. 2011; Ibarguren et al. 2015; Cursino et al. 2006). The 
use of dairy products, particularly soft cheeses, has been connected to several listeriosis outbreaks, 
posing a challenge for the dairy sector and public health authorities (Melo et al. 2015). Despite 
the fact that most dairy products, particularly cheeses, are manufactured from pasteurized milk, 
Listeria infection still persists. Cheeses are ready- to- eat foods that are frequently stored at low 
temperatures that encourage psychrotrophic bacteria, such as L. monocytogenes, to survive and pro-
liferate. This ultimately can lead to contamination in subsequent stages of dairy product processing 
(Melo et al. 2015; Carpentier and Cerf 2011). As a result, Listeria active bacteriocins appear to be 
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an excellent option for inhibiting the pathogen’s development following boiling or packing (Cotter 
et al. 2005). Bacteriocins are rendered useful to regulate non- starter flora in cheese and wine, such 
as non- starter lactic acid bacteria (NSLAB), and so improve the end product’s quality (Oumer et al. 
2001; O’Sullivan et al. 2003). They may also utilize promoting food fermentation by speeding up 
the ripening of cheese and even improving its flavor (Oumer et al. 2001).

8.7.1  nisin

Nisin is a class- 1 bacteriocin, and it is well- studied and economically valuable (Ross et al. 1999). 
The Joint Food and Agriculture Organization/ World Health Organization (FAO/ WHO) Expert 
Committee on Food Additives has approved nisin as a food preservative (E234) and has determined 
that it is safe (Favaro et al. 2015). Nisins A, Z, F, and Q, generated by L. lactis, and nisins U, U2, P, 
and H, produced by various Streptococcus strains, have been found and described to date (O’Connor 
et al. 2015). NisaplinTM is one of the recommended food preservatives comprising nisin as the func-
tional component (2.5 percent), as well as additional additives including sodium chloride in the case 
of non- fat dairy milk (Chen and Hoover 2003).

Nisin is an effective bacteriocin proven to inhibit a broad spectrum of Gram- positive bacteria, 
including the major food pathogens like Listeria and Staphylococcus, LAB, and spore- forming 
bacteria like Bacillus and Clostridium (Chen and Hoover 2003). Nisin was first used to prevent 
gas- producing Clostridium spp. from generating late blowing in cheese, which can result in a 
slit, crack, or eye in cheese with an abnormal flavour (Gálvez et al. 2014). It has also been exten-
sively used to substitute nitrate in cheese and pasteurized cheese spreads to minimize the spread of 
Clostridia spores (Chen and Hoover 2003). In dairy products, nisin is demonstrated to be efficient 
in the prevention of L. monocytogenes and S. aureus (Sobrino- López and Martín- Belloso 2008). 
Nisin demonstrated antimicrobial property against L. monocytogenes and S. aureus in milk held 
at refrigeration temperatures (19°C to - 4°C) (Arqués et al. 2011). Numerous studies have been 
conducted by adding nisin to various cheese varieties (cottage cheese, cheddar, and ricotta- type 
cheeses) and it was found that it can effectively reduce L. monocytogenes growth, however only by 
1– 3 log cycles (Chen and Hoover 2003). Its anti- listerial action is boosted by lowering the pH and 
adding NaCl (Chen and Hoover 2003; Kuo et al. 2013; Khan and Oh 2016).

After addition of nisin to Minas Frescal cheese, there was decrease in the growth of S. aureus 
by around 1.5 log cycles. Nisin inhibited Bacillus cereus and Bacillus subtilis in processed cheese 
(Sobrino- López and Martín- Belloso 2008). The antimicrobial treatment of nisin increased the shelf 
life of a Greek soft acid- curd cheese by more than 21 days (Kykkidou et al. 2007). Nisin at its con-
centration of 2.5 mg/ l has been proven to extend the shelf life of Ricotta- type cheeses by preventing 
the growth of L. monocytogenes for more than 8 weeks (Davies et al. 1997). Furthermore, only 
10– 32 percent of nisin was lost throughout the 10- week storage duration, indicating a good degree 
of nisin retention. Ferreira and Lund (1996) investigated the impact of nisin on the survival of the 
most resistant strains of L. monocytogenes in cottage cheese, finding a decrease in log cycles in 
three days.

Nisin has been examined in various pasteurized dairy products, including clotted cream, chilled 
desserts, flavored milk, and canned evaporated milks, and has been proven to reduce post- process 
contaminating microorganisms like L. monocytogenes (Gálvez et al. 2014). Pimentel- Filho et al. 
(2014) investigated the efficiency of nisin and bovicin HC5 combination against L. monocytogenes 
and S. aureus in fresh cheese. L. monocytogenes was reduced to undetectable levels, after 9 days 
of storage at 4°C, however the combination of bacteriocins did not inhibit S. aureus development.

The antibacterial action of nisin is influenced by a variety of parameters, including temperature, 
pH, content, and the natural microbiome of food, according to various studies (Zhou et al. 2014; 
Cleveland et al. 2001). Proteolysis during the cheese- making process may potentially impact nisin’s 
activity and antibacterial potency. However, after 10 weeks of storage, several writers reported a 
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little reduction of activity of nisin (10– 32%) in Ricotta cheese (Cleveland et al. 2001). Furthermore, 
in research on Emmental cheese, proteases had no effect on nisin activity (Favaro et al. 2015). Nisin 
use in dairy products is restricted to pH values lesser than 7, as nisin loses its activity at high pH 
levels (de Arauz et al. 2009b). Studies have found that using nisin in dairy products has various 
drawbacks owing to its interaction with food matrix components which includes fat. However, 
the significance of fat in nisin action is unclear, as experiments on heat- treated cream reveal that 
low amounts of nisin prevent B. cereus development (Nissen et al. 2001). In high- fat milk- based 
puddings, nisin was also proven to inhibit spoiling microorganisms and improve shelf life (Oshima 
et al. 2014). Meanwhile, homogenization of milk was shown to diminish the anti- listerial effects 
of nisin, indicating that food treatment has a key role in the effectiveness of bacteriocins (Bhatti 
et al. 2004).

8.7.2  Pediocins

Pediocins are a type IIa bacteriocin generated by Pediococcus spp. and are sold under the brand names 
Alta 2341TM and MicrogardTM (Garsa et al. 2014). Food- borne pathogens, such as L. monocytogenes 
and S. aureus (Cintas et al. 1998), have been proven to be more effective than nisin. The stability 
of pediocins in aqueous solutions, their wide pH range, as well as their high tolerance to heating 
and freezing further boost their prospective use to dairy produce (Sobrino- López and Martín- 
Belloso 2008). Pediocins have been added to milk or dairy items in a few experiments, despite 
their high potential. In cottage cheese, cream, and cheese sauce, pediocin (PA- 1) was observed to 
reduce L. monocytogenes concentrations (Pucci et al. 1988). The anti- listerial impact was observed 
throughout a wide temperature and pH range, and was especially functional at low levels of initial 
contamination of L. monocytogenes (102 cfu ml- 1).

8.7.3  lActicins

Lacticins, such as lacticin 3147 and lacticin 481, are produced by some strains of L. lactis. The 
two- component lantibiotic, lacticin 3147, requires both structural proteins to have complete bio-
logical activity. It was isolated from an Irish kefir grain used to make buttermilk (Ross et al. 1999). 
In addition to other LAB, lacticin has antibacterial action against a variety of food pathogenic and 
food- spoilage bacteria (Sobrino- López and Martín- Belloso 2008; Carmen Martínez- Cuesta et al. 
2010). In the control of Listeria and Bacillus in newborn milk formulation, cottage cheese, and 
yogurt, lacticin 3147 powder preparation was demonstrated to be beneficial (Morgan et al. 2001). 
Studies show that concentrations of lacticin powder utilized were high, which accounted for 10% 
of the product weight, were impractical, and were uneconomic (Morgan et al. 2001). Lacticin 481 
is a single- peptide lantibiotic with a broad inhibitory range, primarily effective against other LAB, 
C. tyrobutyricum (O’Sullivan et al. 2003), and L. monocytogenes (Ribeiro et al. 2017). Arqués et al. 
(2011) found that using non- purified lacticin 481 had a minor bacteriostatic effect in milk held at 
refrigeration temperatures. However, applying semi- purified lacticin 481 to new cheeses kept in the 
refrigerator for 3– 7 days decreased L. monocytogenes by 3 log cycles (Ribeiro et al. 2017). Further, 
using lacticins in food complexes is unlikely to result in the total eradication of pathogens like 
L. monocytogenes.

8.7.4  enterocins

Enterocins are bacteriocins generated by Enterococcus species, and they are a varied category in 
terms of taxonomy and inhibitory spectrum (Egan et al. 2016). Despite the fact that most LAB 
are GRAS- certified and may be safely in food, bacteriocinogenic Enterococci create certain risks. 
Enterococci are a type of bacteria that has been connected to a number of human illnesses (Ross et al. 
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1999). Additionally, certain Enterococci may carry virulence factors along with antibiotic resistance 
genes (Younes et al. 2017b). Food Enterococci are recognized for their ability to share genetic infor-
mation, while having fewer virulence factors than clinical strains. Pure enterocins may be deemed 
more suited for consumption, given the safety issues associated with utilizing bacteriocinogenic 
Enterococci.

Enterocin AS- 48 is a class IIc cyclic bacteriocin generated by Enterococcus faecalis that is 
effective against a numerous Bacillus and Clostridium spp (Egan et al. 2016). Enetrocin is a most 
researched bacteriocin, with excellent pH and heat stability, making it a good option for food use. 
Muñoz et al. (2007) investigated the ability of enterocin AS- 48 to control the growth of Staphylococci 
in skimmed milk. They discovered a bactericidal property proportionate to the bacteriocin concen-
tration (10– 50 g/ ml), however Staphylococci were not completely eliminated at any of the doses 
examined. Yildirim et al. (2016) evaluated the antibacterial properties of Enterocin KP in skim, half 
fat, and full fat milks against L. monocytogenes. Enterocin KP showed strong anti- listerial activity, 
but when the fat content of milk and the number of L. monocytogenes inoculated rose, so did the bac-
tericidal impact. In addition, Gradisteanu Pircalabioru et al. (2021a) found that pure enterocin CCM 
4231 (3200 AU/ ml) inhibited S. aureus and L. monocytogenes growth in skimmed milk and yogurt. 
Even yet, after 24 hours, enterocin’s antagonistic impact on S. aureus in yogurt was less significant. 
Enterocins are usually effective against food- borne pathogens such as Listeria spp. and Clostridium 
spp., but their use in food systems is unlikely to prevent pathogen regrowth during storage (Zacharof 
and Lovitt 2012; Cursino et al. 2006). However, Arqués et al. (2011) found that the combined impact 
of two bacteriocins, reuterin and enterocin AS- 48, reduced L. monocytogenes levels in milk below 
the detection limit after 4 and 24 hours. Ribeiro et al. (2017) recently demonstrated that a semi- 
purified enterocin generated by an E. faecalis strain was effective in decreasing L. monocytogenes 
contamination (in a dose- dependent manner) in fresh cheese. Furthermore, the maximum dose 
administered to cheese (about 2000 AU/ g of cheese) led in a pathogen decrease below levels of 
detectability that lasted throughout the storage period (72 h).

8.7.5  otHer bActeriocins

Many bacteriocins with a high specific activity range can be used as an alternative (Abee et al. 
1995). As a result, there has been a lot of interest in finding novel bacteriocins with a stability in 
various dietary settings, broad range of antibacterial activity, heat tolerance, and proteolytic enzyme 
resistance.

8.8  ROLE OF BACTERIOCINS IN THE PHARMACEUTICAL INDUSTRY

8.8.1  treAtment of PAtHogen- AssociAted diseAses

The ability of antibiotics to limit the growth of clinically relevant pathogens such as multidrug- 
resistant Staphylococci, Streptococci, Enterococci, and Clostridia, has enable it to be a promising 
antimicrobial medicine under development.

Furthermore, several antibiotics are specifically active against a few Gram- negative bacteria 
species, including Neisseria and Helicobacter strains. These lantibiotics have the ability to operate 
as antibacterial agents while also having a low tendency to build resistance, making them ideal for 
medicinal use (Auke Johan van Heel, Montalban- Lopez, and Kuipers 2011; Brown et al. 2012). 
Several lantibiotics are now being studied in vitro and in vivo for antibacterial studies, and a few 
others are in preclinical and clinical development. For example, a phase I clinical study for the 
treatment of Clostridium difficile infections (Kuo et al. 2013) is presently underway with the semi-
synthetic carboxy- amide derivative of the globular class II lantibiotic deoxyactagardine B (NVB302, 
Novacta Biosystems Limited). Antibiotics were originally licenced by the USFDA in 1951 and were 
used in animal feed, resulting in a considerable decrease in the number of deaths caused by bacterial 
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infections. However, due to concerns about antibiotic overuse, the problem of multiple drug resist-
ance bacteria has grown increasingly significant (Joerger 2003). Bacteriocins have been shown to 
suppress the action of pathogens such as Shiga toxin- producing E. coli (STEC), enterotoxigenic 
E. coli (ETEC), methicillin- resistant Staphylococcus aureus (MRSA), VRE, Agrobacterium, and 
Brenneria spp. in animals and plants (Grinter et al. 2012; Cotter et al. 2013). The bactericidal action 
of bacteriocins is mostly observed in the receptor- binding region of bacterium surfaces, followed 
by cytotoxicity across the membrane. Bacteriocins are also low- toxic peptides or proteins that are 
highly susceptible to proteases like trypsin and pepsin (Cleveland et al. 2001). Jordi et al., (2001) 
discovered that 20 different E. coli strains could produce colicin, which inhibited five different 
Shiga toxin- producing E. coli strains (O26, O111, O128, O145, and O157: H7). This E. coli can 
cause diarrhoea and hemolytic uremic syndrome in humans. E. coli producing colicin E1, E4, E8- J, 
K, and S4 can considerably inhibit STEC growth in a simulated cow rumen environment. In- vitro 
efficacy of pure colicin E1 and colicin N against enterotoxigenic E. coli pathogens F4 (K88) and 
F18, which caused post- weaning diarrhoea in pigs. In addition, pure colicin E1 proteins were put 
into the feed of young pigs. F- 18 positive E. coli reduced the frequency of post- weaning diar-
rhea (Cutler et al. 2007). As a result, the piglets’ growth was improved. Józefiak et al. (2013) fed 
broiler chickens a nisin- supplemented bird meal and discovered a lower number of bacteroides and 
enterobacteriacae in the ileal digesta of the chicken supplemented with nisin. Nisin has a similar 
mechanism of action as salinomycin. The mean body weight gain of nisin- supplemented (2700 
IU nisin/ g) chickens after 35 days is 1918 g/ bird, compared to 1729 g for non- nisin- supplemented 
chickens and 1763 g for salinomycin- supplemented chickens. Class II low molecular mass bacteri-
ocin OR- 7 was isolated from the Lactobacillus salivarius strain NRRL B- 30514 (Stern et al. 2006). 
Campylobacter jejuni, a human gastroenteritis pathogen, was shown to be resistant to this bacteri-
ocin. OR- 7 remained stable when heated to 90°C with lysozyme and lipase, or at pH ranges of 3.0 to 
9.1. For chicken feed, pure OR- 7 was encapsulated in polyvinylpyrrolidone. In the fecal substances 
of OR- 7- treated hens, C. jejuni population were decreased by at least one million times compared 
to non- OR- 7 supplemented animals. These findings indicate that nisin, OR- 7, and other bacteriocins 
have promise as antibiotic substitutes in chicken and other animal diets (Yang et al. 2014).

8.8.2  cAncer tHerAPy

Cancer has evolved into a severe disease and a hazard to human health during the last half- 
century. According to new data from the WHO, 8.2 million people died from cancer in 2012, with 
14.1 million new cancer cases, with Africa, Asia, and Central and South America accounting for 
60% of the world’s total new cancer cases. Lung cancer (2.7 percent, including trachea and bron-
chus cancer) was the 7th greatest cause of death in 2011, with 1.5 million (2.7 percent) fatalities, up 
from 1.2 million (2.2 percent, 9th) deaths in 2000. In 2013, there were 1,660,290 new cancer cases 
in the United States, with 580,350 cancer deaths expected, making cancer the second biggest cause 
of death, only after cardiac disease (Siegel et al. 2013).

Bacteriocins have been shown to have effect against tumor cells in various studies in cancer 
treatment. They may be ideal as a possible anti- tumor medication option because they are nat-
urally and lawfully added to foods. Chumchalova and Smarda (2003) found that pore- forming 
colicin A and E1 hindered the proliferation of one standard human fibroblast line, MRC5, and 11 
human tumor- cell lines. Colicin D, E2, E3, and pore- forming colicin A significantly inhibited the 
viability of P388, whereas pore- forming colicin E1 and colicin E3 repressed v- myb- transformed 
chicken monoblasts. Bures et al. (1986) isolated E. coli from the feces of 77 colorectal cancer 
patients, finding bacteriocin- producing E. coli in 32 patients (41.6%). The presence of bacteriocin- 
producing E. coli in the feces of 160 healthy adults was found in 102 (63.8 percent), indicating that 
colicins from bacteria in the colon may be one of the reasons in lowering human colorectal cancer. 
Colicins have the potential to be a moderately effective anti- cancer medication. Supplementing with 
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bacteriocin- producing probiotics might also help to prevent cancer. Joo et al. (2012) discovered that 
nisin has the ability to suppress cancer cell proliferation in recent research. Nisin was used to treat 
three types of head and neck squamous cell carcinoma (HNSCC): 17B, HSC, and 14A, at doses 
of 40 and 80 g/ ml. Nisin promoted DNA fragmentation or apoptosis, stopped the cell cycle, and 
inhibited HNSCC cell growth after 24 hours. The anti- HNSCC function of nisin was tested using 
a floor- of- mouth oral cancer xenograft mice model. When the mice were given a 150- mg/ kg oral 
dosage of nisin daily for three weeks, the tumor mass was dramatically decreased in the nisin- treated 
animals compared to the control mice that just had water. These findings suggest that nisin is a risk- 
free and effective treatment for HNSCC.

8.9  CONCLUSION AND FUTURE PROSPECTS

The potency of bacteriocins in biotechnology has been known for years, as it is employed in sev-
eral fields such as agriculture, aquaculture, food preservation, pharmaceutical industries, and health 
care. Due to the current spread of lethal diseases with a limited number of approved drugs, serious 
steps for discovering of novel compound- like bacteriocins can improve its role as antimicrobial 
agent. Bacteriocins are antimicrobial peptides, which can be produced on a large scale with greater 
application as therapeutic agent and as preservative agent. With the advent of recombinant DNA 
technology and bioprocess engineering, gene coding for bacteriocin is cloned and regulated for 
industrial production using prokaryotic host. In in vivo studies, the active bacteriocins have shown 
promising results. Evaluating the safety of these bacteriocins and authorized pharmaceutical with 
human trials should be done for its further applications. Further, in food preservation it has shown 
great outcomes to eliminate spores, and increasing the shelf life of food. Until now nisin has only 
been authorized to use as a food preservative. But there are also chances of few more bacteriocins 
whose efficiency needs to be verified.

Bacteriocin has a potent activity and might be used to replace antibiotics in the future because 
of its less toxicity and its proteinaceous nature which can help to solve the problem of antibiotic 
resistance. Besides the synergic effect of bacteriocins with a reduced dose of antibiotics can give 
greater killing activity on pathogens. While exploring the use of bacteriocins, care should be taken 
for its appropriate use as we are already dealing with antibiotic resistance. Bacteriocins have huge 
potential in field of pharmaceuticals and food preservation.
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9.1  INTRODUCTION

Plants are used as traditional medicines from ancient times to today as they are the largest living 
storehouses of bio- chemicals and pharmaceuticals known on Earth (Abdallah, 2011). The World 
Checklist of Vascular Plants (WCVP) database reported in April 2021 that there are 1,383,297 plant 
names with 996,093 plants identified at species level, constituting 342,953 accepted vascular plant 
species (Govaerts et al., 2021). Around 10% of the reported vascular plants are used as medicines 
(Salmerón- Manzano et al., 2020). According to the MPNS, 33,443 species are recorded as being 
used for medicinal purpose (MNPS, 2021). Medicinal plants are those that have therapeutic prop-
erties which can pose pharmacological effect on the human or animal body (Namdeo, 2018). About 
80% of the world’s population depends on plant- based medicine for treatment of diseases (Okoye 
et al., 2014). The medicinal property of a plant is attributed to rich and diverse secondary metabolites 
(Allemailem, 2021). Secondary metabolites are intermediates or products of primary metabolism that 
are not involves directly in the growth and development of the plant (Jain et al., 2019). Plants gen-
erate secondary metabolites in response to stresses posed by biotic factors (bacteria, fungi, viruses, 
parasites, pests, weeds, and herbivore animals) and abiotic environmental factors (temperature, sal-
inity, drought, UV radiation etc.) so as to adapt and survive in response to environmental stimuli 
during their life time (Yang et al., 2018). Secondary metabolites help the plants by inducing flowering, 
fruit set, and abscission. They also aid in attracting pollinators. Secondary metabolites have various 
applications in industries as they are sources of dyes, adhesives, oils, waxes, fragrances, and flavors. 
Along with all these vast applications, one of the major applications of secondary metabolites 
is their use in therapeutics. They possess antioxidant, antibacterial, antifungal, antiviral, and anti- 
inflammatory properties to mention a few (Berhardt, 2016). Khazir et al. have described the beneficial 
effects of secondary metabolites in cancer prevention (Khazir et al., 2014). There are many studies 
reported on the potential use of secondary metabolites in preventing certain chronic diseases like 
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cardiovascular disease, neurodegenerative diseases, and type II diabetes (Berhardt, 2016). They act 
as antimicrobials to attract or repel microbes. Both traditional and modern medicines rely on plant 
secondary metabolites for their action (Teoh, 2016). Presently around two lakh different plant sec-
ondary metabolites have been isolated and identified and are used to treat infectious diseases. Ancient 
Indian and Chinese folk medicines have used plants extensively for the treatment of various infectious 
diseases (Gorlenko et al., 2020). The WHO defines infectious diseases as disease caused by patho-
genic microorganisms, such as bacteria, viruses, parasites or fungi that can be spread, directly or 
indirectly, from one person to another (World Health Organization –  Eastern Mediterranean Region). 
Infectious diseases are treated using antimicrobials which are defined as medicines that can prevent 
and treat infections in plants, animals, and humans. It includes antibiotics, antivirals, antifungals, and 
antiparasitics (“Antimicrobial resistance,” WHO). The infectious diseases can be cured by using anti-
biotic drugs, but antimicrobial resistance in pathogens over time due to rapid bacterial evolution and 
biofilm forming ability makes the medicine no longer responsive to the infection, increasing the risk 
and severity of illness (Mandal et al., 2017). Antimicrobial resistance poses serious threats to human 
health due to inappropriate use of antibiotics. New antimicrobials are the need of the hour to combat 
multiple drug resistance in these pathogenic organisms (“Antimicrobial resistance,” WHO). Annual 
death numbers worldwide due to antimicrobial resistance continue to increase and are projected to 
reach around ten million by 2050 (Chassagne et al., 2021). Various studies on the development of 
new plant- based bio- actives are increasing recently with the hope to combat antimicrobial resistance 
(Subramani et al., 2017). On the basis of biosynthetic origin, plant secondary metabolites can be 
classified broadly into three categories: phenolic compounds, terpenes, and alkaloids (Berhardt, 2016).

