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Nano and biotechnology are two of the 21st century’s most promising technologies.
Nanotechnology is demarcated as the design, development, and application of
materials and devices whose least functional make up is on a nanometer scale (1 to
100 nm). Meanwhile, biotechnology deals with metabolic and other physiological
developments of biological subjects including microorganisms. These microbial
processes have opened up new opportunities to explore novel applications, for
example, the biosynthesis of metal nanomaterials, with the implication that these
two technologies (i.e., thus nanobiotechnology) can play a vital role in developing
and executing many valuable tools in the study of life. Nanotechnology is very
diverse, ranging from extensions of conventional device physics to completely new
approaches based upon molecular self-assembly, from developing new materials
with dimensions on the nanoscale, to investigating whether we can directly control
matters on/in the atomic scale level. This idea entails its application to diverse fields
of science such as plant biology, organic chemistry, agriculture, the food industry,
and more.

Nanobiotechnology offers a wide range of uses in medicine, agriculture, and the
environment. Many diseases that do not have cures today may be cured by
nanotechnology in the future. Use of nanotechnology in medical therapeutics needs
adequate evaluation of its risk and safety factors. Scientists who are against the use
of nanotechnology also agree that advancement in nanotechnology should continue
because this field promises great benefits, but testing should be carried out to ensure
its safety in people. It is possible that nanomedicine in the future will play a crucial
role in the treatment of human and plant diseases, and also in the enhancement of
normal human physiology and plant systems, respectively. If everything proceeds as
expected, nanobiotechnology will, one day, become an inevitable part of our
everyday life and will help save many lives.
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Preface

Antimicrobial drugs, especially the life-saving antibiotics, once the backbone of
modern clinical medicine, are facing serious challenges from emerging antimicro-
bial resistance (AMR), a condition where microbes develop resistance against the
most common antibiotics used against them. Initially considered a nosocomial or
hospital-related issue, the AMR unfortunately is spreading at a fast pace in bacterial
species of community origins. AMR has exploded in recent years and is posing a
serious threat to human health and survival. The drying pipeline of novel and effec-
tive antibiotics effective against these drug-resistant “superbugs” has further aggra-
vated the situation, and we are staring at a potential “post-antibiotic era.” AMR has
been declared a global risk by intergovernmental agencies. This necessitates novel
and effective ways for diagnosis, drug delivery, and treatment of AMR infections.
Nanostrategies including nano-diagnostics, nano-carriers, and nano-antimicrobials
are gaining momentum and are hailed as a potential solution in containing AMR.

The main objective of this book is to promote research themed on the potential
use of nano-approaches for diagnosis, detection, drug delivery, and as antimicrobial
agents against drug-resistant pathogenic microbes, by providing an integrated blend
of basic and advanced information for students, scholars, scientists, and practitio-
ners interested or already engaged in research involving these areas and themes.

This book presents the current understanding and updates on nano-strategies for
combating AMR. The chapters in this book cover aspects ranging from advances in
nanomaterials synthesis, characterization, functionalization, and improvisation to
their applications in the diagnosis of AMR and their therapeutic and drug-delivery
potentials against AMR phenotypes. Chapters are written by highly acclaimed
experts of international repute working on different aspects of AMR and targeting it
with nano-based approaches.

We express our sincerest thanks and appreciation to our eminent authors for their
first-rate and timely contributions. We gratefully acknowledge the reviewers for
their valuable comments that helped in the improvement of the scientific content
and quality of the chapters.
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project manager, and the entire Springer production team for their consistent hard
work in the publication of this book.
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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,



4 N. Nassar et al.

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 (Mclntosh 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
etal. 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-
nomyecetes 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-
nomyecetes 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 B-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 2a, B, B’, p and o as an initiation unit. Rifampicin binds to the -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).
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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 Dufty 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 (MRS A), 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
anew 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 (Ko$ciuczuk 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
etal. 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));

(i1) 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 (Stromstedt 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 (Stromstedt 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 D,,L-melittin. The
results showed a reduction of 0.4 Kcal mole™ 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 (Jureti¢ and Simuni¢ 2019).
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Toroidal mechanism

Carpet mechanism

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 (Jureti¢ and Simuni¢ 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; Stromstedt 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; Stromstedt 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) (Stromstedt 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 AMPSs, 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; Mufioz-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 (Mufioz-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 Argl9-I1e20, 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, IT and III, throughout a complex formation with the target via ionic
bonding, for example, interaction with the NH,-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,
toresist 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. prneumonia 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 DItABCD 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 DIt 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 (Lazar 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; Cosié 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; Sanchez-Lépez 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
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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
(NaBH,) or trisodium citrate (Na;C¢HsO;) 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
etal. 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
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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 (Sanchez-Loépez 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 HPA3Ps Joaded onto a gold nanoparticle-DNA aptamer against Vibrio vulni-
JSicus 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-HPA3P! intrave-
nously. The AuNP-Apt-HPA3PH* 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; Cal6 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).
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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 pm),
can be markedly halted as a leading clearance mechanism against nanogels by
reducing the size below 0.5 pm (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
etal. 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

Hydrophilic drug |

AMP

— PEG
Hydrophobic drug |
AMP

op00®

45 yv— Antibodies

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
(1) 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 pm) 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 pm (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 GUYV 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. Itis 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 pm) 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. 1.10 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 CeQO,, CuO, Fe,05, MnO,, NiCo0,0,, SnO, and TiO, 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

Electrospinning system Collector

Polymeric solution

| ] | ‘ Nanofiber loaded with AMP

High voltage

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(e-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).
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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 Pep0S5 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 d-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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Chapter 2

Current Approaches and Prospects
of Nanomaterials in Rapid Diagnosis
of Antimicrobial Resistance

Anupriya Baranwal, Vijay Kumar Aralappanavar, Bijay Kumar Behera,
Vipul Bansal, and Ravi Shukla

Abstract Antimicrobial resistance (AMR) is one of the major global concerns that
threatens both public health and the healthcare system. Albeit AMR in the microbes
could emerge naturally, misuse or inappropriate use of antimicrobials plays a major
role in resistance evolution. The global epidemic of AMR necessitates radical inter-
disciplinary solutions to better detect antimicrobial susceptibility and manage infec-
tions. Rapid diagnostics that identify drug-resistant pathogens determine
antimicrobial susceptibility and distinguish between viral and bacterial infections
can aid in initiating appropriate treatment for antimicrobial stewardship. Moreover,
rapid diagnostics could also mediate epidemiological surveillance, as emerging
resistant pathogens and their transmission can be monitored. In this chapter, we
summarize different technologies applied for the development of rapid diagnostics
for AMR and antimicrobial susceptibility testing (AST). We briefly discuss conven-
tional diagnostic approaches followed by a comprehensive discussion on current
approaches for detection of AMR and AST. While useful, most of these technolo-
gies take several hours to days to determine AMR in clinical samples and require
extensive user inputs. Merits of incorporating nanomaterials in biosensor platform
for improving AMR detection are further highlighted. We conclude the chapter by
discussing the challenges that impede their adaption for point-of-care application
and give insights into the future directions to overcome current challenges.
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2.1 Introduction

Antimicrobial resistance (AMR) has emerged as a major global health concern that
has the potential to change the entire healthcare landscape (Organization 2014).
Common infections are no longer easily treatable due to the emergence of resistance
in the causal microbes. Today, AMR is associated with a rise in patient morbidity
and mortality rates, prolonged hospital stays, surgical complications and economic
losses from loss in productivity. In 2014, a report attributed 700,000 deaths across
the globe to AMR infections; this figure is estimated to reach an annual toll of ten
million by 2050 (Humphreys and Fleck 2016; O’Neill 2014). AMR is also projected
to cause a reduction of 2-3.5% in the world’s gross domestic product by 2050, an
amount equivalent to US$100 trillion (Ahmad and Khan 2019; Allcock et al. 2017,
Humphreys and Fleck 2016; O’Neill 2014). Factors, including but not limited to
misuse and overuse of antimicrobials and lag in the development of new antimicro-
bials, have contributed to the emergence of resistance in microbes (Shanmugakani
et al. 2020; Singer et al. 2016). Evidence suggests that 50% of the antibiotics pre-
scribed in the hospitals are either unnecessary or inappropriate (Fleming-Dutra
etal. 2016). The criteria to prescribe antibiotics is rather consistent throughout most
of the Europe and USA, and depends on empiric pathogen identification (IDn) and
susceptibility testing, whenever possible. The most acute infections reported in
patients are either urinary tract infections (UTI) or respiratory tract infections (RTT).
Rapid detection of such infections with high precision in outpatient care could
effectively aid in impeding the AMR pathogen transmission by enabling prompt
isolation of the patient and initiating appropriate treatment (Maurer et al. 2017). It
could also aid in rapid IDn of pathogen aetiology and their antimicrobial suscepti-
bility profile with high accuracy, which is crucial to initiate appropriate antimicro-
bial stewardship. Quick adaptation and optimization of antibiotic therapy specific to
the infectious microbe, typically within the first 612 h of infection, could improve
patient outcomes to a great extent (Burnham et al. 2017). One way to achieve this is
through the development of better diagnostics that can enable the prediction of
microbial resistance and susceptibility profile in a rather impartial way. Albeit this
is appealing, technological advancements turn into profits only when they are inex-
pensive, and clinicians apply systematic dissemination and analysis of the results.

Advancements in optics, electronics, microfluidics, nucleic acid amplification
(NAA) and hybridization techniques and biosensor technology have contributed
significantly to the development of novel antimicrobial susceptibility testing (AST)
approaches. However, reports on these innovations do not appropriately associate
their results with the practical requirements of point-of-care (PoC) testing.

Often in these reports, the need of a clinical microbiology laboratory, the require-
ment of time and resources for culture enrichment and pure culture preparation are
overlooked causing ambiguity in estimating the overall cost of AST (Doern 2018).
Owing to this, the transfer of new successful AST approaches from lab to field has
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been extremely slow. In order to overcome these issues, the right questions should
be asked when considering a new AST technology: ‘(i) Whether the technology is
generally applicable or target/infection specific? (ii) What is the capacity i.e., how
many microbes/agents per hour can be processed? (iii) Has the technology been
validated against reference methods? (iv) Has there been any reference installation?
(v) Has the technology been scientifically corroborated?, and (vi) When will the
technology be available in the market?’ (Kahlmeter 2016; Vasala et al. 2020).

While it is difficult to find complete answers to the aforementioned questions,
herein we try to address them in the best way possible. We introduce the need for
AST development and discuss the current and emerging diagnostic approaches for
rapid detection of AMR. Emphasis is laid on the methods and technologies that can
be performed near patients and have rapid turnaround time (TAT). Furthermore, the
potential merits of incorporating nanomaterials in such diagnostic platforms have
been outlined. We conclude the chapter by addressing the challenges that impede
the adoption of technologies at PoC level and hinder their commercialization.
Figure 2.1 shows schematic illustration of the techniques and methods covered in
the AST and AMR detection.

Manual Phenotypic AST methods
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Fig. 2.1 Schematic illustration summarizing diagnostic methods and techniques for antimicrobial
susceptibility and AMR detection
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2.2 Current Diagnostic Tools for AST and AMR

2.2.1 Phenotypic Methods

Bacteria can acquire AMR by several mechanisms such as presence of an enzyme
that can modify or destruct the antibiotic molecule; decrease in permeability to
restrict the influx of drug molecule or increase in its efflux; global cell adaptations
such as cell wall synthesis and membrane homeostasis; and changes in target site by
mutation, enzymatic alterations and complete replacement or bypass of the target
sites (Munita and Arias 2016). The overwhelming resistance mechanisms and the
wide range of antimicrobials have made the process of AST extremely complex.

In current clinical practice, pathogen IDn is typically the preliminary step and is
performed by culturing samples on chromogenic agar followed by isolating pure
colonies. Once the pathogen IDn is established, only then the AST is carried out.
The phenotypic methods detect antimicrobial susceptibility based on changes in the
phenotypic characteristics of the organisms such as growth, expression of proteins,
and their enzymatic activities in the presence of antimicrobials. The classical phe-
notypic methods used for AST include broth dilution, agar dilution, and disk diffu-
sion. These methods are based on the continual exposure of the microbial isolates to
a group of antimicrobials to determine their minimum inhibitory concentration
(MIC) and offer breakpoint interpretation. MIC is defined as the lowest concentra-
tion of antimicrobials required to effectively impede the visible growth of patho-
gens. These phenotypic tests work irrespective of the resistance mechanism and are
the gold standards for informing antimicrobial treatment decisions. However, per-
forming standardized susceptibility tests and analysing their results in the best way
possible are constant challenges for the guiding agencies such as the Clinical and
Laboratory Standards Institute (CLSI) and European Committee on Antimicrobial
Susceptibility Testing (EUCAST). Considering a typical healthcare setting does not
have access to advanced technologies, the whole process of isolation and IDn
requires several days. Furthermore, these tests are user-intensive and typically per-
formed manually, which could lead to human errors as observed in the case of the
microdilution method (Reller et al. 2009; Varadi et al. 2017). In view of this, several
automated phenotypic methods have been developed and discussed in the following
section.

2.2.1.1 Automated Phenotypic AST Systems

Numerous automated systems such as VITEK® 2 (bioMérieux), MicroScan
WalkAway (Siemens Medical Solutions Diagnostics), Sensititre ARIS™ 2X (Trek
Diagnostic Systems), BD Phoenix™ (Becton Dickinson Diagnostic Systems),
PhenoTest® BC Kit (Accelerate Diagnostics, Inc.), etc. have been approved by the
Food and Drug Administration (FDA) for clinical applications (Pancholi et al. 2018;
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Syal et al. 2017). These systems typically allow automation of broth dilution sys-
tems that employ ready-made cassettes or panels containing positive controls and
increasing concentration of antibiotics. They can analyse a large group of microor-
ganisms in a single run through their extensive database and a few of them can even
allow bacterial IDn. In these platforms, bacterial growth is monitored by either
change in colour, turbidity, or fluorescence (Reller et al. 2009). VITEK® 2, an
improved version of VITEK systems, measures the turbidity of the inoculum in
liquid culture by measuring transmittance at each time point. An increase in sample
turbidity correlates with a decrease in transmittance values, which in turn is used to
plot growth vs. time to determine MIC. It allows 30-240 assays to run simultane-
ously and generates results within 4-10 h (Reller et al. 2009). Conversely, the
MicroScan WalkAway system measures the fluorescence of the samples to deter-
mine MIC and requires half of the time needed by VITEK systems (Rhoads et al.
1995). Fluorescence measurement does not directly correspond to bacterial growth
but instead to their enzymatic activity. Like the MicroScan WalkAway system,
Sensititre ARIS™ 2X also measures fluorescence and generates MIC post 18-24 h
of incubation. BD Phoenix™ system incorporates a redox indicator to improve the
sensitivity towards bacterial growth and requires 6-16 h to generate the
MIC. PhenoTest® BC Kit incorporates real-time imaging for pathogen IDn
(Pancholi et al. 2018). It, however, suffered from the FDA recall in 2018 due to a
high number of false-positive results with Staphylococcus aureus (FDA 2018) and
was later improved by coupling it with Accelerate Pheno™ system. The improved
system can generate MIC in ~7 h and is suitable to work with positive blood cultures
(Humphries and di Martino 2019; Pancholi et al. 2018). A number of new equip-
ment that can facilitate AST automation continue to emerge. The latest in the series
is an Automated Plate Assessment System (APAS®) from the Clever Culture
System AG that is claimed to be the only FDA-cleared artificial intelligence tech-
nology for automated culture plate reading (https://cleverculturesystems.com). This
equipment employs an intelligent imaging and machine learning software to auto-
mate the imaging, analysis and interpretation of culture plates following incubation.
While automation has certainly improved the TAT and reduced manual errors
encountered in conventional phenotypic methods, certain limitations remain to be
addressed. For instance, the improved automated methods take somewhere between
4 and 24 h to generate the susceptibility profile, which is not rapid enough to inform
timely treatment decisions. Regardless of this, phenotypic testing is routinely used
by clinical microbiology laboratories (CMLs) to obtain susceptibility profiles for
bacteria irrespective of their site of infection. Table 2.1 discusses various pheno-
typic methods for rapid detection of AST. It is estimated that genotypic methods
might change the way antimicrobial treatment decisions are taken; however, pheno-
typic AST will continue to be a part of routine CML’s practice due to its innate
flexibility, simplicity, and low cost. Figure 2.2 shows timeline of development/
modification of phenotypic and genotypic methods for AST and AMR diagnosis.
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Fig. 2.2 Timeline showing development/modification of phenotypic and genotypic methods for
AST and AMR diagnosis since the discovery of the first antimicrobial to the currently existing
rapid diagnostics. (Adapted with permission from Ref. (Shanmugakani et al. 2020) )

2.2.2 Genotypic Methods

Genotypic or molecular methods are one of the most indispensable methods for
screening AMR in microorganisms. These methods offer several advantages over
phenotypic methods by allowing multiplex detection of targets with accurate char-
acterization and identification of AMR genes without requiring pure colony isolates
(as polymicrobial cultures can be used) (Leonard et al. 2018; Maugeri et al. 2019).
They also present suitable alternatives for the taxonomic units for which suscepti-
bility breakpoints are yet to be established. Furthermore, they offer the flexibility of
quickly adapting to newly discovered R-factors- small pieces of DNA, usually plas-
mids, containing AMR genes (Kaprou et al. 2021; Vasala et al. 2020). While these
merits make genotypic methods stand out, they also suffer from certain limitations
for AMR detection. For instance, genotypic methods do not define the level of resis-
tance (MIC) and can only identify specified targets due to which a new variant of
specified resistance gene (RG) or a newly evolved RG can be easily missed.
Furthermore, the higher cost, non-availability of specific target resistance markers,
poor affinity of the resistance markers in polymicrobial samples, new mutations,
and non-characterized resistance mechanisms further hinder their universal accep-
tance over phenotypic methods (van Belkum et al. 2020). Nevertheless, incessant
advances in the field have helped genotypic methods gain a position in standard
diagnostics.

Current genotypic methods take advantage of advancements in NAA and hybrid-
ization techniques, and enable simultaneous IDn of pathogen and AMR (Pulido
et al. 2013). In addition, these methods allow rapid and sensitive detection of RGs
that confer bacteria with the ability to survive in antibiotics and continue their
growth. Availability of the target RGs in various databases has exploded due to the
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Fig. 2.3 Typical procedure of genotypic methods to predict AMR in clinical samples. (i) Patient
sample collection, (ii) culturing the sample on agar for bacterial colony isolation, (iii) DNA extrac-
tion by cell lysis and (iv) DNA fragmentation, followed by (v) denaturation to separate the double
strands, (vi) specified target amplification and (vii) labelling or reading of antibiotic resistance
genes. Finally, (viii) the data analysis is followed by statistical analysis to predict the antibiotic
susceptibility profile. (Adapted with permission from Ref. (Leonard et al. 2018)

expansion of whole-genome sequencing (WGS) and subsequent cost reduction of
next-generation sequencing (NGS) technologies (Waseem et al. 2019). The follow-
ing sections briefly discuss techniques based on NAA such as PCR (polymerase
chain reaction), isothermal amplification (IA) and their automation for commercial
application in CML settings. It further navigates sequencing-based approaches for
AMR detection. More detailed information on these technologies can be found in
published reviews (Anjum et al. 2017; Boolchandani et al. 2019; Dunne Jr et al.
2017; Ellington et al. 2017; Shanmugakani et al. 2020). Figure 2.3 depicts the typi-
cal procedure followed by genotypic methods to predict AMR in clinical samples.
Patients” sample such as blood or urine is collected and cultured on agar for bacte-
rial colony isolation. The isolated cells are then lysed to extract DNA followed by
its fragmentation, denaturation, and amplification through PCR-based or IA
approaches. To generate an AST profile from the amplified DNA targets, NAA
assays must be accompanied by analytical methods such as sequencing, fluores-
cence detection, and mass spectrometry. Table 2.1 discusses various genotypic
methods for rapid detection of AMR.

2.2.2.1 PCR-Based Techniques

The PCR-based techniques rely on the sequence-specific amplification of nucleic
acids (NAs). With increased knowledge of the genetic basis of AMR, PCR-based
techniques have been widely used to detect RGs to a variety of antimicrobials in
different bacterial species (Maurer et al. 2017; Pashazadeh et al. 2017). Many previ-
ous studies have reported PCR-based approaches for the detection of
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methicillin-resistant Staphylococcus aureus (MRSA) (mecA), vancomycin-resis-
tant Enterococcus sp. (vanA and vanB genes) and many other Gram-negative bacte-
ria for identifying cephalosporinase- and carbapenemase-encoding genes (bla IMP,
bla VIM, AmpC, bla KPC, etc.) (He et al. 2020; Smiljanic et al. 2017). Although
PCR-based techniques are more rapid and sensitive than phenotypic methods, their
application in rapid AST is limited due to the requirement of DNA extraction from
isolated strains and prior knowledge of the DNA sequences to be amplified (Pulido
et al. 2013; van Belkum et al. 2020; Vasala et al. 2020). Importantly, they are typi-
cally designed to detect a limited set of preidentified genes, which in the context of
AMR does not cover the rapidly evolving novel RGs. Moreover, the detected resis-
tance may not always correlate with phenotypic resistance as it depends on the level
of gene expression (Vasala et al. 2020). Because of this, advancements in the PCR-
based assays to develop real-time reverse transcription PCR (RT-PCR) (Dona et al.
2016; Menezes et al. 2013), digital (Kosir et al. 2020; Whale et al. 2016) and multi-
plex (Cetinkaya et al. 2014; Sigmund et al. 2020) PCR assays have played a major
role and solidified its ground in clinical practice of detecting AMR. For instance, the
RT-PCR technique offers multiple advantages over conventional PCR such as rela-
tively rapid response with high precision, low sample volume requirement, and
monitoring of the PCR products during the reaction itself (Smiljanic et al. 2017; He
et al. 2020). However, the higher cost, limited multiplexing capabilities, require-
ment of technical expertise, and non-availability of kits for all the RGs limit their
applications for clinical AMR testing. In view of this, quantitative reverse
transcription-PCR (qRT-PCR) has been developed, which can monitor bacterial
growth in the presence of antimicrobials by quantifying the bacterial DNA copies in
less than 6 h (Ellappan et al. 2018; Seborova et al. 2019). It can additionally assess
the expression level of RGs after exposure to varying concentrations of antimicrobi-
als, thereby providing rough MIC values (Vasala et al. 2020). However, these sys-
tems are too expensive and require separate kits for DNA extraction and PCR. In
addition, the higher false-positive rates limit their application for routine CML tests.

The application of conventional PCR for reliable detection of RGs directly from
the clinical specimens is challenging as it can compromise the sensitivity and lead
to longer TAT. In view of this, digital-PCR (dPCR) platforms have been designed to
partition the bulk samples into minute PCR reaction volumes to increase the effec-
tive target concentration in each reaction. The dPCR is a more rapid and sensitive
technique than the conventional PCR (Hu et al. 2017; Mao et al. 2019). However,
the requirement of separate kits for DNA extraction and PCR makes them expensive
and limits their application in resource-limited CMLs. Advancements in sequencing
technologies have paved a way for high-throughput quantitative PCR (HT-qPCR),
which is comparatively fast and cost-effective than the conventional gPCR (Waseem
et al. 2019). HT-qPCR can simultaneously detect a large number of antimicrobial
RGs stemming from various sample types (Waseem et al. 2019). Owing to the small
sample volume requirement and short processing time, the microfluidic integration
with NAA-based AMR detection has drawn much attention in recent years. The
microfluidic quantitative PCR (MF-PCR) has been developed for the rapid detec-
tion of different RGs directly from the environmental samples within a TAT of 4 h
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(Sandberg et al. 2018). Similarly, multiplex PCR-based microfluidic platforms have
shown excellent sensitivity and specificity for vancomycin- and B-lactam-RGs from
the perianal swab specimens (Walker et al. 2016). Although these platforms are
rapid and sensitive, they suffer from high cost and expertise requirements, and in
some cases, target preamplification limits their application at routine CMLs.

2.2.2.2 Isothermal Amplification-Based Techniques

The IA is performed using a heating block within a short period than PCR-based
methods. Unlike conventional PCR, the IA is performed at one specific temperature
and does not require a thermal cycler instrument (Shin et al. 2019). Further, these
techniques offer multiple advantages over conventional PCR technique such as high
sensitivity, rapid response, shorter TAT, and better affordability. The IA-based tech-
niques reported so far for AMR diagnosis include loop-mediated isothermal ampli-
fication (LAMP), helicase-dependent amplification (HDA), rolling circle
amplification (RCA), recombinase polymerase amplification (RPA), and multiple
cross displacement amplification (MCDA).

The LAMP technique uses six primers to amplify a single target and forms mul-
tiple amplicons of different sizes. It can be performed in a heating block in less than
40 min, and the results can be interpreted with the naked eye by visualizing the
turbidity. Although the LAMP technique has a complex primer design, they offer
greater specificity than other PCR techniques (Kaprou et al. 2021). However, the
difficulty in deploying multiplexity and high false-positive rates with real biological
samples are some of the limitations that need to be addressed.

The HDA technique uses DNA helicase and polymerase together to unwind the
double-stranded DNA and amplification, respectively. Like PCR techniques, the
HDA uses two primers and forms a single amplicon, which can be determined using
fluorescent probes when performed in a real-time PCR machine (Barreda-Garcia
etal. 2018). This technique is known for detection of MRSA directly from the blood
cultures and can be deployed for multiplex detection (Cao et al. 2013).

The RCA technique employs a circular DNA template and DNA/RNA poly-
merase to amplify short DNA/RNA primers. The amplicons can be determined by
gel electrophoresis or fluorescence-based detection similar to conventional PCR
techniques (Ali et al. 2014; Xu et al., 2020). Although this technique detects RGs
directly from the clinical specimens, longer TAT is the major limitation for its regu-
lar clinical application. To address this, Xu et al. (2020) developed a novel RCA and
CRISPR-Cas12a-integrated dual aptamer-based platform for the rapid and sensitive
detection of MRSA. The aptamers specific to a membrane protein shared by MRSA
and S. aureus and penicillin-binding protein (PBP2a) were deployed for the selec-
tive detection of MRSA directly from clinical blood specimens. Moreover, the
RCA- and CRISPR-Cas12a-assisted trans-cleavage enabled the aptamer-based pro-
tein recognition into quantifiable fluorescent signals with a linear detection range of
10°-10° CFU mL~" and an LOD (limit of detection) of 10> CFU mL~" with a 20 min
of response time.
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The RPA technique exhibits rapid amplification of the target sequence at rela-
tively low temperature (between 37 and 42 °C) and requires relatively simplified
instrumentation than that of conventional PCR. It employs DNA recombinase for
strand exchange at cognate sequences, single-stranded DNA binding proteins and a
DNA polymerase for amplification. The rapidity, portability and low cost, along
with the simplicity of operation, make RPA suitable for any global setting (Nelson
et al. 2019). One of the major limitations of this technique is that it cannot discrimi-
nate between live and dead bacteria, which may result in higher false-positive rates.

The MCDA is a unique technique that uses DNA polymerase and ten primers to
amplify the target sequence under isothermal conditions (60—65 °C). It is a simple,
rapid, highly specific technique that amplifies the DNA sequence with high effi-
ciency and sensitivity (Chen et al. 2019). While useful, its inability to perform mul-
tiplex analysis and detect RGs directly from clinical specimens limits the wider
application of this technique (Wang et al. 2015). To this end, Wang et al. (2018)
developed an advanced MCDA technique by combining it with lateral flow biosen-
sor for multiplex detection of both Staphylococcus aureus and its target RGs (mecA).
The technique showed 100% specificity for S. aureus with a detection limit of
100 fg DNA/reaction nuc and mecA genes in the pure culture and 10 CFU mL~! for
the bacterial cells from the blood samples. Additionally, the technique enabled
visual detection of target genes directly from the blood samples, thereby serving as
a PoC diagnostic platform.

Among all the IA techniques, the LAMP, RCA, and HDA offer an additional
advantage of eliminating the step of template denaturation (Kaprou et al. 2021;
Karami et al. 2011). Moreover, the higher simplicity, selectivity, reproducibility,
and lower costs of LAMP and RPA techniques provide them with an advantage of
application in resource-limited settings (Kaprou et al. 2021; Zou et al. 2020). More
recently, the integration of IA techniques with microfluidic devices and downstream
fluorescence capture allowed even more rapid and sensitive use of LAMP and RPA
for antimicrobial RG detection (Kalsi et al. 2019). However, the microfluidic inte-
grated LAMP still suffers from poor specificity and high false-positive rates (Zou
et al. 2020).

2.2.2.3 Automated Genotypic Methods

A broad range of commercial diagnostic tools are available for AMR detection in
routine healthcare clinical systems. These systems are suitable for routine clinical
application due to rapid response, high sensitivity and selectivity and ease of use to
analyse targets in real clinical samples. The Xpert® MTB/RIF (Cepheid, Inc., USA)
is an automated RT-PCR-based assay for the detection of M. tuberculosis and its
resistance to rifampicin (RIF) within a TAT of 2 h directly from the clinical sputum
specimens (Pooran et al. 2019). While rapid, the Xpert® MTB/RIF requires a con-
tinuous power supply, regular maintenance, annual calibration, higher costs, and
expertise for the module operation, which limits its application in resource-limited
settings. Despite these limitations, in 2011, the World Health Organization (WHO)
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endorsed this technique in countries with high tuberculosis (TB) burden (Qin
et al. 2015).

The GenoType MTBDRplus VER 2.0 (Hain Lifescience GmbH, Germany)
employs DNA strip technology to directly detect M. tuberculosis and its resistance
to RIF and isoniazid antibiotics, simultaneously from the pulmonary specimens
with a TAT of 5 h. Interestingly, the result can be visualized by comparing specific
bands on the DNA strip (Lanzas et al. 2016). Similar to GenoType MTBDRplus
VER 2.0, the GenoType MTBDRsl VER 2.0 (Hain Lifescience, GmbH) also detects
AMR of M. tuberculosis, however against clarithromycin, fluoroquinolones and tet-
racycline antibiotics (Gardee et al. 2017).

Gene Xpert® MRSA NxG (Cepheid) is an FDA-approved culture-independent
diagnostic technique that employs qRT-PCR for rapid detection of MRSA RGs
(spa, SCCmec and mecA) directly from the positive blood samples with a TAT of
1 h (Afshari et al. 2012). The test reported a 100% sensitivity and 99.4% specificity
for MRSA detection. Another similar technique is BD GeneOhm™ MRSA ACP
(BD Diagnostics, USA) which employs RT-PCR for MRSA detection directly from
the clinical specimens with a TAT of ~3 h (Grabsch et al. 2013).

VERIGENE® BC-GP and VERIGENE® BC-GN (Luminex, USA) are also
FDA-approved automated rapid sample-to-answer, hybridization-based techniques
for the detection of common Gram-negative and Gram-positive RGs (Poole et al.
2018). Unlike other PCR techniques, VERIGENE® does not require target gene
amplification and requires only ~5 min of hands-on time and ~2.5 h of run time.
Although precise and rapid, this platform requires Gram staining to select appropri-
ate assay and is not fully automated, which prevents its deployment for PoC testing.
FilmArray® BCID (BioFire Diagnostics, USA) is also an RT-PCR-based diagnostic
technique for the multiplex detection of different pathogenic bacteria and their RGs
directly from the positive blood samples (Salimnia et al. 2016). The main advantage
of FilmArray® BCID is that it performs NA extraction, multiplexed nested PCR,
and melt curve analysis within 1 h.

While these technological innovations are commendable, more work is required
to evaluate their true potential in clinical settings. Several other RG targeting plat-
forms, typically PCR-based, continue to emerge; it would be out of the scope of this
chapter to review all of these. More details on these platforms can be found in
Maugeri et al. (2019), Shin et al. (2019) and Vasala et al. (2020).

2.2.3 Sequencing-Based Approaches
2.2.3.1 Whole-Genome Sequencing

Advancements in sequencing techniques have led to the emergence of whole-
genome sequencing (WGS) for AMR diagnosis. The WGS enables the detection of
resistance against all known antimicrobials and genes conferring resistance to them.
It also investigates novel resistance mechanisms, transmission modes and molecular
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epidemiology of AMR pathogens (Boolchandani et al. 2019). Apart from AMR
detection, the WGS can also be used for determining the susceptibility profile of
fastidious, viable non-culturable bacteria (Haas et al. 2016). Although the WGS
predicts the AST of pathogens towards different antimicrobials, the accuracy com-
pared with the conventional phenotypic methods needs to be improved
(Shanmugakani et al. 2020).

While the WGS platforms are portable, require less laboratory space and can be
used for on-site sequencing; their high cost, complex methodology, longer analysis
time, and inability to determine MIC limit their application in routine AMR diagno-
sis (Kaprou et al. 2021; Oniciuc et al. 2018; van Belkum et al. 2020). The WGS-
based AMR detection is more complicated when there is altered expression of
intrinsic genes and the genetic variation leading to the AMR is unknown (Ellington
et al. 2017; van Belkum et al. 2020). Furthermore, the currently available AMR
databases only focus on the identification and characterization of protein-coding
RGs due to which other potential mechanisms responsible for AMR such as genomic
changes or de novo mutations in ribosomal RNA genes and regulatory elements get
ignored (Vasala et al. 2020). In addition to this, the current bioinformatic cleaning
system in WGS often omits the direct repeats and insertion in the plasmids, thereby
overpassing the plasmid-mediated AMR outbreaks and transfer (Ellington
et al. 2017).

2.2.3.2 Next-Generation Sequencing

Next-generation sequencing (NGS) is a rapid, ultra-high-throughput sequencing
technology that is used to determine the order of nucleotides in the entire genome
or targeted region of DNA/RNA. This developing technology complements tradi-
tional culture-based methods for clinical and surveillance applications and provides
opportunities for quick and sensitive detection of AMR in cultivable and non-
cultivable bacteria (Ajbani et al. 2015; Boolchandani et al. 2019). Contrary to phe-
notypic tests which provide an antimicrobial susceptibility profile, the NGS can
reveal not only the molecular basis of AMR but also characterize the novel resis-
tance mechanisms (Kaprou et al. 2021).

Pyrosequencing is one of the early successes for NGS owing to high reliability
and robustness towards detection of resistance-associated mutations in M. tubercu-
losis with 96—-100% sensitivity (Ajbani et al. 2015). In another study, a very high
sensitivity (83—100%) and specificity (73—100%) were observed for detecting resis-
tance in M. tuberculosis against RIF (rifampicin) and fluoroquinolones
(Govindaswamy et al. 2018).

Although NGS is a high-throughput and reliable technique, its high cost, com-
plex workflow, the requirement of expertise and enriched samples limit its applica-
tion in routine clinical testing. The possibility to inform clinical decisions based on
NGS information is still under evaluation (Ellington et al. 2017). Further detailed
information on sequencing-based AMR diagnostics can be found in published
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reviews (Boolchandani et al. 2019; Kaprou et al. 2021; Oniciuc et al. 2018; van
Belkum et al. 2020).

2.3 Nano-biosensors for Rapid Detection
of Antimicrobial Resistance

Biosensors are rising as sensitive, selective, and affordable analytical tools that
can detect and quantify target analytes (Pashazadeh et al. 2017). As shown in
Fig. 2.4, a typical biosensor consists of three elements: a biological receptor (e.g.,
nucleic acids, antibodies, enzymes or whole cells) which specifically recognizes
the target species; a transducer, which captures the response to a biological recog-
nition event and translates it into a quantifiable signal; and a signal processing and
display component (Rai and Jamil 2019). In recent years, various biosensors such
as mechanical, optical and electrochemical (EC) have been developed to monitor
AST. To do this, these biosensors monitor changes in microbial metabolism,
pathogen movement, and heat production against specific antimicrobials (Vasala
et al. 2020). Mechanical (bio)sensors analyse changes in the mechanical proper-
ties of the sensor in the presence and absence of antimicrobials (Reynoso et al.
2021). For instance, asynchronous magnetic bead rotation and microcalorimetry
can sense the changes in the rotational frequency and dynamic heat flow patterns
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against antimicrobials for estimating real-time antimicrobial susceptibility pro-
files (Reynoso et al. 2021; Sinn et al. 2011). Although these sensors are rapid and
sensitive, they have not yet provided convincing clinical demonstrations (Butini
et al. 2018; Vasala et al. 2020). The optical biosensors sense the changes in the
bacterial growth and metabolism and expression of proteins and enzymes against
specific antimicrobials. So far, colorimetry, fluorimetry and surface-enhanced
Raman scattering are the most popular optical biosensors reported for AST and
AMR diagnostics (Majdinasab et al. 2019; Reynoso et al. 2021). Each optical
method has its unique feature for biosensing applicability and performance,
which is determined by the type of recognition elements, sensor composition and
structure, measurement procedure used, and the type of specimen (Majdinasab
et al. 2019). The EC biosensors monitor the interaction between recognition ele-
ment and target bacteria or its components such as RGs, proteins or enzymes, to
generate a measurable EC signal which is used to determine the susceptibility
profile against specific antimicrobials (Simoska and Stevenson 2019; Zhou
et al. 2021).

Recently, the integration of nanotechnology in the aforementioned biosensor
platforms has led to efficient device integration, sensing unit fabrication, interfac-
ing, packaging and performance (Sharma et al. 2021). Nanoparticles (NPs) are
small particles ranging between 1 and 100 nm in size and can be classified into
different categories depending on their shape, size, or other properties. They
exhibit unique physico-chemical properties such as optical, mechanical, electrical
and thermal due to their nanoscale dimensions (Arshad et al. 2021; Ray et al.
2017). Owing to these properties, a variety of nanomaterials including metals,
metal oxides, carbon- based nanostructures, quantum dots, etc. have been incor-
porated in biosensor platforms (Majdinasab et al. 2019; Zhou et al. 2021). The
inherent properties of NPs, including but not limited to higher surface area, con-
trollable size and morphology, and ease of surface modification have endowed
nano-biosensor platforms with low cost, rapid TAT, excellent sensitivity and spec-
ificity for AST (Arshad et al. 2021; Yuan et al. 2018). More information on such
nano-biosensors has been compiled in Table 2.2.

2.3.1 Optical Nano-biosensors for the Rapid AMR/
AST Detection

2.3.1.1 Colorimetric Nano-biosensors

The colorimetric biosensor platforms enable ease of result interpretation by visual-
izing the change in colour with the naked eye or with simple instrumentation in the
case of quantitative analysis (Reynoso et al. 2021)). The unique surface plasmon
resonance (SPR), high catalytic activity, ease of surface modification, biocompati-
bility, and high molar extinction coefficient (1000 times higher than organic dyes)
of certain metal NPs (e.g. Ag and Au) have led to the development of various
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colorimetric nano-biosensors for rapid and sensitive detection of AMR (Gill et al.
2019; Majdinasab et al. 2019). A simple colorimetric AST nano-biosensor was
developed by Nath et al. (2008) to investigate the susceptibility profile of E. coli
against ampicillin. The principle behind the developed platform was based on the
inhibitory effect of ampicillin on bacterial growth and metabolism which led to
concanavalin A (ConA)-induced clustering of dextran-coated AuNPs (gold nanopar-
ticles). This led to a large red shift in the SPR band of the AuNPs resulting in visible
colour change. The developed platform could successfully determine the MIC and
AST profile for E. coli within an overall readout time of 3 h. While rapid, the inabil-
ity of the developed platform to monitor the SPR band shift in the turbid or opaque
media limited its application in direct clinical specimens. In view of this, a similar
platform with dextran-coated iron oxide NPs was developed for the AST of E. coli
and Shigella sonnei against ampicillin (Kaittanis et al. 2008). The inhibitory effect
of ampicillin on bacterial growth and carbohydrate metabolism appeared as a
change in the degree of ConA-induced clustering of dextran-coated NPs. This clus-
tering of NPs led to the change in the magnetic relaxation time which was used to
determine the MIC and AST within a TAT of 2.5 h. In addition to this, the author
reported that replacing dextran-coated iron oxide NPs with silica-coated iron oxide
NPs further reduced the response time by 40 min. Although these designs performed
AST within a short TAT, they failed to justify the resistance mechanisms and/or the
resistance-determining factors. More recently, a rapid, affordable and quick alterna-
tive to disk diffusion test involving AuNP-conjugated optical fibre biosensor was
developed (Fig. 2.5a) to establish the susceptibility profile of Pseudomonas aerugi-
nosa (cephalosporin-resistant bacteria) against third-generation cephalosporins
(Nag et al. 2020). The cephalosporin-mediated cell lysis decreased the localized
refractive index (RI) around the NPs, thereby decreasing the absorbance of the eva-
nescent wave of the optical fibre. Thus, the changes in the localized RI value led to
the determination of MIC of 10 pg mL~" within TAT of 2 h and a linear range (LR)
of 0.5-10 pg mL~!. Recently, Punjabi et al. (2020) developed a simple paper-based
PoC device by incorporating core-shell chitosan NPs layered with starch-iodine
complex to identify f-lactam-resistant bacteria. The hydrolysis of f-lactam rings by
B-lactamase breaks the starch-iodine complex causing a structural change in the
core-shell NPs, which appears in the form of visible colour change (blue to white).
The device exhibited high specificity and selectivity towards pB-lactam antibiotics
and resulted in an LOD of 10° CFU mL~! within TAT of 30 min.

