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Chapter 1
The History of Antibiotics Illumes 
the Future of Antimicrobial Peptides 
Administered Through Nanosystems

Nazim Nassar, Stefan Kasapis, Suneela Pyreddy, and Taghrid Istivan

Abstract  The discovery of antibiotics in the early nineteenth century and their 
introduction in the 1940s into clinical practice has revolutionised the global health-
care system. Infectious diseases were controlled, various medical procedures became 
attainable and the pharmaceutical industry greatly benefited. However, the indis-
criminate overuse of these antibiotics has contributed to an emerging bacterial resis-
tance. Hence, it encouraged the search for new antimicrobial peptides (AMPs) and 
nano-drug delivery systems, which can leverage these bioactive therapeutics with a 
tuneable controlled delivery system for clinical use against microbial infections. 
This review presents a brief history on the treatment of infectious diseases during the 
pre-antibiotic era, the golden era of conventional antibiotics, the emergence of the 
superbugs, and the surge in the AMP research and pharmaceutical exploration to 
offer a new class of pharmacotherapy through a wide range of different nano-vehi-
cles as alternative options for antibiotics to treat various infectious diseases.

Keywords  Antibiotics · Antibiotic resistance · Infectious diseases · Antimicrobial 
peptides · Nanobiotechnology · Nano-drug delivery systems

1.1 � Introduction

Humans, alongside animal species, have shared the planet since the very beginning. 
Thus, it is fair to assume that human ancestors have adopted similar survival and 
reproducibility strategies that animal species successfully employed in their behav-
ioural defence mechanisms and self-medicating habits against pathogens and para-
sites (Hart 2011, Shurkin 2014). For thousands of years, flora and herbal remedies 
played a crucial role in traditional medicine in eradicating a long list of historical 
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pandemics, which includes the Plague of Athens in 430 BC, the Plague of Cyprian 
between 250 AD and 270 AD, the Plague of Justinian in 540 AD, the Black Death 
of China and then Russia in the fourteenth century, the Great Plague of London in 
1665, the Cholera in Paris in 1832 and the Malaria in 1897, amongst many others 
(Swenson 1988; Hassel et  al. 2002; Aminov 2010; Holmes 2011; Wray 2012; 
Spinney 2019). Nevertheless, inquisitive scientists’ and medical historians’ revela-
tions often argue the distinctive abilities and the active adaptation of human beings 
for survival throughout history. Case in point, numerous research projects have 
shown how moulds were commonly used by different civilisations, including the 
Greek (during the sixteenth-century BC) and the Chinese (3000 years ago) to treat 
wounded soldiers with infected skin wounds (Wainwright 1989a; Bentley 2005). 
Moreover, several archaeological studies showed traces of tetracycline in human 
bones that stretch back to the Nubia and Egyptian civilisations that inhabited 
Southeast Africa more than 1400 years ago (Bassett et al. 1980; Cook et al. 1989; 
Nelson et al. 2010). These findings argue that different civilisations had different 
views and experiences in survival and fighting of the unknown microbial diseases 
long before biomedical sciences took control of disease diagnoses and treatments 
during the early decades of the twentieth century.

In 1928, Professor Alexander Fleming, a physician-scientist, experimented with 
the mutual biological interaction between Staphylococcus aureus (an aerobic bacte-
rium) and airborne mould spores. His attempt was based on previous observations 
of Staphylococcus aureus colony lysis in a contaminated petri dish with fungal 
infection (Fleming 1929). Subsequently, Professor Fleming has stated that “It was 
found that broth in which the mould had been grown at room temperature for 1 or 2 
weeks had acquired marked inhibitory, bactericidal and bacteriolytic properties to 
many of the more common pathogenic bacteria” which, thereupon, have changed 
the modern medical practice beyond recognition.

Thus, the antibiotic era started almost 90 years ago based on the “magic bullet” 
concept that Paul Ehrlich introduced in 1910 and the discovery of penicillin by 
Alexander Fleming in 1928 (Strebhardt and Ullrich 2008; Aminov 2010). Paul 
Ehrlich has connected chemistry to biology by introducing the “magic bullet” con-
cept, which became the cornerstone of the pharmaceutical industry, and many medi-
cines have been produced, including antimicrobials based on this concept (Strebhardt 
and Ullrich 2008). The “magic bullet” concept refers to the specificity of drug activ-
ity through its affinity to a specifically targeted receptor exerting its effect on the 
target cell or pathogen without affecting the rest of the biological system 
(Elliott 2010).

The golden age of antimicrobial pharmacotherapy, which was initiated by the 
discovery of penicillin in 1928, started gaining momentum in the early 1930s of the 
twentieth century when the German scientist Gerhard Domagk discovered the sul-
pha drugs in 1932 (Oesper 1954). Soon after, this group of drugs was developed to 
sulphonamides, one of the most effective antibiotics against a wide range of infec-
tions, including pneumonia and gonorrhoea (Stanwell-Smith 2007). However, peni-
cillin stayed in the lead, and during the Second World War, it continued to do 
wonders in treating various infections between skin injuries and systemic 
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infections. Bacteriologists continued their research and have listed different penicil-
lins, streptomycin, chloramphenicol and tetracyclines in their list of discoveries 
during the 1940s and the 1950s (Rebstock et al. 1949; Daniel 2005; Stanwell-Smith 
2007; Liu and Myers 2016). Benjamin Duggar discovered aureomycin (chlortetra-
cycline) in 1948, which was approved in 1950 for human use, followed with natural 
tetracycline in the early 1950s, such as terramycin, which Pfizer produced in 1950 
(Finlay et al. 1950; Liu and Myers 2016). In 1952, Selman Abraham Waksman was 
awarded the Nobel Prize in medicine for his discovery of streptomycin (Daniel 
2005). Streptomycin was tested in vivo against tuberculosis and proved successful 
in January 1945 at the Mayo Clinic after it was administered to Patricia T, who suf-
fered from that pulmonary infectious disease. Moreover, in 1948, the Italian phar-
macologist Giuseppe Brotzu efficaciously isolated Cephalosporium acremonium 
from sewage water in South Italy which resulted in the development of different 
classes of broad-spectrum cephalosporins (Bo 2000; Chizhik 2014).

However, the confidence in antibiotics and their effectiveness swiftly became 
sceptical. Since the mid-1970s and early 1980s, bacterial resistance to different 
antibiotics started breaking the surface leading to the regression of the nineteenth 
century in terms of infectious disease infestation, which became untrammelled 
(Stanwell-Smith 2007; Gould 2016). Over the second half of the previous millen-
nium, a random, inconsiderable, unquestionable and unnecessary prescribing and 
administering of antibiotics to humans, animals, animal food and plants were prac-
tised for treatment and prophylactic purposes (Stanwell-Smith 2007; Landers et al. 
2012; Stockwell and Duffy 2012). This irrational behaviour of healthcare special-
ists, pharmaceutical industry workforce and within agriculture has led to profound 
genetic mutations resulting in virulent strains to survive and thrive. Such risks 
require immediate and fast interventions to prevent imminent global health crisis.

Hence, in addition to the strict policies concerning antibiotic prescription and use 
that have been adopted by the World Health Organisation (WHO) and other health 
authorities around the world, such as controlled supply chains and drug cycling 
(Stallmann et al. 2006), scientists have started looking for an alternative to the con-
ventional antibiotics. One way to do so is to go back to the early days of humanity 
and ask the question: what was the critical factor that helped humans and other 
prokaryotic life forms in their battle against nasty pathogens during their early 
primitive days? No doubt, it is our innate defence system. So AMPs are inherited 
natural antibiotics born with us and are available as part of our immune system to 
fight microbial infections with minimal chance of bacterial resistance (Boman 
2003; Stallmann et al. 2006). Such atypical therapeutic molecules endure unique 
pharmacodynamic behaviours accompanied with fewer side effects (Leader et al. 
2008). They are one of the leading categories of nonconventional molecules that 
exert a remarkable remedial potential against infectious diseases. They demonstrate 
their pharmacological effects via specific cellular pathways resembling natural 
molecular signalling.

Nevertheless, these peptides are immensely susceptible to physicochemical and 
biological degradations preventing them from reaching the microbial pathogen at 
the vital bioavailability. Poor luminal permeability, high cytosolic metabolism, 
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gastric degradation and the first hepatic clearance of these molecules have executed 
most of therapeutic peptides including antimicrobial from being translated into 
medicines (Gupta et al. 2013; Muheem et al. 2016). Moreover, all of the currently 
used antimicrobial peptides and proteins are formulated in a parenteral form that 
requires high-cost cold chains for storage and transport.

This chapter aims to shed some light on the history and the process of developing 
antibiotics and the emerging bacterial resistance. However, our focus will be on 
antimicrobial peptides as the inherent and intrinsic self-defence mechanism behind 
our powerful immune system and the latest developments in nanobiotechnology as 
an adopted strategy to develop systemic and topical targeted delivery vehicles.

1.2 � Antibiotics: Key Events from Prehistory 
to the Golden Age

The awareness of the invisible pathogens, their effect on the human body and how 
to eradicate them was evident since the early days of our ancient history. Substantial 
historical evidence has shown that ancient civilisations, including Ancient Egypt 
and Southeast Africa, Middle East, China, Greece and the Romans, used different 
antimicrobial remedies including honey, herbs, clay and mouldy bread to treat sys-
temic and skin infections (Wainwright 1989a; Martin and Ernst 2003; Newman and 
Cragg 2007; Falkinham III et  al. 2009; Eteraf-Oskouei and Najafi 2013; Gould 
2016; Kirchhelle 2018; Qiao et  al. 2018). Surprisingly, even tetracycline was 
detected in human bones exhumed from Sudanese and Egyptian cemeteries going 
back to the Nubia and Roman occupation era (Nelson et al. 2010; Gould 2016).

Archaeologists, anthropologists and biologists frequently and silently travel for 
their adventures and share their knowledge to uncover the discreet. In the early 
1980s of the last century, different archaeological scientific projects, carried out in 
Southeast Africa, uncovered human bone remains that exhibit traces of a 1400-year-
old tetracycline (Bassett et  al. 1980; Cook et  al. 1989; Nelson et  al. 2010). 
Fluorescence microscopy tests showed an identical fluorescence imaging between 
the antibacterial agent of tetracycline and the contamination from the bone recov-
ered from the X-group cemetery (Bassett et  al. 1980). Historically, the X-group 
cemetery belongs to one of the Sudanese Nubia tribes who lived on the west bank 
of the Nile River across from Wadi Halfa in Sudan (Bassett et al. 1980; Nelson et al. 
2010). The counteracting claim argued that the fluorescence microscopy results 
from the bone discoloration are merely due to fossilisation or the so-called tapho-
nomic process and the decomposition of the dead bone tissue performed by fungi 
(e.g. Stachybotrys and Cladosporium). This fossilisation mechanism produces an 
intermediate substrate with a leaching effect (Piepenbrink 1986; Schaller et  al. 
2015) rather than calcium complex formation between the tetracycline, as a chelat-
ing agent, and the calcium that exists in the bone tissue (Menon 2014; Shasmitha 
2014). However, Bassett et al. have dismissed this possibility since the fluorescence 
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was patterned in the same manner as the modern tetracycline-labelled and not dif-
fused as it appears in the post-mortem mould infestation.

Moreover, the bones were found undamaged, reducing the chances of mould 
infestation (Bassett et al. 1980). Furthermore, a histological ageing study performed 
by Cook et al. on femoral mid-shafts goes back to the Roman period in Dakhleh 
Oasis, Egypt, has shown a distinct fluorochrome labelling (Cook et al. 1989). These 
fluorochromes were also traced within the enamel matrix of some individuals of that 
population. Moreover, the fluorescent patterns obtained from these fluorochromes 
correspond to those obtained from patients treated regularly with tetracycline. These 
findings argue that the fluorochrome is most likely tetracycline that was adminis-
tered in vivo over a prolonged time. In addition, tracing the fluorochrome in the 
enamel supports Bassett’s theory, which argues that the fluorochrome found in the 
remains of the Nubia tribes was an ingested tetracycline rather than a fungi contami-
nation based on the fact that enamel is an avascular body compartment and, unlike 
the bone, is more resistant to contaminations introduced by taphonomic processes 
(Cook et al. 1989). Finally, according to Cook’s observations, including periosteal 
examinations, the effect of the tetracycline on these populations was for antibacte-
rial and prophylactic treatment.

Based on the above, it is easy to agree that the usage of some antibiotics was 
available a long time before the discovery of penicillin. However, the argument is 
that the revolutionised treatment of infectious diseases, which started less than 
100 years ago, was validated after introducing novel antibiotics into a scientifically 
regulated medical field (owing to Paul Ehrlich and Alexander Fleming). Statistical 
data from the USA has shown a significant annual decline of 8.2% in the infectious 
disease mortality rate between 1938 and 1952 (Armstrong et al. 1999). The early 
bright of this era started when Rudolf Emmerich has revealed the first antibacterial 
substance in modern history (Gould 2016). The pyocyanase, a proteolytic substance 
extracted from Bacillus pyocyaneus, exerts autolytic activity, against its source, and 
the lytic activity against Staphylococcus and Streptococcus species (Waksman 
1948; Gould 2016).

Further advancements in the golden era of antibiotics are owed to the German 
chemist, Paul Ehrlich, and his team in 1909, after their famous discovery of the 
arsenic derivative, Salvarsan or dioxydiamidoarsenobenzol, for the treatment of 
syphilis (Scovil 1912). The yellowish powder produced in an injectable form has 
been selected from 606 other compounds despite its high level of toxicity, which 
pushed towards the new formulation (neosalvarsan) in 1912. The neosalvarsan was 
an optimised derivative of the original Salvarsan after improving its solubility. Also, 
the acidity of the new product was reduced, which eliminated the need to use soda 
as an alkaline base additive before the injection (McIntosh et al. 1912).

During the 1920s, Joseph Klarer, Fritz Mietzsch and Gerhard Domagk discov-
ered the antibacterial sulpha agents or sulphonamides. This group consisted of three 
main categories of sulphonamide series of antibacterial drugs that have been given 
the generic name of Prontosil by the Bayer Products Ltd (Nature 1938). At that 
time, Dr. Doris Brown from Royal Maternity Hospital, Belfast, reported that 
Prontosil drugs were significantly effective against septicaemia caused by 
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haemolytic Streptococci. Three years of comparison trials have found that Prontosil 
has reduced the death rate caused by general septicaemia from 87.5% to 28.57% 
and the mortality rate caused by Streptococcus spp. from 23.5% to 6.6%. There 
were further encouraging results reported on the remarkable effectiveness of 
Prontosil usage against urinary tract infections caused by E. coli (Nature 1937).

During the same period and precisely on the third day of September 1928, 
Alexander Fleming witnessed the birth of penicillin. He observed accidental mould 
contamination in a petri dish-contained bacteria for influenza research purposes, 
inhibiting the growth of the nearby Staphylococcus colonies. This mould was 
Penicillium notatum (initially identified as Penicillium rubrum) which produces a 
substance against bacterial growth, which was named penicillin (Marshall 1946; 
Wainwright 1989a; Wainwright 2002). Indeed, the discovery of penicillin by 
Alexander Fleming was one of the most remarkable scientific achievements in the 
modern history of the medical field. However, Professor Fleming himself underes-
timated this attainment at the start. His evaluation of the initial product was described 
as good as a topical antiseptic substance, and after few years from his initial obser-
vations, he started consulting chemists for purification techniques and chemical sta-
bility studies of the product (Aminov 2010; Lobanovska and Pilla 2017).

Nevertheless, Fleming’s publication in 1929 about the penicillin discovery has 
reached the hands of two gurus, Howard Florey and Ernst Chain, from Oxford’s Sir 
William Dunn School of pathology. They followed Fleming’s discoveries, including 
his 1922 work on antibacterial lysosome, trying to look for a product invention 
(Swann 1983). The Oxford team started the purification process of penicillin, and in 
1940, they conducted their first trial on infected animals with haemolytic Streptococci 
where they found that the treated group survived as much as threefold of the 
untreated control (Swann 1983). Soon after, Florey and Chain discovered that peni-
cillin is effective against different Staphylococcus spp., Streptococcus spp. and 
Gonococcus strains. These observations have advantaged penicillin over sulphon-
amides, which was limited to Staphylococci strains (Swann 1983). Consequently, in 
1941, penicillin was commercialised and started saving the lives of millions of civil-
ians and soldiers on the battlefields around the world during the Second World War 
(Aminov 2017).

Further advancement in the penicillin world occurred in 1959 when Batchelor, 
Doyle, Nayler and Rolinson from Beecham Research Laboratories, Ltd, reported 
the amine 6-amino-penicillanic acid (6-APA) in penicillin fermentation (Batchelor 
et al. 1959; Batchelor et al. 1961). Acetylation of 6-APA results in synthesising vari-
ous semisynthetic penicillins, including penicillins, against Gram-negative bacteria 
such as Escherichia coli, Haemophilus, Listeria, Neisseria, Proteus mirabilis, 
Shigella and Salmonella. Other examples include ampicillin, amoxicillin, bacampi-
cillin and penicillins against Enterobacteriaceae and Pseudomonas aeruginosa 
such as carbenicillin and ticarcillin penicillinase-resistant penicillins including 
methicillin, oxacillin and nafcillin (Wright 1999; Aminov 2017).

Moreover, in 1947, John Ehrlich and his team discovered chloramphenicol, the 
first member of the amphenicol group to be discovered (Ehrlich et al. 1948). They 
found that Streptomyces venezuelae, which was extracted from a soil sample near 
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Caracas in Venezuela, is the source of chloramphenicol (Ehrlich et  al. 1948). In 
1954, Gottlieb et al. have described the natural production process of the chloram-
phenicol by S. venezuelae, which is encouraged by adding P-nitrophenylserinol to a 
synthetic glycerol lactate medium, and soon after, it became the first antibiotic to be 
chemically synthesised (Gottlieb et al. 1954; Gottlieb et al. 1956; Dinos et al. 2016). 
The physiochemical characteristics of chloramphenicol support its permeability 
through the blood-brain barrier, and it was found to have a bactericidal effect against 
meningitis-related bacterial species including Haemophilus influenzae, 
Streptococcus pneumoniae and Neisseria meningitidis (Dinos et al. 2016). However, 
neurotoxicity and haematological disorders such as bone marrow depression and 
aplastic anaemia, amongst others, limited its usage (Aminov 2017).