9.2  CLASSIFICATION OF PLANT SECONDARY METABOLITES

A mode of natural defense against microbial attacks or herbivory, plants secrete certain organic  
compounds which, though not involved in cell growth and development, are significant contributors  
to maintenance of ecological interactions. They are called secondary metabolites and are classified  
into specific categories on the basis of a variety of factors that govern the biochemical characteristics  
of secondary metabolites. Some of the factors include chemical structures including the presence  
of a number of sugar units, solubility in water or other organic solvents, presence or absence of  
nitrogen in the composition along with the variation in their biosynthetic pathways (Mera et al.,  
2019). The latter has been considered as the most suitable and commonly used method for classifi-
cation of secondary metabolites into three specific categories, as: terpenes, alkaloids, and phenolic  
compounds (Figure 9.1). Having special importance in the chemical conversion processes in plants,  
these compounds are of utmost importance to various pharmaceutical industries and have specific  
utilities as gums, flavors, insecticides, and other commercially important products. As described by  
Czapek, secondary metabolites are the end products of nitrogen metabolism after certain “secondary  
modifications” like deamination which could be easily analyzed using phytochemical techniques  

FIGURE 9.1 Most commonly accepted classification of plant secondary metabolites based on composition 
and variation of biochemical pathways.
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like chromatography (Bourgaud et al., 2001). Thus, nitrogen plays a vital role in the classification of  
secondary metabolites in plants, as N- containing and non- nitrogenous substances.

These compounds are sub- classified on the basis of several other factors like number of iso-
prene units in case of terpenes, number of carbon atoms in the skeleton of phenolic compounds, 
biosynthetic origin of alkaloids into true, pseudo, and protoalkaloids and others. Apart from this, 
there are other criteria for classification of alkaloids, like pharmacological properties, presence 
or absence of heterocyclic nucleus, or distribution in other plant families. The production of sec-
ondary metabolites occurs through various pathways in the plant cells like shikimic acid pathway, 
malonate pathway, polyacetate pathway, and others. The functions of these secondary metabolites 
are more diverse than can be listed, such as generating astringent taste in them to prevent attack 
by herbivores. The utility also extends to the synthesis of toxic phytoalexins to prevent microbial 
infection.

Based on the biosynthetic pathway plant secondary metabolites are classified as:

• Phenolic compounds
• Terpenes
• Alkaloids (Berhardt, 2016).

9.2.1  PHenolic comPounds

They are the largest and most divergent group of plant secondary metabolites (Mandal et al., 2017). 
These compounds contain atleast an aromatic ring with one or more hydroxyl group (Berhardt, 
2016; Hussein and El- Anssary, 2019). Their structure can vary from a single molecule of low 
molecular weight to more complex polymeric structures. Naturally occurring phenolic compounds 
are found to be conjugated with carbohydrate linked to one or more phenolic groups (Vuolo et al., 
2019). There are more than 8,000 phenolic compounds in the plant kingdom reported (Rio et al., 
2013). Phenolic compounds significantly contribute to the color, taste, and flavor to herbs and food 
(Hussein and El- Anssary, 2019). They have beneficial biological properties such as antioxidants, 
metal chelators, and free radical scavengers; they also possess various pharmacological activities 
like anti- inflammatory, anti- allergic, anti- carcinogenic, and antimicrobial activities. The substitution 
position in the aromatic ring and the length of saturated chain influences the antimicrobial activity 
(Mandal et al., 2017).

From a biosynthetic point of view, there are two pathways by which phenolic compounds are 
generated:

• Shikimate pathway –  most common pathway for synthesis of phenolic acids, flavonoids and 
lignans.

• Phenylpropanoid pathway –  common pathway for polycyclic compound synthesis like 
coumarins, xanthones and quinines (Vuolo et al., 2019; Berhardt, 2016).

Phenolic compounds are classified based on the structure, that is, the number and arrangement of 
carbon atoms (Berhardt, 2016; Hussein and El- Anssary, 2019) into two main classes:

• Non- flavonoids
• Flavonoids.

9.2.2  non- flAvonoids

Based on the carbon skeleton and specific substituents in the basic structures, non- flavonoids are 
classified into sub- types:
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• Simple phenols
• Phenolic acids and derivatives
• Phenones
• Phenylacetic acids and derivatives
• Hydrolysable tannins
• Stilbenes (Kougan et al., 2013).

9.2.2.1  Simple Phenols
They are compounds with one or more aromatic rings where at least one hydrogen in the ring is 
substituted by a hydroxyl group (Heleno et al., 2015). Simple phenol includes phenol, catechol, 
pyrogallol, resorcinol, phloroglucinol, and others (Kougan et al., 2013).

Catechol and pyrogallol were reported to show high antibacterial activity against Pseudomonas 
putida, Pseudomonas pyocyanea, and Corynebacterium xerosis. Catechol was also found to act 
as a potent antifungal agent against Fusarium oxysporum and Penicillium italicum (Kocaçalişkan 
et al., 2006).

9.2.2.2  Phenolic Acid and Derivatives
Phenolic acids have a benzene ring to which a carboxyl group is attached (Kougan et al., 2013). The 
antimicrobial activity of phenolic acids has wide application in food preservation and packaging 
(Sánchez- Maldonado et al., 2011).

Phenolic acids include two groups: hydroxybenzoic acids (C
6
– C

1
 structures) and hydroxycinnamic 

acids (C
6
– C

3
 structures) (Sánchez- Maldonado et al., 2011).

The hydroxybenzoic acid derivatives includes salicylic acid, 4- hydroxybenzoic acid, 
protocatechuic acid, gentisic acid, vanillic acid, syringic acid, gallic acid, ellagic acid, and 
hexahydroxydiphenic acid (ellagic acid dilactone) (Vuolo et al., 2019).

The hydroxycinnamic acid derivatives include cinnamic acid, coumaric acid, caffeic acid, 
ferulic acid, and sinapic acid. The hydroxycinnamic acids p- coumaric and ferulic acids (4- 
hydroxy- 3- methoxycinnamic acid) are the common precursors for most of the chemically diverse 
phenylpropanoid derivatives having antimicrobial functions (Macoy et al., 2015).

Gallic acid is known for its wide distribution. It is found to have antibacterial, antiviral, antifungal, 
anti- inflammatory, antitumor, choleretic, and anti- anaphylactic properties in vitro (Harborne et al., 
1998). Epigallocatechingallate, tannic acid, quercetin, and epicatechin were found to inhibit beta- 
lactamase and biofilm forming ability of Staphylococcus epidermidis and Pseudomonas aeruginosa, 
thereby acting as potent antibacterials (Mandal et al., 2017).

9.2.2.3  Phenones, Phenylacetic Acid and Derivatives
Phenones are aromatic ketones containing phenyl group attached to carbonyl group. They include 
acetophenone, benzophenone, and so on. Phenylacetic acid and their derivatives have a ben-
zene ring with two side chains. Some of their derivatives include acetophenone, benzophenone, 
phenylacetaldehyde, and phenylethanol. They are also referred to as the C6- C2 class of phenolic 
compounds (Kougan et al., 2013).

9.2.2.4  Tannins
Tannins are polyphenols with large number of hydroxyl or other functional groups (Chung et al., 1998). 
Tannins can be hydrolysable, condensed and complex (Al Mamari, 2021). The hydrolysable tannins 
have a polyhydric alcohol group at the center that are esterified by gallic acid or hexahydrodiphenic 
acid to yield gallotannins and ellagitannins respectively. Polymers of flavan- 3- ols or catechin units 
are termed condensed tannins, while complex tannins are complex in structure and include catechin 
units bound to gallotannins or ellagitannins (Chung et al., 1998; Al Mamari, 2021).
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Tannic acid is a gallotannin that is found to inhibit food- borne bacteria and aquatic bacteria. Their 
antimicrobial property is associated with hydrolysis of ester linkage between polyols and gallic acid 
(Chung et al., 1998).

9.2.2.5  Stilbenes
Stilbenes are molecules containing two phenol units linked by two double bonded carbon atoms with 
a classical C6- C2- C6 structure with hydroxyl groups. In plants they exist as aglycones or glycosides 
that protect plants against bacterial, mold, or fungal infections. Examples of stilbenes include 
phytoalexins, resveratrol, piceatannol, pterostilbene, and so on (Watson, 2017; Al Mamari, 2021).

Resveratrol and 3,5,40 – trihydroxystilbene were found to inhibit growth of certain bacterial 
species like Bacillus subtilis, Bacillus brevis, Enterobacter dissolvens, and Micrococcus luteus. 
They act as antifungal agent against Nematospora coryli, Rhizomucor miehei, Penicillium notatum, 
and Colletotrichum graminicola. Their antimicrobial activity was found to act like other antibiotics 
like tetracycline, streptomycin, ampicillin, or kanamycin (antibacterials) and nourseothricin or 
hygromycin (antifungals) (Albert et al., 2011).

9.2.2.6  Flavonoids
Flavonoids are large class of small molecular secondary metabolites with phenyl benzopyran frame-
work, that is, C6- C3- C6 carbon framework. There are different sub- types of flavonoids depending 
on the level of unsaturation and oxidation that include: flavonols, flavanols, flavanonols, flavones, 
isoflavones, flavanones, chalcones, aurones, anthocyanidins, and so on. All these sub- types have 
a common flavonoid structure containing a nuclear 2- phenyl- benzo- γ- pyrane with two benzene 
rings –  Ring A and Ring B through a heterocyclic pyran or pyrone ring C. Flavonoids have poten-
tial antimicrobial activity due to their ability to act on bacterial cell wall and prevent biofilm for-
mation. It is also being reported that plant flavonoids have the ability to revert antibiotic resistance 
and enhance the action of current antibiotic drugs (Górniak et al., 2019; Hussein and El- Anssary, 
2019; Al Mamari, 2021). There are nearly 5,000 flavonoids reported and the number will continue 
to increase (Berhardt, 2016).

9.2.3  terPenes

Terpenes are also called as isoprenoids or terpenoids due to the presence of a five- carbon isoprene 
unit as a building block in their structure. The isoprene unit has 5 carbon atoms and is represented as 
(C

5
H

8
)

n
 that is present within the terpene skeleton. More than 25,000 terpenes are reported of which 

most have cyclic structure. The antimicrobial activity of terpenes is determined by the presence or 
absence of certain functional groups (Berhardt, 2016; Hussein and El- Anssary, 2019).

Terpenes are classified on the basis of the number of isoprene units present in their structure. They 
can be hemiterpene (n= 1; contains only one isoprene unit), monoterpene (C10 i.e, two isoprene units 
(n= 2)), sesquiterpenes (n= 3; C15), diterpenes (n= 4; C20), sesterpenes (n= 5; C25), triterpenes (n= 6; 
C30), and tetraterpenes (n= 8; C40) (Berhardt, 2016; Hussein and El- Anssary, 2019).

9.2.3.1  Hemiterpenes
The isoprene unit itself is considered as hemiterpene. Angelic acid and isovaleric acid are examples 
of hemiterpenes containing oxygen derivatives (Hussein and El- Anssary, 2019).

9.2.3.2  Monoterpenes
They contain two isoprene units. Some of the examples include carvacrol, thymol, menthol, and 
geraniol. These monoterpenes were found to be effective antimicrobials against Gram- positive and 
Gram- negative bacteria. The susceptibility of multiple drug resistant Enterobacter aerogenes was 
found to be efficiently increased by geraniol. Menthol and thymol were found to effectively inhibit 
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the growth of S. aureus and E. coli. Carvacrol and carvone were found to be efficient antimicrobials 
against E. coli and S. typhimurium (Mahizan et al., 2019).

α- terpinene, γ- terpinene, α- pinene, ρ- cymene, terpinen- 4- ol, α- terpineol, thymol, citral, borneol, 
bornyl acetate, isoborneol, 1, 8- cineole, thujone, and camphor were reported to efficiently act against 
Herpes simplex virus type 1 (HSV- 1) (Dunkić et al., 2010).

9.2.3.3  Sesquiterpenes
They contain three isoprene units. Their structure can be acyclic, monocyclic, or bicyclic. Farnesol, 
bisabolol, and caryophyllene are the examples for acyclic, monocyclic, and bicyclic sesquiterpenes 
respectively (Hussein and El- Anssary, 2019). Farnesol was found to show antibacterial effects 
against Streptococcus mutans, S. sobrinus, S. aureus, and S. epidermidis by inhibiting biofilm for-
mation. Xanthorrhizol, a phenol sesquiterpene, was found to inhibit growth of Mycobacterium 
smegmatis (Mahizan et al., 2019; Jin et al., 2010).

9.2.3.4  Diterpenes
Diterpenes are made up of four isoprene units that can be either acyclic or macrocyclic. Diterpenes 
are widely used as combinational drug with antibiotics. Salvipisone and aethiopinone are diterpenes 
that have antibacterial and antibiofilm activities against S. aureus, Enterococcus faecalis, and 
S. epidermidis (Mahizan et al., 2019).

9.2.3.5  Triterpenes
Triterpenes are composed of six isoprene units. Oleanic acid, bonianic acid A and B, and ursolic 
acid are triterpenes that act effectively against Mycobacterium tuberculosis. Oleanic acid when 
combined with rifampicin, isoniazide, and ethambutol was found to act on multiple drug resistant 
microorganisms (Mahizan et al., 2019; Hussein and El- Anssary, 2019).

9.2.4  AlkAloids

Nitrogen- containing heterocyclic compounds are termed alkaloids. On the basis of their core 
chemical structures, alkaloids are classified as: acridones, aromatics, carbolines, ephedras, ergots, 
imidazoles, indoles, bisindoles, indolizidines, manzamines, oxindoles, quinolines, quinozolines, 
phenylisoquinolines, phenylethylamines, piperidines, purines, pyrrolidines, pyrrolizidines, 
pyrroloindoles, pyridines, and simple tetrahydroisoquinolines (Hussein and El- Anssary, 2019).

Isoquinoline alkaloids, pyridine alkaloids, indole alkaloids, and steroidal alkaloids show signifi-
cant antimicrobial properties (Yan et al., 2021; Cushnie et al., 2014).

9.2.5  isoQuinoline AlkAloids

They are the largest alkaloid group that comprises of simple isoquinoline alkaloids, benzylisoquinoline 
alkaloids, bisbenzylisoquinoline alkaloids, aporphine alkaloids, and protoberberine alkaloids. 
Thalicfoetine is an isoquinoline alkaloid that can inhibit the growth of Bacillus subtilis. Spathullin 
A and B are reported to be active against Enterobacter cloacae, Escherichia coli, Pseudomonas 
aeruginosa, Acinetobacter baumannii, Klebsiella pneumonia, and S. aureus (Yan et al., 2021; 
Cushnie et al., 2014).

9.2.5.1  Pyridine Alkaloids
Pyridine alkaloids are derivatives of pyridine or piperidine. They are further divided into simple 
pyridine alkaloids, quinolizidine alkaloids, and indolizidine alkaloids. Lanatine A, cermizine 
C, jussiaeiine A, jussiaeiine B, 3- (4- hydroxyphenyl)- 4- (3- methoxy- 4- hydroxyphenyl)- 3,4- 
dehydroquinolizidine, and (−)- N- methyl- cytisine were found to inhibit the growth of S. aureus and 
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E. coli. Pyridine alkaloids can efficiently act as broad- spectrum antimicrobials (Yan et al., 2021; 
Cushnie et al., 2014).

9.2.5.2  Indole Alkaloids
Indole alkaloids are the derivatives of tryptophan. Voacafricines A and B are monoterpeneindole 
alkaloids that can act against S. aureus and Salmonella typhimurium. Indole alkaloids can efficiently 
be used against drug resistant bacteria (Yan et al., 2021).

9.2.5.3  Steroidal Alkaloids
Steroidal alkaloids are nitrogen- containing derivatives, where the nitrogen atom is localized in 
the ring structure of natural steroids. Steroidal alkaloids have potent antibacterial activity against 
methicillin- sensitive S. aureus. Mokluangin A, B, and C steroid alkaloids were found to be active 
against B. subtilis and E. coli (Yan et al., 2021).

The main antibacterial mechanism of alkaloids includes inhibition of cell wall synthesis of bac-
teria, alteration in cell membrane permeability, inhibition of bacterial metabolism, and nucleic acid 
and protein synthesis inhibition (Cushnie et al., 2014b; Yan et al., 2021).

9.3  EXPLORING PLANT- BASED METABOLITES AS BIOCOMPATIBLE 
THERAPEUTICS

9.3.1  AntimicrobiAl Activity of metAl nAnoPArticle coAted PlAnt secondAry 
metAbolites

Metal- nanoparticles can be made from either the complete plant or a plant extract. Plant extracts 
have a better bioreduction capability than microbial cultures, according to the findings. Furthermore, 
waste products formed by plant- mediated synthesis processes are normally environmentally friendly, 
whereas waste products generated by microbial synthesis methods are likely to be harmful to the 
environment, depending on the microbe used. The plant secondary metabolites in the extracts not 
only reduce metal ions, but they also stabilize the nanoparticles that have been created. Besides 
that, the biogenic nanoparticle manufacturing approach appears to be reproducible, environmentally 
benign, and safe for human therapeutic usage (Hussein and El- Anssary, 2019; Prasad et al. 2016; 
Srivastava et al. 2021;).

Metal- based nanomaterials serve as both a nano- carrier and a nano- drug for a variety of adminis-
tration methods, as well as quick immune system detection. In the flavonoid- nanoparticle complex, 
hydrogen bonds and hydrophobic interactions are prominent. These interactions have also improved 
flavonoid’s aqueous solubility at target sites. Nanoparticles shield flavonoids from GI breakdown, 
and the nanoparticles can then be taken up directly by epithelial cells in the small intestine, consid-
erably increasing flavonoids’ absorption and bioavailability (Sathishkumar et al., 2018).

Flavonoids have a negligible or undetectable cytotoxic effect on healthy cells. It also protects 
normal cells from AgNP- induced cytotoxicity and oxidative stress. As a result, flavonoids- mediated 
nanomaterial (FMN) is a bioactive therapeutic tool for treating a variety of disorders, as well as an 
immunosuppressive agent alternative. By reacting with carbonyl groups or electrons, the flavonoids 
in Dalbergia spinosa leaf extract were adsorbed onto the metal surface and showed antibacterial 
activity against Bacillus subtilis, P. aeruginosa, Staphylococcus aureus, and E. coli (Hussein and 
El- Anssary, 2019). In the treatment of methicillin- resistant S. aureus, baicalein works in tandem 
with tetracycline and lactams. It also inhibits P. aeruginosa’s quorum sensing and biofilm formation. 
Antibiofilm activity against P. aeruginosa was also improved by Baicalein- mediated AuNP produc-
tion (Hussein and El- Anssary, 2019).

Quercetin may scavenge free radicals produced by metals, and it has been established that quer-
cetin is primarily responsible for metal ion reduction and stabilization. The study found that bimet-
allic Ag- SeNPs mediated by quercetin have superior therapeutic efficacy in terms of antioxidant 
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and antibacterial activities (Hussein and El- Anssary, 2019). According to a study, the addition of 
phenol and flavonoid chemicals to AgNPs increased their bioactivity. The flavonoids extracted from 
Potentilla fulge had four times the activity of phenolics, implying that flavonoids play a role in 
nanoparticle stability. The opportunistic pathogenic microorganisms E. coli and B. subtilis were 
efficiently suppressed by these AgNPs (Hussein and El- Anssary, 2019).

Silver nanoparticles made from plant extracts have been demonstrated to have antibacterial 
action against Gram- positive and Gram- negative bacteria, multidrug- resistant pathogens, and fungal 
pathogens like Candida albicans. The antibacterial activity of crude silver nanoparticles against 
P. aeruginosa and E. coli was determined to be the best in a study (Birla et al., 2009). Gallic acid 
coated AgNPs as active antibiotics with little toxicity against human cells were described in another 
investigation. AuNPs, or gold nanoparticles, have been used for diagnostic and therapeutic purposes. 
Gallic acid was used to make AuNPs with an average diameter of 8 nanometers. For Escherichia 
coli and Staphylococcus aureus, these nanoparticles are mildly hazardous. Cinnamaldehyde- coated 
AuNPs with an average diameter of 113 nm prevent Candida albicans from forming hyphae and 
hence reduce the organism’s pathogenicity (Hussein and El- Anssary, 2019).

9.3.2  PlAnt secondAry metAbolites (Psms) for tHe syntHesis of Polymer tHin films

Because of the persistent problem of bacterial and fungal colonization of artificial implantable 
materials, as well as the declining efficacy of traditional systemic antibiotics used to treat implant- 
associated infections, a variety of antifouling and antibacterial techniques have been developed. 
Surface functionalization and the manufacture of polymer thin films are accomplished using plant 
secondary metabolites (PSMs). They have a specific antibacterial mechanism of action and a broad 
spectrum of action (Al- Jumaili et al., 2018).

Biofilm protects microorganisms from antibiotics while also strengthening their adhesion to the 
surface. In a process known as “quorum sensing,” microorganisms communicate with one another 
inside a biofilm by creating chemotactic particles or pheromones (Sonawane et al. 2022). Biofilm 
development is mainly caused by a single bacterial species in the case of infection of medical polymers, 
devices, and implants. In patients with pre- existing cardiac illness, microorganisms build biofilm in 
the compromised endothelium of native heart valves, producing Candida infection and endocarditis. 
Biofilm formation at the tip of urinary catheters has also been reported, even after only a short dur-
ation of exposure. Gram- positive Enterococcus faecalis, Candida albicans, S. aureus, S. epidermidis, 
and Streptococcus viridans, and Gram- negative E. coli, Klebsiella pneumoniae, Proteus mirabilis, 
and P. aeruginosa are among the bacteria that can cause infections. The prevalence of these infections 
is a major issue. S. aureus and S. epidermidis, for example, create biofilms on metallic implants, such 
as orthopedic screws, which can lead to device failure (Al- Jumaili et al., 2018).

9.3.2.1  Terpinen- 4- ol
Tea tree oil contains terpinen- 4- ol, a monocyclic terpene alcohol. Cyclic terpene hydrocarbons have 
been found to accumulate in the cell membrane after contact with microbes. This disrupts mem-
brane integrity, causing an increase in passive proton flux through the membrane and the loss of the 
proton motive force. According to a study, plasma polymerized coatings produced from terpinen- 
4- ol have a high potential for reducing bacterial adhesion and metabolic activity in S. aureus and 
P. aeruginosa (Noumi et al., 2018).

9.3.2.3  Carvone
Carvone can be found in a variety of essential oils, including caraway, spearmint, and dill, among 
others. With reference to microbial cells, this PSM exhibits a variety of antiproliferative actions. 
Detoxifying enzymes are activated by carvone. The high enzyme- inducing effect of carvone is 
considered to be due to the unsaturated ketone groups. The antimicrobial performance of fabricated 

 

 

 

 

 

 

 



174 Antimicrobials in Pharmaceutical and Medicinal Research

174

polymer coatings made from plasma polymerization of carvone was nearly equal against Gram- 
negative and Gram- positive bacteria (86% reduction in E. coli and 84% reduction in S. aureus), with 
no cytotoxic effect on primary human endothelial cells. Microorganisms linked to the surface of 
plasma polymers of carvone demonstrated membrane deformation, pore formation, and membrane 
rupture as a result of the findings (Chan et al., 2016).

9.3.2.4  Geranium
Geranium oil (Pelargonium graveolens) has been shown to be effective against various bacterial 
infections in studies. Selected human pathogens, such as S. aureus, P. aeruginosa, and E. coli, were 
found to have the ability to inhibit microbial adherence and biofilm development when coated with 
geranium oil. Geranium polymer films had a low density, uniform covering, good adhesion, and sig-
nificant physical stability in addition to their biological activity (Al- Jumaili et al., 2018).