Apart from establishing antimicrobial susceptibility profiles, nano-biosensors
have also been employed to detect resistance markers like RGs, proteins and
enzymes. In one such study, the peroxidase (POx) mimicking activity of AuNP was
investigated for the rapid detection of MRSA (Fan et al. 2020). The AuNP-loaded
GO was functionalized with resistance protein-specific aptamer for the selective
detection of PBP2a, which is a vital determinant of the broad-spectrum p-lactam
antibiotic resistance in MRSA strain. The developed biosensor could detect PBP2a
in 30 min with an LR of 20-300 nM and an LOD of 20 nM.

Owing to their spectacular optical properties, NPs have also found their applica-
tion in PCR-based AMR diagnostic platforms to obtain colorimetric output. For
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Fig. 2.5 Illustration of different nano-biosensors employed for AMR detection. (a) Colorimetric-
based detection of cephalosporin-resistant bacteria based on changes in the absorbance of the
evanescent wave of the optical fibre. (Adapted from Nag et al. (2020)). (b) PbP2a-specific aptamer-
based fluorescence detection technique for detection of MRSA. (Adapted from Qiao et al. (2018)).
() A square wave voltammetry-based immunosensor for the detection of MRSA. (Adapted from
Cihalova et al. (2016))

example, Chan et al. (2014) used AuNPs for colorimetric detection of PCR ampli-
cons of MRSA directly from the clinical specimen. To do this, the sensor probe was
designed by functionalizing AuNPs with S. aureus 23S rRNA- and mecA-specific
oligonucleotides. After completion of PCR reaction, the amplicons were hybridized
with the sensor probe, which caused a change in the SPR band of AuNPs. This
change in spectra was visualized in the form of visible colour change, that is, red to
blue. Although interesting, the high false-positive rate encountered during direct
specimen analysis is the major limitation that needs to be addressed before deploy-
ing it for commercialization. Similarly, the streptavidin-biotinylated probes conju-
gated with NPs were used to hybridize with the LAMP amplicons for MRSA
detection (Nawattanapaiboon et al. 2015). The changes in the SPR band of AuNPs,
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before and after hybridization with the target amplicons (mecA gene), were observed
with the visible colour change of the AuNPs. A multicomponent NA enzyme
(MNAzyme)-AuNP platform was designed to detect the mecA gene after RPA reac-
tion (Abdou Mohamed et al. 2021). After the IA, the amplicons were denatured and
blocked to prevent rehybridization. In the absence of the target gene, the linker
DNA remains intact with the MNAzyme strand, causing AuNPs to aggregate (blue
colour). However, in the presence of target gene, upon hybridization with the tar-
gets, specific MNAzyme breaks the linker DNA rendering AuNPs in monodispersed
states (reddish-pink colour). The platform showed 100% specificity and 86% sensi-
tivity for mecA gene detection with direct clinical application.

2.3.1.2 Fluorometric Nano-biosensors

The fluorometric biosensors are more sensitive (up to 1000 times higher) and offer
better LOD than colorimetric biosensors. Owing to the higher surface-to-volume
ratio, biocompatibility and ease of surface modification, NPs have been employed
for accelerating signal transduction, enhancing signal intensity and easy signal
read-outs in fluorescence-based assays (Yuan et al. 2018). For instance, Chan and
Chen (2012) developed a simple fluorescent sensing platform for sensitive and
selective detection of both non-MRSA and MRSA using human serum albumin
(HSA)-stabilized Au nanoclusters (AuNCs). The HSA-AuNCs showed special
affinity towards both non-MRSA and MRSA and produced reddish photolumines-
cence after 2 h of incubation. This platform offered a selective detection of non-
MRSA and MRSA in the mixture containing other AMR bacteria such as pan
drug-resistant Klebsiella baumannii and vancomycin-resistant Enterococcus faeca-
lis with an LOD of 10° CFU ml™".

The large molar extinction coefficient and tunable extinction spectra of some
NPs enabled their application for fluorescence quenching in various biosensor plat-
forms. A graphene oxide (GO)-based fluorescence sensing platform was developed
to detect MRSA by targeting its RGs (mecA gene) (Ning et al. 2016). In this assay,
an FAM (carboxy-fluorescein fluorophore)-labelled complementary probe was used
to obtain the fluorescent signal upon target hybridization. The platform enabled
target gene detection with an LR of 0.5-40 nmol L' and an LOD of 0.5 nmol L™".
However, the target gene isolation and amplification and fluorescence tagging limit
its application in resource-limited clinical laboratories.

The magnetic nanomaterials such as iron oxide NPs offered an additional advan-
tage of concentrating and separating the target RGs or DNA from untargeted NAs
that could significantly improve the sensitivity of nano-biosensors (Cihalova et al.
2017; Pramanik et al. 2017). For instance, Pramanik et al. (2017) developed a red/
blue fluorescent carbon dot (CD)-attached magnetic nano-biosensor for the selec-
tive identification of MRSA and multidrug-resistant Salmonella DT104. To do this,
the fluorescent NPs were conjugated with anti-Salmonella antibody or anti-MRSA
antibodies for the fluorescent imaging of the resistant pathogens directly from the
blood samples. Owing to broad absorption bands, long fluorescence time and large
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molar extinction coefficient, the quantum dot (QD) NPs have also been deployed as
alternatives to other fluorophores for biosensing application. Recently, Cihalova
et al. (2017) developed a multiplex fluorescence-based biosensor to detect MRSA
and Klebsiella pneumoniae by taking advantage of magnetic and fluorescent prop-
erties of the NPs with an LOD of 10> CFU mL~!. In this case, the target genes were
initially amplified and allowed to hybridize with magnetic NPs and cadmium tellu-
ride quantum dot (CdTeQD)-conjugated complementary probes forming a sand-
wich complex. The sandwich constructs were detected by measuring the fluorescent
intensity at 598 and 695 nm for MRSA and K. pneumoniae, respectively. The major
limitations of these platforms include complex primer design, longer TAT, and
higher costs limiting their application in resource-limited clinical settings. To
address these limitations, an aptamer-based fluorometric platform was developed by
Qiao et al. (2018) for the sensitive detection of PBP2a directly from infected clinical
plasma and spiked nasal swab samples (Fig. 2.5b). The assay has an overall testing
time of 2 h with the detection limit of 1.38 x 10* CFU mL~"! in spiked nasal swabs.
Although these fluorescence-based platforms are rapid and sensitive, further studies
should focus on the development of facile, rapid and PoC testing platforms by
deploying different NPs and molecular recognition elements (MREs) (antibodies,
aptamers and enzymes).

2.3.2 Electrochemical Nano-biosensors

The electrochemical (EC) biosensors exhibit tremendous potential in terms of sim-
ple instrumentation, high sensitivity, miniaturization and low cost. Reports suggest
that the incorporation of NPs in these biosensor platforms can potentially increase
their sensitivity and signal amplification to a great extent (Ma et al. 2015; Yang et al.
2017). In most cases, for the detection of AST/AMR, the biological targets bind
with the target antibody or to the complementary NA sequence, and the perturba-
tions in the current or voltage signals are measured. In one such report, an electro-
chemical impedance spectroscopy (EIS)-based nano-biosensor was developed by
incorporating a ZnO nanorod array decorated with vancomycin-functionalized sil-
ver NPs (AgNPs) for MRSA detection. The specific recognition of Gram-positive
bacteriaby vancomycin antibiotics has led to the selective detection of Staphylococcus
aureus with an LOD of 330 CFU mL™! (Yang et al. 2017). Similarly, a reduced
graphene oxide (rGO)-modified glassy carbon electrode (GCE) was developed for
the detection of MRSA-DNA by EIS (Wang et al. 2011). In this, the rGO was con-
jugated with target complementary ssDNA, and a difference in the electrode’s EIS
between prior and after target hybridizations was used to determine the target DNA
concentration with an LOD of 100 fM. Although this platform is ultrasensitive, it
requires additional (3-aminopropyl)triethoxysilane (APTES) coating on GCE to
increase the stability and target binding efficiency.

The square wave voltammetry (SWV) is also an EC-based technique that mea-
sures the change in the current flow with time by keeping constant electric potential
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at the reference electrode. The sensitive scanning even with nanomolar analyte con-
centration offers an additional advantage over the traditional cyclic voltammetry
(CV). Recently, a sandwich-type square wave voltammetric (SWV) sensor was
designed by conjugating magnetic NPs and AuNPs with immunoglobulin G (IgG)
and anti-MRSA antibodies, respectively (Cihalova et al. 2016). The IgG-magnetic
NPs conjugate specifically bind and separate the MRSA from unreacted compo-
nents, and the functionalized anti-MRSA-antibody-AuNPs conjugate form a sand-
wich with MRSA captured on magnetic NPs (Fig. 2.5¢). The sensor probes
selectively detected MRSA strain with an LOD of 2 x 10* CFU mL™" and showed
flexibility for other bacterial detections depending on the antibodies used.

Similar to SWYV, cyclic voltammetry (CV) is another EC-based technique that
measures the change in the current flow as a function of constant potential. The CV
measures the changes in the current flow as a result of target detection. Watanabe
et al. (2015) had developed a highly sensitive CV-based EC system for MRSA
detection. In this case, the two complementary sequences were conjugated with
both magnetic and AuNPs, respectively. After target hybridization, the ferrocene-
labelled AuNPs generate an electric signal proportional to the target DNA concen-
tration. The targeted DNA was detected with an LR of 10-166 pM and an LOD of
10 pM. Albeit these hybridization-based EC techniques offered high sensitive
detection of MRSA, they cannot determine the resistant determining factors such as
RGs, proteins or enzymes. In view of this, an ultrasensitive and specific differential
pulse voltammetric (DPV)-based EC biosensor was developed by Liu et al. (2014)
to detect the MRSA RGs (mecA). In this case, the working electrode was modified
with dual labelled AuNPs with capture probe and alkaline phosphatase to detect
mecA gene fragments from MRSA with an LR of 50-250 pM and TAT of 2 h.
Although the EC nano-biosensors have been observed to be more sensitive than
optical biosensors in the context of AST and AMR detection, future studies should
focus on the development of PoC AMR diagnostic platforms by exploring novel
nanomaterials and bioreceptors.

2.4 Challenges and Future Prospects

Several challenges are encountered in AST and AMR detection; however, the main
challenge is to obtain rapid (typically within minutes or hours rather than days as
observed in the case of standard phenotypic and genotypic methods) and reliable
results by employing cost-effective, user-friendly techniques. To this end, the devel-
opment of automated systems has certainly helped in reducing the TAT for AST
analysis and overcoming manual errors encountered in the conventional diagnostic
approaches. Despite this, their high cost and a typical requirement of pure colonies
isolated by an expert in a well-established CML setting limit their application in
resource-limited settings.

In the last few years, nano-biosensors have emerged as one of the most promis-
ing alternatives for rapid AMR/AST diagnosis owing to their remarkable features
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such as rapid TAT, high sensitivity (quantitative and qualitative), low cost, ease of
miniaturization, user-friendly application and portability. In addition to this, nano-
biosensors also offer high selectivity towards target analytes without requiring
exhaustive pretreatment steps, which is crucial for PoC testing application. Despite
their excellent potential and pressing demand in the market, most biosensors are
still in the early stages of development as they fail to meet the validation require-
ments. A key challenge impeding the validation process is the detection of a low
concentration of target analyte in the presence of a high concentration of interfering
molecules. To surmount this challenge, enrichment of colonies (where the initial
bacterial concentration in a blood specimen is around 1-100 CFU/mL) and amplifi-
cation steps have become a necessity in analysing AMR in real samples.

Evidence suggests that the integration of different technologies could aid in over-
coming the need for enrichment steps. For instance, incorporation of magnetic
beads or NP conjugated with MREs specific for target bacteria could help in its
preconcentration, thereby overcoming the interferences coming from non-target
biological entities (Cihalova et al. 2017; Pramanik et al. 2017). Moreover, integra-
tion of simplified NAA techniques such as LAMP and RPA, which require inexpen-
sive instrumentation and minimum sample pretreatment and allow miniaturization,
could further benefit nano-biosensors. Despite these merits, multiplexing approaches
are rather less explored for these IA techniques than that for PCR. Very recently,
clustered regularly interspaced short palindromic repeat (CRISPR)-based methods
have been reviewed for their potential of NA detection (Bonini et al. 2021). This
approach represents innovation in developing powerful tools for rapid, precise, sen-
sitive and selective detection of genes conferring AMR to microbes. Furthermore,
integration of microfluidics with biosensor platforms and transducer miniaturiza-
tion could aid in the deployment of robust, compact, multiplexed and user-friendly
systems, thereby increasing their acceptance by consumers and industrial collabora-
tors. As amazing as it sounds, miniaturization is not easily attainable and requires a
high level of standardization, as the specimens need to represent similar growth
states and culture density. Automation of dispensing reagents could help in over-
coming this issue to a great extent. Therefore, it would be imperative to focus on the
integration of current biosensing platforms into inexpensive, portable, fully auto-
mated devices to develop widely accepted PoC testing platforms.

In addition to this, consolidated efforts between interdisciplinary teams from
backgrounds in chemistry, biology, engineering, medicine and healthcare could
help in surmounting the challenges in scalable and reproducible nanomaterial syn-
thesis, sensor design and engineering, sensor stability and real biological sample
analyses. Despite the accumulation of numerous studies on the onset of pathogenic
infections, only limited reports have investigated quantitative, real-time analyses
using nano-biosensor platforms. Future studies should focus on integrating complex
biological samples along with laboratory standards to validate their robustness and
reproducibility.

Another major challenge impeding the application of nano-biosensors in AMR
diagnosis is pathogen IDn due to poor selectivity towards target bacteria.
Incorporation of chemo- and biomimetic recognition elements such as molecularly
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imprinted polymers, aptamers and peptides in the biosensor platform could not only
improve its selectivity but also enhance its stability. For instance, aptamers are con-
sidered an excellent alternative to antibodies for bacterial IDn due to their high
selectivity and stability, low production cost and ease of manufacturing.

In view of the growing global concern of AMR, the development of a better,
rapid and robust biosensor platform could certainly play a crucial role in keeping
the issue in check. This, in the future, undoubtedly requires the fabrication of more
efficient diagnostic platforms along with the development of adequate MREs to
enable precise IDn of pathogens, particularly in those settings where the nature of
the threat is rather not evident.

2.5 Concluding Remarks

The classical phenotypic AST based on disk diffusion and broth dilution are likely
to remain the core technologies in clinical diagnostics. While they are slow and
require pure colonies, these are currently highly effective techniques for AST and
MIC determination. It is likely that the molecular testing will eventually evolve
towards syndrome-oriented multiplexed detection of pathogens including genomic
AST; commercial competition will increase, prices per test will go down and in the
end, all tests will be of the ‘sample-in-result-out’ format.

The nucleic acid amplification-mediated detection of RGs will play an important
role in clinical microbiology laboratories and will continue to do so. The advance-
ment in molecular diagnostics has improved the result interpretation strategies from
agarose gel electrophoresis to real-time visualization, but still further improvements
of different facets are required to efficiently apply them for the PoC diagnosis of
AMR. The dipstick and line probes have been developed for PCR-based techniques
to implement them at the PoC level. However, these molecular techniques still need
improvement with multiplexing, ease of use and most obviously accuracy, precision
and speed.

However, the accuracy compared with the conventional phenotypic AST
approach needs to be improved. Also, these techniques require rigorous quality
assurance and quality control in addition to detailed clinical evaluation and health
economic studies. The nano-biosensors offered several advantages including simple
instrumentation, high sensitivity and low cost. However, these designs are still in the
developmental stage, and vigorous research should focus on sensor probe develop-
ment, miniaturization and automation for PoC AST/AMR diagnostics directly from
the clinical specimens.

Last but not the least, AST and AMR diagnostics have a large dependence on
regulatory approval due to their relevance for detection under clinical settings. The
regulatory approval processes are lengthy and often cost-restrictive for newly found
start-ups and innovation hubs. Thus, there has to be a clear commercial incentive to
develop biosensors and relevant technologies for AST and AMR diagnostics.
Natural events such as the recent emergence of COVID-19 have placed greater
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emphasis on improved molecular testing, and we have seen rapid development and
regulatory approval of relevant sensor technologies for strain-specific pathogen
detection. AMR and AST are definitely some of the biggest challenges currently
faced by the mankind, and we are hopeful that it is not too far in the distant future
that we will see a plethora of activities that will lead to regulatory-approved tech-
nologies for rapid detection of AMR and AST under clinical settings.
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Abstract Antimicrobial resistance (AMR) emergence has entangled the cure of
health-related diseases with the existing medicines. Though several potent and
novel antimicrobial agents have been identified in recent past, their safe and effec-
tive delivery is yet to be achieved fully. Nanotechnology has emerged as the con-
tinual and practical solution in the delivery of antimicrobial therapeutics using
nanotechnology-based drug carriers (nanocarriers) and signifies the correlation
between biological and physical sciences, by employing it in the variety of branches
like nanomedicines and nanomaterial-based drug delivery approaches. Owing to
their tiny size and large surface area, nanocarrier is the hotspot in the nanotechnol-
ogy world. In the recent reports, biocompatibility, cost-effectiveness, controlled
drug release, deep penetration, target specificity and sustainability of nanocarriers
have revealed their ideal role in the drug delivery system. In this chapter, we discuss
about the various nanomaterials and antimicrobial agents employed in the delivery
of antimicrobials such as metals, peptides, drugs and plant resources to target drug
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determinants such as efflux pumps, cell membrane permeability, biofilms and quo-
rum sensing in the drug-resistant bacteria with their applications in the clinical trials.

Keywords Antimicrobial resistance - Nanocarriers - Antimicrobial agents -
Biosafety - Efficacy

3.1 Introduction

Since earlier civilizations, natural products have been widely employed as potent
therapeutics against numerous ailments. Based on historical learning, modern medi-
cations are thus mostly developed from medicinal plant resources (Veeresham
2012). Natural substances exhibiting various molecular backgrounds provide a
starting point for the development of new medications. Various approaches such as
natural product-based drug development and drug delivery have been developed to
cure enormous diseases caused by drug-resistant bacteria (Atanasov et al. 2021).
However, incompatibility issues, availability restrictions and tedious purification
techniques (Siddiqui et al. 2014) somewhat restrict their full potential therapeutic
usages, and thus newer technologies are required to address these and other issues
forthe development of efficientdrug/antimicrobial delivery systems. Nanotechnology
has been demonstrated to bridge the gap between the physical and the biological
sciences by employing nanomaterials in a variety of sectors, including nanomedi-
cines and nanomaterial-based drug delivery approaches (Patra et al. 2018).
Employing nanocarriers as an effective drug delivery system has lately gotten a lot
of press because of their capacity to identify and cure diseases caused by drug-
resistant bacteria (Yeh et al. 2020).

Antimicrobial resistance (AMR) or antibiotic resistance (ABR) is a condition
where microbes or bacteria show resistance against commonly used antimicrobial
drugs, especially antibiotics. The AMR has become a major public health threat
making it challenging to cure health-related diseases with existing medicines (Lee
et al. 2019b). The World Health Organization (WHO) has recognized AMR and
multidrug-resistant (MDR) bacteria as major global public health threats human-
ity is facing (WHO 2021) owing to their colonizing abilities both domestically and
globally (Hall et al. 2020), though there are several successful attempts of identify-
ing potent and novel antimicrobial agents in recent years. However, effective and
safe delivery of potent antimicrobial agents has emerged a major hurdle. The use of
nanomaterial- and nanotechnology-based drug carriers (nanocarriers) that can carry
nano- or other antimicrobial therapeutics is emerging as a sustainable and practical
solution (Krishnamoorthi et al. 2021). These approaches use nanoscale materials for
the delivery of antimicrobials including natural products to their target tissues (Yeh
et al. 2020). Various antimicrobial agents including metals, peptides, drugs and
plant resources possessing different inhibitory mechanisms have been owned in
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nanocarriers. Nanocarriers or nanomaterial-based antimicrobial systems in MDR
microorganisms have been shown to inhibit various drug resistance determinants
such as efflux pumps (EPs), cell membrane, biofilms and quorum sensing (Baptista
et al. 2018) showing their potential clinical applications.

In this chapter, we discuss the nanomaterials emerging as a nanocarrier for deliv-
ering wide-ranging antimicrobial agents. We describe the various types of nanoma-
terials and antimicrobial agents with their inhibitory mechanisms that act as the
major components in the delivery of antimicrobials such as drugs, metals, peptides
and plant resources. Further, we highlight the delivery of antimicrobial agents via
nanomaterials to target the major bacterial drug resistance determinants (cell mem-
brane, EPs, quorum sensing, biofilm formation). The potential applications of nano-
carriers in clinical trials have been also discussed herein.

3.2 Nanocarriers as Emerging Drug Delivery Systems

The significance of nanocarriers as drug delivery systems was discovered around a
century ago for the delivery of therapeutic drugs and other natural agents to the site
of microbial infections (Patra et al. 2018). Nanocarriers are defined as the nanopar-
ticles that can be employed to carry antimicrobial agents or other chemical agents to
the target location for their effective treatment of infections caused by the patho-
genic microbes including drug-resistant bacteria (Chamundeeswari et al. 2019).
Nanocarriers mainly consist of many small-sized nanoparticles (1-100 nm range)
such as nanomaterials, dendrimers, lipid-based nanoparticles and liposomes that
effectively transport the antimicrobial agents to the target tissue (Lombardo et al.
2019). The property of enhanced stability, improved drug serum solubility, pharma-
cokinetics, sustainability, longer systemic circulation duration and reduced toxicity
make them excellent choice as drug delivery systems (Zhang et al. 2010). Further,
deep penetration abilities of nanomaterials into the host cells, controlled drug
release and endocytosis for treating drug-resistant pathogens make them ideal drug
carriers with their potential clinical applications against wide range of infectious
diseases (Fatima et al. 2021). To enhance the pharmacokinetics and therapeutic
effects of drugs, antimicrobial agents are loaded into nanomaterials via adsorption,
chemical conjugation and physical encapsulation (Patra et al. 2018).

Nanocarriers are designed in a wide range of materials with different chemical
compositions to transport diverse bioactive compounds in a regulated, systemic and
targeted manner, making them highly effective drug delivery agents (Manju and
Sreenivasan 2010). Various nanomaterials such as metal, non-metals, semiconduc-
tors, quantum dots, dendrimers, biopolymers and organic and inorganic nanomate-
rials have been successfully used as nanocarriers in medical applications.
Interestingly, the organic nanomaterials including liposomes, ferritin and micelles
have been reported to enhance the drug bioavailability and thus improved antimi-
crobial activity (Yetisgin et al. 2020). Besides, other metallic and non-metallic
nanomaterials combined with drugs and other antimicrobial agents have also been
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widely used for the drug delivery applications (Mba and Nweze 2021). Recently,
nanostructured lipid-based carriers (NLCs) have emerged as novel drug delivery
systems for the delivery of chemotherapeutic agents because of their excellent phys-
ical stability, good drug-loading capacity and biocompatibility (Haider et al. 2020).
The development of amoxicillin- and clarithromycin-loaded magnetic nanostruc-
ture lipid-based carriers (AMO-CLR-Fe;0,@NLCs) with enhanced and prolonged
drug delivery with 3.13 pg/mL minimum inhibitory concentration (MIC) value
against Staphylococcus aureus, Bacillus subtilis and Bordetella pertussis resulted in
deterioration of bacterial cell morphology and ultimately led to cell death (Sharaf
et al. 2021). Nano-drug carriers are also being explored in diagnosis and treatment
of brain infections (Barani et al. 2021). Streptococcus pneumoniae, Staphylococcus
aureus, Neisseria meningitidis, Haemophilus influenza and Listeria monocytogenes
are found to invade the brain causing bacterial infections in the endothelial barrier
and inflammation in meninges called meningitis (Al-Obaidi and Desa 2018). The
intranasal route for delivering the drugs to the brain for overcoming the blood-brain
barrier and central nervous system (CNS) is considered the most viable method. The
nanocarriers for drug delivery are transferred to the brain via receptor-mediated
transcytosis (Sharma et al. 2021). In vivo and in vitro studies on levofloxacin-/
doxycycline-loaded solid lipid nanoparticles against bacterial meningitis (Abdel
Hady et al. 2020), gentamicin-loaded polymeric nanoparticles against Pseudomonas
aeruginosa (Abdelghany et al. 2012), ansamycin-loaded polymeric nanomaterials
(Nair et al. 2020b) and ofloxacin-loaded nano-transfersomes against bacterial men-
ingitis (Eid et al. 2019), recombinant protein OmpAVac-loaded chitosan-modified
poly(lactic-co-glycolic acid) (PLGA) nanoparticles against E. coli K1 in neonatal
meningitis-infected mice (Zhang et al. 2021) and bacitracin A and brain-targeting
peptide (BTP)-loaded polymeric nanoparticles against Pneumococcal meningitis
(Hong et al. 2018) have been investigated as drug delivery systems for their biocom-
patibility, controlled drug release and longer systemic circulation duration for treat-
ing brain bacterial infections.

Considering the phototoxicity and low tissue penetration, light-responsive nano-
materials are emerging with potential drug design and light-triggered controlled
drug delivery systems mostly useful in photothermal therapy (PTT) and photody-
namic therapy (PDT) (Zhao et al. 2019; Tang and Wang 2021). Liu et al. (2021a)
developed rough carbon-iron oxide nanohybrids (RCF) for near-infrared (NIR) syn-
ergistic antibacterial therapy, resulting in increased RCF bacterial adhesion and
PTT in methicillin-resistant Staphylococcus aureus (MRSA), proposing a facile
strategy to construct antibacterial agents for designing drugs and medical applica-
tions. Further in vivo studies in MRSA rat wound models showed enhanced syner-
gistic antibacterial effects revealing their potential role in treating drug-resistant
bacterial infections (Liu et al. 2021b). Wang et al. (2018) developed Staphylococcus
aureus-pre-treated macrophage-membrane-coated gold nanocage (Sa-M-GSNC)
drug delivery system, where macrophage membrane receptors were used to achieve
specific bacterial-targeted delivery under near-infrared (NIR) laser irradiation in
infected mice, and this resulted in better bacterial adherence, effective delivery and
retaining in infection site with prolonged blood circulation and system
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biocompatibility. Other than light-responsive nanomaterials, some of the alternative
strategies such as pH-responsive nanomaterials, enzyme-responsive nanomaterials
and redox-responsive nanomaterials are also used as drug delivery systems
(Devnarain et al. 2021). Hassan et al. (2020) developed novel chitosan-based pH-
responsive lipid polymer hybrid nanovesicles (OLA-LPHVs) as a vancomycin
delivery system against MRSA biofilms leading to the easy release of vancomycin
at pH 6.0 and inhibition of biofilms via damaging bacterial cell membrane and
showing their potentials in treating bacterial infections. Enzyme-responsive nano-
gels developed from alginate/peptide ciprofloxacin conjugates with enhanced sta-
bility in dispersion and aqueous environment resulted in enzyme-triggered release
of ciprofloxacin by degrading the peptide linkers against S. aureus (Bourgat et al.
2021). Similarly, Salamatipour et al. (2019) synthesized light-reduction-/oxidation-
responsive alginate nano-hydrogels loaded with the folic acid drug by reverse
emulsification-diffusion method and improved water retention capacity (WRC)
under UV light that resulted in antibacterial activity against S. aureus and E. coli.

3.3 Types of Nanocarriers

3.3.1 Metal-Based

Metal nanoparticles usually have non-specific broad-spectrum bacterial toxicity
mechanisms where they bind to outer membrane receptors (Yuan et al. 2018) that
enhance their potencies. Metal-based nanoparticles have shown their efficacy in
both Gram-positive and Gram-negative bacteria with multiple biomolecule target
involved in the development of resistant strains (Slavin et al. 2017).

3.3.1.1 Silver Nanoparticles (AgNPs)

Chemical methods in the production of AgNPs include three components: a metal
precursor, a reducing agent and a stabilizing agent (Singh et al. 2015). Appropriate
size, shape and polydispersity of AgNPs can be achieved by monitoring experimen-
tal parameters such as precursors used in the reaction, reducing agents, reagent
concentration, pH and temperature in the nucleation step during the synthesis pro-
cess (Solomon et al. 2007; Dakal et al. 2016; Kumar et al. 2018b). Stabilization
being the critical stage, chitosan, amine derivatives, thiols and gluconic acid have
been recently used as stabilizers with polymeric compounds proven advantageous
(Solomon et al. 2007). Beta-D glucose as the reducing agent has emerged as with
special interest of researchers for the reduction of AgNO; and green synthesis giv-
ing AgNO; up to 10 nm mean size (Kumar et al. 2018b). Pal et al. (2019) studied
antimicrobial peptide (AMP)-AgNP against MDR bacteria strains (Klebsiella pneu-
monia, Pseudomonas aeruginosa and Salmonella typhi) using combinations of AY 1
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(CAY1-AgNP and AY1C-AgNP) showing increased stability and antimicrobial
activity. Recent investigations on tragacanth gum, N-isopropyl acrylamide and
2-(vinyloxy) ethanol-based stimuli-responsive silver nanocomposites (TGIAVE-Ag)
resulted in controlled release of 5-fluorouracil against MDR bacteria (Nagaraja
et al. 2021). Similarly, selective delivery of AgNP-responsive microparticles incor-
porated into dissolving microneedles against Staphylococcus aureus and
Pseudomonas aeruginosa biofilms resulted in controlled release of AgNPs and
eradication of biofilms with improved antibiofilm activities in ex vivo biofilm-
infected rat skin model (Permana et al. 2021).

3.3.1.2 Gold Nanoparticles (AuNPs)

Gold nanoparticles are colloidal particles consisting of gold as a core substance
with good biocompatible property. The synthetic versatility of these NPs allows
them to control particle solubility, stability and interaction with the environment.
Further, studies on gold nanospheres conjugated with gentamicin have shown great
activity against S. aureus than gentamicin alone (Ahangari et al. 2013). Reduction
of chloroauric acid followed by agglomeration in the presence of the stabilizing
agent is the basic synthesis process of all chemical, biological and physical path-
ways (Newman and Blanchard 2006). Pathogen-specific antibodies or photosensi-
tizing molecules for photothermal and PDT conjugated with AuNPs have also been
proven to promote antimicrobial activity (Savas et al. 2018; ElZorkany et al. 2019).
Flavonoid-coated AuNPs with enhanced antibacterial effects of chrysin, kaempferol
and quercetin against Gram-negative E. coli bacteria resulted in bacterial cell mem-
brane penetration and their ablation, hence making them good drug delivery candi-
dates (Alhadrami et al. 2021). Similar to this, Punica granatum extract delivering
chitosan-gold hybrid nanoparticles (CS-AuNPs) exhibited high synergistic effects
against MRSA (Hussein et al. 2021).

3.3.1.3 Ceramic Nanoparticles

Ceramic nanoparticles constitute oxides, carbides, phosphates and carbonates of
metals and metalloids such as calcium, titanium, silicon, etc. The favourable prop-
erty of heat resistance and chemical inertness makes them suitable for their wide
variety of applications in medicine where they are structured by heat and pressure
(comprising of solid core and a combination of metal/non-metal, at least two non-
metallic elemental solids, at least one metal and a non-metallic elemental solid or a
non-metal) (Wu and Zreiqat 2010). Depending upon architectural differences, they
are further categorized into ceramic nanoparticles, ceramic nano-scaffold and nano-
clay and are made up of ceramic compounds such as silica-titania and alumina
(Rawat et al. 2008). Nano-scaffolds are defined as a structure that allows interac-
tions of cells and extracellular matrices with microporosity (pore size >50 nm),
whereas nano-clay resembles thin layers having a thickness of few nanometres.
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These ceramic nanoparticles can be synthesized with microemulsion preparation,
hydrothermal synthesis, sol-gel process, aerogel method, pechini-citrate gel method
and low-temperature combustion (LCS) methods (Singh et al. 2016). In a recent
study on biphasic calcium phosphate (BCP), a biocompatible and non-immune-
responsive biphasic ceramic was used to synthesize silver-doped BCP/alginate
(AgBA) microcluster stating their inhibitory action on S. aureus and E. coli (Nie
et al. 2021). In one of the studies, the in vitro release profile of vancomycin-loaded
hydroxyapatite compared with the pure vancomycin-HCI with increased antibiotic-
loaded hydroxyapatite release rate and antibacterial activity (zone of inhibition
11.5 0.5 mm and 15 + 0.4 mm) in S. aureus and E. coli, respectively, when com-
pared to antibiotic alone (Ain et al. 2020). Similarly, zirconia nanoparticle green
synthesized using L. nobilis were found to be more effective against Gram-negative
pathogenic bacteria (Chau et al. 2021). Chauhan (2021) reviewed the distinctive
benefits of ceramic-based hybrid nanoparticle as a drug delivering system.

3.3.1.4 Silica Nanoparticles

Because of large surface area, ease of functionalization and biocompatibility, silica
nanoparticles are commonly used in drug delivery applications. The mesoporous
silica nanoparticles (MSN) are the porous variant that confers amenities and have
been recently demonstrated as a powerful drug delivery tool for combating bacterial
infections (Sen et al. 2018; Martinez-Carmona et al. 2018; Bernardos et al. 2019;
Selvarajan et al. 2020). Synthesis of silica nanoparticles is carried out by Stober’s
method (Stober et al. 1968) and the microdilution method. Modifications in Stober’s
process have been performed to suit user-specific requirements such as usage of
low-cost precursor (sodium silicate solution instead of tetraethyl orthosilicate)
(Zulfigar et al. 2016a, b). Another method, the microdilution, involves the formation
of oil-in-water (O/W) micelles and water-in-oil (W/O) reverse micelles (Arturo
Lopez-Quinteld 2003) stabilized using surfactants (twins or pluronics) acting as
nanoreactors to synthesize nanoparticles depending upon the nanoreactor volume
(Selvarajan et al. 2020). As peptides can be loaded using silica, Kwon and his team
used the tandem peptide cargo made of lactoferrin and a synthetic bacterial toxin p
[KLAKLAK], for treating Pseudomonas aeruginosa infection in lungs (Kwon et al.
2017). Stewart et al. (2018) reported a lower drug release rate for a longer period
compared to the initial burst release of the conventional drug formulation using co-
assembly of an antimicrobial drug (octenidine dihydrochloride, OCT) and silica
with the loading efficacy of 35%. Similarly, a nanoantibiotic system made of MSN
loaded with levofloxacin (LEVO) was designed with anti-biofilm activity against
S. aureus resulting in cell destruction (Pedraza et al. 2018). Further, effective pen-
etration of LEVO-loaded MSN grafted with poly(propyleneimine) dendrimer of
third generation (G3) in the cellular membrane of E. coli was reported with excel-
lent anti-biofilm activity (Gonzélez et al. 2018).
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3.3.2 Liposome-Based

Liposomes are composed of lipids. Due to their similar structure and composition
of the cell membrane, they are used for bacterial cell targeting that can carry both
hydrophobic and hydrophilic antimicrobials and thus offering a wider choice of
antimicrobial candidates to be loaded. Liposomes show fusogenicity property as
they have a phospholipid bilayer structure which upon fusion with antimicrobials is
directly available inside a bacterium. The most important factor of liposomes in
in vivo investigations is the diameter, so to avoid rejection of liposomes by the
reticuloendothelial system and allowing penetration through water channels in
infectious biofilms, they should preferentially have a diameter in the range of
100-200 nm (Ferreira et al. 2021). Realization of biofilm targeting from the blood
circulation, penetration and accumulation over the entire thickness of an infectious
biofilm, associated with deep killing in the biofilm, are some of the challenges in the
development of liposomal antimicrobial nanocarriers (Wang et al. 2020). Sanches
et al. (2021) demonstrated the potential use of rhamnolipid-based liposomes as
nanocarriers against E. coli and S. aureus with high haemolytic activity and negli-
gible cytotoxicity (highest concentration of 1.3 mmol L) to HepG2 cells.
Liposomes have also been identified as one of the major antimicrobial agent
(meropenem, PEG, triclosan, benzyl penicillin, zinc citrate) delivery systems for
treating bacterial biofilm-mediated infections (Wang 2021).

3.3.3 Quantum Dots (QDs)

The ultra-small size semiconductor nanocrystals, with the average size in the range of
1.5-10 nm, are defined as the quantum dots and are synthesized from group II-VI
elements in the periodic table depending on their conductive properties and high sur-
face to volume ratios. Due to their unique physical and chemical properties of QDs
such as high stability, exceptionally narrow range of emission and high quantum
yield, they are used in biosensors, real-tracking, multipolar labelling and imaging
(Jahangir et al. 2019; Wang et al. 2019). Polymer-functionalized QDs give QD a
promising feature with higher antibacterial activity. Based on structural dimensions
(spherical, pentagonal and hexagonal) and size, QDs can be tuned with the ligands
and polymer, and thus modified GQDs facilitate the attachment of GQDs to bacterial
membrane. For example, PEGylated GQDs exhibited 100% growth inhibition for
S. aureus and P. aeruginosa following 8 h of incubation (Habiba et al. 2015). Reports
on antibiotics conjugated with QDs (ceftriaxone conjugated to CdTe QDs) with
increased antibiotic efficiency have demonstrated the synergistic antimicrobial effect
against E. coli (Luo et al. 2011). Recently, gentamicin (GEN)-loaded mesoporous
silica nanoparticle sealed with acid-decomposable 3-mercaptopropionic acid capped-
ZnS QDs (MPA-ZnS QDs) resulted in controlled release of GEN drug against E. coli
(strain 0157:H7) and S. aureus (strain ATCC:25923) (Mandani et al. 2021).
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3.3.4 Biopolymeric Nanomaterials

Polymers derived from living organisms are said to be biopolymers and are made up
of several monomeric units forming macromolecular polymer structures with cova-
lent bonds. Rational selection of biopolymers is the most important challenge in
controlled drug delivery systems which necessitate a comprehensive understanding
of surface and bulk characteristics of biopolymers to achieve optimum therapeutic
efficacy. Chitosan (CS) is the most common linear polysaccharide derived from
naturally occurring chitin and is mainly extracted from crustacean shellfish and cer-
tain fungi. Chemically, it consists of N-acetylglucosamine and glucosamine joining
together with the beta-1-4 linkage, giving a positive charge under acidic pH (Kumar
2000; Rinaudo 2006). Chitosan is often chemically modified at amino or hydroxyl
groups to make them more effective and widen their medical applications (Rabea
et al. 2003; Verlee et al. 2017; Sahariah and Masson 2017). Antimicrobial chitosan
is prepared mainly via quaternarization and carboxylation to improve its solubility
and antimicrobial activity with the maintenance of its biodegradability and bio-
safety. Essential oils such as rosemary essential oil when nanoencapsulated on chi-
tosan/polyglutamic acid nanoparticles resulted in a significant increase of the
antibacterial activity against B. subtilis (Lee et al. 2019a). Bacterial cellulose com-
bined with ZnO-NPs was analysed for the healing property (Mihai et al. 2019).

