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Abstract

Bacteria that cause bacterial infections and disease are called pathogenic bacteria. They
cause diseases and infections when they get into the body and begin to reproduce and
crowd out healthy bacteria or to grow into tissues that are normally sterile. To cure infec-
tious diseases, researchers discovered antibacterial agents, which are considered to be the
most promising chemotherapeutic agents. Keeping in mind the resistance phenomenon
developing against antibacterial agents, new drugs are frequently entering into the mar-
ket along with the existing drugs. In this chapter, we discussed a revised classification and
function of the antibacterial agent based on a literature survey. The antibacterial agents
can be classified into five major groups, i.e. type of action, source, spectrum of activity,
chemical structure, and function.
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1. Introduction

Bacteria are simple one-celled organism, which were first identified in the 1670s by van
Leeuwenhoek. Latter in the nineteenth century, concepts have been developed that there is
the strongest correlation between bacteria and diseases. Such considerations attracted interest
of the researchers not only to answer some mysterious questions about infectious diseases,
but also to find a substance that could kill, inhibit, or at least slow down the growth of such
disease-causing bacteria. These efforts led to the revolutionary discovery of the antibacterial
agent “penicillin” in 1928 from Penicillium notatum by Sir Alexander Fleming. The discovery
unlocked the field of microbial natural products and so new agents were continually added,
such as newly introduced daptomycin, tigecycline, linezolid, and so on. Gradually, due to vari-
ous issues arising during the use of antibacterial agents, such as the resistance phenomenon,
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an enormous increase in the number and types (e.g., structurally different and agent with a
slightly different pattern of activity) of the newly added antibacterial agents has been observed,
which made it necessary to review and compile the existing classification and functions of
almost all the antibacterial agents. It is aimed that this approach will be equally helpful for
researchers, clinicians, and academicians.

2. Classification

Infectious diseases are the major causes of human sickness and death. To overcome such health
care issues, antibiotics proved to be promising agents ever since they were introduced in the
1940s. Antibacterials, which are a subclass of antibiotics, have been classified earlier in several
ways; however, to make it more easily understandable, we can classify antibacterial agents into
five groups: type of action, source, spectrum of activity, chemical structure, and function [1].

2.1. Classification based on type of action

Generally, antibacterials can be classified on the basis of type of action: bacteriostatic and
bactericidal. Antibacterials, which destroy bacteria by targeting the cell wall or cell membrane
of the bacteria, are termed bactericidal and those that slow or inhibit the growth of bacteria
are referred to as bacteriostatic. Actually, the inhibition phenomenon of bacteriostatic agents
involves inhibition of protein synthesis or some bacterial metabolic pathways. As bacterio-
static agents just prevent the growth of the pathogenic bacteria, sometimes it is difficult to
mark a clear boundary between bacteriostatic and bactericidal, especially when high concen-
trations of some bacteriostatic agents are used then they may work as bactericidal [2]. Some
prominent examples of bacteriostatic and bactericidal antibacterials along with their mode of
action are presented in Table 1.

A. Bacteriostatic antibacterials

Function

Sulphonamides
Amphenicols, e.g. chloroamphenicol

Spectinomycin

Trimethoprim

Tigecycline; it belongs to the glycylcycline class

Erythromycin, clarithromucin and azithromycin are
macrolides

Linezolid is a member of the oxazolidinone class

Doxycycline, tetracycline, and minocycline belong to
tetracyclines class

They act to inhibit folate synthesis at initial stages
Amphenicols work as protein synthesis inhibitors

It binds to the 30S ribosomal subunit, thereby interrupting
protein synthesis

It disturbs the tetrahydrofolate synthesis pathway

It is a protein synthesis inhibitor. It binds reversibly to the

30S bacterial ribosomal subunit, which blocks the binding of
amino-acyl-tRNA to the acceptor site on the mRNA complex.
This prohibits the incorporation of amino acids to the
developing peptide chain, thereby inhibiting protein synthesis.

They work as inhibitors of protein synthesis
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B. Bactericidal antibacterials Function

Penicillins, e.g. pen V, penicillin G, procaine
penicillin G, benzathine penicillin G, methicillin,
oxacillin, cloxacillin, dicloxacillin and flucloxacillin.
They belong to B-lactams antibiotic class

Carbapenems like imipenem, meropenem, They work by interfering the synthesis of the bacterial cell
aztreonam, ticaracillinclvulnate and piperaciin- wall

tazobactam; these are -lactam/{3-lactamase

inhibitors. Some other B-lactam inhibitors are

cephalosporin, e.g. cefotaxime, ceftriaxone,

ceftazidime, and cefepime

Gentamicin, tobramycin, and amikacin are
aminoglycosides

Quinolones and flouroquinolones, such as
levofloxacin, ciprofloxacin, and oxifloxacin

Vancomycine is a glycopeptide

Polymyxin B and colistin are polymyxins

They inhibit protein synthesis

These block bacterial DNA replication

These inhibit cell wall synthesis

These antibacterial disrupt cell membrane

Table 1. List of some bacteriostatic and bactericiadal antibacterials.

2.2. Classification based on source of antibacterial agents

Antibacterials are the subclass of antibiotics, which can be naturally obtained from fungal
sources, semi-synthetic members which are chemically altered natural product and or syn-
thetic. Cephalosporins, cefamycins, benzylpenicillin, and gentamicin are well-known exam-
ples of natural antibiotics/antibacterials. Natural antibiotics/antibacterials often exhibit high
toxicity than synthetic antibacterials. Ampicillin and amikacin are semi-synthetic antibiotics,
which were developed to show low toxicity and increase effectiveness. Synthetic antibiot-
ics are also designed to have even greater effectiveness and less toxicity and, thus, have an
advantage over the natural antibiotics that the bacteria are not exposed to the compounds
until they are released. Moxifloxacin and norfloxacin are promising synthetic antibiotics [3].

2.3. Classification based on spectrum of activity

This is another way of classification of antibiotics or antibacterial agents, which is based on
their target specification. In this category, the antibacterials may be either narrow or broad
spectrum. The terms narrow spectrum and broad spectrum have been interpreted not spe-
cifically since their use in antibiotic history, but recently these acquired clear meanings in
academic and industrial fields [4, 5]. The narrow spectrum antibacterials are considered to be
those which can work on a narrow range of microorganisms, that is, they act against Gram-
positive only or Gram-negative only bacteria. Unlike narrow spectrum antibacterial, the broad
spectrum antibacterial affects a wide range of pathogenic bacteria, including both Gram-posi-
tive and Gram-negative bacteria. Usually, the narrow spectrum antibacterials are considered
ideal antibacterials and are preferred over the broad-spectrum antibacterials. The reason is
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that the narrow-spectrum antibiotics do not kill as many of the normal microorganisms in the
body as the broad-spectrum antibiotics and thus has less ability to cause superinfection. Also,
the narrow-spectrum antibiotic will cause less resistance of the bacteria as it will deal with
only specific bacteria.

Based on the spectrum of activity, both of these groups have a large and diverse library of
antibacterials. Table 2 shows all the well-known examples of these categories.

2.4. Classification based on chemical structure

Different skeleton-containing antibiotics display different therapeutic behaviour; therefore, it
is an ultimate need to classify antibacterials on the basis of their chemical structure. This clas-
sification is also very important as similar structural units have similar patterns of toxicity,
effectiveness, and other related properties. Usually on a structural basis, antibacterials have

Broad-spectrum antibacterials (examples)

Narrow-spectrum antibacterials (examples)

Ampicillin and its derivative amoxicillin are broad-spectrum
antibacterials. Amoxicillin/clavulanic acid (common name co-
amoxiclav) is an antibiotic useful for the treatment of a number of
bacterial infections

Quinolones [6] such as Maxaquin (lomefloxacin), Floxin (ofloxacin),
Noroxin (norfloxacin), Tequin (gatifloxacin), Cipro (ciprofloxacin),
Avelox (moxifloxacin), Levaquin (levofloxacin), Factive
(gemifloxacin), Cinobac (cinoxacin), NegGram (nalidixic acid), Trovan
(trovafloxacin), and Zagam (sparfloxacin) are considered as broad-
spectrum antibacterials

Aminoglycosides which are broad-spectrum antibacterials
include kanamycin A, amikacin, tobramycin, dibekacin,
gentamicin, sisomicin, netilmicin, neomycins B, C and neomycin E
(paromomycin) [7]

Cephalosporins (third, fourth, and fifth generations) are relatively
extended to the broad spectrum of activity

Carbepenems (e.g. imipenems) show a broad pattern of activity [8]

Macrolides such as erythromycin, roxithromycin, clarithromycin,
azithromyecin, and dirithromycin are considered in this category [9]

Tetracycline, chlortetracycline, oxytetracycline, demeclocycline,
lymecycline, meclocycline, methacycline, minocycline, and
tigecycline are considered as broad-spectrum antibacterials

Chloramphenicol
Ticarcillin, a carboxypenicillin, also has a broad spectrum of activity

Rifamycins also exhibited broad coverage [10]

{-Lactamase-sensitive, first generation
include penicillin G, benzathine penicillin G,
penicillin V, procaine penicillin, propicillin,
pheneticillin, azidocillin, clometocillin, and
penamecillin are considered in narrow-
spectrum antibacterial category

{-Lactamase-resistant, Ist generation include;

Cloxacillin (dicloxacillin flucloxacillin),
methicillin, nafcillin, oxacillin and temocillin
are narrow-spectrum antibacterials

Cephalosporins (first generation and second
generation) antibacterials are relatively
narrow spectrum

Vancomycin, clindamycin, isoniazid, rifampin,
ethambutol, pyrazinamide, bacitracin,
polymixins, sulfonamides, glycopeptide and
nitroimidazoles are counted in this group

Table 2. List of broad- and narrow-spectrum antibacterials.
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been classified into two groups: group A (f-lactams) and group B (aminoglycosides). However,
in a more elaborated way, the antibacterials can be classified into f-lactams, f-lactam/p-lacta-
mase inhibitor combinations, aminglycoside, macrolides, quinolones, and flouroquinolones.

2.4.1. B-Lactams

Beta-lactams are a popular class of drugs, having a four-membered lactam ring (Figure 1),
known as p-lactam ring; however, they vary by side chain attached or additional cycles.
Penicillin derivatives, cephalosporins, monobactams, and carbepenems, e.g. imipenems, all
belong to this class.

Usually, alterations were made to the basic penam and cephem structural units such that
enhanced antimicrobial potential is achieved. Among such modified agents, some are cla-
vulanate, latamoxef, loracarbef, etc. On the cephalosporins unit, most changes have been
made at positions 7 and 3. Cephalothin, cephaloridine, and cephazolin are among some of
the modified cephalosporins, which have shown good activity against Gram positive with
the exception of enterococci- and methicillin-resistant staphylococci. Some other examples
include preparation of microbiologically active oxacephems and carbacephems (Figure 2) by
modification of the cephalosporin nucleus [11].

The aminopenicillins are also included in this class, which are structural analogues of ampicil-
lin, which is a 2-amino derivative of benzylpenicillin [12].

2.4.2. Aminglycoside

In compounds of this group, two aminosugars joined by glycosidicbond to an aminocyclitol. Com-
monly used aminoglycosides are streptomycin, gentamicin, sisiomicin, netilmicin, kanamycin,

X S CH, R S
CH
i Fores
o H o 0 R
COCH COOH
Beta-lactam ring Penicillins (Penam) Cephalosporins (Cephem)

Figure 1. Basic structure of the f-lactam ring, penicillins (Penam skeleton) and cephalosporins (Cephem skeleton). R in
Penam and Cephem nucleus represents the side chain that could be different for different penicillins and cephalosporins,
while R’ denotes another side chain in the Cephem nucleus.

oA

0]
Oxacephems Carbacephem

Figure 2. Cephalosporin-modified structure of oxacephems and carbacephems.
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amikacin, neomycin, tobramycin, toframycin, spectinolycin, and paromonucin. The structure of
some of these is presented in Figure 3.

Changes in original structural units of aminoglycosides can be made either synthetically or
enzymatically. Structural properties such as the number and location of various functional
groups on a modified compound compared to their parent compounds usually exhibit great
effect on the biological activities of these drugs. The literature [13] has shown that the number
and location of amino groups on the hexoses and the site of attachment of the other rings to
deoxystreptamine have a considerable effect on preventing inhibition of protein synthesis or,
in other words, their biological activities. For example, among kanamycin A, B, and C, kana-
myecin B is a highly effective antibiotic than either kanamycin A or C. It is inferred that the
presence of a diamino hexose results in a compound that has better efficiency for inhibition of
protein synthesis than the one holding only one amino group.

2.4.3. Macrolides

Macrolides belong to the polyketide class of natural products. Structurally, macrolides are
antibiotics that consist of a macrocyclic lactone ring, usually 14-, 15-, or 16-member to which
one or more deoxy sugars, usually cladinose and desosamine, may be attached. Some well-
known examples of macrolides are erythromycin and roxithromycin etc.

So far, the relationship of structural activity of various macrolides has been studied. Studies
revealed that some existing 14-, 15-, and 16-member macrolide antibiotics were modified
toward interesting targets. For example, specific substitution on the C-9, C-11, C-12, or C-6
sites in the macrolactone ring results in better in vitro activity against mycobacterium tuber-
culosis (Figure 4) [14].

2.4.4. Quinolones and flouroquinolones

Quinolones are quinine-derived structural units and have been proved to be potent synthetic
antibacterial agents. The basic skeleton of the quinolone molecule is presented in Figure 5. The
addition of flourine at position 6 is called flouroquinolone. In the bicyclic ring, the variation

NH,
OH
g, oH
HN HoN J;& HoN CHy
} NH OH HO Zﬁ{
HeC HO N2 N2\ NH, o o Ho oH AN HO
0. 97 “oH o HsC ow NH
H,oN OHOHO 3 o NH, 2
\—XOnH, NH: 2
H,oN 2
o rNH,O OH .
HO o Kanamycin A Gentamycin

Neomycin B (R= CH2NH2, R'= H),
Neomycin C (R=H, R'= CH2NH,)

Figure 3. Structures of some well-known aminoglycosides antibacterials.
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Figure 4. Substitution effect on activity of macrolides.
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Figure 5. Basic structure of quinolone.

at positions 1-, 5-, 6-, 7-, and 8- exerts key effect on the therapeutic behaviour of these drugs.
Usually, such structural alteration has led to enhanced coverage and potency of antibacte-
rial activity and pharmacokinetics, e.g. improved anti-Gram-positive activity of moxifloxacin
and garenoxacin. However, some of these modifications are associated with definite adverse
effects [15]. Some well-known examples of quinolone include nalidixic acid (first generation),
ciprofloxacin (second generation), levofloxacin (third generation), and trovafloxacin (fourth
generation).

2.4.5. Streptogramin antibiotics

Streptogramin antibiotics are a unique class of antibacterials consisting of two groups of
structurally unrelated molecules: group A streptogramins (polyunsaturated macrolactones)
and group B streptogramins (cyclic hexadepsipeptides) [16]. Dalfopristin and quinopristin

7
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are representative example of the streptogramin A and streptogramin B groups, respectively.
Alteration of the group B structural units has been mainly achieved on the 3-hydroxypico-
linoyl, the 4-dimethylaminophenylalanine, and the 4-oxo pipecolinic residues. Modifications
on this third part result in water-soluble derivative quinupristin. Water-soluble group
A derivatives were obtained by some synthetic steps, e.g. dalfopristin, which is a sulfone
derivative that can be obtained by Michael addition of aminothiols to the dehydroproline
ring of pristinamycin IIA, followed by oxidation [17]. The group A molecules impede with
the expansion of the polypeptide chain by avoiding the binding of aminoacetyl-tRNA to
the ribosome and the creation of peptide bonds, while the group B building blocks encour-
age the disconnection of the peptidyl-tRNA and can interfere with the removal of the com-
pleted polypeptide by blocking its access to the channel through which it usually leaves the
ribosome.

2.4.6. Sulphonamides

Sulphonamides are one of the important class of synthetic organic compounds with great
medicinal importance having a sulphonamide functional group (R,-5O,-NR R,) in their struc-
tures. Some compounds belonging to this group also show antibacterial properties such as
sulfadiazine. The original antibacterial sulphonamides are synthetic antimicrobial agents that
contain the sulphonamide group. Some others are sulfonylureas and thiazide diuretics which
proved to be newer drug groups based on the antibacterial sulphonamides (Figure 6).

2.4.7. Tetracyclines

Tetracyclines are four rings hydrocarbon containing compounds, which can be defined
also as “a subclass of polyketides having an octahydrotetracene-2-carboxamide skeleton.”
These antimicrobial agents were originally derived from Streptomyces bacteria, but the
newer derivatives are semi-synthetic. Some promising examples of this group are oxytetra-
cycline and doxycycline.

2.4.8. Nitroimidazoles

Nitroimidazoles are a group of compounds that contain a basic imidazole ring. The most com-
monly used example is metronidazole (Figure 7). Nitroimidazoles vary by the location of the
nitro functional group. Most of the drugs of this class have their nitro group at position 6, such
as metronidazole, and/or at position 2, such as benznidazole.

O0+..0
SSTT.R
R1/ '}l 3
R2

R1,R2 and R3 can be alkyl, aryl
and heteroaryl

Figure 6. Basic structural unit of sulphonamide.
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Figure 7. Structure of metronidazole.

2.5. Function-based classification of antibacterial drugs

Function means how a drug works or what is its mode of action. This is one of the most impor-
tant factors related to each antibacterial. The major processes or functions, which are responsible
for bacterial growth, are cell wall synthesis, cell membrane function, protein synthesis, nucleic
acid synthesis, and so on. All such processes are targets for antibiotics; therefore, antibacterials,
which interfere or disturb these processes in different ways, can be subdivided into four groups:
such as cell wall synthesis inhibitors, inhibitors of membrane function, inhibitors of protein syn-
thesis, and inhibitors of nucleic acid synthesis. All these groups are discussed briefly hereafter.

2.5.1. Cell wall synthesis inhibitors

Structurally, the bacterial cell wall is different from that of all other organisms by the presence
of polysaccharide backbone, called peptidoglycan, which is composed of alternating N-ace-
tylmuramic acid and N-acetylglucosamine residues in equal amounts and most of eubacteria
have peptidoglycan-based cell walls except the mammalian cell. Like all other organisms,
the bacterial cell wall offers structural completion to the cell; therefore, the most important
process for avoiding bacterial growth is to stop cell wall synthesis by inhibiting the peptido-
glycan layer of bacterial cell walls. The agents used to work against this function are called
cell wall synthesis inhibitors and the cell wall of new bacteria growing in the presence of these
agents is deprived of peptidoglycan.

p-Lactam drugs, including penicillin derivatives, cephalosporins, monobactams, and car-
bapenems, are the major antibiotics that inhibit bacterial cell wall synthesis. To understand the
inhibition process, one must be aware of the fact that the last step in the synthesis of peptidogly-
can is eased by penicillin-binding proteins; therefore, this initially occurs in the binding of drug to
cell receptors, i.e. penicillin-binding proteins. Thus, f-lactam drugs work as a false molecule for D-
alanyl-D-alanyl transpeptidases, which result in inhibition of transpeptidation reaction and pep-
tidoglycan synthesis. Thereafter, autolytic enzyme inhibitors get inactivated, which activates the
lytic enzyme, thereby resulting in division of bacteria provided that the environment is isotonic
[18]. Some other antibiotics such as bacitracin, teicoplanin, vancomycin, ristocetin, and novobio-
cin must be subjected at early stages, which impede early phases of the peptidoglycan synthesis.

Gram-positive and Gram-negative bacteria vary in the susceptibility to the -lactam drugs
because of the structural differences in their cell wall, i.e. Gram-negative bacteria usually have

9
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less susceptibility because these antibiotics fail to reach the cell wall as they are blocked by the
outer membrane of the Gram-negative bacteria. Factors such as the amount of peptidoglycan,
receptors, and lipids availability, nature of crosslinking, autolytic enzymes activity greatly
influence the activity, permeation, and incorporation of the drugs.

Considering the resistance phenomenon, all f-lactam antibacterials can only be inactivated
by bacterial produced enzymes called S-lactamases (e.g. penicillinases, cephalosporinases,
cephamycinases, carbapenemases, and so on).