9.4  PLANT SECONDARY METABOLITES: KEY TARGET PLAYER

Secondary metabolites in plants are not essential for regular growth or development, but they are 
essential for reproduction and defense against bacteria, fungi, and viruses. These items have a lot 
of potential to be used as medicines. They are classified into several classes, including alkaloids, 
phenolics, polyphenols, flavonoids, quinones, tannins, coumarins, terpenes, lectins, and polypeptides, 
and play a significant role as antimicrobials and antivirals. Polyphenols’ antimicrobial characteristics 
have been utilized to generate new food preservatives to replace synthetic preservatives, as well as 
novel medicines for the treatment of various microbial illnesses to combat antibiotic resistance 
(Sathishkumar et al., 2018).

Microorganisms have evolved a number of strategies to evade the effects of antimicrobial 
chemicals. Antimicrobials have a specific method of action against a specific biological target, 
which is one of the reasons why some bacteria are resistant to various compounds. Gram- positive 
bacteria, for example, develop resistance to β- lactam antibiotics by changing the penicillin- binding 
proteins, which are transpeptidases involved in cell wall formation. Bacteria can also remove harmful 
chemicals that have become absorbed by a mechanism involving efflux pumps. Furthermore, patho-
genic bacteria use biofilm development to protect themselves from external stressors by forming a 
thick and sticky extracellular matrix including DNA, proteins, and polysaccharides. Furthermore, 
biofilm cells divide slowly, reducing the effectiveness of antibiotic compounds that target certain 
biological processes (Gorlenko et al., 2020).

9.5  OVERCOMING THE BACTERIAL DRUG RESISTANCE

Due to their inherent properties, Plant- Derived Natural Products (PDNPs) are regarded attractive 
prospects for the creation of novel medications (Gorlenko et al., 2020):

• Plugging the Efflux Pumps
Compounds that block efflux pump activity are critical in the fight against drug resistance. 
Within the bacterial cell, catechol, piperine, quercetin, and resveratrol can efficiently inhibit 
these pumps. Polyphenolic compounds, for example, attach directly to structural proteins in 
the efflux pump canal, causing conformational changes that prevent the molecule from being 
eliminated.

• Attenuating the Bacterial Virulence
The antibacterial activity of plant extracts is also influenced by crucial events in the patho-
genic process. Thymol reduced the synthesis of α- haemolysin and staphylococcal enterotoxins 
A and B in both methicillin- sensitive and methicillin- resistant S. aureus isolates, according to 
a study, which is a key virulence factor generated by S. pneumoniae (Ingallina et al., 2017).
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• Disrupting the Biofilms Bacterial biofilms
Antibiofilm activity of phenylpropanoids and alkaloids has been discovered against P. 
aeruginosa (Zaixiang et al., 2019), K. pneumoniae, and staphylococcal biofilms (Sayout 
et al., 2020). They have an effect on pre- formed biofilms and also inhibit new ones from 
forming. Disruption of intercellular communication, disruption of cell- to- cell coaggregation, 
suppression of cell mobility, inactivation of bacterial adhesins, and promotion of bacterium 
dispersal are all examples of antibiofilm actions (Gorlenko et al., 2020).

9.6  MECHANISM OF ACTION OF PLANT- BASED SECONDARY METABOLITES

The characteristics of target cells (bacterial/ fungal cells) and the environment in which antimicro-
bial action is required to determine the mechanism of action of various PSMs. Hydrophilicity, 
concentration, temperature, and pH are all important environmental factors (OmojateGodstime 
et al., 2014). Plant metabolites’ method of action is also influenced by their chemical structure 
and characteristics. Flavonoids like myricetin, robinetin, and epigallocatechingallate, for example, 
impede bacterial DNA synthesis by creating hydrogen bonds between the B ring and DNA bases. 
Flavonoids of a different structure, such as quercetin, may bind to the GyrB protein in E. coli and 
limit its ATPase activity (Daglia, 2012).

Inhibition of cell wall or protein synthesis, inducing leakage from cells by tampering with mem-
brane function, interfering with DNA/ RNA synthesis/ function, induction of cytoplasmic constituent 
coagulation, and interruption of normal cell communication are all possible mechanisms of anti-
microbial action for PSMs (OmojateGodstime et al., 2014).

To mediate the antibacterial effect, the following series of steps is followed: PSM interacts with the 
cell membrane, and then diffuses through the membrane before interacting with internal constituents 
and processes. Thymol (a monoterpene phenol of the aromatic p- menthane type) interacts with both 
outer and inner cytoplasmic cell membranes by accumulating at the lipid bilayer’s polar regions. This 
causes the cell membrane to alternate, resulting in greater permeability and disintegration. Thymol 
is also implicated in the inhibition of enzymes involved in ATP generation and the downregulation 
of genes involved in outer membrane protein synthesis (OmojateGodstime et al., 2014).

9.6.1 PrimAry mecHAnisms of Action

9.6.1.1  Disruption of Cytoplasmic Membrane
Secondary metabolites from plants alter the structure and stability of the phospholipid bilayer, disrupt 
membrane integrity, and hence increase ion permeability. As a result, the membrane electrochemical 
potential and the activity of membrane enzymes will vary. Certain PSMs prevent protons from crossing 
the membrane, causing ATP production to be disrupted. Loss of ATP causes a reduction in active trans-
port, as well as suppression of respiration and anabolism/ catabolism (OmojateGodstime et al., 2014).

PSMs have two stages of interaction with cellular membranes. Cationic amino acids, for starters, 
have a preference for negatively charged phospholipid groups on the surface. Second, the aliphatic 
fatty acids and anionic components interact with positively charged patches. Membrane instability, 
cytoplasmic content leakage, membrane potential loss, and membrane permeability changes are all 
caused by these interactions (OmojateGodstime et al., 2014).

Carvacrol interacts with the cytoplasmic membrane by inserting between acyl chains of 
phospholipids. It is isomeric to thymol. The membrane fluidity and permeability increase as a result 
of this. Increased permeability causes ion and ATP efflux, as well as a change in membrane potential 
and pH gradient. The impact of this molecule is amplified by its hydroxyl group, which acts as a 
transmembrane transporter of monovalent cations, causing the membrane potential to be disrupted 
(Xu et al., 2008). Eugenol, a phenylpropanoid present in many plant species, has a lytic effect on 
bacterial cells, with a non- specific membrane permeabilization and potassium and ATP efflux as a 
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method of action. Eugenol is considered to attach to membrane proteins, inhibiting and altering their 
activity (Devi et al., 2010).

9.6.1.2  Interfering with DNA/ RNA/ Protein Synthesis
Allicin’s thiosulfonate moiety (found in Allium sativum) rapidly interacts with intracellular enzymes’ 
free SH groups. The action of allicin inhibits RNA synthesis significantly, but DNA and protein 
synthesis are less affected. By oxidative breakdown of disulfide bonds, allylisothiocyanate inhibits 
enzymes and causes protein changes. Membrane disruption caused by allylisothiocyanate causes 
cellular metabolite leakage in E. coli and Salmonella sp. Flavonoids disrupt both cytoplasmic mem-
brane function and DNA synthesis, making them one of the most active plant chemicals. Intercalation 
with DNA is also a mechanism of action for highly aromatic quaternary alkaloids like berberine and 
harmane (Saravanan et al., 2010). Apigenin and quercetin, as well as a number of other flavonoids, 
have been discovered to suppress the activities of DNA gyrase and hydroxyacyl- acyl carrier pro-
tein dehydratase. Quercetin decreases the ATPase activity of E. coli DNA gyrase by binding to the 
GyrB subunit. Quercetin also improves the permeability of the inner membrane and reduces mem-
brane potential dissipation (OmojateGodstime et al., 2014). PSMs from M. oleifera work against 
bacteria by inhibiting enzymes (sortase inhibition) and interfering with DNA replication. Similarly, 
pterygospermin works by inhibiting the transaminase enzyme and disrupting cell membranes 
(OmojateGodstime et al., 2014). Tannins are polyphenols that have a strong ability to inhibit bac-
terial cell proliferation by inhibiting microbial metabolism enzymes like the proteolytic macerating 
enzymes. Gallic acids and other polyphenols work by binding to the bacterial dihydrofolate reduc-
tase (DHFR) enzyme. It also binds to bacterial DNA and inhibits the supercoiling activity of E. coli 
bacterial gyrase by binding to the ATP binding site of gyrase B, causing topoisomerase IV enzyme- 
mediated DNA breakage and bacterial growth standstill (OmojateGodstime et al., 2014).

Cinnamaldehyde exerts antimicrobial activity through three mechanisms: sub- inhibitory doses 
disrupt enzymes involved in cytokinesis, greater concentrations inhibit the enzyme ATPase, and 
deadly quantities cause cell membrane disturbance (OmojateGodstime et al., 2014).

9.6.1.3  Interrupting Communication between Bacterial Cells
Quorum sensing (QS) involves the creation and detection of diffusible signal molecules that regu-
late bacterial expression of specific genes, the products of which alter the local host environment 
to promote pathogen invasion and persistence. QS is used by many pathogenic bacteria to control 
their pathogenicity. The ideal QS inhibitor would be a low- molecular- mass chemical that lowers 
the expression of QS- controlled genes while remaining resistant to the host organism’s metabolic 
and disposal processes. Secondary metabolites from plants appear to be particularly promising in 
this regard. Sprout, chamomile, carrot, garlic, habanero (Capsicum chinensis Jacq.), propolis, water 
lily, and yellow pepper extracts were observed to suppress P. aeruginosa QS. Garlic extract inhibits 
QS in a concentration- dependent manner, with a structure– activity relationship that suggests a 
competitive binding mechanism. It significantly lowers the biofilm of P. aeruginosa (Bjarnsholt 
et al., 2005).

9.6.1.4  Synergistic Approaches to Enhance Activity
The use of a single medicine in monotherapy leads to an increase in the number of multidrug- 
resistant bacteria. Due to their synergistic therapeutic effect, mixtures of bioactive chemicals in 
botanical medications are often touted to be preferable to mono- substances. Antimicrobial synergy 
is based on the idea that when two or more antibiotics are used together, they can improve efficacy, 
reduce toxicity or undesirable side effects, increase bioavailability, lower the dose, and slow the 
spread of antimicrobial resistance. In the case of the malaria parasite (Plasmodium sp.), artemisinin 
combination therapy is indicated since it may help to reduce resistance. The combination of amoxi-
cillin (a lactam antibiotic) with clavulanicacid is a well- known commercial antibiotic. Clavulanic 
acid binds to lactamase- producing bacteria and protects amoxicillin from lactamase attack, allowing 
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amoxicillin to have a broader spectrum of activity. PSMs help to increase the absorption of conven-
tional medicines by inhibiting efflux (Radulovic et al., 2013).

9.7  GREEN SYNTHESIS OF PLANT- BASED METABOLITES AS  
ANTIMICROBIAL ACTIVITY

Green synthesis route is a safe, biocompatible, environment- friendly approach to synthesize 
various nanoparticles which can be carried out using different biological resources such as fungi, 
algae, bacteria, and plants. Various plant parts have been employed successfully in the synthesis of 
nanoparticles, as phytochemicals present in the plant extract act as a stabilization and reducing agent 
(Roy et al., 2019). In comparison with the plant extract synthesis methods, microorganism- assisted 
synthesis of nanoparticles is slow, and has limited number of size and shape outcomes. A straight-
forward synthesis, easy scale up, less contamination chances and production of stable nanoparticles 
gives the plant- based methods an upper hand among the aforementioned methods. In general, an 
extract prepared from the plant is mixed with the metal source under prescribed conditions. During 
the process, biological reduction and nucleation takes place. As a result, stabilized and capped 
nanoparticles are formed (Vanlalveni et al., 2021) (Figure 9.2).

In the twentieth century, death related to microbial infections had arisen to one in every two cases in  
developing nations, where the majority were connected to respiratory infections, diarrhoeal diseases,  
malaria, measles, and others (Lederberg et al., 2003). The United States alone suffers from 2.8 million  
infections with more than 35,000 deaths each year. These drastic numbers are ghastly and demand an  
urgent attention to all possible remedies including antibiotic preparations. Out of many other sources,  
our autotrophs can be a good source of antimicrobial agents, thereby benefitting the mankind on an  
industrial scale. “Green” synthesis on a large scale refers to the usage of technologies in an eco- friendly  
manner using plants and their parts to develop organic compounds with therapeutic applications as  
antimicrobial agents, coupled with synthesis of nanoparticles (Prasad 2014; Joshi et al. 2018). The  
research and development for investigation of these producers have been in development for some time  
and processes adopted for their synthesis are majorly aimed at being pollution- free and in the absence  
of any malicious intermediates. The matters worsen due to the increased antibiotic resistance and  
lack of effective therapeutic strategies. Not only a good effect, the antibiotics should also have world-
wide availability for the entire population, especially in developing countries. For centuries plants  
have been studied as the source of several potent antimicrobial components that can act against the  
various infectious agents that are becoming ubiquitous every day. Treatment of infectious conditions  
of the skin like acne have long been treated using essential oils from tee trees (Melaleuca alternifolia),  
while infections of the urinary tract have found their remedy in usage of bearberry (Arctostaphylos  
uva‑ ursi (L.) Spreng) and cranberry (Vaccinium macrocarpon Ait.) (Carson, Mee, and Riley 2002;  
Radulović et al. 2010). Statistics reveals that almost 30% of the higher plants have been regarded as  

FIGURE 9.2 Schematic representation of green synthesis of metal- nanoparticles.
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“medicinal” owing to the varied applications of plants in the therapeutic field (Leonti et al., 2009).  
Another interesting fact that gains attention is that even today, about two- thirds of the world’s popula-
tion still relies on traditional agents and plant- derived remedies due to economic reasons and other  
unaffordable high prices of allopathic substances. This increases the reason for development of higher  
phytomedicines and medical formulations on an industrial scale, to provide affordability to all sections  
of the population. Examples of leaf extracts of Cymbopogon citrates and Ximenia americana have  
already proved to possess antimicrobial effects against E. coli and P. aeruginosa due to the presence of  
few phenolic compounds such as cyclohexane- 1- 3,5- trione, 2- phenyl- 1,4- benzopyrone, methyl guan-
idine, and 3- meyhylheptyl acetate (Hassan et al., 2021). A higher responsibility of developing the  
therapeutics lies in plants alone because of their abundant reserves, leading to a wider scope, as well as  
as the fact that they are mostly free from adverse side effects after human consumption.

The plant- based metabolites synthesized to be consumed by the human body cannot be taken  
in directly due to factors like polar nature and their huge size, which makes them difficult to cross  
barriers like blood and brain (BBB), the gastrointestinal tract and the mucosa and other endothelial 
lining of blood vessels (Ahmad et al., 2021). Thus, it is necessary to couple these metabolites  
along with nanocarriers that enable them to be consumed based on the effective stability of the  
gastrointestinal tract. To further dive into the preparation of plant-  based medicinal therapeutics, the  
techniques used for the same need to be non- invasive, anti- pollution based and commercialized at  
cheaper rates. An interesting method for the green synthesis of silver nanoparticles from sunflower  
(Helianthus annuus) using its secondary metabolites like flavonoids, terpenoids, amino acids and  
amides has been described by Thakore et al., (2014) (Figure 9.3). It is well known that sunflower oil  
has capacity to be effective against microbes like Bacillus subtilis, E. coli, Staphylococcus aureus,  
and C. albicans and thus can be treated against urinary tract infections. Tabassum and Vidyasagar  
in 2014 have reported that out of a group of edible medicinal oils, sunflower seed oil has exhibited  
maximum antimicrobial efficacy with MIC values 0.62- 40 mg/ mL against a number of bacteria  
and fungi, indicating their efficacy against skin diseases as well. Owing to the presence of a good  
number of phenolics like α- tocopherol, reducing the property of sunflower oil has been utilized in  
the preparation of silver nanoparticles. When mixed in the ratio of 1:1, sunflower oil and petroleum  
ether, in the presence of alcoholic AgNO

3
 solution, could lead to the formation of yellow- colored  

silver nanoparticles in a domestic microwave oven under certain environmental conditions. It was  

FIGURE 9.3 Green synthesis of phenolic mediated silver nanoparticle using sunflower oil.
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further stored at a 4°C refrigerator for the homogenization of AgNO
3
 with sunflower oil. Further,  

these nanoparticles were characterized using optical property measurement with UV- vis spectro-
photometer followed by recording of FT- IR spectra and particle size measurement using TEM.

Another antibacterial activity was exhibited against E. coli, P. aeruginosa, S. aureus, and 
B. subtilis by the palladium nanoparticles synthesized on coupling with metabolites obtained from 
Filicium decipiens (Sharmila et al., 2017). In this case, potential antimicrobial activity was observed 
against both Gram- positive and - negative microorganisms owing to the secondary metabolite saponin 
extracted from leaves of the plant. This was also the first saponin exhibiting antifungal properties 
against Aspergillus flavus extracted from Filicium decipiens, using gel filtration and ion exchange 
chromatographic techniques. On dissolving into 0.15 M NaCl, the saponin extract was analyzed 
using ion exchange chromatography, followed by other filtration and elution techniques to finally 
activate the antifungal activity with minimum inhibitory concentration of 7.5 µg/ mL and IC50 5.8 
µg/ mL. There are a number of other phytometabolites coupled with nanomaterials for the activity as 
antimicrobial agents using greener and safer technologies (Table 9.1). Similarly, there have been a 
number of strategies adopted for the synthesis of phytometabolites to be used as therapeutic agents.

TABLE 9.1
Few Metabolites Utilized in the Green Synthesis of Nanoparticles

Plant species Nanoparticles
Metabolites Identified in the green 
synthesis Reference

Abutilon indicum Au Flavonoids, phenolic compounds Mata et al., 2016
Acalypha indica Ag Quercetin, plant pigment Krishnaraj et al., 2010
Achyranthes aspera Ag Polyols Elumalai et al., 2016
Aegle marmelos Ag Tannin Rao and Paria, 2013
Agathosmabetulina ZnO Hydroxyl group Thema et al., 2015
Aloe barbadensis ZnO Phenol, amines, alcohol groups Ali et al., 2016
Alternanthera sessilis Ag Tannins, carbohydrates, proteins, ascorbic acid Niraimathi et al., 2013
Anacardium occidentale Ag Proteins, polyols Mukunthan and Balaji, 2012
Anisochilus carnosus ZnO Phenol, carboxylic acid Anbuvannan et al., 2015
Annona squamosa Ag Alkaloids, glycoside, saponins, tannins, 

phenolic, carbohydrates
Vivek et al., 2012

Argemone mexicana Au Phosphorous compounds Varun et al., 2015
Averrhoa bilimbi Au Phenols, tertiary amides Isaac et al., 2013
Azadirachta indica Ag Flavanoids, terpenoids Ahmed et al., 2016
Azadirachta indica ZnO Flavonoids, phenolic acid, terpenoids, protein Elumalai and Velmurugan, 

2015
Boswellia serrata Ag Proteins Kora et al., 2012
Butea monosperma Au Polyphenols Patra et al., 2015
Cacumen platycladi Pt Flavonoids, proteins Zheng et al., 2013
Calotropis procera ZnO Hydroxyl groups, aldehydes, amines, ketones, 

carboxylic acids
Gawade et al., 2017

Carica papaya Ag Catechnis, hydroxyflavones Banala et al., 2015
Cassia auriculata Au Hydroxyl group Venkatachalam et al., 2013
Cassia fistula ZnO Flavonoids, polyphenols Suresh et al., 2015
Cinnamomum zeylanicum Au Proteins Smitha et al., 2009
Citrus maxima Au Flavonoids, terpenes, vitamins Yu et al., 2016
Citrus sinensis Ag Flavonoids, ascorbic acid, volatile oils Kaviya et al., 2011
Coptis chinensis ZnO Alcohol, carboxylic acid, alkyl halide, alkynes Nagajyothi et al., 2014
Couroupita guianensis Au Phenol group Sathishkumar et al., 2016
Cymbopogon citratus Cu Polyphenols, proteins Brumaugh et al., 2014
Decalepis hamiltonii Ag Polyols, phenols Rashmi and Sanjay, 2017

(continued)
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Plant species Nanoparticles
Metabolites Identified in the green 
synthesis Reference

Delonix regia Pd Polyphenols Dauthal and Mukhopadhyay, 
2013

Desmodium triflorum Ag Ascorbic acid Ahmad et al., 2011
Dioscorea bulbifera Ag Diosgenin, ascorbic acid Ghosh et al., 2012
Dioscorea bulbifera Ag Flavonoids, polyphenols Ghosh et al., 2012
Dioscorea bulbifera Pt- Pd Hydroxyl group of polyphenolic compounds Ghosh et al., 2015
Diospyros kaki Pt Terpenoids Song et al., 2010
Elaeis guineensis Au Phenolic, carboxylic, amines Ahmad et al., 2018
Eucalyptus Ag Alcohol, phenols, alkyl aldehyde Liu et al., 2018
Euphorbia granulate Pd Hydroxyflavones, phenolics Nasrollahzadeh and Sajadi, 

2016
Ficus benghalensis Au Proteins Francis et al., 2014
Galaxaura elongata Au Glutamic acid, hexadecanoic acid, oleic acid, 

11- eicosenoic acid, stearic acid, gallic acid, 
epigallocatechin, catechin, epicatechin 
gallate

Abdel- Raouf et al., 2017

Galenia africana Au Flavonoids, terpenoids, phenolic compounds 
and/ or carbohydrates

Elbagory et al., 2017

Gardenia jasminoides Ag Rutin, gallic acid, chlorogenic acid Fenfen et al., 2014
Glycyrrhiza glabra Ag Flavonoids, thiamine and terpenoids Dinesh et al., 2012
Gymnema sylvestre Au Proteins, polypeptides Arunachalam et al., 2014
Helianthus annuus Ag Flavonoids, proteins, amino acids, amides 

terpenoids
Thakore et al., 2014

Hibiscus rosa‑  sinensis Ag Carboxylate ion groups Nayak et al., 2015
Hibiscus rosa‑  sinensis Au Flavonoids Yasmin et al., 2014
Hippophae rhamnoides Pd Flavonoids Nasrollahzadeh et al., 2016
Hybanthus enneaspermus Ag Several bioactive phytochemical compounds Suman et al., 2016
Hygrophila spinosa Au Hydroxyl group Koperuncholan, 2015
Hypoxis hemerocallidea Au Flavonoids, terpenoids, phenolic compounds 

and/ or carbohydrates
Elbagory et al., 2017

Ipomoea carnea Au Polysaccharides, protein Abbasi et al., 2015
Iresine herbstii Ag Phenolic compound Dipankar and Murugan, 2012
Jatropha Au Proteins Kanchi et al., 2018
Jatropha curcas Ag Cyclic peptides (curcacycline A and 

curcacycline B)
Bar et al., 2009

Lansium domesticum Au Carboxylic acid Shankar et al., 2014
Lantana camara Ag Flavonoids, glycosides and carbohydrates Ajitha et al., 2015
Lawsonia inermis Cu Phenolic compounds Cheirmadurai et al., 2014
Leonuri herba Ag Hydroxyl, polyphenols groups Im et al., 2012
Lippia citriodora Ag Verbascoside, isoverbascoside, chrysoeriol- 7- 