This notable scientific success in antibiotic discovery in the golden era and the 
tremendous impact of the clinical translation on the medical field has inspired entre-
preneurial scientists and commercial pharmaceutical companies worldwide for 
more innovations and blooming in the antimicrobial arena. Waksman’s argument in 
the early 1940s that “a considerable proportion of all actinomycetes that can be 
isolated from soils or other natural substrates have the capacity of inhibiting the 
growth of, and even of destroying, bacteria and other microorganisms” has capti-
vated the minds of many scientists as well as the attention of the pharmaceutical 
industry with the antibiotic rush (Waksman et al. 1946; Nelson and Levy 2011). In 
the early 1940s, a retired professor and a world specialist named Benjamin Minge 
Duggar has joint the Cyanamid as the head of the soil department looking for acti-
nomycetes in a wide range of soil samples sent to him from all around the world 
with a vision to discover a novel antibiotic (Nelson and Levy 2011).

In 1945, Duggar and his team had witnessed an unusual antimicrobial activity of 
a yellow coloured sample that wiped off all the Gram-positive and Gram-negative 
bacteria in the tested group. Duggar named this broad-spectrum substance aureo, 
meaning gold (yellow) in Italian (Duggar 1948; Yan and Song 2014). Aureomycin, 
or chlortetracycline, was the first of the tetracycline class of antibiotics to be discov-
ered and 3 years later was experimented successfully on a five-year-old Tobey 
Hockett who had a life-threatening post-operative wound infection at the John 
Hopkins Children Hospital in Washington, DC (Nelson and Levy 2011). Nowadays, 
tetracyclines belong to a large family of antimicrobials and are the second widely 
used antibiotic in humans, animals and agriculture (Zhang et  al. 2011; Yan and 
Song 2014).

After discovering streptomycin, scientists have intensified the screening of acti-
nomycetes resulting in further discoveries (Benedict 1953). In 1949, a new antibac-
terial agent was exposed in Iloilo City on the Philippine Island. Dr. Abelardo Aguilar 
collected a soil sample analysed at the Eli Lilly Research Laboratories, where they 
isolated the antibiotic erythromycin-A (Robertsen and Musiol-Kroll 2019). 
Erythromycin-A is a polyketide antibacterial substance produced by 
Saccharopolyspora erythraea, a Gram-positive soil bacterium (Jiang et al. 2013). 
Erythromycin-A has shown a great deal of similarity with penicillin. It is effective 
against a wide range of bacteria including Gram-positives and acid-fast rods, in 
addition to some of the following Gram-negative genera, Brucella, Haemophilus 
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and Neisseria, thereby providing an alternative treatment for patients with penicillin 
allergy (Benedict 1953).

Furthermore, in 1947, cyclic peptide with a hydrophobic backbone chain was 
named colistin, or polymyxin-E, after its discovery in Japan (Storm et  al. 1977; 
Aminov 2017). Colistin is a member of the polymyxins family of antibacterial pep-
tides produced by Paenibacillus polymyxa, a Gram-positive bacterium found in soil, 
plants and marine precipitants (Ainsworth et al. 1947; Stansly and Schlosser 1947). 
Colistin was found to be a remarkable substance as an active antibacterial agent 
against Gram-negative bacteria (Stansly and Schlosser 1947). Colistin’s cationic 
cyclohepta peptide ring targets the anionic lipopolysaccharide (LPS) molecules in 
the outer cell membrane of the Gram-negative bacteria. Attacking the LPS by the 
cationic moiety of the colistin leading to a non-enzymatic disturbance of the mag-
nesium and calcium ions’ positioning (two metals that stabilise the membrane phos-
pholipids by bridging the negatively charged phosphor-sugar molecule) destabilises 
the negatively charged LPS molecules, leading to cell membrane damage. Moreover, 
destabilisation of the cytoplasmic membrane allows the antimicrobial peptides to 
interact with the cytoplasmic organelles (Zasloff 2002; Falagas and Kasiakou 2005; 
Zhang and Gallo 2016). This cationic intervention results in local destruction of the 
outer membrane integrity, promoting membrane permeability and leakage of the 
cell content and cell lysis of the targeted bacteria (Newton 1956; Laporte et  al. 
1977). Based on the above results, it was approved in 1949 for clinical use, and it 
was utilised against pathogens resistant to standard treatments such as ꞵ-lactams, 
aminoglycosides and fluoroquinolones (Evans et  al. 1999; Falagas et  al. 2008). 
Moreover, colistin was the last resort antibiotic against life-threatening infections 
caused by multidrug-resistant bacterial pathogens including Acinetobacter bau-
mannii, Klebsiella pneumoniae and Pseudomonas aeruginosa (Endo et  al. 1987; 
Falagas et al. 2008). However, due to systemic severe side effects such as nephro-
toxicity, neuromuscular blockade and acute airway obstruction, colistin’s usage was 
banned except for patients with cystic fibrosis (Evans et  al. 1999; Falagas and 
Kasiakou 2006).

One of the significant breakthroughs during that golden era was the discovery of 
vancomycin in 1953. Vancomycin was purified from a soil sample sent from Borneo, 
in Southeast Asia, to Dr. Edmund C. Kornfeld, a chemist at Eli Lilly (Levine 2006), 
which represented, at that point, a new class of antibiotics produced by Streptomyces 
orientalism. Vancomycin is constructed from peptides with a carbohydrate moiety 
attached to the amino acid residues forming glycopeptides. These peptides possess 
high selective toxicity against different bacterial pathogens including the Gram-
positive penicillin-resistant Staphylococcus spp., and the anaerobic Clostridium 
spp., in addition to the Gram-negative bacterium Neisseria gonorrhoeae (Reynolds 
1989; Levine 2006; Chen et al. 2011; Aminov 2017). Vancomycin, like other glyco-
peptides, is a large and rigid molecule that configurationally fits into the particular 
structure of the bacterial cell wall precursor, sequenced as L-Ala-D-Ala-D-Ala, 
forming a stable hydrogen bonding which results in blocking of the trans-
glycosylation process of bacterial cell wall peptidoglycan biosynthesis (Allen and 
Nicas 2003). Therefore, in 1956, the FDA has approved vancomycin as an 
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antibacterial drug; however, its usage was limited until the emergence of the 
methicillin-resistant Staphylococci aureus (MRSA) in the mid-1980s (Chen 
et al. 2011).

In 1959, a new class of antibiotics against one of the most indelible and debilitat-
ing pulmonary infectious diseases had been discovered. Sensi et al. from Lepetit 
laboratories in Milan, Italy, have managed to isolate an antibacterial substance 
which they named rifamycin based on its initial nickname (Rififi), via a process of 
broth fermentation performed by Amycolatopsis mediterranei  – a member of 
Actinomycetaceae group (Lester 1972; Sensi 1983; Murray et  al. 2015). Further 
studies have identified rifamycin as a constituent of five different substances, includ-
ing rifampicins A, B, C, D and E (Lester 1972). Rifamycin-B portion composed less 
than 10% of the whole mixture, and it was the only substance that had been purified 
in a crystalline form where the rest were unstable to be isolated or characterised 
(Sensi 1975; Sensi 1983). Moreover, the purified rifampicin-B showed a low level 
of activity in its initial chemical form; nevertheless, it demonstrated an insignificant 
degree of toxicity and a notable therapeutic effect against pathogenic infections in 
animals which, in turn, inspired further pharmacotherapeutic-related chemical mod-
ifications of the molecule (Lester 1972; Sensi 1983). Hence, 1963 rifamycin SV was 
developed based on rifampicin-B’s spontaneous activation chemical process (Sensi 
1975, Sensi 1983). Rifamycin-B has demonstrated a unique ability to undergo a 
spontaneous and reversible transformation into a rifamycin-O in an oxygenated 
aqueous medium. In turn, rifamycin-O goes through a hydrolysis process which 
forms the so-called rifamycin-S by losing a glycolic acid, thereafter a mild reduc-
tion of the S form results in rifamycin SV. Rifamycin SV exerts a significant bacte-
ricidal effect against Gram-positive pathogens, including the acid-fast 
Mycobacterium tuberculosis, in addition to moderate antibacterial effect against 
Gram-negative bacteria (Sensi 1983).

The great activity of rifamycin SV against M. tuberculosis has inspired scientists 
to develop an oral form of the medicine which has seen the light of day in 1966. 
Maggi et al. have innovated a modifiable, semisynthetic and orally active substance 
(N-methyl-piperazine derivative of rifamycin SV) at the Lepetit Research 
Laboratories, which was named rifampin or rifampicin. Rifampicin has demon-
strated a defined pharmacokinetic profile, including significant levels of solubility 
and stability throughout the gastrointestinal tract system, as well as an elevated 
transepithelial absorption. Such acceptable stability and solubility are attributed to 
unique physicochemical properties such as high lipophilicity of the molecule 
(Maggi et al. 1968; Lester 1972; Di Stefano et al. 2011; Grobbelaar et al. 2019).

The mechanism of action of rifampicin culminates in inhibiting the bacterial 
RNA polymerase synthesis, which is a crucial enzyme in bacterial RNA transcrip-
tion. The bacterial RNA polymerase catalytic core consists of five different subunits 
including 2α, ꞵ, ꞵ’, β and σ as an initiation unit. Rifampicin binds to the ꞵ-subunit 
(adjacent to DNA/RNA channel), leading to a physical blockade and, consequently, 
inhibition of the DNA-dependent RNA elongation process (Sensi 1983; Pang et al. 
2013; Nusrath Unissa and Hanna 2017).
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Nevertheless, another pivotal event occurred during the late stages of the golden 
era of antibiotics: the accidental discovery of metronidazole as a treatment for gin-
givitis. In 1962, the D. L. S. Shinn from King’s College Hospital Dental School, 
Denmark Hill, London, reported that a treatment with metronidazole 200 mg, three 
times daily, for trichomonal vaginitis cured, also, acute marginal gingivitis, which 
was diagnosed at the same time (Shinn 1962). Before that, in 1959, the Rhone-
Poulenc Labs in France produced a substance called nitroimidazole as a secondary 
agent of the extracted antibiotic azomycin from Streptomyces species. Then, the 
nitroimidazole was synthetically derived from metronidazole (a b-hydroxyethyl-2-
methyl-5-nitroimidazole) for chronic trichomonas infections (Petrin et  al. 1998; 
Samuelson 1999).

In addition to the activity of metronidazole against anaerobic Gram-positive bac-
teria Clostridium spp. and anaerobic Gram-negative bacteria like Bacteroides spp. 
by disrupting the bacterial DNA synthesis, it is effective against parasitic infections 
(Samuelson 1999). Metronidazole has demonstrated significant efficacy against the 
anaerobic protozoan parasite Entamoeba histolytica, which causes dysentery and 
liver abscess (Ravdin 1995). Moreover, it is highly efficacious against the protozoan 
luminal parasite Giardia lamblia, which stands behind severe malabsorption and 
epigastric pain conditions in developing countries (Zaat et al. 1997) (Fig. 1.1).

Fig. 1.1  Timeline of the key events in the history of the discovery of the natural antimicrobials and 
the introduction of the semi-synthetic and synthetic conventional antibiotics
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1.3 � Antibiotic Resistance: Health Crisis and Solutions

The habitation of Earth for more than 200,000 years by its inhabitants utilising its 
resources, coexisting amongst a remarkable diversity of a wide range of different 
species includes prokaryotes and eukaryotes and, concurrently, preserving the 
homoeostatic cycle of the life forms is owing to the symbiotic fashion of interaction 
between the various species. Nevertheless, predatism is the alternative way of prac-
tice when competing over limited essential resources for survival (Gauze 1934). 
Along with that, the victorious species are the elite which will continue to prevail. 
This instinctive principle, the essence of Darwin’s theory of evolution, has been 
empirically applied to quantify the interaction between pathogens and their hosts, 
including the epidemiological outcomes of the struggling course for existence 
(Gauze 1934).

Gauze et al. argued that the relationship between the prey and the predator (i.e. 
the host and the pathogen) results in a cyclical oscillation of their numbers. 
Moreover, the species will never be able to eliminate each other (Gauze 1934). 
Hence, the declaration that was made by the clinician William H. Stewart in the 
early 1960s, “it is time to close the book on infectious diseases and declare the war 
against pestilence won” (Spellberg et al. 2008), was an invalid scientific statement. 
Furthermore, needless to say that the unsupported overconfidence of the medical 
practitioners in prescribing and the uncontrollable usage of antibiotics in livestock 
as well as in the agricultural industry has contributed, overwhelmingly, to the emer-
gence of mutated and stubborn-resistant predators (Stockwell and Duffy 2012; 
Venter et al. 2017). Such microbial resistance counteracts the so-called magic bullet 
impact, or the therapeutic effect of the antibiotic, and aborts the host’s combat dur-
ing the downfalls of these oscillatory cycles (Sengupta et al. 2013).

Admittedly, acquiring resistance genes to antibiotics is a defensive biological 
mechanism adopted by single-cell microorganisms more than 30,000  years ago 
(Vanessa et  al. 2011). Bacteria develop antibiotic substances to compete against 
other bacterial species over common living resources (Venter et  al. 2017). 
Nevertheless, our argument concerns the augmented prevalence of bacterial resis-
tance amongst communities, which correlates with the highest records of antibiotic 
consumption (Sun et al. 2012). Goossens et al. have found that antibiotic resistance 
incidences are significantly higher in southern and eastern European countries ver-
sus the northern ones where the prescribing rate in primary healthcare was 32.2 per 
1000 residents compared to 10 per 1000 residents, respectively (Goossens 
et al. 2005).

Antibiotic-resistant infections have been declared by WHO and other global 
health organisations as a health “crisis” which demonstrates an imminent potential 
of a “catastrophic consequence” on the human race (WHO 2014; Sivalanka et al. 
2016; Alam et al. 2019; Sprigg and Pietrangeli 2019). Hospital-acquired infections 
are one the most prominent infections that attack immunocompromised patients and 
are caused by different pathogens, including antibiotic-resistant bacteria such as the 
methicillin-resistant Staphylococcus aureus (MRSA), which is responsible for more 
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than 11,000 deaths annually in the USA alone (Gross 2013; Venter et  al. 2017; 
Podolsky 2018). MRSA was initially encountered in 1962 (Sprigg and Pietrangeli 
2019). Nowadays, MRSA has spread worldwide, and it is one of the most frequent 
and severe infections arising out of antibiotic-resistant bacteria (Ventola 2015). 
However, there are reports acknowledged by some European health authorities from 
the United Kingdom and the Netherlands stating that hospital-acquired MRSA inci-
dences were declined by almost 31% between 2005 and 2011 due to the adoption of 
strict hygienic measures, while the trend in the community-acquired MRSA is still 
increasing (Ventola 2015).

MRSA is sensitive to glycopeptide treatment such as vancomycin (Rai et  al. 
2005), which prevents the biosynthesis of the bacterial cell wall by blocking the 
peptidoglycan production throughout a complex formation with the D-Ala-D-Ala 
residues of the building blocks, which, in turn, inhibits the trans-glycosylation pro-
cess (Allen and Nicas 2003). Such a mechanism of action was considered highly 
immunised against bacterial resistance. In 1979, Sengupta et al. showed the devel-
opment of resistance to vancomycin in coagulase-negative Staphylococci (Sengupta 
et al. 2013). Currently, vancomycin-resistant Enterococci (VER) pose a significant 
concern, predominantly, because of the wide range of hospital-acquired infections 
caused by these pathogens, such as post-operative and urinary tract infections, 
besides the limited options of specific treatments against them (Handwerger and 
Skoble 1995; Ventola 2015). Furthermore, in 1997, Hiramatsu et al. demonstrated 
the reduction of vancomycin susceptibility in a methicillin-resistant S. aureus 
(VISA) strain isolated from an infected surgical wound (Hiramatsu et  al. 1997). 
This reduction in susceptibility to vancomycin by MRSA has been, also, extended 
to different advanced cephalosporins (e.g. ceftaroline) and vancomycin analogues 
(e.g. telavancin, oritavancin and dalbavancin) that have been used as alternative 
treatments (Venter et al. 2017).

Cross-transfer of antibiotic-resistant coding genes may happen between different 
species throughout plasmids or transposons (Handwerger and Skoble 1995; 
Podolsky 2018). A new vancomycin-resistant S. aureus (VRSA) strain has emerged 
due to conjugative transfer of a plasmid transposon from a vancomycin-resistant 
Enterococcus faecalis strain to the MRSA bacterium. In turn, these transconjugants 
depict the contributor’s role regarding vancomycin resistance after their incorpora-
tion into the recipient’s chromosome, via changing the bacterial cell wall precursor 
from D-Ala-D-Ala to D-Ala-D-Lac (Handwerger and Skoble 1995; Venter 
et al. 2017).

To sum up, during the golden era of antibiotic history between the early 1940s 
and the early 1960s, medical practitioners and the pharmaceutical industry took 
initial control over pathogenic infections but ignored critical scientific clues and the 
extraordinary and evolutionarily skills of the biological cell. The euphoria of victory 
ended prematurely and was buried under the new imminent threat of the superbugs 
with potentially catastrophic consequences. Between the early 1960s and the 1980s, 
scientists have comprehended the magnitude of the antibiotic resistance crisis; they 
have witnessed the transmission of resistant genes horizontally, such as the emer-
gence of the VRSA throughout the plasmid transformation between two different 
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species they have cried out in desperation for help. Consequently, in 1985, Sweden 
was the first to ban the usage of antibiotics as promoters in animal farming (Wierup 
2001), followed by Denmark in 1994 in an attempt to eliminate the resistance reser-
voir and to reduce the chances of transforming antibiotic-resistant genes into human 
pathogens (Hayes and Jensen 2003). Thereafter, in the 1990s, the awareness of drug 
resistance became a global concern, and in 2006, the EU imposed a total ban on the 
usage of antibiotics in animal farming. Moreover, in 2014, WHO has recognised the 
antibiotic resistance condition as a global crisis (Alam et al. 2019).

For the time being, hospital-acquired infectious diseases remain a serious risk. 
Increased antibiotic resistance reduces the treatment options and incurs painful 
financial costs worth billions of dollars of expenses on management. Moreover, the 
excessive use of antiseptics in hospitals and communities can lead to resistance 
increment against these sanitizers and increase the chances for cross-resistance to 
antibiotics. Hence, comprehensive management and control programmes are in des-
perate need of a comprehensive solution in the clinical and veterinary fields and for 
antimicrobials used in agriculture. Finally, reducing the frequent usage of conven-
tional antibiotics requires a new alternative of less resistible pharmacotherapeutics 
such as antimicrobial peptides (AMPs).

1.4 � Antimicrobial Peptides (AMPs): Conception and History

Humanity has branched out into different societies experiencing distinctive plagues 
along the way reshaping our history. Nevertheless, our long-term coexistence with 
microorganisms proved to be in a continual dynamic ecological equilibrium until a 
retaliation had taken place, as it happened when the microbial resistance to antibiot-
ics emerged following the excessive use of antibiotics in the 1960s and 1970s 
(Anderson 2004). Hence, dealing with infectious diseases from the ecological and 
evolutionary point of view will be more advantageous than handling them from a 
solo and narrow clinical angle (Burnet 1941). As Dr. Joshua Lederberg has stated: 
“Perhaps one of the most important changes we can make is to supersede the 
twentieth-century metaphor of ware for describing the relationship between people 
and infectious agents. A more ecological informed metaphor, which includes the 
germ’s-eye view of infection, might be more fruitful… yet they are equally part of 
the superorganism genome with which we engaged the rest of the biosphere” 
(Lederberg 2000).