2.5.2. Inhibitors of membrane function

The cytoplasmic membrane, which covers the cytoplasm, serves as a selective barrier and
controls the internal composition of the cell. Whenever these functional roles of the cytoplas-
mic membrane get disturbed, macromolecules and ions will outflow, which will result in cell
destruction or death. Selectivity of the agents is necessary to carry out this chemotherapy as
the agents are aimed to target the bacterial cell membrane. Polymyxins are active antibacte-
rial agents, which are cyclic peptides, having a long hydrophobic tail. Polymyxins are found
in the form of A, B, C, D, E, where B and E can be used therapeutically. Polymysins show
their specificity for polysaccharide molecules, which are present in the outer membrane of
many Gram-negative bacteria; therefore, polymyxins are considered to be selectively toxic for
Gram-negative bacteria. Mechanistically, after association with the lipopolysaccharide sub-
strate in the outer membrane of Gram-negative bacteria, polymyxins change the membrane
structure so that its permeability increases, which results in disruption of the osmotic balance.
Additionally, changes like discharge of the molecules from interior of the cell, inhibition of
respiration, and increased water uptake lead to the cell death. Since Gram-positive bacteria
have a too thick cell wall, which denies the access of these molecules to the Gram-positive
bacterial cell membrane, polymyxins have less or even no effect on Gram-positives [19].

2.5.3. Protein synthesis inhibitors

Protein synthesis is one of the most important functions in the bacterial cell and humans as well.
Therefore, to cure infectious disease caused by pathogenic bacteria, it is the most important tar-
get for the drugs, which are called protein synthesis inhibitor antibiotics. Since both human and
bacterial cells synthesize proteins, due to the slow synthesis of human proteins, it has remained
a comfortable task for the development of the selective antibiotics. Only the side effects from
toxicity and resistance phenomenon are taken seriously during antibiotic development.

Mechanistically, protein synthesis inhibitors act to disturb any stage of the protein synthesis
such as initiation and elongation stages (aminoacyl tRNA entry, proofreading, peptidyl trans-
fer, ribosomal translocation and termination). Table 3 shows representative antibiotics, their
sites and pathways, etc. [20].

2.5.4. Inhibition of nucleic acid synthesis

One of the most important targets for antibiotic to cure infectious diseases is nucleic acid
synthesis, and the antibiotics used are called nucleic acid synthesis inhibitors. A sound
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Drug type Binding site function and pathway disturbed

Aminoglycosides: Examples include Aminoglycosides bind to the 30S ribosomal subunit which alter the
gentamicin, tobramycin, streptomycin, and ribosomal structure. This affects all normal steps of protein synthesis,
kanamycin such as initiation step of translation, blocking of elongation of peptide

bond formation, discharge of incomplete, and toxic proteins. These
disturbances ultimately stop protein synthesis and destroy the
cytoplasmic membrane.

Macrolides These are protein synthesis inhibitors, which bind to the 50S ribosomal
subunits, impeding peptidyl transfer

Tetracyclines and glycyclines (tigecycline)  These inhibitors bind to the 30S ribosomal subunit. Protein translation
(through inhibition of aminoacyl tRNA binding to ribosome) gets
disturbed by these inhibitors

Strptogramines: Examples include Their binding site is the 50S ribosomal subunit. They interfere in
pristinamycin, dalfopristin, and protein translation through prevention of initiation, elongation, and
quinupristin translocation stages and free tRNA depletion

Phenicols: For example, chloroamphenicol =~ These antibiotics, e.g. chloroamphenicols, bind to the 50S ribosomal
subunit and inhibit protein synthesis by blocking the peptidyl transfer
phase of elongation on the 50S ribosomal subunit in bacteria

Oxazolidinone: The most common They bind to the 50S ribosomal subunit, which are thought to act at the
example is linezolid initiation stage [21]

Ketolides: This is a novel class of protein synthesis inhibitors, which exhibit excellent activity against resistant
organisms.

Protein synthesis inhibitors with unknown pathway include retapamulin, mupirocin, and fusidic acid.

Table 3. Example of drugs, their binding sites and pathways which get affected.

difference in the enzymes that carry out DNA and RNA synthesis between eukaryotic
and prokaryotic cells helps to achieve selective toxicity, which favours development of
the antibiotic. The antibacterials of this class can be subdivided into DNA inhibitors and
RNA inhibitors. RNA inhibitors interfere with the bacterial transcription process in which
messenger RNA transcripts of genetic material are produced for later transformation into
proteins. RNA inhibitors such as rifampin, a well-known example of the rifamycins family,
bind to DNA-dependent RNA polymerase, thereby creating a wall that inhibits elongation
of RNA. Such a situation prevents gene transcription which affects the normal function of
bacteria that results in cell death. Like all other biological polymerization processes, DNA
synthesis is also achieved by initiation, elongation, and termination stages; therefore, anti-
bacterial drugs target any one of these processes to inhibit DNA synthesis. Quinolones,
including nalidixic acid and ciprofloxacin, work as DNA inhibitors. DNA gyrase (a topoi-
somerase) is accountable for cutting one of the chromosomal DNA parts at the beginning
of the supercoiling. The scratch is made provisionally and later on linked back together.
Quinolones bind to DNA gyrase, inhibiting their function, which results in inhibition of the
DNA replication that ultimately results in cell damage. There are some other antibacterial
drugs, which act upon anaerobic bacteria by creating metabolites that are bind into DNA
strands, which then are more likely to rupture. Examples of such drugs include nitrofuran-
toin and metronidazole.

11
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3. Recent antimicrobial agents

Our discussion covered almost all the old and some new antimicrobial agents. However, to
make these agents easily understandable, Table 4 lists some recent antibacterial agents with
their structure, class, and so on [22].

FDA-approved Structure Category Approval year/
antibacterial agent trial phase

OH O OH O O
OH|

Tigecycline >j\ H Glycylcycline 2005
RACCOS Ny
. (0]
OH

Doripenem K “_'_\O\\s,,o Carbapenems 2007
Sg N "NH,
Wl
OH

Retapamulin Pleuromutillin 2007
Telavancin Glycopeptides 2009
Ceftaroline Cephalosporins 2010
Fidaxomicin Macrocyclic 2011
FDA approval awaiting ~ Structure Category Approval year/
antibacterial agents trial phase
Ceftobiprole HN N>7§::H Cephalosporin  Awaited
s
H
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FDA-approved Structure Category Approval year/
antibacterial agent trial phase
Iclaprim Dihydropholate ~ Awaited
NH, reductase
N inhibitor
)l\ =
H,N™ N

Torizolid Oxazolidinones  Phase IT
Radezolid Oxazolidinones  Phase II
Cethromycin Ketolides Phase III
Solithromycin Ketolides Phase IT
Oritavancin Glycopeptide Phase III

13
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FDA-approved Structure Approval year/
antibacterial agent trial phase
Dalbavancin T Phase III

Table 4. List of newer antibacterial agent.

4. Conclusion and prospectives

Unlike antibiotics classification, little efforts have been made to classify antibacterials (a subclass

of antibiotic) separately. Therefore, we tried to classify antibacterial into five principal catego-

ries, each of which has its own importance. However, classifications based on chemical structure

and function of these agents are considered to be more important as these groups describe a lot

about their therapeutic nature, while the rest of the classification is less important, e.g. some-

times, classification based on the spectrum of activity distinguishes these agents in an ambig-

uous way as the spectrum sometime depends on their concentration used. The classification

mentioned could be a better guide for future classification, i.e. the agents that are in developing
stages or those that are going to develop can be adjusted in any suitable group mentioned in the
text. Further, this categorization could be helpful in academic and in health care fields at present

and in the future as well.
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Abstract

The use of antimicrobial compounds in textiles has grown dramatically over the last
decades. The potential application field is wide. It ranges from industrial textiles exposed
to weather such as awnings, screens and tents; upholstery used in large public areas such
as hospitals, hotels and stations; fabrics for transports; protective clothing and personal
protective equipment; bed sheets and blankets; textiles left wet between processing steps;
intimate apparel, underwear, socks and sportswear. Another large field of application is
in filtration and disinfection of air and water for white rooms, hospitals and operating
theatres, food and pharmaceutical industries, water depuration, drinkable water sup-
plying and air-conditioning systems. The present chapter is a review of recent research
works related to antimicrobial finishes for textile materials. Several examples of antimi-
crobial treatments (e.g. traditional pad-dry-cure technique, exhaustion bath, encapsula-
tion, electrospinning, cross-linking, etc.) were reported. The antimicrobial agents were
divided by their origin from synthesis or from natural sources. Quaternary ammonium
compounds (QACs), Triclosan, metals (including metal oxides and salts), polyhexameth-
ylene biguanide (PHMB), N-halamines and conjugated polymers (i.e. polypyrrole) were
listed as synthetic biocides in textile applications. Extracts from plants (e.g. aromatic
compounds, essential oils and dyes), antimicrobial peptides (AMPs) and chitosan were
considered among natural-based biocides.

Keywords: textiles, cotton, chitosan, polypyrrole, antimicrobial, photo-grafting



18 Antibacterial Agents

1. Introduction

Fibres, both natural and man-made, have been widely used since the ancient past in the man-
ufacture of other materials. World fibre consumption has strongly increased over the years,
reaching a total demand of 94.9 million tons in 2015. In detail, 66.8 million tons were man-
made fibres, in addition to natural fibres with a demand of 28.1 million tons [1].

Nowadays, besides the traditional clothing products, textiles find important applications also
in home furnishing, food packaging, as fibre reinforcements for polymers, optical fibres, ther-
mal and mechanical protection, sport equipment, fibrous materials for a large array of appli-
cations in medicine and hygiene such as medical devices, health care and hygienic coatings,
air filters and water purification systems.

An important example of these functional fabrics, recently attracting the interest of the
research, is antimicrobial fabrics. Due to the morphology of fibres, in particular those of natu-
ral origin, textiles are prone to microorganisms’ growth on their surface, due to the large
surface area and moisture affinity. Bacteria and fungi can be found everywhere, so the contact
with textiles is extremely probable. Depending on moisture, nutrients, temperature and pH,
their growth can be very fast: some bacteria can double every 20 min [2].

The undesirable effects caused by microorganisms” growth act both on the textile itself and
on the user. Unpleasant odour, reduction of mechanical strength, stains and discolouration
are all effects of the biodeterioration of textiles, affecting almost all the types of fibres. Natural
fibres are generally more susceptible to biodeterioration than the man-made fibres, because
their porous hydrophilic structure retains water, oxygen and nutrients, providing perfect
environments for bacterial growth. Finishing agents can also promote microbial growth [3].
Even mild surface growth can make a fabric unattractive by the appearance of unwanted pig-
mentation; heavy infestation which results in rotting and breakdown of the fibres may cause
the fabric deterioration, in fact microorganisms can accelerate the hydrolysis of cellulose.
Man-made fibres derived from cellulose are susceptible to microbial deterioration. Viscose
is readily attacked by mildews and bacteria while acetate and triacetate are more resistant,
but discolouration can occur if the fabrics are incorrectly stored. Synthetic fibres show strong
resistance to attack by microorganisms, due to the hydrophobic nature of the polymers, but
the presence of contaminants can cause some bacterial attack [3].

Most of the microorganisms involved in textile contaminations can cause pathogenic
effects. Many species, such as Escherichia coli, Klebsiella pneumonia, Pseudomonas aeruginosa,
Staphylococcus aureus and Acinetobacter baumannii, can cause infections to human beings due
to user contaminations. It is a great concern for textiles used mainly in hospitals, as med-
ical devices or for health and hygienic care, and in crowded places, but also in sport and
underwear clothing, water purification systems, animal feed and food industry. Therefore, the
demand for antimicrobial textiles is gaining interest, showing a strong increase over the last
few years: the global market for antimicrobial agents is expected to increase by about 12% each
year between 2013 and 2018 [4].
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Different methods were investigated to confer antimicrobial activity to textiles; they can be
classified into the inclusion of antimicrobial leaching compounds in the polymeric fibres, the
surface modification of the fibres by grafting reactions or by physical methods.

Besides the efficiency towards a broad spectrum of microorganisms, any antimicrobial treat-
ment should consider other challenges. First, it has to be non-toxic to the end user of the
textile, namely cytotoxicity, allergy, irritation or sensitization must be avoided. The treatment
must have a good fastness to use, mainly to repeated laundering, dry cleaning and ironing,
and should not compromise the quality, hand or appearance of the textile. The application
method should be simple, easily implementable in the finishing process and environmentally
friendly, avoiding side effects for the manufacturers. Finally, the antimicrobial agent should
not kill the resident flora of non-pathogenic bacteria on the skin of the wearer. Thus, the study
on new and efficient antimicrobial treatments for textiles, considering both the antimicrobial
agent and the application method, is a relevant topic of the research.

The aim of this chapter is to provide an overview of recently developed antimicrobial treat-
ments to produce antimicrobial textiles. Afterwards, the discussion will be focused and
detailed on chitosan and polypyrrole (PPy), two promising antimicrobial agents deeply
investigated by the authors for textile applications.

2. Antimicrobial treatments for textiles

Depending on the fibre type, that is morphology, composition and surface texture, and on the
applied antimicrobial agent, different chemical or physical approaches are possible and under
development to confer antimicrobial activity to textiles.

In the case of synthetic fibres, a specific antimicrobial agent can be directly incorporated into
the polymeric matrix [5].

The application of the antimicrobial agent on the fibre’s surface, during the finishing stage, is
a viable method both for synthetic and natural fibres; it can be carried out by the traditional
pad-dry-cure technique or exhaustion bath.

The recent growing interest on nanotechnology concerns also the textile field; in fact nanoscale
particles can be prepared from natural or synthetic compounds with antibacterial activity and
applied to textiles, for example, by foulard. The advantage is the lower add-on enough to
confer the desired property due to the high surface area of the nanoparticles. Moreover, cou-
pling the process with a final cross-linking, a good fastness of the finishing can be obtained
[6]. Electrospinning to produce intrinsically antimicrobial nanofibres is another interesting
application of nanotechnology; in this case, the nanofibres can be coupled with other natural
or synthetic fibres to produce antimicrobial yarns [7].

Microencapsulation is a process by which droplets of liquid or particles of solid are covered
with a continuous film of polymeric material [8]. This technology is one of the most promis-
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ing techniques to confer functional properties to textiles: the capsules are applied to fibres as
dispersion with a binder using padding, spraying, impregnation, exhaust or screen-printing
techniques. It is more advantageous than the conventional processes in terms of economy,
energy saving, eco-friendliness and controlled release of substances, but it can affect the han-
dle of the textile [9].

An effective way to embed the antimicrobial agent in the fibre is cross-linking. Cross-linking
happens when a cross-linker makes intermolecular covalent bridges between the polymer
chains and the antibacterial molecule. Cross-linkers include glutaraldehyde, genipin, gly-
oxal, dextran sulphate, 1,1,3,3-tetramethoxypropane, oxidized cyclodextrins, ethylene glycol
diglyceryl ether, ethylene glycol diglycidyl ether (EGDE) and diisocyanate [10, 11].

Cross-linking can occur by chemical [12], radiation [13] or physical method [14]. In radiation,
cross-linking, heat or a catalyst are not needed, thus no additional toxic chemical is intro-
duced into the system and the substrate is preserved by a thermal degradation. The physical
method is based on ionic interactions between polymer chains, so it is not as durable as the
chemical or radiation ones.

Finally, altering the surface properties of fibres is also an interesting way to ensure a strong
adhesion of finishing agents to textiles. Surface modification methods, such as oxygen plasma
treatment, ultrasound technology, UV radiation, surface bridging and enzyme treatment,
have been recently investigated, with the aim to impart durable antimicrobial finishes to fab-
rics using mainly natural products [15].

Depending on the application method, the antimicrobial textile can act by contact or by dif-
fusion. In the first case, the antimicrobial agent is placed on the surface of the substrate and
no leaching occurs; it will act only in case of direct contact between the microorganism and
the fibres. In the second case, the agent will migrate from the textile to the external environ-
ment, to attack the microorganisms. It means that the antimicrobial activity of the textile can
decrease with time, and that the impact of the antimicrobial agent on the environment has to
be considered.

3. Antimicrobial agents of synthetic origin

According to its action against the microorganisms’ cell, an antimicrobial agent can be clas-
sified as biostatic or biocidal. The first ones can just inhibit the cell growth, whereas biocidal
agents can kill the microorganisms. Most of the antimicrobial agents used in commercial tex-
tile finishing are biocides, acting by damage or inhibition of cell wall synthesis, inhibition of
cell membrane function, of protein synthesis, of DNA and RNA synthesis or of other meta-
bolic processes.

Quaternary ammonium compounds (QACs) are cationic agents carrying a positive charge
at the N atom in solution (R,N*X"); they are usually attached to an anionic fibre surface (poly-
ester, cotton, nylon and wool) by ionic interaction. The molecule is a linear alkyl ammonium
chain composed of a hydrophobic alkyl chain (C12-C18) and a hydrophilic counterpart.
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The antimicrobial action, depending on alkyl chain length, presence of perfluorinated groups
and cationic ammonium group, is due to the interaction of positive charges on the surface and
cell membrane negative charges, with the consequent loss of membrane permeability and cell
leakage. It causes the damage of cell membranes, the denaturation of proteins and the inhibi-
tion of DNA production [16].

QAC s are effective against Gram-positive and Gram-negative bacteria, fungi and certain
types of viruses; for this reason, these are widely used in industrial applications [17]. The
disadvantage is the poor fastness of the treatment due to the fast leaching from the textile for
the lack of chemical or physical bonding [18].

Commercial products based on QAC are BIOGUARD® (AEGIS Microbe Shield, New
Zealand), Sanigard KC® (LN Chemical Industries, Switzerland) and Sanitized® (SANITIZED,
Switzerland) [19].

Triclosan is a 2,4,4'-trichloro-2’hydroxydiphenyl ether (C,,H CL,O,), a synthetic chlorinated
bisphenol not ionized in solutions, improving its durability to laundering. It can act against
Gram-negative and Gram-positive bacteria and against some fungi and viruses [5, 20] by

blocking lipid biosynthesis affecting the integrity of cell membranes [21].

Triclosan has become, in last decades, the most efficient and widely used bisphenol in many
application fields. On textiles, it is mainly used in association with polyester, nylon, polypro-
pylene, cellulose acetate and acrylic fibres [22].

This recent widespread use of Triclosan had the drawback to generate bacterial resistance.
Moreover, the reported photochemical conversion of Triclosan to 2,8-dichlorodibenzo-p-
dioxin in aqueous solutions is another great concern, due to its toxicity [23].

Commercial products based on Triclosan, either as an isolated agent for a finishing or incorpo-
rated in fibres, are Microban® (Cannock, United Kingdom), Irgaguard® 1000 (Ludwigshafen,
Germany), BiofresH™ (Salem, MA, USA) and Silfresh® (Magenta, Italy).

Metals, oxide or salt compounds, based on silver, copper, zinc or cobalt, have a strong bio-
cidal effect due to the metal reduction potential, metal donor atom selectivity and speciation.
These compounds can bind to O, N or S donor ligands present in the microorganism cell,
inducing an oxidative stress, damaging cellular proteins, lipids and DNA.

Among all, silver particles were widely exploited due to the broad spectrum of action against
bacteria like P. aeruginosa, S. aureus, S. epidermidis, E. coli and K. pneumoniae. In textile fields,
they are mainly applied in the form of salts (79%) rather than metallic (13%) or ionic (8%)
form [24]. Recently, the application in the form of nanoparticles, obtained by sol-gel, is gain-
ing interest for silver, CuO, ZnO and TiO, [25]. It is due to the higher surface area with respect
to larger particles, higher solubility and faster release of the metal ions, turning in a stronger
antimicrobial effect. On ZnO, it was found that the antibacterial activity is inversely propor-
tional to the nanoparticle size [26].

The scale-up of the process to commercial scale, unfortunately, was contained due to cost,
environmental and technical challenges. A plasma, UV or acidic pre-treatment is often
required on fabrics to improve the treatment durability, otherwise not so good [27].
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Available commercial products are mainly based on silver, in isolated form, for fibre finish-
ing or incorporation, or already in fibre or fabric form. Some examples are Ultra-Fresh® and
Silpure®, SmartSilver®, MicroFresh® and SoleFresh®, Bioactive® and Silvadur™

Polyhexamethylene biguanide (PHMB) ((C;H,,N,) ) is a polycationic amine in which the
cationic biguanide groups are interdispersed between hydrophobic hexamethylene groups.
Electrostatic and hydrophobic interactions occur with microbial cell membranes, resulting in
cell membrane disruption and lethal leakage of cytoplasmic materials. Its antibacterial activ-
ity increases with the level of polymerization [28]. Some PHMB-based textile products, such
as Biozac ZS and Reputex®, have already appeared on the market as finishing products [29].