O- diglucoronide, luteonin- 7- O- diglucoronide
Cruz et al., 2010

Lonicera japonica Ag Phenolic and hydroxyl groups of chlorogenic 
acid

Zhou and Tang, 2018

Mangifera indica Ag Ketone, aldehydes, hydroxyl, carboxyl groups Yang and Li, 2013
Mangifera indica Au Flavonoids, terpenoids, thiamine Philip, 2010
Mentha piperita Ag Alkaloids, flavones, steroids, polysaccharides, 

amino acids, oximes, proteins, menthol
Mubarak et al., 2011

Mentha piperita Au Menthol Mubarak et al., 2011
Mimusop selengi Ag Polyphenols Kumar et al., 2014
Mirabilis jalapa Au Polysaccharides Vankar and Bajpai, 2010

TABLE 9.1 (Continued)
Few Metabolites Utilized in the Green Synthesis of Nanoparticles
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Plant species Nanoparticles
Metabolites Identified in the green 
synthesis Reference

Morinda citrifolia Au Proteins Suman et al., 2014
Morinda pubescens Ag Catechins, hydroxyflavones Kumar et al., 2015
Nigella arvensis Ag Flavonoids, alkaloids Chahardoli et al., 2017
Nigella arvensis Au Flavonoids, phenolic compounds Chahardoli et al., 2018
Ocimum sanctum Ag Flavonoid, proteins, gallic acid, terpenoids Ramteke et al., 2013
Ocimum sanctum Ag Quercetin Jain and Mehata, 2017
Olea europaea Au Proteins Khalil et al., 2012
Panax ginseng Au Polysaccharides, phenolic compounds Pérez et al., 2017
Parthenium hysterophorus ZnO Phosphorus compound, secondary sulfonamide, 

monosubstituted alkyne
Rajiv et al., 2013

Phoenix dactylifera Au Hydroxyl group Zayed and Eisa, 2014
Piper betle Ag Proteins Lagashetty, 2015
Coleus aromaticus Ag Flavonoids Vanaja and Annadurai, 2013
Platycodon grandiflorum Au Hydroxyl group Choi et al., 2018
Plumeria rubra Ag Proteins Patil et al., 2012
Punica granatum Cu Flavonoids, alkaloids, polyphenols Nazar et al., 2018
Rosa canina ZnO Phenolic and carboxylic acids Jafarirad et al., 2016
Rosa rugosa Ag Carboxylate, amine groups Dubey et al., 2010
Rosmarinus officinalis Ag Polyphenols Ghaedi et al., 2015
Salix alba Au Proteins, metabolites having functional groups 

of amines, alcohols, ketones, aldehydes, 
carboxylic acids (salicin)

Islam et al., 2019

Sesbania grandiflora Au Flavonoids, polyphenols Das and Velusamy, 2014
Sesuvium portulacastrum Ag Flavones, proteins, terpenoids Nabikhan et al., 2010
Solanum xanthocarpum Ag Alkaloids, phenolics, sugars Sengottaiyan et al., 2016
Sterculia acuminata Au Polyphenols Bogireddy et al., 2015
Suaeda monoica Au Flavonoids, terpenoids, soluble proteins Rajathi et al., 2014
Syzygium cumini Ag Flavonoids Prasad and Swamy, 2013
Syzygium cumini Ag Polyphenols Kumar et al., 2010
Syzygium jambos Au Saccharides, phenolics Dutta et al., 2017
Tagetes sp. and Rosa sp. Cd Alcoholic, amide, C– C, – OCH3 groups 

(tannins, flavonoids, alkaloids and 
carotenoids)

Hajra et al., 2016

Tamarindus indica Au Phenolic compounds Kaur and Bhullar, 2016
Terminalia arjuna Au Hydrolyzable tannins Gopinath et al., 2013
Terminalia arjuna Au Polyphenols Kumar et al., 2013
Terminalia catappa Au Hydroxyl group of phenols Ankamwar, 2010
Trianthema decandra Ag Catechins, hydroxyflavones Geethalakshmi and Sharada, 

2013
Trianthema decandra Ag Saponin Geethalakshmi and Sharada, 

2013
Trianthema decandra Au Saponin Geethalakshmi and Sharada, 

2013
Trifolium pratense ZnO Hydroxyl group Dobrucka and

Długaszewska, 2016
Vitis vinifera Au Flavonoids Ismail et al., 2014
Withania somnifera Ag Catechin p- coumaric acid, luteolin- 7- glucoside, 

withanolides
Marslin et al., 2015

Zingiber officinale Ag Flavonoid, alkaloids Velmurugan et al., 2014
Zostera noltii Au Flavone sulfates Zarzuela et al., 2018

TABLE 9.1 (Continued)
Few Metabolites Utilized in the Green Synthesis of Nanoparticles
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9.8  MECHANISM OF ANTIMICROBIAL ACTIVITY

In history, there are instances and examples of metals being used as antimicrobial agents. Various 
cultures, namely, Persians, Indians, Greek, Egyptians, and Romans, have used silver and copper 
metals to preserve and store food materials, also to disinfect water. The small size and larger sur-
face area of metals have shown significantly efficient activity against pathogenic microbes. With the 
advent of areas such as nanotechnology, several studies have led to the discovery of more effective 
nanoparticles (Nisar et al., 2019).

Although the mechanism of nanoparticle action against microbes is still under investigation, 
some insights based on experimental observations led to proposed possibilities. NPs have the ability 
to attach to the surface of the microbial cell wall due to charge on the surface. NPs can penetrate 
and disturb the structure of cell membrane, and the formation of ‘pits’ observed on treated bac-
terial cell surface suggest cell membrane damage (Shaikh et al., 2019, Dakal et al., 2016). Electron 
spin resonance spectroscopy studies suggested the formation of free radicals at the contact point 
of nanoparticle with the cell membrane. Hence, these free radicals can damage the cell membrane 
and make it porous which eventually leads to the death of the cells. Reactive oxygen species can 
also be involved in cell membrane damage (Aziz et al. 2014, 2015, 2016, 2019). In other cases, 
the nanoparticle gets attached on the surface of the cell or they penetrate through the membrane 
and disrupt the functions of the cell by interfering with different cellular components, such as the 
DNA present in the nucleus, proteins with essential functions, and organelles such as mitochondria, 
ribosomes, lysosomes, Golgi apparatus, and electron transport channels, and so on, as depicted in 
Figure 9.4 (Hemlata et al., 2020; Sánchez- López et al., 2020).

The majority of nanomaterials described in recent studies have antibacterial activity attributable  
to at least one of the mechanisms described above. Some of the well- documented nanoparticles with  
antimicrobial activity and their probable mechanism of actions are listed in Table 9.2 (Nisar et al.,  
2019; Anees Ahmad et al., 2020; Nguyen et al., 2018; Gudkov et al., 2021).

FIGURE 9.4 Schematic representation of different mechanisms of antimicrobial activity by nanoparticles.
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9.9  WHY DOES GREEN SYNTHESIZED METAL NANOPARTICLE SHOW BETTER 
ANTIMICROBIAL ACTIVITY?

Different reports show that smaller- sized nanoparticles enhance antimicrobial properties due to 
the increase in surface area to volume ratio. Green synthesized nanoparticles, being capped with 
different phytochemicals, slow down the leaching process and thus a constant and uniform con-
centration of the ions is delivered in order to fight the microorganisms. In other words, a controlled 
release mechanism takes place. Similarly, agglomeration is a common behavior observed in the 
nanoparticle suspended in biological medium. This phenomenon appeared to reduce antimicrobial 
effectiveness. Green synthesized nanoparticles on the other hand are stabilized and capped with 
various phytochemicals which drastically reduces the possibility of agglomeration by directly influ-
encing the antimicrobial activity. There are unexplored factors that can positively affect the anti-
microbial activities, such as using multiple mechanism simultaneously, overcoming the existing 
antibiotic resistance mechanisms, and so on (Li et al., 2015; Yang et al., 2021; Wang et al., 2017).

9.10  GREEN SYNTHESIZED NANOPARTICLE AS ANTIMICROBIAL AGENTS

Silver nanoparticles (AgNPs) are one of the extensively studied nanomaterials (Guilger- Casagrande 
and de Lima, 2019). AgNPs with high surface area to volume ratio are of prime interest due to high 
antimicrobial actions against various microorganisms, such as bacteria, fungi, and viruses. It also 
offers potential effects against multidrug- resistant strains of bacteria such as ampicillin- resistant 
E. coli, erythromycin- resistant Streptococcus pyogenes, methicillin- resistant Staphylococcus aureus 
(MRSA), and so on. These biocidal actions of silver nanoparticles lead to several physical and chem-
ical routes for the synthesis of AgNPs, but these methods present drawbacks, including use of haz-
ardous precursor chemicals (such as sodium borohydride, potassium bitartrate, methoxypolyethylene 
glycol, and hydrazine), use of toxic solvents (such as sodium dodecyl benzyl sulphate and polyvinyl 
pyrrolidone), and so on (Shaikh et al., 2019; Dakal et al., 2016; Liu et al., 2020). With the advance-
ment of knowledge, the synthesis of silver nanoparticles took alternative eco- friendly routes. A var-
iety of biological agents (plant extracts, bacterial and fungal derived compounds) are used to convert 
metal salts to nanoparticles. However, the slow rate of nanoparticle synthesis using microbes makes 
the plant extract method the preferred choice due to its simplicity, efficiency, and viability. Plants 
possess the ability to accumulate and detoxify heavy metals. Generally, plants (extract to be precise) 
are used as a bio reductant in the process of synthesizing silver nanoparticles. Terpenoids, flavones, 
ketones, aldehydes, amides, carboxylic acids, carbohydrates, proteins, and vitamins are majorly 
involved in the process (Guilger- Casagrande and de Lima, 2019; Hamouda et al., 2019).

TABLE 9.2
Mechanism of Antimicrobial Activity by Various Metal- Nanoparticles

NPs Mechanism of antimicrobial action

Copper CuNPs rupture the bacterial cell wall by releasing Cu ions that bind negatively charged cell, 
transformation of helical structure of DNA by interacting between and within nucleic acids

Gold Heavy electrostatic attraction, accumulation at cell surfaces, and interaction with cell membrane
Iron Generation of ROS, Damages cell membrane and DNA
Magnesium Oxidative stress, Ca2+  ion concentrations, membrane damage, and quorum sensing
Silver Interferes with cell membrane, damages DNA and electron transport
Titanium Damages cell membranes and releases reactive oxygen species (ROS)
Zinc Disrupts the cell membrane, accumulates inside the cell and produces toxic H

2
O
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Various plants and different plant parts are used in the preparation of the plant extract. The extract  
is then used in the synthesis of AgNP by the reduction of the precursor, generally AgNO

3
. Care  

needs to be taken during the process due to the light sensitivity of the precursor salt. Numerous  
methods are reported in the literature. A few of them are enlisted in the Table 9.3. Plant extract prep-
aration has been achieved by plants from different families and plant parts such as root, stem, leaf,  
bark, flowers, and so on.

Apart from silver nanoparticles, there are various biosynthesized metal- nanoparticles that can be 
used as antimicrobial agents. These metals have been used as an antimicrobial agent for centuries in 
several countries. Among the large pool of the nanoparticles synthesized, a few of them stand out for 
their advantages such as low toxicity, high biocompatibility with human body, and a large surface 
area to volume ratio. Gold (Au), Copper (Cu), Zinc (Zn), Iron (Fe), Titanium (Ti), and Magnesium 
(Mg) are known for their antimicrobial activity with good biocompatibility (Kumari et al., 2021; 
Singh et al., 2020; Zhang et al., 2020).

Gold nanoparticles lead this group with various tunable properties with a suitable biocompati-
bility. Myristica fragans fruit extract, Nigella sativa plant extract, Terminalia bellirica dry fruit 
pericarp, Malva Verticillata leaf extract, and Brazilian red propolis are a few among the reported 
plant sources used in the synthesis of the nanoparticles (Castillo- Henríquez et al., 2020), (Botteon 
et al., 2021). In a similar manner, biosynthesized copper nanoparticles also provide extraordinary 

TABLE 9.3
Green Synthesis of Silver Nanoparticles and its Application Against Various Microbes

Sl. No Extract source
Method of synthesis/  
Conditions

Nanoparticle 
size (nm) Antimicrobial activity Reference

1 Azadirachta indica Room temperature, dark 
condition

64– 68nm E. coli Ulaeto et al., 
2019

2 Azadirachta indica Room temperature <40nm P. nitroreducens, Aspergillus 
unguis ‑  NII 08123

Roy et al., 2017

3 Caesalpinia digyna 300C, dark 11– 45nm B. subtilis, E. coli, S. typhi Niloy et al., 2020
4 Lichens mechanochemical 

approach
39– 112nm E. coli, S. aureus. Baláž et al., 2020

5 Lotus lalambensis Room temperature, dark 6– 26nm C. albicans Abdallah and Ali, 
2021

6 Lysilomaa 
capulcensis

Room temperature 1.2– 62nm E. coli, S. aureus, 
P. aeruginosa, C. albicans.

Garibo et al., 
2020

7 Mangifera indica 
seed

Room temperature, dark 
for 24 hrs.

26– 27nm S. aureus, 
C. rubrum, B. subtilis, 
B. cereus, P. aeruginosa, 
K. pneumoniae, E. coli, 
S. typhimurium, C. albicans

Donga and 
Chanda, 2021

8 Mentha longifolia 700C 10nm K. pneumoniae, S. aureus, 
B. subtilis

Rauf et al., 2021

9 Ornithogalum 
narbonense L.

Room temperature 8– 9nm E. coli, P. aeruginosa, 
E. faecalis, S. aureus, 
B. cereus

Ozturk et al., 
2022

10 Pu’er tea Room temperature 4– 5nm E. coli, K. pneumoniae, 
S. typhimurium, S. enteritidis

Loo et al., 2018

11 Tagetes erecta Room temperature for 24 
hrs. in dark.

10– 90nm B. cereus, S. aureus Padalia et al., 
2015

12 Vitex Negundo L. Room Temperature 
stirring, 48hrs.

10– 30nm E. coli, S. aureus Zargar et al., 
2011
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biological activity against microbes. Copper nanoparticles can also be synthesized using various 
plant extracts including tea leaf, Murraya koenigii leaves, Eclipta prostrata leaves, tomato, Punica 
granatum peel extract, Aegle marmelos leaf, and so on (Jayarambabu et al., 2020; Wu et al., 2020). 
Biosynthesized ZnO NPs on the other hand show strong antimicrobial activity against clinical 
pathogens compared to standard drugs, suggesting that plant- based synthesis of NPs can be an 
excellent strategy to develop versatile and eco- friendly antimicrobial products, which could be used 
as an alternative method against the drug resistant microbes in the worldwide emergence of drug 
resistance (Bhuyan et al. 2015; Naseer et al., 2021; Gomathi and Suhana, 2021; Gupta et al., 2018).

Several studies were carried out for green synthesis of iron- based nanoparticles from various plants 
parts like fruit extract of Cynometra ramiflora, rind of Persea americana, seeds extract of Punica 
granatum, and flower extract of Avicennia marina. Most of the reports suggest good antimicrobial 
activities against different pathogens (Bhuiyan et al., 2020; Arakha et al., 2015; Üstün et al., 2022). 
TiO

2
- Nanoparticles (TiO

2
 NPs) are well documented for their safe, stable, nontoxic, high surface 

activity (Jassal  et al. 2022). TiO
2
 NPs have found use treating different pathogenic diseases. Various 

plants and their parts have been reported for the biosynthesis of TiO
2
NPs, including Acanthophyllum 

laxiusculum (roots), Aloe barbadensis (leaves), Annona squamosa (peel), Calotropis gigantean, and 
so on (Ahmad et al., 2020; Al- Shabib et al., 2020).

Even though magnesium (Mg) is an essential mineral element for organisms, and is nontoxic, the 
magnesium oxide nanoparticles (MgNPs) can be employed as an antimicrobial agent. Magnesium 
oxide nanoparticles display extraordinary biological applications. They are used in ointments for 
the treatment of heart burn, wounds, and bone regeneration. Furthermore, these nanoparticles 
have displayed excellent toxic effects against pathogens; the profound biocompatibility makes this 
nanoparticle very suitable for antimicrobial activity against human pathogens (Amina et al., 2020; 
Khan et al., 2020).

9.11  IN SILICO STUDIES FOR SCREENING OF POTENTIAL METABOLITES AS 
THERAPEUTIC AGENTS

The “in silico” study of any experiment includes the usage of silicon in general terms, referring to 
the experiments in biological systems while conducting a computer model- based understanding of 
cellular behavior. Any successful study on green technology involves complete isolation, identifica-
tion and further confirmation of the presence of any metabolite in the extract that has the potential 
of a therapeutic effect. As stated above, there have been many efforts to produce such potential 
phytometabolites along with their subsequent screening procedures to ensure the presence of the 
compound using advanced technologies like chromatography. For the screening of phytometabolites, 
identification of potential compounds for the antimicrobial therapy becomes a necessity along with 
understanding their various adverse side effects too.

One of the screening processes included phytometabolite testing from the Betula alnoides bark 
where ethyl alcohol extract was majorly the solvent used for the isolation of lupeol. Lupeol is a tri-
terpene of lupine type and has been known for its various antimicrobial activities isolated from com-
monly found vegetables and species like Tamarindus indica, Celastrus paniculatus, Allanblackia 
monticola, Himatanthus sucuuba, Zanthoxylum riedelianum, and others. Khan et al. (2021) reported 
the usage of HPTLC (High Performance Thin Layer Chromatography) densitometric chromatogram 
with n- hexane as the solvent which yielded an extraction potential of 3.45% w/ w with a resolved 
peak at R

f
 0.61. Specific microbes that the triterpene was effective against included B. subtilis, 

P. aeruginosa, and S. aureus as bacterial organisms and Epidermophyton floccosum and Candida 
albicans as fungus against the standard drugs, ciprofloxacin and fluconazole, respectively.

A member of the family Rubiaceae, Randia spinosa has prominent secondary metabolites like 
alkaloids, terpenoids, and tannins that possess several antimicrobial activities against organisms like 
E. coli and S. aureus that are known for infections like those of the urinary tract (UTI), travelers’ 
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diarrhea, impetigo, folliculitis, as well as diseases like pneumonia, sepsis, neonatal meningitis, 
and several others (Sridhar et al., 2014). Thus, discovering the potent antimicrobial effects of the 
ethanolic extract of R. spinosa becomes a necessity and is generally done using various phytochem-
ical assessments and other chromatographic techniques (Agre et al., 2021). The usage of thin layer 
chromatography has revealed that an R

f
 of 0.217, 0.434 for ethyl acetate extract and 0.75 for pet-

roleum ether was sufficient for exhibiting a positive zone of inhibition for the fruits of this species. 
Another important criterion that needs to be researched in this category refers to the antimicrobial 
resistance in microorganisms and phyto- antimicrobials that have been sufficient to combat this issue 
as proven by various in silico studies (Tiwari et al., 2021). Synthetic biology has helped in either 
reconstitution of the metabolic pathway, or insertion of gene cluster or introducing it completely 
into a different plant system. The various approaches under this branch are metabolic engineering, 
genome editing, and systems and computational biology using plant models. The approaches for 
using plants as the basis for the phytochemical production ranges from designing and using computers 
and DNA assembly where simulation, genomics, molecular docking using structure– activity rela-
tionship studies are done (Hammami and Fliss, 2010) to various silencing mechanisms using RNA 
interference (RNAi) (Guo et al., 2016). Apart from these, various spectroscopic technologies like 
UV or NMR can be adopted for the characterization and isolation of phytometabolites. Rhizomes of 
the Alpinia galanga plant have been home to two new phytometabolites as characterized using spec-
troscopic assays like FTIR, COSY, C- NMR, ¹H- NMR, DEPT, UV and Mass spectrometry (Sharma 
et al., 2021). In a similar way, few phytometabolites can also be utilized as biomarkers for quality 
control, isolation and identification of respective plants, especially when they are at an existential 
threat.

9.12  PLANT GENOME EDITING USING CRISPR- CAS 9

Genome editing, in recent times, has been advanced to the usage of various tools like Zinc Finger 
nucleases (ZFN), Transcription Activator- Like Effector Nucleases (TALENS), or most commonly 
CRISPR- Cas 9 that enables the insertion or modification of any plant genome in a desirable manner 
(Dangi et al., 2018; Sarma et al. 2021). In 2017, de la Fuente- Núñez and Lu devised an innovative 
tool using CRIPSR- Cas 9 strategies to remove those microbes which were specifically resistant 
to antibiotics through biofilm production. It is not only microbes, but also this system is emer-
ging as a revolutionary strategy in plant- based systems as hosts too. Lowder et al. in 2015 devised 
the molecular toolbox using the same which consisted of information about the reagents, espe-
cially about the plant DNA assembly, and that has proved successful in plants like Arabidopsis 
thaliana, Oryza sativa, and Nicotiana benthamiana. Apart from this, CRISPR- Cas 9 has also been 
used in the mutagenesis of rosmarinic acid synthase gene (RAS) and maintenance of phenol bio-
synthetic pathway in Salvia miltiorrhiza (Zhou et al., 2018). In the engineered hairy roots, there 
was a decreased production of phenol and RAS, thereby altering the amount of metabolite produc-
tion. The plant Glycine max also has been genetically modified using CRISPR- Cas 9, leading to a 
higher content of secondary metabolite isoflavone, ultimately resistant to soyabean mosaic virus 
(Zhang et al., 2020). The pYLCRISPR- Cas9 system has also helped in the elevation of metabolite 
γ- aminobutyric acid (GABA) in Solanum lycopersicum by metabolic engineering, which, when 
fermented, can be used as an antioxidant along with antimicrobials in pharmaceutical compounds. 
V. parahaemolyticus, S. typhimurium, B. cereus, and S. aureus have shown inhibition in growth 
when GABA was added in their growth medium (Mau et al., 2012). There are innumerable other 
phytometabolites that have been screened from plant models after their genetic modification, 
thereby elevating their content and increasing the application in the antimicrobial field, including 
the antimicrobial resistant compounds (Table 9.4). There is always a wider scope in this study that 
aims to explore newer strategies and understanding into the production of secondary metabolites in 
the usage as antimicrobial and antibacterial therapy.
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TABLE 9.4
Comparative in silico Molecular Docking Studies of Various Phyto- metabolites and Their 
Effects Against Selected Microorganisms

Microorganism Plant species Metabolite Metabolite structure

Docking 
scores 
(Kcal/ 
mol) Reference

Enantia 
chlorantha

Canadine - 6.18 Abike et al., 2020

Candida 
albicans

Enantia 
chlorantha

Pseudocolumbamine - 8.006 Abike et al., 2020

Multidrug- 
resistant 
(MDR) 
uropathogenic

Escherichia coli

Terminalia 
chebula

Gallotannin Bag and 
Chattopadhyay, 
2014

Mycobacterium 

smegmatis

Allium cepa Quercetin - 4.80 Sharma et al., 
2019

Phytophtohora 

capsici

Chromolaena 

odorata

Tianshic acid - 9.305 David et al., 2019

(continued)
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Microorganism Plant species Metabolite Metabolite structure

Docking 
scores 
(Kcal/ 
mol) Reference

Plasmodium 
falciparum

Cannabis sativa Isovitexin - 11.485 David et al., 2018

Plasmodium 
falciparum

Cannabis sativa Vitexin - 10.601 David et al., 2018

Pseudomonas 

aeruginosa

Chromolaena 

odorata

Medioresinol - 6.121 David et al., 2019

Pseudomonas 

aeruginosa 
(MexAB- 
OprM)

Holarrhena 

antidysenterica

Conessine - 8.75 Siriyong et al., 
2017

Salmonella spp. Vaccinium sect. 