3.3.5 Dendrimers

Dendrimers are synthetic polymers with a large number of exposed anionic, neutral
or cationic functionalities on the surfaces formed by the branched repeating units
that emerge from a focal point (Lyu et al. 2019). Carbon, nitrogen and phosphorus
as central atoms of dendrimer play an important role in determining the structure,
branches and cavities (Elsabahy and Wooley 2012; Kulthe et al. 2012; Fox et al.
2018). Further, the structural specificity of dendrimers allows attachment of com-
pounds and drug molecules to the outer surfaces of dendrimers with final inclusion
inside the cavities, which helps in encapsulation and conjugation (Pandurangan
et al. 2016; Kim et al. 2018).

Dendrimers can be used in combination with traditional drugs, besides their
structures can be formulated based on the pharmacodynamics and pharmacokinet-
ics of the drug (Authimoolam and Dziubla 2016). In an interesting study,
poly(amidoamine) (PAMAM) dendrimers conjugated with fluoroquinolones (nadi-
floxacin and prulifloxacin) showed enhanced antimicrobial activity and water solu-
bility (Kuwahara et al. 2005; Cheng et al. 2007). Further studies on nanodendrimers
conjugated with erythromycin significantly showed delivery of erythromycin with
four times lesser minimum inhibitory concentration (MBC) against P. aeruginosa,
2 times lower against S. aureus and 16 times lower against S. epidermis (Xue
et al. 2013).
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3.3.6 Photothermally Activated Nanomaterials (PANs)

PANS are the broad spectrum of nanoparticles that convert absorbed light into heat.
Resonance oscillation of the surface electron (surface plasmon) or energy of band
transition gives the thermal effect to the nanoparticles. These nanoparticles produce
thermal relaxation which leads to temperature increase, and their effect depends on
many factors such as irradiation intensity, wavelength, the concentration of nanopar-
ticles and photothermal conversion efficacy (Borzenkov et al. 2019). In a recent
study, a chitosan-based hydrogel with embedded gold nanorods under low-power
diode laser irradiation showed antimicrobial activity against both Gram-positive
and Gram-negative bacteria including MDR strains (Bermudez-Jiménez et al.
2019). Another study on the photothermal effect of phospholipid-coated gold
nanorods loaded into a poloxamer 407 hydrogel resulted delivery of poloxamer
407 in =4.5-5 log cycle reduction of P. aeruginosa biofilm (Al-Bakri and
Mahmoud 2019).

3.3.7 Carbon-Based Nanomaterials
3.3.7.1 Graphene-Based Nanomaterials

Graphene is the thinnest two-dimensional crystal sheet of single-layer sp? carbon
(Goenka et al. 2014). Graphene nanomaterials are comprised of graphene oxide
(GO), reduced graphene oxide, single layer, bi-layer graphene and multilayer gra-
phene. Graphene-based nanostructures have wide applications including antimicro-
bial coatings, cellular targeting, biosensor, wound dressings, etc. The antimicrobial
activity of GO increases after the reduction of sheet area. As GO is also a semicon-
ductor material, hence it can be utilized for catalytic disinfection once exposed to
UV-visible irradiation. Functionalization of GO with antibiotics, metallic com-
pounds, immunoglobulins, chemotherapeutics, metallic nano-compounds and other
organic/inorganic functionalities such as amine and carboxyl is comparatively easy
because of its chemically reactive oxygen groups (carboxylic acid, hydroxyl and
epoxy groups) (Sun et al. 2018a; Zarafu et al. 2018). Sharp edges of GO make it
capable of killing bacteria through direct contact interactions. This mechanism of
killing bacteria is called ‘trapping’ and ‘nanoknife’ mechanisms. DNA aptamer-
conjugated magnetic graphene oxide (Apt@MGO) for rapid eradication of MRSA
superbugs via generation of heat and cell death (~78%) under NIR laser irradiation
considering them as biocompatible and light-activated photothermal agent for effi-
cient ablation of MRSA (Ocsoy et al. 2021). Antibacterial activity of three-
dimensional porous self-assembled graphene-based composite and VA-laden
RGO-nHA composite scaffold (VA@RGO-nHA) against S. aureus with controlled
release of vancomycin was reported using the S. aureus-infected bone by Weng
et al. (2017).
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3.3.7.2 Carbon Nanotubes (CNTs)

The size and surface area of carbon nanotubes are inversely proportional to each
other which enhances the cell damage and subsequent cell death (Wang et al. 2016;
Costa et al. 2020). Functionalization and modification help CNTs to improve their
biocompatibility and dispersibility and to optimize their antimicrobial property
(Rebelo et al. 2016). Enhanced antimicrobial activity of multiwall layer CNTs
(MWCNTs) has been observed when functionalized with amino acids such as lysine
and arginine. Antimicrobial activity of antibiotic ciprofloxacin can also be improved
when coated with the single-wall CNTs (SW-CNTs) resulting in increased bacteri-
cidal activities against S. aureus and P. aeruginosa by 16-fold and E. coli by 8-fold,
compared to ciprofloxacin alone (Assali et al. 2017).

3.3.7.3 Fullerenes

Fullerenes are ball-shaped molecules, C60 being the most common fullerene.
Amphiphilic fullerenes are widely used as drug nanocarriers because of their bio-
compatibility and cage-like structure (Tan et al. 2017). Fullerene has also being
used in PDT to treat drug-resistant bacteria, for instance, against P. aeruginosa in
the form of its derivatives like fulleropyrrolidinium salts and sulfobutyl fullerene
(Hamblin 2016). Photochemical activity and antimicrobial activity of fullerenes as
drug carriers upon exposure to light via ROS have been studied in Gram-positive
bacteria such as Streptococcus pyogenes (Kazemzadeh and Mozafari 2019).

3.3.7.4 Carbon-Based Nanodots

Carbon nanomaterials, such as graphene quantum dots and carbon nanodots with
zero-dimensional, are celled as carbon-based nanodots (Manisha et al. 2019).
Carbon quantum dots are electrically conductive materials and hence can be used
with various antimicrobial materials (Miao et al. 2015). Carbon nanodots synthe-
sized via top-down or bottom-up approaches with a diameter <10 nm have been
investigated for loading ciprofloxacin hydrochloride for their antimicrobial activity.
These ciprofloxacin hydrochloride-loaded carbon nanodots exhibited enhanced
antimicrobial activity against both Gram-positive and Gram-negative bacteria
(Thakur et al. 2014). Recent reports on enhanced antimicrobial activity of CDs via
green synthesis medicinal turmeric leaves (Curcuma longa) against Staphylococcus
aureus, Staphylococcus epidermidis, Escherichia coli and Klebsiella pneumoniae
resulted in effective delivery of phytochemicals and reactive oxygen species (ROS)
production leading to cell death (Nair et al. 2020a; Saravanan et al. 2021).
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3.3.7.5 Carbon Nitride Nanomaterials

Graphite C3N, (g-C;N,) is a metal-free photocatalyst. A study on strong mesoporous
2-C;N, which were manufactured with the cyanimide as raw material and silica as
a template showed good inactivation of E. coli under visible irradiation (Huang
etal. 2014). Modification of graphite ‘carbonitrides’ with other antimicrobial agents
such as aerobic conditions (caused by photocatalytic oxidative inactivation) and
under anaerobic circumstances (caused by photocatalytic reductive inactivation),
co-rapping of g-C3N4 and reduced graphene oxide sheets have been reported to
destroy bacteria (Wang et al. 2013). Graphitized carbonitride (g-C3N4) nanosheets
with embedded AgNPs improved the generation of photoelectrons and thus proved
to be effective antibacterial agents (Bing et al. 2015).

3.4 Antimicrobial Agents and Their Inhibitory Mechanisms

Antimicrobial agents destroy bacteria by interfering with their bacterial growth/
survival/reproduction mechanisms. Various antimicrobial agents such as antibiot-
ics/drugs, AMPs, phytochemicals and metal-based nanomaterials are used as or in
delivery systems to treat microbial infections (Patra et al. 2018). These antimicro-
bial agents show specific inhibition mechanisms against bacteria as illustrated in
Fig. 3.1 and Table 3.1.

3.4.1 Antibiotics

Antibiotics represent the most common antimicrobial agents that exert their effects
by targeting major bacterial mechanisms such as cell wall synthesis, DNA synthe-
sis, protein synthesis, DNA damage and mRNA synthesis and can be classified into
various groups based on the mode of action (bacteriostatic or bactericidal) and their
origin, route of administration, range of action (broad-spectrum or narrow-spectrum)
and chemical structure (Table 3.2). f-Lactam antibiotics are the bactericidal agents
that contain f-lactam ring in their molecular structures and interrupt bacterial cell
wall formation by binding covalently to penicillin-binding protein (PBP) enzyme
involving the terminal step of peptidoglycan cross-linking in both Gram-positive
and Gram-negative bacteria (Bush and Bradford 2016) and include penicillins,
cephalosporins, carbapenems and monobactams. Penicillins further can be broadly
classified into four different groups: natural penicillins, aminopenicillins, extended-
spectrum penicillins and penicillinase stable penicillins. Cephalosporins like peni-
cillins are p-lactam antibiotics developed from cephalosporin C (a natural product
of Cephalosporium acremonium). Successive modification of cephem ring structure
has led to the ‘generations’ of cephalosporin to be divided into first, second, third,
fourth and fifth generations. Carbapenems are derivatives of thienamycin from
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Fig. 3.1 Major mechanism of action displayed by antibiotics, AMPs, phytochemicals and metals

Streptomyces cattleya and differ from penicillins with replacement of sulphur by
methylene group in a five-membered ring of P-lactams, further represented by
meropenem, doripenem, ertapenem and imipenem. Monobactam is characterized
by a non-fused p-lactam nucleus that differs from penicillins, cephalosporins and
carbapenems including Aztreonam (Paris 2012). Aminoglycoside antibiotics are
bactericidal agents structurally characterized by the presence of amino sugars
attached to an aminocyclitol ring by glycosidic bond (Dasenaki and Thomaidis
2017) that include neomycin, amikacin, kanamycin, gentamicin and tobramycin
(Shriram et al. 2018). Aminoglycosides inhibit protein synthesis in bacteria by irre-
versibly binding to the 30S ribosomal subunit, preventing the transfer of aminoacyl-
tRNA to the peptidyl site, causing premature termination of the peptide chain and
also increasing the frequency of mRNA misreading (Waller and Sampson 2018).
Tetracyclines are usually considered as bacteriostatic antibiotics characterized
chemically by a linear fused tetracyclic nucleus that inhibits bacterial protein syn-
thesis by binding to 16S rRNA of 30S bacterial ribosomal subunit, arresting transla-
tion by interfering with the docking of incoming aminoacyl-transfer RNA (tRNA)
at the acceptor site (A site) (Grossman 2016; Markley and Wencewicz 2018).
Tetracycline antibiotics are broad spectrum in activity, spanning a wide range of
Gram-positive and Gram-negative bacteria, obligate intracellular bacteria, proto-
zoan parasites, chlamydia, mycoplasma, rickettsia and spirochetes and are repre-
sented by tetracycline, minocycline, demeclocycline and doxycycline.
Streptogramins (pristinamycin, mikamycin, virginiamycin and quinupristin-
dalfopristin) are composed of two structurally different components, A and B. A
component (pristinamycin ITA, mikamycin A or dalfopristin, virginiamycin M) is
polyunsaturated macrolactones, and B component (pristinamycin IB, mikamycin B
or quinupristin, virginiamycin S) is a cyclic hexadepsipeptide (Schwarz et al. 2016).
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Component A interferes with polypeptide elongation by preventing binding of
aminoacyl-tRNA to ribosome whereas component B destabilizes the peptidyl-tRNA
resulting in enhanced bactericidal activity (Lee 2006).

Macrolides are a different group of compounds that has a lactone ring (14-16
atoms) bonded to one or more deoxy sugar and classified according to the number
of carbon atoms in the lactone ring; 14 membered includes erythromycin, roxithro-
mycin, troleandomycin, clarithromycin and dirithromycin, whereas 15 membered
includes azithromycin and 16 membered includes spiramycin, josamycin, mideca-
mycin and spiramycin (Kuruvilla 2018). Macrolide antibiotics inhibit protein syn-
thesis by targeting bacterial ribosomes, further binding at nascent peptide exit tunnel
and partially occluding it. Thus macrolides are viewed as ‘tunnel plugs’ that stop
protein synthesis (Vazquez-Laslop and Mankin 2018). Another class of antimicro-
bial agents, the lincosamides, are derived from Streptomyces spp. Lincosamide
structure consists of three components: an amino acid (L-proline substituted by a
4’-alkyl chain), a sugar (lincosamide) and an amide bond connecting these two moi-
eties (Kwon 2017). Lincosamides inhibit protein synthesis by binding to 50S sub-
unit at a site that overlaps both P and A sites on the bacterial ribosome, preventing
charged tRNA docking and their movement through the peptidyl transferase centre
(Sauberan and Bradley 2018). Lincomycin, clindamycin and pirlimycin are three
antibiotics present in the lincosamide group.

Besides macrolides, antibiotics and lincosamides, the quinolones are another
family of synthetic antimicrobial drugs that have been reported to be effective
against various bacterial infections. The first quinolone reported, nalidixic acid, was
introduced in 1964, and its further chemical manipulation and advancements
resulted in the development of fluorinated quinolones (fluoroquinolones) that
includes danofloxacin, difloxacin, marbofloxacin, orbifloxacin, enrofloxacin, cipro-
floxacin, moxifloxacin and levofloxacin. The major mechanism involved in the inhi-
bition of topoisomerase II (DNA gyrase and topoisomerase IV), regulates
under-winding and over-winding of DNA. The binding of quinolones to enzyme-
DNA complex results in the conformational changes of enzyme further inhibiting
relegation of broken DNA strands leading to the bactericidal effect. Besides quino-
lones, sulfonamides are one of the oldest groups of antibacterial agents introduced
into medical practice even before the discovery of penicillin and have broad-
spectrum use concerning both Gram-negative and Gram-positive microorganisms.
Sulfonamide drugs are the structural analogs of para-aminobenzoic acid (PABA),
an essential component in the folic acid pathway. Sulfonamides inhibit the bacterial
dihydropteroate synthetase (DPS) enzyme of the folic acid pathway, blocking bacte-
rial nucleic acid synthesis. Sulfonamides also contribute in preventing the conver-
sion of PABA to dihydrofolic acid by substituting competitively for
PABA. Combinations with trimethoprim have also shown an excellent bactericidal
effect. Trimethoprim inhibits dihydrofolic acid reductase thereby preventing the
subsequent conversion of dihydrofolic acid to tetrahydrofolic acid thus blocking
two successive steps in the folic acid pathway and exhibiting enhanced bactericidal
effect (Ahern and Richardson 2012). Metronidazole and tinidazole are the main
representatives of nitroimidazoles. Metronidazole is active against some anaerobic
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bacteria (e.g. Clostridium difficile), protozoan infections and microaerophilic bacte-
ria (Gardenia vaginalis and helicobacter pylori). Metronidazole first diffuses across
the membrane and then gets reduced by intracellular protein under anaerobic condi-
tions, hence exerting its effect through cytotoxic intermediate and free radical’s
formation that provoke DNA damage (Bury-Moné 2014).

Apart from the wide-spectrum activity and fast-action advantages of antibiotics,
they face some disadvantages such as side effects, hypersensitivity, drug interaction
and toxicity and negative effect on commensal microflora (Weledji et al. 2017). In
addition to injudicious usage of conventional and commonly available antibiotics in
human health, veterinary agriculture further adds to the evolution, persistence and
spread of AMR with emergence of new drug-resistant bacterial strains at a frighten-
ing rate resulting in the inefficacy of existing drugs with very few or no solutions in
sight. Therefore, to successfully combat the escalating problem of AMR, novel and
effective antimicrobial agents are recommended such as phytochemicals, metal,
metal-based complexes, metallic nanoparticles and AMPs.

3.4.2 Antimicrobial Peptides (AMPs)

AMPs are broadly defined as ‘naturally occurring polypeptide sequences of 12—15
residues comprising cationic and hydrophobic amino acid with direct antibacterial
activity’ (Li et al. 2021). AMPs are produced by all organisms ranging from bacte-
ria, plants, invertebrates and vertebrates and have a wide range of inhibitory effects
against fungi, bacteria, viruses and parasites (Kumar et al. 2018a). AMPs have sev-
eral advantages over conventional antibiotics showing the multifunctional mecha-
nism of antibacterial action altering cell membrane and also attacking specific
targets that take part in the development of different intracellular processes such as
bacterial cell wall formation, transcription and translation that has antimicrobial
activity against multidrug-resistant pathogens (Ledn-Buitimea et al. 2020).

AMPs are found to be highly effective against Gram-negative bacteria which are
more challenging to treat than their Gram-positive counterparts because of the outer
membrane composition in the earlier that makes them impermeable to most of the
conventional antibiotic drugs. AMPs are often introduced in literature as a ‘promis-
ing alternative to antibiotics’ and ‘potential to address the growing problem of anti-
biotic resistance’ and ‘hold promise to be developed as novel antibiotics’ (Li et al.
2021) because of a non-specific mechanism involving membrane target, oxidative
damage, damage to intracellular molecules, potent microbicidal activity in the
micromolar range and rapid drug action increasing difficulty in resistance develop-
ment because of limited time for extensive mutation and growth (Koo and Seo
2019). In addition, AMPs are also known as host defence peptides (HDPs) as they
can also enhance immune response highlighting the clinical potential of AMPs to
stimulate innate immunity (Li et al. 2021). AMPs such as HPA3P (Helicobacter
pylori-derived AMP) loaded onto a gold nanoparticle-DNA aptamer (AuNP-Apt)
conjugate (AuNP-Apt-HPA3PYs) when utilized against Vibrio vulnificus resulted in
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HPA3P"s-induced bacterial cell death via disruption of membrane integrity and
100% survival rate in Vibrio vulnificus-infected mice resulting in complete inhibi-
tion of Vibrio vulnificus colonization, hence displaying effective drug delivery of
AMPs (Lee et al. 2017).

AMPs are commonly known for non-receptor-mediated membrane-lytic bacteri-
cidal activity. Membrane-targeting mechanisms of AMPs can be described through
pole and carpet models, barrel-stave models and toroidal pore models (Fig. 3.2). In
the toroidal-pore model, the initial binding of the peptide to the membrane is fol-
lowed by cascade aggregation of incoming monomer units, causing the lipid moi-
eties of inner and outer membranes to fold inward, forming continuous channels
lined by multiple peptide units and thus tightly associating lipid head groups of
membrane phospholipids with peptides. A typical example of this model includes
magainin 2, lacticin Q, arenicin and melittin (Huan et al. 2020). However, the barrel-
stave model differs from the toroidal pore model by the peptide monomers inserted
into the membrane arranged parallelly to phospholipid molecules of the membrane.
Besides membrane penetration and pore formation, AMPs have another mechanism
of action which includes inhibition of protein synthesis by affecting transcription,
translation, protein folding and assembly of newly synthesized proteins. For exam-
ple, PR-39, a proline, and arginine-rich AMP isolated from pigs’ small intestine
were found primarily to penetrate rapidly into E. coli outer membrane that led to
protein synthesis inhibition and degradation of the protein (Boman et al. 1993).
Following penetration, inhibition of nucleic acid biosynthesis occurs by affecting
the key enzymes of DNA synthesis or inducing degradation of the nucleic acid mol-
ecule. By inhibiting the DNA replication, DNA damage response (SOS response),
causing chromosomal separation failure blocking cell cycle, and inhibiting cell divi-
sion is the process of AMPs. Cruz et al. (2020) identified 40-amino acid residue
MciZ as an effective inhibitor of bacterial cell division, Z-ring formation and local-
ization. Histatin, eNAP-2 and indolicidin were also found to have strong protease
inhibition mechanisms (Huan et al. 2020). Similarly, investigations on NP-6 from
Sichuan pepper seeds showed inhibition of beta-galactosidase activity in E. coli
(Hou et al. 2019). These multifunctional mechanisms of antibacterial action thus
highlight the AMPs as a promising alternative to antibiotics.

3.4.3 Phytochemicals

Plants produce a wide array of phytochemicals that have been utilized for centuries
in ethnomedicine or folk medicines. Phytochemicals are compounds that occur
naturally in plants as secondary metabolites (Bai et al. 2011) and can be classified
into many major classes depending upon the chemical structure (alkaloids,
polyphenols(flavonoids and non-flavonoids), terpenoids, sulphur-containing phyto-
chemicals), biosynthetic pathways, biological pathways and botanical origins
(Gérniak et al. 2019; Belscak-Cvitanovi¢ et al. 2018). Two major sub-classes of
phenolic acid include hydroxybenzoic acid (e.g. gallic acid, vanillic acid,
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protocatechuic acid, salicylic acid, syringe) and hydroxycinnamic acid (e.g. chloro-
genic acid, coumaric acid, caffeic acid, ferulic acid curcumin, caftaric acid, cin-
namic acid) (Flamini and De Rosso 2018). Similar to phenolic acids, tannins are a
group of structurally complex polyphenols comprising condensed (proanthocyani-
dins) and hydrolyzable tannins that can form complexes with proteins by non-
specific interactions. Therefore, displaying antimicrobial activity may be associated
with their potential to denature microbial transport protein, adhesins and microbial
enzymes preventing microbial growth through deprivation of metal ions and sub-
strates (Gupta and Pandey 2019). Bacterial cells can be affected by phytochemicals
in several ways due to the greater diversity displayed by phytochemicals. The major
mechanism of phytochemicals action includes membrane permeabilization, cell
membrane disruption, EP inhibition, inhibition of biofilm formation and quorum
sensing, targeting resistant plasmid, inhibition of cell division and DNA and protein
synthesis (Table 3.1) (Navarro-Martinez et al. 2005; Gradisar et al. 2007; Domadia
et al. 2008; Wu et al. 2008; Boulet et al. 2018). For instance, studies have shown
enhanced bactericidal activity of thymol against S. aureus and E. coli by encapsulat-
ing thymol in hollow mesoporous silica sphere with cell membrane disruption as an
inhibitory mechanism of action, thus highlighting enhanced resistance reversal
potential antimicrobial agent when combined with nanocarriers (Liu et al. 2021a)
that could speed up the successful application of antimicrobial agents in clinical
settings.

Similarly, essential oils are known for their broad-spectrum antimicrobial poten-
tials mainly attributable to their abilities of targeting major determinants of drug
resistance, pathogenicity and spread, which include EPs, cell membrane, quorum
sensing, resistant plasmids and biofilms. Recent reports confirm that essential oils
show both direct killing (bactericidal) or re-sensitizing (or resistance-reversal)
potentials providing effective solutions for tackling AMR and the potential to reju-
venate or replace otherwise fading antibiotic arsenal (Yu et al. 2020). Recent years
have witnessed the use of nanomaterials as synergistic agents with essential oils as
well as their carriers. Montmorillonite nanosheet-based (MMT-based) drug nano-
platform involving antibacterial metal copper ions, quaternized chitosan (QCS) and
antibiotic  5-fluorocytosine (5-FC) [QCS/MMT/5-FCCu] strongly inhibited
S. aureus, E. coli and Candida albicans with high drug-loading capacity, excellent
wound healing and good biocompatibility in a mouse model infected with wound
demonstrating enhanced killing effect against both bacteria (Sun et al. 2019).
Similarly, cinnamaldehyde-loaded liposomes decorated with chitosan also showed
strong antibacterial efficacy against S. aureus by damaging cell membrane integrity,
causing cell death by leakage of intracellular components (Wang et al. 2021).
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3.4.4 Metals, Metal-Based Complexes
and Metallic Nanoparticles

Since ancient times, antimicrobial activities of metals such as silver (Ag), gold
(Au), copper (Cu) titanium (Ti), mercury (Hg) and tellurium (Te) consisting of dif-
ferent properties defining the spectrum of activity and potencies are known that are
used as antimicrobial agents because of their microbiocidal activity at extremely
low concentration. Previous reports on E. coli and S. aureus treated with AgNO;
resulted in losing their replication ability and protein inactivation resulting in strong
antibacterial activity of metals (Woo et al. 2008). The major mechanism of antibac-
terial action of metals includes production of ROS, impairing membrane function,
interfering with nutrient assimilation, inducing genotoxicity, protein dysfunction
and loss of enzyme activity (Lemire et al. 2013). For example, tellurite (TeO; 27)
toxicity in E. coli by treatment of K,TeO; in E. coli leads to superoxide formation
(Pérez et al. 2007). Similar results with loosening of cell walls, cytoplasmic aggre-
gation and cell wall rupture were observed when Erwinia carotovora subsp. atro-
septica was treated with aluminium chloride resulting in increased mortality
(Yaganza et al. 2004). Further, as there is a chemical similarity between iron (Fe)
and gallium (Ga), Ga can substitute Fe in a different biological system and inhibits
Fe-dependent processes, for example, inhibition of growth, biofilm formation and
death of P. aeruginosa by Ga-induced reduced uptake of Fe and reduced expression
of genes involved in Fe uptake suggesting the importance of Ga in interference of
nutrient assimilation. In addition, since Ga is FDA approved for intravenous (IV)
administration suggesting Ga as potentially promising therapeutics in the dearth of
new antibiotic development (Kaneko et al. 2007).

Treatment of E. coli (lacking copper homeotic system) with copper metal resulted
in rapid inactivation of isopropyl malate dehydratase (an iron-sulphur cluster
enzyme in the pathway of branched-chain amino acid synthesis) damaging essential
enzymes of biosynthetic pathways (Macomber and Imlay 2009). In addition to this,
metals when used in nanoformulations or complexed with other antimicrobial
agents such as phytochemicals, antibiotics and synthetic metal complex show
greater inhibitory effects against bacteria compared to their free ligand, exhibiting
potent broad-spectrum antimicrobial activity, with low toxicity (Lemire et al. 2013).
For example, when a metal complex of Ga and flavonoid quercetin (metal complex
1) and H2bbppd and Cu(II) (metal complex 2) were evaluated against Staphylococcus
aureus (ATCC SP 25923), Escherichia coli (ATCC SP 11229), Enterococcus faeca-
lis (ATCC SP 19433) and Pseudomonas fluorescens (ATCC SP 13525), both metal
complex showed greater inhibitory effects as compared to their ligand with lower
MIC <250 pg/ml, confirming broad-spectrum strong antibacterial activities.
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3.5 Nanomaterial-Based Antimicrobial Delivery Targeting
Drug-Resistant Determinants

3.5.1 Bacterial Cell Membrane

The first line of defence in bacteria is the cell membrane that maintains the neces-
sary osmotic balance between the outer environment and the cytoplasm (Yeh et al.
2020). Various nanomaterials have been found interacting with the bacterial cell
membrane to increase the membrane permeability via the generation of ROS and
production of radicals [singlet oxygen ('O,), electrons (e”), hydroxyl radicals
(@OH) and superoxide radicals (0,®7)] (Wang et al. 2017). As an alternative to
traditional antibiotics, photothermally active nanomaterials have emerged as a
potential drug delivery system to target bacterial drug-resistant determinants
(Borzenkov et al. 2020; Kaur et al. 2021). Multifunctional drug delivery nanoparti-
cle (MDD-NP) and crystalline ruthenium polypyridine nanoparticles (Sph-Ru-
MMT @PZ) consisting of adhesive and surface-anchoring properties, under 670 nm
red irradiation therapy (R-IT), resulted in bacterial destruction and cell lysis of
E. coli via ROS production (Yin et al. 2021). Further in vivo studies in mice revealed
synergistic anti-infective effects of nanoparticles, hence promoting wound healing.
Vancomycin-encapsulated, pH-responsive, surface charge-switching poly(D,l-
lactic-co-glycolic acid)-b-poly(l-histidine)-b-poly(ethylene glycol) (PLGA-PLH-
PEG) nanocarriers demonstrated pH-sensitive NP binding to bacteria (pH 6.0) and
drug delivery to bacterial cell membrane of S. aureus causing cystic fibrosis with an
1.3-fold increase in MIC (Radovic-Moreno et al. 2012). A study on controlled
release of drug at the injection site was conducted with kanamycin-loaded TiO,
nanotubes (NTs) under NIR irradiation via disrupting the bacterial cell membrane
integrity by damaging bacterial cell wall and radical-induced inflammation and
cytotoxicity resulting in >99.9% reduction in E. coli (Xu et al. 2021). Similar results
were observed in eco-friendly chitosan-based nanoantibiotic system (LD @CN/DA)
for potential delivery of linezolid (LD) with 3,5-dinitrosalicylic acid (DA) as anti-
microbial agents with 98.4% drug release efficiency against MRSA, E. coli and
E. faecalis resulting in the formation of ROS and enhancing pathogen-specific
activity (Teaima et al. 2020).

3.5.2 Biofilms

Human infections can be caused by bacteria that are in the form of biofilms, plank-
tonic cultures and intracellular residence depending on their surroundings and
growth parameters (Yeh et al. 2020). Biofilms are well-organized community of
bacteria that adhere to the host cells to protect themselves from the harsh environ-
mental, physiological conditions and action of antibiotics (Sharma et al. 2019).
Recent reports on worldwide human infections caused by biofilms have crossed
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60% making them the primary cause of various treatment failures in medicine
(Huang et al. 2021). Therefore, biofilms have emerged as one of the major resis-
tance mechanisms and spreading AMR. Recent years have witnessed the successful
applications of nanomaterials in eradicating biofilms as well as in carrying effective
anti-biofilm agents.

Endophthalmitis is defined as the bacterial infections caused by various microor-
ganisms inside the eye vitreous and aqueous humour (Durand 2013). Chen et al.
(2019) studied the eradication of E. coli, S. aureus and MRSA biofilms causing
endophthalmitis using ammonium methylbenzene blue-loaded pH-responsive zeo-
litic imidazolate framework-8-polyacrylic acid (ZIF-8-PAA) modified with AgNO;
and secondary modification of vancomycin/NH,-polyethylene glycol (Van/NH,-
PEG) composite nanomaterial (ZIF-8-PAA-MB@AgNPs@ Van-PEG). Further
in vitro retinal pigment epithelium cellular experiments and in vivo mice endo-
phthalmitis models resulted in effective drug release, biocompatibility and antibac-
terial efficiency of composite nanomaterial against biofilm-causing bacteria (Chen
et al. 2019). Pseudomonas aeruginosa, another pathogen found in adult patients
infected with cystic fibrosis (CF), is the major biofilm-forming bacteria (Davies
2002). The development of novel aerosolized ciprofloxacin-loaded poly(lactic-co-
glycolic (PLGA) acid) nanocarriers onto the in vitro model of Pseudomonas aeru-
ginosa biofilm-infected human bronchial epithelial cells resulted in the eradication
of planktonic bacteria and reduced biofilm fraction by log 6 revealing their potential
avenues in preclinical studies (Juntke et al. 2021).

Nitric oxide has emerged as a promising agent for disrupting biofilms and pro-
moting wound healing (Englande and Friedman 2010). Hasan et al. (2019) devel-
oped  polyethyleneimine/diazeniumdiolate ~ (PEI/NONOate)-doped =~ PLGA
nanoparticles (PLGA-PEI/NO NPs) against MRSA biofilm of diabetic wounds
resulting in binding of NPs to biofilm matrix facilitating NO delivery and enhanced
anti-biofilm activity. Further in vivo studies in MRSA biofilm-infected wounds in
diabetic mice accelerated healing via biofilm binding NO release from NPs (Hasan
et al. 2019). Amikacin and ciprofloxacin drugs encapsulated in liposomes have
shown their effective penetration abilities in P. aeruginosa biofilms (Zhang et al.
2018; Chalmers et al. 2021). Besides liposomes, AMP-based nanocarriers have
greatly enhanced their medicinal benefits by improving stability, solubility and
in vivo half-life in various pulmonary, gastrointestinal and wound infections (Song
et al. 2021) (Table 3.3).

3.5.3 Efflux Pumps (EPs)

Extrusion of therapeutically relevant antimicrobial agents/drugs from inside cells to
the extracellular environment via EPs has been frequently involved in microbial
antibiotic resistance and spreading AMR (Alav et al. 2018). Investigations have
identified several EP genes in chromosomes and plasmids of different bacterial spe-
cies that mediate drug resistance (Li and Nikaido 2009). EPs are also found to play
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Fig. 3.2 Membrane-targeting mechanism of antimicrobial peptides (AMPs)

key roles in biofilm formation by extruding quorum sensing molecules and quorum
quenchers that mediate the formation of biofilm matrix, thus promoting surface
adhesion (Ugwuanyi et al. 2021). EPs have been characterized as one of the major
drug-resistant determinants. Numerous nanomaterials for delivering antimicrobials
to EP target sites have been investigated using in vivo and in vitro models as a
potential tool for treating bacterial infection (Prasher et al. 2021). A recent study has
reported on the synergistic effects of ciprofloxacin with embelin-loaded chitosan-
gold nanoparticles against environmental MDR P. aeruginosa and E. coli strains by
inhibiting EPs by interacting with PA-r (MexA, MexB and OprM) and EC-r (AcrA,
AcrB and TolC) active sites (Khare et al. 2021). Further advancements in the micro-
fluidic assembly of pomegranate-like hierarchical microspheres and meropenem-
loaded porous silica (MCM-48), for efflux regulation in oral drug delivery against
S. aureus and P. aeruginosa, demonstrated reduced efflux of MER back into the
gastrointestinal lumen (Raza et al. 2021). One of the recent innovative strategies
includes the application of combinations of different antibiotics on nanomaterials to
combat MDR bacteria. Khameneh et al. (2015) investigated the antibacterial activ-
ity of co-loaded piperine and gentamicin nanoliposomes in MRSA resulting in EP
inhibition with MIC of 32 and 100 pg/mL, respectively. Similarly, liposome-
encapsulated phenylalanine-arginine f-naphthylamide (PAPN), an EP inhibitor
(EPI), has been proven a cost-effective and worthwhile delivery system against
MDR P. aeruginosa in lung infections (Ray et al. 2021). However, deeper studies
are much further required in this field.
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3.5.4 Quorum Sensing

The communication mechanism between the bacteria cells with each other that
entails the synthesis, detection and autoinducer extracellular signalling molecules is
defined as quorum sensing (QS) (Rutherford and Bassler 2012). Molecular mecha-
nisms involving acyl-homoserine lactones, peptide autoinducers and autoinducer 2
are the major QS systems present in bacteria involved in intercellular signalling
during human bacterial infections (Irie and Parsek 2008). As a result, there is an
increasing demand for viable, non-toxic/anti-QS agents exhibiting dual actin modes
addressing both biofilm formation and QS in bacterial infections. In recent years,
nanomaterials as antimicrobial agents/drug delivery systems have been reported as
an effective tool for QS elimination and treating microbial infections. Bueloni et al.
(2020) developed vanadium-nalidixic acid complex (V-NA) nanoencapsulated into
myristyl myristate nanostructured lipid carriers (NLCs), and polymeric nanoparti-
cles of Eudragit NE 30D (EuNPs) with enhanced antibacterial and anti-quorum
sensing properties against P. aeruginosa and Chromobacterium violaceum resulted
in controlled release of V-NA (30-40% for 3 days) with 59.3 and 129.9 pM MIC
values, respectively. Similar results were observed in chitosan-gum acacia gold
nanocomposite (CS-GA-AuNC) against MDR P. aeruginosa with a greater reduc-
tion in Las-R gene expression levels majorly involved as a virulence factor in bio-
film formation and QS (Raja Namasivayam et al. 2020). Further in vivo studies on
murine macrophage cell line revealed their excellent biocompatibility, an excellent
property for drug delivery systems. Recently, the formulations of AMP dendrimers
and QSIs (anti-MvfR compounds) for treating burn wound infections caused by
P. aeruginosa were developed that inhibited the MvfR virulence pathway in the QS
system of the bacteria (Jafari et al. 2021). Similar results in tobramycin antibiotic
and alkylquinolone quorum sensing inhibitor (QSI)-loaded squalenyl hydrogen sul-
phate nanoparticles (SqNPs) in in vitro models of pulmonary P. aeruginosa infec-
tions were observed with improved biofilm penetration and enhanced antimicrobial
efficiency (Ho et al. 2020).

3.6 Conclusion and Future Perspectives

Biocompatibility, cost-effectiveness, controlled drug release, deep penetration, tar-
get specificity and sustainability properties of nanocarriers make them ideal drug
carriers, for delivering wide-ranging antimicrobial agents. However, despite the
seemingly large corpus of research and development of a nanomaterial-based deliv-
ery system of antimicrobial agents, numerous hurdles need to be overcome before
nanomaterial-based approaches for the optimum treatment of drug-resistant bacte-
rial infections may be successfully translated to clinical settings. Silver-oxide and
zinc-oxide nanomaterials being approved by the FDA have increased the likelihood
of clinical settings among the current leads. Antimicrobial agents such as phyto-
chemicals, AMPs, antibiotics and metallic complexes comprising great



140 P. Barathe et al.

biocompatibility and enhanced antimicrobial activity in conjugation with nanocar-
riers such as liposomes, nanoparticles, nanocomposites and dendrimers are the
emerging promising tools for prolonged and regulated release of drugs/antimicro-
bial agents against microbial infections. These nanomaterial-based drug delivery
systems are proven to be targeting key drug-resistant determinants (cell membrane,
EPs, biofilm formation, QS) in pathogenic and threatening bacteria. Nanoliposomes
are been already employed in clinical settings for delivering antimicrobials to
biofilm-forming bacterial infections. PLGA NPs and GO-NPs have the broadest
drug delivery range including AMPs that are found to target biofilms and QS sys-
tems. However, deeper research is still required in the field of nanomaterial-based
delivery of antimicrobials targeting specific EPs, drug release kinetics, biodegrada-
tion, pharmacokinetics and their clearance. For their development, research neces-
sitates multidisciplinary clinical and industrial collaborations for fighting these
human microbial infections and making them available from bench to bedside.

Acknowledgements VK acknowledge the use of facilities created under DST-FIST (SR/FST/
COLLEGE-/19/568), DBT Star Status (BT/HRD/11/030/2012) and DBT-BUILDER Schemes
implemented at the Modern College of Arts, Science and Commerce, Ganeshkhind,
Pune, India.