N-halamines are heterocyclic organic compounds, with one or two covalent bonds between
nitrogen and a halogen, usually chlorine (N-CI). N-halamines can be imide, amide or amine
depending on the covalent bonds formed; the antimicrobial activity increases in the same
order, while the stability decreases. N-halamines present a biocide action against a broad
spectrum of bacteria, fungi and viruses, binding to the acceptor regions on microorganisms,
precluding the cell enzymatic and metabolic processes and causing the consequent micro-
organism destruction [30]. Besides the low cost and wide range action, an advantage is the
possibility to recharge their antimicrobial effect of the inactive substance by simply reacting
them with Cl donor compounds [31]. As a disadvantage, textiles” treatment with N-halamine
may result in a substantial amount of adsorbed Cl on the fibre surface. Those residues may
produce an unpleasant odour or even discolour fabrics, which is a concerning disadvantage
to the textile industry.

Conjugated polymers, such as polypyrrole, are generally applied in textile field as electri-
cally conductive coating in order to produce electrically conductive textiles [32, 33]. PPy can
be easily produced by chemical oxidative polymerization from water solutions of the mono-
mer. Textile materials (e.g. fibres, yarns and fabrics) soaked in the polymerization bath are
coated with an even and uniform layer of PPy by in situ chemical oxidative polymerization.
During the oxidative polymerization, positive charges are introduced along the backbone
chain of PPy. The charges are counter-balanced by counter-ions (also called dopants or dop-
ing agents), namely anions present in the polymerization bath. The anions in the polymer-
ization bath are embedded in the polymer matrix improving the formation and stability of
positive charges along the backbone chain of PPy, delocalized over several monomer units.
PPy has been a subject of several works that evaluate its properties as biocidal agent. Excellent
antimicrobial properties have been shown against both Gram-negative and Gram-positive
bacteria. Such a bioactivity of PPy is likely due to the presence of positive charges, even if no
leaching of biocidal substances has been proven on PPy-coated fabrics. The ‘non-leaching’
approach would avoid or limit the release of toxic biocide agents to the environment or to the
skin of the wearers, in the case of garments.

PPy nanoparticles were synthesized by chemical polymerization using ammonium per-
sulphate as oxidant following different methods in order to evaluate the influence on the
morphology of resulting nanoparticles and bactericidal activity [34]. Five systems were syn-
thesized: conventional PPy (without surfactants), highly soluble PPy (in SDS solution), PPy/
Ag colloid (in PVA solution), branched PPy and branched PPy/Ag nanocomposite (in CTAB/
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SDBA solution). Resulting polymer particles were investigated as active bactericidal materials
against E. coli, S. aureus and K. pneumoniae. Inhibition zones, minimum inhibitory concentra-
tion (MIC) and time-kill assays were evaluated. The results indicate that the incorporation
of silver nanoparticles improves the biocidal action of PPy and confirm that the size of PPy
nanoparticles represents a relevant parameter for the bactericidal activity. In particular, it is
possible to list the biocidal activity as follows: highly soluble PPy > branched PPy with silver
> branched PPy > colloidal PPy > conventional PPy.

Antimicrobial activity of PPy on fabrics was first reported by Seshadri and Bhat [35] in 2005. In
particular, they deposited PPy on cotton fabrics by in situ chemical oxidative polymerization
at cold temperature (0-5°C). The fabrics were impregnated with monomer solutions and then
the oxidant solution (ferric chloride) was added producing PPy-coated fabrics. CuCl, was
used to treat samples of PPy-coated fabrics as an additional antimicrobial agent. The biocidal
properties were tested by AATCC Test Method 147-1993 and ASTM E 2149-01 using S. aureus,
E. coli and Candida albicans. The microbial reductions were 65, 59 and 73%, respectively. The
addition of CuCl, to PPy increased the biocidal efficiency to 93, 98 and 100%, respectively.

In another paper [36], cotton fabrics were coated with PPy at room temperature using differ-
ent oxidizing agents in order to assess their antimicrobial efficacy. The fabrics were soaked in
a water solution of the oxidant. The monomer was added drop-wise to the stirred bath, and
the reaction lasted for 4 h producing an even black layer of PPy on the fibres of the fabrics
(Figure 1).

To obtain information about the influence of the oxidation agents on the biocidal activity, the
synthesis of PPy was carried out using three different oxidants: ferric chloride, ferric sulphate
and ammonium persulphate.

With ferric chloride and ferric sulphate, PPy is produced by the redox reaction between the
monomer and ferric ions, reduced to ferrous ions. Using ammonium persulphate, the oxida-
tive component is persulphate ion reduced to SO,~. Using ferric sulphate and ammonium
persulphate, PPy embeds SO,” ions as counter-ions, whereas the PPy produced with ferric

Figure 1. (a) Picture of the PPy-coated cotton fabric and (b) SEM image of cotton fibres coated by PPy.
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chloride embeds CI.. Both ferric chloride and ferric sulphate give a high acidic pH to the
polymerization bath due to the production of ferric complexes with OH™. On the contrary,
solutions of ammonium persulphate have a relatively low pH, due to the hydrolysis equilib-
rium of ammonium ions and water.

Antibacterial activity of PPy-coated fabrics was evaluated following the ISO 20645:2004 pro-
cedure using E. coli by placing the fabrics in contact with bacteria. No inhibition zone was
observed after 24 h and the colonies grew around the fabric. The absence of colonies was
observed under the fabrics in the contact zone. Therefore, there is an antibacterial activity on
the fabric surface just by contact because PPy cannot diffuse being linked to the fabric. The
absence of bacterial growth, even without inhibition zone, may be considered as a good anti-
bacterial compound. Finally, the results pointed out that the antibacterial property is inde-
pendent on either the oxidant used in the synthesis of PPy or the dopant embedded in the
polymer matrix.

Cotton fabrics have also been coated with PPy using dicyclohexyl sulphosuccinate (DSS) [37].
DSS has two functions: (a) it is embedded into PPy as counter-ion, similarly to several other
dopants with an -SO,” group, (b) it greatly enhances the deposition process of PPy on the fab-
ric by lowering the surface tension as a surfactant, and in turn it increases the evenness and
weight uptake of PPy. In fact, the weight uptake of PPy has been 12% without DSS and 18%
with DSS. The difference has been attributed primarily to the more efficient deposition due to
the increased wetting of fibre surface caused by the surfactant action of DSS.

Antibacterial activity of the PPy-coated fabrics has been evaluated following the ASTM E
2149-01 procedure. Both the fabrics coated with PPy without DSS and PPy with DSS show
100% bacterial reduction, while untreated cotton fabric had practically no antibacterial activ-
ity. The stability of the biocidal action has been evaluated after different kinds of laundering.
In particular, after dry-cleaning, fabrics coated with PPy without DSS and PPy with DSS show
high bacterial reductions, 99 and 98%, respectively, whilst antibacterial efficiency decreases
after launderings with non-ionic and anionic surfactants. In particular, the antibacterial activ-
ity of fabrics coated with PPy without DSS has been severely degraded by anionic laundering.

Moreover, the paper evaluated the biocidal mechanism of PPy by carrying out scanning elec-
tron microscopy (SEM) analysis of E. coli bacteria on cotton fibres and PPy-treated fibres.
Bacteria on untreated cotton fibres had typical and regular bacterial shapes indicating that
cells survived on the fibre surface. On the contrary, E. coli cells on PPy-coated fibres showed
altered shapes probably due to the opening of their membrane and leakage of intracellular
components from bacterial cells.

Recently, PPy has also been used for antimicrobial applications in combination with silver
[38, 39]. In particular, Omastova et al. [40] prepared polypyrrole/silver composites by a single-
step chemical oxidative polymerization using silver nitrate as an oxidant in water at room
temperature. The reaction needed several days in order to yield more than 70%. The silver
content in the PPy was estimated in the range of 70-80 wt%.

PPy/silver composites are composed of globules of about 1-um diameter. This globular mor-
phology is typical of PPy prepared with classical oxidants, such as iron(IIl) salts. The molecular
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structure of PPy produced was characterized by Fourier transform infra-red spectroscopy (FTIR)
and Raman spectroscopy showing the same features as in PPy prepared with other oxidants.
The morphology of silver nanoparticles was evaluated by transmission electron microscopy
(TEM). Silver is present in particles of 50-100 nm size and occasionally larger polygonal crystals.

PPy/silver nanocomposites were used to coat cotton fabrics by in situ chemical oxidative
polymerization using silver nitrate [39]. In a redox reaction, silver ions oxidize the pyrrole
monomer and reduce to Ag’. The reduced silver was deposited on/into the polypyrrole/cotton
matrix layer as nanoparticles. In the beginning, the cotton fabric was impregnated in a solu-
tion containing pyrrole. Silver nitrate was added into this solution and stirred. After comple-
tion of reaction, the cotton fabric was coated with a PPy/silver nanocomposites layer.

The antimicrobial activity of PPy/silver-coated fabrics against E. coli and S. aureus bacteria was
evaluated by the assessment test and agar diffusion test. The antimicrobial property of PPy/
silver composites was measured by the clear zone of inhibition around the fabrics after incu-
bation in agar plate method. Untreated cotton shows no antimicrobial activity against both
bacteria. Moreover, the bacteria were grown over the surface. The PPy-coated cotton shows a
small inhibition zone, whereas in PPy/silver composite-coated fabrics the inhibition zone was
found to increase with increasing concentration of silver in the composites.

The antibacterial activity of the PPy/silver composite-coated cotton fabrics was also quantified
according to the AATCC 100-1999 procedure. The PPy/silver composite-coated cotton fabrics
show a gradually increased bacterial reduction percentage over the contact time. The paper
reported that the bacterial reduction reaches likely 100% within 6 h against E. coli and 12 h
against S. aureus.

Commercially available antimicrobial fabrics already include fabrics composed of silver-
coated fibres. Therefore, another possible approach could be to treat this kind of fabrics with
PPy instead to synthesize silver nanoparticles during PPy deposition as previously reported.

In a work [41], PPy deposition was carried out on cotton fabrics containing 10% of silver-
coated fibres. PPy was synthesized at room temperature using ferric sulphate as oxidant.
Antibacterial activity was evaluated following the AATCC Test Method 100-2012 against
Gram-positive bacteria on textiles with different amount of PPy on fabrics with silver-coated
fibres and pure cotton fabrics (without silver-coated fibres). A synergic biocidal effect between
silver ions and PPy was observed. In fact, silver-containing fabrics used in this work alone
does not guarantee a complete biocidal effect, but the addition of just 2 wt% of polypyrrole
showed a bacterial reduction of 99%. On the other hand, excellent bacterial reduction (>99%)
was found on pure cotton fabrics containing more than ~9 wt% of PPy, but the amount of PPy
can be reduced to 5% in the presence of silver to reach the same level of efficiency.

Few papers reported the applications of PPy to man-made fibres for antimicrobial purposes.
In particular, a study [42] was investigated where a polyethylene terephthalate (PET) fabric
was coated with reduced graphene oxide (RGO) sheets, and then a PPy layer was deposited
by in situ polymerization in order to cover RGO.
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Antibacterial activity was assessed qualitatively against S. aureus (ATCC 25923) and E. coli
(ATCC 25922) with AATCC 100-2003 standard method. PPy-coated sample showed antibac-
terial activity against both types of bacteria. The sample treated with RGO/PPy composite
layer also showed excellent antibacterial activity against both bacteria that can be attributed
to the existence of PPy with its antibacterial activity. No antibacterial activity was found on
RGO-coated fabrics.

4. Antimicrobial agents of natural origin

Bacterial resistance to biocides, their inadequate activity, toxic effects on households and the
environment and poor durability on textiles have become important issues of concern.

Some antimicrobial agents are commercially marketed as ‘eco-friendly’, such as Ultrafresh by
Thomson Research Associates, Tinosan AM 110 (2,4,4"-Trichloro-2"-hydroxyl-diphenyl ether)
by Ciba Specialty Chemicals, Sanitized AG by Clariant, Ecosy by Unitika, Utex by Nantech
Textile Company Limited and Vantocil IB by Zeneca. However, investigating the chemistry
behind these purportedly natural biocides, it is clear that they are not entirely natural.

As a consequence, certain synthetic antimicrobial agents, such as Triclosan, have been banned
by a number of leading retailers and governments in Europe, for their potential to cause skin
irritation, non-biodegradable and bioaccumulation effects [43].

Due to these concerns, coupled with the high level of consumer awareness about clothing
safety, many kinds of eco-friendly antimicrobial agents such as peroxy acids, chitosan and its
derivatives or specific dyes have been developed for textiles.

In the last years, significant progresses in the discovery of new compounds with antimicrobial
activity, from natural products, were made. These substances may present an efficient anti-
microbial effect, with safety, easy availability, non-toxicity to skin and environmental friend-
liness. Moreover, no resistance of pathogenic bacteria was reported towards these natural
chemicals.

Plants have received interest as a major source of natural antimicrobials in nature [44, 45].
Materials extracted from different parts of plants such as bark, leaves, roots and flowers con-
taining tannin, flavonoids and quinonoids but also alkaloids, saponins, terpenoids and phe-
nolic compounds, with strong antimicrobial properties, have been investigated [46, 47].

Even essential oils, a mixture of a variety of aromatic compounds which can give cologne, can
provide protection from a broad spectrum of microbes. The application of essential oils for
antimicrobial effect on textiles has increased in recent times, due to their high efficiency, even
if the real action against microbes is not clear.

A synergistic effect was noted, for example, for carvacrol and some hydrocarbon monoter-
penes showing good antimicrobial properties: probably the hydrocarbons interacted with
the cell membrane of the microbes and facilitated quick penetration of carvacrol into their
cells. Similar effects were reported for eugenol/carvacrol and eugenol/thymol towards E. coli,
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suggesting that carvacrol and thymol disintegrated the outer membrane of E. coli, making it
easier for eugenol to enter the cytoplasm. The advantages of synergy are the reduction of the
concentration required to yield the same antimicrobial effect when compared with the sum of
the purified components [48, 49].

Natural dyes, extracted from bark, leaves, roots, fruits, seeds and flowers, or from micro-
organisms such as fungi, algae and bacteria, have an inherent antimicrobial property due
to the presence of different colouring materials such as tannin, flavonoids and quinonoids.
Moreover, they offer a wide range of colours, are environmentally friendly and can be used in
low-cost treatments with the additional benefit of colouring and confer antimicrobial activity
in a single step [50].

Natural antimicrobial peptides, present in every living organism, are also promising natural
candidates for antimicrobial textile applications. They are characterized by their small size
(12-50 amino acids), the arginine and lysine residues responsible for their positive charge, and
an amphipathic structure that interacts with microbial membranes. Some examples are dap-
tomycin (Cubicin®, Cubist Pharmaceuticals), pexiganan, psoriazyna and plectasin NZ2114.
Another efficient AMP is L-cysteine, successfully used to promote the biofunctionalization of
wool and polyamide, conferring a durable antimicrobial finishing [51] to those fibres.

5. Chitosan

Among the antimicrobial agents of natural origin, chitosan is gaining great interest in the last
decades; in fact, chitosan and its derivatives appear to be the most effective natural antimicro-
bial agent on the market.

5.1. Structure and properties

Chitosan (2-amino-2-deoxy-(1->4)-b-D-glucopyranan) is a natural biopolymer, resulting from
the deacetylation of chitin, constituting 20-30% of the exoskeleton of crustaceans.

It is the second most abundant biopolymer in the world, following cellulose, meaning an
easy availability at low cost [52]. Its natural origin makes it biodegradable, biocompatible,
non-toxic and non-carcinogenic, that is, an eco-friendly product avoiding any environmental
or hygienic issues.

This biopolymer shows excellent film- and coating-forming properties when cast from organic
acidic water solutions and, last but not least, it shows a strong antimicrobial activity against a
wide spectrum of microorganisms, including fungi, algae and some bacteria.

The antimicrobial action of chitosan is influenced by intrinsic factors and environmental con-
ditions, such as the chitosan molecular weight and polymerization degree, its deacetylation
degree, the pH of the medium and the microorganism type.

Chitosan is considered to be both bacteriocidal and bacteriostatic although the exact action
mechanism is not fully understood. The most acceptable models describe the interaction
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between positively charged chitosan groups and negatively charged microbial cell mem-
branes due to electrostatic interactions. It promotes changes in the properties of membrane
wall permeability causing internal osmotic imbalances and consequently inhibiting the
growth of microorganisms. Even the hydrolysis of the peptidoglycans in the microorganism
wall occurs, leading to the leakage of intracellular electrolytes as proteins, nucleic acids and
glucose. Another proposed mechanism is the binding of chitosan with microbial DNA, which
leads to the inhibition of the mRNA and protein synthesis via the penetration of chitosan
into the nuclei of the microorganism, reaching the plasma membrane. A third mechanism is
based on the excellent metal-binding capacity of chitosan due to the amine groups which are
responsible for the uptake of metal cations by chelation, suppression of spore elements and
binding to essential nutrients to microbial growth [53, 54].

Due to its diversified application fields, chitosan is a biomolecule with great potential. The
antimicrobial activity was undoubtedly the most interesting application in recent years, lead-
ing to a wide application of chitosan, mainly in the field of food packaging and edible films,
for biomedical and pharmaceutical purposes (drug delivery or tissue engineering), cosmetics
and dermatological, agriculture, paper, enzyme immobilization and, of course, in textile field.

5.2. Use as antimicrobial agent for textiles

The use of chitosan and its derivatives on fibres seems to be the more realistic prospect since
this product does not provoke any immunological response.

Besides the biocidal properties of chitosan on textiles, it also has several other advantages
considering the further colouration, because the amine group present readily reacts with dyes
for successful dyeing/printing [55].

Chitosan is mostly applied by the traditional pad-dry-cure process using chitosan/citric acid
mixture mainly on cotton fabrics, even though other techniques have been used to impart anti-
microbial property to fabrics. The use of binders with chitosan has also been reported [56] with
the advantage that it can be applied to all manner of fabrics due to the presence of the binder.

Complexes based on chitosan and other biocidal agents have been studied to increase treat-
ment efficiency and durability [57, 58]. Promising results were found with bivalent metal ions,
such as Cu(II), Zn(Il) and Fe(II), showing an antimicrobial effect much higher than the single
components, due to the stronger positive charge after complexation [59], and with nanocap-
sules based on antibacterial polypeptide-grafted chitosan [60].

Despite some disadvantages in the use of chitosan in textile field, namely some temperature
and pH activity dependence and poor handling, Eosy®, a commercial finishing product based
on this biopolymer, and a composite fibre of chitosan and viscose, named Crabyon®, present-
ing a durable antimicrobial efficacy, are already available [61].

In textile field, the most common way to apply chitosan to fabrics is by wet thermal curing,
involving relatively high temperature with energy consumption, costs and possible fabric
degradation; moreover, the addition of toxic reagents, such as glutaraldehyde, is requested
as cross-linking agent.
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In recent research works, ultraviolet radiation in the presence of a suitable photoinitiator was
proposed as an alternative process to graft chitosan molecules to textile fibres by radical pro-
cess [62, 63]. In detail, in case of a cellulosic substrate such as cotton, the same cellulose mol-
ecule can be involved in the reaction by the formation of radicals, which can react with those
formed on the chitosan molecule, conferring a strong fastness to the finishing. Moreover, UV
grafting is a fast and eco-friendly process, carried out at room temperature, with lower cost
than the traditional thermal process.

Cotton, silk and synthetic fabrics were considered as substrates. Obtained results showed that
chitosan UV curing yielded strong antimicrobial properties, reaching 100% m.o. reduction on
all considered fabrics, as confirmed by antimicrobial tests carried out also on chitosan film.
Moreover, low add-ons, 1-3% o.w.f., are enough to confer the desired property to the fabrics, so
the hand properties of cotton or silk and the filtration capacity of synthetic fabrics are not com-
promised. In order to have a good treatment fastness, chitosan has to be diluted with acetic acid
solution before spreading on fabrics and an impregnation time of 12 h at an ambient tempera-
ture or 1 h at 50°C is necessary before the curing to ensure a good penetration inside the fibres.