Cyanococcus

Gallic acid - 8.4 Nohynek et al., 
2006

Salmonella typhi Enantia 
chlorantha

Berberine- 1 - 0.467 Abike et al., 2020

TABLE 9.4 (Continued)
Comparative in silico Molecular Docking Studies of Various Phyto- metabolites and Their 
Effects Against Selected Microorganisms
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9.13  CONCLUSION AND FUTURE PROSPECTS

With increasing statistics in the rate of microbial infections daily, it is the need of the hour to develop 
more sources of antimicrobials from as many renewable sources as possible. Green synthesis for the 
production of phytometabolites in order to develop antimicrobials using high- throughput technolo-
gies has enabled the discovery of roads leading to the procurement of secondary metabolites. For 
the process, plant extracts were initially subjected to specific conditions along with respective inor-
ganic compounds for the development of nanoparticles and their subsequent applications in the anti-
microbial world. But due to the problems of confinement of these metabolite compounds in specific 

Microorganism Plant species Metabolite Metabolite structure

Docking 
scores 
(Kcal/ 
mol) Reference

Salmonella typhi Enantia 
chlorantha

Atherosperminine - 1.144 Abike et al., 2020

Staphylococcus 
aureus

Enantia 
chlorantha

Levofloxacin - 3.436 Abike et al., 2020

Staphylococcus 

aureus

Enantia 

chlorantha

Palmatine - 3.287 Abike et al., 2020

Streptococcus 
pyogenes

Chromolaena 
odorata

Lycopsamine - 5.196 David et al., 2019

TABLE 9.4 (Continued)
Comparative in silico Molecular Docking Studies of Various Phyto- metabolites and Their 
Effects Against Selected Microorganisms
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species of plants only, the question of threat to biodiversity exists. Therefore, the stress is being laid 
on the isolation of specific molecules responsible for the antimicrobial property rather than using 
the entire plant extract alone. This strategy can be adopted either through various sophisticated 
chromatographic techniques or characterization using spectrophotometric assays. The inevitable 
importance of nanoparticles is being discovered in fields ranging from biosensing, bio- imaging, 
and biomolecular recognition to drug delivery. Thus, green synthesis of nanoparticles is a simplified 
approach using eco- friendly and nontoxic procedures in antimicrobial production using secondary 
metabolites in plants. Along with this, another alternative to the conservation of biodiversity and 
protection against extinction is by the infection of plants using a few species of endophytic fungi. 
These are found to possibly obtain genes from their host and mimic the entire metabolic pathway 
in plants, leading to the reproduction of plant metabolites like polyketides, alkaloids, phenols, 
quinones, steroids, and others which also possess high antimicrobial value. The method being a 
natural one is less threatening to the ecosystem, and more sustainable, while further molecular 
cloning of genes in plants to develop higher quantity of phytometabolites is artificial and thus 
requires extensive planning and designing techniques. Optimization of plant metabolic pathways 
and tailoring plant hosts are always required to be updated, to allow wider routes for plant genetic 
engineering needed for the production of essential phytometabolites and discover their potential as 
antibiotics. The avenues for newer, cheaper, and faster production of antimicrobials through sec-
ondary metabolites are yet to be discovered with the help of systems biology and ever- increasing 
genomic data of new plants suffices to be the basis of pathways being channelized for better opti-
mization of metabolic pathways keeping ease of commercialization by production at an industrial 
scale and at cost effective rates in mind.
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10.1  INTRODUCTION

Intestinal parasite infections are mainly ubiquitous, and their transmission is a growing problem in 
tropical underdeveloped countries as well as in returning travelers from economically developed 
temperate countries. Although the infection is normally asymptomatic, untreated infections are 
associated with acute watery diarrhea, relapsing or persistent symptoms generally unresponsive 
to the usual antibiotic treatment of traveler’s diarrhea (Barbosa et al., 2018). According to World 
Health Organization, diarrheal diseases ranked 5 in the top 10 causes of death in low- income coun-
tries (World Health Organization, 2020). Therefore, underestimation of these pathologies can lead 
to health emergencies.

Protozoan pathogen prevalence is 3% to 7% worldwide, and 20 % to 30% in developing countries 
with poor sanitation and low socioeconomic levels. High- risk population includes children, exposed 
travelers, as well as immunocompromised individuals (Aschale et al., 2022; Njoku et al., 2022). 
On the other hand, helminthic parasites are mainly prevalent in developing countries with tropical 
and subtropical climates; low socioeconomic background, as well as poor sanitation and personal 
hygiene, are also of importance for the prevalence of the parasites. Children and pregnant women 
are a high- risk population for helminthic infections (de Lima Corvino and Shawn, 2021; Ghodeif, 
2022; Viswanath Avinash et al., 2021).

Protozoan pathogens normally encountered in intestinal infections are Giardia lamblia, 
Entamoeba histolytica, Cyclospora cayetanensis, and Cryptosporidium parvum (Hemphill et al., 
2019). For example, G. lamblia causes a variety of gastrointestinal diseases commonly labeled 
as giardiasis, and symptoms include nausea, weight loss, malabsorption, diarrhea, and vomiting, 
among others. Its transmission is by fecal- oral contamination, thus its prevalence is higher among 
poor hygiene and poor sanitization populations (Vivancos et al., 2018). In addition, E. histolytica 
causes amebiasis, which spreads through the fecal- oral route, and symptoms include bloody diarrhea, 
intestinal ulcers, weight loss, fever, and peritonitis; unlike G. lamblia, E. histolytica can dissem-
inate and spread to the liver, lungs, and brain (Vique- Sánchez et al., 2021). Also, C. cayetanensis is 
the causal agent of cyclosporiasis which is characterized by watery diarrhea with anorexia, mild to 
severe nausea, abdominal cramps, and constipation, vomiting, and fever. The main transmission route 
is the fecal- oral, causing a self- limited infection, however, in immunosuppressed patients causes 
severe diarrhea (Alkorta et al., 2022). Conversely, C. parvum is a coccidia genus that causes crypto-
sporidiosis, and the risk population includes children, pregnant women, and patients being treated 
with immunosuppressing drugs; its main symptom is severe, watery diarrhea that could be lethal. It 
can be transmitted via domestic and livestock animals, the fecal- oral route, and contaminated food 
and water (Ren et al., 2022). Common intestinal helminthic parasites, also known as geohelminths, 
are Ancylostoma duodenale, Necator americanus, Trichuris trichiura, and Ascaris lumbricoides 
(Lim- Leroy and Chua, 2020). Common symptoms are ground itch, which may follow skin penetra-
tion with intense vesicular, pruritic, and tortuous lesions caused by migration of A. duodenale and 
N. americanus larvae; they can also cause intestinal tract chronic infection and suck their host blood 
which, in most cases, leads to iron deficiency anemia, though the infections are commonly asymp-
tomatic (Jourdan et al., 2018).

T. trichiura is a roundworm that causes trichuriasis in humans; the worm is acquired via fecal- 
oral transmission, by ingesting embryonated eggs. Children have appeared to be vulnerable to 
trichuriasis infection and poor sanitary conditions are associated with a heavy disease burden. 
Symptoms include abdominal pain, and discomfort, painful stool passage, and mucus discharge. 
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Most cases are asymptomatic since the clinical infection is parasite burden dependent (Viswanath 
et al., 2021).

A. lumbricoides is a large nematode transmitted through the soil and is the causal agent of ascar-
iasis. Infected patients can be asymptomatic, presenting only malnutrition and growth retardation 
as long- term manifestations; bloating, abdominal pain, anorexia, nausea, and intermittent diarrhea 
commonly occur in symptomatic infections. Once the number of larvae passing through the lungs 
is significant, Loeffler syndrome may manifest (pneumonitis and eosinophilia) (de Lima Corvino 
D. and Horrall Shawn, 2021). Other pathogens include Taenia solium, Eimeria tenella, Ascaris 
suum, Trichinella spiralis, Gymnophalloides seoi, and Ancylostoma ceylanicum, which have zoo-
notic potential.

Common drugs for parasitosis treatment include members of the 5- nitroximidazole family like 
metronidazole and tinidazole, nitrotazoles like nitazoxanide, nitrofurans such as furazolidone, and 
benzimidazoles like mebendazole and albendazole (Movahedi et al. 2017).

Metronidazole is widely used as a treatment against intestinal parasites such as G. lamblia and 
E. histolytica, as well as most Gram- positive and Gram- negative anaerobic bacteria (Krakovka et al., 
2022). Due to its low cost and general availability, it remains the first- choice treatment against intes-
tinal parasitic infections. However, adverse effects of metronidazole usage include encephalopathy, 
peripheral neuropathy, convulsive seizures, aseptic meningitis, and cases of severe hepatotoxicity or 
acute hepatic failure (Roy et al., 2016).

Albendazole is used as an antiparasitic agent, and it has better efficiency than mebendazole, 
highly due to its great tissue penetration into cysts. Few and mild side effects have been reported 
such as upset gastrointestinal tract, dizziness, rashes, lethargy, and, at higher dosages, liver toxicity, 
allergic reactions, and rarely severe myelosuppression (Chai et al., 2021).

Mebendazole is a broad- spectrum anthelmintic used as treatment of intestinal nematode infections 
(Chai et al., 2021), and common side effects include loss of appetite, nausea, diarrhea, vomiting, 
tinnitus, and high liver enzymes; convulsions and urticaria may manifest in some patients (Thakur 
and Patel, 2021). Tinidazole side effects include metallic taste, rash, nausea, vomiting, and anorexia 
(Divakaruni et al., 2019).

Nitazoxamide is a commonly used drug against nematodes and protozoan parasites such as 
Ascaris, Trichuris, Ancylostoma, Cryptosporidium, Giardia, and Entamoeba. Common side effects 
include abdominal pain, headaches, nausea, diarrhea, dizziness, general fatigue, and vomiting 
(Bethesda, 2020).

Furazolidone is used as an antigiardial drug, not commonly used due to its large dose volume 
(400 mg three times a day for 7– 10 days) and high price. During treatment, side effects such as 
nausea, vomiting, headache, urticaria, hypersensitivity reactions and hypotension may manifest 
(Vivancos et al., 2018).

For any given pathogen, drug effectiveness is the most important criteria for its use as treatment. 
Susceptibility to the drug of interest is often measured in pathogen cultures to measure the drug effect 
experimentally; however, drug resistance is an emerging issue, as first- choice drugs used against 
different parasitosis are showing an increasing decline in cure rates. Results of a study in 2008 
showed that a single dose of albendazole and mebendazole cure rates against A. lumbricoides were 
of 88% and 95%. With the same doses, cure rates against T. trichiura were 28% and 36%, and against 
hookworm infection of 72% and 15% respectively (Keiser and Utzinger, 2008). Failed therapeutic 
success has also been observed for all standard treatments for giardiasis, compromised of metro-
nidazole, tinidazole, furazolidone, and nitazoxanide (Loderstädt and Frickmann, 2021). As intestinal 
parasites have less susceptibility to standard treatments, new and innocuous treatment alternatives 
are very much needed to help the rising battle against drug resisting intestinal parasites, and the 
infections they bring forth before they reach the resistant strain levels seen in several bacteria genera.
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10.2  BIOACTIVE COMPOUNDS

Natural sources and their derivatives represent a growing and safe alternative for obtaining bio-
active compounds. They have a wide range of metabolites with potential therapeutic value (Davoodi 
and Abbasi- Maleki, 2018). Many medicinal plants, agricultural and agro- industrial residues, 
plant extracts, essential oils, and isolated molecules have been tested against intestinal parasites. 
Phytochemicals, such as alkaloid, flavonoid, terpenoids, and tannins are the main families probed 
with antiparasitic effects in vitro and in vivo. The utilization of different tissues (flowers, seeds, 
leaves, green stems, woody stems, and roots), the methodology of extraction, solvent election, 
sample treatment, seasonal variability, and so on, are also important for isolation of phytochemicals 
and their activities (Ghadage et al., 2017; Guzowska et al., 2022; Piotrowicz et al., 2021). Several 
studies described the potential effects of bioactive compounds against intestinal parasites. In a review 
about medicinal plants and their effects for antigiardial purposes, the authors mentioned 1585 papers 
related to this topic and found that the most widely employed plants against Giardia belong to the 
Lamiaceae (30.0%), Asteraceae (13.5%), and Apiaceae (10.5%) families. Bioactive compounds 
from these plant families are aqueous extracts (30.0%), essential oils (25.4%), and hydroalcoholic 
and methanolic extracts (10.5%) (Alnomasy et al., 2021). On the other hand, an in vitro test showed 
that Origanum vulgare (Lamiaceae) hydroalcoholic extract had a time- dose effect on G. lamblia 
cysts; they attributed the antiprotozoal activity to phenolic compounds, for example naringenin, 
kaempferol, and quercetin, among others (Davoodi and Abbasi- Maleki, 2018).

In addition, the evaluation of six different extracts and two essential oils from Ageratum conyzoides 
on G. lamblia trophozoites was performed; LW- P (white- purple flowered) and FP (Purple flowered) 
crude extracts and essential oils, showed the highest anti- Giardia activity. Structural alterations 
observed in TEM including those in flagella, ventral discs, nuclei, cellular vacuoles, shapes, and 
chromatin (Pintong et al., 2020). Another example is the evaluation of three different plant extracts 
from pomegranate, rhubarb (rhein), and maple syrup against E. histolytica trophozoite growth, 
being Rhein and maple syrup, the extracts that showed the highest inhibitory activity (Hunt et al., 
2018). A pomegranate peel extract with punicalin, punicalagin, galloyl- dihexahydroxydiphenoyl- 
hexoside, luteolin, and ellagic acid also affects the rich microtubule cytoskeleton of G. lamblia 
trophozoites in vitro causing alterations on tubulin distribution, adhesion capacity reduction, and 
morphology affectations (Palomo- Ligas et al., 2022). In addition, experiments in vivo demonstrated 
that pomegranate alcoholic extracts are effective for the reduction of Giardia cysts shedding and 
are helpful in prevention and restoration of intestinal cells (Al- Megrin, 2017; El- Kady et al., 2021). 
Other investigations have showed the potential of methanolic extracts from medicinal plants against 
E. histolytica trophozoites. The testing of 32 extracts revealed that Lippia graveolens Kunth and 
Ruta chalepensis Pers. have the highest antiprotozoal activity (91.54% and 90.50% growth inhib-
ition, respectively); the authors identified carvacrol and chalepensin as the agents responsible of 
the cytotoxic effects (Quintanilla- Licea et al., 2014). In addition, the evaluation of 80 plant species 
used in Mexican traditional medicine for diarrhea treatment as potential antiprotozoal agents 
against E. histolytica and G. lamblia was performed. The authors isolated 150 compounds from 
these samples. Out of all compounds, they found that epicatechin, kaempferol, eupomatenid 1, 
geranin A, incomptine A, and tiliroside were the most potent (Calzada and Bautista, 2020). In add-
ition, Drinić et al. (2019) tested 14 compounds from three plant families (Meliaceae, Rutaceae, 
and Asteraceae) that belong to different chemical classes (flavagline, furoquinoline, acridone, 
quinolinone, quinazoline, sulphur- containing amide, and coumarin). The sulphur- containing 
amide, methylgerambullin showed the highest activity against both parasites, showing EC

50
 against 

E. histolytica after 24 h and 48 h of 14.5 µM (6.08 µg/ mL) and 17.4 µM (7.33 µg/ mL), respectively 
and the EC

50
 against G. lamblia after 24 h and 48 h were 14.6 µM (6.14 µg/ mL) and 36.5 µM (15.34 

µg/ mL), respectively (Tuvshintulga et al., 2019). On the other hand, the amoebicidal potential of 
curcumin in E. histolytica trophozoites was observed: the highest effects were with 300 µM at 24 
h, presenting a 65.5% of growth inhibition, and only 28.8% trophozoites being viable, SEM also 

 

 

   

 

 

 

 

  

 

 

 

 

 



207New Alternatives of Treatment

207

showed cell disintegration (Rangel- Castañeda et al. 2018). Curcumin’s anti- Giardia potential has 
also been demonstrated, the authors found that the highest inhibitory concentrations of curcumin 
(3 and 15 μM) disrupted the cytoskeletal structures of G. lamblia trophozoites (ventral disk and 
flagella; membrane was also affected). The compound altered distribution of tubulin on ventral 
disk and flagella as well as clear reduction of tubulin expression. They hypothesize that curcumin 
binds at the interface of the tubulin dimer close to the vinblastine binding site (Gutiérrez- Gutiérrez 
et al. 2017).

As mentioned before, organic plant waste and by- products from the food industry represent a 
rich source of bioactive compounds. The in vitro inhibitory activity of 42 plant- derived by- products 
against C. parvum were tested, being an ethanolic extract obtained from olive (Olea europaea) 
pomace, the most effective against the parasite, showing a MIC100 of 250- 500 µg/ mL (Teichmann 
et al., 2016). On another side, bioactive compounds from different plants (polyphenols from blue-
berry and pomegranate, phenolic compounds from cinnamon, flavonoids and sulfide compounds 
from onion, allicin from garlic, mangiferin from mango, oleuropein from olive from pomace and 
carvacrol from oregano) have been associated with crypto sporicidal effects against C. parvum and 
C. hominis; this is very important because represents a potential alternative to nitazoxanide, the only 
approved medicine against this parasite (Almoradie et al., 2018).

Eimeria spp is a parasite that affects human and chickens. An interesting study tested the 
anticoccidial effects of plant extracts on E. tenella infection in broiler chickens. These authors 
found that Nectaroscordum tripedale extract showed the best results according to a decreased 
intensity of bloody diarrhea and oocysts count per bird (Habibi et al., 2016). Recently, a processed 
sugarcane extract (Polygain™) was tested for anti- Eimeria activity, the results showed a reduced 
number of viable sporozoites of several species of Eimeria in vitro. The biological effects are due 
to polysaccharides and phenolic compounds (Daneshmand et al., 2021). Other studies in vitro and 
in vivo confirmed the effect of Fructus Meliae toosendan extracts on unsporulated oocysts, the high 
dose of the extract strongly inhibited sporulation of oocyst, presenting a LC

50
 value of 245.83mg/ 

mL (Yong et al., 2020). A combination of organic acid also has been tested against Eimeria; the mix-
ture of maltodextrin, sodium chloride, citric acid, sodium citrate, silica, malic acid, citrus extract, 
and olive extract inhibit Eimeria infection in MDBK and CLEC213 epithelial cells in vitro, and 
improved the immune response, by reducing inflammatory oxidative stress, and increasing antioxi-
dant enzymes in vivo. Also, early inclusion of the natural antimicrobial mixture in broiler drinking 
water was effective in reducing coccidian infection (Balta et al., 2021). The prophylactic focus of 
herbal powder “Shi Ying Zi” in chickens infected with Eimeria tenella was tested. The mixture 
contains Conidium monnieri (L.) Cuss and Taraxacum mongolicum Hand.- Mazz. Results showed 
that treated chickens with “Shi Ying Zi” had a lower mortality rate than non- treated chickens (Song 
et al., 2020). In addition, the use of leaves of Rumex nervosus not only prevents the infection against 
E. tenella, but also could enhance growth performance indices of infected broiler chicken and elevate 
the meat quality. This supplementation is a promising alternative against commercial anticoccidials 
with benefits to consumer health (Qaid et al., 2021).

In relation with human hookworm, a study evaluated in vitro anthelmintic activity of 
Dichapetalum filicaule Breteler extracts and compounds against this helminth. The bioactive 
compounds from D. filicaule were obtained from root extracts using petroleum ether, chloroform- 
acetone, and methanol. These authors identified three triterpenoids (dichapetalin X, dichapetalin 
A, and glycerol monostearate) responsible of the inhibitory effects against N. americanus, they 
also exhibited egg- hatching inhibition activities with IC

50
 values of 162.4, 523.2, and 306.0 mg/ 

mL (Chama et al., 2016). Plant bioactive compounds and extracts have been tested against other 
nematodes: an assay was performed evaluating the ovicidal and larvicidal effects of different 
Andrographis paniculata leaf extract obtained with ethanol, methanol, ethyl acetate, and pet-
roleum ether against A. duodenale. These authors mentioned that the ethanol and methanol extracts 
showed the highest inhibition of egg hatching while ethyl acetate extract provoked the highest 
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larval motility; the compound andrographolide is one of the components responsible for these 
effects (Banerjee et al., 2019). A model nematode used to study A. lumbricoides is A. suum which 
is a pig infecting parasite causing significant economic losses. The test of 29 ethanolic extracts 
from Africa and the Caribbean plants found that Clausena anisata, Zanthoxylum zanthoxyloides, 
and Punica granatum extracts showed the best A. suum control; the authors proposed that the 
effect could be due to presence of tannins (ellagitannins and gallic acid), flavonoids, terpenes, 
and alkaloids (Williams et al., 2016). Another strategy for parasite infection control is the com-
bination of phytochemicals with reference drugs. In this sense, the combination of carvone and 
abamectin was assessed in vitro and in vivo in lambs naturally infected with resistant gastrointes-
tinal nematodes. The co- administration of the natural compound prolonged abamectin absorption 
in lamb infected with Haemonchus contortus¸ and increased the efficacy of the anthelmintic from 
94.9 to 99.8%. Additionally, the potential targets of the pharmacological combination were identi-
fied in silico, these results are promising tools for the designing of successful strategies for parasite 
control (Miró et al., 2020).

For tapeworm, activity of the crude aqueous extract from the medicinal herb Artemisia 
absinthium against Hymenolepis nana demonstrated that the extract induced worm paralysis, death, 
and ultrastructural alterations, such as tegumental damage, lipid accumulation, and destruction of 
the nephridial canal and the intrauterine egg in vitro. Also, in vivo induced significant reductions in 
egg counts per gram of faces and the worm burden. These results are comparable to praziquantel, 
the drug of choice for H. nana infection (Beshay, 2018).

10.3  REPURPOSING OF EXISTING DRUGS

Currently, infections caused by intestinal parasites are among the leading causes of morbidity and 
mortality. As mentioned, there is a growing increase in strains of parasites resistant to conventional 
treatments, which makes them a public health problem, either due to recurrent reinfections, limita-
tion in treatment options, and/ or economic burden that this represents.

To solve this problem, different alternatives have been proposed as sources of obtaining new 
drugs. A promising alternative due to its speed, effectiveness, and low cost, is the repositioning of 
drugs or also known as redirection and redefinition of drugs, which consists of finding new uses for 
clinically approved drugs that have pharmacological, toxicological, and bioavailability data and a 
known security profile (Mehndiratta et al., 2016; Serafin and Hörner, 2018). The most important 
advantage of this alternative source for obtaining drugs is that, compared to the development of 
innovative drugs, the time and costs are substantially lower (Oprea and Overington 2015; Ashburn 
and Thor 2004; Serafin and Hörner 2018). In the case of intestinal parasites that cause diseases in 
humans, the use of drug repositioning as an alternative for drug development is especially interesting, 
since the disease models are relatively simple in addition to keeping a relatively high homology with 
species on which multiple drug developments have been made. Below, some examples of evaluation 
drugs for a second use against intestinal parasites are mentioned.