References

Abdel Hady M, Sayed OM, Akl MA (2020) Brain uptake and accumulation of new levofloxacin-
doxycycline combination through the use of solid lipid nanoparticles: formulation; Optimization
and in-vivo evaluation. Colloids Surf B Biointerfaces 139. https://doi.org/10.1016/j.
colsurfb.2020.111076

Abdelghany SM, Quinn DJ, Ingram RJ et al (2012) Gentamicin-loaded nanoparticles show
improved antimicrobial effects towards Pseudomonas aeruginosa infection. Int J Nanomedicine
7(518):4053-4063. https://doi.org/10.2147/IIN.S34341

Abdi-Ali A, Mohammadi-Mehr M, Agha Alaei Y (2006) Bactericidal activity of various antibiot-
ics against biofilm-producing Pseudomonas aeruginosa. Int J Antimicrob Agents 27:196-200.
https://doi.org/10.1016/j.ijantimicag.2005.10.007

Aghayan SS, Mogadam HK, Fazli M et al (2017) The effects of Berberine and palmatine on efflux
pumps inhibition with different gene patterns in Pseudomonas aeruginosa isolated from burn
infections. Avicenna J Med Biotechnol 9:1-7

Ahangari A, Salouti M, Heidari Z et al (2013) Development of gentamicin-gold nanospheres for
antimicrobial drug delivery to Staphylococcal infected foci. Drug Deliv 20(1):34-39. https://
doi.org/10.3109/10717544.2012.746402

Ahern BJ, Richardson DW (2012) Surgical site infection and the use of antimicrobials. 4th,
Elsevier Inc

Ain Q, Munir H, Jelani F et al (2020) Antibacterial potential of biomaterial derived nanopar-
ticles for drug delivery application. Mater Res Express 6(2):125426. https://doi.
org/10.1088/2053-1591/ab715d

Alav I, Sutton JM, Rahman KM (2018) Role of bacterial efflux pumps in biofilm formation. J
Antimicrob Chemother 73(8):2003-2020. https://doi.org/10.1093/jac/dky042

Al-Bakri AG, Mahmoud NN (2019) Photothermal-induced antibacterial activity of gold nanorods
loaded into polymeric hydrogel against pseudomonas aeruginosa biofilm. Molecules
24(14):2661. https://doi.org/10.3390/molecules24142661


https://doi.org/10.1016/j.colsurfb.2020.111076
https://doi.org/10.1016/j.colsurfb.2020.111076
https://doi.org/10.2147/IJN.S34341
https://doi.org/10.1016/j.ijantimicag.2005.10.007
https://doi.org/10.3109/10717544.2012.746402
https://doi.org/10.3109/10717544.2012.746402
https://doi.org/10.1088/2053-1591/ab715d
https://doi.org/10.1088/2053-1591/ab715d
https://doi.org/10.1093/jac/dky042
https://doi.org/10.3390/molecules24142661

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 141

Alhadrami HA, Orfali R, Hamed AA et al (2021) Flavonoid-coated gold nanoparticles as efficient
antibiotics against gram-negative bacteria-evidence from in silico-supported in vitro studies.
Antibiotics 10(8):968. https://doi.org/10.3390/antibiotics 10080968

Almaaytah A, Mohammed GK, Abualhaijaa A, Al-Balas Q (2017) Development of novel ultrashort
antimicrobial peptide nanoparticles with potent antimicrobial and antibiofilm activities against
multidrug-resistant bacteria. Drug Des Devel Ther 3(11):3159-3170. https://doi.org/10.2147/
DDDT.S147450

Al-Obaidi MMJ, Desa MNM (2018) Mechanisms of blood brain barrier disruption by different
types of bacteria, and bacterial-host interactions facilitate the bacterial pathogen invading the
brain. Cell Mol Neurobiol 38(7):1349—-1368. https://doi.org/10.1007/s10571-018-0609-2

Arturo Lopez-Quinteld M (2003) Synthesis of nanomaterials in microemulsions: formation
mechanisms and growth control. Curr Opin Colloid Interface Sci 8(2):137-144. https://doi.
org/10.1016/S1359-0294703.00019-0

Assali M, Zaid AN, Abdallah F et al (2017) Single-walled carbon nanotubes-ciprofloxacin
nanoantibiotic: strategy to improve ciprofloxacin antibacterial activity. Int J Nanomedicine
12:6647-6659. https://doi.org/10.2147/IIN.S 140625

Atanasov AG, Zotchev SB, Dirsch VM et al (2021) Natural products in drug discovery:
advances and opportunities. Nat Rev Drug Discov 20:200-216. https://doi.org/10.1038/
s41573-020-00114-z

Authimoolam SP, Dziubla TD (2016) Biopolymeric mucin and synthetic polymer analogs: their
structure, function and role in biomedical applications. Polymers (Basel) 8(3):71. https://doi.
org/10.3390/polym8030071

Bai FW, Zhao XQ, Xu J (2011) Immobilization technology: cells. Compr Biotechnol Second Ed
2:478-489. https://doi.org/10.1016/B978-0-08-088504-9.00115-X

Banerjee M, Parai D, Chattopadhyay S, Mukherjee SK (2017) Andrographolide: antibacterial
activity against common bacteria of human health concern and possible mechanism of action.
Folia Microbiol (Praha) 62:237-244. https://doi.org/10.1007/s12223-017-0496-9

Baptista PV, McCusker MP, Carvalho A et al (2018) Nano-strategies to fight multidrug resis-
tant bacteria — “A Battle of the Titans”. Front Microbiol 9:1441. https://doi.org/10.3389/
fmicb.2018.01441

Barani M, Mukhtar M, Rahdar A et al (2021) Progress in the application of nanoparticles and gra-
phene as drug carriers and on the diagnosis of brain infections. Molecules 26(1):186. https://
doi.org/10.3390/molecules26010186

Barber KE, Smith JR, Raut A, Rybak MJ (2016) Evaluation of tedizolid against Staphylococcus
aureus and enterococci with reduced susceptibility to vancomycin, daptomycin or linezolid. J
Antimicrob Chemother 71:152-155. https://doi.org/10.1093/jac/dkv302

Barnes AC, Amyes SGB, Hastings TS, Lewin CS (1991) Fluoroquinolones display rapid bac-
tericidal activity and low mutation frequencies against Aeromonas salmonicida. J Fish Dis
14:661-667. https://doi.org/10.1111/§.1365-2761.1991.tb00624.x

Bartoloni A, Colao MG, Orsi A, Dep R, Giganti E, Parent F, Infettive M, Firenze U (1990)
In-vitro activity of vancomycin, teicoplanin, daptomycin, ramoplanin, MDL 62873 and other
agents against staphylococci, enterococci and Clostridium difficile. J Antimicrob Chemother
26:627-633

Bels¢ak-Cvitanovi¢ A, Durgo K, Hudek A et al (2018) Overview of polyphenols and their proper-
ties. In: Polyphenols: properties, recovery, and applications, pp 3—44. https://doi.org/10.1016/
B978-0-12-813572-3.00001-4

Bermidez-Jiménez C, Romney MG, Roa-Flores SA et al (2019) Hydrogel-embedded gold
nanorods activated by plasmonic photothermy with potent antimicrobial activity. Nanomed
Nanotechnol Biol Med 22:1549-9634. https://doi.org/10.1016/j.nano.2019.102093

Bernardos A, Piacenza E, Sancendn F et al (2019) Mesoporous silica-based materials with bacte-
ricidal properties. Small 15(24). https://doi.org/10.1002/sml11.201900669

Betriu C, Gémez M, Palau ML, Sanchez A, Picazo JJ (1999) Activities of new antimicrobial agents
(trovafloxacin, moxifloxacin, sanfetrinem, and quinupristin-dalfopristin) against Bacteroides
fragilis group: comparison with the activities of 14 other agents. Antimicrob Agents Chemother
43:2320-2322


https://doi.org/10.3390/antibiotics10080968
https://doi.org/10.2147/DDDT.S147450
https://doi.org/10.2147/DDDT.S147450
https://doi.org/10.1007/s10571-018-0609-2
https://doi.org/10.1016/S1359-0294Ž03.00019-0
https://doi.org/10.1016/S1359-0294Ž03.00019-0
https://doi.org/10.2147/IJN.S140625
https://doi.org/10.1038/s41573-020-00114-z
https://doi.org/10.1038/s41573-020-00114-z
https://doi.org/10.3390/polym8030071
https://doi.org/10.3390/polym8030071
https://doi.org/10.1016/B978-0-08-088504-9.00115-X
https://doi.org/10.1007/s12223-017-0496-9
https://doi.org/10.3389/fmicb.2018.01441
https://doi.org/10.3389/fmicb.2018.01441
https://doi.org/10.3390/molecules26010186
https://doi.org/10.3390/molecules26010186
https://doi.org/10.1093/jac/dkv302
https://doi.org/10.1111/j.1365-2761.1991.tb00624.x
https://doi.org/10.1016/B978-0-12-813572-3.00001-4
https://doi.org/10.1016/B978-0-12-813572-3.00001-4
https://doi.org/10.1016/j.nano.2019.102093
https://doi.org/10.1002/smll.201900669

142 P. Barathe et al.

Biavasco F, Manso E, Varaldo PE (1991) In vitro activities of ramoplanin and four glycopep-
tide antibiotics against clinical isolates of Clostridium difficile. Antimicrob Agents Chemother
35:195-197. https://doi.org/10.1128/AAC.35.1.195

Bielenica A, Drzewiecka-Antonik A, Rejmak P et al (2018) Synthesis, structural and antimicrobial
studies of type II topoisomerase-targeted copper(ll) complexes of 1,3-disubstituted thiourea
ligands. J Inorg Biochem 182:61-70. https://doi.org/10.1016/j.jinorgbio.2018.01.005

Bing W, Chen Z, Sun H et al (2015) Visible-light-driven enhanced antibacterial and biofilm
elimination activity of graphitic carbon nitride by embedded Ag nanoparticles. Nano Res
8:1648-1658. https://doi.org/10.1007/s12274-014-0654-1

Boman HG, Agerberth B, Boman A (1993) Mechanisms of action on Escherichia coli of cecro-
pin P1 and PR-39, two antibacterial peptides from pig intestine. Infect Immun 61:2978-2984.
https://doi.org/10.1128/iai.61.7.2978-2984.1993

Borzenkov M, Pallavicini P, Chirico G (2019) Photothermally active inorganic nanoparticles: from
colloidal solutions to photothermally active printed surfaces and polymeric nanocomposite
materials. Eur J Inorg Chem 2019(41):4397-4404. https://doi.org/10.1002/ejic.201900836

Borzenkov M, Pallavicini P, Taglietti A et al (2020) Photothermally active nanoparticles as a prom-
ising tool for eliminating bacteria and biofilms. Beilstein J Nanotechnol 11(1):1134-1146.
https://doi.org/10.3762/BINANO.11.98

Boulet ML, Isabelle C, Guay I et al (2018) Tomatidine is a lead antibiotic molecule that targets
staphylococcus aureus ATP Synthase subunit C. Antimicrob Agents Chemother 62(6):e02197—
e02117. https://doi.org/10.1128/AAC.02197-17

Bourgat Y, Mikolai C, Stiesch M et al (2021) Enzyme-responsive nanoparticles and coatings made
from alginate/peptide ciprofloxacin conjugates as drug release system. Antibiotics 10(6):653.
https://doi.org/10.3390/antibiotics 10060653

Brown-Elliott BA, Wallace RJ (2021) In vitro susceptibility testing of omadacycline against
nontuberculous mycobacteria. Antimicrob Agents Chemother 65. https://doi.org/10.1128/
AAC.01947-20

Bueloni B, Sanna D, Garribba E et al (2020) Design of nalidixic acid-vanadium complex loaded
into chitosan hybrid nanoparticles as smart strategy to inhibit bacterial growth and quorum
sensing. Int J Biol Macromol 161:1568-1580. https://doi.org/10.1016/j.ijbiomac.2020.07.304

Bury-Moné S (2014) Antibacterial therapeutic agents. Ref Modul Biomed Sci:1-13. https://doi.
org/10.1016/b978-0-12-801238-3.00244-0

Bush K, Bradford PA (2016) $-lactams and p-lactamase inhibitors an overview. Cold Spring Harb
Perspect Med 6(8):a025247

Carvalhaes CG (2019) Antimicrobial activity of omadacycline tested against clinical bacterial iso-
lates from hospitals in mainland China, Hong Kong, and Taiwan: results from the SENTRY
Antimicrobial Surveillance Program (2013 to 2016). Antimicrob Agents Chemother:1-9

Castanheira M, Jones RN, Livermore DM (2009) Antimicrobial activities of doripenem
and other carbapenems against Pseudomonas aeruginosa, other nonfermentative bacilli,
and Aeromonas spp. Diagn Microbiol Infect Dis 63:426-433. https://doi.org/10.1016/j.
diagmicrobio.2009.01.026

Castanheira M, Davis AP, Mendes RE, Serio AW, Krause KM, Flamm K (2018) In vitro activity of
plazomicin against gram-negative and gram-positive isolates collected from U.S. hospitals and
comparative activities of aminoglycosides against carbapenem-resistant enterobacteriaceae
and isolates carrying carbapenemase genes. Antimicrob Agents Chemother 62(8):e00313-18

Cha R, Brown WJ, Rybak MJ (2003) Bactericidal activities of daptomycin, quinupristin-
dalfopristin, and linezolid against vancomycin-resistant Staphylococcus aureus in an in vitro
pharmacodynamic model with simulated endocardial vegetations. Antimicrob Agents
Chemother 47:3960-3963. https://doi.org/10.1128/AAC.47.12.3960-3963.2003

Chalmers JD, van Ingen J, van der Laan R, Herrmann JL (2021) Liposomal drug delivery to man-
age nontuberculous mycobacterial pulmonary disease and other chronic lung infections. Eur
Respir Rev 30(161). https://doi.org/10.1183/16000617.0010-202

Champney WS, Burdine R (1998) Macrolide antibiotic inhibition of translation and 50S ribosomal
subunit assembly in methicillin-resistant Staphylococcus aureus cells. Microb Drug Resist
4:169-174. https://doi.org/10.1089/mdr.1998.4.169


https://doi.org/10.1128/AAC.35.1.195
https://doi.org/10.1016/j.jinorgbio.2018.01.005
https://doi.org/10.1007/s12274-014-0654-1
https://doi.org/10.1128/iai.61.7.2978-2984.1993
https://doi.org/10.1002/ejic.201900836
https://doi.org/10.3762/BJNANO.11.98
https://doi.org/10.1128/AAC.02197-17
https://doi.org/10.3390/antibiotics10060653
https://doi.org/10.1128/AAC.01947-20
https://doi.org/10.1128/AAC.01947-20
https://doi.org/10.1016/j.ijbiomac.2020.07.304
https://doi.org/10.1016/b978-0-12-801238-3.00244-0
https://doi.org/10.1016/b978-0-12-801238-3.00244-0
https://doi.org/10.1016/j.diagmicrobio.2009.01.026
https://doi.org/10.1016/j.diagmicrobio.2009.01.026
https://doi.org/10.1128/AAC.47.12.3960-3963.2003
https://doi.org/10.1183/16000617.0010-202
https://doi.org/10.1089/mdr.1998.4.169

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 143

Chamundeeswari M, Jeslin J, Verma ML (2019) Nanocarriers for drug delivery applications.
Environ Chem Lett 17(2):849-865. https://doi.org/10.1007/s10311-018-00841-1

Chau TP, Kandasamy S, Chinnathambi A et al (2021) Synthesis of zirconia nanoparticles using
Laurus nobilis for use as an antimicrobial agent. Appl Nanosci:1-8. https://doi.org/10.1007/
$13204-021-02041-w

Chauhan NPS (2021) Ceramic-based hybrid nanoparticles in drug delivery, pp 109—131. https://
doi.org/10.1007/978-981-16-2119-2_5

Chen H, Yang J, Sun L et al (2019) Synergistic chemotherapy and photodynamic therapy of endo-
phthalmitis mediated by zeolitic imidazolate framework-based drug delivery systems. Small
15(47):1903880. https://doi.org/10.1002/sml11.201903880

Cheng Y, Qu H, Ma M et al (2007) Polyamidoamine (PAMAM) dendrimers as biocompatible car-
riers of quinolone antimicrobials: an in vitro study. Eur J Med Chem 42(7):1032—1038. https://
doi.org/10.1016/j.ejmech.2006.12.035

Cherubin CE, Stratton CW (1994) Assessment of the bactericidal activity of sparfloxacin, ofloxa-
cin, levofloxacin, and other fluoroquinolones compared with selected agents of proven effi-
cacy against Listeria monocytogenes. Diagn Microbiol Infect Dis 20:21-25. https://doi.
org/10.1016/0732-8893(94)90014-0

Cho HS, Lee JH, Ryu SY et al (2013) Inhibition of Pseudomonas aeruginosa and Escherichia
coli O157:H7 biofilm formation by plant metabolite e-viniferin. J Agric Food Chem
61(29):7120-7126. https://doi.org/10.1021/j£4009313

Costa E, Piazza V, Lavorano S et al (2020) Trophic transfer of microplastics from copepods
to jellyfish in the marine environment. Front Environ Sci 8:158. https://doi.org/10.3389/
fenvs.2020.571732

Cremades R, Rodriguez JC, Garcia-Pachon E, Galiana A, Ruiz-garcia M, Léopez P, Royo G (2011)
Comparison of the bactericidal activity of various fluoroquinolones against Mycobacterium
tuberculosis in an in vitro experimental model. J Antimicrob Chemother 66:2281-2283. https://
doi.org/10.1093/jac/dkr281

Cruz GF, de Araujo I, Torres MDT et al (2020) Photochemically-generated silver chloride nanopar-
ticles stabilized by a peptide inhibitor of cell division and its antimicrobial properties. J Inorg
Organomet Polym Mater 30(7):2464-2474. https://doi.org/10.1007/s10904-019-01427-2

Dakal TC, Kumar A, Majumdar RS, Yadav V (2016) Mechanistic basis of antimicrobial actions of
silver nanoparticles. Front Microbiol 7:1831. https://doi.org/10.3389/fmicb.2016.01831

Dasenaki ME, Thomaidis NS (2017) Meat safety: II residues and contaminants. Elsevier Ltd,
pp 553-583. https://doi.org/10.1016/B978-0-08-100694-8.00018-2

Davies JC (2002) Pseudomonas aeruginosa in cystic fibrosis: pathogenesis and persistence.
Paediatr Respir Rev 3(2):128-134. https://doi.org/10.1016/S1526-0550(02)00003-3

Davies TA, Shang W, Bush K, Flamm RK (2008) Affinity of doripenem and comparators to
penicillin-binding proteins in Escherichia coli and Pseudomonas aeruginosa. Antimicrob
Agents Chemother 52:1510-1512. https://doi.org/10.1128/AAC.01529-07

Devnarain N, Osman N, Fasiku VO et al (2021) Intrinsic stimuli-responsive nanocarriers for
smart drug delivery of antibacterial agents—an in-depth review of the last two decades. Wiley
Interdiscip Rev Nanomed Nanobiotechnol 13(1):e1664. https://doi.org/10.1002/wnan.1664

Domadia PN, Bhunia A, Sivaraman J et al (2008) Berberine targets assembly of Escherichia coli
cell division protein FtsZ. Biochemistry 47(10):3225-3234. https://doi.org/10.1021/bi7018546

Doucet-Populaire F (1998) Molecular basis of clarithromycin activity against Mycobacterium
avium and mycobacterium smegmatis. J Antimicrob Chemother 41:179-187. https://doi.
org/10.1093/jac/41.2.179

Dowzicky M, Nadler HL, Feger C, Talbot G, Bompart F, Pease M (1998) Evaluation of in vitro
activity of quinupristin/dalfopristin and comparator antimicrobial agents against worldwide
clinical trial and other laboratory isolates. Pneumologie 52:640

Durand ML (2013) Endophthalmitis. Clin Microbiol Infect 19(3):227-234

Eid HM, Elkomy MH, El Menshawe SF, Salem HF (2019) Transfersomal nanovesicles for nose-
to-brain delivery of ofloxacin for better management of bacterial meningitis: formulation, opti-
mization by Box-Behnken design, characterization and in vivo pharmacokinetic study. J Drug
Deliv Sci Technol 54:101304. https://doi.org/10.1016/j.jddst.2019.101304


https://doi.org/10.1007/s10311-018-00841-1
https://doi.org/10.1007/s13204-021-02041-w
https://doi.org/10.1007/s13204-021-02041-w
https://doi.org/10.1007/978-981-16-2119-2_5
https://doi.org/10.1007/978-981-16-2119-2_5
https://doi.org/10.1002/smll.201903880
https://doi.org/10.1016/j.ejmech.2006.12.035
https://doi.org/10.1016/j.ejmech.2006.12.035
https://doi.org/10.1016/0732-8893(94)90014-0
https://doi.org/10.1016/0732-8893(94)90014-0
https://doi.org/10.1021/jf4009313
https://doi.org/10.3389/fenvs.2020.571732
https://doi.org/10.3389/fenvs.2020.571732
https://doi.org/10.1093/jac/dkr281
https://doi.org/10.1093/jac/dkr281
https://doi.org/10.1007/s10904-019-01427-2
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.1016/B978-0-08-100694-8.00018-2
https://doi.org/10.1016/S1526-0550(02)00003-3
https://doi.org/10.1128/AAC.01529-07
https://doi.org/10.1002/wnan.1664
https://doi.org/10.1021/bi7018546
https://doi.org/10.1093/jac/41.2.179
https://doi.org/10.1093/jac/41.2.179
https://doi.org/10.1016/j.jddst.2019.101304

144 P. Barathe et al.

Elsabahy M, Wooley KL (2012) Design of polymeric nanoparticles for biomedical delivery appli-
cations. Chem Soc Rev 41(7):2545-2561. https://doi.org/10.1039/c2¢cs15327k

ElZorkany HES, Youssef T, Mohamed MB, Amin RM (2019) Photothermal versus photodynamic
treatment for the inactivation of the bacteria Escherichia coli and Bacillus cereus: an in vitro
study. Photodiagn Photodyn Ther 27:317-326. https://doi.org/10.1016/j.pdpdt.2019.06.020

Englande L, Friedman A (2010) Nitric oxide nanoparticle technology: a novel antimicrobial agent
in the context of current treatment of skin and soft tissue infection. J Clin Aesthet Dermatol
3(6):45-50

Farrell DJ, Morrissey I, Bakker S, Buckridge S, Felmingham D (2004) In vitro activities of telithro-
mycin, linezolid, and quinupristin- dalfopristin against Streptococcus pneumoniae with mac-
rolide resistance due to ribosomal mutations. Antimicrob Agents Chemother 48:3169-3171.
https://doi.org/10.1128/AAC.48.8.3169-3171.2004

Fathima A, Rao JR (2018) Is Cr(IIl) toxic to bacteria: toxicity studies using Bacillus subtilis and
Escherichia coli as model organism. Arch Microbiol 200(3):453—-462. https://doi.org/10.1007/
$00203-017-1444-4

Fatima F, Siddiqui S, Khan WA (2021) Nanoparticles as novel emerging therapeutic antibacte-
rial agents in the antibiotics resistant era. Biol Trace Elem Res 199(7):2552-2564. https://doi.
org/10.1007/s12011-020-02394-3

Ferreira M, Ogren M, Dias JNR et al (2021) Liposomes as antibiotic delivery systems: a promising
nanotechnological strategy against antimicrobial resistance. Molecules 26(7):2047. https://doi.
org/10.3390/molecules26072047

Flamini R, De Rosso M (2018) High-resolution mass spectrometry and biological properties of
grapevine and wine stilbenoids, vol 61, 1st edn. Elsevier B.V., pp 175-210

Fox LJ, Richardson RM, Briscoe WH (2018) PAMAM dendrimer — cell membrane interactions.
Adv Colloid Interf Sci 257:1-18

Goenka S, Sant V, Sant S (2014) Graphene-based nanomaterials for drug delivery and tissue engi-
neering. J Control Release 173:75-88

Gonzalez B, Colilla M, Diez J et al (2018) Mesoporous silica nanoparticles decorated with polyca-
tionic dendrimers for infection treatment. Acta Biomater 68:261-271. https://doi.org/10.1016/j.
actbio.2017.12.041

Gérniak I, Bartoszewski R, Kroliczewski J (2019) Comprehensive review of antimicrobial
activities of plant flavonoids. Phytochem Rev 18(1):241-272. https://doi.org/10.1007/
s11101-018-9591-z

Graber H, Arr M, Csiba A (1981) Azlocillin and mezlocillin: evaluation of new ureido penicillins.
Int J Clin Pharmacol Ther Toxicol 19:539-546

Gradisar H, PristovSek P, Plaper A, Jerala R (2007) Green tea catechins inhibit bacterial DNA
gyrase by interaction with its ATP binding site. ] Med Chem 50(2):264-271. https://doi.
org/10.1021/jm0608170

Grossman TH (2016) Tetracycline antibiotics and resistance. Cold Spring Harb Perspect Med
6(4):1-24. https://doi.org/10.1101/cshperspect.a025387

Gupta A, Pandey AK (2019) Antibacterial lead compounds and their targets for drug development.
Elsevier Inc, pp 275-292. https://doi.org/10.1016/B978-0-12-817890-4.00018-4

Haas W, Pillar CM, Hesje CK, Sanfilippo CM, Morris TW (2010) Bactericidal activity of besi-
floxacin against staphylococci, Streptococcus pneumoniae and Haemophilus influenzae. J
Antimicrob Chemother 65:1441-1447. https://doi.org/10.1093/jac/dkq127

Habiba K, Bracho-Rincon DP, Gonzalez-Feliciano JA et al (2015) Synergistic antibacterial activity
of PEGylated silver-graphene quantum dots nanocomposites. Appl Mater Today 1(2):80-87.
https://doi.org/10.1016/j.apmt.2015.10.001

Haider M, Abdin SM, Kamal L, Orive G (2020) Nanostructured lipid carriers for deliv-
ery of chemotherapeutics: a review. Pharmaceutics 12(3):288. https://doi.org/10.3390/
pharmaceutics12030288

Hall K, Shoemaker-Hunt S, Hoffman L et al (2020) Making healthcare safer III: a critical analysis
of existing and emerging patient safety practices


https://doi.org/10.1039/c2cs15327k
https://doi.org/10.1016/j.pdpdt.2019.06.020
https://doi.org/10.1128/AAC.48.8.3169-3171.2004
https://doi.org/10.1007/s00203-017-1444-4
https://doi.org/10.1007/s00203-017-1444-4
https://doi.org/10.1007/s12011-020-02394-3
https://doi.org/10.1007/s12011-020-02394-3
https://doi.org/10.3390/molecules26072047
https://doi.org/10.3390/molecules26072047
https://doi.org/10.1016/j.actbio.2017.12.041
https://doi.org/10.1016/j.actbio.2017.12.041
https://doi.org/10.1007/s11101-018-9591-z
https://doi.org/10.1007/s11101-018-9591-z
https://doi.org/10.1021/jm060817o
https://doi.org/10.1021/jm060817o
https://doi.org/10.1101/cshperspect.a025387
https://doi.org/10.1016/B978-0-12-817890-4.00018-4
https://doi.org/10.1093/jac/dkq127
https://doi.org/10.1016/j.apmt.2015.10.001
https://doi.org/10.3390/pharmaceutics12030288
https://doi.org/10.3390/pharmaceutics12030288

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 145

Hamblin MR (2016) Antimicrobial photodynamic inactivation: a bright new technique to kill resis-
tant microbes. Curr Opin Microbiol 33:67-73. https://doi.org/10.1016/j.mib.2016.06.008

Hasan N, Cao J, Lee J et al (2019) PEI/NONOates-doped PLGA nanoparticles for eradicating
methicillin-resistant Staphylococcus aureus biofilm in diabetic wounds via binding to the bio-
film matrix. Mater Sci Eng C 103. https://doi.org/10.1016/j.msec.2019.109741

Hassan D, Omolo CA, Fasiku VO et al (2020) Novel chitosan-based pH-responsive lipid-polymer
hybrid nanovesicles (OLA-LPHVs) for delivery of vancomycin against methicillin-resistant
Staphylococcus aureus infections. Int J Biol Macromol 147:385-398. https://doi.org/10.1016/j.
ijbiomac.2020.01.019

Ho DK, Murgia X, De Rossi C et al (2020) Squalenyl hydrogen sulfate nanoparticles for simul-
taneous delivery of tobramycin and an alkylquinolone quorum sensing inhibitor enable the
eradication of P. aeruginosa biofilm infections. Angew Chemie Int Ed 59(26):10292-10296.
https://doi.org/10.1002/anie.202001407

Hong R, Kang TY, Michels CA, Gadura N (2012) Membrane lipid peroxidation in copper alloy-
mediated contact killing of Escherichia coli. Appl Environ Microbiol 78(6):1776—1784. https://
doi.org/10.1128/AEM.07068-11

Hong W, Zhang Z, Liu L et al (2018) Brain-targeted delivery of PEGylated nano-bacitracin A
against Penicillin-sensitive and-resistant Pneumococcal meningitis: formulated with RVG29
and Pluronic® P85 unimers. Drug Deliv 25(1):1886—1897. https://doi.org/10.1080/1071754
4.2018.1486473

Hou X, Feng C, Li S et al (2019) Mechanism of antimicrobial peptide NP-6 from Sichuan pep-
per seeds against E. coli and effects of different environmental factors on its activity. Appl
Microbiol Biotechnol 103(16):6593-6604. https://doi.org/10.1007/s00253-019-09981-y

HuY, Liu A, Ortega-Muro F, Alameda-Martin L, Mitchison D, Coates A (2015) High-dose rifam-
picin kills persisters, shortens treatment duration, and reduces relapse rate in vitro and in vivo.
Front Microbiol 6:1-10. https://doi.org/10.3389/fmicb.2015.00641

Huan Y, Kong Q, Mou H, Yi H (2020) Antimicrobial peptides: classification, design, application
and research progress in multiple fields. Front Microbiol 11:1-21. https://doi.org/10.3389/
fmicb.2020.582779

Huang J, Ho W, Wang X (2014) Metal-free disinfection effects induced by graphitic carbon nitride
polymers under visible light illumination. Chem Commun 50(33):4338-4340. https://doi.
org/10.1039/c3cc48374f

Huang Z, Klodzinska SN, Wan F, Nielsen HM (2021) Nanoparticle-mediated pulmonary drug
delivery: state of the art towards efficient treatment of recalcitrant respiratory tract bacterial
infections. Drug Deliv Transl Res 10:1-21. https://doi.org/10.1007/s13346-021-00954-1

Hussein MAM, Grinholc M, Dena ASA et al (2021) Boosting the antibacterial activity of chi-
tosan—gold nanoparticles against antibiotic—resistant bacteria by Punicagranatum L. extract.
Carbohydr Polym 256:117498. https://doi.org/10.1016/j.carbpol.2020.117498

Ibrahim UH, Devnarain N, Omolo CA et al (2021) Biomimetic pH/lipase dual responsive vitamin-
based solid lipid nanoparticles for on-demand delivery of vancomycin. IntJ Pharm 607:120960.
https://doi.org/10.1016/j.ijpharm.2021.120960

Irie Y, Parsek MR (2008) Quorum sensing and microbial biofilms. Curr Top Microbiol Immunol
322:67-84. https://doi.org/10.1007/978-3-540-75418-3_4

Jacobs MR (1991) Evaluation of the bactericidal activity of temafloxacin. Am J Med 91:31-34.
https://doi.org/10.1016/0002-9343(91)90307-J

Jafari P, Luscher A, Siriwardena T et al (2021) Antimicrobial peptide dendrimers and quorum-
sensing inhibitors in formulating next-generation anti-infection cell therapy dressings for
burns. Molecules 26(13):3839. https://doi.org/10.3390/molecules26133839

Jahangir MA, Gilani SJ, Muheem A et al (2019) Quantum dots: next generation of smart nano-systems.
Pharm Nanotechnol 7(3):234-245. https://doi.org/10.2174/2211738507666190429113906

Jasim NA, Al-Gasha’a FA, Al-Marjani MF et al (2020) ZnO nanoparticles inhibit growth and
biofilm formation of vancomycin-resistant S. aureus (VRSA). Biocatal Agric Biotechnol
29:101745. https://doi.org/10.1016/j.bcab.2020.101745


https://doi.org/10.1016/j.mib.2016.06.008
https://doi.org/10.1016/j.msec.2019.109741
https://doi.org/10.1016/j.ijbiomac.2020.01.019
https://doi.org/10.1016/j.ijbiomac.2020.01.019
https://doi.org/10.1002/anie.202001407
https://doi.org/10.1128/AEM.07068-11
https://doi.org/10.1128/AEM.07068-11
https://doi.org/10.1080/10717544.2018.1486473
https://doi.org/10.1080/10717544.2018.1486473
https://doi.org/10.1007/s00253-019-09981-y
https://doi.org/10.3389/fmicb.2015.00641
https://doi.org/10.3389/fmicb.2020.582779
https://doi.org/10.3389/fmicb.2020.582779
https://doi.org/10.1039/c3cc48374f
https://doi.org/10.1039/c3cc48374f
https://doi.org/10.1007/s13346-021-00954-1
https://doi.org/10.1016/j.carbpol.2020.117498
https://doi.org/10.1016/j.ijpharm.2021.120960
https://doi.org/10.1007/978-3-540-75418-3_4
https://doi.org/10.1016/0002-9343(91)90307-J
https://doi.org/10.3390/molecules26133839
https://doi.org/10.2174/2211738507666190429113906
https://doi.org/10.1016/j.bcab.2020.101745

146 P. Barathe et al.

Jiale Z, Jian J, Xinyi T et al (2021) Design of a novel antimicrobial peptide 1018M targeted
ppGpp to inhibit MRSA biofilm formation. AMB Express 11(1):1-4. https://doi.org/10.1186/
$13568-021-01208-6

Jokipii AM, Jokipii L (1977) Bactericidal activity of tinidazole. An in vitro comparison of the
effects of tinidazole and metronidazole against Bacteroides fragilis and other Anaerobic
bacteria

Jokipii AMM, Jokipii L (1987) Comparative activity of metronidazole and tinidazole against
Clostridium difficile and Peptostreptococcus anaerobius. Antimicrob Agents Chemother
31:183-186. https://doi.org/10.1128/AAC.31.2.183

Jones ME, Visser MR, Klootwijk M, Heisig P, Verhoef J, Schmitz FJ (1999) Comparative activi-
ties of clinafloxacin, grepafloxacin, levofloxacin, moxifloxacin, ofloxacin, sparfloxacin, and
trovafloxacin and nonquinolones linezolid, quinupristin-dalfopristin, gentamicin, and vanco-
mycin against clinical isolates of ciprofloxacin-re. Antimicrob Agents Chemother 43:421-423.
https://doi.org/10.1128/aac.43.2.421

Jones RN, Sader HS, Fritsche TR (2005) Comparative activity of doripenem and three other car-
bapenems tested against Gram-negative bacilli with various -lactamase resistance mechanisms.
Diagn Microbiol Infect Dis 52:71-74. https://doi.org/10.1016/j.diagmicrobio.2004.12.008

Jones RN, Sader HS, Fritsche TR, Pottumarthy S (2007) Comparisons of parenteral broad-
spectrum cephalosporins tested against bacterial isolates from pediatric patients: report from
the SENTRY Antimicrobial Surveillance Program (1998-2004). Diagn Microbiol Infect Dis
57:109-116. https://doi.org/10.1016/j.diagmicrobio.2006.06.011

Joshi JR, Khazanov N, Senderowitz H et al (2016) Plant phenolic volatiles inhibit quorum sensing
in pectobacteria and reduce their virulence by potential binding to Expl and ExpR proteins. Sci
Rep 6(1):1-5. https://doi.org/10.1038/srep38126

Juntke J, Murgia X, Giinday Tiireli N et al (2021) Testing of aerosolized ciprofloxacin nanocarri-
ers on cystic fibrosis airway cells infected with P. aeruginosa biofilms. Drug Deliv Transl Res
28:1-4. https://doi.org/10.1007/s13346-021-01002-8

Kaneko Y, Thoendel M, Olakanmi O et al (2007) The transition metal gallium disrupts
Pseudomonas aeruginosa iron metabolism and has antimicrobial and antibiofilm activity. J Clin
Invest 117(4):877-888. https://doi.org/10.1172/JCI30783

Kaur K, Reddy S, Barathe P et al (2021) Combating drug-resistant bacteria using photothermally
active nanomaterials: a perspective review. Front Microbiol 12:3405

Kazemzadeh H, Mozafari M (2019) Fullerene-based delivery systems. Drug Discov Today. https://
doi.org/10.1016/j.drudis.2019.01.013

Keel RA, Tessier PR, Crandon JL, Nicolau DP (2012) Comparative efficacies of human simulated
exposures of tedizolid and linezolid against Staphylococcus aureus in the murine thigh infection
model. Antimicrob Agents Chemother 56:4403—-4407. https://doi.org/10.1128/AAC.00122-12

Khameneh B, Iranshahy M, Ghandadi M et al (2015) Investigation of the antibacterial activity
and efflux pump inhibitory effect of co-loaded piperine and gentamicin nanoliposomes in
methicillin-resistant Staphylococcus aureus. Drug Dev Ind Pharm 41(6):989-994. https://doi.
0rg/10.3109/03639045.2014.920025

Khare T, Mahalunkar S, Shriram V et al (2021) Embelin-loaded chitosan gold nanoparticles
interact synergistically with ciprofloxacin by inhibiting efflux pumps in multidrug-resistant
Pseudomonas aeruginosa and Escherichia coli. Environ Res 199:111321. https://doi.
org/10.1016/j.envres.2021.111321

Kim Y, Park EJ, Na DH (2018) Recent progress in dendrimer-based nanomedicine development.
Arch Pharm Res 41(6):571-582. https://doi.org/10.1007/s12272-018-1008-4

Koga T, Masuda N, Kakuta M, Namba E, Sugihara C, Fukuoka T (2008) Potent in vitro activity of
tomopenem (CS-023) against methicillin- resistant Staphylococcus aureus and Pseudomonas
aeruginosa. Antimicrob Agents Chemother 52:2849-2854. https://doi.org/10.1128/
AAC.00413-08

Kondo M, Oishi T, Tsuchiya K, Goto S, Kuwahara S (1973) Maridomycin, a new macrolide antibi-
otic. In vitro antibacterial activity of 9-propionylmaridomycin. Antimicrob Agents Chemother
4:149-155. https://doi.org/10.1128/AAC.4.2.149


https://doi.org/10.1186/s13568-021-01208-6
https://doi.org/10.1186/s13568-021-01208-6
https://doi.org/10.1128/AAC.31.2.183
https://doi.org/10.1128/aac.43.2.421
https://doi.org/10.1016/j.diagmicrobio.2004.12.008
https://doi.org/10.1016/j.diagmicrobio.2006.06.011
https://doi.org/10.1038/srep38126
https://doi.org/10.1007/s13346-021-01002-8
https://doi.org/10.1172/JCI30783
https://doi.org/10.1016/j.drudis.2019.01.013
https://doi.org/10.1016/j.drudis.2019.01.013
https://doi.org/10.1128/AAC.00122-12
https://doi.org/10.3109/03639045.2014.920025
https://doi.org/10.3109/03639045.2014.920025
https://doi.org/10.1016/j.envres.2021.111321
https://doi.org/10.1016/j.envres.2021.111321
https://doi.org/10.1007/s12272-018-1008-4
https://doi.org/10.1128/AAC.00413-08
https://doi.org/10.1128/AAC.00413-08
https://doi.org/10.1128/AAC.4.2.149

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 147

Koo HB, Seo J (2019) Antimicrobial peptides under clinical investigation. Pept Sci 111(5):e24122.
https://doi.org/10.1002/pep2.24122

Krishnamoorthi R, Bharathakumar S, Malaikozhundan B, Mahalingam PU (2021) Mycofabrication
of gold nanoparticles: optimization, characterization, stabilization and evaluation of its antimi-
crobial potential on selected human pathogens. Biocatal Agric Biotechnol 35:102107. https://
doi.org/10.1016/j.bcab.2021.102107

Kulthe SS, Choudhari YM, Inamdar NN, Mourya V (2012) Polymeric micelles: authorita-
tive aspects for drug delivery. Des Monomers Polym 15(5):465-521. https://doi.org/10.108
0/1385772X.2012.688328

Kumar MNVR (2000) A review of chitin and chitosan applications. React Funct Polym 46(1):1-27.
https://doi.org/10.1016/S1381-5148(00)00038-9

Kumar P, Kizhakkedathu JN, Straus SK (2018a) Antimicrobial peptides: diversity, mechanism of
action and strategies to improve the activity and biocompatibility in vivo. Biomol Ther 8(1):4.
https://doi.org/10.3390/biom8010004

Kumar SV, Bafana AP, Pawar P et al (2018b) High conversion synthesis of <10 nm starch-stabilized
silver nanoparticles using microwave technology. Sci Rep 8(1):1-10. https://doi.org/10.1038/
$41598-018-23480-6

Kuruvilla M (2018) Macrolide allergy. Elsevier Inc.