The homogeneous distribution of chitosan on fabrics was confirmed by dyeing tests with an
acid dye and by SEM analysis (Figure 2), which showed the optimal distribution of the fin-
ish on single fibre surface, while the presence of amino groups before and after the washing
test, responsible for the antimicrobial activity, was revealed by ninhydrin assay and FTIR-
attenuated total reflectance (ATR) spectra.

Chitosan film was characterized by differential scanning calorimetry (DSC) and FTIR analy-
sis. Data found are perfectly in agreement with literature data related to thermally cured

Figure 2. Chitosan UV grafted to fibres: cotton (a), PET (b), PA (c) and silk (d).
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chitosan, meaning that UV curing leads at the same polymer structure. Finally, on the FTIR-
ATR spectra of treated cotton or synthetic fabrics, in comparison with untreated samples, the
presence of the typical bands of chitosan is evident, showing its presence again.

Chitosan was applied by UV grafting also to wool fibres, to confer a multifunctional finishing
to the fabric, improving its value and application fields [64].

The antimicrobial activity, reaching 67% E. coli reduction, was obtained by a surface modifi-
cation of wool fibres with 2% grafted chitosan, preceded by an oxidative wool pre-treatment
and 1-h impregnation at 50°C to enhance chitosan penetration in wool fibres. It was coupled
to an improvement of wool dyeability towards acid dyes and some anti-felting properties
with respect to the untreated substrate, while the treatment fastness to laundering depended
on the used surfactant and no anti-pilling properties were conferred.

A semi-industrial scale-up of the process was carried out on cotton fabrics, following an
encouraging preliminary laboratory research, on samples of reduced dimensions, aimed to
optimize the main process parameters. To test the feasibility of the proposed treatment at
larger scale, large white or dyed fabrics were impregnated by foulard with a commercial chi-
tosan solution, significantly reducing the add-on to restrain the costs. Then, they were irradi-
ated, both dried and wet, with a high-power UV lamp, in air.

Obtained results confirmed the previous, laboratory scale, ones: a strong antibacterial activity
with good washing fastness (99.9% microorganisms reduction after 30 washing cycles) was
achieved by irradiation of the samples even wet and in air. It was obtained with a chitosan
add-on percentage lowered till 0.3 wt% with a negligible affection of colour or hand proper-
ties of the fabric [65].

5.3. Wastewater purification

Wastewater treatment is one of the major current applications of chitin/chitosan-based prod-
ucts due to their coagulating, flocculating and chelating properties.

Ecological and health problems associated with heavy metals and pesticides accumulation in
water and, as a consequence, through the food chain prompted the need for purification of
industrial water in an efficient way.

The ability of the free amino groups of chitosan to form coordinate/covalent bonds with metal
ions is of great interest: chitosan in the form of a film or a powder or suitably grafted to an inert
substrate can be used in metal ion complexing, in particular above its pKa value (about 6.5).

Chitosan, carboxymethyl chitosan and cross-linked chitosan showed a strong efficiency in
removing Cd?*, Cu*, Hg*, Ni*" and Zn* ions from wastewater and industrial effluents [66-69].

Chitosan was tested also as a sequestering agent for dye molecules, mainly present in waste-
water from dyeing plants, showing a high efficiency towards different dye classes: acid, reac-
tive, anionic and direct dyes [70-72].

Cotton gauzes coated with chitosan using a UV-curing process were also tested, in static and
dynamic conditions, as water filter for biological disinfection against both Gram-negative
and Gram-positive bacteria. The material showed good antibacterial activity against E. coli, S.
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aureus and K. pneumoniae, in both static assessment and dynamic conditions: chitosan-treated
gauze showed a high antimicrobial efficiency in few seconds of contact time. Results are of
interest even if compared with those related to the same cotton gauze cationized with a qua-
ternary ammonium salt. A certain pH sensitivity was found, but in all cases microorganism
reduction never fell under 80% [73].

It makes this composite a good candidate for its real use as biological filter.

6. Conclusions and future perspectives

The presence of Gram-positive and Gram-negative bacteria and fungi is common on textiles,
involving both synthetic and natural fibres. Due to their structure and chemical composi-
tion, textile products are prone to host microorganisms whose proliferation is responsible for
diseases, unpleasant odours, colour degradation and deterioration of fabrics. Many of these
microorganisms are pathogens, quite often related to nosocomial infections; therefore, the
development of non-toxic processes for the preparation of antimicrobial textiles is gaining
interest from both the academic researches and industry.

Emerging applications for biocidal finishes in textiles are required in different fields: sports-
wear, underwear, textile-based medical devices, home furnishing, filtration and depuration
of water or air in crowded public areas. The required effect, depending on the application, can
vary from the simple odour control to disease and infection control.

Among the novel, natural and eco-friendly antibacterial finishing of textiles, a strong antibac-
terial finishing of textile substrates, with good fastness and stability, was obtained with both
photo-grafted chitosan and polypyrrole coating on textiles.

Moreover, the morphology of PPy particles seems to effect antimicrobial performances, but
the works, at the moment, were focused on particles not linked to a substrate. Further studies
to improve PPy properties will appoint to produce PPy coating on the fabrics with particles
having a designed shape.

In another study not dealing with textile applications, polypyrrole-graft-chitosan (PPy-g-CS)
copolymer was chemically synthesized and characterized [74]. PPy-g-CS showed an antibacte-
rial activity stronger than chitosan and PPy alone, comparable with the antibiotics considered
as reference. It suggests a synergic effect of polypyrrole-chitosan coating, exploitable in textiles.
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Abstract

Resistance of bacteria to antibiotics is an urgent problem of humanity, which leads to
a lack of therapy for serious bacterial infections. Development of new antibiotics has
almost ceased in the last decades—even when a new antibiotic is launched, very soon
the resistance of bacteria appears. There is a long list of applications where antimicrobial
protection is required to achieve effective treatment. However, if we use the same
antibiotics for all these applications, we will remain caught in the “vicious circle”
of constant discovery of new synthetic antibiotics and very fast development of their
resistant species. Therefore, we need to find alternative strategies that will be routinely
used for some specific conditions (wounds, implants, etc.). Thus, we will keep the activity
of antibiotics and save them for acute conditions (pneumonia, meningitis, etc.). An option
for designing alternative antimicrobial strategies is to go back to the antimicrobials that
were used before the discovery of antibiotics, i.e., inorganic antimicrobial agents includ-
ing ions (Ag", Cu*/Cu*, Zn*, Ga¥, etc.) or nanoparticles (Ag/AgO, Cu/Cu,0/CuO, ZnO,
Ga/Ga,0,, TiO,, MgO, V,0O,, etc.). Here we are going to summarize the main properties
of inorganic antimicrobials as well as advantages, disadvantages and perspectives for
their application.

Keywords: Ag/AgO, Cu/Cu,0/Cu0, ZnO, Ga/Ga,0,, TiO,, MgO, V,0,, functionalized Au
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1. Introduction

Resistance of bacteria to antibiotics is becoming an increasingly urgent problem of the humanity.
The most serious threat comes from vancomycin-resistant Enterococcus (VRE, mainly E. faecium),
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methicilin-resistant Staphylococcus aureus (MRSA), Klebsiella (especially K. pneumoniae), Acinetobacter
baumanii, Pseudomonas aeruginosa, Enterobacter and Escherichia coli (the so-called “ESKAPE” patho-
gens,), Gram-positive Mycobacterium tuberculosis and some other Gram-negative bacteria [1].
Soon there will be no available antibiotics to treat infections with these pathogens. The problem
first appeared in hospitals and grew promptly as a consequence of uncontrolled application
of antibiotics not only in the healthcare but also in agriculture, stock breeding, poultry breed-
ing, etc. However, overuse and misuse are not the only factors that speed up the spread of
resistance. Some mechanisms of resistance do not destroy the antibiotic and leave it active in
the environment. Thus, bacteria themselves help maintain the antibiotic environment; fur-
thermore, the drug can be released into other environments and alter them. Many precau-
tions against drug misuse and overuse led to the reduction of antibiotic application in the
last decade. Consequently, the spreading of resistance slowed down, but it did not decrease.
We could get rid of the resistant strains with new antibiotics. Unfortunately, development
of new antibiotics has almost ceased in the last decades. Investments in research and devel-
opment of new kinds of antibiotics were minimized due to their unprofitability. And even
when a new antibiotic is launched, very soon the resistance of bacteria to the new antibiotic
appears.

What can we deduce from all these facts? Instead of focusing only on development of new
antibiotics, which will sooner or later create resistance, we should focus on preventing
the resistance itself. There is a long list of applications where antimicrobial protection is
required in order to achieve effective treatment. However, if we use the same antibiotics for
all these applications, we will remain caught in the “vicious circle” of constant discovery of
new synthetic antibiotics and very fast development of their resistant species. Therefore, we
need to find alternative strategies that will be routinely used for some specific conditions
(such as insufficient and slow wound healing, rejection of medical implants during their
incorporation into the body due to the presence of bacteria on the surface of the implant,
unsuccessful use of autologous, allogeneic or xenografts in tissue engineering because of the
development of infection, etc.). Thus, we will keep the activity of the antibiotics and save
them for urgent, acute conditions (like pneumonia, meningitis, peritonitis, etc.). One option
for designing these alternative antimicrobial strategies is to go back to the antimicrobials
that were used before the discovery of antibiotics, i.e., inorganic antimicrobial agents. There
are a lot of inorganic substances with the capacity to kill bacteria or to inhibit bacterial
growth. They are applicable in the form of antibacterial ions (i.e. Ag’, Cu'/Cu®*, Zn*, Ga*,
etc.) or antibacterial nanoparticles (i.e. Ag/AgO, Cu/Cu,0/Cu0O, ZnO, Ga/Ga,O,, TiO,, MgO,
V.0, functionalized Au, etc.). The new knowledge brought especially by the emergence and
progress of biomaterials science and nanotechnology might enable: (i) local, targeted action
without side effects in the organism, (ii) improved transport towards and eased penetration
into the pathogenic species, leading to higher efficiency, (iii) unique opportunity for devel-
opment of effective medicines.

This chapter provides detailed overview of various inorganic antimicrobial agents, their
physicochemical properties and various mechanisms of action on bacterial/mammalian
cells.
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2. Antibacterial ions

2.1. Silver (I) (Ag")

Silver nitrate (AgNO,) was widely used for treatment of ulcers, burn wounds and different
infections until the discovery of penicillin and sulpha drugs completely drove it out from
the market [2]. In 1965, the favourability of AgNO, over antibiotics was shown and burn
treatment procedure that involved frequent wetting of a cotton gauze dressing with 0.5 wt.%
AgNO, solution was established [2, 3]. In spite of reduced mortality from severe burns and
strong action against Staphylococcus aureus, haemolytic streptococci, Pseudomonas aeruginosa
and Escherichia coli, the 0.5% AgNO, method had several disadvantages. It required very clean
wounds, so deep and large burns were prone to invasive infection (usually by P. aeruginosa)
leading to sepsis and death. 0.5% AgNO, was hypotonic, sensitive to light, inactive against
Aerobacter, Paracolon, Klebsielln and a number of cutaneous saprophytes and could cause
methaemoglobinaemia. Although the precipitation of AgNO, with different anions resulted
in low absorption of silver into the body through the wounds, it consequently caused Na', K*,
Ca?, Mg? and CI” depletion in serum [2—4]. Hence, an improvement was tried by combining
AgNO, with a sulpha drug to obtain silver sulphadiazine [2]. Many other ionic Ag drugs
emerged, but Ag-sulfadiazine remained the most widely used, although it delays the wound
healing process [2, 5]. Further development went to systems for controlled delivery of Ag*
ions, Ag-containing wound dressings, catheters and antibacterial coatings [6, 7] which flooded
the market recently [8].

The antibacterial action of Ag" ions is currently explained by three mechanisms:

1. Ag" ions react with thiol groups of the respiratory and transport proteins in the cell
membrane [6, 9] so that cellular respiration and electron transfer are blocked [6, 9],
membrane potential and permeability are disrupted, leading to cell death [10].

2. Ag"ions enter the bacterial cells either through ion channels or due to the detachment of
the cytoplasm membrane [9, 11]. Once inside, they complex with nucleobases of DNA and
RNA leading to DNA condensation and loss of replication ability [6, 9, 12].

3. Increased production of reactive oxygen species (ROS). Disruption of cellular respiration
and inactivation of intracellular thiol-based antioxidants increases the oxidative stress
caused by reactive radicals that are generated by the Fenton reactions [9, 13].

There are two forms of resistance: complexation of Ag* inside cells or reduced permeability to Ag*
combined with an upgraded active efflux mechanism to pump Ag out of the cell [5]. Several Gram-
negative and positive bacteria have been reported to be Ag-resistant, including Pseudomonas aeru-
ginosa, Pseudomonas stutzeri, members of the Enterobacteriaceae and Citrobacter spp. [6]. It has been
recently shown that the toxic values of AgNO, and commercial Ag-containing wound dressings
for P. aeruginosa, E. coli, S. aureus and human fibroblasts are very similar and that thiol-containing
molecules reduce their toxicity towards both prokaryotes and eukaryotes [14].
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2.2. Copper (I, II) (Cu*, Cu*)

Cu* has also been known as a sterilizing, antiseptic and antimicrobial agent [15] used to treat
a variety of skin diseases, syphilis, tuberculosis and anaemia, and to fight mildew [10, 16, 17].
In modern healthcare, the antimicrobial effect of Cu is very effectively used in hospital water
distribution systems [16, 17]. Recent research has focused on “contact killing” mechanism [17].
In 2008, the US Environmental Protection Agency (EPA) proclaimed Cu-surfaces as efficient
antimicrobials [17]. Cu is the first metal to be awarded such a status [17]. Cu is an essential
micronutrient and more than 30 types of proteins that contain Cu ions are known today [18].
In these enzymes, Cu serves as an electron donor/acceptor by alternating between the redox
states Cu(I) and Cu(II) [19]. Dietary intakes of 0.9-1.4 mg of Cu for an adult (a 70-kg person)
and 50 ug per kg body weight per day in infants are recommended by the WHO [16, 20]. Cu
ions are also toxic to prokaryotes and eukaryotes at higher cellular concentrations, and the
involvement of Cu (and Zn) in phagosomal killing of bacteria engulfed by macrophages is an
important defence mechanism [10, 21].

The antibacterial/toxicity action of Cu(l, II) is currently explained by the following mechanisms:

1. Direct generation of ROS through Fenton-type reactions [19, 22]. Radicals can cause
oxidative damage to proteins, nucleic acids and lipids, which lead to cell death [23].

2. Indirect generation of reactive oxygen species by inactivation of antioxidants and thiol
depletion [19, 23]. Such reactions of Cu can lead to the inhibition of respiratory enzyme
function and disruption of respiration leads to ROS as explained for Ag* [6].

3. Competition with other metal ions for important binding sites on proteins [6, 17, 19].
Site-specific inactivation by Cu ions can also occur in Fe-S dehydratases, the cytoplasmic
enzymes needed to make branched-chain amino acids [17, 23].

4. By cross-linking within and between strands of DNA, Cu may cause helical structure
disorders and DNA denaturation [16, 24]. Some studies have shown that H,0, was required
for the DNA breakage, which questions the relevance of this mechanism [16].

Bacteria have evolved a range of mechanisms to protect themselves from the toxic effects of
excess Cu ions: exclusion by a permeability barrier; intra- and extracellular sequestration
of Cu ions by cell envelopes and metallothionein-like Cu-scavenging proteins in the
cytoplasm and periplasm; active transport membrane efflux pumps; reduction in the
sensitivity of cellular targets to Cu ions; extracellular chelation or precipitation by secreted
metabolites including Cu; and adaptation and tolerance via up-regulation of necessary
genes in the presence of Cu [16, 19, 25]. Active extrusion of Cu from the cell appears to be
the chief mechanism of Cu tolerance in bacteria and has been extensively studied in Gram-
positive and Gram-negative bacteria. However, due to the multiple targets and mostly
non-specific mechanisms of damage exerted by Cu, this bacterial tolerance is relatively
low, as compared to the resistance to antibiotics (i.e., 10-fold lower sensitivity to Cu as
opposed to 1000-fold less sensitivity to methicillin, for example, by methicillin-resistant
S. aureus).
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2.3. Zinc(II) (Zn%)

Zn* is also an essential micronutrient for the development, growth and differentiation
of all living systems, including bacteria, and exhibits antibacterial action only at higher
concentrations when its homeostasis is overcome. The adult human body contains approxi-
mately 1.5-2.5 g of Zn?* [22, 26-28] with essential role in cell membrane integrity, development
and maintenance of the body's immune system, managing insulin action and blood glucose
concentration, bone and teeth mineralization, normal taste and wound healing [22]. Zn is a
constituent of more than 300 enzymes that have a central role in reconstruction of the wound
matrix [26, 29]. Zn in castor oil has a special place in the treatment of nappy (diaper) rash
[26]. A vast range of zincated bandages, dressings, emollients, shampoos and creams are
available commercially. In normal wound healing, body creates a higher amount of Zn* in
the wound margin at a certain stage—during the formation of granulation tissue, scar tissue
and re-epithelialization. It is believed that the addition of Zn at this stage might accelerate
wound healing. Experimental studies have shown that topical ZnO reduced the initial haem-
orrhagic phase and promoted the regrowth of damaged skin and hair [26]. The antibacterial
properties of Zn* ions are exploited especially in oral healthcare for prevention of caries,
gingivitis and periodontitis. Zn- salts are used in mouthwashes and toothpastes [30]. The
effect of Zn* ions is most probably only bacteriostatic, so oral-care products are designed
for frequent use, while bactericidal action can be obtained in combinations with fluoride or
Triclosan [30-33].

The antibacterial action of Zn-ions is a consequence of the following mechanisms [6, 30-32]:

1. Inhibition of enzymes that contain sulfhydryl groups and require Mg?* ions; competitive
inhibition and reaction of Zn(II) with sulfhydryl groups [30-32].

2. Zn* ions inhibit the utilization of the bacterial carbon source. They can disrupt the metabo-
lism of sugars as well as the amino acid metabolism.

3. Zn* reduces the acid tolerance of S. mutans by inhibiting the transmembrane proton-
translocating F-ATPase, which is the main engine for acid tolerance [30].

4. Zn(Il) binds to the membranes and slows down the growth of organisms [6], inhibits
protease-induced adhesion [34] and reduces the net negative charge on the cell surface
and, hence, increases co-aggregation [34].

Resistanceofbacteriatotoxiclevelsof Zn* canbeduetoextracellularaccumulation, sequestration
by metallothioneins, intracellular physical sequestration, and/or can be efflux based [35]. A
recent study compared the Cu and Zn resistance of MRSA and methicillin-susceptible S.
aureus in a global collection of species [36]. While there was no difference in their Cu- suscep-
tibility, there were significantly more Zn-resistant MRSA strains, which also had an encoded
Zn resistance [36]. Similarly to Ag, recent progress of Zn- antimicrobials has gone in the direc-
tion of ZnO nanoparticles and incorporation of ionic Zn into zeolites, polymers, bioactive
ceramics and glasses to achieve better efficiency and local action [6].
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2.4. Gallium(III) (Ga*)

Antibacterial properties of Ga®" were first mentioned in 1931 [37]. Initially, it was mainly
investigated for cancer diagnosis and treatment [38, 39]. Intensive research of Ga(Ill) as
an antibacterial agent in the 2000s revealed great efficacy against M. tuberculosis [40] and
P. aeruginosa [41, 42]. A recent study has shown that Ga(NO,), at safe therapeutic dosage
(10 mg/kg) protects mice from M. tuberculosis infection [43]. A Phase-1 clinical study is being
conducted since 2010, which tests Ganite in human patients suffering from cystic fibrosis, and
chronically infected by P. aeruginosa [37, 38, 44]. Current results show that intravenous Ganite
infusion for 5 days decreases the amount of P. aeruginosa in the lung without any serious
adverse effect [38, 44]. Subcutaneous application of Ga-maltolate was effective in reducing
S. aureus, A. baumannii and P. aeruginosa colonization in burn wounds of thermally injured
mouse model [42]. These data support a potential use of Ga-maltolate in vivo, especially
in topical administration for the prevention and treatment of wound infections. Besides
Ga(NO,), and Ga-maltolate, some other forms of Ga(Ill) have also been used, i.e., chloride
[45], citrate [46], desferriox-amine B and other complexes [46-48].