The relationships and interactions between microorganisms and microorgan-
isms/host involve a complex of ecological aspects, including cellular signalling 
amongst others, as an integral feature of an instructive and controlling co-
evolutionarily system that supports a peaceful adaptation (Braga et al. 2016). This 
part of the present review focuses on the AMPs and their roles in bacterial control’s 
intercellular/intracellular signalling mechanism.

AMPs are a diverse class of natural and multifunctional small molecules ranging 
between 10 and 150 amino acids that exert their biological function either 
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Fig. 1.2  Summary illustrating the general and various functions of the AMPs

constitutively or through an external factor inducement (Lei et al. 2019; Lazzaro 
et al. 2020). AMPs are evolutionarily preserved indigenous molecules that origi-
nated and are employed by all different life forms of prokaryotes and eukaryotes of 
the human and animal kingdom for different cellular functions, including antimicro-
bial protection (Epand 2016; Zhang and Gallo 2016; Wu et al. 2018). Hence, they 
serve as the first line of defence against different microbes, including viruses, bac-
teria, fungi and protozoa. Moreover, in higher life forms, AMPs are ubiquitously 
dispersed in epithelial cells, and some of them can be expressed as immunomodula-
tory agents (Boman 2003; Gordon et al. 2005; Lai and Gallo 2009; Lee et al. 2015; 
Scorciapino et al. 2017; Pfalzgraff et al. 2018; Xia et al. 2018) (Fig. 1.2).

The initial detection of AMPs was in 1921 when Alexander Fleming observed a 
lysis process in a bacterial culture obtained from nasal mucosa of a patient with the 
common acute cold (Fleming 1932; Tan and Tatsumura 2015). Dr. Fleming named 
the responsible effector for the bacterial lysis, lysosome, which is known, nowa-
days, as a generic name of various proteolytic organelles that possess more than 50 
different intracellular digestive enzymes (Bainton 1981). Soon after this discovery, 
Alexander Fleming stated that this bacteriolytic element is dispersed throughout the 
human body, confirming Metchnikoff’s synopsis: “Nature, to protect the skin and 
mucous membranes does not use antiseptics. The fluids which bathe the surface of 
the mouth and other mucous membranes are not bactericidal or only very imper-
fectly so. Nature removes from the mucous membranes and the skin quantities of 
microbes, eliminating them by epithelial desquamations and expelling them with 
the secretions and liquid excretions. Nature has chosen this mechanical procedure 
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just as the surgeons who replace the antisepsis of the mouth, the intestine and other 
organs by lavage with physiological saline” (Fleming 1932).

The first defined AMP was found in 1939 in a culture of an aerobic sporulating 
bacilli species. Dubos and his group isolated an alcohol-soluble substance named 
tyrothricin, which was bactericidal against a large number of Gram-negative and 
Gram-positive bacteria (Dubos 1939). After that, two distinct crystalline substances 
have been purified from the tyrothricin, including tyrocidine, which showed bacte-
ricidal activity against both Gram-positive and Gram-negative pathogens, and 
gramicidin which showed apparent effectiveness against Gram-positive species 
when it was applied topically (Dubos and Hotchkiss 1941; Mootz and Marahiel 1997).

The euphoria of the golden era of antibiotics between the 1940s and the 1960s 
has overshadowed the discovery of AMPs. However, the redemption of the AMPs to 
be considered a novel remedy for infectious diseases started gaining momentum in 
the 1960s through the exploration course for a new ecological resolution to counter-
act the emerging bacterial resistance for conventional antibiotics (Davies and Davies 
2010; Aminov 2017).

A sequence of exclusive studies conducted by Hans G. Boman and his group in 
the 1970s and the 1980s has led to the discovery of insect-based antimicrobial pep-
tides with an overwhelming stimulant effect on the immunity response in Drosophila 
(Faye and Lindberg 2016). Boman’s great deal of interest in the functionality of the 
human immune system has diverted his focus towards the preliminary defensive 
processes in the vertebrates’ immune system that take place before the maturity of 
the required antibodies during the early stages of infections. Thus, he employed 
insect species, which lack lymphocytes and immunoglobulins, as a fundamental 
model for his manipulative studies of the immune system via selected stimulus 
(Hultmark et al. 1982). In 1981, Boman and his group identified and characterised 
a new group of AMPs named cecropins that deliver a significant antibacterial effect 
against Gram-negative bacteria (Steiner et al. 1981).

Moreover, in 1987, a new family of AMPs which consists of two similar small 
peptides (23 amino acids) has been discovered by Zasloff et al., for which he named 
magainins (Zasloff 1987). They have isolated the broad-spectrum amphiphilic pep-
tides with antimicrobial activity against a wide range of bacteria, fungi and proto-
zoa, from the skin of the Xenopus laevis, an African frog. Furthermore, in 1994, 
scientists have isolated the first mammalian skin of AMPs, which belongs to a larger 
group of small cationic antimicrobials named cathelicidins, which was found in 
humans and other animals, birds and marine species (e.g. cattle, sheep, pigs, chicken 
and some fish) and exert a broad-spectrum antimicrobial activity against bacteria, 
viruses and fungi (Kościuczuk et al. 2012).

Undoubtfully, such fascinating research, alongside other studies that identified 
and characterised a wide range of AMPs for the last 60 years, has instigated a wide-
spread campaign behind the comprehensive appreciation of the role of the AMPs in 
our innate immune system (Hultmark et al. 1982; Tracey et al. 1995; Lung et al. 
2001; Faye and Lindberg 2016; Wu et al. 2018).
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1.5 � Diversification, Structural Characterisation 
and Mechanisms of Action of AMPs

AMPs are circulated and diversified in nature across and within the different species 
of vertebrates, bacteria, fungi and plants (Lei et al. 2019). The AMP database is 
updated regularly, and it includes natural AMPs with a defined sequence and bio-
logical activity (Wang et al. 2016). The latest version of the AMP database shows 
the sum of 2169 antibacterial peptides in addition to 277 antivirals, including anti-
HIV, 959 antifungals, 80 antiparasitics and 185 bioactive peptides listed for differ-
ent anticancer activities (Wang et al. 2016). In humans, the defensin family is the 
more significant ubiquitous type of AMPs followed by the cathelicidins, the first 
family to be identified (Dhople et al. 2006; Mojsoska and Jenssen 2015). Moreover, 
cathelicidins were discovered ubiquitously in monkeys, rats, mice, rabbits, pigs, 
cattle, goats, sheep and horses (Gudmundsson et  al. 1995; Zanetti 2004; Lei 
et al. 2019).

The characterisation of AMPs is very complex (Zasloff 2002) due to their diver-
sified origin and the crossover of functionalities against different microorganisms 
and target cells (e.g. cancer cells). However, there is a simple classification approach 
based on the geometrical (structural) features of the AMPs upon their contact with 
the microbial membrane (Zasloff 2002). This approach broadly categorises the 
AMPs into four main types based on their secondary structure, including the alpha-
helix, the beta-sheet, the loop (mixed) and the extended conformation (Steinberg 
et al. 1997; Mojsoska and Jenssen 2015). The formation of these different structural 
characteristics of the AMPs depends on the blend of the different amino acids 
throughout the peptide, which supports the folding of the AMP that leads to the 
formation of its three-dimensional conformation, shaping the physicochemical 
characteristics, and consequently influences the biological activity based on the 
structure-activity relationship (SAR) concept (Zasloff 2002; Bahar and Ren 2013; 
Phoenix et al. 2013; Lei et al. 2019).

For the different AMPs’ structures to exert their biological activities, they need 
to achieve the following:

	(i)	 Matchmaking between the length of the AMP residues and the thickness of 
bacterial membrane dimensions (Tossi et al. 2000). Given that the reaction is 
not based on receptor-ligand mediation, complete configurational matchmaking 
(lock-key theory) is not required; however, for the alpha-helical structure, it is 
optimal to have a complete penetration through the bacterial membrane (see 
discussion under AMPs formed in alpha-helix type));

	(ii)	 An ideal amphiphilic balance between the hydrophilicity and the lipophilicity 
ratios, as well as an appropriate cationic level of charge to govern the efficacy 
of the antibacterial activity (Lei et al. 2019).

As we have seen thus far in the present review, AMPs exert their antibacterial 
effect in various ways, including disruption of protein synthesis and cell wall forma-
tion, inhibition of genetic material expression and hindering different enzymatic 
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activities. However, the primary mechanism of action is based on the disintegration 
of the bacterial membrane (Strömstedt et al. 2010). Moreover, the above particulars 
argue that the physicochemical characteristics of AMPs are the primary key behind 
their biological activity against the integrity of the bacterial membrane (Lei et al. 
2019). The AMPs are predominantly short cationic (net charge between +2 and +9) 
peptides due to amino acids such as lysine and arginine with an amphiphilic com-
position (Bahar and Ren 2013; Pushpanathan et al. 2013; Zhang and Gallo 2016; 
Mirski et al. 2018). The amphiphilic nature governs the peptides’ pharmacokinetic 
profile of peptides through the balancing between the required optimal solubility in 
an aqueous physiological medium supported by the hydrophilic chemical groups 
versus the membrane permeability and the therapeutic bioavailability of the AMPs 
owing to the hydrophobic moiety. However, pharmacodynamically, this amphiphi-
lic property of the AMPs, also, allows a direct interaction between the peptide and 
the microbial membrane rather than a receptor-mediated interaction which plays a 
major role in the bacterial resistance development (discussed below) (Tossi et al. 
2000). On the other hand, the cationic property of the AMPs owing to lysin and 
arginine residues (Strömstedt et al. 2010) controls the pharmacodynamic effect of 
the AMP through its interaction with the negatively charged bacterial membrane 
(Zasloff 2002).

To exhaust our discussion within the scope of this review, we present a selected 
debate for each structural type with an example of a peptide and a related mecha-
nism of action based on the expected physicochemical characteristics.

1.5.1 � Alpha-Helical AMPs

Arguably, the effectiveness of the AMPs depends on the partitioning of the peptide 
molecule (distribution at physiological pH) into the phospholipid membrane of the 
microorganism. Thus, the higher the partitioning into the lipid phase, the more 
influential the peptide. Moreover, this partitioning is proportional to the molecule’s 
hydrophobicity, or it is inversely related to the availability of hydrogen bonding. 
This hypothesis has been tested by quantifying the free energy cost (using Gibbs 
free energy module) for partitioning the native bee venom peptide melittin, which is 
in alpha-helical form of 12 residues versus the unfolded form D4,L-melittin. The 
results showed a reduction of 0.4 Kcal mole−1 in the free energy cost per each alpha-
helical residue distribution into the lipid phase (Ladokhin and White 1999). Hence, 
these results confirm that the secondary alpha-helical structure reduces the avail-
ability of hydrogen bonding and exposes the hydrophobic groups of the peptide to 
the lipophilic interfaces of the membrane’s phospholipids, helping in tunnelling 
through the membrane (Almeida et al. 2012). Nevertheless, the alpha-helical struc-
tural characteristic of the peptide plays only a partial role in its biological activity, 
which is determined by several other effectors, including the flexibility and self-
assembly of the peptide, the amphiphilic balance of the peptide, the cationic charge 
of the peptide and the ionicity of the bacterial membrane (Juretić and Simunić 2019).
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Fig. 1.3  Summary illustrating the multistep of the mechanism of action of the AMPs

The alpha-helical segment results from the peptide sequence enrichment with 
specific amino acids such as arginine, alanine, phenylalanine, isoleucine, leucine 
and lysine (Dathe and Wieprecht 1999; Phoenix et al. 2013). These AMPs, gener-
ally, are more frequent and more prolonged peptides that can channel the bacterial 
membrane (Juretić and Simunić 2019). The disintegration of the bacterial mem-
brane results from different ways of AMP activity, including the barrel-stave mech-
anism, the toroidal mechanism and the surfactant-induced lysis (Fig.  1.3) (Shai 
2002; Strömstedt et al. 2010).

Usually, the alpha-helical type of AMPs with more significant residues (over 22 
amino acids) adopts the barrel-stave mechanism, causing few transmembrane pores, 
dissociating the membrane integrity and depleting the transmembrane potential 
(Shai 2002). The peptide must present enough hydrophobic moiety which faces the 
hydrophobic bilayer of the bacterial membrane after the electrostatic attraction 
between the cationic sides of the peptide, and the anionic charge of the bacterial 
membrane occurs. Magainin, the clawed frog of Xenopus laevis, is one of the pro-
totypes of alpha-helical AMPs that inhibits bacterial and fungal growth and medi-
ates protozoa lysis (Zasloff 1987).

Another mechanism of action adopted by different structures of AMPs includes 
the alpha-helical type, called the carpet-like mechanism, which can progress to 
either the toroidal or the surfactant-induced mechanisms depending on the AMP. The 
carpet-like mechanism is an alternative module to the barrel-stave mechanism but 
with fewer requirements for activation in terms of peptide’s specifications such as 
transmembrane insertion and porosity forming or a minimal peptide length or the 
number of amino acids (Shai 2002). Therefore, it is available for a broader range of 
AMPs. In this module, the peptide accumulates parallelly on the surface of the 
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pathogen’s membrane and causes a lysis-type reaction due to surfactant effect and 
micellisation (Pokorny and Almeida 2004; Strömstedt et al. 2010; Bertelsen et al. 
2012). However, some other peptides augment their concentration until they reach a 
critical level on the membrane surface which results in an adsorbent reaction of the 
peptide on the polar surface of the membrane due to the development of chemical 
imbalance in the ionic surface of the membrane (Zasloff 2002). Following the pep-
tide’s adsorption on the membrane surface, a translocation process of the peptide 
takes place across the membrane throughout the inner components, which leads to 
toroidal pore formation (Fig. 1.3) (Strömstedt et al. 2010).

Furthermore, the incorporation of the peptide into the outer layer of the mem-
brane expands the surface of the membrane laterally, which, in turn, thins the mem-
brane to the cleaving point (Mecke et al. 2005). The human cathelicidin (LL-37) is 
another example of the alpha-helical structure. However, it adopts the carpet-like 
mechanism of action against bacterial membrane (Pokorny and Almeida 2004). 
LL-37 is produced by phagocytes and skin keratinocytes and released into phago-
cytic vacuoles and skin wound fluids (Tossi et al. 2000).

1.5.2 � Beta-Sheet AMPs

Beta-sheet family of AMPs adopts the anti-parallel beta-sheet structure upon their 
contact with aqueous medium due to disulphide bond formation between the cyste-
ine residues positioned on the adjacent beta-strands (Kier et al. 2015; Moravej et al. 
2018). Folding adjoining beta-sheets with no less than two disulphide covalent 
bonds creates a rigid platform that harbours the peptide’s essential functional moi-
eties, including the cationic and the hydrophobic groups (Zasloff 2002). Generally, 
beta-sheet AMPs such as human defensins, bactenecin, cateslytin, protegrin and 
tachyplesin are less abundant than alpha-helix peptides. They are ubiquitous across 
the different levels of life forms (Phoenix et al. 2013; Moravej et al. 2018).

Although the beta-sheet family of antimicrobials employs the same barrel-stave 
and carpet-like mechanisms in their attack on bacterial membrane, different studies 
have presented various arguments concerning the structure-activity relationship. 
Generally, the highly rigid constructed beta-strands are occupied by polar and non-
polar domains (cationic and hydrophobic groups). The cationic component initiates 
the electrostatic interaction between the peptide and the bacterial membrane, set-
tling the hydrophobic residues on the membrane surface ready for partitioning and 
disrupting the membrane integrity via the formation of transmembrane channels 
(Yeaman and Yount 2003).

Amongst the most comprehensively studied peptides that fit as a model of SAR 
for this debate are the tachyplesins, which exist in three main types, including 
tachystatins A, B and C, consisting of 44, 42 and 41 amino acids, respectively 
(Osaki et al. 1999). Tachyplesins have been isolated from Japanese horseshoe crap 
T. tridentatus (Powers and Hancock 2003). The structural motif of tachystatin C is 
distinctively different from A and B.  It can form an amphiphilic beta-sheet on 
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terminal C which drives the partitioning of the peptide into the microbial membrane 
and enables the peptide to function as a haemolytic and cell lysis effector against 
Pichia pastoris. Moreover, tachystatin C shows an unusual antimicrobial activity 
against Gram-positive, Gram-negative and fungi throughout specific recognition 
and interaction with the lipoteichoic acids, the lipopolysaccharide and the chitin, 
respectively (Osaki et al. 1999).

1.5.3 � Loop AMPS

Cyclic or loop peptides, in general, are linear peptides that adopt a loop-shaped seg-
ment due to either a single disulphide bridging or other types of bonds such as iso-
peptide, ester or amide, which lead to the so-called heterodetic cyclic peptide 
(Fehlbaum et al. 1996; Powers and Hancock 2003; Davies 2003). Restriction and 
freedom reduction of the amino acids’ residues by cyclisation leads to a higher 
degree of configurational rigidity. Subsequently, a higher affinity between the ligand 
and the target site results in a notable improvement in the biological activity of the 
peptide (Davies 2003).

Mika et al. have shown in a comparative study between the biological activities 
of a linear AMP named BPC194 and its analogue, a de novo designed cyclic deca-
peptide, against the plant pathogens Erwinia amylovora and Xanthomonas vesica-
toria (Mika et al. 2011). The cyclic peptide demonstrated adoption of a beta-sheet 
structure which supported a higher affinity and more significant partitioning into the 
bacterial membrane whereas the linear analogue resided on the surface of the mem-
brane (Mika et al. 2011).

Moreover, Hirakura et al. examined the relationship between the structural diver-
sity of AMPs and specific antimicrobial activities (Hirakura et al. 2002). They tested 
the activity of the cyclic tachyplesin versus the activity of the alpha-helical magainin. 
The cyclic beta-stranded tachyplesin demonstrated higher affinity (by 280-folds) 
towards the lipopolysaccharide component of the cell membrane compared to its 
affinity to the acidic phospholipids, whereas the linear alpha-helical magainin acted 
equally towards both membrane components (Hirakura et al. 2002).