10.3.1  betA- blockers

Promisingly, propranolol, a weak beta- blocker used clinically against hypertension, has been shown 
to have an anti- Giardia effect with an IC

50
 of 180 μM, and it has also been shown to be useful 

against Giardia resistant to metronidazole alone, or in combination with metronidazole (Popović 
et al. 1991; Popović and Milović 1990). In the case of E. histolytica, it has been shown that pro-
pranolol inhibits parasite growth with an IC

50
 of 400 µM, reducing its viability by 90%; in addition, 

it reduces liver damage, which is induced by infection of the parasite, and decreases γ- glutamyl 
transpeptidase, glutathione oxidized and attenuates NF- κB and IL- 1β (Aldaba- Muruato et al., 2017; 
Muñoz et al., 1991).
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10.3.2  Proton PumP inHibitors

Proton pump inhibitors, drugs that irreversibly block ATPases H+ / K+  of gastric parietal cells 
used in the treatment of gastroesophageal reflux and peptic ulcer, have demonstrated potential as 
antiparasitic agents in Giardia: omeprazole (9.55 nM), pantoprazole (1.57 nM), lansoprazole (7.31 
nM), and rabeprazole (1.81 nM) inhibit parasite growth (Pérez- Villanueva et al., 2011). Furthermore, 
some of these inhibitors are capable of specifically inhibiting the triosephosphate isomerase 
enzyme, a limiting enzyme in the pathway of glycolysis (Reyes- Vivas et al., 2014). Recombinant 
protein activity assays and targeted mutations demonstrated that omeprazole interacts with allo-
steric Cys222 in Giardia (García- Torres et al., 2016), in terms of ultrastructural effects; omeprazole 
generates profuse cytoplasmic vacuolization and the emergence of lamellar structures suggestive of 
autophagy (López- Velázquez et al., 2019). Furthermore, computational prediction studies against 
the Giardia arginine deaminase enzyme showed that rabeprazole can inhibit this enzyme activity 
(Fernández- Lainez et al., 2021). In the case of E. histolytica, it has also been shown that some proton 
pump inhibitors such as omeprazole, rabeprazole, lansoprazole, and pantoprazole are capable of 
inhibiting growth in trophozoites with an IC

50
 of 49.22, 34.66, 2.37, and 0.26 nM, respectively 

(Pérez- Villanueva et al., 2011).

10.3.3  Anti- obesity

Within this group of drugs, the anti- Giardia effect of tetrahydrolipstatin, a potent inhibitor of gastric 
and pancreatic lipases, used in the treatment of obesity, has been demonstrated. Tetrahydrolipstatin 
shows activity against Giardia with an IC

50
 of 2.8 μM and against strains resistant to metronida-

zole (IC
50

 6.2 μM), causing blisters on the dorsal surface and tips of trophozoites flagella (Hahn 
et al., 2013). In the case of Cryptosporidium, atorvastatin, a statin used to lower blood cholesterol 
levels and in the prevention of cardiovascular diseases, has shown its ability to reduce the number 
of shed oocysts, after a dose of 20 mg/ kg, 40 mg/ kg, and the combination of both with 1000 mg/ kg 
of nitazoxanide, with a decrease of 53.7, 67.2, 70.1 and 77.5 %, respectively (Madbouly Taha et al., 
2017). On the other hand, it has also been shown that mevastatin, a hypolipidemic agent, showed an 
anti- Cryptosporidium effect with an IC

50
 of 5.1 µM (Bessoff et al., 2013).

10.3.4  AntimAlAriAls

It has been shown that multiple drugs initially used as antimalarial agents have an antiparasitic effect 
against other parasites, an example of this is quinacrine, which is already used clinically to treat giar-
diasis, inhibiting its growth in a dose of 0.38 µg/ mL and affecting its adhesion capacity (Favennec 
et al. 1992). In addition, quinacrine achieved a clinical cure of giardiasis, in 81% and parasitological 
in 100% in clinical trials (Neumayr et al., 2021). On the other hand, chloroquine inhibits the growth 
of Giardia by 45.3% at a dose of 100 µg/ mL. It was also found that chloroquine treatment decreases 
the level of the CWP1 protein, increases the number of cytosolic vesicles, and inhibits cyst forma-
tion (Wu et al., 2021). Furthermore, in a randomized, controlled, and open clinical trial, chloroquine 
for five days of treatment showed a cure frequency equal to that of metronidazole (Karademir et al., 
2016). Some other antimalarials evaluated that inhibited the growth of Giardia in doses of 100 µg/ 
mL are mepacrine (81.5 %), primaquine (39.6 %), quinine (74.8 %), and mefloquine (94.4 %), the 
latter notoriously affecting its adhesion (Crouch, Seow, and Thong 1986; Favennec et al. 1992). In 
the case of Cryptosporidium, mefloquine has been shown to prophylactically decrease the number 
of oocysts by 77% and 100% in combination with nitazoxanide (El- Wakil et al., 2021). On the 
other hand, in trophozoites of E. histolytica, mefloquine has an IC

50
 of 1.1 µM, being more active 

than metronidazole (5 µM), while, in cysts, mefloquine maintains its activity unlike metronidazole 
(Nagaraja and Ankri, 2019).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



210 Antimicrobials in Pharmaceutical and Medicinal Research

210

10.3.5  inHibitors of etHAnol metAbolism

During the search for active compounds against variant Giardia surface proteins, it was shown that 
disulfiram, an inhibitor of acetaldehyde dehydrogenase, an enzyme involved in the ethanol metab-
olism, which is used for the treatment of alcohol dependence, inhibits the growth of Giardia with an 
IC

50
 of 0.9 μM in vitro and 1.23 μM in vivo, even demonstrated greater activity in resistant strains 

than non- resistant ones (Galkin et al., 2014; Nash and Rice, 1998). Furthermore, disulfiram has 
been shown to interact with Giardia carbamate kinase, reversibly inhibiting it (IC

50
 of 0.58 μM), and 

interacting with Cys242 (Galkin et al., 2014). Similarly, disulfiram has been shown to specifically 
inhibit Giardia triosephosphate isomerase enzyme with an IC

50
 of 2 μM (Ni et al., 2017). As with 

Giardia, the anti- Cryptosporidium effect of disulfiram has been demonstrated, and this can reduce 
the number of oocysts after oral administration, inhibiting the enzyme inosine 5′- monophosphate 
dehydrogenase, an essential enzyme to produce guanine nucleotides (Sarwono et al., 2019). On the 
other hand, the effect of disulfiram was evaluated in a mouse model that simulated human amoebic 
colitis, which showed that disulfiram in combination with zinc was very effective in eliminating 
E. histolytica (Ghosh, Farr, et al., 2020; Shirley et al., 2021). While the effects of disulfiram on egg-
shell morphology in T. muris were evaluated in vitro and in vivo. Daily disulfiram treatment of mice 
with 25 days of infection with T. muris for 26 days resulted in production of malformed eggs by 
adult female worms at doses of 5.0 or 7.5 mg/ kg/ day of disulfiram. In addition to parasites incubated 
with 4 and 8 µg/ mL of disulfiram, release malformed eggs in the culture medium after 30 hours in 
culture, which do not cause an infection in mice (Hill and Fetterer, 1997).

10.3.6  Anti- rHeumAtic Agents

A molecule that has recently arose great interest is auranofin, an organic gold compound used for 
treatment of rheumatoid arthritis, which can inhibit the Giardia enzyme thioredoxin reductase 
by inhibiting its growth (Debnath et al., 2013; Tejman- Yarden et al., 2013). A recent clinical trial 
designed to gauge the relevance of auranofin as a treatment for giardiasis and amebiasis has shown 
that this drug is safe when administered at 6 mg/ d for 7 days (Capparelli et al., 2016). On the other 
hand, through computational prediction studies directed against the Giardia arginine deaminase 
enzyme, it was shown that aurothiomalate, a gold compound used for its anti- rheumatic immuno-
suppressive effects, can inhibit this enzyme activity, without affecting the survival of trophozoites 
(Fernández- Lainez et al., 2021). In the case of T. crassiceps, the effect of auranofin on the viability 
and respiration of cysticercoid in culture was evaluated, respiratory activity had decreased by 50 % 
in just 4 hours with 10 µM and at 12 h, and no survivors or respiration were detected. The IC

50
 was 

calculated at 3.8 µM, and, in addition, auranofin inhibits the activity of the thioredoxin glutathione 
reductase enzyme from T. crassiceps with an IC

50
 of 0.6 µM (Martínez- González et al., 2010); the 

same happens with T. solium where auranofin inhibits the thioredoxin glutathione reductase enzyme 
with an IC

50
 of 3.25 nM (Plancarte and Nava, 2015). While, during a high- throughput automated 

screening of anti- amoebic drugs, it was discovered that auranofin, as in Giardia, also inhibits the 
thioredoxin reductase enzyme (Debnath et al 2012, Debnath, Ndao, and Reed 2013). Therefore, 
auranofin increases parasite sensitivity toward death mediated by reactive oxygen species (ROS) 
(Andrade and Reed 2015; Debnath et al. 2012; Debnath, Ndao, and Reed 2013). Finally, auranofin 
also inhibits the growth of Cryptosporidium with an IC

50
 of 2 µM (Debnath et al., 2013), and for 

isolates of B. hominis ST1- NUH9, ST4- WR1, and ST7- B with an IC
50

 of 62.2, 122, and 113 ng/ mL, 
respectively (Yason et al., 2018).

10.3.7  Anti- PArkinson

A virtual scan based on the structure of drugs approved by the FDA as possible inhibitors of the 
triosephosphate isomerase enzyme from Giardia was recently carried out to identify compounds 
with antiprotozoal activity; the results show that tolcapone, a benzophenone capable of reversibly 
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inhibiting the catechol- O- methyl- transferase enzyme and used for Parkinson’s disease treatment, 
is capable of inhibiting Giardia growth with an IC

50
 of 0.05 µg/ mL (Juárez- Saldivar et al., 2021).

10.3.8  Anti- cAncer

One of the groups of drugs most investigated as anti- parasite are anti- cancer drugs: within these, 
5- fluorouracil, an antimetabolite used for cancer treatment, is capable of inhibiting Giardia growth 
by 83% at a dose of 200 µM, and also inhibits the uridine phosphorylase enzyme (Jiménez et al., 
1989; Reaume et al., 2013). On the other hand, etoposide, a topoisomerase II inhibitor, is capable of 
inhibiting Giardia growth with an IC

50
 of 400 µM, in addition to inhibiting the expression of the cyst 

wall proteins (CWP) gene and the formation of cysts (B.- C. Lin et al., 2013). It is worth highlighting 
the group of anti- cancer agents that inhibit mitosis: vincristine reduces the viability of Giardia by 
83.38% in just 9 h, affecting adhesion capacity and morphology at doses of 60 µg/ mL (Sandhu et al., 
2004), while demecolcine inhibits the growth of Giardia by 90% in doses of 5 µM, the same as colchi-
cine with an IC

50
 of 200 µM affecting parasite morphology and inhibiting cytokinesis. Another of these 

drugs is podophyllotoxin, which inhibits Giardia growth, affects its adhesion capacity, and notably 
alters its morphology and cell viability, by interacting with tubulin (Gutiérrez- Gutiérrez et al. 2019; 
Gutiérrez- Gutiérrez et al. 2017). Imatinib, a protein tyrosine kinase inhibitor, has recently been shown 
to be capable of affecting Giardia growth with an IC

50
 of 3.46 µg/ mL, and computer data suggested 

that it is capable of binding to the Giardia triosephosphate isomerase enzyme (Juárez- Saldivar et al., 
2021). In the case of Cryptosporidium, in the same way, multiple anti- cancer drugs have been tested 
against the parasite; among these, anti- mitotic drugs such as docetaxel with an IC

50
 of 0.087 µM, 

paclitaxel of 0.099 µM, podophyllotoxin of 0.138 µM, colchicine of 0.187 µM also stand out. The 
DNA intercalants daunorubicin and doxorubicin have been shown to inhibit Cryptosporidium growth 
with an IC

50
 of 0.787 and 1.092 µM, respectively (Guo et al., 2018). On the other hand, it has also 

been shown that the antimetabolites floxuridine, 6- azauridine, carmofur, and 5- fluorouracil inhibit 
the growth of Cryptosporidium with an IC

50
 of 0.0063, 3.2, 4.4, and 4.9 µM, respectively (Bessoff 

et al., 2013). Similarly, the effect of vorinostat, a histone deacetylase inhibitor that reduces parasite 
growth, has been demonstrated with an IC

50
 of 0.203 µM (Guo et al., 2018). Finally, vatalanib, a 

tyrosine kinase inhibitor, can reduce Cryptosporidium growth with an IC
50

 of 0.322 µM (Guo et al., 
2018). On the other hand, obatoclax, an inhibitor of the Bcl- 2 protein family that induces apoptosis 
in cancer cells, shows activity against trophozoites and E. histolytica cyst with an IC

50
 of 1 μM; 

in addition, obatoclax is also active against parasites resistant to metronidazole (Ehrenkaufer et al. 
2020; Ehrenkaufer et al. 2018). Among the anti- neoplasics that target phosphatidylinositol 3- kinase, 
omipalisib inhibits the growth of A. ceylanicum with an IC

50
 of 0.17 µM and T. muris with an IC

50
 

of 0.5 µM, while serabelisib inhibits the growth of T. muris with an IC
50

 2.8 µM (Tyagi et al., 2019).

10.3.9  Anti- inflAmmAtories

Recently, the anti- Giardia effect of acetylsalicylic acid, a well- known cyclooxygenase II inhibitor, 
with an IC

50
 of 0.29 mM, has also been shown to affect the expression of HSP70, damaging para-

site membrane and morphology (Ochoa- Maganda et al., 2020). On the other hand, Daflon, an 
anti- inflammatory containing diosmin and hesperidin, has been shown to reduce the number of 
trophozoites and cysts in an in vivo mouse model (Fahmy et al., 2021). In the case of Cryptosporidium, 
indomethacin has shown that it can inhibit its growth with an IC

50
 of 5.4 µM; on the other hand, 

tegaserod reduces the growth of Cryptosporidium with an IC
50

 of 4.8 µM (Bessoff et al., 2013).

10.3.10  AntidePressAnts

Within this group, two antidepressants belonging to the group of selective serotonin reuptake 
inhibitors have shown an effect on T. trichiura and A. caninum, sertraline with an IC

50
 of 7.2 and 4.3 
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µM, respectively, and paroxetine with an IC
50

 of 5.4 and 6.4 µM respectively (Weeks et al., 2018). 
On the other hand, neuroleptic chlorpromazine used to treat psychotic disorders, such as schizo-
phrenia or manic depression in adults, can reduce the motility of T. muris in adults and T. trichiura, 
it has an IC

50
 of 0.7 µM, while in A. caninum it prevents hatching and development and has an IC

50
 

of 6.1 µM (Weeks et al., 2018).

10.3.11  PHosPHodiesterAse inHibitors

Within the group of phosphodiesterase inhibitors, those with activity against A. ceylanicum and 
T. muris stand out, such as rolipram (IC

50
 of 2.08 and 2.83 µM, respectively), zaprinast (IC

50
 of 2.08 

and 3.00 µM, respectively), sildenafil (IC
50

 of 2.15 and 3.00 µM, respectively), vardenafil (IC
50

 of 
2.67 and 2.80 µM, respectively), tadalafil (IC

50
 of 0.67 and 0.80 µM, respectively), avanafil (IC

50
 of 

2.80 µM for T. muris), and roflumilast (IC
50

 of 3.00 µM for T. muris) (Tyagi et al., 2019).

10.3.12  immunomodulAtors

Within the group of immunomodulators, the inhibitors of the dihydroorotate dehydrogenase enzyme 
stand out as inhibitors of A. ceylanicum growth, where brequinar and teriflunomide have an IC

50
 of 

2.25 and 2.00 µM, respectively (Tyagi et al., 2019).

10.4  NOVEL STRATEGIES FOR DRUG TARGET DISCOVERY IN INTESTINAL 
PARASITES

10.4.1  identificAtion of neW moleculAr tArgets by bioinformAtic AssAys

The discovery of suitable drug targets to design selective and effective drugs against intestinal 
diseases is a major challenge. Computational and experimental approaches are important tools for 
the development of drugs without damage to host. The elucidation of a potential target, absent or 
different from the host homolog, and detection of molecules for the pathogen survival are essential 
criteria (Raj et al., 2020).

Molecular docking is an in silico structure- based method widely used in drug discovery. 
Docking enables identification of novel compounds of therapeutic interest, predicting ligand- target 
interactions at a molecular level, or delineating structure- activity relationships (SAR), without 
knowing a priori the chemical structure of other target modulators (Pinzi and Rastelli, 2019). 
Computational approaches now make possible the virtual screening of millions of compounds in 
a short amount of time. This process is generally accomplished by first predicting the molecular 
orientation of a ligand within a receptor, and then estimating their complementarity using a scoring 
function (Pinzi and Rastelli, 2019). General processes for in silico approaches are represented in 
Figure 10.1.

Conserved pathways are suitable molecular targets in intestinal parasites. Several molecules  
involved in conserved pathways (lipid synthesis, glycolysis, polyamine, redox metabolism, among  
others) are potential targets. The pentose phosphate pathway participates in the generation of NADPH  
and several intermediate metabolites for nucleic acid synthesis. The fused G. lamblia glucose- 6-  
phosphate dehydrogenase (G6PD) and 6- phosphogluconolactonase (6PGL) were similar to the  
3D structure of H. sapiens. By biochemical analysis and the computational approach, the possible  
structural NADP+  binding site of G6PD and 6PGL was determined. They conclude that the structural 
NADP+  binding site of G. lamblia is partially conserved between humans and other species  
(Morales- Luna et al., 2020). Virtual screening of the homology model of G. intestinalis arginine  
deiminase (GiADI) and druggability analysis were performed obtaining a variety of selective  
inhibitors, and this enzyme is an attractive target for drug design against G. intestinalis because of its  
metabolic function involved in the energy production and defense of this protozoan parasite and the  

 

 

 

 

 

 

 

 

 



213New Alternatives of Treatment

213

lack of the enzyme in the human host (Trejo- Soto et al., 2016). Similarly, in silico approaches identi-
fied 11 potential inhibitors to another purine salvage enzyme. Guanine phosphoribosyltransferase  
(GPRT) of G. lamblia has a critical role on the synthesis of DNA and RNA. These compounds  
suggested a better selectivity for the parasite enzyme by avoiding steric bumps with a flexible loop  
in the human enzyme binding site (das Neves Gustavo et al., 2017).

The TATA-binding protein (TBP) is a central transcription factor in eukaryotes; thus, affecting 
these interactions will be lethal for any living being. Structural and dynamic computer analysis of 
surface properties on TBPs of parasites like E. histolytica, T. solium, and N. americanus showed 
their difference compared to their human homolog. The TFIIA- and NC2-binding sites are important 
to regulate protein function. Thus, inhibiting interaction at these sites could be lethal for the 
parasites as shown in druggability assays (Santiago et al., 2020). Histone Deacetylases (HDACs) are 
enzymes that regulate many essential biological processes and represent targets in cancer therapy. 
In E. histolytica, the homology model and in silico analysis suggest that EhHDAC could regu-
late many important cellular functions like those that have been explored in malaria, leishman-
iasis, and schistosomiasis (Montaño et al., 2020). E. histolytica adenosine 5’- phosphosulfate kinase 
(EhAPSK) is an essential enzyme in Entamoeba sulfolipid metabolism, and it contributes to fatty 
alcohol disulfates and cholesteryl sulfate, which play important roles in trophozoite proliferation and 
cyst formation. Through molecular docking analysis, 15 EhAPSK inhibitors (from 400 compounds 
tested) were identified, and three of them showed high affinity, dose- dependent effects, and halted 
not only Entamoeba trophozoite proliferation but also cyst formation (Mi- Ichi et al., 2019). The 
use of structural bioinformatics on G. lamblia identified a hypothetical protein GiK as a potassium 
channel, these proteins have roles on life cycle, growth, and stress response in parasites. By the 3D- 
GiK structure and virtual screening of 290 compounds, 110 different potassium inhibitors as poten-
tial antigiardiasic agents were identified. Additionally, its structure and low homology of GiK with 
proteins in the human genome make it a specific target for drug design (Palomo- Ligas et al., 2019).

FIGURE 10.1 Computational approaches in pharmaceutical research. The integration of in silico and 
experimental techniques are essential in the identification of molecular targets and drug discovery.

 

 

 

 

 

 

 

 



214 Antimicrobials in Pharmaceutical and Medicinal Research

214

Calcium- dependent protein kinases (CDPK) are found in the apicomplexan, algae, and plants; 
they are not described in vertebrates as being selective targets. CDPK family- proteins could be 
important in the activation of motility, protein secretion, cell egress, and cell invasion in parasites. 
Protein model and virtual screening of inhibitors confirmed that CpCDPK6 protein of C. parvum 
was used as a suitable target for anti- Cryptosporidium drug design (Dhal et al., 2020).

Lactate Dehydrogenase plays a vital role on regulation of glycolysis; C. parvum depends mainly 
on this pathway for energy production. In other parasites, the blockage of glycolysis is a promising 
tool for treatment. By structure- based, ligand- based, and de novo drug design they find an effective 
and selective inhibitor from 40 compounds. Experimental confirmations are necessary to evaluate 
this activity (Dhal et al., 2018).

Molecular docking simulation is an appropriate method to determine the stability of a ligand- 
protein complex. A multi- subunit vaccine candidate for C. parvum treatment was constructed with 
250 amino acid residues with a probability of antigenicity and allergenicity, and with different 
epitopes like B- cell, Helper T- lymphocytes, and cytotoxic T-  lymphocytes epitopes that confers 
stability and binding affinity to the TLR2 receptor. The overall results showed that the designed 
complex could be an efficient vaccine candidate against C. parvum (Dhal et al., 2019). A similar 
strategy was performed in E. tenella, where the micronemal protein of apicomplexan parasites, 
apical membrane antigen 1 (AMA1), appears to be essential during invasion of host cells. Recently, 
peptides that specifically bind E. tenella AMA1 (EtAMA1) were screened from a phage display 
peptide library. Via docking tests, two phages strongly interacted with EctoAMA1 and sporozoites 
protein showing inhibition of the parasite (Ma et al., 2019).

As mentioned before, searching for differences in the potential target is important for the devel-
opment of selective toxicity. Many different types of acetylcholine receptors (AChRs) are expressed 
by nematodes. At least three subtypes of nAChR receptors are found on the musculature of adult 
nematodes such as A. suum which are of interest for potential therapeutic exploitation. By a ligand- 
based 3D pharmacophore model and virtual screening, 23,344 compounds with potential anthel-
mintic activity were studied. Three new compounds exhibit a modulatory effect on nematode 
contractions, and this was experimentally tested. These efforts support the idea of using new tools 
for rational drug design (Stevanovic et al., 2021).

10.4.2  gene editing APProAcHes

Genetic manipulation of parasites through several techniques that modify gene expression at DNA, 
RNA, or protein level has become an emergent and changing strategy to elucidate the biology, gene 
function, and identification of potential therapeutic options (Briquet et al., 2021). CRISPR- Cas 9 
technologies allow us to introduce site- specific modifications in the cells’ genomes. A key prop-
erty of Cas9 is its ability to bind to DNA at sites defined by the guide RNA sequence and the PAM, 
allowing applications beyond permanent modification of DNA (Doudna and Charpentier, 2014). The 
CRISPR approach has been used to induce a variety of modifications including directed insertion/ 
deletion (InDel) of bases, gene knock‑ in, introduction of mutations in both alleles of a target gene, 
and deletion of small DNA fragments. Thus, CRISPR technology offers a precise molecular tool 
for directed genome modification with a range of potential applications; further, its high mutation 
efficiency, simple process, and low cost provide additional advantages over prior editing techniques 
(Cui and Yu 2016; Sarma et al. 2021).