Kuwahara K, Kitazawa T, Kitagaki H et al (2005) Nadifloxacin, an antiacne quinolone antimi-
crobial, inhibits the production of proinflammatory cytokines by human peripheral blood
mononuclear cells and normal human keratinocytes. J Dermatol Sci 38(1):47-55. https://doi.
org/10.1016/j.jdermsci.2005.01.002

Kwon JH (2017) Macrolides, ketolides, lincosamides and streptogramins, 4th edn. Elsevier Ltd,
pp 1217-1229

Kwon EJ, Skalak M, Bertucci A et al (2017) Porous silicon nanoparticle delivery of tandem pep-
tide anti-infectives for the treatment of Pseudomonas aeruginosa lung infections. Adv Mater
29(35):1701527. https://doi.org/10.1002/adma.201701527

Lee VJ (2006) Anti-gram positive agents of natural product origins. Compr Med Chem II
7:653-671. https://doi.org/10.1016/b0-08-045044-x/00222-4

Lee H, Hwang JS, Lee J et al (2015) Scolopendin 2, a cationic antimicrobial peptide from centipede,
and its membrane-active mechanism. Biochim Biophys Acta Biomembr 1848(2):634-642.
https://doi.org/10.1016/j.bbamem.2014.11.016

Lee B, Park J, Ryu M et al (2017) Antimicrobial peptide-loaded gold nanoparticle-DNA aptamer
conjugates as highly effective antibacterial therapeutics against Vibrio vulnificus. Sci Rep
7(1):1-10. https://doi.org/10.1038/s41598-017-14127-z

Lee KH, Lee JS, Kim ES, Lee HG (2019a) Preparation, characterization, and food application of
rosemary extract-loaded antimicrobial nanoparticle dispersions. LWT 101:138-144. https:/
doi.org/10.1016/j.1wt.2018.10.072

LeeNY, KoWC, Hsueh PR (2019b) Nanoparticles in the treatment of infections caused by multidrug-
resistant organisms. Front Pharmacol 10:1153. https://doi.org/10.3389/fphar.2019.01153

Lemire JA, Harrison JJ, Turner RJ (2013) Antimicrobial activity of metals: mechanisms, molec-
ular targets and applications. Nat Rev Microbiol 11(6):371-384. https://doi.org/10.1038/
nrmicro3028

Leodn-Buitimea A, Garza-Cardenas CR, Garza-Cervantes JA et al (2020) The demand for new anti-
biotics: antimicrobial peptides, nanoparticles, and combinatorial therapies as future strategies in
antibacterial agent design. Front Microbiol 11:1-10. https://doi.org/10.3389/fmicb.2020.01669

Li XZ, Nikaido H (2009) Efflux-mediated drug resistance in bacteria: an update. Drugs
69(12):1555-1623. https://doi.org/10.2165/11317030-000000000-00000

Li L, Shi Y, Cheng X et al (2015) A cell-penetrating peptide analogue, P7, exerts antimicrobial
activity against Escherichia coli ATCC25922 via penetrating cell membrane and targeting
intracellular DNA. Food Chem 166:231-239. https://doi.org/10.1016/j.foodchem.2014.05.113

Li W, Separovic F, O’Brien-Simpson NM, Wade JD (2021) Chemically modified and conju-
gated antimicrobial peptides against superbugs. Chem Soc Rev 50:4932-4973. https://doi.
org/10.1039/d0cs01026j


https://doi.org/10.1002/pep2.24122
https://doi.org/10.1016/j.bcab.2021.102107
https://doi.org/10.1016/j.bcab.2021.102107
https://doi.org/10.1080/1385772X.2012.688328
https://doi.org/10.1080/1385772X.2012.688328
https://doi.org/10.1016/S1381-5148(00)00038-9
https://doi.org/10.3390/biom8010004
https://doi.org/10.1038/s41598-018-23480-6
https://doi.org/10.1038/s41598-018-23480-6
https://doi.org/10.1016/j.jdermsci.2005.01.002
https://doi.org/10.1016/j.jdermsci.2005.01.002
https://doi.org/10.1002/adma.201701527
https://doi.org/10.1016/b0-08-045044-x/00222-4
https://doi.org/10.1016/j.bbamem.2014.11.016
https://doi.org/10.1038/s41598-017-14127-z
https://doi.org/10.1016/j.lwt.2018.10.072
https://doi.org/10.1016/j.lwt.2018.10.072
https://doi.org/10.3389/fphar.2019.01153
https://doi.org/10.1038/nrmicro3028
https://doi.org/10.1038/nrmicro3028
https://doi.org/10.3389/fmicb.2020.01669
https://doi.org/10.2165/11317030-000000000-00000
https://doi.org/10.1016/j.foodchem.2014.05.113
https://doi.org/10.1039/d0cs01026j
https://doi.org/10.1039/d0cs01026j

148 P. Barathe et al.

Liu Y, Jin L, Wang C et al (2021a) Thymol-functionalized hollow mesoporous silica spheres
nanoparticles: preparation, characterization and bactericidal activity. Bull Mater Sci 44(2):1-7.
https://doi.org/10.1007/s12034-021-02425-2

Liu Z, Zhao X, Yu B et al (2021b) Rough carbon-iron oxide nanohybrids for near-infrared-II
light-responsive synergistic antibacterial therapy. ACS Nano 15(4):7482-7490. https://doi.
org/10.1021/acsnano.1c00894

Lyu Z, Ding L, Huang AT, Kao CL, Peng L (2019) Poly (amidoamine) dendrimers: Covalent
and supramolecular synthesis. Materials Today Chemistry 13:34-48. https://doi.org/10.1016/j.
mtchem.2019.04.004

Lombardo D, Kiselev MA, Caccamo MT (2019) Smart nanoparticles for drug delivery applica-
tion: development of versatile Nanocarrier platforms in biotechnology and nanomedicine. J
Nanomater. https://doi.org/10.1155/2019/3702518

Lotha R, Sundaramoorthy NS, Shamprasad BR et al (2018) Plant nutraceuticals (Quercetrin and
Afzelin) capped silver nanoparticles exert potent antibiofilm effect against food borne pathogen
salmonella enterica serovar Typhi and curtail planktonic growth in zebrafish infection model.
Microb Pathog 120:109-118. https://doi.org/10.1016/j.micpath.2018.04.044

Luo Z, Wu Q, Zhang M et al (2011) Cooperative antimicrobial activity of CdTe quantum dots
with rocephin and fluorescence monitoring for Escherichia coli. J Colloid Interface Sci
362(1):100-106. https://doi.org/10.1016/j.jcis.2011.06.039

Macomber L, Imlay JA (2009) The iron-sulfur clusters of dehydratases are primary intracel-
lular targets of copper toxicity. Proc Natl Acad Sci U S A 106(20):8344—8349. https://doi.
org/10.1073/pnas.0812808106

Macomber L, Elsey SP, Hausinger RP (2011) Fructose-1,6-bisphosphate aldolase (class II) is the
primary site of nickel toxicity in Escherichia coli. Mol Microbiol 82(5):1291-1300. https://doi.
org/10.1111/5.1365-2958.2011.07891.x

Mandani S, Rezaei B, Ensafi AA, Sabzalian MR (2021) Development of a new simple spectro-
scopic determination coupled acid-motivated delivery system based on fluorescence turn-off
MSNs@MPA-ZnS QDs for infection. Microporous Mesoporous Mater 317:110971. https://
doi.org/10.1016/j.micromeso.2021.110971

Manisha H, Priya Swetha PD, Shim YB, Prasad KS (2019) Revisiting fluorescent carbon nanodots
for environmental, biomedical applications and puzzle about fluorophore impurities. Nano-
Struct Nano-Objects 20(20):100391. https://doi.org/10.1016/j.nanos0.2019.100391

Manju S, Sreenivasan K (2010) Functionalised nanoparticles for targeted drug delivery. In:
Biointegration of medical implant materials: science and design, pp 267-297. https://doi.
org/10.1533/9781845699802.2.267

Mardirossian M, Sola R, Beckert B et al (2019) Proline-rich peptides with improved antimicrobial
activity against E. coli, K. pneumoniae, and A. baumannii. ChemMedChem 14(24):2025-2033.
https://doi.org/10.1002/cmdc.201900465

Markley JL, Wencewicz TA (2018) Tetracycline-inactivating enzymes. Front Microbiol 9:1-22.
https://doi.org/10.3389/fmicb.2018.01058

Martinez-Carmona M, Gun’ko YK, Vallet-Regi M (2018) Mesoporous silica materials as drug
delivery: “the nightmare” of bacterial infection. Pharmaceutics 10(4):279. https://doi.
org/10.3390/pharmaceutics 10040279

Mba IE, Nweze EI (2021) Nanoparticles as therapeutic options for treating multidrug-resistant bac-
teria: research progress, challenges, and prospects. World J Microbiol Biotechnol 37(6):1-30.
https://doi.org/10.1007/s11274-021-03070-x

McGowan JE, Terry PM, Nahmias AJ (1976) Susceptibility of Haemophilus influenzae isolates
from blood and cerebrospinal fluid to ampicillin, chloramphenicol, and trimethoprim sulfa-
methoxazole. Antimicrob Agents Chemother 9:137-139. https://doi.org/10.1128/AAC.9.1.137

Miao P, Han K, Tang Y et al (2015) Recent advances in carbon nanodots: synthesis, properties and
biomedical applications. Nanoscale 7(5):1586—1595. https://doi.org/10.1039/C4NR05712K

Mihai MM, Dima MB, Dima B, Holban AM (2019) Infect Control 12(13):2176. https://doi.
org/10.3390/mal2132176


https://doi.org/10.1007/s12034-021-02425-2
https://doi.org/10.1021/acsnano.1c00894
https://doi.org/10.1021/acsnano.1c00894
https://doi.org/10.1016/j.mtchem.2019.04.004
https://doi.org/10.1016/j.mtchem.2019.04.004
https://doi.org/10.1155/2019/3702518
https://doi.org/10.1016/j.micpath.2018.04.044
https://doi.org/10.1016/j.jcis.2011.06.039
https://doi.org/10.1073/pnas.0812808106
https://doi.org/10.1073/pnas.0812808106
https://doi.org/10.1111/j.1365-2958.2011.07891.x
https://doi.org/10.1111/j.1365-2958.2011.07891.x
https://doi.org/10.1016/j.micromeso.2021.110971
https://doi.org/10.1016/j.micromeso.2021.110971
https://doi.org/10.1016/j.nanoso.2019.100391
https://doi.org/10.1533/9781845699802.2.267
https://doi.org/10.1533/9781845699802.2.267
https://doi.org/10.1002/cmdc.201900465
https://doi.org/10.3389/fmicb.2018.01058
https://doi.org/10.3390/pharmaceutics10040279
https://doi.org/10.3390/pharmaceutics10040279
https://doi.org/10.1007/s11274-021-03070-x
https://doi.org/10.1128/AAC.9.1.137
https://doi.org/10.1039/C4NR05712K
https://doi.org/10.3390/ma12132176
https://doi.org/10.3390/ma12132176

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 149

Miyake Y, Tsuruda K, Okuda K, Widowati, Iwamoto Y, Suginaka H (1995) In vitro activity of tet-
racyclines, macrolides, quinolones, clindamycin and metronidazole against periodontopathic
bacteria. J Periodontal Res 30:290-293. https://doi.org/10.1111/.1600-0765.1995.tb02136.x

Mizunaga S, Kamiyama T, Fukuda Y, Takahata M, Mitsuyama J (2005) Influence of inoculum
size of Staphylococcus aureus and Pseudomonas aeruginosa on in vitro activities and in vivo
efficacy of fluoroquinolones and carbapenems. J Antimicrob Chemother 56:91-96. https://doi.
org/10.1093/jac/dkil63

Morrissey I, Ge Y, Janes R (2009) Activity of the new cephalosporin ceftaroline against bacter-
aemia isolates from patients with community-acquired pneumonia. Int J Antimicrob Agents
33:515-519. https://doi.org/10.1016/j.ijjantimicag.2008.12.005

Mosselhy DA, He W, Hynonen U et al (2018) Silica—gentamicin nanohybrids: combating anti-
biotic resistance, bacterial biofilms, and in vivo toxicity. Int J Nanomedicine. https://doi.
org/10.2147/1IN.S182611

Nagaraja K, Rao KM, Reddy GV, Rao KSVK (2021) Tragacanth gum-based multifunctional
hydrogels and green synthesis of their silver nanocomposites for drug delivery and inactivation
of multidrug resistant bacteria. Int J Biol Macromol 174:502-511. https://doi.org/10.1016/].
ijbiomac.2021.01.203

Nair A, Haponiuk JT, Thomas S, Gopi S (2020a) Natural carbon-based quantum dots and their
applications in drug delivery: a review. Biomed Pharmacother 132:110834. https://doi.
org/10.1016/j.biopha.2020.110834

Nair KGS, Velmurugan R, Sukumaran SK (2020b) Formulation and optimization of ansamycin-
loaded polymeric nanoparticles using response surface methodology for bacterial meningitis.
Bionanoscience 8:1-3. https://doi.org/10.1007/s12668-019-00713-0

Nakagawa S, Hillebrand GG, Nunez G (2020) Rosmarinus officinalis 1. (rosemary) extracts con-
taining carnosic acid and carnosol are potent quorum sensing inhibitors of staphylococcus
aureus virulence. Antibiotics 9(4):149. https://doi.org/10.3390/antibiotics9040149

Navarro-Martinez MD, Navarro-Peran E, Cabezas-Herrera J et al (2005) Antifolate activity of
epigallocatechin gallate against Stenotrophomonas maltophilia. Antimicrob Agents Chemother
49(7):2914-2920. https://doi.org/10.1128/AAC.49.7.2914-2920.2005

Nepka M, Perivolioti E, Kraniotaki E, Politi L, Tsakris A, Pournaras S (2016) In vitro bacteri-
cidal activity of trimethoprim-sulfamethoxazole alone and in combination with colistin against
carbapenem-resistant Acinetobacter baumannii clinical isolates. Antimicrob Agents Chemother
60:6903-6906. https://doi.org/10.1128/AAC.01082-16

Neuharold C, Feldman HA (1973) Effects of trimethoprim and sulfisoxazole alone and in combina-
tion on murine toxoplasmosis. J Infect Dis 128:S774-S777. https://doi.org/10.1093/infdis/128.
Supplement_3.S774

Newman JDS, Blanchard GJ (2006) Formation of gold nanoparticles using amine reducing agents.
Langmuir 22(13):5882-5887. https://doi.org/10.1021/1a060045z

Nie L, Deng Y, Zhang Y et al (2021) Silver-doped biphasic calcium phosphate/alginate micro-
clusters with antibacterial property and controlled doxorubicin delivery. J Appl Polym Sci
138(19):50433. https://doi.org/10.1002/app.50433

Ocsoy MA, Yusufbeyoglu S, Ildiz N et al (2021) DNA aptamer-conjugated magnetic graphene
oxide for pathogenic bacteria aggregation: selective and enhanced photothermal therapy
for effective and rapid killing. ACS Omega 6(31):20637-20643. https://doi.org/10.1021/
acsomega.1c02832

Pal I, Bhattacharyya D, Kar RK et al (2019) A peptide-nanoparticle system with improved
efficacy against multidrug resistant bacteria. Sci Rep 9(1):1-1. https://doi.org/10.1038/
$41598-019-41005-7

Pandurangan AK, Kanagesan S, Narayanaswamy R et al (2016) Nanobiomaterial-based delivery
of drugs in various cancer therapies: classifying the mechanisms of action (using biochemical
and molecular biomarkers). In: Nanobiomaterials in cancer therapy: applications of nanobio-
materials. Elsevier Inc, pp 331-365

Paris JM (2012) 1.3 chirality in antibacterial agents. Elsevier Ltd


https://doi.org/10.1111/j.1600-0765.1995.tb02136.x
https://doi.org/10.1093/jac/dki163
https://doi.org/10.1093/jac/dki163
https://doi.org/10.1016/j.ijantimicag.2008.12.005
https://doi.org/10.2147/IJN.S182611
https://doi.org/10.2147/IJN.S182611
https://doi.org/10.1016/j.ijbiomac.2021.01.203
https://doi.org/10.1016/j.ijbiomac.2021.01.203
https://doi.org/10.1016/j.biopha.2020.110834
https://doi.org/10.1016/j.biopha.2020.110834
https://doi.org/10.1007/s12668-019-00713-0
https://doi.org/10.3390/antibiotics9040149
https://doi.org/10.1128/AAC.49.7.2914-2920.2005
https://doi.org/10.1128/AAC.01082-16
https://doi.org/10.1093/infdis/128.Supplement_3.S774
https://doi.org/10.1093/infdis/128.Supplement_3.S774
https://doi.org/10.1021/la060045z
https://doi.org/10.1002/app.50433
https://doi.org/10.1021/acsomega.1c02832
https://doi.org/10.1021/acsomega.1c02832
https://doi.org/10.1038/s41598-019-41005-7
https://doi.org/10.1038/s41598-019-41005-7

150 P. Barathe et al.

Patra JK, Das G, Fraceto LF et al (2018) Nano based drug delivery systems: recent developments
and future prospects. J Nanobiotechnol 16(1):1-33. https://doi.org/10.1186/s12951-018-0392-8

Pedraza D, Diez J, Barba II et al (2018) Amine-functionalized mesoporous silica nanoparticles:
a new nanoantibiotic for bone infection treatment. Biomed Glasses 4(1):1-12. https://doi.
org/10.1515/bglass-2018-0001

Pérez JM, Calder6n IL, Arenas FA et al (2007) Bacterial toxicity of potassium tellurite: unveiling
an ancient enigma. PLoS One 2(2):e211. https://doi.org/10.1371/journal.pone.000021 1

Permana AD, Anjani QK, Utomo E et al (2021) Selective delivery of silver nanoparticles for
improved treatment of biofilm skin infection using bacteria-responsive microparticles
loaded into dissolving microneedles. Mater Sci Eng C 120:111786. https://doi.org/10.1016/].
msec.2020.111786

Pfaller MA, Flamm RK, Jones RN, Farrell DJ, Mendes RE (2016) Activities of tedizolid and
linezolid determined by the reference broth microdilution method against 3,032 Gram-positive
bacterial isolates collected in Asia-Pacific, Eastern Europe, and Latin American countries in
2014. Antimicrob Agents Chemother 60:5393-5399. https://doi.org/10.1128/AAC.00881-16

Prasher P, Sharma M, Singh SP (2021) Drug encapsulating polysaccharide-loaded metal
nanoparticles: a perspective drug delivery system. Drug Dev Res 82(2):145-148. https://doi.
org/10.1002/ddr.21754

Qian W, Sun Z, Wang T et al (2020) Antimicrobial activity of eugenol against carbapenem-
resistant Klebsiella pneumoniae and its effect on biofilms. Microb Pathog 139:103924. https://
doi.org/10.1016/j.micpath.2019.103924

Rabea EI, Badawy MET, Stevens CV et al (2003) Chitosan as antimicrobial agent: applications
and mode of action. Biomacromolecules 4(6):1457—-1465. https://doi.org/10.1021/bm034130m

Radovic-Moreno AF, Lu TK, Puscasu VA et al (2012) Surface charge-switching polymeric nanopar-
ticles for bacterial cell wall-targeted delivery of antibiotics. ACS Nano 6(5):4279—4287. https://
doi.org/10.1021/nn3008383

Rahal JJ, Simberkoff MS (1979) Bactericidal and bacteriostatic action of chloramphenicol against
meningeal pathogens. Antimicrob Agents Chemother 16:13—18. https://doi.org/10.1128/
AAC.16.1.13

Raja Namasivayam SK, Venkatachalam G, Arvind Bharani RS (2020) Immuno biocompatibil-
ity and anti-quorum sensing activities of chitosan-gum acacia gold nanocomposite (CS-GA-
AuNC) against Pseudomonas aeruginosa drug-resistant pathogen. Sustain Chem Pharm
17:100300. https://doi.org/10.1016/j.scp.2020.100300

Ramalingam B, Parandhaman T, Das SK (2016) Antibacterial effects of biosynthesized silver
nanoparticles on surface ultrastructure and Nanomechanical properties of gram-negative
bacteria viz. Escherichia coli and Pseudomonas aeruginosa. ACS Appl Mater Interfaces
8(7):4963—-4976. https://doi.org/10.1021/acsami.6b00161

Rawat M, Singh D, Saraf S, Saraf S (2008) Development and in vitro evaluation of alginate gel-
encapsulated, chitosan-coated ceramic nanocores for oral delivery of enzyme. Drug Dev Ind
Pharm 34(2):181-188. https://doi.org/10.1080/03639040701539479

Ray P, Nguyen K, Nguyen T, Sachdev S (2021) Resurrecting the dead: mitigating efflux-pump
inhibitor toxicity using a liposomal delivery system to recover efficacy of antimicrobial drugs.
Undergrad Res Nat Clin Sci Technol J. https://doi.org/10.26685/urncst.278

Raza A, Alavi SE, Sime FB et al (2021) Microfluidic assembly of pomegranate-like hierarchical
microspheres for efflux regulation in oral drug delivery. Acta Biomater 126:277-290. https://
doi.org/10.1016/j.actbio.2021.03.042

Rebelo SLH, Guedes A, Szefczyk ME et al (2016) Progress in the Raman spectra analysis of cova-
lently functionalized multiwalled carbon nanotubes: unraveling disorder in graphitic materials.
Phys Chem Phys 18(18):12784-12796. https://doi.org/10.1039/c5cp06519d

Rinaudo M (2006) Chitin and chitosan: properties and applications. Prog Polym Sci 31(1):603-632.
https://doi.org/10.1016/j.progpolymsci.2006.06.001

Rutherford ST, Bassler BL (2012) Bacterial quorum sensing: its role in virulence and possibili-
ties for its control. Cold Spring Harb Perspect Med. 2(11):a012427. https://doi.org/10.1101/
cshperspect.a012427


https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1515/bglass-2018-0001
https://doi.org/10.1515/bglass-2018-0001
https://doi.org/10.1371/journal.pone.0000211
https://doi.org/10.1016/j.msec.2020.111786
https://doi.org/10.1016/j.msec.2020.111786
https://doi.org/10.1128/AAC.00881-16
https://doi.org/10.1002/ddr.21754
https://doi.org/10.1002/ddr.21754
https://doi.org/10.1016/j.micpath.2019.103924
https://doi.org/10.1016/j.micpath.2019.103924
https://doi.org/10.1021/bm034130m
https://doi.org/10.1021/nn3008383
https://doi.org/10.1021/nn3008383
https://doi.org/10.1128/AAC.16.1.13
https://doi.org/10.1128/AAC.16.1.13
https://doi.org/10.1016/j.scp.2020.100300
https://doi.org/10.1021/acsami.6b00161
https://doi.org/10.1080/03639040701539479
https://doi.org/10.26685/urncst.278
https://doi.org/10.1016/j.actbio.2021.03.042
https://doi.org/10.1016/j.actbio.2021.03.042
https://doi.org/10.1039/c5cp06519d
https://doi.org/10.1016/j.progpolymsci.2006.06.001
https://doi.org/10.1101/cshperspect.a012427
https://doi.org/10.1101/cshperspect.a012427

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 151

Rybak MJ, Hershberger E, Moldovan T, Grucz RG (2000) In vitro activities of daptomycin, vanco-
mycin, linezolid, and quinupristin-dalfopristin against staphylococci and enterococci, including
vancomycin-intermediate and -resistant strains. Antimicrob Agents Chemother 44:1062—1066.
https://doi.org/10.1128/AAC.44.4.1062-1066.2000

Sader HS, Mendes RE, Farrell DJ, Flamm RK, Jones RN (2014) Ceftaroline activity tested against
bacterial isolates from pediatric patients results from the assessing worldwide antimicrobial
resistance and evaluation program for the United States (2011-2012). Pediatr Infect Dis J
33:837-842. https://doi.org/10.1097/INF.0000000000000307

Sader HS, Farrell DJ, Mendes RE, Flamm RK, Castanheira M, Jones RN (2015) Antimicrobial
activity of ceftaroline tested against bacterial isolates causing respiratory tract and skin and
skin structure infections in US medical centers in 2013. Diagn Microbiol Infect Dis 82:78-84.
https://doi.org/10.1016/j.diagmicrobio.2015.01.015

Sahariah P, Mdsson M (2017) Antimicrobial chitosan and chitosan derivatives: a review of the
structure-activity relationship. Biomacromolecules 18(11):3846—-3868. https://doi.org/10.1021/
acs.biomac.7b01058

Salamatipour N, Hemmatinejad N, Bashari A (2019) Synthesis of redox-light responsive alginate
nano hydrogel to produce smart textile. Fibers Polym 20(4):690-697. https://doi.org/10.1007/
$12221-019-8905-0

Sanches BCP, Rocha CA, Bedoya JGM et al (2021) Rhamnolipid-based liposomes as promising
nano-carriers for enhancing the antibacterial activity of peptides derived from bacterial toxin-
antitoxin systems. Int J Nanomed 16:925. https://doi.org/10.2147/1IN.S283400

Saravanan A, Maruthapandi M, Das P et al (2021) Green synthesis of multifunctional carbon dots
with antibacterial activities. Nanomaterials 11(2):369. https://doi.org/10.3390/nano11020369

Sareena C, Vasu ST (2020) Identification of 4-diphenylamino 3-iodo coumarin as a potent inhibi-
tor of DNA gyrase B of S. aureus. Microb Pathog 147:104387. https://doi.org/10.1016/].
micpath.2020.104387

Sauberan JB, Bradley JS (2018) Antimicrobial agents. In: Principles and practice of pediatric infec-
tious diseases, Sth edn. Elsevier Inc. https://doi.org/10.1016/B978-0-323-40181-4.00292-9

Savas S, Ersoy A, Gulmez Y et al (2018) Nanoparticle enhanced antibody and DNA biosensors
for sensitive detection of salmonella. Materials (Basel) 11(9):1541. https://doi.org/10.3390/
mall091541

Schwarz S, Shen J, Kadlec K et al (2016) Lincosamides, streptogramins, phenicols, and pleuro-
mutilins: mode of action and mechanisms of resistance. Cold Spring Harb Perspect Med:1-30

Selvarajan V, Obuobi S, Ee PLR (2020) Silica nanoparticles—a versatile tool for the treatment of
bacterial infections. Front Chem 8:602. https://doi.org/10.3389/fchem.2020.00602

Sen KD, Manner S, Rosenholm JM (2018) Mesoporous silica nanoparticles as diagnostic and
therapeutic tools: how can they combat bacterial infection? Ther Deliv 9:241-244

Sharaf M, Hamouda HI, Shabana S et al (2021) Design of lipid-based nanocarrier for drug delivery
has a double therapy for six common pathogens eradication. Colloids Surf A Physicochem Eng
Asp. https://doi.org/10.1016/j.colsurfa.2021.126662

Sharma D, Misba L, Khan AU (2019) Antibiotics versus biofilm: an emerging battleground in
microbial communities. Antimicrob Resist Infect Control 8(1):1-10. https://doi.org/10.1186/
s13756-019-0533-3

Sharma N, Zahoor I, Sachdeva M et al (2021) Deciphering the role of nanoparticles for manage-
ment of bacterial meningitis: an update on recent studies. Environ Sci Pollut Res:1-8

Shibl AM (1989) Comparative in vitro antibacterial activity of aztreonam against clinical isolates
of gram-negative bacteria. Chemotherapy 35(Suppl 1):72-76

Shriram V, Jahagirdar S, Latha C et al (2008) A potential plasmid-curing agent, 8-epidiosbulbin
E acetate, from Dioscorea bulbifera L. against multidrug-resistant bacteria. Int J Antimicrob
Agents 32(5):405-410. https://doi.org/10.1016/j.ijantimicag.2008.05.013

Shriram V, Khare T, Bhagwat R et al (2018) Inhibiting bacterial drug efflux pumps via phyto-
therapeutics to combat threatening antimicrobial resistance. Front Microbiol 9:2990. https://
doi.org/10.3389/fmicb.2018.02990


https://doi.org/10.1128/AAC.44.4.1062-1066.2000
https://doi.org/10.1097/INF.0000000000000307
https://doi.org/10.1016/j.diagmicrobio.2015.01.015
https://doi.org/10.1021/acs.biomac.7b01058
https://doi.org/10.1021/acs.biomac.7b01058
https://doi.org/10.1007/s12221-019-8905-0
https://doi.org/10.1007/s12221-019-8905-0
https://doi.org/10.2147/IJN.S283400
https://doi.org/10.3390/nano11020369
https://doi.org/10.1016/j.micpath.2020.104387
https://doi.org/10.1016/j.micpath.2020.104387
https://doi.org/10.1016/B978-0-323-40181-4.00292-9
https://doi.org/10.3390/ma11091541
https://doi.org/10.3390/ma11091541
https://doi.org/10.3389/fchem.2020.00602
https://doi.org/10.1016/j.colsurfa.2021.126662
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.1016/j.ijantimicag.2008.05.013
https://doi.org/10.3389/fmicb.2018.02990
https://doi.org/10.3389/fmicb.2018.02990

152 P. Barathe et al.

Siddiqui AA, Iram F, Siddiqui S, Sahu K (2014) Role of natural products in drug discovery pro-
cess. Int J Drug Dev Res 6(2):172-204

Simmons G, Jones N, Calder L (2000) Equivalence of ceftriaxone and rifampicin in eliminat-
ing nasopharyngeal carriage of serogroup B Neisseria meningitidis. J] Antimicrob Chemother
45:909-911. https://doi.org/10.1093/jac/45.6.909

Singh J, Kaurav N, Choudhary KK, Okram GS (2015) Synthesis and optical properties of silver
nanoparticles. AIP Conf Proc. American Institute of Physics Inc 1601(1):030034. https://doi.
org/10.1063/1.4926718

Singh D, Singh S, Sahu J et al (2016) Ceramic nanoparticles: recompense, cellular uptake and
toxicity concerns. Artif Cells Nanomed Biotechnol 44(1):401-409. https://doi.org/10.310
9/21691401.2014.955106

Siriyong T, Srimanote P, Chusri S et al (2017) Conessine as a novel inhibitor of multidrug efflux
pump systems in Pseudomonas aeruginosa. BMC Complement Altern Med 17(1):1-7. https:/
doi.org/10.1186/s12906-017-1913-y

Slavin YN, Asnis J, Hifeli UO, Bach H (2017) Metal nanoparticles: understanding the mecha-
nisms behind antibacterial activity. J Nanobiotechnol 15(1):1-20. https://doi.org/10.1186/
$12951-017-0308-z

Solomon S, Bahadori M, Jeyarajasingam AV et al (2007) Synthesis and study of silver nanopar-
ticles. J Chem Educ 84(2):322. https://doi.org/10.1021/ed084p322

Song X, Liu P, Liu X et al (2021) Dealing with MDR bacteria and biofilm in the post-antibiotic
era: application of antimicrobial peptides-based nano-formulation. Mater Sci Eng C:112318.
https://doi.org/10.1016/j.msec.2021.112318

Stein GE, Schooley SL, Nicolau DP (2008) Urinary bactericidal activity of single doses (250, 500,
750 and 1000 mg) of levofloxacin against fluoroquinolone-resistant strains of Escherichia coli.
Int J Antimicrob Agents 32:320-325. https://doi.org/10.1016/j.ijjantimicag.2008.04.025

Stewart CA, Finer Y, Hatton BD (2018) Drug self-assembly for synthesis of highly-loaded anti-
microbial drug-silica particles. Sci Rep 8(1):1-2. https://doi.org/10.1038/s41598-018-19166-8

Stober W, Fink A, Ernst Bohn D (1968) Controlled growth of monodisperse silica
spheres in the micron size range. J Colloid Interface Sci 26(1):62—69. https://doi.
org/10.1016/0021-9797(68)90272-5

Sun H, Zhou Y, Ren J, Qu X (2018a) Carbon nanozymes: enzymatic properties, catalytic mecha-
nism, and applications. Angew Chemie Int Ed 57(30):9224-9237. https://doi.org/10.1002/
anie.201712469

Sun P, Zhang Y, Ran X et al (2018b) Phytochemical-encapsulated nanoplatform for “on-demand”
synergistic treatment of multidrug-resistant bacteria. Nano Res 11(7):3762-3770. https://doi.
org/10.1007/s12274-017-1947-y

Sun B, Xi Z, Wu F et al (2019) Quaternized chitosan-coated montmorillonite interior antimicrobial
metal-antibiotic in situ coordination complexation for mixed infections of wounds. Langmuir
35(47):15275-15286. https://doi.org/10.1021/acs.langmuir.9b02821

Sun X, Zhang B, Xu G, Chen J, Shang Y, Lin Z, Yu Z, Zheng J, Bai B (2021) In vitro activity of the
novel tetracyclines, tigecycline, eravacycline, and omadacycline, against moraxella catarrhalis.
Ann Lab Med 41:293-301. https://doi.org/10.3343/ALM.2021.41.3.293

Tan Q, Chu Y, Bie M et al (2017) Preparation and investigation of amphiphilic block copolymers/
fullerene nanocomposites as nanocarriers for hydrophobic drug. Materials (Basel) 10(2):192.
https://doi.org/10.3390/ma10020192

Tang Y, Wang G (2021) NIR light-responsive nanocarriers for controlled release. J Photochem
Photobiol C Photochem Rev:100420. https://doi.org/10.1016/j.jphotochemrev.2021.100420

Teaima MH, Elasaly MK, Omar SA et al (2020) Eco-friendly synthesis of functionalized chitosan-
based nanoantibiotic system for potential delivery of linezolid as antimicrobial agents. Saudi
Pharm J 28(7):859-868. https://doi.org/10.1016/].jsps.2020.06.005

Thakur M, Pandey S, Mewada A et al (2014) Antibiotic conjugated fluorescent carbon dots as a
theranostic agent for controlled drug release, bioimaging, and enhanced antimicrobial activity.
J Drug Deliv 2014:1-9. https://doi.org/10.1155/2014/282193


https://doi.org/10.1093/jac/45.6.909
https://doi.org/10.1063/1.4926718
https://doi.org/10.1063/1.4926718
https://doi.org/10.3109/21691401.2014.955106
https://doi.org/10.3109/21691401.2014.955106
https://doi.org/10.1186/s12906-017-1913-y
https://doi.org/10.1186/s12906-017-1913-y
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1021/ed084p322
https://doi.org/10.1016/j.msec.2021.112318
https://doi.org/10.1016/j.ijantimicag.2008.04.025
https://doi.org/10.1038/s41598-018-19166-8
https://doi.org/10.1016/0021-9797(68)90272-5
https://doi.org/10.1016/0021-9797(68)90272-5
https://doi.org/10.1002/anie.201712469
https://doi.org/10.1002/anie.201712469
https://doi.org/10.1007/s12274-017-1947-y
https://doi.org/10.1007/s12274-017-1947-y
https://doi.org/10.1021/acs.langmuir.9b02821
https://doi.org/10.3343/ALM.2021.41.3.293
https://doi.org/10.3390/ma10020192
https://doi.org/10.1016/j.jphotochemrev.2021.100420
https://doi.org/10.1016/j.jsps.2020.06.005
https://doi.org/10.1155/2014/282193

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 153

Thornsberry C, Hill BC, Swenson JM, McDougal LK (1983) Rifampin: Spectrum of antibacterial
activity. Rev Infect Dis 5:S412-S417. https://doi.org/10.1093/clinids/5.Supplement_3.S412
Ugwuanyi FC, Ajayi A, Ojo DA et al (2021) Evaluation of efflux pump activity and biofilm forma-
tion in multidrug resistant clinical isolates of Pseudomonas aeruginosa isolated from a Federal
Medical Center in Nigeria. Ann Clin Microbiol Antimicrob 20(1):1-7. https://doi.org/10.1186/
$12941-021-00417-y

Van Laethem Y, Husson M, Klastersky J (1984) Serum bactericidal activity of aztreonam, cefo-
perazone, and amikacin, alone or in combination, against Escherichia coli, Klebsiella pneu-
moniae, Serratia marcescens, and Pseudomonas aeruginosa. Antimicrob Agents Chemother
26:224-227. https://doi.org/10.1128/AAC.26.2.224

Vazquez-Laslop N, Mankin AS (2018) How macrolide antibiotics work. Trends Biochem Sci
43(9):668—684. https://doi.org/10.1016/j.tibs.2018.06.011

Veeresham C (2012) Natural products derived from plants as a source of drugs. J Adv Pharm
Technol Res 3(4):200-201. https://doi.org/10.4103/2231-4040.104709

Verlee A, Mincke S, Stevens CV (2017) Recent developments in antibacterial and antifun-
gal chitosan and its derivatives. Carbohydr Polym 164:268-283. https://doi.org/10.1016/].
carbpol.2017.02.001

Waller DG, Sampson AP (2018) Chemotherapy of infections. Med Pharmacol Ther:581-629.
https://doi.org/10.1016/b978-0-7020-7167-6.00051-8

Wang Y (2021) Liposome as a delivery system for the treatment of biofilm-mediated infections. J
Appl Microbiol. https://doi.org/10.1111/jam.15053

Wang W, Yu JC, Xia D et al (2013) Graphene and g-C3N4 nanosheets cowrapped elemental
a-sulfur as a novel metal-free heterojunction photocatalyst for bacterial inactivation under
visible-light. Environ Sci Technol 47(15):8724-8732. https://doi.org/10.1021/es4013504

Wang X, Mansukhani ND, Guiney LM et al (2016) Toxicological profiling of highly purified
metallic and semiconducting single-walled carbon nanotubes in the rodent lung and E. coli.
ACS Nano 10(6):6008-6019. https://doi.org/10.1021/acsnano.6b01560

Wang L, Hu C, Shao L (2017) The antimicrobial activity of nanoparticles: present situation and
prospects for the future. Int. J Nanomed 12(1227):10.2147%2FIIN.S121956

Wang C, Wang Y, Zhang L et al (2018) Pretreated macrophage-membrane-coated gold nanocages
for precise drug delivery for treatment of bacterial infections. Adv Mater 30(46):1804023.
https://doi.org/10.1002/adma.201804023

Wang X, Yang P, Feng Q et al (2019) Green preparation of fluorescent carbon quantum dots from
cyanobacteria for biological imaging. Polymers (Basel) 11(4):616. https://doi.org/10.3390/
polym11040616

Wang DY, van der Mei HC, Ren Y et al (2020) Lipid-based antimicrobial delivery-systems for the
treatment of bacterial infections. Front Chem 7:872. https://doi.org/10.3389/fchem.2019.00872

Wang X, Cheng F, Wang X et al (2021) Chitosan decoration improves the rapid and long-term
antibacterial activities of cinnamaldehyde-loaded liposomes. Int J Biol Macromol 168:59-66.
https://doi.org/10.1016/j.ijbiomac.2020.12.003

Weledji EP, Weledji EK, Assob JC, Nsagha DS (2017) Pros, cons and future of antibiotics. New
Horiz Transl Med 4(1-4):9—14. https://doi.org/10.1016/j.nhtm.2017.08.001

Weng W, Nie W, Zhou Q et al (2017) Controlled release of vancomycin from 3D porous graphene-
based composites for dual-purpose treatment of infected bone defects. RSC Adv 7:2753-2765.
https://doi.org/10.1039/c6ra26062d

White GW, Malow JB, Zimelis VM (1979) Comparative in vitro activity of azlocillin, ampicillin,
mezlocillin, piperacillin, and ticarcillin, alone and in combination with an aminoglycoside.
Antimicrob Agents Chemother 15:540-543. https://doi.org/10.1128/AAC.15.4.540

WHO (2021) https://www.who.int/ar/news-room/fact-sheets/detail/antimicrobial-resistance


https://doi.org/10.1093/clinids/5.Supplement_3.S412
https://doi.org/10.1186/s12941-021-00417-y
https://doi.org/10.1186/s12941-021-00417-y
https://doi.org/10.1128/AAC.26.2.224
https://doi.org/10.1016/j.tibs.2018.06.011
https://doi.org/10.4103/2231-4040.104709
https://doi.org/10.1016/j.carbpol.2017.02.001
https://doi.org/10.1016/j.carbpol.2017.02.001
https://doi.org/10.1016/b978-0-7020-7167-6.00051-8
https://doi.org/10.1111/jam.15053
https://doi.org/10.1021/es4013504
https://doi.org/10.1021/acsnano.6b01560
https://doi.org/10.1002/adma.201804023
https://doi.org/10.3390/polym11040616
https://doi.org/10.3390/polym11040616
https://doi.org/10.3389/fchem.2019.00872
https://doi.org/10.1016/j.ijbiomac.2020.12.003
https://doi.org/10.1016/j.nhtm.2017.08.001
https://doi.org/10.1039/c6ra26062d
https://doi.org/10.1128/AAC.15.4.540
https://www.who.int/ar/news-room/fact-sheets/detail/antimicrobial-resistance

154 P. Barathe et al.

Wilmes M, Stockem M, Bierbaum G et al (2014) Killing of staphylococci by 0-defensins involves
membrane impairment and activation of autolytic enzymes. Antibiotics 3(4):617-631. https://
doi.org/10.3390/antibiotics3040617

Wise R, Andrews JM (1982) Activity of mezlocillin against gram negative and gram positive
organisms comparison with other penicillins. J Antimicrob Chemother 9:1-9. https://doi.
org/10.1093/jac/9.suppl_A.1

Woo KIJ, Hye CK, Ki WK et al (2008) Antibacterial activity and mechanism of action of the silver
ion in Staphylococcus aureus and Escherichia coli. Appl Environ Microbiol 74:2171-2178.
https://doi.org/10.1128/AEM.02001-07