1.5.4 � Extended AMPs

The extended type of AMPs lacks a steady as well as specific structural shape. 
However, they are rich in certain amino acids such as arginine, glycine, histidine, 
proline and tryptophan (Powers and Hancock 2003; Mishra et al. 2018). Moreover, 
their active configuration is an outcome of their electrostatic interaction, such as 
Van der Waals forces, with the microbial membrane rather than their intrinsic chem-
ical/physical bonding amongst the amino acid residues (Powers and Hancock 2003). 
Thereupon, the extended conformational structure of certain AMPs has minimal 
impact on the microbial membrane integrity (Mika et al. 2011).
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Indolicidin is an example of an extended cationic AMP isolated from cow neu-
trophils that exert its antimicrobial effect through its interaction with the bacterial 
membrane due to the amphiphilic cloud of the side chains around peptide (Mishra 
et al. 2018). It consisted of 5 tryptophan residues out of 13 and had demonstrated 
antibacterial activity against E. coli. Nevertheless, its affinity to lipopolysaccharides 
was notably low compared to the beta-sheet type of AMPs (Powers and Hancock 
2003). Thus, the [AMPs] mode of action is derived from the amino acid composi-
tion rather than on a presumed secondary structure. Tryptophan is one of the most 
common amino acids that has been identified in the extended AMPs (Powers and 
Hancock 2003). Tryptophan residue is a critical interactive element in the interfacial 
vicinity of the lipid bilayers (Chan et al. 2006). It can form hydrogen bonding with 
the microbial membrane promptly. Likewise, arginine residues enhance the peptide 
interaction with the microbial cell membrane by providing the cationic characteris-
tic and hydrogen bonding capabilities to attract the anionic bacterial membrane as 
an initiation for the peptide partitioning across the microbial membrane (Chan et al. 
2006). On the other hand, proline disrupts the protein synthesis throughout its inter-
action with the 70S ribosomal subunit, which inhibits specific molecular signals and 
the production of certain constructive microbial proteins (Gennaro et  al. 2002; 
Mishra et al. 2018).

Bellamy et al. demonstrated the chemical characteristic-activity relationship via 
an experimental measurement of lactoferrin B (47 amino acids) as an AMP against 
different bacteria, including Pseudomonas fluorescens and Enterococcus faecalis 
and Bifidobacterium bifidum (Bellamy et al. 1992). Lactoferrin B is one of the two 
active forms of lactoferrin (Bellamy et  al. 1992), which is an extended broad-
spectrum AMP found in most exocrine secretions in mammalians (Wakabayashi 
et al. 2014). Bellamy’s group reported two main findings (Bellamy et al. 1992): (i) 
the activity of the lactoferrin B was pH-dependent; hence, the peptide was more 
active at pH 7.5 compared to pH 5.5, and (ii) the antibacterial activity against the 
tested panel was reduced with the addition of Na+, K+, Mg++ or Ca++ ions. Bellamy 
et  al. argued that the reduction in the peptide’s susceptibility was related to the 
changes in the ionicity of the membrane after the introduction of the cationic miner-
als. This argument was supported by their report about the higher effectiveness of 
the lactoferrin B activity in an alkaline environment compared to the acidic condi-
tions (Bellamy et al. 1992), where the sensitivity of the peptide was reduced in the 
protonated medium presumably because of the changes in the ionicity of the bacte-
rial membrane.

1.6 � Immunomodulatory Signalling of AMPs

AMPs’ functional roles are widely versatile between the innate and the acquired 
immune systems of the complex life form. The ubiquitous presence of the indige-
nous AMPs in circulating and epithelial barrier cells across the different compart-
ments of the living physiological system capacitates them as immunomodulators 
throughout various signalling pathways of the immunological and inflammatory 
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processes (Hancock et al. 2016). That is to say, AMPs can serve as antibiotics and 
controllers of inflammatory mechanisms via immunomodulation and up−/down-
regulation of different cytokines (Phoenix et al. 2013).

In 1989, Mary C. Territo was the first to relate the AMPs and the immunomodu-
latory concept. Mary’s team argued that monocytes’ recruitment at inflammatory 
sites by neutrophils ought to be due to the AMP defensin mediation (Territo et al. 
1989). Their argument was based on the observation that showed an unusual mono-
cyte chemotactic activity that resulted after releasing HNP-1 (a human defensin) 
from neutrophil granules (Territo et al. 1989). Thereafter, further studies evidenced 
that alpha-defensins isolated from circulating human neutrophils stimulate T cells 
which, in turn, express CD4/CD45RA and CD8 antigens (Zasloff 2002). 
Nevertheless, the involvement of certain AMPs, such as the human cathelicidins in 
the signalling pathways of the immune system, can be even more convoluted. For 
instance, the human cathelicidin LL-37 interacts with more than 16 different pro-
teins resulting in over 1000 successive interactive signalling molecules due to an 
expression of more than 900 different genes (Lau et al. 2005; Hancock et al. 2016).

Based on the mentioned above, AMPs play vital roles in mediating an array of 
cellular regulatory signalling during microbial infection and the subsequent inflam-
mation (Scott et al. 2007). The roles of these cellular signals range over the prepara-
tion of the acquired immune response, such as the attraction of monocytes as well as 
the formation of antibodies against the invading pathogens, and the up-/downregula-
tion of the pro-inflammatory cytokines such as interleukins (IL) (6, 8 and 18) and 
tumour necrosis factor-alpha (TNF-alpha), in addition to the anti-inflammatory cyto-
kine interleukin-10 (Chaudhry et al. 2013; Li et al. 2017; Muñoz-Carrillo et al. 2018).

Inflammation is a complex process; nevertheless, it is a crucial segment of the 
immune system’s response to an infection. It is a vital signal for the immune system 
to prepare the body for protection and a successive healing process (Muñoz-Carrillo 
et  al. 2018). However, inflammation can be too dangerous and more harmful, in 
some cases, than the actual bacterial infection. The role of bacterial infection in the 
pathophysiology of inflammation is related to the bacterial cell wall and membrane-
associated LPS endotoxin (Ginsburg 2002). The release of the LPS into the blood-
stream enhances the production and release of pro-inflammatory cytokines (e.g. 
TNF-alpha and interleukin-6 and interleukin-8) from monocytic and phagocytic 
cells (Sun and Shang 2015). Overreaction of the immune system to the titre level of 
LPS in the blood system can lead to overexpression of cytokines which, in turn, 
ought to lead to sepsis followed by multiple visceral organ injuries or what so-called 
flesh-eating syndrome (over 700,000 cases in the USA alone, with mortality rate up 
to 50%) (Ginsburg 2002).

Cathelicidins family of AMPs, particularly LL-37, were found to reduce inflam-
mation by neutralising the endotoxin LPS via a direct interaction between the cat-
ionic moiety of the AMP and the anionic groups of the glycolipid (Nagaoka et al. 
2001). Moreover, the antiseptic activity of the LL-37 is resulted from the expression 
of anti-inflammatory cytokines such as interleukin-8 (Scott et al. 2002). Scott et al. 
took their study further by performing gene expression experiments aiming to reveal 
the effect of LL-37 on the modulation of macrophages (Scott et  al. 2002). The 
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results revealed that LL-37 directly affects the downregulation of 20 genes; never-
theless, it causes upregulation of 29 genes, some of which coding for chemokines 
and their receptors, in addition to the anti-inflammatory interleukin-8 (Scott 
et al. 2002).

Besides the antimicrobial activity and the mediation/regulation of the inflamma-
tory process of the AMPs, LL-37, the human beta-defensin (hBDs) group plays a 
significant role in the wound pathophysiology by controlling the healing process 
(Diamond et al. 2009). The skin produces and enhances the activation of LL-37 and 
hBDs to prevent and eliminate microbial infections and, also, to support the healing 
of cutaneous injuries (Lehrer and Ganz 1999). It promotes the production of cyto-
kines/chemokines, attracting keratinocyte migration, angiogenesis and cell prolif-
eration (Heilborn et al. 2003). Niyonsaba et al. have found that three out of four 
different hBD peptides that are produced in the skin mediate the production of IL-6, 
IL-10, interferon-gamma-inducible protein (IP-10), macrophage inflammatory 
protein-3-alpha (MIP-3alpha) chemokine, monocyte chemoattractant protein-1 and 
RANTES, by stimulating the epidermal keratinocyte cells which, in turn, increase 
their gene expression (Niyonsaba et al. 2007). Moreover, hBDs induce the phos-
phorylation process of the epidermal growth factor receptor (EGFR), which pro-
motes skin wound healing via the induction of the epidermal and the rejuvenation 
of the dermal cells (Niyonsaba et al. 2007; Bodnar 2013).

Along with the significant role of the hBDs and the LL-37, which are expressed 
in leukocytes and epithelial cells (Koczulla et al. 2003), they are immensely filtrated 
into wound bed during the resorptive phase of the injury before it starts declining 
towards the end of the regeneration phase and the closure of the wound (Heilborn 
et  al. 2003). Heilborn’s team argued that LL-37 has a great deal of influence in 
wound healing and closer mediation. They validated their hypothesis by showing 
the induction of LL-37 during the re-epithelialisation of the skin wound. Furthermore, 
this re-epithelialisation was halted by antagonising the LL-37 with specific antibod-
ies (Heilborn et al. 2003).

The human cathelicidin LL-37 has been further presented as a critical intrinsic 
factor in cutaneous wound healing. Koczulla et al. demonstrated that LL-37 directly 
manipulates the angiogenesis and arteriogenesis processes via the activation of the 
formyl peptide receptor-like-1 on the endothelial cells (Koczulla et al. 2003). They 
showed that administration of LL-37 into the chorioallantoic membrane assay 
resulted in neovascularisation. Furthermore, they demonstrated a reduction in 
wound bed vascularisation in mice with cathelin-related antimicrobial peptide 
(CRAMP) (LL-37 murine homologue) deficiency (Koczulla et al. 2003).

To sum up, the AMPs’ portfolio of pleiotropic bioactivities involves a wide range 
of vital roles and mechanisms. They can exert direct action against microbes based 
on the incapacitating potential of the physicochemical characteristics of the AMP, 
adopting chemotactic mediation to assist the migration of different leukocytes to the 
site of the infection and stimulating the production of cytokines and chemokine to 
promote keratinocyte migration and prefoliation in wound beds. Concurrently, 
AMPs mediate a homoeostatic equilibrium in which all the biological processes are 
subject to perpendicular regulatory feedback.
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1.7 � Bacterial Resistance to AMPs

The focus on AMPs as a feasible solution for antibiotic resistance has been intensi-
fied in recent years. AMPs have been in the scientists’ spotlight since the early days 
of the emerging of bacterial resistance to conventional antibiotics. The initial 
assumptions stated that the probability of bacterial resistance development against 
AMPs is negligible. This hypothesis was based on the preliminary perception of 
AMPs, as they are simple and lack specificity in their mechanisms of action against 
microbes (Lazzaro et al. 2020). Furthermore, the early descriptive module of AMPs’ 
antimicrobial activity was presented as a platform involving various effectors that 
target different microbial biological aspects (Zasloff 2002). However, recent com-
prehensive research findings have revealed the inaccuracy of that early approach 
concerning the AMPs’ pharmacodynamic ligand binding modelling. The new stud-
ies argue that AMPs execute their biological activities based on high specificity and 
affinity to their target sites, which occur synergistically with other AMPs (Lazzaro 
et al. 2020). Pharmacodynamically, these findings provide more evidence that the 
development of microbial resistance against AMPs is possible; nevertheless, it can 
be counteracted by employing various types of peptides to achieve a broader spec-
trum and mode of activities for a specific target (Diamond et al. 2009).

Different species of microorganisms adopt various techniques to evade the 
antagonism of antimicrobial peptides. In general, bacterial resistance to AMPs is 
categorised into two main types based on their broadness of spectrum. These types 
can be specific resistance against a particular type of AMP or broad resistance 
against multiple AMPs sharing the same motif (Nawrocki et al. 2014). For the scope 
of the present chapter, we reviewed the last 20 years’ research data related to, pre-
dominantly, bacterial mechanisms of resistance that can be adopted by Gram-
positive and Gram-negative bacteria against AMPs to provide further insight into 
the tangled relationship between AMPs and microorganisms.

The AMPs’ efficacy, as well as the hindrance to them, is a complex of compli-
cated mechanisms based on physiochemical characteristics of the peptides and the 
microbial wall/membrane, the vicinity of the environment including stressful 
parameters and the transport kinetics of the AMPs as well as the synergy between 
them (Groisman et al. 1992; Devine et al. 1999; Hancock 2001; Perron et al. 2006; 
Lazzaro et al. 2020). The AMP’s mode of action predominantly depends upon the 
molecule’s physicochemical characteristics and the microbe’s cell surface, where 
both, in turn, determine the magnitude of their mutual attraction to each other. Thus, 
the primary mechanisms of antagonism between the AMP biological activity and 
the microbial cell ought to be initiated through cell surface alteration or the so-
called extracellular mechanisms of resistance which can be exerted via shielding of 
the binding site from the AMP and the enzymatic degradation of the peptide 
(Nawrocki et al. 2014).
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1.7.1 � Extracellular Mechanisms of Resistance

It is the predominant category of adopted bacterial mechanisms against AMPs’ bio-
activities. Several studies have investigated the susceptibility of different bacterial 
species to the human cathelicidin LL-37. Schmidtchen et al. showed that human 
pathogens act on epithelial surfaces, including wound beds, such as Enterococcus 
faecalis, Proteus mirabilis, Pseudomonas aeruginosa and Streptococcus pyogenes, 
capable of producing proteinases against the cathelicidin LL-37 (Schmidtchen et al. 
2002). A mass spectroscopy analysis demonstrated the cleavage of LL-37 at Arg-Ile 
and Asp-Phe, which took place in the presence of the elastase, an enzymatic product 
of P. aeruginosa in coetaneous wounds (Schmidtchen et  al. 2001). Similarly, 
Sieprawska-Lupa et  al. have examined the degradation of LL-37 by S. aureus-
derived proteinases (Sieprawska-Lupa et al. 2005). Magdalena and her group have 
tested the susceptibility of LL-37 to metalloproteinase (aureolysin), which is gener-
ated by S. aureus. The results of the mass spectroscopy test demonstrated a cleaving 
enzymatic activity of aureolysin between Arg19-Ile20, Arg23-Ile24 and Leu31-
Val32 peptide bonds of the LL-37, which inhibited the antibacterial activity of 
LL-37 in time- and concentration-dependent manner (Sieprawska-Lupa et al. 2005).

Exploring the extracellular mechanism of resistance against other AMPs, 
Schmidtchen and his group tested the susceptibility of alpha-defensin AMP against 
a mixed panel of bacterial species. They reported that pathogens that habituate con-
nective tissues in wound beds, such as E. faecalis, P. aeruginosa and S. pyogenes, 
can evade the antimicrobial activity of the AMP alpha-defensin (Schmidtchen et al. 
2001). Ultimately, these bacteria degrade the existing proteoglycans, such as deco-
rin, biglycan and versican, in the host’s connective tissues via extracellular micro-
bial proteases such as S. pyogenes cysteine proteinase, which, subsequently, leads to 
the generation of dermatan sulphate that binds and neutralizes the AMP alpha-
defensin (Schmidtchen et al. 2001).

Another example of bacterial resistance to antimicrobial peptides concerning 
extracellular proteases is depicted in the products of Porphyromonas gingivalis and 
Prevotella species. It relates to oral anaerobic and highly proteolytic pathogens 
known to neutralize the antibacterial activity of some AMPs, including the wasp 
venom mastoparan and magainin II (Devine et al. 1999). The inhibition of the mas-
toparan and the magainin II was due to a specific structural cleavage at the Arg resi-
dues. Nevertheless, this type of inhibition was ceased after administering protease 
inhibitors, proving that the resistance’s nature is protease-based (Devine et  al. 
1999). It is worth noting that cecropin B’s activity was not affected by these prote-
ases, which was most likely due to the higher rate of the cecropin B activity than the 
inhibition rate of the protease, which explains the superior efficacy of these AMPs 
(Devine et al. 1999).

Gelatinase is a notable representative of the extracellular proteases that contrib-
ute to bacterial resistance to AMPs in different ways. Gelatinase is produced by 
E. faecalis which is a prime nosocomial pathogen that causes various types of 
acquired infectious diseases such as urinary tract infections, post-surgical infections 
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and endocarditis (Engelbert et al. 2004; Thurlow et al. 2010). Thurlow et al. showed 
that gelatinase is the primary factor behind the virulence of E. faecalis as the cause 
of endocarditis. Gelatinase was found to be an enhancer for bacterial resistance 
against the LL-37 peptide by cleaving it. Moreover, it was found to break down the 
anaphylatoxin complement C5a, reducing neutrophil migration and incrementing 
pathogen virulency. This action is in addition to its degradation bioactivity of the 
extracellular protein matrix in the connective tissue such as collagen and clotting 
factors, including fibrinogen and fibrin (Thurlow et al. 2010).

Furthermore, gelatinase is involved in biofilm formation as a valuable mecha-
nism to evade the host’s defence mechanism (Hancock and Perego 2004). Hancock 
et al. showed that E. faecalis biofilms, which increase the resistance to the innate 
immune system and, hence, the bacterial virulence, are controlled through the pro-
duction of gelatinase (Hancock and Perego 2004). The biofilm formation in E. fae-
calis was shown to follow the quorum sensing principle, a cell density controlling 
mechanism (Nakayama et  al. 2001). Quorum sensing system regulates different 
characteristics of the E. faecalis, including biofilm development throughout the up-/
downregulation of the extracellular gelatinase genes following the accumulation of 
the required threshold of a cyclic lactone peptide on the bacterial surface, which, 
typically, happens when the bacterial population is ready for an aggressive pheno-
type (Nakayama et al. 2001).

In addition to the proteases’ employment as a mechanism against AMPs’ hostile 
biological activity, isolation of the AMP can be another helpful mode of resistance. 
It has been found that some Gram-positive bacteria can produce surface-linked pep-
tides that bind to the AMP and block its bioactivity against the bacterial membrane 
(Nawrocki et  al. 2014). S. pyogenes, a Gram-positive bacterium that can lead to 
different infectious diseases in humans, is a typical example of human pathogens 
that adopt the sequestration methodology against mammal AMPs (Akesson et al. 
1996). In addition, S. pyogenes was found to produce a streptococcal inhibitor of 
complement-mediated protein (SIC). This 31 KD extracellular protein lacks the 
typical structural characteristic (COOH-terminal) of the Gram-positive’s cell wall 
protein anchor, suggesting atypical biological functionality of the SIC (Akesson 
et al. 1996). After that, SIC was found to block different constituents of the innate 
immune system in the mucosal epithelial cells, including secretory leucocyte pro-
teinase inhibitors (SLPI), cathelicidin LL-37, human alpha-defensin I and human 
beta-defensins I, II and III, throughout a complex formation with the target via ionic 
bonding, for example, interaction with the NH2-terminal of the SLPI group (Frick 
et al. 2003; Fernie-King et al. 2004; Pence et al. 2010).