Differentiation of G. lamblia is essential for survival and pathogenesis. For cyst formation, 
CWPs synthesis is fundamental. Leukemia factor (MLF) proteins are involved in cell differentiation 
in mammals. In Giardia, MLF- like protein has been identified. The knockdown of MLF gene by the 
CRISPR/ Cas9 system resulted in a significant decrease of CWP gene expression and cyst formation, 
suggesting a positive role of MLF in encystation (Lin et al., 2019). CRISPR interference (CRISPRi) 
is a modification of the CRISPR/ Cas9 system that directs catalytically inactive Cas9 (dCas9) to 
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target loci for stable transcriptional repression. In contrast to reverse genetic approaches, the use of 
untargeted, genome- wide CRISPRi was proposed in G. lamblia as a tool to identify essential genes 
critical for growth, differentiation, and pathogenesis. Recently, an efficient and stable CRISPRi- 
mediated transcriptional repression of exogenous and endogenous genes in Giardia was done. 
CRISPRi knockdown of kinesin‑ 2a and kinesin‑ 13 causes severe flagellar- length defects that mirror 
defects. Knockdown of the ventral disk MBP protein also causes severe structural alterations that are 
highly prevalent and persist in the population more than 5 days longer than modifications associated 
with a transient morpholino- based knockdown. This methodology in polyploid Giardia is proposed 
as a rapid evaluation of knockdown phenotypes (McInally et al., 2019). The successful implemen-
tation of CRISPR- Cas 9 was also evaluated recently in other parasites. In E. histolytica CRISPR/ 
Cas9 mediated recombination by restoration of luciferase activity only in presence of all necessary 
components (Cas9, luciferase guide RNA, and donor luciferase DNA) (Kangussu- Marcolino et al., 
2021). On another side, this strategy was implemented to tag the putative E. tenella dense granule 
protein 9 (EtGRA9) and monitored its expression throughout parasite life cycle. Additionally, a 
large- scale approach was implemented with disruption of 33 members of the AP2 transcription 
factors family. The manipulation was effective in individual and multiple genes. They demonstrated 
that EtGRA9 is a secreted protein present in all stages of life and disruption of AP2 revealed that 23 
of 33 factors are involved on parasite survival (Hu et al., 2020). Calcium- dependent protein kinase- 
1 (CDPK1) is one of the leading drug targets in C. parvum, by CRISPR/ Cas9 system the cdpk1 
gene were deleted confirming its importance for parasite survival. In addition, the effect of CDPK1 
knockdown on a mouse infection model revealed the essential role of this kinase in parasite prolifer-
ation (Choudhary et al., 2020). These examples show that CRISPR is a promising genomic editing 
strategy for validation of new targets in intestinal diseases caused by parasites.

Nek kinases have a roll regulating microtubule organization, G. lamblia possess 198 Nek kinases 
whereas humans have only 11, due their complex cytoskeleton organization.

Cytokinesis defects in Nek8445- depleted Giardia cells were performed by knockdown of the 
Nek8445gene, founding that depletion results in short flagella, aberrant ventral disk organization, 
loss of the funis, defective axoneme exit, and altered cell shape. In addition, presence of a small 
gatekeeper residue in the kinase makes it a potential target for design of specific inhibitors with rela-
tively low activity against human kinases (Hennessey et al., 2020).

Phagocytosis is intimately associated with the biology of E. histolytica and is required for 
the amebic virulence. Ca+ 2 plays a vital role in the process interfering with contractile proteins 
(Choudhary et al., 2020).The blockage of calmodulin- like calcium binding protein (EhCaBP1) by 
inducible expression of the antisense RNA resulted in major changes of actin organization (Sahoo 
et al., 2004). Formation of phagosome complex also involves participation of EhCaBP3, and 
EhCaBP5. The overexpression of Ca+ 2- binding- defective mutants of all these proteins helped to 
delineate the participation of Ca+ 2 in different steps (Babuta, Bhattacharya, and Bhattacharya 2020).

Monoclonal antibody- screening was conducted to identify E. histolytica surface proteins that 
participate in phagocytosis. The screen identified one antibody that dramatically blocks phagocyt-
osis by inhibiting E. histolytica’s ability to adhere to apoptotic cells. The antigen to which it binds 
is the serine- rich E. histolytica protein (SREHP), member of a family of immunogenic amebic 
surface proteins (Teixeira and Huston, 2008). Also, recently a classification of E. histolytica strains 
according to SREHP genes confirm their heterogeneity and influence on the infection, participating 
on the genetic profile of infecting strains (Ngobeni, 2021).

Otherwise, novelty strategies with the aim of developing new treatments for parasite infections 
are necessary. Microneme proteins play a crucial role on invasion of host cells by Eimeria 
parasites: between them, EtMIC3 contains seven tandem microneme adhesive repeat regions 
(MARRa- b). MARb and one of the four repeated MARc domains of EtMIC3 protein were selected 
as ligand. Results showed that three phages bind to EtMIC3- bc1 protein. The phages were orally 
inoculated in chickens and revealed that they offered protection against E. tenella challenge and 
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effectively bound to EtMIC3 protein secreted by E. tenella sporozoites in the intestinal tract (Chen 
et al., 2021).

Gene expression regulation is an important event for eukaryotic cell biology and survival, the 
polyadenylation factor EhCFIm25 in E. histolytica was silenced by double- stranded RNA (dsRNA), 
producing a significant acceleration on parasite proliferation and cell death; moreover, cells were 
larger and multinucleated, also, their ability to move and phagocyte erythrocytes was reduced, 
therefore, indicating loss of virulence. The absence of EhCFIm25 had an impact on ~20 genes and 
proteome expression (Salgado- Martínez et al., 2021).

10.5  NANOTECHNOLOGY ON NEW ALTERNATIVES OF TREATMENT AGAINST 
INTESTINAL PARASITE INFECTION

The use of nanotechnology for medical purposes is known as nanomedicine and is described as 
the application of nanomaterials for diagnosis, control, monitoring, prevention, and treatment of 
diseases (Prasad et al. 2016). Nanomaterials can be defined as materials with a size between 1– 
100 nm and can have an inorganic (such as metal and metal oxide) or organic structure (peptide, 
lipid, and polymer- based nanoparticles) (Almohammed et al., 2021; Patra et al., 2018; Prasad et al. 
2017). Characteristics of both types are represented in Figure 10.2.

Nanomaterials have shown to be promising carriers of drugs and bioactive molecules for the  
treatment of parasitic infections because they improve pharmacokinetic parameters such as poor cell  
permeability, non- specific distribution, poor bioavailability, and rapid elimination of the antiparasitic  
agent from the human body (Sun et al., 2019). Likewise, the use of nanoparticles as antimicrobial  
agents has been reported due to the cytotoxic effect that they can exert mainly in protozoa such  
as G. lamblia, E. histolytica, Cryptosporidium spp, C.cayetanensis, and B. hominis (Abaza, 2016;  

FIGURE 10.2 Damage to intestinal parasites caused by nanomaterials. Left. A general classification of 
nanomaterials (organic and inorganic compounds) is summarized. Right. Proposed mechanisms of action 
caused by nanomaterials are: 1) Structural and morphological changes, 2) alterations in differentiation process, 
3) increased immune response, and 4) promote oxidative stress.

 

 

 

 

  

 

 

 



217New Alternatives of Treatment

217

Gaafar et al., 2019; Norouzi, 2017). The mechanisms of action proposed for the inhibition of para-
site growth include: 1) increased immune response, 2) structural and morphological changes in the  
parasite, 3) promote oxidative stress, and 4) alterations in the encysting process (Brakat and Sharaf-  
El- Deen, 2020; Malekifard et al., 2020; Younis et al., 2020).

10.5.1  inorgAnic nAnoPArticles

Inorganic nanoparticles are generally non- toxic, hydrophilic, biocompatible, and highly stable 
compared to organic materials. This type of nanoparticles includes gold, silver, iron oxide, copper 
oxide, silica, and hydroxides nanoparticles.

Gold nanoparticles (AuNPs) have been widely used as important tools in therapy, drug delivery, 
targeting, and imaging. Regarding the antiparasitic effect, Bavand et al. (2014) described the in 
vitro effect of AuNPs on G. lamblia cysts at 0.05, 0.1, and 0.3 mg/ mL for 5, 15, 30, 60, and 180 
min. The effect of AuNPs was concentration- time dependent. The concentration of 0.3 mg/ mL at 
180 min presented a lethality of 96% on Giardia cysts. In another study, Al- Ardi, (2020) analyzed 
the effect of AuNPs and Citrullus colocynthis aqueous extract nanoparticles against G. lamblia in a 
Swiss Albino mice infected model. Nanoparticles were administered orally at a dose of 20 µg daily 
for 8 days and both nanoparticles were administered separately and in combination. The combin-
ation of both nanoparticles showed greater efficacy in the treatment of giardiasis (93.2% reduction 
of trophozoites) compared to the use of AuNPs alone (61.2%).

Silver nanoparticles (AgNPs) are among the most studied and applied nanomaterials in the bio-
medical field. AgNPs exhibited antimicrobial and cytotoxicity activities which depend on factors 
including surface chemistry, size, size distribution, shape, particle morphology, particle compos-
ition, agglomeration, and dissolution rate (Zhang et al., 2016; Aziz et al. 2016, 2019). Several studies 
show the antiparasitic effect of AgNPs, and Said et al. (2012) reported that AgNPs at a dose of 50 µg 
for 8 days reduced 72.7% the parasite count in stool samples of rats with giardiasis. Another study in 
vivo conducted by Idan and Ardalan, (2020) described the effect of AgNPs as an anti- Giardia agent 
in infected mice. They demonstrated that a dose of 100 µg/ g for 3 days reduced 66.6 and 83.3% of 
Giardia cysts after 24 and 48 h, respectively. In another study the effect of AgNPs on E. histolytica 
cysts and C. parvum oocysts in vitro was analyzed. The LC

50
- 180 min was 0.34 mg/ L and 0.54 mg/ 

L for E. histolytica y C. parvum, respectively (Saad et al., 2015). The AgNPs were shown to exert 
direct damage on the oocyst wall of C. parvum by showing alterations in its morphology and this 
decreased the protozoa viability. Cameron et al. (2016) also described the antiparasitic effect in 
vitro of AgNPs against C. parvum. They found an excystation of 33.3% of the oocysts when used 
at a concentration of 500 µg/ mL. They propose that AgNPs interact with the cell wall and, at high 
concentrations, can fully break the oocyst wall, and therefore decrease viability of sporozoites. In 
another study, Valenzuela- Salas et al. (2021) described the effect exerted by protein- coated AgNPs 
on trophozoites of E. histolytica HM1- IMSS strain. The AgNPs formulation presented moderate 
antiproliferative activity against E. histolytica trophozoites cultures, with an IC

50
= 69.2 µM (7.4 µg/ 

mL). The possible mechanism of action is due to an overproduction of ROS. The effects of AgNPs 
on Blastocystis hominis cysts have also been studied. Abdel- Fattah Ahmed et al. (2015) found that a 
concentration of 150 µg/ mL of AgNPs inhibited growth of 83.5% after 72 hours of exposure. Also, 
Younis et al. (2020) reported the effect of AgNPs against B. hominis with a concentration of 150 
µg/ mL but with 3 hours of exposure. They report inhibition of 71.7% on the growth of the para-
site, finding a greater inhibitory effect compared to metronidazole. In addition, Gaafar et al. (2019) 
reported the effect of AgNPs in mice infected with C. cayetanensis. AgNPs were administered daily 
(10 µg i.p.) for 7 days starting from the 6th day after infection. The nanoparticles reduced the oocyst 
count in the feces of immunocompetent and immunosuppressed mice by 96.9% and 92.4% at day 14 
after infection, respectively. The proposed mechanism could be attributed to the immunomodulatory 
efficacy of the AgNPs that recruit and activate leukocytes, especially macrophages, as well as the 
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increase in IFN- γ levels and thus promote parasite elimination. Metal oxide nanoparticles are key 
constituents in catalysis, diagnosis, drug delivery, semiconductors, sensing, and solid oxide fuel 
cells. Its antimicrobial effect has also been reported. The principal mode of antimicrobial activity 
is the generation of ROS. Besides ROS production, there is damage to cell membranes by elec-
trostatic interaction, disturbance in metal/ metal ion homeostasis, protein and enzyme dysfunction 
(Raghunath and Perumal, 2017). Brakat and Sharaf- El- Deen (2020) reported that zinc oxide (ZnO) 
nanoparticles at a dose of 10 mg/ kg administered daily for 7 days reduced the presence of G. lamblia 
cysts in mice by up to 93.7%, and if combined with metronidazole (500 mg/ kg) there is a lethality 
of 100%. They suggested that the mechanism of action is possibly by potentiation of the intestinal 
immune response by increasing the levels of IgA and the cellular immune response. Another study 
by Malekifard et al. (2020) evaluated the effect of selenium and copper nanoparticles on Giardia 
lamblia cysts in vitro. The selenium and copper oxide (CuO) nanoparticles had cytotoxic effects 
against Giardia cysts at 0.3 mg/ mL and 0.6 mg/ mL after 180 min of exposure, respectively, and 
this effect was like that exerted by metronidazole at a concentration of 5 mg/ mL. Another study 
by Saad et al. (2015) reported the use of CuO nanoparticles against E. histolytica and C. parvum. 
The nanoparticles presented a cytotoxic effect with a LC

50
- 3 h of 0.13 mg/ mL on E. histolytica 

cysts and 0.72 mg/ mL on C. parvum oocyts. Another type of metal oxide nanoparticles reported 
with antimicrobial activity are magnesium oxide (MgO) nanoparticles. MgO has some advantages 
over other metals, such as non- mutagenic effect, good stability, and it is a normal component of the 
human body. Hussein et al. (2018) described the in vitro antiprotozoal activity of MgO nanoparticles 
against C. cayetanensis oocysts. The lethal concentration on the oocytes was 15 mg/ mL after 24 
hours of incubation, in addition to causing a failure in the sporulation process (≥90%). The pos-
sible mechanism of action may be referred to as the formation of superoxide anions O- 2 in the MgO 
surface. MgO is hydrated, forming Mg(OH)

2
 which covers and increases the surfaces of MgO and 

OH–  concentration on the oocysts’ surface. This, in turn, increases O−2 concentration that leads to 
more effective destruction on the oocysts wall. Therefore, loss of oocysts’ wall integrity means 
the destruction of the oocysts and a reduction in the viability of the sporozoites. Thus, the use of 
metal oxide nanoparticles can be an alternative for water treatment to remove the infective phase of 
various intestinal parasites.

10.5.2  orgAnic nAnoPArticles

There is a growing interest on development of organic nanomaterials for biomedical applications. 
Organic nanoparticles are an interesting alternative for transporting bioactive molecules due to their 
non- toxicity, the ease of their preparation, and their high stability in biological fluids and during 
storage. Some examples of organic nanoparticles are chitosan, silk fibroin, or other biodegrad-
able polymers, including poly (lactic- co- glycolic acid) (PLGA) (Virlan et al., 2016). Chitosan is a 
non- toxic polysaccharide derived from shrimp and crabs with natural chitin alkaline deacetylation. 
Chitosan and its derivatives have some exceptional properties such as minimum toxicity, biocom-
patibility, and biodegradability, and have been broadly used as an immunomodulatory, anti- cancer, 
anti- nociceptive, antioxidant, anti- inflammatory, and antimicrobial agents (Almohammed et al., 
2021). Chitosan nanoparticles (CsNPs) can be used for drug delivery, controllable drug release, and 
recently, CsNPs have been proven to be an effective anti- fungal, anti- bacterial, and anti- protozoal 
agent. Chabra et al. (2019) described the in vitro effect of CsNPs on G. lamblia trophozoites, as 
well as, their effect on cyst excretion in infected mice. The concentrations of 100, 200, and 400 μg/ 
mL significantly reduced G. lamblia trophozoites, ranging from 89 to 100%, after 3 h of exposure. 
Furthermore, cyst excretion was reduced after oral administration of a concentration of 50 µg/ kg 
of CsNPs daily in mice with giardiasis. Also, Elmi et al. (2020) reported that CsNPs at 50 µg/ mL 
were able in vitro to eliminate 31.3% of G. lamblia cysts after 180 min and the IC

50
 was calculated 

at 83 µg/ mL. In addition, Yarahmadi et al. (2016) analyzed the effect of CsNPs on G. lamblia cysts 
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viability. They used concentrations of 50, 100, 200, and 400 µg/ mL with an exposure time of 180 
min. The concentration of 400 mg/ mL exhibited a 100% reduction of cyst viability. Also, Said 
et al. (2012) found that CsNPs at a dose of 50 µg for 8 days presented a reduction of 68.2% in the 
parasite count in stool samples of mice with giardiasis. In addition, they evaluated the synergy 
effect of CsNPs, AgNPs, and curcumin nanoparticles. The CsNPs +  AgNPs showed a reduction of 
90.2% and the use of three types of nanoparticles caused a total eradication from stool and intestine. 
The cytotoxic effect of CsNPs on C. parvum has also been reported. Ahmed et al. (2019) reported 
C. parvum oocyst in vitro destruction (97.3%) after 72 h at a concentration of 5 mg/ mL. The oocysts 
were cracked, and their structure had shrunk, their wall was shredded, and their content expulsion 
was either seen attached to the wall or distributed near the oocysts that were damaged. They suggest 
that the mechanism might be due to the small size and excellent film- forming ability of CsNPs. 
The destructive effect could therefore potentially increase electrostatic interaction between Cs NPs 
and oocysts. In addition, they evaluated the effect on mice infected with oocysts of C. parvum. The 
animals received an inoculum of oocytes with the CsNPs at different doses (0.5, 1.5, 3, 5, and 7 mg/ 
mL), finding that after 10 days post- infection, doses of 3 mg/ mL or more prevented the infection 
by the parasite. Likewise, there are studies where CsNPs are loaded with antiparasitic drugs such as 
metronidazole and nitazoxanide. El- Gendy et al. (2021) described the effect of CsNPs and CsNPs 
loaded with metronidazole in hamsters infected with G. lamblia. The CsNPs dose was 50 µg/ day for 
7 consecutive days. The metronidazole- CsNPs were administered at half the dose (25 µg/ day). The 
highest percentage of reduction in the Giardia cyst and trophozoite counts were in the group that 
received metronidazole- CsNPs (94.69%, 94.29%). Lower percentages of reduction were recorded 
for metronidazole treated group (90.15%, 89.52%) and CsNPs treated group (63.64%, 75.24%). In 
another study, Moawad et al. (2021) improved the efficacy of nitazoxanide by loading it to CsNPs 
against C. parvum. The dose used was 200 mg/ kg/ day given to mice seven days post- infection and 
continued for 3 days in immunocompetent and 6 days in immunosuppressed mice. Treatment of 
Cryptosporidium infected mice with nitazoxanide loaded on CsNPs resulted in the highest sig-
nificant reduction in oocysts shedding in both immunocompetent (75.7%) and immunosuppressed 
(67.3%) groups followed by treatment with nitazoxanide (57.1 and 41.0%). Thus, the loading of 
drugs on CsNPs increased the loaded drug efficacy against the target organism and improved the 
healing of intestinal pathological changes induced by protozoa infection.

Curcumin (CUR) is a natural polyphenol compound derived from turmeric rhizome. CUR has 
excellent pharmacological properties by interacting with various molecular targets. However, due to 
its poor pharmacokinetic properties and because it is an unstable molecule, which undergoes degrad-
ation by light and temperature, its use is limited. To overcome these problems, novel nano systems 
have been proposed (Zielińska et al., 2020). Layered double hydroxides (LDH) are synthetic minerals 
with positively charged brucite- type layers containing divalent and trivalent cations (M2+  and M3+ ). 
They are considered promising inorganic nanocarriers that have several attractive features for their 
uses in drug delivery. Gutiérrez- Gutiérrez et al. (2020) evaluated the effect of LDH nanoparticles 
prepared with zinc and magnesium cations as a vehicle for CUR against G. lamblia and E. histolytica. 
LDH potentiates the effect of CUR by reducing the growth of G. lamblia trophozoites, with an IC

50
 

of 13.15 µM for CUR, 10.96 µM for Mg- LDH- CUR, and 12.21 µM for Zn- LDH- CUR. In the case of 
E. histolytica, Mg- LDH- CUR drastically improved the effect of CUR on the growth of E. histolytica 
trophozoites, with an IC

50
 value of 205.71 µm for CUR, 147.87 µM for Mg- LDH- CUR, and 190.53 

µM for Zn- LDH- CUR. Therefore, LDH improved stability, resistance to degradation, solubility, and 
cytotoxic activity of CUR. Poly (lactic- co- glycolic acid) (PLGA) is one of the most successfully 
used biodegradable polymers because its hydrolysis leads to metabolite monomers, lactic acid, and 
glycolic acid. As these two monomers are endogenous and simply metabolized by the body via the 
Krebs cycle, negligible systemic toxicity is associated with the use of PLGA for drug delivery or 
biomaterial applications (Fatemeh Sadat Tabatabaei Mirakabad, 2014). Said et al. (2012) reported 
the incorporation of CUR into PLGA and its greater effectiveness against G. lamblia. CUR (50 µg/ 
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daily for 8 days) reduced the number of Giardia cysts count in a stool sample (13.1%) and when 
CUR was coupled to the PLGA NPs the reduction was 54.6%. Also, they evaluated the synergistic 
effect of CsNPs, AgNPs, and CUR- PLGA NPs. The greatest synergistic effect was observed when 
combining CsNPs with CUR- PLGA NPs, with a reduction in the presence of cysts of 81.3% in mice 
with giardiasis. Furthermore, when the three nanoparticles were combined, complete eradication of 
the protozoa was obtained. In another study, Madbouly Taha et al. (2017) evaluated encapsulation of 
metronidazole in PLGA NPs in mice infected with G. lamblia. Metronidazole was administrated at 
60 and 120 mg/ kg/ daily for five days post- infection and metronidazol was loaded on PLGA NPs at 
the same doses. Metronidazole reduced the amount of G. lamblia trophozoites in the small intestine 
by 87.2 and 93.4%, and regarding metronidazole- PLGA- NPs, the reduction was 100 and 87.5% at 
the 60 and 120 mg/ kg doses, respectively. Thus, the maximal anti- Giardia effect and complete cure 
were recorded with the lowest dose of metronidazole- PLGA- NPs. Therefore, these studies show the 
usefulness of nanoparticles on the treatment of diseases caused by intestinal protozoa, either through 
a direct effect of the nanoparticle or by loading another bioactive molecule. A compendium of strat-
egies mentioned previously is showed in Table 10.1.