Wu C, Zreiqat H (2010) Porous bioactive diopside (CaMgSi206) ceramic microspheres for drug
delivery. Acta Biomater 6(3):820-829. https://doi.org/10.1016/j.actbio.2009.09.025

Wu D, Kong Y, Han C et al (2008) d-Alanine: d-alanine ligase as a new target for the flavonoids
quercetin and apigenin. Int J Antimicrob Agents 32(5):421-426. https://doi.org/10.1016/].
ijantimicag.2008.06.010

Xu'Y, Zhao C, Zhang X et al (2021) Engineering tailorable TiO2 nanotubes for NIR-controlled
drug delivery. Nano Res. https://doi.org/10.1007/s12274-021-3338-7

Xue X, Chen X, Mao X et al (2013) Amino-terminated generation 2 poly(amidoamine) den-
drimer as a potential broad-spectrum, nonresistance-inducing antibacterial agent. AAPS J
15(1):132-142. https://doi.org/10.1208/s12248-012-9416-8

Yaganza E, Rioux D, Simard M et al (2004) Caused by treatment with aluminum chloride and
sodium metabisulfite. Society 70(11):6800-6808. https://doi.org/10.1128/AEM.70.11.6800

Yeh YC, Huang TH, Yang SC et al (2020) Nano-based drug delivery or targeting to eradicate
bacteria for infection mitigation: a review of recent advances. Front Chem 8:286. https://doi.
org/10.3389/fchem.2020.00286

Yetisgin AA, Cetinel S, Zuvin M et al (2020) Therapeutic nanoparticles and their targeted delivery
applications. Molecules 25(9):2193. https://doi.org/10.3390/molecules25092193

Yin C, Wang Z, Ding X et al (2021) Crystalline ruthenium polypyridine nanoparticles: a tar-
geted treatment of bacterial infection with multifunctional antibacterial, adhesion and
surface-anchoring photosensitizer properties. ] Mater Chem B 9(18):3808-3825. https://doi.
org/10.1039/d1tb00103e

Yu Z, Tang J, Khare T, Kumar V (2020) The alarming antimicrobial resistance in ESKAPEE patho-
gens: can essential oils come to the rescue? Fitoterapia 140:104433. https://doi.org/10.1016/j.
fitote.2019.104433

Yu H, Ma Z, Meng S et al (2021a) A novel nanohybrid antimicrobial based on chitosan nanopar-
ticles and antimicrobial peptide microcin J25 with low toxicity. Carbohydr Polym 253:11309.
https://doi.org/10.1016/j.carbpol.2020.117309

Yu M, Zhang G, Li P et al (2021b) Acid-activated ROS generator with folic acid targeting for
bacterial biofilm elimination. Mater Sci Eng C. https://doi.org/10.1016/j.msec.2021.112225

Yuan P, Ding X, Yang YY, Xu QH (2018) Metal nanoparticles for diagnosis and therapy of bac-
terial infection. Adv Healthc Mater 7(13):1701392. https://doi.org/10.1002/adhm.201701392

Zarafu I, Turcu I, Culita DC et al (2018) Antimicrobial features of organic functionalized
Graphene-oxide with selected amines. Materials (Basel) 11(9):1704. https://doi.org/10.3390/
mall091704

Zhang L, Pornpattananangkul D, Hu C-M, Huang C-M (2010) Development of nanopar-
ticles for antimicrobial drug delivery. Curr Med Chem 17(6):585-594. https://doi.
0rg/10.2174/092986710790416290

Zhang J, Leifer F, Rose S et al (2018) Amikacin liposome inhalation suspension (ALIS) penetrates
non-tuberculous mycobacterial biofilms and enhances amikacin uptake into macrophages.
Front Microbiol 9:915. https://doi.org/10.3389/fmicb.2018.00915

Zhang J, Sun H, Gao C et al (2021) Development of a chitosan-modified PLGA nanoparticle vac-
cine for protection against Escherichia coli K1 caused meningitis in mice. J Nanobiotechnol
19(1):1-5. https://doi.org/10.1186/s12951-021-00812-9


https://doi.org/10.3390/antibiotics3040617
https://doi.org/10.3390/antibiotics3040617
https://doi.org/10.1093/jac/9.suppl_A.1
https://doi.org/10.1093/jac/9.suppl_A.1
https://doi.org/10.1128/AEM.02001-07
https://doi.org/10.1016/j.actbio.2009.09.025
https://doi.org/10.1016/j.ijantimicag.2008.06.010
https://doi.org/10.1016/j.ijantimicag.2008.06.010
https://doi.org/10.1007/s12274-021-3338-7
https://doi.org/10.1208/s12248-012-9416-8
https://doi.org/10.1128/AEM.70.11.6800
https://doi.org/10.3389/fchem.2020.00286
https://doi.org/10.3389/fchem.2020.00286
https://doi.org/10.3390/molecules25092193
https://doi.org/10.1039/d1tb00103e
https://doi.org/10.1039/d1tb00103e
https://doi.org/10.1016/j.fitote.2019.104433
https://doi.org/10.1016/j.fitote.2019.104433
https://doi.org/10.1016/j.carbpol.2020.117309
https://doi.org/10.1016/j.msec.2021.112225
https://doi.org/10.1002/adhm.201701392
https://doi.org/10.3390/ma11091704
https://doi.org/10.3390/ma11091704
https://doi.org/10.2174/092986710790416290
https://doi.org/10.2174/092986710790416290
https://doi.org/10.3389/fmicb.2018.00915
https://doi.org/10.1186/s12951-021-00812-9

3 Nanomaterial-Mediated Delivery of Antimicrobial Agents: ‘“The Nanocarriers’ 155

Zhao W, Zhao Y, Wang Q et al (2019) Remote light-responsive nanocarriers for controlled
drug delivery: advances and perspectives. Small 15(45):1903060. https://doi.org/10.1002/
smll.201903060

Zulfigar U, Subhani T, Husain SW (2016a) Synthesis and characterization of silica nanoparticles
from clay. J Asian Ceramic Soc 4(1):91-96. https://doi.org/10.1016/j.jascer.2015.12.001

Zulfigar U, Subhani T, Wilayat Husain S (2016b) Synthesis of silica nanoparticles from sodium sil-
icate under alkaline conditions. J Sol-Gel Sci Technol 77(3):753-758. https://doi.org/10.1007/
s10971-015-3950-7


https://doi.org/10.1002/smll.201903060
https://doi.org/10.1002/smll.201903060
https://doi.org/10.1016/j.jascer.2015.12.001
https://doi.org/10.1007/s10971-015-3950-7
https://doi.org/10.1007/s10971-015-3950-7

®

Check for
updates

Chapter 4
Nanoparticle Functionalization:
Approaches and Applications

Uttara Oak and Tushar Khare

Abstract The field of nanotechnology which presents the nanoparticles (NPs) with
the dimensions of just some nanometers and unique physicochemical and optical
properties is currently a highly promising field due to the wide range of applications
of NPs. However, the applications of the NPs can be found to be even greatly
improved if the NPs are accompanied by different molecules (of biological or non-
biological origin). The concept of functionalization involves the different approaches
aiming the modification of NP surface which help in improving the target specificity
along with the reduction in possible nano-toxicity. This attachment of the molecules
is achieved by different ways including covalent or non-covalent conjugation as
well as via the linker molecules. The functionalization of the NPs can be accom-
plished by means of attaching various kinds of entities either singly or in combina-
tion. These include attachments of drugs, natural products, antibodies, polymers,
peptides, fluorescent probes, aptamers, etc. Based on the superior characters of the
molecules used for functionalization, the nanomaterial can be used for several
applications. One of the most explored areas in this context includes efficient and
targeted drug delivery. The functionalized nanomaterials have successfully demon-
strated their use in tissue engineering and development of different types of scaf-
folds. Also, the functionalized NPs can be effectively used for bio-imaging during
detection and treatment of different diseases, more prominently in cancer localiza-
tion. Interestingly the functionalized nanomaterial has also displayed the promising
activity against the drug-resistant bacterial pathogens. Moreover, all the efficient
properties of these functionalized NPs made them a prime candidate for develop-
ment of various kinds of biosensors. The present chapter hence describes the func-
tionalization of the NPs and different approaches used to achieve the functionalization.
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The chapter also provides the prominent applications of the functionalized NPs in
the field of biological and/or medical sciences.

Keywords Nanoparticles - Functionalization - Covalent/non-covalent conjugation
- Linkers - Bioimaging - Tissue engineering - Biosensors

4.1 Introduction

Owing to the nanoscale size, nanoparticles (NPs) show unique properties that are
distinct from the bulk material. These innate optical properties, shape, and high
surface area to volume ratio allow them to interact with the biological systems at
molecular levels that offers a good scope for their applications in the living world
(Thiruppathi et al. 2017). However, the NP applications can be limited due to the
low target specificity, inability to cross biological hurdles such as blood-brain bar-
rier, and high toxicity resulting from the molecular cascade event triggered on NPs-
cell interaction (Carrefio-Fuentes et al. 2014; Marano et al. 2016).

Development of functionalized NPs to overcome the abovementioned limitations
can be the focus of advancement in the nanosciences and is believed to be a promis-
ing technique in widening the applications (Subbiah et al. 2010). NP functionaliza-
tion refers to surface modification and may impart target specificity, reduction in the
toxicity, and anti-agglomeration property to the NPs. Functionalization enables tun-
ing in the properties that one is interested in including in the NPs. This enables the
application of NPs in diverse fields: to list a few, field of imaging, drug delivery,
therapeutics, tissue engineering, diagnostics, and sensing.

The biomolecules interacting with the NPs possess functional groups on their
surface. These entities can bind covalently or non-covalently to the NPs through
amine-aldehyde or sulfhydryl interactions (Miyamura et al. 2015; Ma et al. 2019).
The non-covalent interactions include ionic, electrostatic, and hydrophobic interac-
tions. The molecules that do not possess either of the functional groups mentioned
above or those that cannot interact covalently can still be functionalized through
linker molecules (Fig. 4.1). The linker molecules can link the NP and the desired
ligand molecule and thereby achieve the expected functionality (Conde et al. 2014).
Biotin-avidin is a strong interaction seen in the biological system which has been
commonly applied for linking biotinylated NP to ligand attached to avidin group.
This interaction is applied by many researchers for effective functionalization (Jin
et al. 2020; Bage and Kar 2021). Many other biomolecules that possess functional
groups are used as linker molecules. These molecules interact with the ligand, and
the NPs or are coated on the NP surface. They may be multifunctional as they serve
the linking function along with acting as smart delivery vehicle, enhancing uptake
or reducing toxicity or agglomeration (Tam and Lo 2015; Wang et al. 2021). Apart
from the biotin-avidin interaction, polyethylene glycol (PEG), chitosan, DNA, and
peptides can be used as linker molecules.
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Fig. 4.1 Schematic representation of the functionalized nanoparticles with various targeting
ligand agents for specific application

The ligand molecules which connect the functionalized NPs and are eventually
involved in the target activity include the DNA and oligonucleotides in gene deliv-
ery; peptides, proteins, enzymes, and antibody for metabolic, catalytic, and immu-
nological activity; and drugs for the smart and targeted delivery to the infected or
cancer cells (Fig. 4.2).

The current chapter is focused on highlighting the benefits of NP functionaliza-
tion and understanding the interactions that functionalize the NPs and discusses
their applications of functionalized NPs in the varied walks of biomedical sciences.

4.2 Nanoparticle Functionalization

Nanobiotechnology is being successfully used for applications in development of
biological assays, study of systems, therapeutics, drug delivery, diagnostics, and
sensing. The attributes of the nano-systems such as size, shape, properties, and
functionality can be designed and tuned as per the requirements (Nagamune 2017).
The biomolecular engineering branch goes hand in hand with the nanotechnology
for further enhancing the applications of the nanomaterials. These upcoming bio-
medical applications of NP are very often based on the binding of the NP probe to
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Fig. 4.2 Examples of the application of the functionalized nanomaterials in (a) targeted drug
delivery. (Reproduced under the terms of creative commons from Sharma and Mondal (2020),
Copyright 2020, MDPI), (b) biosensing (Reproduced with permission from Ou et al. (2019),
Copyright 2019, Elsevier), (¢) combating drug-resistant microbes. (Reproduced with permission
from Kalita et al. (2016), Copyright 2016, Elsevier), (d) bioimaging. (Reproduced under the terms
of creative commons from Arias-Ramos et al. (2021), Copyright 2021, MDPI), and (e) tissue engi-
neering and scaffold generation. (Reproduced with permission from Jodati et al. (2020), Copyright
2020, Elsevier)
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a particular substrate. The substrates used are often biomolecules that bind either in
covalent/non-covalent interactions or through linker molecules (Atay et al. 2009).
Many polymeric NPs are used as drug carriers, or some, for instance, chitosan them-
selves show antimicrobial properties, and thus improved biocompatibility is
attained. On conjugation with polyethylene glycol (PEG), it was reported that silver
(Ag) NPs and magnetic NPs showed reduced toxicity in vivo. In addition to this, the
NPs did not interfere with normal histology and blood parameters in mice; varied
cellular uptake and ROS formation and cell morphology (Yu et al. 2012; Pinzaru
et al. 2018). Thus, NP functionalization has proved to widen NP application, bring
in reduction in toxicity to the host system where it is applied, and enhance its intra-
cellular uptake and biocompatibility.

4.3 Approaches to Functionalization

NPs show unique optical and plasmonic properties that are altered by the size and
composition modifications. Such reorganization of NPs can be made by integration
of a NP with another NP or small molecules/polymers which renders them diverse
functionalities. Some of the conjugation strategies adopted for NP functionalization
are discussed in the subsequent section.

4.3.1 Non-covalent Conjugation

Weak interactions such as adsorption, hydrogen and ionic bonding and affinity, and
van der Waal and hydrophobic interaction are involved in non-covalent conjugation
(Bohara et al. 2016; Cooper et al. 2017; Saallah and Lenggoro 2018; Sanita et al.
2020). These interactions offer an ease of surface functionalization without change
in the interacting NP structure. The non-covalent interactions are reversible and
hence can be employed to release the molecules such as drugs or RNAI at a target
site (Bao et al. 2013; Conde et al. 2014).

Non-covalent conjugates are easily formed between oppositely charged biologi-
cal/polymeric molecules and NPs or that between two oppositely charged NPs
(Rana et al. 2010; Lu et al. 2021). Proteins adsorb on NPs in an ionic interaction
especially rendering them specificity for tumor cells and enhanced cellular uptake
and also prevented aggregation of NPs. Various studies reported use of such conju-
gation strategies. Assembly of amphiphilic molecules such as helices and liposomes
are based on the hydrophobic interactions and are self-assembled in the aqueous
environments. The hydrophilic core will often hold the molecules to be delivered
such as proteins, DNA, or RNA for biomedical applications.

Avidin-biotin is one of the strong non-covalent interactions found in biological
systems. It offers ease in functionalization of NPs without losing their biological
property and function. This system has been extensively applied in the field of
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nanotechnology. The tobacco etch virus protease and human rhinovirus protease
were immobilized on iron oxide NPs. The proteases were fused to streptavidin and
then added to biotinylated iron oxide NPs and effectively used as a tool for protein
purification (Norris et al. 2020). Hauser et al. (2010) and Huang et al. (2015) have
reported use of this system for nucleic acids, which was instrumental for successful
delivery and uptake by the target cells.

Kim et al. (2011) studied mesoporous silica NP adsorbed with DNA molecules

for treatment of tumors. This non-covalent interaction of the NP with a biomolecule
was found to be successful in gene delivery for the treatment. In a similar study,
proteins were attached to aldehyde-functionalized mesoporous silica NP as a ther-
apy for cancer (Tian et al. 2017).
In different studies, Fan et al. (2016), Liu et al. (2016), and Masoudipour et al.
(2017) reported graphene oxide/reduced graphene oxide functionalized non-
covalently with phosphorylcholine oligomer-grafted perylene, adipic acid dihydra-
zide (that introduced an amide group), and N-hydroxysuccinimide (introduction of
imide group), respectively. These NPs were used as effective delivery system for
anticancer drugs.

4.3.2 Covalent Conjugation

The required bifunctionality of diagnostics, delivery, and therapy can be rendered to
NPs when they are linked to one of the following molecules such as nucleic acids,
oligonucleotides, peptides, enzymes, antibodies and other proteins, fluorescent
dyes, polymers, drugs, and tumor markers. These ligand molecules are often cou-
pled with NPs using covalent linkages directly to NP surface or through a surface-
bound linker molecule (Conde et al. 2014; Ye et al. 2018). As compared to the
non-covalent linkages, the covalent bonds are strong and stable.

The most common covalent interaction is between amines and the aldehydes,

epoxides, or anhydrides. Most proteins contain the amine groups on their surface
and can be directly conjugated to NPs. Some NPs may also possess amine groups
and coupled with molecules containing aldehydes or epoxides (Miyamura et al.
2015; Esmi et al. 2021). Esmi et al. (2021) and Ashjari et al. (2020) used magnetic
NPs functionalized with amine/aldehyde group for immobilization of lipases that
were applied for biodiesel production by transesterification of olive oil and waste
cooking oil, respectively.
Protein-based subunit nano-vaccines are reported (Lu et al. 2021) wherein different
covalent associations of antigens and NPs are discussed. The bioconjugation strate-
gies involved antigen linkage to either inner/outer surface or both and with or with-
out adjuvant. The major chemical reactions that fall in the categories will be
discussed in the subsequent sections of this chapter, and they are EDC coupling
reactions, Maleimide coupling reactions, and click chemistry reactions (Conde
et al. 2014; Bohara et al. 2016; Nevagi et al. 2019).
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4.3.3 Use of Linker Molecules

Certain biomolecules may not possess functional groups required for their covalent/
non-covalent interactions with NPs. Some oligonucleotides, antibodies, carbohy-
drates, and some peptides do not include functional groups and need to modify
before bioconjugation which may compromise their bioactivity. Use of linker mol-
ecules for conjugation of such molecules renders functional groups on molecular
surface and thus functionalizing them.

EDC coupling is one such reaction where 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) is used as a crosslinking agent to couple carboxyl or phosphate
groups to primary amines. The amine then reacts with the carboxyl group of a bio-
molecule, forming an amine-reactive O-acylisourea intermediate (Conde et al.
2014; Bohara et al. 2016). Biomolecules functionalized using EDC coupling reac-
tions were found to be effective as they showed reduced toxicity and enhanced func-
tions for use as agent in biomimetics (Bartczak and Kanaras 2011; Kelestemur et al.
2017; Zhang et al. 2017).

Biomolecules that possess reactive thiol or amine groups can be conjugated
through maleimide coupling reaction. Maleimide reacts with free sulfhydryl groups,
forming stable thioether linkages, at physiological pH. It is useful for bioconjuga-
tion of proteins with —SH groups and the coupling of two thiols to form a disulfide
linkage. Lee et al. (2020) and Zhu et al. (2012) have demonstrated cellular uptake
and other bioactivities of functionalized gold (Au) NPs, whereas Nieves et al. (2014)
used monovalent maleimide reaction for coupling fibro-blast growth factor 2 and an
oligosaccharide to Au NPs.

Click chemistry is a group of reactions that are fast, simple to use, and easy to
purify. These reactions are highly regiospecific and give high product yields. The
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) is one such click reaction
that has been employed in biofunctionalization of NPs. Azide and alkynes are
almost inert to the biological entities and also to the intracellular conditions and
hence are easy to introduce into organic molecules. Thus, this reaction has been
used for coupling Au NPs and quantum dots to biomolecules such as proteins,
enzymes, and polymers. These reactions were employed for bioconjugation of Au
NPs for targeted intracellular delivery (Yi et al. 2018; Van Der Meer et al. 2019).

Variety of polymeric compounds and biomolecules have been employed as linker
molecules. Polyethylene glycol (PEG) renders hydrophilicity to NPs and allows
them to escape the immune system. However, the PEG layer is lost on binding of
target ligand to the NPs. As reported by Badkas et al. (2018), a PEG NP conjugated
to a commercial antibody (herceptin) to HER-2-positive breast cancer cells lost the
immune evasion property on binding of the antibody to the cells. This evasion was
restored when an additional PEG linker molecule was attached to the antibody, thus
restoring the biofunctionality.

DNA-linked NPs have found applications in diverse field as the NPs are rendered
functionality. Hayes et al. (2018) constructed a novel 3D lattice structure with appli-
cation in colloidal crystallization by linking two protein molecules by interprotein
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DNA bond. In another study, highly stable Au NPs were developed that were syn-
thesized using DNA linkers, and the structure was applied in development of assays
as an enhancing agent (Hinman et al. 2017).

4.4 Hybrid Nanoparticles

4.4.1 Metal Organic Framework

The metal organic frameworks (MOFs) are nanoporous materials with metal centers
linked to various organic linkers to form three-dimensional porous structures with
varied pore volumes, internal and external surface areas, and properties rendering
them functionality as building blocks for colloidal crystal engineering, biological
probes, sensors, membrane separation materials, catalysis, and drug delivery sys-
tems (Horcajada et al. 2010; Bae et al. 2010; Li et al. 2016). The MOFs are func-
tionalized post-synthesis wherein the preexisting amine, carboxylic acids, and azide
groups react with the carbonyl, amine, and alkyne groups, respectively, possessed
by the ligand molecules. For such functionalization covalent conjugation method-
ologies (discussed in above section) are employed.

Horcajada et al. (2010) have reported use of such MOF as successful drug carri-
ers and imaging agents for anticancer drugs. Several other reports have reviewed
applications of MOF for anticancer drug delivery (Cai et al. 2015; Liu et al. 2019;
Ding et al. 2020) and others as antibacterial agents that could reverse antimicrobial
resistance to drugs (Arenas-Vivo et al. 2019; Liu et al. 2021). Zn-MOF (Restrepo
et al. 2017) and Ag-MOF (Arenas-Vivo et al. 2019; Yang et al. 2020) have shown
promising antibacterial effects.

4.4.2 Mesoporous Silica Nanoparticles

Mesoporous silica NPs (MSNs) display uniform particle size and good dispersity
enabling them to use in variety of functions such as catalysis, drug delivery, optical
devices, and bioimaging (Wu and Lin 2013). Juneja et al. (2020) reported conjuga-
tion of MSN to nucleic acid NPs wherein the two species had strong electrostatic
attraction. The complex proved to be immunostimulatory in nature and offered a
novel approach to treat diseases including cancer by targeting specific metabolic
pathways. Doxorubicin was delivered to gonadotropin-releasing hormone (GnRH) —
overexpressing cancer cells using MSNs functionalized with PEG and GnRH recep-
tor decapeptide. The functionalized delivery showed better uptake of the drug and
increased cytotoxicity to the target cancer cells as compared to the bare MSNs as
delivery vehicle (Tambe et al. 2018).
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4.4.3 Conjugation of NPs with Organic Molecules

Organic-inorganic hybrid NPs show improved properties due to the structural diver-
sity and enhanced activity due to synergism between the two components in the
system. Several magnetic NPs are reported to be conjugated with polymer mole-
cules that proved to be better candidates for drug delivery.

In different studies, Biswas et al. (2014) and Chatterjee et al. (2005) reported
capping of NiCu NPs with PEG and applied for use in hyperthermia and drug deliv-
ery. Au NPs functionalized with PEG proved to protect drugs from degradation,
leakage in the physiological environment, and its clearance by the immune cells
(Suk et al. 2016; Li et al. 2019).

Another such polymer, chitosan, is widely applied in bioconjugation. Silvestri
et al. (2018) functionalized Au NPs with poly hydroxybutyrate-chitosan polymer
conjugate which enabled the NP to circumvent the tissue toxicity while maintaining
the catalytic function. Chitosan-carboxymethyl-5-fluorouracil-folate conjugate was
synthesized and along with microwave treatment facilitated skin drug retention and
intracellular drug delivery (Nawaz and Wong 2018). In another study folic acid-
conjugated temozolomide-loaded chitosan NPs showed increased affinity for the
target lung cancer cells both in vitro and in vivo (Li et al. 2017a).

The Au NPs were employed to detect infectious disease or biomarkers in body
fluids with limited sensitivity. Kang et al. (2019) developed a single-stranded DNA
binding protein (RPA70A) and enabled signal intensity enhancement, thereby
improving sensitivity. Curcumin and resveratrol are polyphenols with strong anti-
oxidant properties and therefore have nutraceutical implications. A protein-phenolic
conjugate used for co-delivery also showed increased stability and bio-accessibility
(Liu et al. 2018a).

Antimicrobial peptides show broad spectrum antibacterial activity. However,
they have low penetration ability in the cells and are instable. Lee et al. (2017) dem-
onstrated that an antimicrobial peptide, HPA3PH when combined to Au NPs-DNA
aptamer (AuNP-Apt), the conjugate (AuNP-Apt-HPA3PHis) is an effective thera-
peutic tool against drug resistant Vibrio vulnificus. The V. vulnificus-infected HeLa
cells showed 90% reduction in the microbial load and complete elimination of the
bacteria in vivo in mice when treated with the AMP conjugated with AuNP-Apt.
In addition, this treatment showed enhanced intracellular uptake with reduction in
toxicity proving it to be a successful mode of treatment to combat antimicrobial
resistance. In the other studies, NP-DNA conjugates have been employed in photo-
dymanic therapy, bioimaging, and as chemical and biological sensors (Jia et al.
2018; Liu et al. 20184d).

Like the biomolecules discussed above, lipids are also an important class of bio-
molecules/NPs that are employed as delivery vehicles, for instance, the liposomes
that are instrumental in protecting and delivering the mRNA to cells in the currently
used COVID-19 mRNA vaccines (Tenchov et al. 2021). Lipid nanocarriers that are
complex in design but have robust stability can encapsulate and deliver therapeutic
agents to specific target, thus proving to be a helpful platform for treatment. These
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lipid NPs include solid lipid NPs, cationic lipid-nucleic acid complexes, and nano-
structured lipid carriers (Du et al. 2018; Alavi and Hamidi 2019; Tenchov et al.
2021). In different studies, solid lipid NPs are successfully reported as anti-oral
cancer drug carriers (Ding et al. 2018; Nasirizadeh and Malaekeh-Nikouei 2020).

4.5 Applications of the Functionalized Nanomaterials

The functionalization of the NPs with various compounds allowed the use of nano-
materials in miscellaneous areas, where properties of both the NPs and the linked
compound can be fully explored to achieve the desired goals (Table 4.1). Following
are the broad areas where functionalized nanomaterials have displayed their great
potential.

4.5.1 Drug Delivery

Owing to the superior ability of functionalized nanomaterials to mimic the actual
drugs along with the target-specific (tailored) features, the functionalized nanoma-
terial is considered as one of the promising platforms for the efficient drug delivery.
The functionalized nanomaterials, especially with the biological entities, can be
applied as the long-circulating drug carriers, carriers in photodynamic therapies,
sustained drug delivery applications, as well as targeted drug delivery (Bose et al.
2016). Various nanomaterials have been explored for this task, which includes drug
molecules, core material (metallic/nonmetallic) in nano-form, and/or some promi-
nent polymers such as albumin, chitosan, gelatin, PEG, ovomucin, etc. (Sur et al.
2019). The drug delivery applications of these nanomaterials are diverse, as such
nanomaterials have been successfully explored for the treatments of various kinds
of diseases. For instance, the camptothecin-loaded graphene oxide NPs loaded with
PEG and folic acid (GO-PEG-FA-CPT) were successfully demonstrated for the
anticancer drug delivery. This developed system displayed pH-dependent release of
the drug, and the enhanced anticancer activity of this developed material was dem-
onstrated against the MCF-7 breast cancer cell lines (Deb and Vimala 2018). The
alginate-chitosan NP system was used for encapsulation of the anticancerous drug
amygdalin. The amygdalin-loaded alginate-chitosan NPs displayed greater yet sus-
tainable inhibitory effects on the H1299 cell lines in dose-dependent manner (Sohail
and Abbas 2020). The starch-encapsulated copper oxide NPs (synthesized using
Helianthus tuberosus extracts) functionalized with folic acid (FA-ST-HtCuONPs)
facilitated and targeted release in MDA-MB-231 cells. This anti-breast cancer
potential was linked to the generation of reactive oxygen species (ROS), damage to
the nucleus, reduced mitochondrial membrane potential, and activation of apoptosis
pathways (Mariadoss et al. 2020). Apart from the cancer-related drug delivery, the
functionalized NPs have also displayed the potential to facilitate the drug transit
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Table 4.1 Summary of the applications of the functionalized nanoparticles
Functionalized nanomaterial
Application system Description References
Drug delivery | Camptothecin-loaded GO NPs | Displayed pH-dependent Deb and
loaded with PEG and FA release of drug and enhanced | Vimala
anticancer activity against the | (2018)
MCE-7 breast cancer cell lines
Amygdalin-loaded alginate- Dose-dependent and Sohail and
chitosan NPs sustainable inhibitory effect on | Abbas
H1299 cell lines (2020)
Starch-encapsulated CO NPs | Facilitated and targeted release | Mariadoss

functionalized with FA

of drug in MDA-MB-231 cells
with ROS generation, nuclear
damage, reduced
mitochondrial membrane
potential, and activation of
apoptosis pathways

et al. (2020)

Apolipoprotein Transport of drugs Hartl et al.
E-functionalized polymeric (doxorubicin, loperamide, (2021)
NPs dalargin) and nerve growth
factor across the blood-brain
barrier via LDL receptor-
mediated transcytosis
Cpl-1-loaded chitosan NPs Biocompatible system for Gondil et al.
efficient delivery of Cpl-1 to (2020)

improve treatment efficiency
against S. pneumoniae

(continued)
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Functionalized nanomaterial

Application system Description References
Tissue Chitosan/biphasic calcium Developed scaffold was Gan et al.
engineering phosphate scaffolds equivalent to the bone (2018)
functionalized with Arg-Gly- | extracellular matrix and proved
Asp and BMP-2-loaded NPs | to be providing an optimal
micro-environment for bone
formation
Nanotopographical The scaffold was able to Shrestha

polyurethane-based bioactive
scaffolds harboring uniformly
dispersed functionalized
multi-walled CNTs and ZnO
NPs

stimulate the nucleation of the
calcium phosphate and
displayed great potential in
promoting osteogenic
differentiation of
pre-osteoblasts

et al. (2017)

Randomly oriented and Scaffolds stimulated the early | Li et al.
aligned electro-active (fibrous) | osteogenic differentiation and | (2017c)
scaffolds of poly-L-lactic acid | polygonal spreading in
with ferroelectric ceramic NPs | mesenchymal stem cells and

promoted the cellular

elongation to enhance

osteogenic differentiation
Peptide-functionalized system | Displayed significant uptake of | Wang et al.
for the delivery of the the regenerative mesenchymal | (2017)

fp-catenin agonist, a GSK-3f
inhibitor

stem cells and osteoblasts at
the fractured bone, with
improved formation of the
bones and micro-architecture,
higher torsional rigidity,
volume of regenerated bone

Spermine-acetalated dextran-

The pH-triggered transport of

Ferreira et al.

based NPs functionalized with | small molecules, CHIR99021 | (2018)
the PEG and atrial natriuretic | and SB431542, which
peptide improved the reprogramming

efficacy of the fibroblasts to

the cardiomyocytes
Magnetic NPs functionalized | A promising system to treat Pop et al.
with chitosan peripheral nerve injuries (2021)

(continued)
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Functionalized nanomaterial

Application system Description References
Antimicrobial | Au NPs functionalized with System helped in subversion of | Kalita et al.
resistance the amoxicillin antibiotic resistance via (2016)
targeting the high levels of
lactamase in methicillin-
resistant Staphylococcus
aureus (MRSA)
Au NPs functionalized with Nanoparticles reduced the Shaker and
carbapenems (meropenem and | carbapenem resistance in Shaaban
imipenem) drug-resistant isolates of (2017)
Klebsiella pneumoniae,
Proteus mirabilis, and
Acinetobacter baumannii
DNase-I-functionalized Significant inhibitory Patel et al.
chitosan NPs loaded with activities, biofilm prevention, | (2020)
ciprofloxacin and biofilm dispersal abilities
which proved effective against
the Pseudomonas aeruginosa
possessing the biofilm-
mediated resistance
Mannose-functionalized Improved activity against the | Ejaz et al.
chitosan NP resistant biofilms in resistant P. | (2020)
aeruginosa and S. aureus
ZnO NPs conjugated to TS and | Decreased efflux pump Nejabatdoust

functionalized with glutamic
acid and ciprofloxacin

activities with noticeable
reduction in the expression
levels of the genes coding for
the efflux pumps (namely,
norA, norB, and tet38) of
resistant S. aureus

et al. (2019)

Embelin-loaded chitosan Au
NP

Inhibition of the efflux pump
activities in drug-resistant
environmental isolates of E.
coli and P. aeruginosa

Khare et al.
(2021)

(continued)
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Functionalized nanomaterial
Application system Description References
Molecular Hyaluronic acid-functionalized | System with improved Du et al.
imaging bismuth oxide NPs biocompatibility, water (2017)
solubility, and uptake by the
CD44 receptors, which proved
to be favorable for active-
targeting CT imaging with
enhanced radio-sensitivity for
tumor inhibition
Peptide-functionalized Nanoconjugates with ability to | Zhu et al.
drug-loaded phase pass through the vascular (2018)
transformation NPs endothelial gaps of tumor cells
which helped in the low-
intensity focused ultrasound
imaging of the tumor and
precise therapy
FA-functionalized A delivery system for the Luo et al.
polyethylenimine PDL1 siRNA which act as (2017)
superparamagnetic iron oxide | contrast agent (T,-weighted) to
NPs enhance the cellular magnetic
resonance imaging during
cancer treatment
Rare earth NPs coated with Enhance the red up-conversion | Lin et al.
carbon shells and Au NPs luminescence and near- (2021)
functionalized with peptide infrared I imaging intensity
for diagnosis and therapy of
tongue squamous cell
carcinoma
Tryptophan-functionalized Ag | The NPs interacted with the E. | Dojc¢ilovi¢
NPs coli cell membrane via etal. (2016)
tryptophan insertion in lipid
bilayer which was trackable
after the synchrotron excitation
deep ultraviolet (DUV)
fluorescence imaging
Biosensors Luminol-functionalized Ag The visual Khoshfetrat
NP-decorated GO electrochemiluminescence et al. (2018)
biosensing of the aflatoxin M1
Kanamycin-specific aptamer- | Lateral flow strips biosensor Liu et al.
modified Au NPs (probe) and | for rapid, accurate, cost- (2018c)
oligonucleotide DNA1- effective, and on-site
functionalized Ag NPs (signal | recognition of kanamycin in
amplification) various food samples
Anti-E. coli O157:H7- Ability to detect the bacteria Lietal.
functionalized CNTs with the concentration as low | (2017b)
as | CFU mL™!

NP nanoparticles, GO graphene oxide, PEG polyethylene glycol, FA folic acid, CuO copper oxide,
ROS reactive oxygen species, LDL low-density lipoprotein, Cpl-1 endolysin from Cp-1 phage,
BMP-2 bone morphogenetic protein-2, CNT carbon nanotubes, ZnO zinc oxide, GSK-3 glycogen
synthase kinase 3 beta, Au gold, 7SC thiosemicarbazide, PDLI programmed death ligand-1
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through blood-brain barrier. The apolipoprotein E-functionalized polymeric NPs
are able to transport drugs such as doxorubicin, loperamide, and dalargin, and nerve
growth factor across the blood-brain barrier via low density lipoprotein (LDL)
receptor-mediated transcytosis (Hartl et al. 2021). Similarly, the Cpl-1 (an endoly-
sin from Cp-1 phage, effective against pneumococcal infections)-loaded chitosan
NPs were found to be a promising biocompatible system for efficient delivery of
Cpl-1 to improve the efficiency of the treatment for S. pneumoniae infection (Gondil
et al. 2020).

4.5.2 Tissue Engineering

The field of tissue engineering and regenerative medicine research aims to develope
the approaches for stimulation of natural regeneration and/or repair of the tissue.
The fundamental components of these approaches are cells, scaffolds of the bioma-
terial, and signalling molecules. A key to the successful tissue regeneration is fine-
tuning of the growth factor concentrations at the biomaterial scaffolds (Monteiro
et al. 2015). In this context, the potential of the nanomaterials for efficient delivery
of the growth factors (controlled release of the growth factors) has been explored.
Tissue engineering strategies were developed in recent years with combination of
the NPs functionalized with the bioactive agents and scaffolds (which can be used
as reservoir of the bioactive agents as well) (Quaglia 2008; Kulkarni et al. 2010).
For instance, Gan et al. (2018) developed chitosan/biphasic calcium phosphate scaf-
folds which were functionalized with Arg-Gly-Asp and bone morphogenetic pro-
tein-2 (BMP-2, a protein with high osteo-inductive activity)-loaded NPs. In terms of
the structure and the composition, the developed scaffold was equivalent to the bone
extracellular matrix, and the developed scaffold was proved to be providing an opti-
mal micro-environment for bone formation (Gan et al. 2018). Nanotopographical
polyurethane-based bioactive scaffolds were prepared by Shrestha and group
(Shrestha et al. 2017) which harbored uniformly dispersed functionalized multi-
walled carbon nanotubes and zinc oxide NPs. The scaffold displayed good antibac-
terial potential, was able to stimulate the nucleation of the calcium phosphate, and
displayed great potential in promoting osteogenic differentiation of pre-osteoblasts
(Shrestha et al. 2017). The randomly oriented and aligned electro-active (fibrous)
scaffolds of poly-L-lactic acid with ferroelectric ceramic NPs were fabricated and
investigated for the osteogenic response in mesenchymal stem cells from bone mar-
row (Li et al. 2017c). Scaffolds with random orientation markedly stimulated the
early osteogenic differentiation and polygonal spreading in mesenchymal stem
cells, whereas the aligned scaffolds promoted the cellular elongation, proving the
potential of this system in enhancing osteogenic differentiation (Li et al. 2017c).
Bone targeting system for the delivery of the pf-catenin agonist, 3-amino-6-(4-((4-
methylpiperazin-1-yl)sulfonyl)phenyl)-N-(pyridin-3-yl)pyrazine-2-carboxamide, a
glycogen synthase kinase 3 beta (GSK-3) inhibitor aiming for fracture healing was
developed by Wang et al. (2017). This peptide-functionalized system displayed
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significant uptake of the regenerative mesenchymal stem cells and osteoblasts at the
fractured bone. The improved formation of the bones and micro-architecture was
observed in the mice after being treated with the developed nano-system with higher
torsional rigidity and volume of regenerated bone referring to the expedite fracture
healing (Wang et al. 2017). Apart from the bone regeneration/healing-specific appli-
cation, the functionalization of the nanomaterials was also attempted to treat other
health conditions. For instance, the spermine-acetalated dextran-based functional
NPs were formulated by Ferreira et al. (2018) for pH-triggered transport of small
molecules, CHIR99021 and SB431542, to improve the reprogramming efficacy of
the fibroblasts to the cardiomyocytes. To improve the biocompatibility, the system
was functionalized with the PEG and atrial natriuretic peptide. The results of the
study highlighted the potential of this nano-functionalized system in the cardiac
regeneration therapy (Ferreira et al. 2018). The magnetic NPs functionalized with
chitosan were successfully demonstrated as promising candidates to treat peripheral
nerve injuries using rat model system (Pop et al. 2021).