Extracellular polysaccharides are polymeric carbohydrates produced by Gram-
positive bacteria, which are attached to the microbial cell wall via covalent bonding 
forming capsular polysaccharides (CPS) (Fig. 1.4) (Nwodo et al. 2012), as an addi-
tional extracellular resistance mechanism, along with proteases and sequestration, 
to resist AMPs’ actions (Nawrocki et al. 2014). Campos et al. reported that Klebsiella 
pneumonia, a common nosocomial pathogen, upregulates the transcription of CPS 
when it is exposed to AMPs such as lactoferrin and polymyxin B aiming for limited 
interaction between the AMP and the bacterial cell surface (Campos et al. 2004). 
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Fig. 1.4  Illustration of the cell wall structures in Gram-positive and Gram-negative bacteria

Hence, the prevention of the access of the AMPs into an orbital distance that allows 
an electrostatic interaction with the bacterial surface was hindered based on the 
amount of the produced CPS by the K. pneumonia rather than altering the surface 
chemical or serological characteristics of the LPS (Campos et al. 2004).

1.7.2 � Alterations of Cell Wall and Membrane Mechanism

Manipulations of the bacterial envelope are significant objectives in bacterial cells 
against AMPs (Zasloff 2002). These alterations include repulsion of the AMP 
through modifications of the anionic net charge of the cell membrane and alteration 
of the membrane fluidity (Hancock and Rozek 2002; Peschel 2002).

The anionic constituents in the cell membrane include the phosphatidylglycerol 
(PG), the phosphatidylserine (PS) and the di-phosphatidylglycerol or cardiolipins 
(CL). Moreover, the anionic constituents in the cell wall are the lipopolysaccharide 
(LPS) and lipoteichoic acid (LTA) (Rashid et al. 2016). On the other hand, most 
AMPs are amphiphilic molecules consisting of a cationic moiety with a net charge 
between +2 and +9 due to specific amino acids such as arginine and lysin 
(Pushpanathan et al. 2013). This cationic part develops an electrostatic attraction 
towards the negatively charged heads of the phospholipids in the bacterial mem-
brane and the hydrophobic portion penetrating the inner hydrophobic section of the 
bacterial membrane (Zasloff 2002). Therefore, bacterial ionic charge alteration 
ought to reduce the interaction level between the AMP and the bacterial membrane 
and even resist the existence of the AMP in the vicinity of such membrane. The 
ionicity of the bacterial membrane can be disrupted or masked by adding positive 
amino acids to the surrounding environment via a multiple resistance factor protein 
(MprF) (Nawrocki et  al. 2014). MprF is lysyl-phosphatidylglycerol synthetase 
located in the membrane which uses L-lysin to manipulate the anionic charge of the 
membrane by synthesising aminoacylated-phosphatidylglycerol and transforming it 
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to the outer surface of the membrane, which, in turn, reduces the affinity of the 
membrane to AMPs, including the cathelicidin LL-37 and alpha-defensins (Ernst 
et al. 2009; Nawrocki et al. 2014). It is worth noting that the MprF mechanism of 
action is yet to be fully understood. However, it is known to have two required 
domains for full functionality, the C-terminal used for the lysinylation and the 
N-terminal employed for the exposure of the lysine on the surface (Ernst et al. 2009).

The DltABCD is another electrostatic repulsive pathway utilised by different 
pathogens against AMPs. The electrostatic forces of the bacterial envelope along-
side other characteristics, for example, elasticity and porosity, are governed by the 
polyanionic network of the teichoic acid (TAs), which is made up of the composites 
of cell wall teichoic acid (WTA) and the lipoteichoic acid (LTA) (Neuhaus and 
Baddiley 2003). Scientists have reported that esterification of this matrix network 
by incorporating D-alanine through Dlt operon or (D-alanyl-LTA) pathway can 
modulate the properties of the envelope in many Gram-positive bacteria (Neuhaus 
and Baddiley 2003). Hence, the formation of the D-alanyl esters is found to be 
another enzymatic mediation that leads to ionicity masking the bacterial envelope 
and, consequently, results in AMPs’ resistance in Gram-positive pathogens like 
Bacillus, Enterococcus, Lactobacillus, Listeria, Staphylococcus and Streptococcus 
species (McBride and Sonenshein 2011; Nawrocki et al. 2014).

In an attempt to further elucidate the impact of D-alanylation of the bacterial cell 
wall on the susceptibility to the AMPs, Peschel et al. explored the insensitivity to 
AMPs in mutated Staphylococcus xylosus and Staphylococcus aureus species 
(Peschel et al. 1999). They reported that the bacteria lacking the D-alanine esters in 
the teichoic acids of the cell wall were the most sensitive to the AMPs’ panel, 
including the human defensin NHP1–3, tachplesins, magainin II, bacterial gallider-
min, mammalian protegrins and nisins (Peschel et al. 1999).

Manipulation of the microbial cell wall and membrane constituents such as tei-
choic acids and phospholipids exerts a significant effect on the fluidity of the bacte-
rial envelope, which, in turn, challenges the effectiveness of the AMPs (Peschel 
2002). It has been speculated that the resistance of specific pathogens towards 
AMPs after D-alanylation of the envelope’s matrix is due to the changes in LTA’s 
configuration, which leads to an increment in the density and the rigidity of the 
bacterial cell wall, rather than the changes in electrostatic forces (Saar-Dover et al. 
2012). By utilising atomic force microscopy, the researchers showed a drastic 
increase in the cell wall rigidity in wild-type group B Streptococci, which was esca-
lated by 20-fold compared to the control group and, subsequently, reduced the 
wall’s flexibility and permeability to the peptide (Saar-Dover et al. 2012).

1.7.3 � Efflux Mechanism

Although the bacterial interactions with the surrounding environment are directly 
aligned with the bacterial cell surface features and conditions, in some cases, they 
are mediated via cytoplasmic/periplasmic cell components. The ABC transporter, or 
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the ATP-binding cassette, is a coupling system where ATP hydrolysis takes place as 
a driving force for an efflux mechanism that uptakes/reuptakes solutes from the 
cytoplasmic zone across the periplasmic space to the outer surface of the cell’s envi-
ronment (Davidson and Chen 2004). ABC transporters are eukaryotic and prokary-
otic features that consist of four distinct subunits, including two hydrophobic 
membrane-crossing subunits and two hydrophilic nucleotide-binding domains that 
generate the required energy for the active transport (Davidson and Chen 2004). 
ABC transport systems play a critical role in a wide range of cell functionalities by 
utilising specific binding proteins with high affinity for different substrates, includ-
ing sugars, amino acids, vitamins, metals and ions (Davidson and Chen 2004; 
Davidson et al. 2008). Hence, ABC transporters can play a significant role in sup-
porting some virulence determinants of bacteria. For example, ejecting substrates 
against AMPs, such as capsular polysaccharides, and presenting them on the bacte-
rial surface can lead to electrostatic charge manipulation inhibiting the AMPs’ 
attraction to the bacterial envelope as discussed above (Liston et al. 2018).

Over the past 25 years, more studies were focused on mutagenesis of bacterial 
phenotypes associated with bacterial virulence, aiming to elucidate the significance 
of the membrane efflux pump concerning bacterial resistance to AMPs and viru-
lence enhancement. Specifically, Jerse et al. tested the impact of the mutated multi-
transferable resistance efflux system (mtrCDE) on the viability of N. gonorrhoea in 
the lower genital tract of female mice (Jerse et al. 2003). Jerse’s team confirmed the 
mutual relationship between the multidrug resistance efflux system and the survival 
rate of the bacterium. They reported that mtrCDE-deficient gonococci were more 
susceptible to different additives such as increased levels of progesterone which 
might exert an antibacterial effect (Jerse et al. 2003). Five years later, these results 
were confirmed through another study that investigated the effect of LL-37 on the 
manipulated gonococci. Shafer et al. reported that the loss of the mtrCDE increased 
the susceptibility of N. gonorrhoea to LL-37 (Shafer et al. 1998).

1.7.4 � Biofilms

Biofilm formation is a different bacterial mechanism to combat AMPs’ action 
beyond the intrinsic mechanisms of the individual bacterial cell to inhibit the access 
or bioactivity of AMPs. These cellular actions include pumping AMPs out of the 
cell, breaking them down, diverting them to falsely produced surface targets and 
refusing their entry by changing the membrane. A biofilm is an organised group of 
bacterial cells in which cells become glued to each other due to a self-produced slim 
matrix composed of exopolysaccharides contributing to the adherence of the embed-
ded cells to a live/lifeless surface, and this bacterial community can work collabora-
tively to form an organisational protection (Band and Weiss 2015) (Jolivet-Gougeon 
and Bonnaure-Mallet 2014). The construction of the biofilm yields a cell-to-cell 
communication process named quorum sensing, which depends on the density of 
the bacterial community. It is regulated on the molecular level involving the 
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autoinducers and signalling molecules that control different features and function-
alities such as biofilm formation, sporulation and bacterial virulence (Ashima 
et al. 2013).

Biofilms are of the most efficient features that contribute to bacterial resistance 
mechanisms against antimicrobial agents, including AMPs (Costerton et al. 1999), 
as they form a durable physical barrier around bacterial cells that prevents the infus-
ibility of the AMPs towards the bacterial community zone (Costerton et al. 1999). 
Another possible reason for reducing biofilm susceptibility to antimicrobial agents 
can be directly related to their metabolic efficiency living in a cooperative protected 
community (Lazăr and Chifiriuc 2010). This structural way of living is manifested 
by a lower metabolic rate and, consequently, by a lower level of nutrient consump-
tion, including uptake of existing AMPs below the minimum inhibitory concentra-
tion. Adding to that, some of the cells within the community can experience spatial 
deprivation in nutrient resources and other stress factors which might force them to 
develop a new mutated phenotype with less susceptibility to AMPs (Costerton et al. 
1999; Jolivet-Gougeon and Bonnaure-Mallet 2014).

To sum up, bacteria differ in their susceptibility to AMPs which results in various 
mechanisms of action against bioactive molecules. Knowing the molecular signal-
ling of the bacterial antagonism to AMPs with the appreciation of these molecules’ 
physicochemical and biological features may provide new ways to combat 
antimicrobial-resistant and highly virulent bacteria.

1.8 � De Novo Designed AMPs as Potential Therapeutics

Studies focusing on high-throughput discovery and design of new AMPs, as alterna-
tive solutions for conventional antibiotics, were successful in the past decade. 
Scientists developed various screening and/or design techniques to generate innova-
tive bioactive AMP analogues, whereon they have made remarkable progress in 
advancing novel technologies.

The outputs of protein screening assays are forked between cell-based and com-
putational approaches, aiming to optimise the AMPs’ pharmacokinetics/dynamics, 
based on the current understanding of the mechanisms by which bacteria can cir-
cumvent the immune system. However, the persistent challenge of these different 
assays is preserving the therapeutic activity of the bioactive peptide with minimal 
adverse reactions. In the proceeding of this section, we present a couple of in silico 
approaches, including the Resonance Recognition Model (RRM) (Cosic 1994) and 
the Quantitative Structure-Activity Relationships (QSARs), (Taboureau et al. 2006) 
aiming to offer some insight into the recent advances in the field.

The RRM model is a physico-mathematical concept that employs digital signal 
processing approaches (Fourier and Wavelet transforms) in the translation of the 
peptide’s physicochemical features in the linear motif that determines the nature of 
the protein’s biological activity. It is based on the charge movement across the pro-
tein’s backbone that occurs at different energy levels depending on the sequence and 
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the type of amino acids. The conductivity of the charge results in a resonated elec-
tromagnetic energy that transfers from the protein to the target molecule (Cosic 
1994; Ćosić et  al. 2006). The RRM methodology which is performed over two 
complementary stages, which include (i) conversion of the amino acid series into a 
numerical series and (ii) analysis of the resulting numerical sequences using a digi-
tal signal analysis approach. Translating the amino acid sequence into a numerical 
series is performed via the quantification of the electron-ion interaction potential 
(EIIP) value which represents the average energy level of the valence electrons for 
each amino acid. Subsequently, the following process is to apply the obtained 
numerical series to the digital signal analysis. Finally, the parent protein’s/peptide’s 
investigated bioactivity can be determined throughout the characteristic frequency 
of the digital signal analysis. The approach identifies the primary amino acid or the 
so-called hot spot that contributes to the bioactivity based on the prominent fre-
quency shown on the characteristic frequency spectrum (Cosic 1994; Pirogova et al. 
2011; Hu et al. 2013). For the last 10 years, the RRM approach has been utilised to 
design novel bioactive small molecular weight peptides, which proved to possess 
the intended bioactive therapeutic effects (Pirogova et al. 2009; Istivan et al. 2011; 
Almansour et al. 2012).

Another approach is the quantitative structure-activity relationship (QSAR) 
method, which is based on the correlation between the desired biological activity, the 
therapeutic agent’s toxicity and the physicochemical properties of an array of molecu-
lar atoms (Taboureau et al. 2006; Jenssen et al. 2008). It involves different physico-
chemical characteristics, named descriptors, presented by the AMP, such as 
amphiphilicity, hydrophobicity, helicity and surface area. These physicochemical 
properties govern the electrostatic attraction between the AMP and the envelope of the 
bacterial cells (Jenssen et al. 2005; Jenssen et al. 2007). Manipulating these character-
istics through alteration of specific amino acids does not necessarily contribute further 
to the antibacterial effect, but it might reduce an undesired side effect of the peptide, 
for example, the impact on the erythrocytes (Taboureau et al. 2006). Hence, the QSAR 
approach is a regression module that attempts to establish a consistent correlation 
between the variations in the molecular characteristics’ values and the bioactivities for 
various compounds to rationalize the design of new chemical entities (Cherkasov and 
Jankovic 2004; Taboureau et  al. 2006). Currently, QSAR analysis provides virtual 
screening for rapid design of in silico bioactive molecule libraries. Moreover, it can be 
utilised for data mining for novel AMPs (Cherkasov and Jankovic 2004).

1.9 � Summary of the Current Knowledge on Antimicrobials 
Primes a Promising Upshot of Nanotechnology

The changeability and flexibility in the relationship between humankind and 
microbes have maintained the coexistence status quo since the early days of our 
history. Thus, up to a hundred years ago, this coexistence was balanced under the 
coevolution laws. Nevertheless, disruption evolved to this equilibrium after 
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discovering antibiotics arguing in favour of the predominance of the modern human 
species as the winners over infectious diseases. Indeed, lack of knowledge concerns 
the microbial kingdom amongst different groups motivated by acquisitive instincts, 
such as pharmaceutical companies and health professionals, which has led to the 
emergence of stubborn resistance against the conventional antibiotics or the “magic 
bullet”, warning us of a challenging time to come.

The search for new classes of atypical therapeutic molecules associated with 
specific pharmacodynamics and fewer side effects has been upheaved (Leader et al. 
2008). Peptides are one of the leading categories of nonconventional molecules that 
demonstrate an outstanding remedial potential across various medical conditions, 
including metabolic disorders, degenerative neuronal diseases, cancer and infec-
tious diseases. Over 200 proteins and 100 peptides have been introduced to the 
pharmaceutical market across numerous indications (Muheem et al. 2016) during 
the last three decades. They exert their pharmacological effects via specific cellular 
pathways resembling natural molecular signalling. However, they are utterly sensi-
tive molecules to physicochemical and biological degradations, which prevent them 
from reaching their target sites at the relevant bioavailability. Poor luminal perme-
ability, high cytosolic metabolism, gastric degradation and the first hepatic clear-
ance of such molecules have resulted in the dismissal of most of these biotherapeutics 
from being translated into medicines (Gupta et  al. 2013; Muheem et  al. 2016). 
Moreover, most of the currently used peptides and proteins are formulated in a par-
enteral form that requires high-cost cold chains for storage and transport.

Pharmaceutical scientists and biophysicists have contributed remarkably to the 
area of conventional drug delivery systems (DDSs) in the last 70 years. They have 
developed controlled drug delivery systems that proved to be successful in the med-
ical and pharmaceutical industries. However, nonconventional and larger molecules 
such as peptide-based molecules have presented very challenging physicochemical 
properties and yet have a comprehensive and sophisticated design of a controlled 
drug delivery system to carry AMPs and deliver them orally for acute microbial 
infections and vaccinate the human body for prophylaxis.

Smart hybrid nanogels alongside other nano-delivery vehicles possess unique 
physicochemical properties that manifest in various dynamic changes such as trans-
formation into different sizes and shapes in response to environmental stimuli. 
These changes make such materials promising co-therapeutic candidates for differ-
ent medical conditions such as cancer, metabolic disorders, rheumatoid arthritis, 
neurodegenerative diseases and infectious diseases. We can manipulate such char-
acteristics for ideal application and crossover of usage in different medical and 
pharmaceutical applications. The options for researchers in terms of various designs 
to diversify existing drugs and medical conditions are unlimited. However, accom-
plishing such a complex task requires multidisciplinary collaborative work between 
biophysicists, chemists, material scientists, biologists, drug discovery scientists and 
clinicians.
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1.10 � Drug Delivery System Strategies for AMPs

Researchers have been focusing on customised drug delivery systems by which the 
AMP is delivered directly and actively to a specific target site. This strategy ought 
to minimise the unnecessary exposures of healthy cells to the AMP and increase its 
bioavailability in the vicinity of the target site. However, actualising these ultimate 
grails was faced with the size of the delivery system as a significant challenge. The 
size of the targeted drug delivery system must correlate with the cellular and the 
molecular size of the target site while it is enduring the physicochemical and bio-
logical impediments along the way in the complex biological system, which is dis-
cussed in the following section.

1.11 � Nano-drug Delivery Systems for AMPs

Convoluted physicochemical properties of the different colloidal nanomaterials 
(˂1000 nm) or the so-called nanoparticles, made of various substances such as inor-
ganic metals, hydrogels, lipids, inorganic polymers or self-assembled peptides/
amino acids, empower them to become highly sophisticated chrono-spatially con-
trolled drug delivery systems. They provide the desired pharmacokinetics and phar-
macodynamics to many AMPs by bypassing several physicochemical and biological 
impediments such as degradable enzymes, proteases and membranous barriers 
between the different physiological compartments. Moreover, manipulation of the 
physicochemical properties of these colloidal vehicles can be reflected in their 
structural functionality. For example, controlling the surface lipophilicity and 
charge furthers the device’s chrono-spatial controlled drug release system and low-
ers the required dose and the frequency of administration (Makowski et al. 2019; 
Pinilla et al. 2021). Consequently, it increases the bioavailability of the AMPs and 
improves the anticipated therapeutic window by lowering their toxicity profile 
(Bozzuto and Molinari 2015; Sánchez-López et al. 2020; Nwabuife et al. 2021). 
Nevertheless, alterations to the size and shape that lads to surface deformities of the 
colloidal particle can impact their interactions with the surrounding environment 
and other biomolecules (Jeevanandam et al. 2018).