10.6  ANTIMICROBIAL PEPTIDES AS ANTIPARASITIC AGENTS

In general terms, antimicrobial peptides (AMPs) are small molecules of amino acids, generally  
between 10 and 60 amino acid residues, which participate on the response to pathogens infection.  
They have shown a wide range of mechanisms of antimicrobial activity against bacteria, fungi,  
parasites, and viruses with additional immunomodulatory effects (Verdugo- González et al., 2019).  
AMPs exist in various organisms, like bacteria, fungi, animals, and plants as showed in Figure 10.3.  
Most of them are cationic AMPs that play the key on antimicrobial roles (Lei et al., 2019). The  
principal advantage of AMPs is that the antimicrobial mechanisms that cause anti- parasitic properties 
are different from the drug- related mechanisms, because of that, AMPs can be applied to treat  
multiple parasites and even the drug- resistant ones. Despite the considerable potential of AMPs  
therapeutic agents, some limitations must be considered for their development and commercial  
application. The main obstacles so far identified for peptide drug development are the high produc-
tion costs, as compared with small drugs. Beside these general issues, development of peptide-  
based antiprotozoal drugs presents some specific challenges related to the complex life cycles of  
protozoa, which often involve multiple stages with significant differences in metabolism, protein  
expression, and membrane composition (Giovati et al., 2018). Several antimicrobial peptides have  
been tested, for example, the evaluation of in vitro and in vivo anti- apicomplexan properties of a syn-
thetic peptide (cNK- 2). The peptide exhibited dose-  and time- dependent cytotoxic activity against  
Eimeria acervuline and Eimeria tenella sporozoites through disruption of membrane integrity and  
release of intracellular content. In addition, in vitro peptide administration increased protection  
against Eimeria infection. The potential utility of the cNK- 2 peptide is a complementary strategy  
for treatment of economically costly infectious diseases of poultry and other food animals (Lee  
et al., 2013). The recombinant molecules combining monoclonal antibodies targeting C. parvum  
fused to bioactive peptides proved in vitro to efficiently kill C. parvum sporozoites and inhibit infec-
tion when administered orally in a prophylactic murine model of cryptosporidiosis (Imboden et al.,  
2010). In other study, the cytotoxic properties of CM11 (a chimeric peptide that is derived from  
bee venom and butterfly compounds) against E. histolytica and co- culture with human colonic car-
cinoma (Caco- 2) were tested. The IC

50
 values were 4.904 µg/ mL on CM11 treated cells and 10.123  

µg/ mL on metronidazole, the results revealed that de CM11 peptide require less concentration  
to make its anti- amoebic effect compared with metronidazole. Therefore, the study of CM11 for  
antiparasitic effects can make a difference in the amebiasis treatment worldwide (Mahdavi Abhari  
et al., 2019). on the other hand, a novel antimicrobial peptide isolated from American bullfrog, Rana  
catesbeiana, skin, was called renalexin. The antiparasitic effects of this peptide were tested against  
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TABLE 10.1
Summary of nanoparticles against intestinal parasite infection

Nanoparticle Parasite Condition Dose Time Effect Ref

AuNPs Giardia lamblia (cysts) In vitro 0.05, 0.1, and 0.3 
mg/ mL

5, 15, 30, 60, 
180 min

96% of lethality on cysts with a concentration of 0.3 mg/ 
mL at 180 min

(Bavand et al., 2014)

AuNPs+ Citrullus 
colocynthis NPs

Giardia lamblia In vivo (mice) 20 µg/ day 8 days AuNPs alone eliminated 61.2%. Combination of both 
nanoparticles showed greater reduction (93.2%)

(Al- Ardi, 2020)

AgNPs Giardia lamblia In vivo (rats) 50 μg/ day 8 days Reduced 72.7% cysts and trophozoites count (Said et al., 2012)
AgNPs Giardia lamblia In vivo (mice) 100 μg/ g/ day 3 days Reduced 83.3% of Giardia cysts after 48 h (Idan and Ardalan, 

2020)
AgNPs Entamoeba histolytica 

(cysts)
Cryptosporidium 

parvum (oocysts)

In vitro 0.5, 1.0, 2.0 and 
4.0 mg/ L

180 min The LC
50

- 180 min was 0.34 mg/ L and 0.54 mg/ L for 
E. histolytica and C. parvum respectively

(Saad et al., 2015)

AgNPs Cryptosporidium 
parvum (oocysts)

In vitro 0.5, 5, 50 and 500 
µg/ mL

0, 1, 3 and 
7 days

Reduction of 33.3% of excystation when using a 
concentration of 500 μg/ mL

(Cameron et al., 2016)

Protein- coated 
AgNPs

Entamoeba histolytica 
(trophozoites)

In vitro 27.8, 55.6,
and 111.2 µM

72 h Antiproliferative effect. IC
50

= 69.2 μM (7.4 μg/ mL) (Valenzuela- Salas 
et al., 2021)

AgNPs Blastocystis hominis 
(cysts)

In vitro 50, 100, 150 µg/ 
mL

24, 48 and 72 h AgNPs showed growth inhibition at 150 µg/ mL after 72 h (Ahmed et al., 2015)

AgNPs Blastocystis hominis 
(cysts)

In vitro 150 µg/ mL 180 min Inhibition of 71.7% on the growth of the parasite (Younis et al., 2020)

AgNPs Cyclospora 
cayetanensis

In vivo (mice) 10 µg/ day 7 days Reduced the oocyst count in the feces of immunocompetent 
and immunosuppressed mice by 96.9% and 92.4% at day 
14 after infection, respectively

(Gaafar et al., 2019)

ZnO NPs Giardia lamblia (cysts) In vivo (mice) 10 mg/ kg/ day 7 days Reduced the presence of Giardia lamblia cysts in mice by 
up to 93.7%, and if combined with metronidazole (500 
mg/ kg) there is a lethality of 100%

(Brakat et al, 2020)

CuO NPs and Se 
NPs

Giardia lamblia (cysts) In vitro 0.15, 0.3 and 0.6 
mg/ mL

10, 15, 30, 60 
and 180 min

CuO NPs exhibited a mortality rate of 97% at 180 min with 
0.6 mg/ mL; and Se NPs presented a mortality rate of 
100% at 0.3 mg/ mL and 180 min

(Malekifard et al., 
2020)

CuO NPs Entamoeba histolytica 
(cysts)

Cryptosporidium 
parvum (oocysts)

In vitro 0.5, 1.0, 2.0 and 
4.0 mg/ L

180 min Cytotoxic effect with a LC
50

- 3h of 0.13 mg/ mL on 
E. histolytica cysts and 0.72 mg/ mL on C. parvum oocyts

(Saad et al., 2015)

MgO NPs Cyclospora 
cayetanensis 
(oocysts)

In vitro 1.25, 2.5, 5, 10, 
12.5, and 15 
mg/ mL

24, 48 and 72 h Lethal concentration on oocytes was 15 mg/ mL after 24 
hours of incubation

(Hussein et al., 2018)

(continued)
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Nanoparticle Parasite Condition Dose Time Effect Ref

CsNPs Giardia lamblia 
(trophozoites and 
cysts)

In vitro and in 
vivo (mice)

100, 200, and 400 
μg/ mL and 10, 
50 and 100 µg/ 
mL/ day

30, 60 and 180 
min; 24, 48, 
and 72 h

Reduced G. lamblia trophozoite count, ranging from 89 to 
100% respect the control. Cyst excretion was reduced 
after oral administration of a concentration of 50 μg/ kg

(Chabra et al., 2019)

CsNPs Giardia lamblia 
(trophozoites and 
cysts)

In vitro 1, 5, 10, 20, 40, 
and 50 μg/ mL

180 min The IC
50

 was calculated at 83 μg/ mL (Elmi et al., 2020)

CsNPs Giardia lamblia (cysts) In vitro 50, 100, 200, and 
400 μg/ mL

180 min The concentration of 400 mg/ mL exhibited a 100% 
reduction in the viability of the cysts

(Yarahmadi et al., 
2016)

CsNPs
CsNPs+ AgNPs
CsNPs+ AgNPs+ 

CURNPs

Giardia lamblia In vivo (mice) 50 µg/ day 8 days Reduced 68.2% the parasite count in stool samples CsNPs +  
AgNPs showed a reduction of 90.2%, and the three NPs 
completely eradicated Giardia

(Said et al., 2012)

CsNPs Cryptosporidium 
parvum (oocysts)

In vitro and in 
vivo (mice)

0.5, 1.5, 3, 5, and 
7 mg/ mL

2, 24 and 72 h
One dose (500 

µL)

Oocyst destruction (97.3%) after 72 h at a concentration of 
5 mg/ mL. Doses of ≥3 mg/ mL prevented the infection by 
the parasite

(Ahmed et al., 2019)

CsNPs
CsNPs+ 

Metronidazole

Giardia lamblia In vivo 
(hamsters)

50 μg/ day 7 days CsNPs+ Metronidazole reduced the Giardia cyst and 
trophozoite count (94.6- 94.3%)

(El- Gendy et al., 2021)

CsNPs+ 
Nitazoxanide

Cryptosporidium 
parvum

In vivo (mice) 200 mg/ kg/ day 10- 13 days Nitazoxanide loaded on CsNPs reduced oocysts shedding in 
both immunocompetent (75.7%) and immunosuppressed 
(67.3%) mice

(Moawad et al., 2021)

Mg- LDH- CUR
Zn- LDH- CUR

Giardia lamblia 
(trophozoites)

Entamoeba histolytica 
(trophozoites)

In vitro 7.5 and 15 µM 12, 24, 48 and 
72 h

G. lamblia: IC
50

 10.96 μM for Mg- LDH- CUR and 12.21 
μM for Zn- LDH- CUR E. histolytica: IC

50
 147.87 μM for 

Mg- LDH- CUR and 190.53 μM for Zn- LDH- CUR

(Gutiérrez- Gutiérrez 
et al., 2020)

CUR- PLGA NPs Giardia lamblia In vivo (rats) 50 µg/ day 8 days Reduced the number of Giardia cysts count in stool sample 
(54.6%)

(Said et al., 2012)

Metronidazole- 
PLGA- NPs

Giardia lamblia In vivo (mice) 60 and 120 mg/ 
kg/ day

5 days Metronidazole- PLGA NPs, reduced the amount of 
G. lamblia in the small intestine, 100 and 87.5% at the 60 
and 120 mg/ kg doses respectively

(Madbouly et al., 2020)

TABLE 10.1 (Continued)
Summary of nanoparticles against intestinal parasite infection
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C. parvum by inoculation of the isolate on infected cell monolayers. Renalexin was used alone and  
in combination with other peptides like azithromycin, clarithromycin, rifampin, indolicidin, and  
rifabutin. Renalexin alone presented the most relevant effect on the infected monolayer, suppressing  
cell growth 40% approximately, however the effect was enhanced with combination of renalexin and  
other molecules, obtaining 94.1% of parasite- cell growth inhibition with the renalexin- indolicidin  
combination. In addition, the fractionated proteins obtained from natural honey, which contain  
an array of glycoproteins, proteoglycans, and glycopeptides, exhibited in vitro activities against  
G. lamblia with IC

50
 values ≤ 25 μg/ mL. Therefore, indicating the potential of honey proteins and  

peptides as novel antigiardial agent (Mohammed et al., 2015).
On the other hand, the prototypic cyclotide kalata B1 was investigated due it’s toxic effect against 

two economically important gastrointestinal nematode parasites of sheep, Haemonchus contortusand 
and Trichotrongylus colubriformi. In previous studies, the removal of charge through acetylation of 
lysine residues resulted in reduced antiparasitic activity, highlighting the importance of positively 
charged residues. The anthelmintic properties of lysine mutants were evaluated by their ability to 
interfere with development of eggs through to L3 larvae stage. Results showed that substitution of 
Gly- 18, Thr- 20, Ser- 22, Thr- 27, Asn- 29, or Gly- 1 sites with lysin, enhance the anthelmintic activity 
of cyclotide as shown by the IC

50
 values of the mutants; 1.1, 0.9, 2.3, 0.4 and 0.5 μM compared 

with 2.7 μM in the kB1 wild type against H. contortus. Also, the 1.8, 1.7, 2.7, 3.4, 1.2 and 1.5 μM 
concentrations compared with 4.5 μM in the kB1 wild type against T. colubriformis. Gastrointestinal 
nematodes cause major losses to livestock industries worldwide, therefore development of new 
treatments against these parasites can help with major economic issues preventing losses and 
increasing product quality (Huang et al., 2010). Lactoferrin is a multifunctional glycoprotein found 

FIGURE 10.3 Antimicrobial peptides general classification. These molecules are widely extended in nature 
and could be classified by their source or structure.
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in breastmilk, this protein chelates iron which is necessary for essential enzymes in microorganisms. 
Lactoferrin interacts with molecular and cellular components of both host and pathogens leading 
to activation of immune responses, therefore its antiparasitic activity against C. parvum was tested. 
Different concentrations of lactoferrin: 0, 1, 2.5, 5, and 10 mg/ mL were applied to co- cultured HCT- 
8 cells with C. parvum sporozoites to measure viability of cells. Results showed that sporozoite 
exposed to low concentrations of lactoferrin were able to infect HCT- 8 cells. However, sporozoites 
treated with 5 mg/ mL lactoferrin had significantly reduced numbers of parasites present after 24 
hours of infection. Also, lactoferrin at a concentration of 10 mg/ mL reduced parasite burden by 
approximately 60% in comparison to untreated sporozoites. Thus, consumption of breast milk at 
early life stages can help to reduce Cryptosporidium infections (Paredes et al., 2017).

10.7  IMMUNOTHERAPEUTIC APPROACH

Development of many strategies to evade the host’s immune system and survive within the host is 
an interesting and advantageous evolution step in parasites. For example, the first line of defense 
against protozoan parasites is the complement system. The complement is a major part of innate 
immunity that is activated by a robust and efficient proteolytic cascade that eventually results on 
opsonization and lysis of many invading pathogens (Holers, 2014). However, immunoproteomic 
analysis of T. spiralis adult worms showed the presence of serine protein inhibitors, which can 
invalidate the complement system activation (Song et al., 2018). In addition, arginine is a relevant 
amino acid in host- immune response, lower levels of arginine have shown to inhibit T- cell function 
(Zea et al., 2004). Depletion of arginine is a recognized strategy that pathogens like G. lamblia 
use to evade immune effector mechanisms as demonstrated by Banik et al. (2013) showing that 
arginine depletion by G. lamblia arginine deiminases modulate the surface markers and cytokine 
response of in vitro‑ activated human dendritic cells. Immune response evasion mechanisms vary 
among parasites. Several mechanisms had been described as shown in Figure 10.4.

An example of these mechanism is secretion of proteases of E. histolytica which degrade the 
intestine mucosal layer, or removal of infiltrating immune cells by phagocytosis. Another example 
is secretion of immune modulators by helminths, causing blockage of alarmins, which are released 
in response to tissue injury for a consequent activation of immune response (Coakley et al., 2016). 
Nevertheless, the in vitro study of parasite and host gene expression during the early stages of 
E. tenella infection of the macrophage cell line HD11 showed that pathogen recognition receptors, 
MRC2, TLR15 and NLRC5 of E. tenella, present distinct chemokine and cytokine induction patterns. 
This could be because of self- immune regulation or the effect of Eimieria´s mechanism of evasion 
(Sandholt et al., 2021). Also, antigenic variation on protozoa, which is a result of emergence of 
new sequence varieties within a species. Deitsch et al. (2009) give as a result a different phenotypic 
pattern, which cannot be recognized for the specific secondary immune response. Immunotherapy 
is a therapeutic approach that manipulates the adaptive and innate immune system for prophylactic 
and/ or therapeutic purposes through passive and active mechanisms. Passive immunotherapies 
harness administration of antibodies and cells, while active immunotherapies stimulate immune 
response (Naran et al., 2018; Yousofi Darani et al., 2016). Although most of the immunotherapies 
are focused on cancer treatment, these can be used against infectious diseases such as parasitic 
infections (Naran et al., 2018).

Therapeutic vaccines are treatments that use the patient’s immune system to attack an existing  
disease, unlike prophylactic vaccines that prevent disease (Shimasaki 2020). However, results  
obtained using inactivated parasite therapeutic vaccines against intestinal parasitic diseases have  
not been entirely successful. For example, to treat giardiasis, Olson et al. (2001) vaccinated dogs  
that had not been able to be cured by chemotherapy with a commercial vaccine. The clinical signs  
resolved between 16 and 42 days after vaccination and stopped shedding fecal cysts between 21-   
and 70- days post vaccination. Nonetheless, when Anderson et al. (2004) replicated the experiment  
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using GiardiaVax ® the treatment didn’t result effective. The same lack of effect was seen in cats  
infected with Giardia spp. when treated with a commercial inactivated parasite vaccine (Stein et al.,  
2003). It should be noted that, since Giardia spp. suffers antigenic variation, the use of variable  
surface proteins (VSP) seems feasible to use antigens in therapeutic vaccines against this infection.  
Serradell et al. (2016) tried a vaccine with the complete repertoire of VSP immunopurified or in  
isolated plasmatic membranes of transgenic trophozoites. This vaccine reduced or cured giardiasis  
in dogs. However, recently, it has been proposed that metabolic pathways proteins, like enolase  
and ornithine carbamoyl transferase which are involved in glycolysis and arginine metabolism are  
promising antigens due to their conserved expression, lack of closely with human proteins, and  
immunogenicity capacity. In a giardiasis model in mice, an induction of IgG1 and IgG2b strong  
systemic response was observed with both antigens, and with enolase immunization a cyst excretion  
reduction was also detected. These results increase the panorama of therapeutic options for the con-
trol of giardiasis (Ihara et al., 2022).

Therapeutic helminth vaccines have been developed with mild satisfactory results. Al- Attar et al. 
(2020) infected mice with T. spiralis and treated with excretory/ secretory antigens from adult worms 
or larvae administered intraperitoneally. Vaccines with antigens from adult worms decreased excre-
tion of worms by 80.1% and larvae by 63.5%. Vaccines with larval antigens reduced excretion of 
adult worms by 86.9% and larvae by 87.96%, indicating that larval secretory/ excretory antigens 
have a better therapeutic effect than adult worm antigens.

Antibody therapy is a passive immunotherapy where antibodies are used as a treatment to help 
fight a disease. A similar effect was observed when monoclonal antibodies were administered to 

FIGURE 10.4 Mechanisms of immune invasion caused by parasites. These pathogens developed several 
strategies to evade the host´s immune system. 1) Inactivation of the complement system, 2) impairment of 
biomolecules by proteases secretion, 3) genetic modulation, 4) surface proteins modification to cause antigenic 
variation, and 5) ability to block immune response by protein secretion.

 

 

 

 

 

 



226 Antimicrobials in Pharmaceutical and Medicinal Research

226

IFN- γ gene knockout adult SCID mice infected with C. parvum. The most effective antibody was the 
one directed against the surface protein CSL, which reduces intestinal infection but does not elim-
inate the parasite. Likewise, anti- GP25- 200 and anti- P23 antibodies were also effective (Riggs et al., 
2002). An alternative way to use antibodies is by targeting them against cell receptors to modulate 
immune response and ameliorate negative symptoms of infections. This effect was observed when 
Arendt et al. (2019) antibodies anti- IL10 R2 were orally administered to Eimeria infected chickens, 
which overcame the infection and had similar weight to uninfected chicks.

Additionally, antibodies can be used to block virulence factors, especially those that interfere 
with the immune response in conjunction with antiparasitic drugs. E. histolytica secretes a cyto-
kine homolog of inflammatory macrophage migration inhibitory factor (MIF) that inhibits pro- 
inflammatory cytokine secretion which contributes to host damage and therefore more severe 
disease. Ghosh and collaborators infected CBA-  / -  J mice intracecally with E. histolytica trophozoites 
and treated them with metronidazole and anti- Eh- MIF antibodies. Addition of these antibodies to 
treatment instead of metronidazole alone significantly reduced parasite- induced intestinal inflam-
mation, as measured by CXCL1, TNF- α, and MPO levels, tissue damage, and mucosal barrier integ-
rity (Ghosh, Padalia, et al., 2020).

Another passive immunotherapy used to treat intestinal parasite infection is adoptive cell transfer. 
In adoptive T- cell therapy, antigen- specific T cells are transferred for therapeutic purposes (Busch 
et al., 2016). This therapy has been shown to be effective in controlling E.falciformis infection. 
Pogonka et al. (2010) immunized mice deficient in transgenic IFN- γ with E. falciformis oocysts. 
CD8+  T cells were purified from mesenterial lymph node (MLN) and spleen cells. These cells were 
transferred to irradiated IFN- γ deficient transgenic mice. The transfer of primed CD8+  MLN cells 
resulted in a significant reduction in oocyst production.

Transfer of activated cells prior to C. parvum infection appears to be an effective prophylactic 
treatment, as demonstrated by Tessema et al. (2009) when transferring intraepithelial lymphocytes 
(IEL) and CD4+  T cells from the spleen and mesenteric lymph nodes of interferon and interleukin- 
12p40- deficient C57BL/ 6 mice infected with C. parvum to naive mice. This treatment reduced the 
parasite load and excretion by up to 70%. On the other hand, the opposite effect was shown when the 
adoptive transfer of CD4 helper T- lymphocytes from the mucosa prepared with Gymnophalloides 
seoi to mice prior to infection caused strong goblet cell hyperplasia and markedly accelerated worm 
shedding (Guk et al., 2009). This exemplifies the importance of knowing the pathogenesis bases of 
the parasite and host- immune response to establish an adequate immunotherapy. As is the case of 
Wang et al. (2018), who proposed affecting Foxp3 +  Tregs, given that during E. multilocularis infec-
tion, they favor survival of metacestodes by affecting antigen presentation and suppressing Th1- type 
immune responses.

Generating successful immunotherapies for intestinal parasitic infections has been complicated. 
This is largely due to the complexity of these pathogens, as well as that of the host- parasite rela-
tionship. The parasite can modulate the host’s immune responses toward “ineffective” responses, 
young animals do not respond adequately (which is the stage of life when vaccines must be effective 
in blocking the early production associated with over- losses) and, if recombinant proteins are 
used, persist the challenge of maintaining the correct conformation of these molecules (Matthews 
et al., 2016).

10.8  CONCLUSION

Intestinal diseases constitute a global public health problem, with parasites being the main causative 
agent. Distribution and prevalence of these organisms is variable, but the main affected population 
includes children and immunocompromised individuals. Other important factors are socioeconomic 
and geographic status, climate, inadequate water supplies, and unsuitable sanitation. Due to the 
impact of these diseases on health, studies that contribute to cellular biology knowledge on parasites 
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are necessary to develop new molecules with an efficient and safe profile. In this sense, the main 
approaches are the use of computational tools to identify essential molecular targets for parasite sur-
vival and rational drug design, like molecules that are involved in metabolic pathways. Also, use of 
novel technologies in genetic edition, like CRISPR, have a potential field of application because it 
allows to determine essential genes critical for growth, differentiation, and pathogenesis processes. 
In addition, other edition techniques can induce modifications for gene or protein disturbance that 
could be lethal for intestinal parasite pathogens. Another side is that repurposing of existing drugs 
is another method that could be helpful in time and cost approval process for a second use drug. 
These characteristics make it an ideal strategy to consider its resurgence using drugs that are already 
approved or used commercially.

Besides, in the search of innocuous treatment alternatives, several bioactive compounds have been 
shown their antiparasitic potential. Between them, plant extracts, isolated and purified compounds or 
semisynthetic derivates have been tested. Some of these molecules have shown greater effectiveness 
than reference drugs, others are used as adjuvants, and some have even shown prophylactic effects. The 
heterogeneity of natural compounds with antiparasitic activities include the use of peptides, antibodies, 
and other metabolites. For example, antimicrobial peptides have been found to be effective in drug- 
resistant strains and to be effective in stages of differentiation in parasites, a process closely related to 
its infectivity and survival. On the other hand, peptides, nanotechnology, and immunotherapy promote 
an integral therapeutic approach in which parameters like technological drug development or drug 
response are considered. The functionalization of compounds allows improving the physicochemical 
parameters of the molecules, such as their stability, in addition to their pharmacokinetic profile. This 
allows improving the effectiveness of these potential treatments. In the case of immunomodulatory ther-
apies, there has recently been a resurgence in its use as antiparasitic agents. New antigens that are less 
variable, have less homology to humans, and induce an immune response are being explored. Passive 
therapies using antibodies are also promising and ameliorating negative symptoms of infections. In 
general, these therapies can be combined to improve their effectiveness. The continuous scientific 
advances will allow us to make efforts to contribute to the cellular and molecular understanding of 
intestinal parasites and to improve the antiparasitic treatment available.
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