The following is currently known about the mechanism of antibacterial action of Ga** ions:

1. Ga* follows uptake and transport pathways for Fe*; unlike Fe(Ill), it cannot be reduced
to the oxidation state (+2); small amounts of non-bound Ga can exist in solution at
physiological conditions, versus insignificant amounts of non-bound Fe*, permitting
biological interactions for Ga* that would not be possible for Fe** [49, 50].

2. Most bacteria require Fe for growth [37]. If bacteria use Ga instead of Fe, it will prevent
their multiplication, which is crucial for harming the organism (as observed in bacterial
ferric-binding protein and non-ribosomal peptide microbial siderophores [49]).

3. Ga(Ill) can affect the synthesis of siderophores by regulation of gene expression [68]
leading to shortage of Fe inside cell and inhibition of many Fe-requiring enzymes.

4. Increased production of H,O, was noticed due to Ga* antibacterial action [51]. However,
Ga® quenches the superoxide ion signal [51], and it is not yet clear whether the ROSs are
the main reason or only a consequence of the Ga* antibacterial action.

Considerable progress has been recently made in the development of Ga delivery systems
using phosphate-based glasses [52-54], cellulose [55], scaffolds [56], phosphosilicates [57, 58]
and titanium implants [59]. Because bacteria cannot discriminate between Fe(IlI) and Ga(IlI),
they will not sense an increase of Ga® concentration and a decrease of Fe*. However, since
Ga(IlI) enters microbial cells by exploiting specific Fe(Ill)-uptake mechanisms, mutations in
these pathways could block Ga from reaching its cellular targets, ultimately making bacte-
ria less susceptible to Ga's inhibitory activity, as it has been observed in laboratory studies
of Ga(Ill) antibacterial mechanism, in which resistant strains were created by genetic
modification of P. aeruginosa [60, 61]. Nevertheless, such mutations could never completely
prevent Ga® entrance into bacterial cells and only 2-4 times higher Ga(Ill) concentrations
were already effective against the resistant strains.
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3. Antibacterial nanoparticles

3.1. Ag nanoparticles

Ag nanoparticles show bactericidal action in both Gram-positive and Gram-negative
bacteria, with higher efficiency induced by smaller particles [12, 32, 62] and quite intriguing
dependence of the efficiency on the shape, falling in the order: triangular nanoplates, nano-
spheres, nanowires [63]. In Ag nanoparticles, there are three sources of bactericidal activity:
Ag, Ag ions and nanosize. As the three sources are interlacing, it is difficult to determine
what effect comes from each of them. Ag nanoparticles come into contact with bacterial cells.
Positively charged Ag nanoparticles attach to bacterial membrane by electrostatic interac-
tions, while negatively charged ones attach due to high affinity of Ag (soft acid) for P- and
S-containing molecules (soft bases) [63—-65]. Then, Ag ions are released into the cell and
inhibit respiratory enzymes, which facilitates the generation of ROS and consequently dam-
ages the cell membrane [66]. The uptake of Ag can be recognized by irregular pits. They can
be dissolved by oxygen or H,O,. A Fenton-like reaction was suggested to account for the
observed generation of OHe radicals at pH below 7.4 [67]. Then, S-containing proteins in
the membrane or inside the cells and P-containing elements like DNA are likely to be the
preferential sites for Ag nanoparticle binding. Disruption of membrane morphology may
cause a significant increase in permeability, leading to leaking of the internal components
resulting in cell death [63].

Exposure of murine macrophages to Ag NPs showed mitochondrial damage, apoptosis and
cell death abrogated in the presence of Ag ion-reactive, thiol-containing compounds suggest-
ing the central role of Ag ions in Ag NP toxicity [68]. Further research showed that Ag" ions
were the only active part of the Ag NPs [69]. Testing under anaerobic conditions (ion release
was negligible) showed that Ag NPs were ineffective against E. coli K12. If the Ag NPs were
exposed to air prior to the antibacterial test under anaerobic conditions, their antibacterial
properties were enhanced and bacterial survivability depended on released ions.

However, the amount of released ions from the Ag NPs at their MIC was always lower than
the MIC of Ag" ions [70-72]. Recent research [73, 74] showed much higher intracellular dis-
solution of Ag NPs compared to extracellular ones. The ion release from the Ag NPs is size-
specific and surface-dependent. The toxicity of 20-80-nm Ag NPs follows this size dependence
and is mainly assigned to the released ions. However, the 10-nm Ag NPs are much more toxic.
Importantly, immobilized Ag NPs were more efficient than Ag" ion-releasing substrates, even
though they released much lower amount of ions and the immobilized Ag NPs were not
internalized [72, 75]. Ag NPs can change the lipid composition of the membrane, anchor and
incorporate into the outer membrane, and it is currently believed that the outer membrane
damage is mainly “nano-specific” [72]. Ag NPs enhance the transport of Ag" ions into the
cell and could avoid bacterial resistance that involves efflux systems. However, E. coli easily
develop resistance to Ag NPs as well as Ag* after 100-200 generations of exposure to Ag NPs
[76] and several studies have shown low efficiency of Ag NPs against Ag-resistant bacteria
[71, 72].
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3.2. Cu/CuO nanoparticles

In Cu nanoparticles, there is a coincidence of antibacterial effect of ions and nano-sized
particles. The efficiency of Cu was improved by decreasing the dimensions, but it was higher
for Gram-positive bacteria [32]. Cu nanoparticles have great affinity for amines and carboxyl
groups, so they bind to the ones on the surface of bacteria and release the ions inside. These
ions can then interact with DNA molecules and intercalate with nucleic acid strands [77]. It
is believed that here, the role of ROS is much larger than in Ag nanoparticles, since they can
be generated by CuO as well as the released Cu'/Cu® ions by their dissolution [78]. Some
scientists, on the other hand, emphasize the role of the released ions more [32]. Both Cu and
CuO antibacterial nanoparticles cause lipid peroxidation, cell wall and membrane damage
and oxidative damage to DNA. They generate ROS in the absence of any cells, in extracellular
as well as intracellular environment. CuO nanoparticles are much more toxic to mammalian
cells than Cu* ions and also much more cytotoxic than ZnO and TiO, NPs [79]. In general, it
has been shown that trends in bactericidal activity were similar to trends in cytotoxicity, i.e.
more powerful bactericidal agents [80] were more toxic towards human cells [81].

3.3. ZnO nanoparticles

ZnO has so far been found to be the most effective metal oxide antimicrobial, with efficiency
comparable to Ag [32]. If ZnO nanoparticles are shined with UV light, their antibacterial effect
can become strongly bactericidal as a consequence of photocatalysis. ZnO is a semiconduc-
tor with a direct 3.3-eV band gap [82]. Absorption of light with energy greater than 3.3 eV
induces the electron transfer from the valence to the conduction band and separation of charge,
generating a hole (h*) in the valence band and an electron (e™) in the conduction band [82, 83].
At the surface of the excited ZnO particle, the valence band holes abstract electrons from water
and/or hydroxide ions, generating hydroxyl radicals (OHe). Electrons can reduce O, to pro-
duce the superoxide anion O—e. The obtained OHe and O-¢ can induce lipid peroxidation in
membranes, DNA damage due to strand breakage or oxidized nucleotides and oxidation of
amino acids and protein catalytic centres [83]. Negative charge of OHe and O-e prevents these
species from passing through the membrane into the cell, so they can exert only outside damage.
They can also combine with H* to create H,0O,, which can pass into the cell and create internal
damage leading to cell death [82]. ZnO nanoparticles show bactericidal properties as well as
ROS generation also in complete absence of light. This effect has been tried to be explained by
surface defects and the oxidative role of oxygen or halogens adsorbed on their surfaces [31, 82].
Such a mechanism would be enhanced in an aerobic environment and it was observed that oxy-
gen annealing and formation of nanoholes on the surface, which both stimulated a high amount
of adsorbed oxygen atoms on the ZnO surface, increased the ROS production and enhanced the
antibacterial properties [31, 82]. ZnO nanorods are stronger antimicrobials than nanospheres,
and flower-shaped nanoparticles with exposed polar are even stronger [82].

3.4. TiO, nanoparticles

TiO, nanoparticles can account for their antibacterial effect as a consequence of production of
OHe radicals. They do not possess any antibacterial properties in the absence of UV light due
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to weak interaction with bacterial surface because of negative charge. In contrast, recent stud-
ies have shown that TiO, particles exhibited high tendency to bond to the E. coli membrane
via Van der Walls and receptor-ligand interactions. The extent of these interactions was more
pronounced than in the case of ZnO nanoparticles. As a result, when illuminated with UV
light, TiO, was more powerful than ZnO. As opposed to TiO,, it did not show up-regulation
of ROS-related proteins but rather caused membrane damage via direct transfer of ROS mol-
ecules from particle surface towards the bacterial membrane [84]. Of interest is metal doping
(e.g. with Ag) of TiO,, which can improve its antibacterial properties significantly and enable
visible-light-induced photocatalytic activity [85, 86].

3.5. Functionalized Au nanoparticles

Au nanoparticles alone are considered biocompatible and bioinert [87-89]. Only Au NPs
with size below 3 nm are cytotoxic due to their irreversible binding to key biopolymers [90].
Internalization of Au NPs into a cell is size-, shape- and charge-dependant. The fastest uptake
was observed for 40-50 nm size; it was higher for nanospheres vs nanorods and positively
charged NPs penetrate more easily [91-93]. Au NPs can be used as antibacterial agents only
if they are irradiated with NIR light (photothermal treatment) or if some antibacterial compo-
nent is added to them [77, 85, 89]. Interestingly, some studies have also shown antibacterial
activity of Au nanoparticles with non-antibacterial components added to them, like C/Au core
shell [94] or functionalized Au nanoparticles [95-97]. Au nanoparticles as carriers enable entry
of the added molecules into bacterial cells, where they can directly affect some important
molecules, otherwise protected by the cell wall and membrane. Concentration of otherwise
inactive molecules on the surface of Au nanoparticle enables (or increases) some interactions
thatlead to bacterial death [95]. In this way, 4,6-diamino-2-pyrimidinethiol was able to chelate
Mg?" jons when attached to the Au nanoparticle [95] and induced damage of the outer mem-
brane, leading to increased permeability of the cellular membrane. Nanoparticles entered the
cell, where chelation of Mg* and interaction of the particles with DNA resulted in inhibition
of protein synthesis. Cell death followed as a consequence of leakage of intracellular contents
[95]. The antibacterial action of Au/4,6-Diamino-2-pyrimidinethiol NPs involves changing
the membrane potential and inhibition of ATP synthase activities to decrease the ATP level
and inhibition of the ribosome subunit for tRNA binding, indicating a collapse of biological
process [98]. Alternatively, in amino acid-functionalized Au NPs, a structure similar to anti-
microbial peptides was created and enabled strong electrostatic interactions between cationic
functionalization at Au NPs and bacterial membrane resulting in damage of the membrane
compactness and structure which provided antibacterial action in E. coli and S. aureus [97].

3.6. Gallium-containing nanoparticles

Investigation of Ga-based antibacterial nanoparticles has begun only very recently and it
started with Ga,O, nanoparticles (100 nm) showing their anti-biofouling properties against
E. coli and S. aureus [99]. However, concentrations up to 25 mg/L (133 uM) exhibited only
very weak (towards S. aureus) or no inhibition (towards E. coli) of planktonic growth. Further
investigation showed antibacterial action of Ga,O, nanorods (50x200 nm) which created
an inhibition zone in E. coli already at 25 mg/L concentration, whereas at least 50 mg/L
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concentration was needed for an inhibition zone in S. aureus [100]. By contrast, bulk Ga,O,
did not create any inhibition zone. They also presented good photocatalytic properties of
this semiconductor with a band gap of 4.9 eV, but photocatalysis was not responsible for the
observed antibacterial action, since the test was performed in dark and Ga,0O, nanoparticles
can create reactive oxygen species (only OHe radicals) only under direct visible light illumi-
nation [101]. Antibacterial activity was shown also for GaN nanoparticles (50 nm) [102] and
anti-biofouling activity was observed towards S. aureus, E. coli, P. aeruginosa and Pseudomonas
putida. Another study about a new Ga(IIl) delivery system in the form of KGa[Fe(CN)]/PVP
NPs (average size of 15 nm) was published, which demonstrated their very good biocompat-
ibility with HeLa cells until at least 1.1 mM concentration, their most probable endocytotic
penetration into the cells and untargeted distribution in the cytoplasm, and in vitro exchange
of Ga(IIl) by Fe(IlI) from Fe(Il) suggesting their ability to sequester Fe(II) and consequently
release Ga(Ill) [103]. A very recent study on eutectic Galn alloy nanoparticles (average size
around 100 nm) has also shown their low in vitro cytotoxicity against HeLa cells for at least
21 mg/L (0.2 mM Ga) concentration and endocytosis, fusion and degradation of the eutectic
Galn nanoparticles with release of Ga®* ions inside HeLa cells [104]. The in vivo injection of
these nanoparticles into mice caused no tissue damage, no allergic reaction, exhibited very low
acute toxicity (maximum tolerated dose of 700 mg/kg), while Ga and In were excreted with
both faeces and urine [104]. However, the antibacterial properties of KGa[Fe(CN)6]/PVP and
eutectic Galn alloy nanoparticles have not been evaluated. On the other hand, Narayanasamy
et al. incorporated Ga(IIl)-tetraphenyl porphyrin into polymer nanoparticles (average size of
300 nm) and demonstrated their efficiency against Mycobacterium smegmatis as well as against
HIV in macrophages, and did not show any sign of cytotoxicity for macrophages even at
2 mM concentrations despite internalization of the nanoparticles into all compartments of
the cells [105]. Another way for the local delivery of Ga(Ill)-tetraphenyl porphyrin was by
its conjugation to Pt nanoparticles (average size around 30 nm) [106]. Bactericidal properties
against S. aureus were demonstrated under visual light illumination. However, the non-conju-
gated Pt nanoparticles were not tested, so it is not clear how large their contribution was and
to what extent they were only deliverers of Ga(IIl)-tetraphenyl porphyrin. First investigation
on antibacterial performances of elemental Ga nanoparticles [107] confirmed activity against
P. aeruginosa with MIC at 0.1 mg/ml, low toxicity at this concentration and wide therapeutic
window, which gives a good promise to this material for further investigations and design
for biomedical applications.

3.7. Nanostructured MgO

MgO exhibits a broad range of antimicrobial activities against both Gram-positive and
Gram-negative bacteria comparable to ZnO [107]. The molecular mechanism of MgQO's
antibacterial activity is still unclear. Some reports show dominant role of ROS which cause
lipid peroxidation and diffuse inside the cell and cause cell death [108-110]. Other reports
show non-ROS mechanism and suggest polar interaction with components of the cell wall
(e.g. lipopolysaccharides), which cause membrane disintegration and bacterial death [111]
similar to antimicrobial peptides [112]. In both mechanisms” descriptions, the surface defect
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sites were related to the production of ROS. In the latter case, generation of ROS species
was attributed to defects in general [111]. In the former case, oxygen could be reduced at
the surface oxygen vacancy [109]. This is consistent with the mechanism of ROS species
generation at the surface of MgO. However, for this to happen, energy is required to support
electron transfer from vacancy towards the molecular oxygen [113]. Other mechanism of ROS
generation was completely ignored in explanation of MgO antibacterial activity [113]. Till
date, the following properties of MgO are known: (i) MgO exhibits contact-based antibacte-
rial action [108]; (ii) increasing the pH in bacterial suspension due to MgO hydration did not
contribute to its antibacterial activity [108]; (iii) dissolved Mg?" were not causing harm to bac-
teria [108]; (iv) AFM and SEM morphology studies confirmed deterioration of bacterial mem-
brane, which indicated membrane leakage [111, 114]; (v) TEM study showed lack of MgO
particle internalization in bacteria, which indicated that MgO particles are “doing the dam-
age” outside of the bacteria [111]. It has been shown that the bactericidal potential of MgO is
proportional to its specific surface area. The MgO with the highest specific surface area (BET)
exhibited the most effective antibacterial activity [115]. Improvement in the effectiveness of
the bacteria/surface contact is also achieved by Li-doping which enhanced the creation of
oxygen vacancies and improved antibacterial activity [116]. The strength of the nanopar-
ticle interaction is inversely proportional to the size, i.e. smaller particles exhibited stronger
agglomeration [117]. The agglomeration could strongly influence the further processing of
MgO nanoparticles [118]. MgO particles containing microrods exhibited moderate antibac-
terial activity, while nano-textured microrods showed strongly improved antibacterial activ-
ity. As-prepared particles exhibited reduced agglomeration, lower specific surface area and
improved bactericidal potential when compared to the commercial MgO nanoparticles. We
attributed the difference in antibacterial activity to a reduced concentration of non-emissive
defects at the surface of nano-textured MgO microrods [118]. Magnesium is the second most
abundant intracellular cation in the human body [119] essential in many physiological pro-
cesses like enzyme activity, membrane processes, functioning of muscle and neural tissue,
and so on. [119]. The clinical study showed the ability of MgO to reduce hypertension (1g
for 21 days) [120]. Although in vitro studies pointed out toxic effect of MgO on human cells
[121], at a concentration of 0.2 mg/ml in suspension MgO particles were able to eliminate
bacteria while at the same time showed potential to exhibit bioactive properties on the cells.
In this context, there is a possibility to exploit multifunctional properties of MgO to design
medicine-relevant devices, which exhibit both bioactive and antimicrobial properties.

3.8. Nanostructured V,0,

Recent studies have highlighted the ability of nanostructured V,0, to mimic the myelo-
peroxidase activity [122, 123]. The activity is a characteristic of enzyme in human neutro-
phils, which eliminate bacteria via the catalysis of the hydrogen-peroxide-to-hypochlorite
transformation in the presence of chloride ions [124]. This biomimetic property of V,O, was
effectively utilized for the processing of an anti-biofouling ship-hull coating using sea water
as a source of hydrogen peroxide (100 nM) [123]. However, it has been shown that V,O,
generates ROS on its own [125], which indicated the possibility to perform a unique mode
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of antibacterial activity with a two-step mechanism: (i) generation of ROS and (ii) trans-
formation of the generated ROS to antibacterially more potent hypochlorite ions. The use
of V,0, in medicine is limited by its relatively high solubility in aqueous media (>1 g/L).
So-formed, high concentrations of vanadate ions are toxic to human cells [126, 127]. In vitro
studies also showed their bi-phasic nature, as these ions stimulate proliferation of various
types of mammalian cells at low concentrations (up to 10 uM) [128, 129]. They exhibit an
insulin-mimicking action via the inhibition of tyrosine phosphatase [130]. Orally adminis-
tered vanadates in rat models stimulated the orientation of the fibroblasts in parallel arrays
early in the tissue-repair process, i.e., vanadate ions can accelerate tissue repair [131-133].
Vanadates improved the bone-formation rate, mechanical strength and mineralization [134],
while the pro-oxidant potential of vanadates was not revealed in erythrocytes [135]. These
studies confirmed the bioactive potential of vanadate ions when they are properly delivered,
which might be effectively applied when designing the antibacterial drug-delivery system to
enable controlled delivery of vanadate ions.

4. Concluding remarks

Antibacterial ions are prone to similar problems as antibiotics, i.e., biodistribution and
bacterial resistance. Nevertheless, they offer new options, especially for local delivery,
and the antibiotic resistant bacteria are not always resistant also to antibacterial ions, even
though Cu- and Ag-resistance genes have been found associated with antibiotic resistance
genes in a few cases. On the other hand, the major problem of nanoparticles is their non-
selectivity and consequent toxicity for eukaryotic cells. For this reason, current findings
are still far from a good substitution of antibiotics. It is very good that nanomaterials
have many targets as opposed to antibiotics. This implies that they could be the solution
for antibiotic resistance. But, the problem is that many of the targets are not specific for
bacteria, in contrast to antibiotics. Particularly, the production of free radicals and reac-
tive oxygen species in the absence of any cells needs to be avoided. Designing a wide
therapeutic window (antibacterial activity at low concentrations and cytotoxicity at high
concentrations of inorganic agent) is one of the greatest challenges for the application of
inorganic antimicrobial agents. The possibility to modulate therapeutic window has the
decision-making role in the perspective of inorganic antimicrobial agents as an alternative
antimicrobial strategy.
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Abstract

The ascending anxiety regarding antimicrobial resistance as well as the recalcitrant
nature of biofilm-associated infections call for the development of alternative strategies
to treat bacterial diseases. Nanoparticles have been considered as one of the emerging
and promising platforms in this respect. Their unique physical and chemical properties
may lead to fine-tuned interactions between them and bacteria. In this chapter, we aim
to provide an overview on the use of nanoparticles as antimicrobial agents. Both anti-
bacterial and anti-biofilm activities of nanoparticles and their current approaches will be
reviewed. The in vitro methods that are used to evaluate the potency of nanoparticles as
antimicrobial agents will be discussed in detail.