Based on the aforesaid, stability, homogeneity and consistency of distribution of 
the nanoparticles at the target site are the critical attributes for assessing their qual-
ity, safety and efficacy. Nevertheless, these elements can be impacted by the physi-
cochemical characteristics of the nanoparticle device and the surrounding medium. 
Thus, these properties must be inspected and characterised meticulously during the 
validation process of every potential drug delivery system. Hence, alongside the 
conventional and routine analytical and characterisation methodologies such as 
scanning and transmission electron microscopy and different spectroscopic analy-
ses that are typically employed in material sciences, there are a couple of critical 
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techniques, including dynamic light scattering (DLS) technique and electrokinetic 
test that must be employed (Makowski et al. 2019).

DLS, also known as photon correlation spectroscopy (PCS), is a well-established 
and commonly used powerful tool to study the diffusion behaviour of the colloidal 
system by quantification of the diffusion coefficient and the hydrodynamic radii that 
are based on the size and the shape of the particles (Stetefeld et al. 2016). It allows 
for the measurement of the particle size in a limited size range lower than 1 nm, and 
also it permits the estimation of the distribution of the colloidal system in a submi-
cron region based on measurement of the Brownian motion of the tested particles 
(Caputo et  al. 2019). Hence, DSL methodology provides an estimated degree of 
homogeneity between the sizes of the colloidal particles, which is crucial for the 
dosing uniformity.

The surface charge is a different pivotal characteristic that affects the stability of 
the colloidal system. Each dispersed particle is an aqueous solution surrounded by 
a shell-like electrical double layer named EDL (Fig. 1.5). The surface charge of the 
particle forms the bordering layer of the particle. This charged layer attracts the 
oppositely charged liquid ions that exist in the continuous aqueous phase forming 
the outside layer of the shell. The potential difference between the external surface 
of the EDL and the aqueous solution is termed electrokinetic potential or the so-
called zeta potential (Salopek et al. 1992). Generally, tiny particles are inclined to 
aggregate and form a cluster of particles due to Van der Waals attractive forces in the 
vicinity of zero zeta potential (approximately between −30 and 30 mV) (Makowski 
et al. 2019). Hence, the estimation of the zeta potential is a critical anchor in col-
loidal chemistry by which scientists can anticipate the potential stability of the col-
loidal system, that is, sustainable suspension versus flocculation.

Just as importantly, the drug release from the nanosystem is a crucial element in 
the pharmacodynamic process. Hence, modelling the AMPs’ diffusion kinetics from 
the nano-vehicle is an imperative practice required to determine the therapeutic win-
dow of the used bioactive ingredient. Finding a general model to describe the diffu-
sion behaviour of a therapeutic agent from the various nanosystems, so far, is 
unachievable due to the complexity of these systems and the number of 

Fig. 1.5  Schematic illustration of the electrical double layer (EDL) formed around the positively 
charged surface of a nanoparticle
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physicochemical factors involved in the process. Having said that, the two primary 
general theoretical rate expressions include Noyes-Whitney dissolution law and 
Fick’s law of diffusion, in addition to over ten well-known models (Barzegar-Jalali 
2008; Aulton et al. 2013) that can be utilised to study and model the different diffu-
sion kinetics of various nanosystems based on their unique composites and 
characteristics.

With a view of shining some light on the current practice in the nanobiotechnol-
ogy field concerning the delivery vehicles of AMPs, the following discussion depicts 
some examples of different nanoparticles representing the most common categories 
of nano-delivery systems that have been developed in recent years. These nano-
delivery systems include inorganic metal, an inorganic polymer, hydrogel, lipid and 
self-assembled peptides/amino acid-based devices.

1.11.1 � Inorganic Nanomaterial: Metal Nanoparticles (MNPs)

Deficient pharmacokinetics of AMPs could conceivably result from a high rate of 
degradation by different proteases or sub-absorption and transporting to the target 
site (Saghazadeh et  al. 2018). The amalgamation of AMPs with MNPs’ carriers 
ought to enhance their absorption into the bloodstream, prolong their half-life, 
reduce the required dosage and frequency of administration and lessen their toxicity 
(Chenthamara et al. 2019).

MNPs can be fabricated in various shapes such as cubes, rods, cones, stars and 
spherical forms, which are the most common shapes (Jeevanandam et  al. 2018). 
However, notwithstanding the different forms of MNPs, the principal concept in the 
MNP shape is the surface-to-volume ratio (Makowski et al. 2019). The nanosized 
scale characteristic provides such particles with a conspicuously sizeable surface-
to-volume ratio that can adsorb a significant number of molecules on a small num-
ber of employed particles that enhance the bioavailability of the active ingredient 
and, subsequently, the therapeutic efficacy at the target site while maintaining lower 
toxicity levels of excipients (Patra et  al. 2018). Moreover, due to the nanosized 
property of such particles, they can be the ideal sensitive agents to detect diminutive 
target sites on the cellular and molecular levels (Sun et  al. 2008). Furthermore, 
unlike most nanomaterials that are utilised as DDSs, metal nanoparticles offer, 
exclusively, few unique and vital physical properties such as electrical conductivity, 
specific optical behaviour and high thermal stability in addition to their chemical 
durability (Khan et al. 2019; Coetzee et al. 2020).

Formulation of the nanostructure of metal particles can be obtained through vari-
ous chemical methods. Wet chemical techniques have been used widely in the syn-
thesis of MNPs by using excess reducing agents such as sodium borohydride 
(NaBH4) or trisodium citrate (Na3C6H5O7) in an aqueous solution (Panigrahi et al. 
2004). However, there are an array of various chemical and biological techniques 
used for the synthesis of nanosized materials. To demonstrate one point, after the 
screening of different microorganisms, including bacteria, fungi and yeasts, 
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scientists have reported the ability of some of these microorganisms to reduce gold 
ions onto nanoparticles of different sizes and shapes through unknown cellular 
mechanisms (Gericke and Pinches 2006).

Metal nanoparticles can be tailored to certain functionalities and interactions 
with the surrounding environment. For example, it is attainable to change the sur-
face charge of the metal nanoparticle by attaching different functional chemical 
groups to promote the interaction with specific markers such as the negatively 
charged phospholipids on the cell membrane of the target cells (Fig. 1.6) (Abbasi 
et al. 2021). At the same time, conjugation of nanoparticles with different functional 
groups permits the MNP-AMP complex to cross biological membranes. Moreover, 
manipulating the surface structure of MNPs can be utilised to promote the so-called 
active targeting mechanisms (Attia et al. 2019). For instance, attaching specific bio-
molecules or ligands to the surface of the metal nanoparticle allows it to become 
uniquely interactive with a specific cell or microorganism. Furthermore, attaching 
biocompatible polymers such as polyethylene glycol (PEG) masks the exposure of 
the nanoparticles to the reticuloendothelial system leading to an increment in the 
circulation time and the stability of the MNPs (Fratoddi 2017).

The stability of MNPs in different culture media is questionable due to their 
chemical interactions with several salts, whereby changes in structure (size) and 
surface charge are feasible (Pavlin and Bregar 2012). Consequently, the aggregation 
of multiple particles is becoming inevitable, which results in inhomogeneous bio-
distribution. Concurrently, in the biological system, the instability and clearance of 
the MNPs depend on the particle size. MNPs exceeding 200  nm are recognised 
earlier than smaller ones by the immune system and cleared out through phagocyto-
sis. Nevertheless, the circulation lifetime for MNPs below 200 nm is longer, and 
they are eliminated by the spleen, followed by particles that are scaled down below 
5 nm that cleared out by the renal system.

For the scope of this study, we present a couple of MNPs which include gold 
(Au) and silver (Ag) as representative models, which have been explored widely in 

Fig. 1.6  Schematic 
illustration of a metal 
nanoparticle conjugated 
with various functional 
molecules
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recent years as DDSs for AMPs. Cationic MNPs such as Au can form an electro-
static bonding with the negatively charged phospholipids in prokaryotes’ cell mem-
brane, leading to its disintegration and crumbling (Makowski et al. 2019). Moreover, 
MNPs can penetrate the cell and exert their anti-cellular activity by targeting intra-
cellular molecules and different physiological processes by releasing their ions in 
the vicinity of the cytoplasm (Makowski et al. 2019). These ions can interfere and 
disrupt the electron transport chain known as the respiratory chain process leading 
to inhibition in ATP production and initiate the accumulation of reactive oxygen 
species (ROS) and consequently stimulate the oxidative stress mechanism resulting 
in bacterial death (Rai et al. 2009; Niikura et al. 2013). Victorious nanocarriers with 
optimised size such as MNPs can penetrate the bacterial cell membrane after cross-
ing the epithelial cells and reaching the cell’s apical surface, waiting to be trans-
ported to the basal side. The dissemination of the MNPs into the cell occurs through 
the so-called transcytosis mechanism by which they are transported through the 
interior of the cell via an uptake mechanism, namely, endocytosis with the likeli-
hood of withdrawal via exocytosis process, degradation by lysosomes or deposition 
into a specific cellular organelle, after releasing the load inside the cytoplasm 
(Reinholz et al. 2018). Several studies have shown that manipulation of the size or 
the surface of the MNP impacts exocytosis kinetics and efficacy. For example, 
PEGylated gold NPs were exocytosed significantly, faster than positively charged 
(cationic) AuNPs (gold nanoparticles) (Oh and Park 2014). In a separate study 
whereby Chithrani and Chan tested the exocytosis rate of transferrin-coated gold 
NPs with a size range from 14 to 100 nm, the smaller NPs were exocytosed faster 
and at higher volume/time compared to the bigger sizes (Chithrani and Chan 2007).

In light of the above discussion, MNPs can be tailor-made to eradicate bacterial 
infection by enhancing their intrinsic antimicrobial properties (Sánchez-López et al. 
2020). Thus, the anticipated outcomes from the amalgamated MNP-AMP complex 
were set so far out.

The antibacterial activity of the conjugated complex of MNP-AMP was found to 
be significantly augmented (Makowski et al. 2019). Cationic AMPs possess a high 
affinity to the negatively charged bacterial cell membrane (Hancock 2001; 
Scorciapino et al. 2017; Pal et al. 2019). Pal and the group have presented even more 
hostile activities adopted by AMPs against the bacterial membrane through molecu-
lar dynamic simulation technique. They have shown that the bacterial lysis via the 
barrel-stave mechanism formation in the bacterial membrane bilayer was mediated 
through a hydrophobic collapse mechanism that was initiated by the physical attrac-
tion between the hydrophobic moieties of the cationic peptide named Odorranian-
A-OA1, which was conjugated with AgNPs (silver nanoparticles) from one side and 
the Gram-negative E. coli cell membrane from the other side (Pal et  al. 2019). 
Conjugation of AMPs with nanoparticles at the very least leads to a higher concen-
tration of the AMP at the target site. However, it has been reported that binding 
peptides to a metal surface such as silver enhances the growth and stability of the 
AgNPs (Zeng et al. 2007; Pal et al. 2016). The high affinity of specific amino acids 
such as Arg, Cys and Met to silver stabilises the nanoparticle structure (Poblete 
et al. 2016); subsequently delivering the AMPs to the target cells will be prolonged.
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Mohanty et al. have demonstrated the effect of conjugating the AMPs NK-2 and 
LLKK-18 with biogenic AgNPs produced by Alstonia macrophylla and Trichoderma 
sp. against Mycobacterium smegmatis and M. marinum as a combination in com-
parison to the effect of the MNP alone. They have found that combined AgNPs with 
the NK-2 or LLKK-18 have a significantly higher effect on the mycobacteria than 
the solo MNP without causing a notable cytotoxic or genotoxic effect on mamma-
lian cells (Mohanty et al. 2013). Furthermore, Lee et al. have tested the effect of the 
AMP HPA3PHis loaded onto a gold nanoparticle-DNA aptamer against Vibrio vulni-
ficus infection in mice (Lee et al. 2017). Lee and the group reported a full recovery 
of the infected mice after administering the complex AuNP-Apt-HPA3PHis intrave-
nously. The AuNP-Apt-HPA3PHis has led to a total inhibition of the V. vulnificus in 
different organs, compared to the control group that died within 40 hours of being 
infected (Lee et al. 2017).

Based on the above discussion, MNPs present great potential as DDSs that can 
deliver AMPs for various applications and types of pathogens. However, such 
potential requires more collaborative work between scientists and clinicians to 
improve therapeutic outcomes and reduce the toxic effects that have been reported 
for some of MNPs, such as silver, on mammalian cells and the environment 
(Kulkarni and Muddapur 2014).

1.11.2 � Hydrogel-Based Nanoparticles: Nanogels

Presently, the knowledge of hydrogels and their potential usage as responsive, intel-
ligent controlled-release drug delivery systems is significantly rich. Hydrogel is a 
cross-linked hydrophilic polymer with a three-dimensional network that is capable 
of swelling and retaining significant amounts of water throughout its fabric, hence 
providing a degree of flexibility like natural tissues (Ahmed et  al. 2013; Ahmed 
2015; Caló and Khutoryanskiy 2015; Akhtar et al. 2016; Nassar et al. 2021). Simple 
physical or chemical reactions produce these cross-linked hydrocolloid systems. 
They are defined as diluted systems that might be categorised as weak or strong 
based on their rheological behaviour in their steady-state phase (Lauren et al. 1980). 
Hydrogels can be produced in different physical forms, including slabs, micropar-
ticles, nanoparticles, coatings and films. As a result, they can be commonly used in 
clinical practice and experimental medicine for a variety of applications, including 
biosensors, tissue engineering and regenerative medicine, separation of biomole-
cules or cells and hydrogel-based drug delivery devices that have become a signifi-
cant area of research interest. Biopolymers, including hydrogels, can be manipulated 
in size, architecture and composites, leading to different physicochemical character-
istics. Subsequently, they differ in responsiveness and functionality that determine 
the type of drug delivery system they control (Li and Mooney 2016).

These developments are due to an extensive effort worldwide by biophysicists 
and pharmaceutical scientists over the past few decades. They have delivered a fun-
damental understanding of polymeric science by establishing various critical 
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concepts concerning the rheological behaviour and pharmacokinetic modules of 
such biomaterials (Korsmeyer et al. 1983; Peppas and Korsmeyer 1986; Peppas and 
Sahlin 1989; Siepmann et al. 1999; Kasapis 2006; Kasapis 2008). Advances in pep-
tide screening and optimised in silico design of small molecular weight protein/
peptide analogues in addition to developments in hydrogel system design for con-
trolled drug delivery are likely to drive the commercialisation of AMPs as alterna-
tive antimicrobial medicines to improve human well-being.

1.11.2.1 � Nanogels

Nanogels are one of the major three subdivisions of the hydrogels family, including 
macroscopic hydrogels, microgels and nanogels. Nanogels are designed at nanoscale 
sizes ranged between 10 and 100 nm depending on the requirements of the route of 
administration and the targeted delivery site of the active pharmaceutical ingredient 
(API) (Li and Mooney 2016). Nanogels, like hydrogels, have attracted the attention 
of drug delivery scientists by far and away for the sake of their versatile properties. 
They gained the reputation by being fastidious in their responsiveness to environ-
mental stimuli such as pH, temperature and organic metabolites leading to the dif-
fusion of the entrapped cargo at different and specific target sites (Soni and Yadav 
2016). Fundamentally, they are three-dimensional hydrogels with the capacity of 
holding large amounts of water while sustaining their structural integrity (Ahmed 
et al. 2013; Zhang et al. 2016).

Furthermore, they are spherical with tunable physicochemical characteristics 
such as size, softness, porosity, electrostatic charges and chemically manipulative 
surface through alteration of its lipophilic properties (Soni and Yadav 2016; Soni 
et al. 2016). This structural flexibility and tunability allow for customised nanogels 
as exclusive controlled drug delivery systems in various formulations (e.g. oral and 
subcutaneous) for specific target sites at which they are subject to specific time-
dependent stimuli (Li and Mooney 2016). Case in point, nanogels can be designed 
in an injectable form to deliver compatible APIs, including AMPs systemically due 
to their ability to infiltrate out of the small blood vessels via fenestrations across the 
endothelium towards different tissues (Li and Mooney 2016). The customised deliv-
ery via nanogel system is designed based on specific manipulation of the nanogel 
surface. They can be designed pharmacodynamically to interact with the surface of 
the targeted cell (Zhao et  al. 2014). For example, few studies have successfully 
managed to deliver cytotoxic agents by utilising micellar nanogels directly to the 
tumour cells whereby a higher concentration of the APIs was achieved in the vicin-
ity of the cancer cells and simultaneously lower drug availabilities were recorded 
nearby the normal cells (Qiu et al. 2014; Zhao et al. 2014).

Furthermore, nanogels can be utilised to optimise the stability, solubility and 
absorption of various AMPs. It is conceivable to enhance the solubility of hydro-
phobic drugs in an aqueous solution by encapsulating them within amphiphilic 
nanogels (Zhao et  al. 2014). Moreover, such encapsulation can protect sensitive 
substances such as bioactive peptides and nucleic acids from chemical and 
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biological enzymatic degradation throughout the delivery process via the blood-
stream and other biological compartments (Soni et al. 2016).

Nanogels are uniquely defined by their morphology which consists of two main 
parts: (1) the inner micellar compartment, which holds and protect the AMP until its 
release, and (2) the corona shell that carries the ligands for specific targeting or self-
protection (Fig. 1.7) (Alexis et al. 2008; Moritz and Geszke-Moritz 2015).

Hence, the protection of the nanogel and subsequently the entrapped AMP within 
the physiological system (bloodstream and other body compartments) and the 
enhancement of the functionality of the outer shell of the nanogel are achievable via 
a specific design of the corona. To illustrate, grafting the hydrophilic polyethylene 
glycol (PEG) onto the surface of the nanogel provides a receptor-mediated drug 
delivery through PEG-conjugated agonists. This type of conjugation minimises the 
non-specific interactions with other proteins and reduces the adsorption to biode-
gradable enzymes leading to a reduction in the clearance rate of the nanogel (Otsuka 
et al. 2003; Romberg et al. 2007).

Nanogels are synthesised through chemical crosslinking or physical interactions 
between two low molecular weights of monomers (Soni et  al. 2016). Chemical 
crosslinking between the different polymers/monomers is carried out via covalent 
bonding between the interactives, whereas the attractive physical forces between 
these polymers/monomers can be established due to relatively week forces such as 
hydrophobic attractions or ionic interactions (Soni et al. 2016). Nevertheless, con-
ventional chemical synthesis through radical polymerisation provides nanogels 
with the required architectural structure, including the core-shell and the nanogel 
hollow (Chiang et al. 2012).