4.5.3 Antimicrobial Resistance

Antimicrobial resistance refers to the development of the resilience in the bacte-
rial pathogens due to the over-application of the antimicrobial agents (mainly anti-
biotics), which is proving to be a major hurdle in the drug discovery process and
eventually making the treatments difficult to cure and costly (Shriram et al. 2018;
Yu et al. 2020). The progression, persistence, and spread of the antimicrobial resis-
tance are usually correlated to the injudicious antibiotic usage in health(care) prod-
ucts, animal husbandry, agricultural applications, food industries, and related
sectors (Venter et al. 2017; Buckner et al. 2018; Tiwari et al. 2021). The nanotech-
nology has been used to address this problem where the NPs are being developed to
specifically target the molecular determinants of the antimicrobial resistance. The
biocompatible Au NPs were synthesized using the extracts prepared from the aerial
parts of pteridophyte Adiantum philippense and were surface functionalized with
the amoxicillin (broad-spectrum P lactam antibiotic) by Kalita et al. (2016). The
amoxicillin-functionalized NPs were proved to subvert the antibiotic resistance by
tackling the effects of high levels of § lactamase (enzymes responsible to deactivate
the f lactam antibiotics) in methicillin-resistant Staphylococcus aureus (MRSA)
(Kalita et al. 2016). Another study revealed the successful surface conjugation of
two carbapenems (meropenem and imipenem) with Au NPs, which were responsi-
ble for destroying the carbapenem resistance in drug-resistant isolates of Klebsiella
pneumoniae, Proteus mirabilis, and Acinetobacter baumannii (Shaker and Shaaban
2017). A study by Patel et al. (2020) demonstrated the successful fabrication of the
DNase-I-functionalized chitosan NPs loaded with ciprofloxacin. This nano-conju-
gate displayed significant inhibitory activities, biofilm prevention, and excellent
biofilm dispersal abilities. This system proved to be effective against the
Pseudomonas aeruginosa pathogens possessing the biofilm-mediated resistance
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(Patel et al. 2020). Similarly, mannose-functionalized chitosan NP system was
developed, which displayed improved activity against the resistant biofilms in resis-
tant pathogens including P. aeruginosa and S. aureus (Ejaz et al. 2020). The zinc
oxide NPs conjugated to thiosemicarbazide (TSC) and functionalized with glutamic
acid (ZnO@GIu-TSC) as well as ciprofloxacin (CIP) were synthesized by
Nejabatdoust et al. (2019) to target the efflux pumps (a major mechanism in the
resistant pathogens responsible for the expulsion of the drug molecules out of the
cells) of the multi-drug-resistant S. aureus. The results of the study suggested the
reduced efflux pump activities in the pathogen with marked reduction in the expres-
sion levels of the genes coding for the efflux pumps (namely, norA, norB, and tet38)
(Nejabatdoust et al. 2019). On the similar line, the potential of the embelin was
explored using the embelin-loaded chitosan Au NP system, which displayed inhibi-
tion of the efflux pump activities in drug-resistant environmental isolates of E. coli
and P. aeruginosa (Khare et al. 2021).

4.5.4 Molecular Imaging

The functionalization of the NPs also aids a specific imaging modality approach.
This helps not only in getting best possible quality image but also improves appli-
cability and functionality of imaging modality. This functionalization may include
the incorporation of dyes or other compounds with fluorescent properties or other/
more than one nanomaterial as well (Thiruppathi et al. 2017). Aiming for the accu-
rate localization of the tumors, the hyaluronic acid-functionalized bismuth oxide
NPs were prepared by Du et al. (2017). The functionalization process improved the
biocompatibility, water solubility, and the uptake by the CD44 receptors of the can-
cerous cells. These properties were further proved to be favorable for active-
targeting CT imaging with enhanced radio-sensitivity for tumor inhibition (Du et al.
2017). The study by Zhu et al. (2018) presented the novel tumor penetration peptide-
functionalized drug-loaded phase transformation NPs with ability to pass through
the vascular endothelial gaps of tumor cells. The application of this system helped
in the low-intensity focused ultrasound imaging of the tumor and precise therapy
(Zhu et al. 2018). The folic acid-functionalized polyethylenimine superparamag-
netic iron oxide NPs were reported by Luo et al. (2017) to improve the treatment
course of gastric cancer. The system works as delivery agent for the programmed
death ligand-1 (PD-L1) siRNA. The study showed that the developed system can act
as contrast agent (T,-weighted) which enhances the cellular magnetic resonance
imaging during cancer treatment (Luo et al. 2017). The rare earth NPs functional-
ized with peptide were designed for the dual mode optical imaging of the tongue
squamous cell carcinoma (Lin et al. 2021). Rare earth NPs coated with carbon shells
and Au NPs after functionalized with peptide proved to enhance the red upconver-
sion luminescence and near-infrared II imaging intensity, demonstrating its poten-
tial in diagnosis and therapy of tongue squamous cell carcinoma (Lin et al. 2021).
The NP-based imaging has been used for detection/tracking of bacterial pathogens
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as well. For example, the human serum albumin-protected Au nanoclusters can be
used as fluorescent probes due to their photoluminescent properties for detection of
the MRSA (Chan and Chen 2012). In an investigation by Dojcilovi¢ et al. (2016),
the amino acid tryptophan was used as an environmentally sensitive fluorescent
probe for functionalization of Ag NPs. The study revealed that the NPs interact with
the E. coli cell membrane through insertion of tryptophan into lipid bilayer and
enter the cells. This was trackable after the synchrotron excitation deep ultraviolet
(DUV) fluorescence imaging (Dojcilovi¢ et al. 2016).

4.5.5 Biosensors

The nanomaterials divulge diverse and astonishing properties which make them
very appealing as well as reasonable candidates to be exploited as a part of electro-
chemistry as well as development and/or improvement of the biosensors.
Nanomaterials based on the carbon or Au are broadly explored for biosensor devel-
opment due to their favorable properties (detection, distinguishing, and imaging)
(Alim et al. 2018). Such biosensors can be used to sense very diverse types of ana-
lytes including toxins, amino acids, proteins, nucleic acids, pollutants, antigens,
drugs, as well as bacteria and viruses (Alim et al. 2018). To name few examples, the
luminol-functionalized Ag NP-decorated graphene oxide was reported for the visual
electrochemiluminescence biosensing of the aflatoxin M1. The developed aptasen-
sor demonstrated satisfactory performance when used for real samples and dis-
played promising results during smartphone-based detection of aflatoxin M1
(Khoshfetrat et al. 2018). A strip biosensor for rapid, accurate, cost-effective, and
on-site recognition of kanamycin was developed by Liu et al. (2018c) using kana-
mycin-specific aptamer-modified Au NPs as a probe and oligonucleotide DNA1-
functionalized Ag NPs for signal amplification. These lateral flow strips were found
to have very high stability and specificity and were able to detect the kanamycin in
various food samples (Liu et al. 2018c). The anti-E. coli O157:H7-functionalized
carbon nanotube-based multilayer biosensor was successfully designed by Li et al.
(2017b). This biosensor was able to demonstrate the capability of the system to
detect the bacteria with the concentration as low as 1 CFU mL~' (Li et al. 2017b).

With respect to the progressions in the field of nanotechnology, now we can
observe pairing of a variety of compounds with various kinds on nanomaterials,
which also enabled the application of such nanomaterials in numerous fields. These
diverse applications include applications in energy devices including solar energy
conversion (photovoltaic and photoelectrochemical devices, artificial photosynthe-
sis), electrochemical energy (lithium batteries, supercapacitors, fuel cells), as well
as environmental applications which may include detection and removal of pollut-
ants (heavy metals), detection and removal of organic substances, sensing of gases
as well as organic/inorganic vapors, as well as sensing of pathogens in the environ-
ment (reviewed by Chang and Wu 2013).
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4.6 Conclusion

The progression in the field of nanotechnology has enabled the extensive and effi-
cient use of the NPs in diverse areas. The efficacy of the NPs’ application is even
more enriched via various functionalization-based approaches. The diversity of the
molecular entities which can be used for functionalization of the NPs is vast; there-
fore, the successive functionalized nanomaterials gain enormous applicability. The
use of functionalized NPs has evidenced as an effective approach for proficient and
targeted drug delivery, tissue engineering, combating the resistant pathogens, and
bioimaging and as a biosensor. The functionalization approach holds a great poten-
tial in diagnosis as well as treatments of various health conditions as well as other
detection-oriented applications. This potential still can be explored further which
may enable even more applicability of the different kinds of nanomaterials.
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Chapter 5 )
Nano-adjuvants as Effective b
Next-Generation Antimicrobial Agents

Tuyelee Das, Mimosa Ghorai, Uttpal Anand, Arabinda Ghosh,
Potshangbam Nongdam, Mahipal S. Shekhawat, Devendra Kumar Pandey,
and Abhijit Dey

Abstract Adaptive immunity is a feature peculiar to vertebrates which is respon-
sible for defence against invading pathogens. It is a system that recognizes patho-
genic antigens from a previous encounter and builds a robust immune response that
neutralizes the pathogen. Vaccines are a perfect application of exploiting our adap-
tive immunity where pathogenic antigens are introduced into our body resulting in
the generation of long-lived immune cells known as memory cells. These cells rec-
ognize pathogenic signatures upon infection and initiate the adaptive immune
response. An essential component of a vaccine is an adjuvant which enhances the
efficiency of an antigen to produce a robust immune response. The exact mecha-
nisms behind adjuvant enhancement of immune response are not fully understood;
thus, they have been referred to as ‘the immunologists’ dirty little secret’ —Janeway.
Recent studies have shown that nano-adjuvants are very efficient immune regulators
and double Toll-like receptor (TLR) stimulation might be the reason for their effi-
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cacy. Adjuvant development is emerging as an important trend in vaccine delivery,
since a wide range of antigens that are not immunogenic need to be enhanced. This
chapter aims to highlight the potential role of nanoparticles as nano-adjuvants and
the recent developments made in this evolving field.

Keywords Adjuvant - Vaccine - Nanoparticle

5.1 Introduction

The development of vaccines has become increasingly important due to the emer-
gence of deadly pathogens that are difficult to control. Microbial diseases cause
millions of deaths each year. In recent years, antimicrobial resistance has become a
major health concern, and many studies have been conducted to improve antimicro-
bial methods. According to evidence, more than 70% of bacteria responsible for
poisoning and infection are resistant to one or more antimicrobial agents that are
normally used to eradicate infection and treat poisoning. There appears to be a great
need for new and effective antimicrobial agents. Currently, we need improved vac-
cines, for example, subunit vaccines, to boost the currently available vaccine or to
serve as stand-alone treatments for immunocompromised patients. Subunit vaccines
can be effectively used with adjuvants to enhance the duration and magnitude of
adaptive immunity. Subunit vaccines are generally easier to administer than whole
pathogen vaccines, but are generally less immunogenic than whole pathogen vac-
cines. Several alternative approaches have been proposed to overcome these issues,
including the use of adjuvants to stimulate the immune system when adding adju-
vants to vaccine formulations. Adjuvants are substances, compounds or even strate-
gies that enhance or modulate a humoral or cellular response to an antigen (Cox and
Coulter 1997; McGeary et al. 2003; Sarkar et al. 2019). The adjuvants in vaccines
are used since almost a century as components of inactivated antimicrobial vac-
cines. Le Moinic first reported the immune-boosting effects of a Vaseline-water
emulsion in 1916 when vaccinating mice with inactivated Salmonella typhimurium
(Le Moinic 1916). Vaccine adjuvants based on aluminium and emulsion are still
commonly used by themselves as well as in complex combinations. The adjuvant
properties of aluminium-based formulations were discovered by Glenny and col-
leagues in 1926 (Glenny 1926). Trial and error have often been used to develop and
create vaccines and adjuvants, and for many existing vaccines, it is unclear exactly
how immunity is induced. Some consider adjuvant research to be a form of alchemy,
despite increasing knowledge of immune system function.

In general, adjuvants are classified according to their chemical properties, origin
or physical-chemical properties; however, they often consist of related compounds
(Hazen 2000). Normally adjuvants are classified based on their ability to stimulate
Thl (T-helper-1) or Th2 (T-helper-2) immunity. Their chemical composition can
also be used to subclassify them. PAMPs (pathogen-associated molecular patterns),
CpG-DNA and LPS (lipopolysaccharides) were among the adjuvants associated
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with innate immunity, which bind to Toll-like receptors (TLRs) and pattern recogni-
tion receptors (PRRs) and trigger the activation of nuclear factor-kB which further
activates the production of inflammatory cytokines and B7 ligand production
(Marciani 2003), Press et al. 2000). A variety of natural and synthetic adjuvants
were used to promote adaptive immunity, including cytokines, quillaja saponins and
tucaresol (Cibulski et al. 2021; Rivera-Patron et al. 2021; Belz et al. 2020).
Co-stimulatory signals stimulate T cells through these adjuvants, activating them to
instigate cytokine-regulated gene expression (Bendelac and Medzhitov 2002). An
adjuvant’s main characteristics are its potency in stimulating the immune system
(Fig. 5.1), thereby reducing the number of antigens and the number of booster vac-
cinations needed to produce long-lasting immunity, but it also has to be stable
and safe.

The mechanisms governing how adjuvants work in vaccines are not fully under-
stood, however. Researchers are slowly unravelling the mystery of adjuvant activity
based on studies from the past decade (Schijns and Lavelle 2011). A combination of
mechanisms can contribute to the action of adjuvants, such as formation of the
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depot, activation of cytokines and chemokines, recruitment of immune cells and
enhancement of antigen presentation and transport. A local immunocompetent envi-
ronment at the injection site appears to be created by adjuvants activating innate
immune responses. In addition to optimizing innate immune responses, adjuvants
can also modify adaptive immune responses based on the type of innate responses
stimulated. A better understanding of adjuvant mechanisms will show how innate
immunity influences the development of adaptive immunity, can contribute to the
rational design of vaccines against various diseases and will improve adjuvant
safety. A major challenge for future research will be a thorough understanding of
how adjuvants play a role in intracellular signalling and intercellular
communication.

New solutions are needed in order to combat microorganisms and biofilms on
wounds. In general, antimicrobial treatments are considered the gold standard for
treating overt infections. Its unique characteristics have made nanotechnology a
major topic of interest. Nanoparticles do indeed exhibit many of these characteris-
tics (Percival et al. 2011). The small size of these molecules, combined with their
high surface-to-volume ratio, allows them to pass through fenestrated capillaries’
interendothelium gaps. Other mechanisms than antibiotics can be employed to
inhibit microbial growth and promote cell death through direct interaction between
nanoparticles and cell membrane/wall proteins. Interestingly, the molecular interac-
tion properties of nanoparticles can be manipulated to improve their action and
promote these interactions (Blecher et al. 2011; Friedman et al. 2013).

5.2 Nano-adjuvants Against Microbes

A modern subunit vaccine delivers its antigen component through an adjuvant and/
or a delivery system. This helps boost immunity. Adjuvants mimic PAMPs that can
be associated with infection. Table 5.1 lists the most potent nano-adjuvants as
antimicrobials.

Table 5.1 List of nano-adjuvants activated against microbes

Adjuvant Type of immune
name response/stimulated Activated against Reference
AuSNs Dendritic cells, T cells | Foot-and-mouth disease Teng et al. (2018)
virus
Chitosan Dendritic cells, B and T | Staphylococcus aureus, Banche et al. (2015)
lymphocytes Candida albicans
Mannan Dendritic cell HIV Cordeiro et al. (2015);
maturation Pifferi et al. (2021)
Saponins Thi, Th2, T cells H7N1 influenza infection. Tong et al. (2018); Zhao
et al. (2017)
ZOTEN T cells HSV-2 genital infection Agelidis et al. (2019);
Antoine et al. (2016)
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5.2.1 Carbohydrate-Based Adjuvants

Carbon-containing nanoparticles possessing a moderating effect on immune system
activity and particulate carriers capable of delivering antigens effectively stimulate
the humoral and cellular immune systems simultaneously. In the soluble form,
carbohydrate-containing nanoparticles may enhance cellular uptake of vaccine
adjuvants and enhance their activity (Cordeiro et al. 2015). A carbohydrate-
containing nanoparticle is similar to a pathogen particle in some ways (Marradi
et al. 2011). In addition to their size, nanoparticles contain carbohydrate patterns
that bind to pattern recognition receptors on immune cells (Zhao et al. 2014). The
carbohydrate component of a vaccine increases its immunogenicity by binding to
specific glycan-binding receptors on the surface of APCs (antigen-presenting cells)
(Zhao et al. 2014). Through phagocytosis and endocytosis, carbohydrate and associ-
ated antigen are absorbed (Mosaiab et al. 2019).

Every year, chronic wounds such as ulcers, bedsores, burns and diabetes-
associated vasculopathies cost developed countries millions of dollars. Diabetics
and immunocompromised patients tend to have chronic wounds caused by Candida
albicans and methicillin-resistant Staphylococcus aureus (MRSA). In vitro T cell
proliferation and maturation can be enhanced by chitosan and nanoparticles as they
act as intrinsic adjuvants as well as mucoadhesive materials. It has been reported
that chitosan and chitin possess antimicrobial properties. Furthermore, chitosan is
also thought to possess antimicrobial properties, especially in relation to bacteria,
yeasts and filamentous fungi. Chitosan is an antibacterial polymer, because of its
hydrophilic and polycationic nature.

Ionic gelation is most commonly used to prepare chitosan nanoparticles (Lugade
et al. 2013). This can be achieved by using chitosan with a molecular weight of
200-400 kDa. Through the gelation of ionic compounds, such as tripolyphosphate,
chitosan powder is dissolved in acetic acid (1-2%) and then added to the solution.
Chitosan particles might stimulate macrophages, DCs and B and T lymphocytes.
Chitosan nanoparticles can serve as immunological adjuvants to stimulate humoral
and cellular immunity (Banche et al. 2015). Banche et al. (2015) explored nanodro-
plets’ antimicrobial properties against MRSA and C. albicans, as well as their tox-
icity to human keratinocytes (HaCaT) and ultrasound-triggered transdermal
delivery. In particular, US-activated chitosan-shelled OLNs (oxygen-loaded nano-
droplets) are promising, innovative and nonconventional tools for treating infected
chronic wounds.

Joshi et al. (2019) report for the first time the detection of plant-fungal patho-
genic chitin in cell walls using a polyclonal serum raised against trimethyl chitosan
nanoparticles in mice. In addition to producing antibodies, their method also
employs the adjuvant properties of trimethylchitosan and its nanoparticles (Joshi
et al. 2019). Chitosan’s adjuvanticity is affected by its quaternization degree. HSN1
(highly pathogenic Asian avian influenza a) adjuvants containing moderate degrees
of quaternization induced higher immune responses (Wang et al. 2016).
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As vaccine adjuvants, mannan nanoparticles can enhance immune responses,
especially in vaccines against the human immunodeficiency virus (HIV). A glyco-
sidic bond of 1,4 hydroxyl groups is linked to D-mannose in mannan to form a
molecule abundant in plants and microbial cells. Inflammasome activation by man-
nan may stimulate DC maturation under TLR4 stimulation (Cordeiro et al. 2015;
Pifferi et al. 2021). Mannosylated surfaces closely mimic the native structure of
virion surfaces and as such are a good candidate for inclusion in HIV vaccines as
adjuvants. Mannan-coated liposomes have been tested in an anti-HIV vaccine,
according to Toda et al. (1997). A major advantage of mannan-modified nanoparti-
cles in HIV vaccines is their potent adjuvanticity. Mannan-modified nanoparticles
would be appropriate vehicles to deliver antigen. Nanoparticles modified with man-
nan promote further immune response stimulation when combined with antigens.

Saponins have been widely known for their adjuvanticity for decades. Saponin-
containing nanoparticles exhibit strong adjuvanticity in vaccines. The saponins of
terrestrial higher plants were previously recognized as steroidal or triterpene agly-
cones connected to hydrophilic chains of carbohydrate. Bark of the tree Quillaja
saponaria Molina, a source of triterpene saponins, has been found to provide pow-
erful adjuvant effects. One of the most widely studied extracts from this source,
Quil A, contains heterogeneous mixtures of saponins with structurally related prop-
erties. A saponin fraction, QS-21, was purified from Quil A and had the best adju-
vanticity among all the fractions. To reduce the haemolytic activity of Quil A
saponins, formulation optimization efforts were undertaken (Kensil et al. 1995).
Different licensed or test vaccines are using nanoparticulate adjuvants with QS-21
or other Quil A fractions that demonstrate good safety profiles. Kazakhstani plants
produced three saponins that are immunostimulating and have low toxicity. A nano-
complex of this saponin, lipid and antigen of the H7N1 influenza virus was prepared
via extensive dialysis. Nanocomplexes containing these three saponins stimulated
robust Th1 and Th2 responses upon subcutaneous immunization. The result of these
treatments was elevated antibody titres (both IgG1 and IgG2a) and enhanced cyto-
kine production in Th1 and Th2. In addition, mice that had been preimmunized with
these nanocomplexes displayed 100% protection against H7N1 influenza infection.
Moreover, plant saponins have been reported to have adjuvanticity (Tong et al.
2018; Zhao et al. 2017).

5.2.2 Gold-Based Nanoparticle Adjuvant

The inherent ability of gold nanoparticles (AuNPs) to tune and regulate immune
responses has made them a promising tool for vaccine development. As both deliv-
ery systems and adjuvants, AuNPs can be highly efficacious. Most commonly,
AuNPs are synthesized via the reductive reaction of chloroauric acid using
Turkevich-Schriffins procedures. They are then stabilized using surface modifica-
tion and stabilization (Compostella et al. 2017). The functionalization of 2 nm
AuNPs with four components led to development of a candidate against different
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serotypes of Streptococcus pneumoniae, a respiratory pathogen responsible for over
two million deaths each year (Masomian et al. 2020; Vetro et al. 2017). Mouse IgG
antibodies specific to influenza matrix 2 protein (M2e) were induced by intranasal
injection of 12 nm AuNPs containing a highly conserved extracellular region.
AuNPs and CpG induced cross-protection against diverse influenza viral strains
when administered together as an adjuvant (Tao et al. 2014). More recent approaches
utilize AuNPs of 18 nm coupled with hemagglutinin (HA), Aichi/2/68 (H3N2) and
flagellin, the TLRS agonist (Wang et al. 2017). Using intranasal administration of
the conjugated AuNPs in vivo and in vitro, the conjugated AuNPs were able to
stimulate a strong immune response by activating DCs and T cells. There is evi-
dence that gold nanostars have shape-dependent adjuvant effects on macrophages
and induce immunity against foot-and-mouth disease using virus-like particle nano-
formulations containing gold nanostars (Teng et al. 2018).

5.2.3 Zinc-Based Nanoparticle Adjuvant

The efficacy of ZOTEN (zinc oxide tetrapod nanoparticles) was comparable to that
of alum, and it exhibited strong adjuvant-like properties against HSV-2 female geni-
tal herpes infections. ZOTEN exhibits new and multifunctional antiviral properties
with both therapeutic and prophylactic potential due to its targeting of viral particles
and manipulation of host immune systems (Agelidis et al. 2019). ZOTEN provides
the platform for capturing and presenting neutralized viruses to mucosal APCs for
the purpose of triggering and boosting adaptive immunity (Antoine et al. 2016).
Similarly, ZOTEN also showed suppression in Coleman and Shukla (2013) study.
According to the study, there were fewer clinical signs of vaginal infection and
fewer deaths in the animals (Coleman and Shukla 2013). ZOTEN is also shown to
reduce the likelihood of infection using any live viral vaccine when given alongside.
In mice with HSV-2 infection, ZOTEN decreased CD45+, Gr-1+ and F4/80+ cell
infiltration, which was correlated with vaginal inflammation (Yadavalli and Shukla
2016). It is important to note that sexually transmitted infections by herpes simplex
virus type-2 (HSV-2) pose a serious health threat. Human immunodeficiency virus
(HIV) susceptibility can also be significantly increased by HSV-2 infections.
ZOTEN treatment has greater effects on developing adaptive immunity and mem-
ory to resist pathogens. Even if more studies are required, ZOTEN’s live virus vac-
cine platform may contribute to the development of new and more effective vaccine
strategies.
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5.3 Conclusion

In recent decades, vaccine adjuvants have been developed. Adjuvants for this vac-
cine have gone through a long process from the bench to the clinic. There are several
factors to consider when manufacturing a product, including compatibility, stability,
effectiveness and complexity. Vaccines based on nanomaterials are an emerging and
promising research field. In spite of nanotechnology’s limitations, it provides hope
to develop new antimicrobial agents that will stand the test of time and help us com-
bat emerging and existing infectious diseases. There are several types of metallic
and organic nanoparticles each with their own advantages and disadvantages.
Through the use of novel nanomaterials or their combinations, researchers are striv-
ing to enhance the efficacy of these antimicrobial agents and reduce or eliminate
their associated side effects. Whenever nano-adjuvants are approved for use as anti-
microbial agents, they should also be evaluated for their impact on the environment
when released.
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Chapter 6
Limiting Antibiotic-Resistant Bacteria
Using Multifunctional Nanomaterials

Ragini Singh, Stuti Bhagat, and Sanjay Singh

Abstract In the current scenario, antibiotic-resistant bacteria become a global
threat to human health, and it has been predicted that by the year 2050, death caused
due to bacterial infection will surpass the cancer-related death. Existing antibiotic
therapy experiences several limitations like side effects, poor stability, and solubil-
ity which leads to its inefficiency in antimicrobial therapy. To overcome these limi-
tations, research has been focused on alternative strategies like use of nanomaterials
in the formulation of antimicrobial agents due to advantages like drug-targeting
ability, biodistribution, enhanced uptake, and favored physicochemical properties.
Nanomaterials interact with the cellular component of microbes, and their antimi-
crobial behavior depends majorly on surface chemistry, size, shape, and core mate-
rial. This chapter elaborates on the drug-resistant mechanism of microbes as well as
the role of nanomaterials (nitric oxide-releasing, chitosan-based, and metallic) in
combating drug resistance. Various bacterial-based diseases in animals are also lia-
ble to be transferred in humans and cause serious illness. The potential of nanoma-
terials in the prevention and treatment of diseases in animal models is also the
highlight in the present article. Finally, we also discussed the clinical approaches of
nanoformulation in combating drug-resistant microbes.
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6.1 Introduction

Multidrug-resistant (MDR) bacteria remain a key challenge for the treatment of
bacteria-driven life-threatening diseases. According to an estimate, by the year
2050, the deaths caused by bacteria-driven diseases may surpass the mortality
caused by cancer. Currently, several bacterial species are reported to be resistant to
the essential drugs like methicillin, carbapenem, and vancomycin, thus producing
methicillin-resistant ~ Staphylococcus aureus (MRSA), carbapenem-resistant
Enterobacteriaceae, and vancomycin-resistant Enferococcus, respectively
(Ssekatawa et al. 2020; Willyard 2017). Some of the common reasons for drug
resistance are irrational and overuse of antibiotics, bacterial adaptation to biofilms
formation, and prolonged use of antibiotics for the treatment of bacterial diseases
(Munir et al. 2020). Excess use of antibiotics causes selective pressure on microbes
which in turn develop the genes encoding antibiotic resistance and thus produce
new strains in which the resistance is transferred via horizontal or vertical transmis-
sion (Arzanlou et al. 2017a).

Antibiotics inhibit the growth of bacteria by different mechanisms including
inhibition of cell wall synthesis and hindering DNA, RNA, protein synthesis, and
biofilm formation. MecA genes in bacterial cells are reported to impart resistance
against antibiotics such as penicillin and methicillin (Berger-Bachi 1994). Single
microbe-like superbugs can acquire MDR by adapting drug-resistant genes from
other bacteria. The enzyme, such as New Delhi metallo-b-lactamase-1 (NDM-1),
can degrade the p-lactam ring, thus making a range of antibiotics ineffective against
the bacterial strain (Rolain et al. 2010). Mycobacterium tuberculosis and S. aureus
are other common examples of drug-resistant bacteria causing serious concern and
threat to the global healthcare community (Munir et al. 2020). Thus, the origin of
antibiotic-resistant pathogenic bacterial strains requires immediate attention, and
some novel approaches are required to inhibit their growth and transmission. In this
context, nanotechnology-based novel therapeutic strategies have shown promising
results in controlling the growth of MDR microbes.

To overcome the antibiotic-resistant complications, it is important to understand
the mechanism by which microbes escape the traditional antibiotic therapy. There
are two types of bacterial growth: (i) planktonic growth, described as unicellular,
free-swimming microbes not attached to a surface, and (ii) biofilm growth phase,
characterized as multicellular sessile state which forms communities (Berlanga and
Guerrero 2016).

Biofilm formation is an advanced method that allows bacteria to survive in harsh
circumstances by developing permanent colonies with great ability to dissociate and
form new colonies (Rizzato et al. 2019; Majumdar and Pal 2017). Bacterial biofilms
are made up of a dense and hydrated clump of bacteria that are attached to a surface
and are encased in a dense external matrix of exopolysaccharides, extracellular
deoxyribonucleic acid (DNA), and amino acids (Blair et al. 2008). While biofilm
formation in the common bacteria like Staphylococcus epidermis and Pseudomonas
aeruginosa is well-known to protect them from various antibiotics, diverse other
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biofilm-forming microbes also exist which confer resistance against wide range
of antibiotics. For example, yeast candida albicans and obligate anaerobe
Porphyromonas gingivalis, when grown in the biofilm, have been reported to be less
susceptible to antibiotics in comparison to free-floating cells (Stewart 2002). Human
lung, urethra, colon, ear infections, infective endocarditis, gum infection, and
wound-related infections are linked to biofilms formation (Valappil 2018). In com-
parison to planktonic bacterial growth, biofilms are thought to be ~1000 times more
resistant to antibiotics (Rossi-Fedele, Roberts 2007). Biofilm bacteria are subjected
to cell density-dependent control from their extracellular polymeric substances
(EPS) matrix, and thus as a result of high density, they are discharged into the sur-
roundings as free-floating bacteria. Furthermore, both biofilms and host immune
responses enhance the transformation of normal nonpathogenic commensal bacteria
into virulent forms in the human body (Marsich et al. 2012). The evolution of sur-
vival mechanisms has been aided by the increased genetic mutation rates within
biofilms. The expression of certain efflux pumps and upregulation of various pro-
teins could cause diffusion across the biofilm. In this context, deletion of genes
encoding the biofilm-specific efflux pump, PA1874—1877, confers the P. aeruginosa
sensitivity to antibiotics like gentamicin and ciprofloxacin. These genes are not
found to be overexpressed in planktonic cells proving their importance in biofilm
resistance. Furthermore, increased production of toxin-antitoxin modules inhibits
important cell operations like translation (Zhang and Mah 2008; Eleraky et al.
2020). Thus, due to the diversity and anonymity of biofilm-resistant processes,
innovative nanosystems are envisaged to effectively inhibit the spread of resistant
bacterial strains.

Nanoparticles (NPs) offer multifunctional aspects of eradicating MDR microbes
because of their ability to act as transporters for common antibiotics as well as natu-
ral antibacterial substances (Wang et al. 2017¢). The most widely used aspect of
nanomaterials (NMs)-based drug delivery system is its ability to introduce a diverse
array of therapies being linked to or confined inside their huge surface area and
controlled rate of targeted delivery to infected site (Gholipourmalekabadi et al.
2017; Baptista et al. 2018). NMs-mediated delivery can improve the therapeutic
index and pharmacokinetic profile of encapsulated drugs in comparison to free
drugs which leads to decrease in the required dose to achieve an equivalent clinical
effect. This will reduce the adverse toxic side effect caused due to high and frequent
dose administration (Gao et al. 2018). Various NPs are reported to be used as effi-
cient drug delivery agents, i.e., liposome, polymeric NPs, inorganic NPs, den-
drimers, etc. Rinaldi et al. demonstrated the rifampicin-loaded liposome (Rif-Lipo)
for the treatment of pulmonary infection caused due to Mycobacterium abscessus
(Rinaldi et al. 2021). Synthesized nanoformulation was found to be stable at room
temperature and 4 °C for 90 days. The authors showed that 18 h exposure of 96 pM
Rif-Lipo nanoformulation inhibits the M. abscessus infection with a similar effect
of 192 uM rifampicin alone. Targeted delivery of drugs and antibiotics can also be
achieved efficiently by using various NPs. In this context, Giinciim et al. demon-
strated the antibacterial activity of polymeric (poly(vinyl alcohol)/sodium alginate)
NPs containing amoxicillin (poly-AmoNPs) against Escherichia coli (E. coli) and
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S. aureus (Giinclim et al. 2018). The result showed that with a decrease in pH, the
release of amoxicillin also decreases which induces the controlled release of drug at
infectious site. This formulation has a similar effect as a free drug against E. coli
and S. aureus. Further, Wang et al. synthesized gold-silver nanocage coated with the
pattern recognition receptors (PRRs) (found in macrophage membrane) (Shi et al.
2018). Macrophages were treated with S. aureus and E. coli to confirm the expres-
sion of pathogen-related receptors on their membrane surface. This formulation
promotes the adherence of NPs to specific bacteria for targeted therapy and delivery
of the drug. Also, the gold-silver nanocages can convert NIR (laser light) into heat
to destroy the bacteria by using laser irradiation treatment. The hollow structure of
nanocage can be well utilized for the encapsulation of drugs for the targeted therapy.

6.2 Mechanism Underlying Antibiotic Resistance
in Microbes

Existing antibiotics are reported to inhibit the growth of microbes via affecting three
different machineries: DNA replication, translation process and cell wall synthesis.
Interestingly, bacterial cells evolve various strategies to counter the inhibitory func-
tions of antibiotics by developing resistance mediated by mutations in chromo-
somes. Non-resistant bacteria get eradicated by antibiotics, whereas resistant
species survive the exposure and eventually transfer the resistance mechanism to
next generation through horizontal or vertical transfer (Arzanlou et al. 2017b;
Ruddaraju et al. 2020). Various mechanisms of antibiotic resistance in microbes are
discussed below in detail and summarized in Fig. 6.1.

6.2.1 Competition to Antibiotics and Resistance to Persister

Bacterial cells can produce molecules displaying competitive inhibition for each
antibiotic to acquire resistance against the antibiotics. In this context, sulfonamide-
resistant bacterial cells produce a high amount of pare-aminobenzoic acid (PABA)
to confer resistance. Sulfonamides hinder bacterial nucleic acid synthesis by inhib-
iting the bacterial enzyme dihydropteroate synthetase (DHPs) in the folic acid path-
way. In Neisseria meningitidis and S. aureus, PABA competes with the sulfonamides
for enzyme DHPs and leads to resistance in bacterial cells (Ponce et al. 2017).
Inert persisters occur in the infected bacterial community causing a repetition of
infection even after the treatment due to acquired resistance against antibacterial
drugs. Persister cells decreased their metabolic rate by gene shift to achieve resis-
tance against antibiotics. Bacterial community exposed to antibiotics showed that
some of the populations are sensitive to drugs, while other remains unaffected
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Fig. 6.1 Scheme showing mechanistic action of antimicrobial resistance (Pauter et al. 2020)

indicating the treatment completion for certain infection. In some cases, persisters
shift to an active metabolic state again to cause reinfection.

6.2.2 Low Drug Uptake and High Efflux

Reduced rate of drug uptake and high efflux rate are two major mechanisms that
simultaneously regulate antibiotic resistance. For example, P. aeruginosa low sen-
sitivity for a drug could be due to the presence of inner membrane protein (H*/drug
antiporter protein) in the periplasmic space attached to a linker protein. Regulatory
protein suppresses the gene encoding efflux protein; thus, mutation in regulating
protein leads to overexpression of efflux protein and high MDR of P. aeruginosa
(Nikaido 2009). In addition, energy driven by transmembrane protein could also be
utilized by nine efflux pumps expressed in E. coli that facilitate the development of
resistance in bacteria by expelling many antibiotics (Du et al. 2018).

Several genes are reported in both gram-negative and gram-positive bacteria that
encode efflux pumps such as tetracycline efflux pump encoded by TetB, TetK, and
TetA. Transfer of these genes to bacterial cells may be attributed to transposons and
horizontal gene transfer on the plasmid (Blair et al. 2015). Most of the gram-negative
bacteria are reported to be resistant against chloramphenicol and fluoroquinolones
primarily due to the efflux effect. Enterococcus faecalis develop resistance against
dalfopristin and quinupristin antibiotics by using the same efflux mechanism.
Further, decreased uptake of antimicrobial drugs in gram-negative bacteria causes
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resistance against aminoglycosides, whereas resistance to vancomycin may be
attributed to the increased thickness of cell walls in microbes (Blair et al. 2015).

6.2.3 Biofilm Formation

Resistance in bacteria from several antibiotics may be attributed to the biofilm for-
mation, which causes chronic infections. Biofilm-producing bacteria exhibit ~1000
times more resistance against antibiotics than bacterial species that do not form
biofilms (Arciola et al. 2018). At the initial stage of biofilm formation, antibiotic
treatment is found to be more effective because the microbial population is not com-
pletely adapted into the biofilm community (Munoz-Egea et al. 2016). During bio-
film formation, EPS assembles to facilitate the localization of bacterial community;
however, it acts as a diffusion barrier for antibiotics. Various mechanisms are sug-
gested regarding EPS mediating antibiotic inhibition. Here, at the initial stage, the
pore size of the matrix is small enough to hinder the entry of antibiotics. The nega-
tively charged matrix further inhibits the effect of antibiotics on bacterial cells, and
the enzymes located in EPS induce covalent modification in antibiotics that lead to
the inhibition of their antimicrobial action (Ferreira et al. 2010). Additionally, EPS
also acts as a barrier to nutrient and oxygen supply, thus promoting indirect resis-
tance to bacteria against antibiotics. Bacterial cells located deep inside the biofilm
exhibit lower metabolic rates due to less supply of nutrients and thus are also less
susceptible to antibiotics.

The multicellular nature of biofilm is one of the key factors responsible for anti-
biotic resistance. EPS accumulates the bacterial cells together and develops the
multicellular consortia, which forms a heterogeneous environment inside the bio-
film and establishes a multicellular system. If the steps of multicellular structure
formation of biofilm can be disrupted, antibiotic efficacy as well as host defense
system could be improved. Another mechanism regarding the resistance of the bio-
film community is the internalization of resistance genes by horizontal gene transfer
via conjugation method (Mah 2012). Biofilm provides a compatible environment
for gene transfer such as high genetic competence, accumulation of genetic ele-
ments, and high cell density (Fux et al. 2005). Several studies have reported that the
conjugation process is more efficient in biofilms compared to planktonic cells (Van
Meervenne et al. 2014; Sharma et al. 2019).

6.2.4 Antibiotic Modification

Several microorganisms express the drug-resistant genes, which encode the enzymes
responsible for covalent modification of antibiotics such as aminoglycosides, tetra-
cycline, quinolones and f-lactams (Laxminarayan et al. 2013). p-Ring of p-lactam
has been reported to be hydrolyzed by p-lactamase enzyme leading to resistance in
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-lactamase-sensitive microbes. Horizontal transfer of p-lactamase gene on bacte-
rial plasmids or decreased activity of a repressor protein that inhibits -lactamase
gene transcription is the major cause of resistance development in microbes (Moya
et al. 2012; Munir et al. 2020).

Recently, New Delhi metallo-p-lactamase 1 (NDM-1)-producing carbapenem-
resistant microbes have been discovered. Several NDM-1-expressing bacteria are
resistant against a majority of antibacterial drugs used to treat serious infections.
Research on samples collected from various regions reports that they are tolerant to
monobactam aztreonam, aminoglycosides, quinolones, tetracycline and p-lactam
antibiotics (Kumarasamy et al. 2010). Moreover, the aminoglycoside resistance
gene encodes enzymes causing a covalent modification of the OH and NH, group of
aminoglycosides which leads to the decreased affinity with the 30S ribosomal sub-
unit, thus inhibiting the antibacterial activity. Robicsek et al. reported the reduced
susceptibility of clinical bacterial isolates against ciprofloxacin due to the expres-
sion of gene encoding aminoglycoside acetyltransferase. This enzyme inhibits cip-
rofloxacin’s activity by N-acetylating the amino nitrogen on the piperazinyl group
(Robicsek et al. 2006).

6.2.5 Swarming

Swarming represents social motility enabling differentiated bacterial cells to
migrate. Swarming is similar to the biofilm community and characterized by a high
level of resistance to antimicrobial treatments (Lai et al. 2009). Several swarming
bacterial species like P. aeruginosa, Salmonella enterica, and B. subtilis are reported
to exhibit multiple antibiotic resistance. Swarming bacteria exhibit three different
strategies against antibiotics including high cell density, lower exposure to antibiot-
ics due to circulation within the multilayer structure, and death of directly exposed
individuals (Butler et al. 2010). Reports showed that even in the absence of swarm-
ing, high cell density promotes bacterial survival; however, movement ability, as
well as the speed of movement, offers an extra advantage to swarm as an effective
strategy against antimicrobials agents (Butler et al. 2010).