Keywords: antibacterial agents, nanoparticles, antibacterial resistance (AMR), anti-biofilm
agents, in vitro methods

1. Introduction

The term antimicrobial was derived from the Greek words anti (against), micro (little), and bios
(life), and it refers to all agents that act against microorganisms. Thus, antimicrobials include
agents that act against bacteria (antibacterial), viruses (antiviral), fungi (antifungal), and pro-
tozoa (antiprotozoal). Among these, antibacterial agents are by far the most widely known
and studied class of antimicrobials. Nowadays, the emergence of antimicrobial resistance
(AMR) among the microbial pathogens greatly increases the threat generated by bacterial
infections. Drug-resistant bacteria lead to poor clinical outcomes increasing health care costs
and mortality. In the US, the estimated health care costs associated with the treatment of
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infectious diseases are annually more than 120 billion dollars, and further, treatment of infec-
tions caused by resistant pathogens costs 5 billion dollars per year [1]. According to the US
Center for Disease Control and Prevention (CDC), more than two million antibiotic-resistant
infections occur every year in the US and they lead to 23,000 deaths [2]. In the European Union,
antibiotic-resistant infections are responsible for 25,000 deaths every year [3]. Both Gram-
positive, especially methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
Enterococcus faecium (VRE), and drug-resistant Streptococcus pneumoniae, and Gram-negative
bacteria, namely multidrug-resistant Acinetobacter baumannii (MRAB), carbapenem-resistant
Enterobacteriaceae (CRE), and Pseudomonas aeruginosa, display resistance to multiple drugs and
are of serious concern [4]. In addition, biofilm formation complicates treatment of various
infections. Biofilm-related infections, such as chronic wounds and urinary tract infections,
pneumonia in cystic fibrosis patients, and infections related to the use of medical devices,
comprise up to 80% of all human bacterial infections, and affect millions of people resulting
in up to 550,000 deaths every year [5-7]. The emergence of AMR has been mainly attributed
to the inappropriate and excessive use of antimicrobials in humans and animals. In many
countries, unregulated availability of antibiotics without prescription results in promotion
of overuse [8]. Further, inappropriate prescription of antibiotics also contributes to the pro-
motion of resistant bacteria. The reports have shown that the diagnosis, choice of treatment
agent, or duration of antibiotic therapy were incorrect in 30-50% of the cases [9], and 30-60%
of antibiotics prescribed in intensive care units have been inappropriate or unnecessary [10].
Extensive agricultural usage of antibiotics in livestock as growth supplement is another rea-
son of excessive consumption of antibiotics by humans, through the intake of resistant bacte-
ria in the food supplies.

It is estimated that more than 70% of all pathogenic bacteria are resistant to at least one of
the conventional antibiotics [11]. Antimicrobial resistance is acquired on both cellular and
community levels [12]. Acquirement and dissemination of resistance genes is a process that
occurs over time. Nevertheless, the evolution of bacterial resistance is substantially acceler-
ated by the dispensable use of antibiotics [13]. Further dissemination of resistance genes
between bacterial species has led to the emergence of multidrug-resistant (MDR) bacteria
[14]. Community level of resistance is caused by biofilm formation [15]. However, when
it comes to biofilms, the genetically transferable, conventional resistance mechanisms are
not the leading cause of decreased antimicrobial susceptibility [7]. Bacterial biofilms are
structured communities of bacteria embedded in a matrix of extracellular polymeric sub-
stances (EPS) that can be formed on variety of surfaces, such as tissues and medical devices
[16]. Biofilm is a transient phenotype that makes even sensitive bacteria without known
genetic basis for resistance to display remarkably reduced susceptibility to antimicrobials
and host immune responses [17]. Many factors contribute to the antimicrobial tolerance of
biofilms. First, biofilm matrix can restrict penetration of antibiotics and protects the cells
from detrimental insults [18]. Secondly, biofilms comprise a heterogeneous population of
cells that are in different physiological states due to decreasing oxygen and nutrient gradi-
ents existing between the surface and deeper layers of biofilms. For example, cells located in
the deepest part of the biofilm tend to display a slower growth rate and, therefore, are less
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susceptible to antibiotics that are developed against dividing cells [19, 20]. Further, the non-
dividing, dormant population of bacteria, referred also as persister cells, is in well-protected
mode and highly tolerant antibiotics. These cells survive even from prolonged antibiotic
treatment and serve as reservoirs for infections [21]. Consequently, biofilm bacteria can be
up to 1000 times more tolerant to antimicrobial agents than planktonic cells of the same
species [22].

Despite this, pharmaceutical companies have substantially declined investments in antimicrobial
drug discovery during the past few decades [23]. Antimicrobial drug discovery is not economi-
cally attractive, and regulatory requirements have become very challenging [3, 24]. The need of
novel bactericidal agents has increased due to the emergence of multi-drug resistant bacterial
strains and biofilm-associated infections. Consequently, attention has been especially devoted
to emerging nanoparticle-based materials in the field of antimicrobial therapies. In this chapter,
the existing nanoparticles as antimicrobial means and the current in vitro test methods that will
ease clinical translation of nanomaterials by establishing in vivo relevant data will be described
and discussed.

2. Nanotechnology-based antibacterial therapies

Antibacterial applications of nanotechnology are gaining importance to prevent the cata-
strophic consequences of antibiotic resistance. Nanotechnology can be implemented as pre-
ventives, diagnostics, drug carriers, and synergetics in the antibacterial therapies.

The unique properties of nanomaterials compared to its bulk form make them favourable
for antibacterial therapies. Many inorganic and organic nanomaterials represent inher-
ent antibacterial properties that are not expressed in their bulk form. Fast and sensitive
bacterial detection can be provided with nanoparticle-based approaches. Furthermore,
nanoparticles offer discrete advantages as antibacterial drug delivery systems. They can
be designed as targeted, environmentally responsive, combinatorial delivery systems [25].
Another approach of nanomaterials for the antibacterial therapy is as vaccine that contains
nanoparticles as adjuvants or delivery vehicles, which provoke immune responses against
bacterial infection. In the following parts in section 2.1 and 2.2, the existing nanotechnolo-
gies for the antibacterial delivery systems and inherently antibacterial nanoparticles will be
discussed in detail.

2.1. Nanomaterials as antibacterial delivery systems

The existing disadvantages of conventional antibiotics can be solved to some extent by using
nanomaterial-based antimicrobial delivery systems. In such approaches, the conventional
antibiotics can be loaded into the nanoparticles through physical encapsulation, adsorption,
or chemical conjugation. By this way, the pharmacokinetics and therapeutic index of the drug
can ideally be improved compared to the free form of the drug. The aimed-for advantages are
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provided by the improved serum solubility, prolonged systemic circulation lifetime of the
drug, targeted delivery of the drug to the site of infection, sustained and controlled release
of the drug, and also combinatorial drug delivery to the site of interest that could be reached
by virtue of the nanoscopic delivery system [26-28]. This rationale of nanotherapeutics in
this case aimed to enhance the therapeutic effect and minimize the side effects of antibiotics,
starts with the appropriate design of nanoparticles. In nanoparticles design, the particle size,
surface properties, and the release profile of the therapeutic agent have vital impact on the
success of the therapeutic approach. Various nanoparticles-based drug delivery systems have
been designed and investigated for improving the efficacy of antibiotics of the administered
drugs, the most common of which shall be outlined in the following.

Lipid-based nanoparticles are widely used for the delivery of antibacterial agents. They can
be designed as liposomes, solid lipid nanoparticles (SLN), and nanostructured lipid carriers
(NLC). Liposomes are one of the most studied nanosystems for antimicrobial therapy in
various diseases. Liposomes are spherical lipid vesicles with bilayered membrane struc-
ture, consisting of amphiphilic lipid molecules. Since their structure is similar to the bacte-
rial cell membrane, efficacious interaction between liposomes and cells can be obtained.
These interactions may create adsorption, endocytosis, lipid exchange, and fusion of the
liposomes. Especially, the design of liposomes that cause fusion and is known as fusogenic
is the most attractive one in the sense of efficiency. Fusogenic liposomes are able to desta-
bilize the bacterial membrane and release their therapeutic content inside the cells [29, 30].
The structure of liposomes, where an aqueous cavity is surrounded by lipid membranes,
empowers them to transport both lipophilic and hydrophilic drugs (in lipid bilayers and
aqueous compartments, respectively) without chemical modification, protecting them from
degradation [31]. SLNs are composed of a solid lipid core stabilized by surfactants and are
moderately amorphous structures in which bilayers are not distinguished. They can provide
long-term stability and better incorporation efficacy for hydrophobic drugs and can be eas-
ily scaled-up in production. NLCs were developed in order to overcome the limitations of
SLNs regarding low-loading capacity for nonhydrophobic drugs and their stability issues.
In the NLC structure, liquid lipids are used to stabilize the construct, which allows a bipha-
sic drug release profile with initial burst release continued with sustained drug release.
Liposomes have shown to be successful in combating resistant pathogens. Especially, their
modified designs are used to improve the potency of formulations in bacterial resistance
and clearance [32]. Additionally, researchers have confirmed the feasibility of SLN and NCL
as drug carriers, however, their advantages over liposomes have not been confirmed with
human data [33]. Most of the research on SLN and NCL as antimicrobial carriers are still in
the preclinical stage.

To date, a significant number of reports on the activity of antibiotic-conjugated polymeric
nanoparticles against various infections, including those caused by drug-resistant pathogens,
have been published [34]. Notably, high biocompatibility of these structures, additional to
improved pharmacokinetic properties, supports the potential of these nanosystems as new
tools to treat infections. Polymeric nanoparticles can be prepared from natural and synthetic
polymers with the prerequisite of biocompatibility and biodegradability. In the polymeric
antibacterial drug delivery systems, drug molecules can be incorporated in the internal
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part of the particles, on the surface of polymeric nanocarriers with covalent or non-covalent
bonds, imprinted in the polymeric nanoparticles or encapsulated in the stimuli-responsive
shell of polymeric nanoparticles [34]. The encapsulation route of the drug into the polymeric
nanoparticle drug delivery system plays a key role in the nanocarriers” pharmacokinetic pro-
file. The action mechanism of the polymeric nanoparticles is defined by the physicochemical
properties and the composition of the particles. Polymeric nanoparticles may interact with
the bacterial cell wall via passive or active targeting. Passive targeting is based on particle
size and the ability of particles to disturb the structure of bacterial membrane leading to pore
formation in the membrane. For active targeting of polymeric nanoparticles, the surface of
polymeric nanoparticles is usually functionalized with specific antibodies and aptamer bac-
teriophage proteins providing specific identification for the detection of pathogens and inter-
action between the particles and pathogens. The reported studies reveal that both the active
and passive targeting strategies to deliver antimicrobial agents with polymeric nanoparticles
improve their activities compared to their free forms [35-37].

Dendrimers are highly branched macromolecules employed as antibacterial drug delivery
systems. The unique properties of dendrimers, such as well-defined 3D structures, available
functional groups, and their ability to mimic cell membranes, make them potential drug car-
riers. Both hydrophobic and hydrophilic drug molecules can be incorporated separately or
at the same time into dendrimer structures. Lipophilic molecules can be incorporated inside
the cavity of dendrimers, and hydrophilic agents can be covalently or physically attached to
the surfaces of dendrimers. The antibacterial can be used in the building of dendrimer blocks,
whereby the synthesized dendrimers themselves become potent antimicrobials. Dendrimers
aid to improve the solubility, penetration, and controlled release of the drug molecules.
Currently, the existing research in the design of dendrimers as antibacterial drug delivery
systems also focuses on species-selective dendrimer biocide formulations. For instance, pep-
tide, glycol, and glycopeptide dendrimer designs provide effective therapy for the bacterial
infections.

An inorganic nanomaterial, in contrast to the organic materials listed above, which has also
shown promise for antibacterial therapies is mesoporous silica nanoparticles (MSNs). In the
design of MSN-based drug delivery systems, their advantageous characteristics (biocom-
patibility, high surface area, tunable particle diameter, mesoporous structure, and ease of
functionalization) have been exploited. The designs with targeted and sustained release mech-
anisms make them powerful candidates also for antibacterial therapies. In the use of MSNss as
drug delivery vehicles for antibacterial therapeutics, their surface functionality along with the
size and shape are crucial parameters to improve and optimize the efficacy [38]. Their surface
functionalities can be modified to target both planktonic bacteria and biofilms [39]. In recent
studies, the utility of MSN for efficient antibiotic delivery [36, 40, 41] and hybrid antibacterial
materials preparation by incorporating antibacterial enzymes [42], peptides [43], metal ions/
particles [44], and polymers (surface modifiers) [45] to MSNs has been reported.

For rational and efficient utilization of these nanomaterial-based drug delivery systems,
systematic investigation of pharmacokinetics and biodistribution should be carried out. The
pharmacokinetics and biodistribution of nanoparticles are defined by their physicochemical
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properties [38]. Apart from their physicochemical properties, the administration routes
and their elimination from the body need to be systematically evaluated. Hence, thorough
evaluation of the current nanoparticle-based drug delivery systems in antibacterial therapies
is important for their translation into the clinic. To date, four liposomal/lipid complex drug
delivery systems for antibiotic delivery have been approved for use in human patients, includ-
ing Abelcet, AmBisome, Amphotec, and Fungisome [46]. This should come as no surprise
with regard that a liposomal formulation was the first nanodrug to hit the market in 1995
(Doxil®), and they have been studied since the early 1980s.

2.2. Nanomaterials as active antibacterial agents

Various types of inorganic and organic nanoparticles have been utilized as antibacterial agents.
The inherent antibacterial properties of some metals and metal oxides have been known for cen-
turies. An important advantage of antibacterial metal and metal oxide nanoparticles is that they
have multiple modes of action, which is why microbes can scarcely develop resistance to them.

Among the inorganic antibacterial particles, silver nanoparticles are the most intensively
investigated ones and capable to kill both Gram-positive and Gram-negative bacteria, having
even shown to be effective against drug-resistant species [46]. Besides silver nanoparticles,
other metal nanomaterials have also been studied for antimicrobial treatment, including
gold [47], copper [48, 49], tellurium [50, 51], and bismuth [52]. Moreover, many studies have
revealed the antibacterial activity of metal oxide nanomaterials, such as zinc oxide (ZnO) [53],
copper oxide (CuO) [54, 55], magnesium oxide (MgO), nitric oxide (NO) [56], titanium dioxide
(TiO,) [57], aluminum oxide (AL,O,) [58], magnetic iron oxide (a-Fe,O,) [59], and cerium oxide
(CeQ,) [60] nanoparticles. The toxic mode of metal and metal oxide nanoparticles against
bacterial cells has been associated with ROS generation and membrane disruption [61].
According to literature findings, the release of ions is designated as the driving force behind
the antimicrobial properties of antibacterial nanoparticles.

Cationic polymeric nanoparticles have been considered as promising organic antibacterial
nanoparticles. They can be composed of natural or synthetic cationic polymers. The antibacte-
rial polymeric nanoparticles kill microorganisms upon their contact with bacterial cells due to
the strong interaction of their cationic surfaces with the bacterial cells [62]. The mechanisms
of action have been proposed for how these cationic groups are able to disrupt the bacterial
cell membrane, with some requiring hydrophobic chains of certain lengths to penetrate and
burst the bacterial membrane. Moreover, different polymeric nanosized antibacterials with
long-term antibacterial activity, chemically stable, and ability to bind to surfaces of interest
have been reported. These include lipid nanoparticles, quaternary ammonium polyethylenei-
mine-incorporated polymeric nanoparticles [63, 64], chitosan [65], and self-assembled peptide
nanoparticles [66]. In addition to the above-mentioned metallic and polymeric nanoparticles,
carbon-based nanostructures have shown antibacterial effects. For instance, the antibacte-
rial activity of fullerene [67] and carbon nanotubes [68, 69] (single-walled or multi-walled)
derivatives have been observed. However, the antibacterial mechanism of carbon-based nano-
structures is still under debate and has not received particular attention, possibly due to the
difficulties of their dispersion in water, especially in case of the carbon nanotubes [70].
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3. Advantages and challenges of nanotechnology-based antibacterial
treatments

Promising approaches for the effective delivery of therapeutic compounds can be provided
by the use of nanoparticles as drug carriers. Literature findings and clinical results have
surely presented several clinical advantages of antimicrobial nanoparticles and their utiliza-
tion as drug carrier systems. Antimicrobial nanoparticles are of great interest as they provide
a number of benefits over free antimicrobial agents. In detail, nanocarriers can conquer the
solubility and stability issues and reduce side effects [62]. With the use of nanocarriers in the
delivery of drugs, combination drug therapy can be achieved by incorporating two or more
drugs or different therapeutic modalities into the carrier matrix. The surface modifications
can be carried out by conjugating targeting ligands on the nanocarriers that are not known
by the immune system and specifically targeted to special microorganisms. Administration
of antimicrobial agents using nanoparticles can increase the overall pharmacokinetics by
progressing therapeutic index, extending drug circulation, and providing controlled drug
release. Multiple mechanisms of action can be provided by the antibacterial nanoparticles,
which prevent the development of antibacterial resistance by many pathogenic bacteria.
Several routes of administration, including oral, nasal, parenteral, intraocular, and so on, can
be employed with the nanotechnology-based antibacterial treatments.

The significant advantages of nanomaterials as antimicrobial agents are their modularity
in design, enabling a multimodal approach that makes it especially difficult for bacteria to
develop resistance mechanisms against these. Namely, a nanotechnology-based antibacterial
agent can be constructed out of several components that possess antimicrobial activities in
themselves, such as, for instant, be composed of an antibacterial core material (e.g. metal or
metal oxide) surrounded with an antibacterial polymeric shell or coating, in which antibiotic
drugs could be incorporated [71]. The core material could further be “prickly,” which physi-
cally can destroy the bacterial cell wall by a “nano-piercing” process once the polymeric shell
has been dissolved, leading to the disruption of bacterial integrity and lysis, as presented
in a recent study by Wu et al. where zinc-doped copper oxide prickly nanoparticles exhib-
ited high bacterial killing efficiency owing to the provided core particle nanostructure [72].
Furthermore, varying possibilities for combination therapy together with existing (commer-
cial) antibiotics to reach synergistic effects are evident [14, 73, 74].

Although nanoparticle-based antibacterial treatments promise significant benefits and
advances in addressing the key hurdles in treating infectious diseases, there are challenges in
translating this exciting technology for clinical use. These include thoroughly evaluating the
interactions of nanoparticles with cells, tissues, and organs, which accordingly recalibrates
doses and identifies proper administration routes to obtain desired therapeutic effects. Hence,
to provide a clinical translation of nanomaterials, standardized in vitro experimentations that
will provide in vivo relevant data should be established [75]. In section 4, we describe existing
in vitro methods for testing antimicrobial activity. In addition, the current methods commonly
employed in testing the antibacterial and anti-biofilm activity of nanoparticles are discussed
with the relevancy and pitfalls.
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4. Methods to study antimicrobial activity in vitro

Traditionally, antimicrobial research has focused on planktonic bacteria, and there is a
variety of test methods available for evaluation of antimicrobial activity against planktonic
cells [76]. The Clinical and Laboratory Standards Institute (CLSI) and European Committee
on Antimicrobial Susceptibility Testing (EUCAST) are the major contributors to harmo-
nized antimicrobial susceptibility testing (AST) providing uniform procedures for testing
and analysis of antibacterial activity. CLSI standards clearly define the specific and essen-
tial requirements for materials, methods, and methodologies that need to be followed
without any modifications because deviations from the approved procedures might affect
the experimental outcome [77]. All the critical elements for the testing, such as the culture
medium, inoculum density, and incubation conditions, are listed. Unlike the antibacterial
assays, standardized methods for anti-biofilm studies are scarce. No standard methods have
been approved by CLSI or EUCAST for evaluation of antimicrobial activity against biofilms.
Altogether, five standards (ASTM E2196, ASTM E2647, ASTM E2562, ASTM E2799, and ASTM
E2871) set by the American Society for Testing and Materials (ASTM) exist, and they all are
applicable as such only for Pseudomonas aeruginosa biofilms [78]. Moreover, only one standard
is intended for susceptibility testing. Further, due to distinct phenotype and heterogeneity of
biofilm bacteria, conventional in vitro methods used for assessment of bacterial susceptibility
to antimicrobials are not appropriate for biofilm-growing bacteria [79]. Lack of standardiza-
tion makes a comparison of the test results difficult, and further, can lead to the generation of
conflicting data between studies since the experimental outcome is strongly dependent on the
assay conditions and materials employed in the testing.