Fig. 1.7  Schematic representation of the nanogel morphology conjugated with different func-
tional molecules
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Nanogels become highly sophisticated delivery systems after a unique tuning of 
their size, morphology and specific chemical manipulations leading to unique func-
tionalities. Specific responsive morphological features concern different environmen-
tal stimuli such as pH, temperature, electromagnetic field, light, glucose, electrolytes 
and other metabolites and result in the so-called intelligent nanogels; however, it can 
be a convoluted chemical process. This complexity includes using different initiators 
that activate specific chemical reactions, allowing different functional groups to 
incorporate the structure (Sanson and Rieger 2010). Recently, the accumulated scien-
tific data concerning stimuli-responsive polymers has been remarkably increased due 
to the advancement in polymerisation techniques. These new technologies, such as 
the atom transfer radical polymerisation (ATRP) and the reverse addition-fragmenta-
tion chain transfer polymerisation (RAFT), provide an excellent tolerance towards 
the addition of new chemical motifs (Jochum and Theato 2013). Generally, the stim-
uli-responsive behaviour is a downstream cascade of events initiated by either an 
indigenous environmental parameter in the vicinity of the nanogel such as pH or an 
exogenous stimulus including light or electromagnetic field (Soni et al. 2016). These 
stimuli initiate conformational changes in the nanogel structure based on the altera-
tion in the balance between the surface hydrophobicity and the lipophilicity (Li and 
Mooney 2016; Soni et  al. 2016), resulting in changes in the swelling ratio of the 
hydrogel and the expulsion of the trapped material (Eichenbaum et al. 1998).

Temperature-responsive nanogels were popular in drug delivery applications 
(Jochum and Theato 2013). Their type of response was studied intensively by intro-
ducing the lower critical solution temperature (LCST) concept, a unique chemical 
characteristic. Below, the LCST nanogels show complete miscibility in solution; 
however, above the LCST, clear phase separation occurs (Jochum and Theato 2013). 
For example, poly(N-isopropyl acrylamide) (PNIPAM) shows lower solubility in 
aqueous solution within the range of temperature between 30 and 35 °C due to mac-
romolecular transition from hydrophilic to hydrophobic moiety around its LCST 
(Schild 1992). Hence, grafted nanogel with PNIPAM loaded with an AMP can be 
triggered externally to initiate the macromolecular transition back to hydrophobic 
nature, leading to the release of the drug. Hyaluronic acid (HA) is another example 
of a stimuli-responsive nanogel. HA is a common signal molecule in the human 
body, and it is ubiquitous in the extracellular matrix. Moreover, HA is targeted by 
hyaluronidase (HAdase), a highly expressed enzyme in metastatic cancer and lymph 
nodes. Based on that, nanogel made of HA was utilised to encapsulate indocyanine 
green (ICG) to be released post enzymatic stimuli-responsive mechanism in cancer 
diagnostic imaging (Mok et al. 2012).

Although the nanoscale size of nanogels enhances their diffusion through bio-
logical membranes and across the blood vessel endothelial linings with an average 
fenestra between 50 and 100 nm across most physiological compartments (Alexis 
et al. 2008); however, they are considered as foreign bodies to our immune system. 
Hence, manipulating the outer shell of the nanogel can reduce the attraction to 
digestive enzymes and natural immune peptides, leading to a long-circulating time 
in the different body compartments. On the other side, the clearance of nanoparti-
cles from the biological system is performed via spleen and renal filtration or 
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through macrophagic phagocytosis, determined by the particles’ size. Hence, par-
ticle size below 20 nm will be diverted to renal filtration, whereas larger particles up 
to 200 nm can be squeezed through the spleen (Moghimi et al. 1991; Zhang et al. 
2012; Soni et al. 2016). Thus, phagocytosis, which targets larger sizes (0.5–10 μm), 
can be markedly halted as a leading clearance mechanism against nanogels by 
reducing the size below 0.5 μm (Alexis et al. 2008).

1.11.3 � Lipid-Based Nanomaterials: Nanoliposomes 
and Nano-micelles

The name liposome is a combination of two Greek words lipos, meaning fat, and 
soma, meaning body. Liposomes were discovered and identified by Alec Bangham 
et al. in 1965 (Liu et al. 2016). Nanoliposomes are nanoscaled spherical liposomes. 
Generally, they are unilamellar chambers that consist of single amphiphilic bilayers 
made of cholesterol or nontoxic phospholipids (Fig. 1.8) (Akbarzadeh et al. 2013; 
Pinilla et al. 2021). Larger vesicles that can be tumid up to the micrometre range are, 
typically, made of multiple lipid bilayers (multilamellar vesicles). The spherical 
architecture of nanoliposomes offers an aqueous core as a suitable vacancy to lodge, 
protect and deliver sensitive cargos such as AMPs from the surrounding environ-
ment (Pinilla et  al. 2021), which are diversified, based on their physicochemical 
properties, between hydrophobic, hydrophilic, anionic and cationic AMPs 
(Scorciapino et al. 2017; Magana et al. 2020).

Moreover, the phospholipid-based membrane of the liposome exhibits a unique 
platform for specific organic molecules that can protect the vesicle from different 

Fig. 1.8  Schematic illustration of the structural and functionalised liposome
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physical, chemical and biological injuries and provide customised guidance sys-
tems targeting specific delivery terminals (Manikkath et  al. 2020). Furthermore, 
utilisation of liposomes for drug delivery systems has been proven to be utterly 
compatible and biodegradable in the biological system and significantly low in their 
cytotoxicity profiles (Akbarzadeh et al. 2013).

In light of the aforesaid information, these state-of-the-art properties depict lipo-
somes as intelligent drug delivery systems that were significantly utilised commer-
cially for various therapeutic agents, including AMPs (Liu et al. 2016). Nevertheless, 
apprehension and portrayal of the diversified physicochemical characteristics of 
liposomes that have been increased remarkably in recent years (Patil and Jadhav 
2014) are imperative in demarcating their suitability and fitness as DDSs for the 
wide range of distinctive AMPs.

Liposomes are categorised concerning their function/response, such as ligand-
triggered, controlled-release, exogenous/endogenous stimuli release and stealth. 
Moreover, the architecture of different liposomes is defined by the number and the 
size of the vesicles’ lamella (core). The completion of the different architectures 
occurs during the designing process based on the delivery material and the target 
site of the liposome. Furthermore, the degree of the fluidity of liposomes is another 
crucial feature that must be considered during the engineering process as the bal-
ancing point between the stability of the liposome and the diffusion of its load at the 
target site (Monteiro et al. 2014). Liposomes’ different groups and characteristics 
are controlled via their constituents and the employed technologies for their formu-
lation. For this chapter’s scope, we will briefly discuss the conventional and the 
atypical formulation techniques; moreover, we will expound on some of the differ-
ent customised functionalities only summarily, and further details may be found in 
the cited literature.

The formation of liposomes is a process that toes the line of the fundamental 
concept in pharmaceutical sciences, at which point oil and water can form a homo-
geneous mixture or the so-called oil-in-water emulsion by lowering the surface ten-
sion of the aqueous phase (Aulton et  al. 2013). Based on that, the conventional 
technologies that are used in the formulation of liposomes can be achieved either by 
(i) forming a bulk of a yield via transferring a mass of organic phase of phospholip-
ids into an aqueous (continuous) phase or (ii) depositing the organic phase on the 
surface of the aqueous solution forming a film leading to the deposition of liposome 
vesicles into the bulk of the continuous phase after reaching the critical micelle 
concentration point (CMC). This process is purported as a self-assembled mecha-
nism at which a circular biological membrane is formed due to the phospholipids’ 
crowding of immiscible hydrocarbon chains due to their mutual hydrophobic attrac-
tions in aqueous solution (Shohda et al. 2015; Liu et al. 2016). Hindering of the 
hydrophobic moiety of the phospholipids within the membranous structure while 
revealing the hydrophilic polar heads of these phospholipids to the aqueous solution 
ought to increase the solubility and stability of the formed liposomes. Dynamically, 
the stability of the emulsion system is achieved by lowering the high energy status 
associated with the edges of the hydrophobic chains exposed in aqueous solution to 
a preferred conformational energy associate with the self-assembled hydrocarbons 
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shielded from the water phase (Patil and Jadhav 2014). In completing the formula-
tion process of the vesicle, the final size and the lamellarity of the formed liposome 
can be determined later through a wide range of typical and atypical techniques.

In general, inputting a more considerable amount of the used phospholipid into 
the system can lead to the size expansion of the vesicle. Nevertheless, fragmentation 
of that size is achieved through different dynamics. Moreover, allowing the bilayer 
edges to merge faster can lead to multilamellar vesicles and vice versa. For exam-
ple, applying electric fields during the formulation process can reduce the hydrody-
namic flow, causing a decline in the bilayer synthesis, and subsequently, unilamellar 
vesicles merge as the final product (Patil and Jadhav 2014; Rideau et al. 2018).

The formulation technique’s nomination depends on the size and the lamellarity 
of the vesicle that is required. For example, preparing giant unilamellar vesicles 
(GUVs) (>1 μm) can be achieved via hydration of a dried phospholipid film by 
employing different conventional methods. We can utilise the “gentle hydration of 
phospholipid film” method to produce a single GUVs made of a closed lipid bilayer 
membrane of diameter greater than 1 μm (Shohda et  al. 2015). This method is 
known as the “natural swelling” method, whereby the formation of the liposome 
occurs spontaneously after hydration (Rodriguez et al. 2005), and it is the preferred 
technique for obtaining GUVs of charged phospholipids (Patil and Jadhav 2014). 
Furthermore, utilising this technique to prepare liposomes allows the formation of 
the GUV at ionic strength close to the physiological level after further improvement 
by Akashi et al. (Akashi et al. 1996).

Another technique used to formulate the GUVs is called the “electro-formation” 
method. It is a very similar technique to the gentle formation methodology. However, 
applying an electric current to the aqueous medium enhances the liposome forma-
tion from the dried phospholipid film (Rodriguez et al. 2005). Hence, an electro-
magnetic field is generated in the vicinity of hydrating solution after depositing the 
phospholipids on the surface of the electrodes, leading to the formation of a few to 
tens of micrometre liposomes with an improved rate of the unilamellar formation 
(Rodriguez et al. 2005).

Coalescence of small vesicles is another type of procedure to obtain GUVs. For 
instance, spontaneous clumping of small vesicles after prolonged incubation in sus-
pension can lead to fusion between them and the formation of GUVs (Oku and 
Macdonald 1983). The fusion of small liposomes may be induced by various routes, 
including subjecting them to freeze-thaw cycles in highly concentrated solutions 
with electrolytes (Chavanpatil et al. 2006). In 2015, Motta et al. had developed a 
generic methodology by which GUVs were based on the free detergent coalescence 
of organic material in aqueous solution (Motta et al. 2015). The idea of this new 
method is based on the fragmentation of proteo-liposomes triggering the formation 
of proteo-GUVs. Hydration of dried small liposomes with purified water suppos-
edly induces an osmotic shock causing the liposomes to burst before triggering the 
resealing process into GUV (Motta et al. 2015).

The giant unilamellar vesicles can be used as precursors to create large unilamel-
lar vesicles (LUVs) and small unilamellar vesicles (SUCs) that fall within the 
nanoscale range. Nevertheless, these nanoliposomes can be, also, produced via 
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specific conventional methods. The “reverse-phase evaporation” is a traditional 
preparation method that involves the hydration of phospholipids after their dissolu-
tion in an organic phase such as chloroform or ethanol. Inputting water into the 
organic solution throughout vigorous mixing results in the water-in-oil emulsion, 
transformed to an aqueous suspension containing LUVs after the evaporation of the 
organic phase (Deamer and Bangham 1976). Another technique used to produce 
LUVs is the detergent dialysis methodology (Patil and Jadhav 2014). In this meth-
odology, the solubilisation of phospholipids in an aqueous solution occurs by utilis-
ing the amphiphilic property of detergents. Then stabilisation of the 
phospholipid-detergent nano-micellar system’s formed complex is enhanced by 
reducing the surface tension between the phospholipid micellar membrane and the 
aqueous solution. Elimination of the detergent from the micellar system increases 
the surface tension to a higher level, resulting in crowding of smaller phospholipid 
micelles leading to LUVs (Helenius et al. 1977).

SUVs’ formation can be achieved by injecting organic solvent with dissolved 
phospholipids into an aqueous phase (Nwabuife et al. 2021). The idea behind this 
technique is to force a self-assembly mechanism of phospholipids in an aqueous 
solution after dissolving them in an organic vehicle (Lasic 1995). When the organic 
solvent such as ether or ethanol is injected into a more significant amount of aque-
ous solution, the concentration of the organic phase is dissolved and diluted in the 
aqueous solution leading to a drastic reduction in their concentration below the criti-
cal dissolving forces that required to maintain the solubility of the phospholipids. 
Subsequently, the phospholipids are released into the aqueous solution and forced 
to self-assemble, forming SUVs (Lasic 1995).

Generally, liposomes provide great potential for a targeted and controlled drug 
delivery system, primarily attributed to the flexibility in size, lamellarity and charge 
alterations (Nwabuife et al. 2021). As has been mentioned earlier, the reduction in 
the size and lamellarity of the MUVs (>1 μm) is one of the methods that is employed 
to formulate SUVs (20–100 nm) and LUVs (>100 nm) (Yu et al. 2018). Sonication, 
homogenisation and membrane extrusion are common techniques used to downsize 
the MUVs to SUVs and LUVs (Patil and Jadhav 2014; Nwabuife et al. 2021).

Fabrication of multilamellar vesicles (MLVs) is achievable by utilising different 
conventional methods such as hydration of phospholipid film of stacked bilayers 
under strong hydrodynamic flow for few hours (Carugo et al. 2016). Moreover, the 
reverse-phase evaporation method, which is utilised to produce LUVs, can also fab-
ricate MLVs. Providing higher concentrations of phospholipid content in the aque-
ous phase yields a higher fraction of MLVs than LUVs (Pidgeon et al. 1987).

Hydration of pro-liposomes is another conventional method that can be employed 
to formulate MLVs with the encapsulated bioactive agent. Pro-liposomes are dry 
and stable liposomes that consist of phospholipids with the encapsulated bioactive 
ingredient. They can be formed by drying an organic solution containing the phos-
pholipids and the cargo, such as AMPs (Patil and Jadhav 2014), transformed to 
MLVs upon their dispersion in an aqueous solution (Nekkanti et al. 2015).

Since the commercial production of liposomes has been levelled up strikingly in 
the pharmaceutical industry and beyond, the range of liposome preparation 
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techniques has been advanced significantly. Amongst these methodologies are the 
heating method, spray-drying, freeze-drying, supercritical reverse-phase evapora-
tion and several modified ethanol injection techniques that are highly qualitative 
and engaging (Koynova and Tenchov 2015). Aside from that, in the early 1980s, an 
interesting multidisciplinary methodology called “microfluidic technology” has 
been introduced for different research purposes in various fields such as biochemis-
try, physics, biotechnology, engineering and nanotechnology. Microfluidic technol-
ogy has been utilised for multiple drug screening in different body organs to the cell 
level. Nowadays, it is an atypical leading technique used to produce liposome-based 
DDSs for various conventional drugs, gene therapy and bioactive compounds, 
including AMPs (Carugo et al. 2016; Damiati et al. 2018; Dong et al. 2019).

The microfluidic formulation methodology is a nonconventional technique that 
provides unique advantages in the synthesis of drug delivery vesicles in terms of 
efficiency, homogeneous geometry and reproducibility over the conventional bulk 
methods that have been discussed above. It is a cost-effective technology that 
enables the fabrication of highly stable and uniformed vesicles at a fast rate with 
remarkable efficiency of encapsulation (Damiati et al. 2018). The microfluidic tech-
nology can be performed through different methods based on a hydrodynamic 
device that is consisted of microchannels and chambers to control the flow behav-
iour of a small volume of fluids and produce liposomes within the range of 50–75 nm 
(Dong et al. 2019), while, precisely, controlling the lipid hydration process as it has 
been reviewed extensively by Yu and the co-authors in Yu et al. (2009).

Structurally, liposomes can carry hydrophilic and lipophilic molecules; hence, 
they are suited for amphiphilic compounds such as AMPs. However, the uppermost 
role of the liposome in such an engaging process with the AMP is to permit and 
maintain its encapsulation within a stable and intact architecture. Moreover, main-
taining the coexistence between the encapsulated AMP and the liposome is primar-
ily controlled by the membrane’s fluidity. Generally, the fluidity of the biological 
membrane is regulated by the relative proportions of cholesterol to the constituents 
of the phospholipids (Charalampous 1979). Higher ratio levels of the phospholipids 
tend to increase the fluidity of the biological membrane leading to stability reduc-
tion, which can be counteracted by increasing cholesterol (Cooper 1978; Chabanel 
et al. 1983).

Material scientists could utilise different lipid-based materials with an amphiphi-
lic property to formulate liposomal lamellar through self-assembly processes. 
Nevertheless, the uppermost aim is complete control over the fluidity (stability) of 
the membrane and the diffusivity of the incorporated AMPs. Huang and co-authors 
have reviewed a wide range of studies that dealt with the so-called amphiphilic 
mesogens, which can form lyotropic liquid crystals (LLCs) (Huang and Gui 2018). 
These LLCs are amphiphilic molecules formed through the self-assembly process 
in aqueous solutions producing unique physicochemical and internal structural 
properties (Boge et al. 2016). They have usually formed throughout various phases: 
the lamellar phase, the reversed bi-continuous cubic phase and the reversed hexago-
nal phase. The different yielded structures of these variable phases have presented 
different diffusion coefficients to a wide range of loaded cargos that were also 
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managed to be released in a sustained manner. Moreover, they have shown varied 
responsiveness to different levels of pH and temperature, in addition to their abili-
ties to load various sizes of cargos (Huang and Gui 2018).

Boge and co-researchers have examined the ability of a couple of lyotropic liquid 
crystalline (LC) structures incorporating (i) cubic glycerol monooleate in water and 
(ii) hexagonal glycerol and oleic acid in water, to carry different AMPs separately 
and maintain their antimicrobial effect while the LC structure is preserved (Boge 
et al. 2016). The results showed the antibacterial effectiveness of two of the tested 
AMPs, including AP114 and DPK-060, preserved in the cubic LC structure, whereas 
they noticed a reduction in the antibacterial effect of the LL-37. Moreover, the 
hydrophobic peptide (AP114) has induced an increment to the negative curvature of 
the cubic LC system. Conversely, the polar peptide (DPK-060) has reduced the 
negative curvature, while the LL-37 has not changed the LC phase. Interestingly, 
none of the peptides has affected the hexagonal LC phase; nevertheless, their anti-
bacterial effect was significantly reduced (Boge et al. 2016).