6.3 Nanotechnology-Mediated Strategies to Overcome MDR
in Microbes

The emergence of new drug-resistant microbial species and the limited production
of antimicrobial drugs have created a serious concern for human health. Synthesis
of new antibiotics is a complex process and takes around 10-15 years for approval
and also has a very high production cost (Eleraky et al. 2020). Therefore, as an
alternative, people have looked at using NMs as an effective antimicrobial. NPs are
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also reported to enhance the physicochemical property and stability of existing anti-
biotics, prolong their release, and facilitate targeted delivery to the infection site,
with reduced side effects (Patra et al. 2018). NMs possess various mechanisms to
overcome microbial drug resistance (Fig. 6.2), which can be governed by their
physicochemical properties like size, surface charge, and solubility. Nitric oxide-
releasing NMs, metal-based NMs, and chitosan-derived NMs are reported to pre-
vent microbe resistance (Pelgrift and Friedman 2013). Encapsulation of antibiotics
in NMs, inhibition of biofilm, increasing drug influx, and decreasing efflux are
some of the mechanisms underlying their antimicrobial efficacy (Kaur et al. 2019;
Tang and Zheng 2018). Table 6.1 shows the list of various NPs with their inhibitory
mechanism against MDR microbes.

6.3.1 Nitric Oxide-Releasing Nanomaterials

In recent years, gas-releasing agents especially nitric oxide-releasing NMs
(NO-NMs) have found applications in combating multidrug resistance in microbes
(Rong et al. 2019). NO released from NMs reacts with superoxide (O, ~) to produce
reactive nitrogen intermediates (RNOS) causing bacterial cell death. NO (>1 mM)
shows toxicity against microbes by various mechanisms (Wang et al. 2017¢; Nguyen
etal. 2016) including (i) interaction of RNOS with prosthetic groups of proteins, (ii)
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inducing nitrosative damage to DNA, (iii) reacting with bacterial protein residues,
(iv) lipid peroxidation, and (v) interference with zinc metalloproteins to hinder cel-
lular respiration. Additionally, NO can also trigger the immune response in humans
and animals (Dolansky et al. 2018).

Kafshgari et al. reported the antibacterial efficacy of NO-releasing porous silicon
NPs (Hasanzadeh Kafshgari et al. 2016). In the presence of ascorbic acid, NO inhib-
ited E. coli and S. aureus growth within 2 h of exposure. However, after 24 h of
exposure, bacterial growth decreased to 1 log than untreated cells. Gehring et al.
have also demonstrated the antibacterial activity from NO-releasing mesoporous
organosilica (Gehring et al. 2016). The antibacterial effect of NO alone and along
with gentamicin in polymeric NMs was also investigated (Nguyen et al. 2016). It
was found that both agents were simultaneously released and displayed a synergis-
tic effect causing a decrease in the planktonic cell viability and biofilm formation by
95% and 90%, respectively. NO-NMs are also reported to cause interference in
adhesion of MR S. aureus and also prevent the biofilm formation when tested in rat
central venous catheter model of infection (Mihu et al. 2017). NO-releasing silver
NPs (AgNPs) are also reported to show antibacterial activity. The presence of NO
on the particle surface enhances the antibacterial effect due to the synergistic effect
of AgNPs and NO (Seabra et al. 2017). So far, there is no report on the development
of resistance against NO, which could be due to the no increase in minimum inhibi-
tory concentration (MIC) of exposure (Privett et al. 2012). However, some bacteria
express enzymes (flavohemoglobin, DNA repair enzymes, lactate dehydrogenase)
that protect them from the nitrosative effect of NO at a physiological quantity of
NO, but at an adequate concentration of NO, these enzymes also become ineffective
(Hall et al. 2020). At a concentration of 1.25-5 mM, NO-NMs are reported to com-
pletely eradicate the bacterial cells and also lower the bacterial burden when applied
on lesions and intramuscular and dermal abscesses (Schairer et al. 2012).

NO-NMs are also reported to be effective against fungal infections. Bio-screen C
analysis and time-lapse microscopy showed NO-NMs induced inhibition of fungal
colonies by decreasing the cell division, filament, and bud formation (Rosen et al.
2016). NO-NMs are effective against the Candida albicans biofilm formation activ-
ity (Hetrick et al. 2009). NO-NMs treatment was found to decrease fungal load and
accelerate wound closure in mice. This is also supported by the tissue histology
showing a lack of fungal hyphae structures within the dermis and decreased inflam-
mation with increased fibrin and collagen deposition.

6.3.2 Metal-Based Nanoparticles

Different metallic NMs, i.e., gold (Au), silver (Ag), zinc (Zn), magnesium (Mg),
and titanium (Ti), prevent drug resistance in microbes by employing a different
mechanism to hinder the growth (Wyszogrodzka et al. 2016). Polyclonal antibody-
decorated bismuth NPs are reported to enhance the effect of X-ray irradiation to
eradicate the MDR bacterial species. The result showed a significant antibacterial
effect due to the combined action of bismuth and X-ray, thus killing ~90% of
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bacteria, whereas only ~6% death was observed when only X-ray was exposed (Luo
et al. 2013). On the other hand, no significant toxicity was observed when human
cells were exposed to same concentration. Some of the common metallic NPs that
are reported to exhibit antimicrobial effects are discussed below.

6.3.2.1 Titanium Dioxide Nanoparticles

Titanium dioxide NPs (TiO, NPs) exert antimicrobial action possibly by the follow-
ing two mechanisms: (i) production of reactive oxygen species (ROS) when irradi-
ated in the near-UV region leading to the damage of bacterial cell membrane
(Ranjan and Ramalingam 2016) and (ii) TiO, NPs itself inhibit the growth of
microbes by an unknown mechanism (Venkatasubbu et al. 2016). In this context,
Liu et al. demonstrated the antibacterial activity of TiO, nanocrystals with [101]
[001] surface heterojunction promoting electron-hole spatial separation at [101] and
[001] facets leading to ROS generation and thus antimicrobial effect (Liu et al.
2017). SEM images revealed that the surface of both E. coli and S. aureus has been
altered by the TiO, nanocrystals and the antibacterial effect was due to the depletion
of glutathione, membrane lipid peroxidation, and intracellular oxidative stress.
Further, Arora et al. reported the antibacterial activity due to the use of a combina-
tion of TiO, NPs, ceftazidime and cefotaxime in MDR P. aeruginosa isolated from
sputum, pus, endotracheal tract, and bronchoalveolar lavage (Arora et al. 2015).
NPs showed toxicity at 350 pg/mL concentration in presence of UV light for
an hour.

6.3.2.2 Zinc Oxide Nanoparticles

Zinc oxide NPs (ZnO NPs) are reported to exhibit antibacterial activity regulated by
different mechanisms and also reduce the likelihood of resistance development
(Sirelkhatim et al. 2015). Polyvinyl alcohol-coated ZnO NPs showed rapid internal-
ization into the cell cytoplasm by increasing the permeability of the bacterial mem-
brane and inducing oxidative stress within the cytoplasm. In the cytoplasm, ZnO
NPs bind to bacterial membrane and destroy the lipid and membrane protein to
release the cytoplasmic content, thus resulting in cell death. Additionally, ZnO NPs
also produce Zn** ions, which may rupture the bacterial membrane and promote
intracellular ROS generation (Sirelkhatim et al. 2015; Siddiqi et al. 2018). In a study
by Patra et al., ciprofloxacin-functionalized ZnO NPs were developed to demon-
strate the antibacterial activity against MDR E. coli, S. aureus, and Klebsiella sp.
Results showed that this nanoconjugate has a lower MIC than only drug (Patra et al.
2014). Further, the two antibiotics (ciprofloxacin and ceftazidime) were conjugated
with ZnO NMs and tested against MDR Acinetobacter baumannii (Ghasemi and
Jalal 2016). Results showed that there was an increase in the internalization of anti-
biotics in bacterial cells that supported the change in shape of cells from rods to
cocci form. ZnO NPs conjugated with clinically approved drugs (ceftriaxone,
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amphotericin B, quercetin, naringin, and ampicillin) have also been evaluated for
their antibacterial effect against gram-positive and gram-negative bacteria.
Ceftriaxone- and ampicillin-conjugated ZnO-NMs exhibited high antibacterial
activity but were found nontoxic to human cells (Akbar et al. 2021).

6.3.2.3 Silver Nanoparticles

Antimicrobial property of AgNMs is mainly considered due to the slow release of
silver ions (Ag*) in an aqueous solution (Ramalingam et al. 2016). Ag* react with
the bacterial cell membrane and rupture them to release cytoplasmic content leading
to cell death. Comparatively, gram-positive bacteria are less sensitive than gram-
negative bacteria to Ag* exposure, which could be due to the thin cell wall in the
latter case (Dakal et al. 2016; Li et al. 2019b). Ag* are also reported to be less likely
to penetrate the gram-negative bacterial cells due to its strong binding to negatively
charged lipopolysaccharide (LPS) of gram-negative bacteria (Acharya et al. 2018).
Further, some other mechanisms suggested in the favor of Ag* ions exerting antimi-
crobial effect are (i) damage to genetic material and prevention of p DNA duplica-
tion, thus arresting cell division, (ii) binding with cytochrome to interfere electron
transport chain, and (iii) inhibition of cell wall formation in gram-positive bacteria
(Brown et al. 2012; Munir et al. 2020).

AgNPs are effective against a wide range of pathogens, including drug-resistant
fungus, bacteria, and viruses. AgNMs bactericidal effects have been reported against
ampicillin-resistant E. coli and S. pyogenes and MDR P. aeruginosa. Combining
AgNMs with several drugs (amoxicillin, penicillin G, vancomycin, clindamycin,
and erythromycin) is reported to exhibit significant antimicrobial activity (Kaur
etal. 2019; Li et al. 2019b). Wang et al. reported the synergistic antibacterial effect
of levofloxacin decorated on Ag core-embedded silica nanoplatform (Ag@MSNs@
LEVO) against drug-resistant bacteria (Fig. 6.3) (Wang et al. 2016). Results showed
that upon treatment with the Ag@MSNs@LEVO to in vivo acute peritonitis model,
E. coli infection in the peritoneal cavity of the mice reduced to three-fold and patho-
logical effects from spleen and peritoneum were also found to be vanished without
exerting any toxic side effect on mice. Thus, this data strongly suggests that Ag@
MSNs@LEVO has the potential to be a safe therapeutic option for clinical drug-
resistant infections. Mottais et al. synthesized N-heterocyclic carbene-coated silver
complexes (Ag-NHCs) featuring a lipid chain and investigated their antibacterial
potency (Mottais et al. 2019). It was found that the aqueous formulation of Ag-NHCs
showed a better antibacterial effect against some strains of S. aureus and P. aerugi-
nosa. Additionally, when combined with cationic lipid and DNA, it can also be used
to deliver therapeutic genes to infected lungs via aerosolization. Taken together, the
data presented herein suggest the use of n-alkyl chain Ag-NHC as a promising alter-
native to traditional antibiotics in the treatment of respiratory infections and to fight
against the rise of MDR bacteria.
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its synergistic application over drug-resistant infections in vitro and in vivo. (Reprinted with per-
mission from Biomaterials, Copyright 2021, Elsevier (Wang et al. 2016))

6.3.2.4 Copper Oxide Nanoparticles

Copper oxide NPs (CuONPs) are reported as weak but wide spectrum antimicrobial
agents, mostly reported effective against Listeria monocytogenes, E. coli, S. aureus,
and S. cerevisiae. CuONPs utilize two different mechanisms for antimicrobial
action: (i) excess amount of Cu ions cause generation of ROS to prevent both DNA
replication and amino acid synthesis; and (ii) Cu ions react with amino and carboxyl
groups presented on the bacterial surface (Ananth et al. 2015). Agarwal et al. dem-
onstrated the activity of CuONPs against MDR biofilm-forming bacteria (Agarwala
et al. 2014). The result showed that CuONPs exposure displayed a zone of inhibi-
tion against MR S. aureus (22 = 1 nm) followed by E. coli (18 £ 1 nm). It has been
reasoned that Cu ions damage the microorganism’s envelope and subsequently bind
with DNA leading to multiple damages mediated by OH radicals. However, in some
cases, it has been reported that copper-mediated oxidative damage follows the
Fenton mechanism (Borkow and Gabbay 2009).

6.3.2.5 Bismuth Nanoparticles

Bismuth NPs (BiNPs) are reported to be a potent antimicrobial agent against drug-
resistant microbes (Hernandez-Delgadillo et al. 2012). BiNPs are synthesized in
different ways with controlled shape and size required to display maximum antibac-
terial activity (Wang et al. 2008). Besides the use of visible, topical, and UV radia-
tion, X-rays have a high impact to eradicate the bacterial infection when used with
BiNPs. It leads to the reduced requirement of radiation dose needed to eradicate
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bacteria, thus making it less harmful to humans. Mechanistically, Bi releases elec-
trons by photoelectric effect and generates free radicals following X-ray irradiation,
which gradually destroys the bacterial DNA (Luo et al. 2013). Antibiotic conjuga-
tion with BiNMs reduces the average distance between targeted microbes and NPs
and thus enhances the bactericidal action (Gao et al. 2014). Further, BiINMs radia-
tion therapy is also reported to be highly effective against MDR P. aeruginosa (Luo
et al. 2013). The bacterial sample was incubated with polyclonal antibody-modified
BiNMs and irradiated with X-rays. The result suggested that ~90% of bacteria were
killed upon exposure to 200 pg/mL BiNMs, whereas only 6% were killed when
exposed to X-ray alone. Additionally, no significant toxicity was observed on human
cells, thus establishing the possibility of future clinical applications.

6.3.2.6 Graphene-Based Nanomaterials

Graphene is a single-layer carbon sheet that has been emerging as a potent antimi-
crobial agent along with other applications. It acts both by physical and chemical
methods, and its sharp edges can disrupt the bacterial membrane leading to cell
death. Graphene-based NMs (GNMs) are also utilized as dispersing and stabilizing
agents for other NMs resulting in high antibacterial competence due to the synergis-
tic effect (Xia et al. 2019). In this context, Aunkor et al. reported the antibacterial
activity of graphene oxide (GO) nanosheets against MDR superbugs (E. coli,
Klebsiella pneumoniae, P. aeruginosa, P. mirabilis, S. marcescens, and S. aureus)
obtained from hospitals (Aunkor et al. 2020). Antibacterial activity of GO nanosheets
was compared with commonly used antibiotics (azithromycin, cotrimoxazole, cip-
rofloxacin, amoxicillin, ceftriaxone, imipenem, gentamycin, and cefixime). The
result suggested that GO nanosheets may act as “Nano knives” due to the sharp
edges and thus rupture the bacterial cell wall. Secondly, bacterial cells may be
entrapped in GO nanosheets and detached from the external environment restricting
them to access nutrient supply leading to cell death. Entrapment activity depends on
the size of nanosheets, and larger-sized nanosheets showed better entrapment (Liu
et al. 2012). Further, Wu et al. reported antimicrobial activity of GO in three differ-
ent MDR bacteria, i.e., K. pneumoniae, E. coli, and P. aeruginosa (Wu et al. 2017).
Result demonstrated that upon GO exposure, K. pneumoniae colony is eradicated
from the agar dish, thus protecting the alveolar macrophage from infection in cul-
ture. GO can inhibit the growth and spread of K. pneumoniae both in vitro and
in vivo which leads to increased cell survival rate, suppressed inflammatory
response, less tissue injury, and prolonged mice survival. Further, Pan et al. demon-
strated the antibacterial effect of a nanocomposite system based on reduced GO-iron
oxide NPs (rGO-IONPs) against MR S. aureus (Pan et al. 2016). Mechanism of
rGO-IONPs antibacterial effect was suggested due to the heat and OH radical gen-
eration causing bacterial cell death both in vitro and in vivo (Fig. 6.4). These find-
ings suggest that GO may be used as promising NMs for efficiently combating
MDR infections.
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Fig. 6.4 Schematic demonstrating rGO-IONP synthesis and their mechanism of action to inacti-
vate MRSA in subcutaneous abscesses created in a mouse model. (Reprinted with permission from
Nanomedicine: Nanotechnology, Biology and Medicine, Copyright 2021, Elsevier (Pan etal. 2016))

6.3.2.7 Bimetallic Nanomaterials

Bimetallic NPs composed of AgNPs and AuNPs have been extensively investigated
for their antibacterial activity (Singh et al. 2016). AgNPs are a well-known antimi-
crobial agent. Since the functionalization of AgNPs with biomolecules and drugs
remains challenging, therefore, use of bimetallic/alloy NPs has been synthesized to
realize its efficient antibacterial property. AuNPs, being biocompatible, are reported
as an ideal vector for the delivery of pharmacological compounds. Bimetallic NMs
display superior electrical, optical, and catalytic characteristics than their monome-
tallic counterparts (Latif ur et al. 2015). AuNPs and AgNPs bimetallic NMs com-
prise the properties of both individual NMs, i.e., antimicrobial activity of silver with
stability and easy surface functionalization provided by gold (dos Santos et al.
2012). In this context, Fakhri et al. demonstrated the synthesis and functionalization
of bimetallic AgAuNPs with tetracycline. The result showed that in combination
with bimetallic NPs, antibiotics show a synergistic effect and produce high bacteri-
cidal results than their free forms (Fakhri et al. 2017). Recently, Baker et al. synthe-
sized AgAuNPs from the cell-free supernatant of Pseudomonas veronii strain
AS41G inhabiting Annona squamosa L. and demonstrated their antimicrobial effi-
cacy against bacitracin-resistant strain of B. subtilis, E. coli, and K. pneumoniae.
Result showed that the synergistic antibacterial effect with antibiotics, bacitracin,
kanamycin, gentamicin, streptomycin, erythromycin, and chloramphenicol resulted
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in 87.5, 18.5, 11.15, 10, 9.7, and 9.4% fold increase in the activity, respectively
(Baker et al. 2017). Further, bimetallic NPs of Au and platinum (AuPtNPs) have
also shown enhanced antibacterial activity against sensitive and drug-resistant bac-
teria (Zhao et al. 2014). Mechanism of action revealed the elevation of adenosine
triphosphate (ATP) level and dissipation of bacterial membrane potential.

6.3.2.8 Silica Nanoparticles and Their Derivatives

Silica NPs (SiNPs) offer a variety of functional properties that make them a useful
candidate to fight against bacterial infections and are reported to inhibit biofilms
from wearable medical implants (Selvarajan et al. 2020). In this context, Kanugala
et al. demonstrated the antibacterial activity of phenazine-1-carboxamide (PCN)-
loaded SiNPs (PCN-SiNPs) against planktonic C. albicans and biofilms of C. albi-
cans-S. aureus (Kanugala et al. 2019). Results showed that the antimicrobial activity
of PCN-SiNPs was enhanced significantly than PCN and SiNPs alone on silicone
urethral catheters. The mechanistic study revealed that released PCN induces ROS
production in all microbes, thus resulting in disrupted homeostasis, reduced ergos-
terol content, altered membrane permeability, and leakage of Na*, K*, and Ca*".
Similarly, Wang et al. proposed that silica-gentamycin NPs incorporated in gelatin
matrix cross-linked on microarc-oxidized titanium could be used for coating percu-
taneous implants (Wang et al. 2017b). The antibacterial titanium coating was found
to be biocompatible and capable of inhibiting the growth of S. aureus. It was also
found that the nano-delivery system is biocompatible and thus can be utilized to
prevent infection around percutaneous implants.

In various cases, loaded drug amount is insufficient because the physically
absorbed drugs in the mesopores suffer from quick release during encapsulation. To
overcome this limitation, Kankala et al. developed metal-doped SiNPs where metal
embedded in the siliceous frameworks acts as an anchor for drug molecules by
establishing the coordination interaction (Kankala et al. 2020). Host-guest interac-
tion among metal and ligands facilitates the high loading capacity compared to the
naked SiNPs to allow targeted delivery in the acidic environment at the bacterial
infection site. Thus, the synthesized nanocomposite consists of cu-doped SiNPs and
holds a pH-responsive coordination interaction with the molecule tetracycline.
Further, the nanocomposite was coated with ultrasmall AgNPs. The released Ag*
can sensitize the resistant strain due to interaction with the membrane and damage
the cytoplasmic components, by free radical via Fenton-like reaction. This formula-
tion showed no significant toxicity to mammalian fibroblast cells; therefore, it can
be concluded that this trihybrid nanocomposite having a synergistic effect and pH-
responsive delivery of antibiotics could play a significant role in combating MDR
bacterial species.

Efflux pump system-mediated antibiotic discharge is one of the major causes of
MDR in bacteria. To overcome this challenge, novel nanocarriers are designed that
can significantly inhibit the growth of MDR bacteria by increasing the retention
time of antibiotics (Chen et al. 2018). Based on this, Chen et al. demonstrated the
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pH-responsive SiNPs nanocarrier coated with folic acid and calcium phosphate via
electrostatic interaction and biomineralization, respectively (Chen et al. 2018).
Further, the nanocarrier was loaded with ampicillin with increased uptake and
reduced efflux effect in E. coli and S. aureus via folic acid targeting. The mechanis-
tic study revealed that nanoformulation reduced the protein content and also inhib-
ited the protein activity in MDR bacteria, which leads to the destruction of the
bacterial membrane and finally cells’ death.

6.3.2.9 Iron Oxide Nanoparticles

Reports suggest that antimicrobial activity of iron oxide NPs (IONPs) is mainly due
to ROS generation leading to DNA damage, lipid peroxidation, cellular integrity
disruption, and release of metal ions. All these events significantly alter cellular
homeostasis and biomolecule coordination (Arias et al. 2018). Antibacterial activity
of IONPs has been investigated in bacterial species present in the planktonic free
state as well as in biofilms. Reports showed that MIC of IONPs-conjugated amoxi-
cillin nanosystem is approximately three to four times lower than the antibiotic alone
when tested in E. coli and S. aureus (Grumezescu et al. 2014). It reduces the bacterial
cell adhesion to polystyrene surface at the initial stage of biofilm formation. In addi-
tion, IONPs-chitosan (IONPs-CHT)-streptomycin nanosystem exhibited a signifi-
cant toxic effect on gram-negative bacteria than gram-positive bacteria (El Zowalaty
et al. 2015). Wang et al. demonstrated the IONPs-based silver micro flowers conju-
gated with antibiotic vancomycin and SiO, to act synergistically on MR S. aureus
and E. coli (Wang et al. 2017a). Synthesized nanosystem possesses high magnetic
response due to the presence of an iron core of ~200 nm and flower-like Ag shell for
offering high surface area and thus release of Ag*. Vancomycin layer increases the
permeability of bacterial membrane by binding to the cell wall, thus allowing the
easy entry of Ag* to induce cell death. The antimicrobial effect of the nanosystem is
reported to be more than 90% effective even after five cycles of assays, which proves
the stability of the system. Further, Benjamin et al. have synthesized a biocompati-
ble, multi-compartment nanocarrier consisting of hydrophobic IONPs and hydro-
philic methicillin for the treatment of infections associated with medical devices
(Fig. 6.5) (Geilich et al. 2017). Applying an external magnetic field, the nanocarrier
penetrates ~20 um thick biofilm of S. epidermis and eradicates all bacterial popula-
tion at 40 pg/mL of IONPs carrying 20 pg/mL methicillin. Most importantly, this
formulation was effective against biofilm from MR cells but nontoxic to mammalian
cells. Thus, evidence suggests that the growth of antibiotic-resistant biofilms can be
overcome by manipulating the arrangement of nanocarriers holding two or more
therapeutics. Gabrielyan et al. demonstrated the antibacterial effect of IONPs on
ampicillin- and kanamycin-resistant E. coli strains (Gabrielyan et al. 2019). The
result showed that in the presence of ATPase inhibitor, N,N’-dicyclohexylcarbodiimide,
IONPs reduces the H* flux through the bacterial membrane by two-fold proving the
ATP metabolism-dependent antibacterial activity of IONPs.
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Fig. 6.5 A strategy for biofilm treatment using SPIONs and/or antimicrobials. IOP = iron oxide-
encapsulating polymersome. (Reprinted with permission from Biomaterials, Copyright 2021,
Elsevier (Geilich et al. 2017))

To overcome antibiotic resistance, peroxidase-based therapies have gained tre-
mendous interest because of the knowledge that the peroxidase enzyme is present in
blood cells to support innate immunity (Tonoyan et al. 2017). Natural peroxidase
enzymes can inhibit microbial infections; however, their application is limited due
to the low stability, difficult synthesis and purification process. Nanozymes with
peroxidase mimetic activity have shown promising results than natural peroxidase
enzymes because the former offers high stability and easy synthesis with tunable
properties (Huang et al. 2019). H,O, serves as an initiator in the peroxidase reaction
and, therefore, used as a disinfectant in normal practice. However, due to the pres-
ence of peroxidase-degrading antioxidant enzymes (SOD and catalase) in bacterial
cells, H,O, alone cannot serve the purpose. Thus, a combination of peroxidase
mimetic nanozyme with H,O, could be used to kill the bacterial cells by generating
®OH radicals (Yin et al. 2016). In this context, Vallabani et al. have demonstrated a
synergistic antibacterial mechanism from citrate-coated IONPs in combination with
ATP, which facilitates the ®OH radical production (Vallabani et al. 2020). The result
showed that this strategy exhibits antibacterial activity on both gram-positive and
gram-negative bacteria at neutral pH in presence of H,0, and thus can be used as an
effective broad-spectrum antibacterial mechanism.
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6.3.3 Chitosan-Based Nanomaterials

Chitosan-based NMs (CHT-NMs) exhibit antibacterial effect by various mecha-
nisms including (i) coherence with bacterial and fungal DNA to hinder the tran-
scription and translation processes; (ii) speedy wound recovery as chitosan deposits
more collagen III and fibroblasts in addition to inhibition of inflammatory cytokine
release; and (iii) removal of the acetyl group from chitosan that causes protonation
at pH <6.5 and acquiring a positive charge. Thus, antimicrobial action is due to the
osmotic damage caused due to interaction between positively charged molecules
with negatively charged microbial cell walls (Ma et al. 2017; Wassel and
Khattab 2017).

Encapsulation of chitosan in NMs improves the solubility of chitosan as well as
enhanced their antimicrobial activity (Wassel and Khattab 2017). Chitosan pro-
motes surface positive charge and thus facilitates strong interaction between
microbes and CHT-NMs. Comparatively, NMs encapsulated in chitosan proved to
be more efficient against E. coli and S. aureus than when used individually. High
and low molecular mass chitosan are reported to be more effective against gram-
positive and gram-negative bacteria, respectively. In this context, Marangon et al.
demonstrated that the combination of chitosan and rhamnolipids (CHT-RL NMs)
exhibits enhanced antimicrobial activity against S. aureus (Marangon et al. 2020).
Rhamnolipids reduce the size and polydispersity index of CHT-NMs and enhance
the surface positive charge to improve stability. CHT-NMs alone can only eliminate
the bacteria present in the upper layer of biofilm, whereas CHT-RL NMs are more
effective against the sessile bacteria and reduce the viable bacterial cells below the
detection limit. This may be attributed to increased delivery of chitosan and rham-
nolipid to the bacterial cell surface and consequently to their targets in gram-positive
bacteria.

6.3.4 Aptamer-Conjugated Nanoparticles

The application of aptamer-conjugated NMs is also proved to be an attractive strat-
egy to significantly enhance the efficiency as a novel class of antibiotics (Gao et al.
2018; Gutiérrez-Santana et al. 2020). Friedman et al. have demonstrated that highly
stable 2-fully modified RNA aptamers could be used for targeted delivery of bioma-
terials. Modification of anti-SpA (S. aureus Protein A) aptamer with f{GmH (2-F-
dG, 2-OMe-dA/dC/dU) provides resistance to aptamers against alkaline hydrolysis
and nucleases present in serum. Further, this aptamer was conjugated with AgNPs
to show SpA-dependent antimicrobial effect (Friedman et al. 2015). Moreover, the
antimicrobial effect of NMs can be further enhanced by conjugation with different
aptamers to target the same pathogen. Song et al. demonstrated the TiO, NPs conju-
gated with aptamers specific for E. coli surface-specific ssDNA (three different
aptamers). Results showed that the TiO, conjugated with three different aptamers
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eradicated 99.9% of bacteria in 30 min than TiO, attached to a single aptamer
(60 min) (Song et al. 2016). Due to the proximity between the aptamer and E. coli,
there is an efficient and fast ROS transfer to the cells causing cell death. The devel-
oped nanosystem was found to be specific to E. coli even from the mixed culture of
E. coli and S. epidermidis.

Single-wall carbon nanotubes (SWNTs) have been explored for antimicrobial
activity. Using a selective aptamer conjugated to ciprofloxacin (Apt-CPX) and
SWNTs, ~90% of P. aeruginosa biofilm inhibition was achieved (Apt-SWNTs)
(Wang et al. 2018). Further, Yeom et al. demonstrated AuNPs-conjugated aptamer
for delivery of antimicrobial peptide (AMP) to mammalian cells (Yeom et al. 2016).
The result showed that treatment of nanoformulation increased the viability of host
cells as well as inhibited the colonization of bacteria and thus promoted a 100%
survival rate of infected mice. Therefore, the conjugate served as an efficient and
novel agent to eradicate intracellular bacterial infection. Immobilization of vanco-
mycin in the pores of SiNPs and their subsequent conjugation with an anti-S. aureus
aptamer are an effective strategy for antibiotic delivery to the targeted site and also
reduce the MIC and toxicity of pure antibiotics against other related species.

6.4 Use of Nanomaterials in Combating Bacterial Diseases
of Animals

Bacterial diseases in animals of industrial importance are becoming a serious global
concern. The common animal bacterial diseases are brucellosis (Brucella meliten-
sis, Brucella abortus, Brucella canis), septicemia (Pasteurella multicoda and
E. coli), mastitis (Staphylococcus aureus, Staphylococcus dysgalactiae,
Staphylococcus agalactiae), listeriosis (Listeria monocytogenes), salmonellosis
(Salmonella enterica), bovine tuberculosis (Mycobacterium bovis), anthrax
(Bacillus anthracis), etc. Pathogens of these disease are transmitted from animals to
humans and cause various disorders (Fig. 6.6). Although there have been several
strategies adopted to circumvent the onset of these animal diseases, the use of NMs
has shown potential in effective prevention. The following section will comprehend
only a few important diseases and provide a summary of the progress of various
treatment strategies.

6.4.1 Brucellosis

Brucellosis is a bacterial disease caused by various Brucella species such as Brucella
melitensis, Brucella abortus, Brucella canis, Brucella neotomae, Brucella ovis, and
Brucella suis. These species mainly infect goats, cattle, swine/pig, sheep, etc.
Brucella can also be transmitted to human upon direct contact with infected animal
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or due to consumption of contaminated animal products such as unpasteurized milk,
raw meat, and other byproducts (Thirumalaivasan et al. 2019). In 2018, a large
study from 23 states of India revealed ~12% of cases of brucellosis in cattle and
buffalo (Deka et al. 2018) causing an economic loss of ~58.8 million USD per year
in the dairy sector (Deka et al. 2018). Brucellosis leads to the reduced milk produc-
tion, death of young ones, abortion, retained placenta, stillbirths, increased calving
intervals, etc. (Holt et al. 2021). Conventional antibiotics are prevalent to be used
for the treatment of brucellosis including aminoglycosides, tetracycline, rifampicin,
quinolones, doxycycline, streptomycin, and chloramphenicol (Khan, Zahoor 2018).
The antibiotics are also delivered as encapsulated in NPs for the treatment of these
pathogens. Lueth et al. (Lueth et al. 2019) developed polyanhydride NPs encapsu-
lating doxycycline and rifampicin (individually and in combination) and tested their
activity against Brucella melitensis. A 1:1 ratio combination of doxycycline and
rifampicin in NPs showed the best release performance of drugs under in vivo sys-
tem (BALB/C mice infected with Brucella melitensis). Within 5 days of treatment,
the bacterial burden was decreased by 3 log;, times in the liver of mice. A treatment
of 21 days led to the bacterial burden in the spleen and liver equal to free drugs
(3.5 mg) and nanoformulation (1.5 mg). Thus, the NPs-based delivery improved the
drug/s release time and dose sparing without compromising the activity under
in vivo system. More examples of the use of NPs to display anti-brucellosis activity
are summarized in Table 6.2.
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6.4.2 Septicemia

Septicemia is a type of blood poisoning caused by bacteria through the release of
toxins leading to death in livestock. Hemorrhagic septicemia and colisepticemia
mainly affect cattle, chickens, and water buffalo. Recovery from this disease is very
rare. Hemorrhagic septicemia and colisepticemia are caused by Pasteurella multi-
coda and E. coli. According to a study, ~ 792 million USD per year economic loss
in India is caused by hemorrhagic septicemia (Singh et al. 2014). Symptoms could
be depression, fever, decreased milk production, nasal discharge, swelling on the
neck and brisket, dyspnea, abdominal pain, and meningitis. A combination of strep-
tomycin and penicillin, oxytetracycline, trimethoprim, ampicillin, doxycycline, and
other antibiotics has shown promising results if the treatment is given at the early
stage of the disease (Liu et al. 2018; Zhang et al. 2017). Vaccines could protect
animals for 6-12 months. The vaccine is developed using a virulent Pasteurella
multicoda strain B:3—4, dense bacterin combined with oil or alum as an adjuvant,
and formalin-inactivated bacterin (Li et al. 2019a). Awaad et al. (Awaad et al. 2021)
studied the clinical and pathological performance of AgNPs on colisepticemia in
broiler chickens infected by the exposure of 3 x 108 CFU/mL of E. coli (serogroup
078) for 2 days. Chickens fed on 4, 6, and 8 mg/kg of AgNPs revealed that 4 mg/kg
dose significantly reduced the bacterial burden, histopathological lesion scores, and
virulence of genes. A dose of AgNPs (8 mg/kg) resulted in a severe negative effect
on chicken health.

6.4.3 Mastitis

Mastitis is a fatal infection of the mammary gland in cattle, which occurs when
bacteria enter a milk duct via a crack in a nipple. Different species of bacteria such
as S. aureus, Staphylococcus dysgalactiae, Staphylococcus agalactiae, coagulase-
negative Staphylococcus, Staphylococcus uberis, Enterococci, coliform bacteria
E. coli, etc. cause mastitis. The symptoms include reduction in milk production,
poor milk quality, swelling and redness in the udder, pus, or clotting in milk
(Yashchenok et al. 2012). In India, mastitis is estimated to decrease milk production
by 21%, costing about Rs. 575 million USD per annum (Sharun et al. 2021).
Common antibiotics such as ampicillin, cloxacillin, tetracycline, penicillin, and
streptomycin are used as an ointment and intravenous or intramuscular injection for
the treatment of mastitis (Yang et al. 2019). Among NPs-based treatment, Cardozo
etal. (Cardozo et al. 2014) synthesized polymeric NPs releasing NO radicals against
MDR S. aureus and E. coli. The polymeric NPs encapsulating mercaptosuccinic
acid (MSA) (S-nitroso-MSA particles) worked well as a NO donor. This formula-
tion showed a sustained formation of NO radicals in presence of MDR bacterial
strains (MIC 125-250 pg/mL).
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6.4.4 Listeriosis

Listeriosis is a food-borne intracellular infectious disease of animals, birds, fishes,
and humans. Causative bacteria (Listeria monocytogenes) are present in soil, plants,
mud, and stream. Goats, sheep, and cattle get sick from eating contaminated corn
silage. In India, ~ 7.66% of animals were found to have listeriosis (a survey con-
ducted from 2015 to 2018) (Chaudhari et al. 2021). Common symptoms of listerio-
sis are inflammation in the brain, loss of balance, dystonia, loss of appetite, fever,
etc. Penicillin, sulfonamides, ampicillin, tetracycline, etc. are traditional antibiotics
used for the treatment (Dhama et al. 2015). Mohammed and Abdel Aziz (2019)
evaluated the biocidal activity of AgNPs alone and in combination with different
commercial disinfectants (sodium hypochlorite, H,O,, Virkon®S, benzalkonium
chloride, and ammonium compound TH*®) on MDR species of L. monocytogenes
isolated from 260 samples of animal and human stool. Among the different combi-
nation, 2% Virkon®S/AgNPs showed highest antibacterial activity (100%) fol-
lowed by 5% H,0,/AgNPs (90%) and 1% TH*/AgNPs (90%).

6.4.5 Salmonellosis

Salmonella (Salmonella enterica), a gram-negative, rod-shaped bacterium, causes
salmonellosis in warm-blooded animals. Salmonella is commonly found in con-
taminated food, the stool of animals, and the intestine of various animals. Different
species of Salmonella infect different animals causing typhoid-like symptoms such
as Salmonella Gallinarum in poultry, Salmonella Abortusovis in sheep, Salmonella
Choleraesuis in pigs, Salmonella Dublin, and Salmonella Typhimurium in cattle.
Diarrhea, fever, and abdominal cramps are the major symptoms of salmonellosis
(Duraisamy 2016). For the treatment of salmonellosis, a high concentration of anti-
biotics is found to be effective when delivered at the infected intracellular site (small
intestine). Among different NPs-based formulations, Xie et al. (2017) have devel-
oped enrofloxacin-encapsulated solid lipid NPs (SLN) for the effective intracellular
delivery of the drug. Enrofloxacin-loaded SLN (0.24 and 0.06 pg/mL) showed
~99.97% inhibition in salmonella CVCC541 (3.80 CFU/mL) growth, whereas same
inhibition could be achieved by 0.6 pg/mL of free enrofloxacin (4.15 CFU/mL).

6.4.6 Bovine Tuberculosis

Mycobacterium bovis causes chronic disease, bovine tuberculosis, in pigs, goats,
cattle, deer, cats, and dogs. Contaminated food and water are some of the common
sources of infection. Bovine tuberculosis is commonly found to affect the lymph
glands of the throat and lungs of infected animals. In 2017, 7.3% of the Indian (300
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million cows and buffalos) population was found to be infected with bovine tuber-
culosis (Mydin et al. 2018) causing a ~4% decrease in overall milk production
(Rinu et al. 2020). In cattle, mostly respiration-related symptoms (coughing, lymph
node enlargement, dyspnea) are realized without any significant clinical signs (Lee
et al. 2001). Rifampicin, isoniazid, pyrazinamide, kanamycin, ethambutol, etc. are
the traditional antibacterial drugs used for the treatment of Mycobacterium bovis
infection (Marianelli et al. 2015). Small cationic peptides as antimicrobials are
recently reported as one of the best alternatives for the treatment of bovine tubercu-
losis (AlMatar et al. 2018). Zhou and coworkers (Liang et al. 2020) used PLGA NPs
encapsulating small recombinant bovine neutrophil p-defensin-5 (PLGA-B5 NPs)
as an antibacterial agent. In in vitro studies (on J774A.1 cells), PLGA-B5 NPs
enhanced the expression of IL-1p, tumor necrosis factor, and IL-10. After 4 weeks
of PLGA-BS5 NPs treatment, Mycobacterium bovis-infected BALB/C mice showed
a significant decrease in bacterial burden in the lungs, pulmonary area, and spleen.
More examples of the use of NPs to display anti-bacterial activity is mentioned in
Table 6.2.

6.4.7 Anthrax

Anthrax is a bacterial disease caused by spore-forming Bacillus anthracis, com-
monly infecting livestock animals. According to the study, ~28% of cattle are
infected with Bacillus anthracis globally (Sushma et al. 2021). The major symp-
toms of the infection include abrupt fever, convulsions, staggering, depression, car-
diac distress, etc. Various antibiotics are reported for the treatment of anthrax such
as ofloxacin, gentamicin, doxycycline, imipenem, etc. (Weiss et al. 2011). Sun et al.
(2016) synthesized a visible light-responsive carbon-containing TiO, NPs (C-TiO,-
NPs), causing a significant increase (~60%) in antibacterial activity than TiO, NPs
alone. Further, C-TiO,-NPs with visible light treatment cleared ~90% of anthrax
lethal toxins (major virulence factor for anthrax). In another study by Manayani
et al. (2007), chimeric virus-like NPs (CV-NPs) were synthesized to work as an
antitoxin against an AB-type toxin generated by Bacillus anthracis. CV-NPs gener-
ated a complex system with protective antigens, which further facilitated the clear-
ance of the toxins and generation of immune response in Sprague-Dawley rats.

6.5 Nanoparticle-Based Antibacterial Strategies
in Clinical Studies

A number of nanosystem-based antibacterial strategies are being evaluated in clini-
cal trials (Eleraky et al. 2020). Few strategies are being discussed in the following
section.
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