4.1. Antimicrobial susceptibility testing

In vitro susceptibility assays are performed to assess the antimicrobial susceptibility of microor-
ganisms in order to provide efficient treatment for infections [80]. Moreover, they are used for
resistance surveillance and in research laboratories to study antimicrobial activity of antimicrobial
agents. Determination of the minimum inhibitory concentration (MIC) is the most widely used
measure of the antimicrobial susceptibility of microorganisms. The MIC is defined as the lowest
concentration of an antimicrobial (expressed as mg/L or pg/pL) required to inhibit the visible
growth after overnight incubation. In addition, the minimum bactericidal concentration (MBC) is
frequently used. The MBC refers to the lowest concentration of an antimicrobial that kills 99.9%
of the original inoculum after a certain incubation period (Figure 1). These measures can be eas-
ily achieved and compared with each other when standardized methodologies and protocols are
followed. A number of guidelines and standardized protocols for MIC and MBC determinations
exist that include information on each step of the testing, ranging from storage and preparation of
antibiotic stocks to interpretation of the results against particular microorganisms [81].

4.1.1. Dilution methods

Dilution methods are used to determine the MIC values of the antimicrobial agents. Moreover,
they serve as reference methods for antimicrobial susceptibility testing. The minimum inhibitory



Current Approaches for Exploration of Nanoparticles as Antibacterial Agents
http://dx.doi.org/10.5772/68138

concentration can be determined both on agar (agar dilution) and in broth (broth dilution).
Standards for agar and broth dilution techniques used to assess the in vitro susceptibility of
aerobically grown bacteria are described in CLSI document M07-A9. The document covers
the performance, experimental conditions, reporting of the minimal inhibitory concentration
(MIC), quality control procedures, and limitations of the recommended methods.

When conducted on agar, a two-fold diluted series of the antimicrobial agent is incorporated
into agar medium followed by inoculation of standardized suspension of the given organism
onto the agar plate. Broth dilution can be performed in tubes (macrodilution, volume 2 ml)
or in microtiter well plates (microdilution, volume <500 pl) containing a two-fold diluted
series of antimicrobial agent prepared in the liquid growth medium that is inoculated with
a standard inoculum of bacteria followed by a defined incubation period under particular
conditions. After the incubation, the outcome is read based on turbidity or growth zones,
and the MIC is defined. The MIC value can also be utilized to distinguish between bacteri-
cidal and bacteriostatic activities. Alternatively, when using microdilution, the MIC can be
determined spectrophotometrically according to the EUCAST protocol [81]. In addition to
CLSI and EUCAST standards, ISO-20776-1 standard proposes acceptable performance criteria
for microdilution method. After broth dilutions, the MBC can be determined by sub-culturing
the samples from tubes or wells and plating on agar to determine the number of cells (CFU/
ml) after incubation for 24 h. Then, MBC is defined as the lowest concentration at which 99.9%
of the final inoculum is killed (Figure 1). The main advantage of the dilution method is a gen-
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Figure 1. Minimum inhibitory concentration (MIC) versus minimum bactericidal concentration (MBC).
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eration of quantitative data, the MIC value. Moreover, the assay is overall reproducible, and
small amounts of antimicrobials are needed when the microdilution method is utilized. By
contrast, large amounts of antimicrobial agents are needed in macrodilution testing. The main
disadvantage of the method is several steps in sample preparation, which in turn, increases
the possibility of errors.

4.1.2. Diffusion methods

Standards for antimicrobial disk susceptibility test are proposed in the document M02-A12 by
the CLSI. Specifications for the agar (type, depth), concentration range of the test antimicro-
bial, concentration of the microorganism and incubation conditions (time, temperature and
atmosphere) are included. Also, interpretation of the results, quality control procedures, and
limitations of the methods when used for susceptibility testing of aerobically growing bacte-
ria are described. Agar disk diffusion method is routinely applied to the in vitro susceptibil-
ity testing of bacteria. The Kirby-Bauer test is the most thoroughly described disk diffusion
method for which interpretive standards exist (Figure 2). A filter paper disc impregnated with
antimicrobials at different concentrations is placed on an agar plate, and the antimicrobial
diffuses from the disc into the agar around the disc. Thereafter, the plate is inoculated with
a standardized suspension of a microorganism followed by incubation. After the incubation
period, the growth inhibition zones around the discs are measured. The diameter of the zone
is depending on the antimicrobial susceptibility of microorganism. The disc diffusion test is
simple to perform, but it only provides qualitative data and categorizes microorganisms as
susceptible, intermediate, and resistant based on the susceptibility. Thus, it cannot be used
to distinguish between bactericidal and bacteriostatic effects. Commercially available zone
reader systems can be utilized to calculate an approximate MIC value by comparing the zone
size and standard curve of the bacteria and antibiotic stored in an algorithm [82].

4.1.3. Combined dilution and diffusion method

The antimicrobial gradient diffusion method is based on the establishment of an antimicro-
bial concentration gradient in the agar medium to measure the antimicrobial susceptibility.
Thin plastic test strips marked with concentration scale and impregnated with antibiotic
concentration gradient are placed on agar plates that have been inoculated with a standardized

Figure 2. Disk diffusion test and antimicrobial gradient diffusion method. On the left, agar plate showing zone of
inhibition by different antimicrobials of diameter of zones of inhibition refers to the susceptibility of a microorganism.
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inoculum (Figure 2). After incubation overnight, the experimental outcome is read, and the
MIC can be determined by the intersection of the lowest part of the ellipse-shaped growth
inhibition area with the test strip. E-Test is the commercially available test for this purpose.

4.1.4. Time-kill test

Time-kill assay is complementary to MIC and MBC determinations. It provides information
on the dynamic interaction between the antimicrobial and microorganism, thus revealing
whether the antimicrobial effect is time or concentration dependent. Such activities can be
investigated utilizing the standard protocol M26-A by CLSI and ASTM2315. These protocols
are frequently modified. Time-kill assay is usually conducted at a concentration twice or four
times the MIC. Standardized inoculum is added to a nutrient broth containing the antimicro-
bial at various concentrations. A sample is taken from each concentration at the inoculation
time and after selected time points. Samples are serially diluted and viable plate counts are
performed. The kill curves are constructed by plotting the log CFU against time. A 3-log reduc-
tion in cell counts corresponding the killing of 99.9% is considered as significant antimicro-
bial activity [83]. Alternatively, measurement of luminescence can be utilized to determine the
time-kill relationship. Luminescence is detected by the ATP assay, in which adenosine triphos-
phate (ATP), an indicator for bacterial viability is quantified, and the number of viable cells is
determined based on the amount of ATP. The assay uses luciferase reaction, in which luciferin
is converted to oxyluciferin in the presence of molecular oxygen and ATP, and generates light
by luminescence. Luminescent signal is proportional to the number of viable cells [84].

4.1.5. Methods to study antimicrobial susceptibility of biofilms

Since conventional susceptibility testing methods are not applicable for biofilms, and the
MIC values do not provide a valid estimation of the antibiotic concentration needed to treat
biofilm-related infections, the minimum biofilm inhibitory concentration (MBIC) has been
determined instead. The MBIC determines the susceptibility of bacteria when the biofilm is
forming and refers to the lowest concentration of an antimicrobial, in which no visible growth
occurs after exposure to antimicrobial after the incubation period, and it can be recorded by
optical reading [85]. Based upon the viable plate counts, the MBIC is defined as the lowest
antimicrobial concentration in which there is no time-dependent increase in the mean number
of viable cells between two exposure times [86]. Moreover, the Calgary Biofilm Device (CBD)
can be used for determination of MBIC, as well as the minimum biofilm eradication concen-
tration (MBEC), which is defined as the lowest concentration of an antimicrobial required to
eradicate the established biofilms [87] along with susceptibility of planktonic bacteria (MIC)
[22]. The commercially available CBD consists of 96 pegs mounted on the lid of a 96-microtiter
well plate. Biofilms are first formed on the pegs for a defined time period. After the incubation
period, the lid is transferred to another 96-well plate containing antimicrobials in fresh culture
media at various concentrations. The MBEC is defined as the concentration of antimicrobial in
which no visible growth can be detected [88]. ASTM 2799 standard describes the operational
parameters required to grow, treat, sample, and analyze Pseudomonas aeruginosa biofilms
using MBEC assay. In this assay, the experimental outcome is reported as log10 colony form-
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ing units (CFUs) per surface area, and the antimicrobial efficacy is assessed as the log10 reduc-
tion of viable cells. The experimental outcome can be evaluated using the CLSI guidelines for
interpretation. However, breakpoints for resistance are not available, and those for planktonic
bacteria are not applicable for biofilm bacteria [86]. Even though the ASTM protocol describes
the specific experimental conditions only for P. aeruginosa biofilms, it can be used for other
species with some modifications.

4.2. Methods to assess the anti-biofilm activity

Several assays with distinct endpoints are essential for the determination of the antimicrobial
activity against biofilms. These assays rely on quantification of (i) viable cells in the biofilm, (ii)
total biomass and (iii) biofilm matrix. An ideal anti-biofilm agent would target biofilm viability,
biomass, and the matrix. Most of the assays are based on various staining methods. Several
models have been proposed for evaluation of antimicrobial activity on biofilms. Depending on
the flow of nutrients and bypass the waste products, biofilm models can be classified as closed
and open systems [89]. Microtiter well plate-based assays are the most commonly used, while
the Calgary biofilm device, substratum suspending reactors, and the flow cell system are the
most widely used biofilm models for in vitro susceptibility testing [79]. Because the experi-
mental outcome is affected by the choice of the model system, it is utmost important to select a
model, in which biofilms can be formed in conditions close to in vivo settings.

4.2.1. Crystal violet staining

Crystal violet (Hexamethyl pararosaniline chloride, CV) assay is not only one of the oldest
but also most widely used staining methods applied to biofilm quantification [90, 91]. Crystal
violet is an inexpensive and basic dye that is used to measure the effects on total biomass of
biofilms. Crystal violet binds indifferently to both negatively charged bacteria and polysac-
charides present in the EPS. After staining, adsorbed dye is eluted in a solvent, such as acetic
acid or ethanol. The amount of the dye solubilized by the solvent is measured spectrophoto-
metrically, and it is directly proportional to biofilm biomass [92, 93]. Disadvantages of the
method are shortcomings in its dynamic range, laboriousness, and low reproducibility [92].
Experimental conditions, bacterial species, concentration, and nature of the solvent used, as
well as incubation time are crucial steps that affect the experimental outcome. Furthermore,
the assay does not sort out living or dead cells or biofilm matrix, thus not providing any infor-
mation on the number of living bacterial cells [93] and, more importantly, imprecise informa-
tion on the antimicrobial activity. However, the method can be used for both Gram-negative
and Gram-positive bacteria and fungi, but the optimal assay conditions, such as temperature,
incubation time, and solvent, vary between species [94, 95].

4.2.2. Resazurin staining

Resazurin, also known as alamar blue (7-hydroxy-3H-phenoxazin-3-one-10-oxide), is a non-
invasive, non-fluorescent dye, whichis reduced to resorufin, a pink, fluorescent dye as a result of
metabolically active cells and bacterial viability. Resorufin is detected spectrophotometrically
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to determine the viable cells [96]. Resazurin staining assay can be used to assess the antimi-
crobial activity based on the effects on viability of various microorganisms grown in suspen-
sions or as biofilms [97]. However, time of resazurin reduction is species and strain specific.
Consequently, the experimental conditions, such as incubation time and resazurin concentra-
tion, need to be optimized to obtain reproducible data [93, 98].

4.2.3. Fluorescein diacetate (FDA) assay

The assay is used to measure nonspecific esterase activity of viable microbial cells that con-
verts colorless, nonfluorescent FDA to fluorescein, which is a green fluorescent compound
that can be quantified fluorometrically [88]. The assay is not widely used because the dye
rapidly leaks from the cells and is unstable. Moreover, hydrolysis of FDA to fluorescein in the
absence of live cells and quenching of fluorescence by assay solutions may also occur under
certain conditions, thus making the reliability of the assay questionable. However, the assay
enables biofilm quantification without removing biofilm from the place where it has been
formed, allowing the quantification of entire biofilm [84, 99].

4.2.4. Other viability assays

Biofilm viability can be assessed using tetrazolium salt reduction assay, in which tetrazolium
salts, such as MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), XTT
(2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide), and MTS (3-[4,
5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium), are
reduced to formazan dyes. The color change can be quantified spectrophotometrically. The
amount of formazan dye produced is proportional to the number of viable cells. However,
the amount of reductase enzyme produced by cells is dependent on metabolic activity [100,
101]. In other words, cells that are metabolically less active when encased in a biofilm produce
also reduced amount of reductase enzyme that can lead to identification of artificially low
quantities of cells when viable cells are detected using this assay. Moreover, high densities of
bacteria may produce the maximum amount of formazan product leading to optical densities
comparable with even higher cell densities [102].

4.2.5. Viable plate counts (colony forming units)

Viable plate counts (colony forming unit counting) are used to assess the biofilm viability
based on cell counting. The assay can be used to evaluate the efficacy of antimicrobials to
prevent biofilm formation or eradicate pre-formed biofilms, respectively [103]. Depending on
the assay mode, bacteria and antimicrobials are added simultaneously to the microtiter well
plates or biofilms are first allowed to form followed by the exposure to antimicrobial. After
an incubation period, biofilms are dislodged and disaggregated. The resulting suspensions
are carefully homogenized, for example, by vortexing or sonication [93]. Subsequently, sus-
pensions are serially diluted and plated or spread on agar. Colony forming units (CFUs) per
surface area or volume are counted after an incubation period. The experimental outcome can
be evaluated as reduction in CFUs compared to untreated control biofilms. The method gives
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accurate information on bacterial viability [94]. However, it is regarded as a time-consuming
and laborious methodology because of serial dilutions and plating. Additionally, special
attention needs to be addressed to the detachment and disaggregation steps to avoid false
negative/positive results. The complete recovery and disaggregation of biofilm need to be
ensured by applying methods that do not affect viability of the biofilm cells [93, 104].

4.3. Testing of antimicrobial activities of nanoparticles

With respect to the evaluation of antimicrobial activity of nanoparticles, only one specific stan-
dard is set by the International Organization for Standardization (ISO), and it is intended for
determination of the antimicrobial potency of silver nanoparticles against Staphylococcus aureus
by measuring the release of muramic acid using gas chromatography-mass spectrometry
(GC-MS) [105]. Thus, conventional methodologies for antimicrobial susceptibility testing
have been not only adapted but also modified for investigation of antimicrobial activity of
various nanoparticles [102]. In antimicrobial testing, experimental outcome is affected by
many factors, such as solvent, inoculum preparation, type of the culture media, and incu-
bation conditions, and these factors have been also found to be influential when testing
antimicrobial activities of nanoparticles [76, 106]. For example, choice of the culture media
can have a substantial impact on antimicrobial activity of nanoparticles. Media composition
and its pH may affect the experimental outcome because of the impact on physicochemical
properties of nanoparticles, and further, media type (solid vs. liquid) has found to profoundly
influence the antimicrobial activity of nanoparticles [1, 107, 108].

Both standardized and modified microdilution and macrodilution methods have been applied
to the determination of MIC and MBC values to evaluate the antimicrobial susceptibility of se-
veral microorganisms to nanoparticles [76, 109, 110-116]. Additionally, resazurin staining assay
has been employed to determine the MIC. The MIC was recorded as the lowest concentration
at which color change from blue to pink occurred [117]. Even though standardized antimicro-
bial susceptibility testing protocols can be followed, no standards describing the synthesis of
nanoparticles exist. Differences in the synthesis methodology are known to impact the particle
size and chemical composition of the nanoparticles, which, in turn, can further affect the anti-
microbial activity and cause variability in the experimental outcome [1, 118]. Hence, the impact
of such factors has to be taken into consideration when results between studies are compared.

Diffusion methods can be applied alongside dilution assays to confirm the antimicrobial
susceptibility of microorganisms [108, 119, 120]. Agar disk diffusion tests performed both
according to the standardized protocols and with modifications are frequently used for sus-
ceptibility assessment and evaluation of antimicrobial activity of nanoparticles [109, 121-124].
Paper disc method has been employed as an alternative to standardized single disk method
[112]. Further, agar well diffusion assays have been successfully utilized for the evaluation of
antimicrobial effects of nanoparticles [120, 125, 126].

Antimicrobial effects can also be determined by reading the optical density [125]. Even though
measurement of optical density is a straightforward method, it is not the most suitable for
measuring the activity of nanoparticles because nanoparticles as such can also interfere with
the optical density [46, 127]. Viable plate counts have been frequently performed according to
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the various protocols to assess the antimicrobial efficacy of nanoparticles against both plank-
tonic and biofilm-growing bacteria [109, 128, 110-112, 116]. Samples can either be spread or
pipetted on agar plates followed by overnight incubation and determination of the number
of CFUs [116, 111, 113-115]. Especially, when quantifying the biofilm bacteria, efficient disag-
gregation of samples is of great importance to avoid false positive results.

Crystal violet staining is the most widely applied staining assay to investigate the antimicrobial
activity of the various nanoparticles against biofilm-growing bacteria [129, 130, 121, 116, 131,
132]. By combining assays that quantify different features of biofilms, more relevant informa-
tion on the activity of nanoparticles can be obtained. In that context, effects of nanoparticles
on biofilm inhibition have been studied using viable plate counts and crystal violet staining in
parallel [133, 134]. Additionally, LIVE/DEAD and crystal violet staining has been combined for
the same purpose [133, 134]. Crystal violet staining has been also used together with resazurin
staining assay to assess the impact of nanoparticles on total biomass, including the matrix com-
ponents and biofilm viability, respectively [135]. Further, crystal violet along with phenol has
been applied to quantify the effects on biomass and EPS [136]. Antimicrobial agents displaying
bactericidal effects have usually an impact on both viability and biomass, while antimicrobials
acting like detergents affect only the biomass [137]. Further, to distinguish between bactericidal
and bacteriostatic activities, LIVE and DEAD staining of bacterial biofilms can be conducted
using a combination of fluorescein diacetate (FDA) and propidium iodide (PI) dyes or by com-
mercially available LIVE/DEAD kit containing propidium iodide (PI) and SYTO9 fluorescent
dyes [136, 138]. Commonly used microtiter well plate-based assays are summarized in Table 1.

In order to gain information on the mechanistic action of nanoparticles, antimicrobial assays
can be conducted in two modes, prior to and post biofilm formation. In the pre-exposure
mode, nanoparticles and bacteria are simultaneously added, whereas in post-exposure mode,
biofilms are first allowed to form, followed by the exposure to nanoparticles. Crystal vio-
let staining has been used to evaluate the impact of nanoparticles on biofilm formation and
eradication, respectively [139, 140, 127, 141], and viable plate counts have been utilized in the

Assays Endpoint Read-out Planktonic Biofilm Ref.
bacteria

Measurement of optical ~ Growth Absorbance X X [119, 125]

density inhibition, MIC

Resazurin staining assay Viability, MIC Fluorescence X X [117, 136]

Tetrazolium salt Viability Fluorescence X X [111, 132, 142, 143]

reduction assay (MTT,

XTT, MTS)

Crystal violet staining Biofilm biomass, ~ Absorbance - X [132]

assay MBIC

Fluorescein diacetate Viability Fluorescence X X [143, 144]

(FDA) assay

Table 1. Microtiter well plate-based assays used to investigate antimicrobial activity of various nanoparticles.
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investigation of the antimicrobial efficacy of nanoparticles in the prevention of biofilm forma-
tion and eradication of pre-formed biofilms [111, 112].