The selection of the right combination of the liposomal constituents that are 
physiochemically compatible with the loaded AMP is another crucial aspect of lipo-
somal formulation (Thapa et al. 2021). Nevertheless, scientists went beyond that by 
advancing liposomes to collaborate with AMPs and act synergistically, mounting 
the antimicrobial effect. Malheiros et al. used liposomes made of phosphatidylcho-
line (FC) and the cationic lipid named 1,2-dioleoyloxy-3-trimethylammonium pro-
pane (DOTAP) to encapsulate bacteriocin (Malheiros et  al. 2016). The results 
showed that the encapsulation of the bacteriocin in the FC/DOTAP had advantaged 
the antibacterial activity of the bacteriocin in goat milk compared to the activity of 
the free bacteriocin. This synergistic effect between the liposome and the AMP 
might be attributed to the cationic effect of the DOTAP against the bacterial mem-
brane (Malheiros et al. 2016).

Enriching the DDS with different selective physicochemical features as we know 
now can be advantageous in fighting microbial infections. Thus far, the hydrophobic 
attraction has been proven to be one of the effective mechanisms against bacterial 
cell integrity (Tian et al. 2015) and can be utilised to stabilise the AMPs and reduce 
their toxicity effects by confining them away from interacting with mammal cells 
(Chen et al. 2019). Hence, the inclusion of an augmented hydrophobic feature to a 
lipid-based vesicle might be an appealing choice for some AMPs for superior effi-
ciency and stability. Based on this, utilising the concept of the micellar-based vesi-
cle, a closed lipid monolayer with a polar core and hydrocarbon chain presenting 
the hydrophobic potential on the surface or a hydrophobic core with a polar surface 
(Fig. 1.9), has become one commonly used DDS as an alternative to the bilayer 
liposome.

Groo and co-researchers tested the effect of micellar nanosystem on the stability 
of an AMP called AP138 (Groo et al. 2018). They have developed reverse micelles 
incorporating lipid solution forming lipid nano-capsules (LNCs) by using the phase 
inversion process. The encapsulation rate of the AP138 into the complex of AP138-
RM-LNCs was 97.8% which allowed them to conduct a comparison study, whereby 
they have tested the stability and the antibacterial effectiveness of the encapsulated 
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Fig. 1.9  Schematic illustration of revers versus normal micelle

Fig. 1.10  Schematic illustration depicting the formulation of a micelle loaded with an AMP

peptide in comparison to the free AP138. They have shown that the encapsulated 
peptide (similar to the schematic illustration in Fig. 1.10) has demonstrated a sig-
nificant resistance against trypsin compared to the free AP138; moreover, the anti-
bacterial activity of the encapsulated peptide was preserved against Staphylococcus 
aureus, including MRSA (Groo et al. 2018). In short, micellar formulations loaded 
with antimicrobial peptides in Fig. 1.10 have already been applied into some dental 
applications due to their ability to bind to certain minerals integrated into teeth sur-
faces and to deliver encapsulated AMPs over a prolonged time against the formation 
of Streptococcus mutans biofilms (Carmona-Ribeiro and de Melo Carrasco 2014).

1.11.4 � Inorganic Polymer-Based Nanomaterial: Nanofibres

Nanofibres are polymeric structures with the size of around 100 nm made of fibre 
that can be fabricated from inorganic materials such as ceramics, metal and metal 
oxides. Mixed metals such as Ba, Cu, Fe, Mn, Mo, Ni, Sb, Si, Sn and Ti and their 
oxides like CeO2, CuO, Fe2O3, MnO2, NiCo2O4, SnO2 and TiO2 culminate in various 
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considerable types of synthesised nanofibres with captivating properties (Barhoum 
et al. 2019). Nanofibres, like most nanomaterials, exhibit physical properties such 
as high surface area, high porosity with small mesh size and high pore density over 
conventional fibres (Sousa et al. 2020). Nevertheless, the morphological properties 
and homogeneity of the system are hard to control during fabrication (Barhoum 
et al. 2019). Generally, nanofibres can be employed in different areas in the medical 
and pharmaceutical fields, such as wound dressings, tissue engineering scaffolding 
and controlled-release drug release systems (Sousa et al. 2021; Topcu et al. 2021).

In the proceeding chapter, we endeavour to unravel the latest status of drug deliv-
ery research which concerns the formulation of various AMPs via nanofibres as one 
of the widely explored strategies in recent years. However, it is imperative to briefly 
consider the different methodologies employed in the synthesis of nanofibres and 
their general compatibility with AMPs.

Polymeric fibres with a diameter range between nanometres and micrometres are 
complex biomaterials that can be fabricated through various methods such as elec-
trospinning, dry spinning, laser spinning and gel spinning (Frenot and Chronakis 
2003; Sousa et al. 2021). Electrospinning is a nonconventional methodology that 
can produce an inorganic polymer fibre in the nanometre diameter. Moreover, it is 
one of the current advanced primary methods to deliver AMPs (Sousa et al. 2021) 
and, hence, is of interest in this review.

Electrospinning or the electrostatic wiring technique, in essence, is based on a 
combined electric and hydrodynamics, whereon an electric force is applied to a 
polymer solution resulting in a formation of a continuous hydrofibre upon its release 
into the air. Precisely, the electrospinning process is involving the application of 
high voltage to a needle that is attached to a filled syringe with a polymeric solution 
(Fig. 1.11). The polymeric solution is set for rotation supported by an electrode after 
its ejection from the needle by a high electric field developed between the needle 
and the collector (Frenot and Chronakis 2003). That is to say, an electric charge 

Fig. 1.11  Schematic representation of a traditional electrospinning system producing nanofibre 
loaded with AMP
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develops on the surface of the first droplet coming out of the tip of the needle lead-
ing to higher surface tension. When the applied electrical field between the needle 
and the collector overcomes the surface tension of that first droplet, the ejection of 
the solution occurs, leading to instability during its traveling through the air to the 
collector, which results in a whipping-type flying (Sousa et al. 2021). During this 
traveling time and distance, the solvent evaporates, and the solidification of the 
polymer takes place, leading to a longer and thinner nanofibre (Shahriar et al. 2019).

Various exemplary physical and morphological characteristics of the constructed 
functional electrospun nanofibres (nanotubes/nanowires) such as high surface-to-
volume ratio, high density of porosity and hollow diameter are subject to various 
elements, including the molecular weight and the concentration of the polymer; 
viscosity, conductivity and surface tension of the solution; the applied electric 
potential; the gauge and the angle of the fixed needle; the distance of the needle 
from the collector; and the feeding and releasing rate of the polymer (Frenot and 
Chronakis 2003; Peng et  al. 2015; Ren et  al. 2015; Shahriar et  al. 2019; Sousa 
et al. 2020).

The incorporation of the AMPs into the electrospun nanofibre can be performed 
in different ways. In situ technique is a commonly used method to load AMPs into 
the drug delivery system by introducing them into the solution before forming the 
nanostructure (Truskewycz et al. 2021). Differently, AMPs can be adsorbed to the 
surface of the generated nanofibres, whereby they are actively attached to the poly-
meric system (Dart et al. 2019). The attachment of AMPs to the nanofibre’s surface 
can be obtained through (i) immersion of the nanofibre into a solution of the dis-
solved peptide until reaching a saturation point. This type of attachment occurs 
without generation of covalent bonding between the AMP and the surface (Sousa 
et al. 2021), (ii) grafting the AMP onto the surface via “graft-to” methodology by 
creating a covalent bonding that results in a stable and long-lasting attachment via a 
direct grafting of the AMP onto the surface of the nanofibre (Costa et al. 2011) or 
through “surface-initiated” strategy (Sousa et  al. 2021). The “graft-to” process 
involves activation of the surface of the fibre through UV radiation and oxidation, 
which activates different functional groups such as carboxylic acid, amines, alde-
hydes or thiols leading to covalent bonding with the AMP (Felgueiras and Amorim 
2017). In comparison, the “surface-initiated” strategy involves the attachment of the 
AMPs mediated by initiators covalently immobilised at the surface (Green 
et al. 2011).

In doing so, it is possible to create a compatible loaded vehicle with the biologi-
cal system that can release the loaded AMP at the target site according to the chro-
nospatial plan. However, to achieve the desired kinetics and the pharmacological 
effect of the AMP, it is essential to choose the appropriate combination of the sol-
vent and the rest of the excipients based on the physicochemical characteristics of 
the employed AMP. Eriksen et al. have investigated the effect of the physicochemi-
cal properties of different molecules loaded into nanofibre material on their diffu-
sion kinetics (Eriksen et al. 2013). They have tested the diffusion properties of a 
synthetic AMP named fluorescein-labelled inverse-Crabrolin (iCR-fluor) in com-
parison to the diffusion kinetics of tetracycline hydrochloride, where both were 
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incorporated into the electrospun poly(ɛ-caprolactone) (PCL) nanofibres. The 
results showed that the release of iCR-fluor was only 40% compared to 85% of the 
tetracycline diffusion rate. Furthermore, the distribution density of the iCR-flour 
was less uniformed within the fibre compared to the distribution density of the tet-
racycline in the same nanofibre (Eriksen et al. 2013). The offered clarification by 
Eriksen and the group was based on the argument that the larger molecules of the 
iCR-flour were insoluble enough in the polymeric mix, which led to an integration 
of the AMP in the nanofibre structure followed by a significantly low rate of dis-
charge from the fibre (Eriksen et al. 2013).

Just as significantly, unlike most of the nano-drug delivery systems, nanofibres 
can be utilised as a platform of more than one bioactive agent to be released either 
simultaneously or sequentially as each one of the bioactive agents is required along 
with the chronological development of the targeted medical conditions such as skin 
wound infections (Homaeigohar and Boccaccini 2020). Ahire and Dicks (2015) 
have successfully incorporated the antibiotic nisin and the 2,3-dihydroxybenzoic 
acid (DHBA) into nanofibre made of poly(D, L-lactide) and poly(ethylene oxide) 
that was diffused onto a biofilm formed by MRSA.  They have demonstrated an 
apparent synergistic effect between the AMP and the DHBA against bacterial bio-
film formation (Ahire and Dicks 2015). Furthermore, the different types of AMPs or 
bioactive agents can be loaded in different DDSs such as liposomes before incorpo-
rating them into the nanofibre for further protection (Xu et al. 2005). Alternatively, 
two or more syringes can coaxially produce multiple layers that result in a protec-
tive type of core-shell nanofibre (Calamak et al. 2017). Han et al. (2017) investi-
gated the effect of the hygroscopic outer layer on the lifespan of the antimicrobial 
activity of the AMP nisin implanted in multiple syringes (Han et al. 2017). They 
found that nisin in a triaxial fibre membrane provides a more durable and sustain-
able antimicrobial activity that lasted over 7 days with over 99.99% of kills (4 log 
kills) compared to the coaxial fibre, which showed the exact duration of activity but 
with just 2 log cell death. The single nanofibre showed weaker antibacterial activity 
than the co- and obviously the triaxial, which lasted only for 1 day (Han et al. 2017).

1.11.5 � Organic Polymer-Based Nanomaterials: 
Self-Assembled Peptides

Self-assembly is the process in which a spontaneous association of individual mol-
ecules or particles into a complex or functional structure through soft (non-covalent) 
chemical and physical interactions (Yadav et al. 2020). Peptides and proteins are 
amongst the first biological molecules, including carbohydrates, lipids and nucleic 
acids, to demonstrate the self-assembly phenomenon behind the cellular structure’s 
integrity (Misra et al. 2021). Hence, inventive material scientists were easily swayed 
to utilise this phenomenon in designing nano-blocks made of short peptides or 
amino acids for advanced DDSs. Researchers were invigorated by the diversified 
physicochemical properties of peptides and their inherited biocompatibility and 
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biodegradability. Dipeptides and tripeptides have been identified to carry motifs 
with all the required information to compound sophisticated self-assembled nano-
structures with unique functional characteristics such as mechanical rigidity, semi-
conductivity, piezoelectricity and visible luminescence (Gazit 2015). Moreover, 
manipulating the self-assembled characteristics is attainable easily through a differ-
ent assortment of the attached amino acids or by attaching different functional 
groups to the chain (Misra et al. 2021; Caruso et al. 2014). Nevertheless, peptides 
that are crafted from canonical amino acids are challenged by various issues con-
cerning their stability and intramolecular interactions (Caruso et al. 2014).

Peptides, in general, are made of alpha-amino acids, and as such, they were 
called alpha-peptides which have a brief lifespan due to their high susceptibility to 
enzymatic degradation (Boto et  al. 2018). Moreover, alpha-peptides are short 
chains, making it hard for them to form a stable secondary structure (Hecht and Huc 
2007). Therefore, molecular engineering of durable DDSs for AMPs made of self-
assembled peptides is still a convoluted process that requires a great deal of appre-
ciation of the physicochemical characteristics of these small proteins. 
Notwithstanding, stable secondary structures made of alpha-helix, beta-sheet, beta-
turn and beta-hairpin are determined by the sequence and the nature (canonical vs. 
non-canonical) of the amino acids and, eventually, play a pivotal role in the self-
assembly process (Gopalan et al. 2015). Moreover, a prime arrangement for these 
secondary structures through soft chemical and physical interactions such as Van 
der Waals forces, hydrogen bonding or hydrophobic attraction can generate supra-
molecular design such as nanotubes, wormlike micelles, vesicles, fibrils and spheri-
cal micelles (Fig. 1.12) (Misra et al. 2021).

Fig. 1.12  Schematic illustration of a self-assembled antimicrobial peptide forming various func-
tional structures
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This section will summarily discuss some of the different strategies adopted to 
counteract the significant elements upholding the poor quality of self-assembled 
peptides as a nano-DDS. Also, we will briefly shed the light on recent advances of 
this nanotechnology concerning the delivery of AMPs.

The instability of the natural alpha-peptides is an inherent property of the 
homochirality of the L-(alpha)amino acid enantiomer. It has been found that incor-
poration of the non-coded enantiomer (D-(alpha)amino), which possesses the same 
chemical and physical properties of the L structure but is rarely found in nature (in 
some venoms and antibiotics), enhances the peptide’s stability against proteolysis 
and prolongs its shelf-life significantly (Misra et al. 2021; Lu et al. 2020). Lu and 
co-workers have synthesised derivatives of a cationic AMP named Pep05 via the 
substitution of L-amino acid residues with the D structures, for example, D-arginine 
and D-lysine. They have revealed that the stability of the peptide made of the D 
structures of amino acids was enhanced significantly against trypsin and plasma 
proteases compared to the natural Pep05 (Lu et al. 2020). Moreover, formulation of 
a stable and self-assembled supramolecular structure or the so-called foldamer can 
be achieved through peptides comprising beta-amino acids (alpha-amino acids with 
an additional carbon atom) as an alternative to the natural alpha-amino acids 
(Gopalan et al. 2015). These beta-amino acids are regarded as “unnatural”, identi-
fied in mammals, living organisms and plants (Griffith 1986; Yasumoto and Satake 
1998). Daura and co-researchers have found that beta-peptides are markedly chemi-
cally diversified and exhibit a more extraordinary secondary structural motif, result-
ing in higher resistance to enzymatic degradation (Daura et al. 1997).

Formulation of a unique functional architecture such as a vesicle, or a vesicular 
nanofibre, through the peptide’s self-assembly mechanism depends on the peptide’s 
amphiphilic nature and the specific secondary structure of that peptide (Rughani 
and Schneider 2008). For example, beta-hairpin and beta-sheet secondary structures 
lead to the formation of the fibrillar bilayers and higher-order laminates (Dong et al. 
2007; Rughani and Schneider 2008). These secondary structures can be facilitated 
by combining D-proline with L-proline or glycine in the constructed peptide (Misra 
et al. 2021; Mahalakshmi and Balaram 2006).

In closing the formulation part, the advancement of the supermolecular assembly 
of peptides has experienced enormous input in recent years through the introduction 
of different alterations such as the incorporation of 3,4-dihydroxyl-L-phenylalanine, 
dehydro amino acids and 2-amino isobutyric acid to the peptide molecules, in addi-
tion to the introduction of gamma and δ-peptides and their hybrid analogues which 
have been reviewed in great details by Misra et al. (2021).

Another topic to highlight here is the toxicity which is the major hurdle in using 
AMPs as they may exert their cytotoxic activity against mammal cells upon interac-
tion with the cell membrane (Hollmann et al. 2018). The cytotoxic effect of AMPs 
on mammal cells is preliminary based on configurational measures of the peptide 
that contribute to selective interactive forces with the eukaryotic cells (Ebenhan 
et al. 2014). Integration of such AMPs into self-assembly structures forming supra-
molecular nanofibres ought to alter their configurations, hindering their toxic effects 
by preventing them from interacting with eukaryotic cells (Chen et al. 2019). Chen 
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and co-researchers have utilised the AMP melittin as a self-assembled natural 
model. They reported a dramatic change in its conformation when presented on the 
nanofibre surface, and consequently, the permeability of the bacterial and the mam-
malian cell membrane was modified (Chen et al. 2019). Precisely, positioning the 
melittin on the nanofibre’s surface has impacted the degree of freedom of the hydro-
phobic residues, which, in turn, has reduced its hydrophobic attractions to the lipids 
in the mammalian cells. Improving the selectivity of AMPs and enhancing the tar-
geted cell responsiveness are examples illustrating the significance of the role of 
peptide self-assembly on the functionality of AMPs (Tian et al. 2015).

Finally, confining AMPs within a rigid supramolecular polymeric scaffold could 
introduce great features to them in terms of responsiveness, controlled release, 
enhancement of stability and lifespan and reduction of toxicity. Moreover, the pep-
tide self-assembly engineering technique could be one of the promising methodolo-
gies in nanotechnology to promote AMPs for different therapeutic applications.

1.12 � Conclusions

The relationship between humankind and microbes went through many hurdles 
since the early days of coexistence; however, it was balanced up to a hundred years 
ago under the coevolution laws. This equilibrium was disrupted after discovering 
antibiotics arguing for the predominance of the human species that won the war 
over an infectious disease. However, the lack of fundamental knowledge of the 
microbial world and the main aim of pursuing financial benefits led to the emer-
gence of stubborn resistance against the indiscriminate and massive assault of the 
“magic bullet,” the antibiotics, teaching us a valuable lesson about other life forms 
on this planet. Over time, prokaryotes and eukaryotes have gone through countless 
evolutionary processes that support their survival and mutual relationships. AMPs 
are one of the yields of these protective mechanisms that have been developed, and 
we can take advantage of their availability to communicate precisely and gently 
with microbial infestations. They can be utilised as an alternative treatment for con-
ventional antibiotics; nevertheless, they are too sensitive to handle complex biologi-
cal systems abundant in physical and biological impediments. Advances in 
biomaterial sciences over the last 50 years allow the design of sophisticated bio-
compatible, biodegradable and chronospatial, nano-controlled drug delivery sys-
tems to carry AMPs and deliver them bioactively to the molecular level of the 
targeted microorganism cell at different physiological compartments of the eukary-
otic biological system for effective remediation and self-healing.
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