5. Conclusion

There is a strong demand to develop novel antimicrobial materials, and the emergence of
nano-technology is creating a variety of options in this respect. Numerous nanoparticles
exhibit antibacterial activity against several bacterial species. Today, nanomaterials are a
promising platform to control bacterial infections in a broad range of applications. However,
the absence of standardizations in testing methods leads to inconsistency in results. The fore-
most requirement of the assays applied to the evaluation of antimicrobial activity is repro-
ducibility. Antimicrobial activity should be tested against various microorganisms, preferably
against representatives of both Gram-negative and Gram-positive species. Moreover, a com-
bination of several assays is preferred to confirm the activity. Several standardized method-
ologies exist for testing the antibacterial activity of conventional agents against planktonic
bacteria. These methods are not applicable for biofilms, and further, they do not allow the
prediction of the in vivo activity against biofilm-growing bacteria. The majority of the bacte-
rial infections are nowadays attributed to biofilm formation, standardized test methods are
urgently needed for more accurate evaluation of antimicrobial activity against biofilms. Even
though nanoparticles represent a prominent approach to combat both multi-drug resistant
and biofilm-related infections, lack of standardization of synthesis and testing methodologies
is a significant concern. Several assays have been reported so far to test the anti-biofilm activity
of nanoparticles-containing formulations. However, since antimicrobial assays are sensitive
to variation in assay conditions, only standardization of these methods enables comparative
analysis between studies.
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Abstract

In endodontic (root canal) treatment, a multispecies bacterial and fungal infection is pres-
ent in a place that is inaccessible to the host immune system and which offers physical
protection from applied topical agents. All current protocols for irrigation suffer various
deficits in performance, which is why further research on alternative approaches to using
antimicrobial substances is warranted. This chapter examines the technical and clinical
factors which influence the performance of antimicrobial biocide-based therapies used
in endodontics within dental practice, addressing issues around instability of biocides,
the influence of pH, the role of physical agitation and the challenge of penetration into
biofilms and into confined spaces. A range of methods to overcome the challenges in
performance are described, including novel solvents and vehicles for biocides, stabilizing
agents, physical agitation and the use of activation protocols including the use of intense
light, ultrasound and laser-generated shockwaves to improve the effect of biocides.
While specific examples are given from the dental setting of endodontics, the principles
have broader application to medicine and to general industry.

Keywords: biofilms, endodontics, biocides, ultrasonics, lasers, disinfection

1. Introduction

Antimicrobial agents which act as biocides have an important place in modern health care as
they overcome many of the limitations of antibiotic and antifungal medicines by attacking not
one but many targets, making the development of resistance through spontaneous mutation
difficult or impossible. There are a wide range of biocides in common use, and their major
mechanisms of attack on bacteria and fungi vary according to the agent chosen (Table 1).
Considering situations where infection is present and which are very challenging to treat with
antibiotics, the situation of the infected root canal is the focus of this chapter.
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Oxidation of biomolecules: Sodium hypochlorite (NaOClI), hydrogen peroxide (H,0,, ozone (O,), photoactivated
disinfection (PAD).

Cell membrane damage: Chlorhexidine (CHX), phenolic agents, calcium hydroxide (Ca(OH),), functional
antimicrobial peptides, nanoparticles (NPs) (including chitosan, gold (Au) and silver (Ag)).

Protein coagulation: Laser photothermal disinfection.

Table 1. Primary mechanisms of action of broad-spectrum antimicrobial agents.

In this particular clinical situation, there is a polymicrobial infection with multiple species of
bacteria as well as occasionally fungi also being present in a dense biofilm that penetrates into
the tubules of the dentine of the tooth root. The organisms and their products including endo-
toxins cause severe inflammatory reactions in the adjacent bone and soft tissues. The loca-
tion of the biofilm within the root canal system of the tooth makes it inaccessible to the host
immune system, while the tubules give physical protection from agents which are applied
topically. The goal of endodontic (root canal) treatment is to decontaminate the entire root
canal system; however, in many cases, viable bacteria remain at the end of treatment, causing
ongoing inflammation [1], with accompanying pain and other complications [2]. Retreatment
using either non-surgical or surgical methods is focussed on removing persisting microbial
contaminants [3].

2. The rationale for irrigation with disinfectant solutions

The use of physical instrumentation alone, such as files or ultrasonics, does not give ade-
quate debridement of the root canal system because of its complex three-dimensional
shape, but creates some space to permit better permeation of irrigation solutions [4, 5]. The
mainstay of microbial therapy is the application of multiple chemical agents as partners
to physical debridement. Most current protocols involve copious irrigation with 2.5-6%
solutions of sodium hypochlorite (NaOCI), supplemented in some cases with further treat-
ments using 2% chlorhexidine (CHX). The antimicrobial actions of such agents are related
to their concentration, viscosity and ability to wet the walls of the root canal system [6].
Clinical studies have shown that supplementary steps such as placing a paste of calcium
hydroxide (Ca(OH),) as an inter-appointment medications can further reduce the microbial
bioburden [7].

The properties of an ideal irrigation solution are listed in Table 2. None of the current agents
used alone fulfil all these requirements. This is why combinations of approaches and improved
formulation are such an important goal and the focus of the current discussion.

Since all current irrigation protocols suffer various deficits in performance, further research
on alternative approaches to using antimicrobial substances is warranted. The purpose of
this chapter is to review the various ways that antimicrobial actions of these materials can
be enhanced, using combinations of products, altered vehicles, chemical activation and
physical agitation.
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Effectiveness: Exerts a rapid antimicrobial action, effective on both Gram-positive and Gram-negative bacteria,
effective on fungi, able to penetrate into biofilms, able to penetrate into dentine tubules, easy to dispense and use
clinically, easily removed from the root canal, dissolves organic tissue, dissolves smear layer, removes debris from
the canal, retains activity in the presence of organic matter.

Safety: Not allergenic, not mutagenic, not toxic to human cells, compatible with periapical tissues.
Tooth considerations: Non-staining, does not react adversely with dental materials, does not weaken tooth structure.

Cost: Low cost of manufacture, easily prepared, good long-term stability and long shelf life

Table 2. Properties of an ideal disinfecting agent for endodontics.

3. Sodium hypochlorite

As a solution ranging in concentration from 0.5 to 6%, sodium hypochlorite (NaOClI) is cur-
rently the most popular irrigant used in endodontics [8]. The solutions used in dental practice
for root canal treatment are a mixture of NaOCl with sodium chloride (to make the solution
isotonic), sodium hydroxide (as a pH modifier) and a surfactant. They differ from domestic
preparations used as disinfectants, e.g. for sanitizing baby bottles, by being more alkaline (with
a pH from 10 to 12) and having the ability to dissolve vital and non-vital soft tissues [9, 10].

Altering the pH influences both the antibacterial effects and tissue-dissolving capacity of
NaOCl preparations. In low pH solutions, hypochlorous acid (HOCI) predominates, which
has disinfecting actions. This small neutral molecule enters bacterial cells where it oxidizes
lipids and proteins, and also reacts with ferrous ions in a reaction similar to the Fenton reac-
tion, to produce hydroxyl radicals [11]. At high pH, both hydroxyl and hypochlorite anions
are present. The hypochlorite anion can destroy protein by the formation of chloramines,
while the hydroxyl ion reacts with lipids in a saponification reaction to degrade them, thus
increasing tissue-dissolving capabilities [12].

3.1. Advantages

NaOCl solutions have a broad antimicrobial spectrum and are effective on both bacteria and
fungi such as Candida albicans [13, 14]. A particular challenge in endodontics is the presence of
highly resistant organisms, particularly Enterococcus faecalis, that survive in extremes of acidic
and alkaline pH and can withstand nutritional deprivation [15]. NaOCI can disrupt biofilms
of E. faecalis, but this requires exposure for up to 5 min [16].

Solutions of NaOCl are able to dissolve necrotic soft tissue remnants [17], because it has strong
but non-specific proteolytic activity [18, 19]. A further advantage is that when mixed with hydro-
gen peroxide (H,0,), effervescence is produced which can assist in physical debridement [20].

3.2. Limitations

Bacteria located on the surface are easily accessible and can readily be inactivated. Those
lodged deep within the dentinal tubules are protected from contact and thus will persist in a
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viable state. In the absence of aggressive agitation, NaOCl has a limited ability to eliminate E.
faecalis when in the biofilm state and deep within dentine tubules [21].

The potency of NaOCI solutions, expressed as the available chlorine in parts per million,
declines over time, because the solutions degrade readily, and even more so when exposed
to heat and light. This can occur because the stock solutions are kept too long or have been
dispensed into clear or translucent plastic syringes which allow in extraneous light [22].

NaOCI has an unpleasant chlorine odour, and it interacts adversely with certain antibiotic
medicaments containing tetracycline, as well as with chlorhexidine, causing inactivation
through oxidation. These reactions also produce highly staining end products which can
cause tooth discolouration [23].

NaOCI corrodes metallic instruments, which may lead to their premature failure (breakage
or separation). The proteolytic actions of NaOCl cause severe irritant reactions when only
small volumes of NaOC] are extruded into soft tissues, causing dramatic swelling [24]. These
reactions are more severe in formulations which include sodium hydroxide as an alkalinizing
agent, because of caustic actions on soft tissues [25].

3.3. Enhancement

Adding calcium hydroxide (Ca(OH),) improves the effectiveness of NaOCl in terms of reducing
bacterial counts as well as endotoxin levels [26]. Another chemical means of enhancing sodium
hypochlorite is the addition of detergents to lower the surface tension and enhance penetration,
for example, the quaternary ammonium compounds cetrimide and benzalkonium chloride,
which themselves are antibacterial agents [27-29]. Adding in surfactants offers the option of
using lower and thus less toxic concentrations of NaOCI for disinfection. The same strategy of
adding detergents can be applied to other antimicrobial agents to enhance their effectiveness.

The actions of NaOCI can also be enhanced by physical activation, for example, using ultrason-
ics or pulsed middle infrared lasers (such as Er:YAG or Er,Cr:YSGG lasers) to agitate the solu-
tion. Lasers are better than ultrasonic agitation in this regard [30, 31]. Laser activation of NaOCl
also enhances the removal of soft tissue and debris from regions that are difficult to clean [32].
Laser agitation employs low average power settings and short pulse durations; thus, there is no
ablation of the root structure [33]. The general principle of using physical agitation to improve
the effects of antimicrobial agents also applies to solutions of hydrogen peroxide and Ca(OH),.

4. Chlorhexidine

Chlorhexidine (CHX) comes in various forms with the gluconate and the acetate being the
most widely used in dentistry as disinfectants. It is typically used as a 2% solution of the
gluconate form [10, 14, 34, 35] as a final flush [10, 36, 37]. CHX has a narrow spectrum for
Gram-negative bacteria but is effective against most Gram-positive bacteria and also fungi.
CHX is the agent of choice when there are Gram-positive resistant enterococci present in the
root canal, which may be the case in retreatment situations [38].
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4.1. Advantages

The actions of CHX in the root canal are strongly influenced by pH. At pH 5.5-6.0, chlorhexi-
dine exists as a di-cation [39, 40]. This positive charge allows it to bind to negatively charged
substances including the hydroxyapatite mineral of tooth structure, bacterial polysaccharides
and particularly to Gram-positive bacteria [41] as well as onto the surface of biofilms [42].
Once adsorbed onto tooth structure, CHX can prevent subsequent microbial colonization on
the surface [43].

CHX exerts antifungal actions against C. albicans, a property it shares with hydrogen peroxide
and NaOClI [44]. It also has mild anti-collagenolytic activity, but no ability to dissolve necrotic
tissues [42].

4.2. Limitations

While effective against key Gram-negative endodontic pathogens such as Porphyromonas
endodontalis, Porphyromonas gingivalis and Prevotella intermedia [38], CHX suffers from problems
of inherent resistance with pseudomonads and certain other Gram-negative bacteria. Resistance
to CHX occurs in Enterobacter spp., Pseudomonas spp., Proteus spp. and Providencia spp. [45].

When used as an irrigant in the root canal in the absence of physical agitation, CHX has only
a limited ability to eliminate E. faecalis because of poor penetration into the dentinal tubules
[46]. Likewise, solutions of 2% CHX penetrate poorly into biofilms and are ineffective for dis-
solving biofilms [47].

When in contact with tissues, CHX is irritant and can delay healing [48, 49]. As with sodium
hypochlorite, care must be taken to prevent accidental extrusion into soft tissues. Using a
side-vented needle rather than a conventional needle can reduce the volume of fluid that is
extruded during irrigation [50, 51].

Despite reported cases of allergy to CHX in medical settings, few have occurred in dental
practice. IgE-mediated allergic responses to CHX manifest as redness, itching (urticaria) and
swellings [52] and can progress to anaphylaxis [53]. The high propensity for allergy distin-
guishes CHX from all other disinfectants discussed in this chapter.

CHX suffers from moderate problems of stability as it can undergo cleavage with oxidation,
both during storage and when in contact with oxidants such as hydrogen peroxide, ozone
or NaOCI. The key end product of oxidative degradation of CHX is para-chloroaniline, an
orange to brown coloured substance that is highly irritant and allergenic [23, 40]. As well as
causing staining of tooth structure [40], para-chloroaniline may also interfere with the seal of
the final root filling [54].

4.3. Enhancements

To enhance the actions of CHX, it can be combined with low concentrations of hydrogen
peroxide, mixed freshly so as to limit the possible oxidation of the molecule [55]. Likewise,
adding calcium hydroxide improves the antimicrobial actions of CHX [26].
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Adding positively charged detergents such as cetrimide can potentiate the antibacterial
actions of CHX [39, 56, 57]; however, because of its cationic nature, it cannot be mixed with
anionic detergents [56], since these cause precipitation to occur.

5. Calcium hydroxide

Water-based pastes of calcium hydroxide (Ca(OH),) are the most commonly used inter-visit
dressing material in endodontics [58]. When placed in the root canal, Ca(OH), elevates the
local pH, making this unfavourable for the growth of most bacteria [43, 59]. An in vivo study
revealed that after 14 days of exposure to a Ca(OH), paste, for 41 out of 44 endodontic patho-
gens, both the rate of detection in samples and mean bacterial counts declined [58]. Ca(OH),
both inactivates bacteria and reduces endotoxin levels [43], through release of hydroxyl (OH")
ions over a prolonged period of time [43]. These destroy bacterial cell walls and cytoplasmic
membranes by degrading fatty acids, thereby allowing the leakage of cellular components.
They also inactivate bacterial enzymes. High pH levels within bacterial cells alter the charge
of various organic molecules and so interfere with the transport of bacterial nutrients [60].
OH- ions also denature proteins and damage DNA [61]. Calcium ions may contribute to anti-
bacterial actions by neutralizing negatively charged molecules [62].

5.1. Advantages

Ca(OH), promotes the formation of dental hard tissues, a characteristic exploited in tech-
niques such as apexification where continued formation of the root is intended. Enhanced
mineralization is due to activation of alkaline phosphatase, resulting in the release of phos-
phate groups which then react with calcium ions [60]. While Ca(OH), is biocompatible, the
extremely irritant and caustic nature of sodium and potassium hydroxides makes these both
unsuitable for use in the root canal of teeth. Neither sodium nor potassium hydroxides have
mineralizing actions.

5.2. Limitations

A saturated solution or paste of Ca(OH), in water has a pH of approximately 12.5-12.8. When
placed in a tooth, buffering by dentine proteins and carbonate ions lowers the effective pH that
can be achieved by water-based solutions and pastes by 1-2 pH units, making the effective pH
achieved within the dentine around 10 [63]. This is a problem because E. faecalis can withstand a
pH of 10 and thus is resistant to the effects of traditional water-based Ca(OH), pastes [59, 64, 65].
Likewise, many water-based Ca(OH), products exert limited antifungal activity [44].

5.3. Enhancements

While Ca(OH), can be combined with CHX, the combination is not significantly more effec-
tive against E. faecalis [46]. In contrast, Ca(OH), pastes that are enriched with ibuprofen or
diclofenac become more effective [66].
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Ca(OH), has low solubility in water (0.17% by weight at room temperature), so only small
amounts can be dissolved. While the dissolution characteristics can be improved marginally
when nanoparticles are used, there remains an upper ceiling of pH 12.5-12.7 for Ca(OH), in
a water-based solvent, which explains why pH values of commercial products are always in
this narrow range [43].

Work based on replacing water with non-aqueous solvents has shown that several biocom-
patible fluids are much better solvents for Ca(OH), than water, including propylene glycol,
polyethylene glycol (PEG) and glycerol. In each of these fluids, there is higher measured OH"
release, as measured using special electrodes designed for non-aqueous solvents as well as by
titration [67, 68]. A preferred solvent is a mixture of two forms of polyethylene glycol (PEG),
one being the foundation (PEG 400) and the other being a thickener (PEG 3350), to generate
the preferred creamy consistency required for application into the root canal. This PEG blend
is a potent solvent for Ca(OH), which has a high release of OH" ions into any water-based
environment, since PEG 400 is miscible with water [69, 70]. This then translates into greater
movement of OH" ions through the roots of human teeth than water-containing Ca(OH),
pastes [70]. This can be explained by the common ion effect, with OH" being the common ion
in water.

6. Hydrogen peroxide

At a final concentration of 3-6%, H,O, is a commonly used disinfectant. It generates oxygen
radicals [71], of which the hydroxyl radical is the most important since it is the strongest
oxidizer [72]. H,O, generates effervescence which provides physical clearance of microbial
deposits [73]. The elevated oxygen concentration it creates is unfavourable for the growth of
strict anaerobes.

6.1. Limitations

Elevating the pH using an alkali metal hydroxide such as lithium, sodium or potassium
hydroxide will accelerate the decomposition of H,O, and provide an alkaline pH [72]. The
limitation in this approach is that such hydroxides are inherently caustic.

6.2. Enhancements

The actions of H,O, as a disinfectant can be enhanced by adding a suitable catalyst such as
manganese or ferrous ions [74]. The latter can also be employed in the Fenton reaction, where
the ferrous ion reacts with H,O, to form hydroxyl and other radicals [74]. Blue, violet or ultra-
violet light can provide photochemical activation for this reaction, enhancing further the gen-
eration of reactive oxygen species [75]. The Fenton reaction can also occur within bacterial
cells, causing cell death [11]. Likewise, photolysis of H,O, using 405 nm violet light combined
with ultrasound activation can potentiate hydroxyl radical formation, with a synergistic anti-
bacterial action between light and ultrasound activation [76].
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The temperature of H,O, and thus its rate of breakdown can be increased by using dyes that
absorb the appropriate wavelength of intense light, for example, blue light into orange or
yellow dyes. Titanium dioxide in forms similar to those used in sunscreens allows broad-
spectrum light sources to be used to activate H,O,.

Mixing ozone (O,) and H,O, gives co-catalysis and enhanced effectiveness [77]. As with H,O,,
physical agitation of solutions of O, in water using ultrasound improves their effectiveness
[78]. When H O, is activated by ultrasonic agitation, the enhanced production of hydroxyl
radicals by sonolysis causes increased bacterial killing [79]. This ultrasonic activation can be
augmented with 405 nm violet light, as both activation pathways generate hydroxyl radicals
in a synergistic manner [76].

The generation of oxygen gas bubbles from H,O, and the associated disrupting effect of these on
microbial deposits can be enhanced using middle infrared lasers which emit in the 2700-3000 nm
wavelength range, such as the Er,Cr:YSGG and Er:YAG lasers. The energy from these lasers
absorbs strongly into both water and H,O,, creating with each laser pulse bubbles of air, steam
and oxygen. Shockwaves generated by bubble implosions create shear stresses on the walls of
the root canal. Fluid movements at high speeds (in the order of 100 km/h) cause disruption of
microbial deposits and smear layers [80, 81]. Because the streaming movements of such fluids
causes most of the fluid movement being directed back towards the point of entry of the fibre into
the tooth, the volume of fluids extruded by laser activation of various irrigation fluids is no more
than when conventional irrigation is undertaken using syringes [50]. The frequent replacement
of fluids also provides a cooling effect, so that heat does not accumulate [82, 83].

When H,0O, is added to pure water, the absorption curve of the mixture is left shifted from that of
water alone, allowing lasers operating at wavelengths from 900 to 1100 nm to have much stron-
ger absorption [84]. This approach allows handheld near-infrared lasers to be used for cavitation-
based removal of bacterial deposits and smear layer from the root canal. There is accompanying
photothermal disinfection of bacteria located deep in dentine tubules because such wavelengths
have high transmission into dentine [85, 86]. When H,O, is used in this clinical application, the
concentration is below 6% by volume, as this is the threshold for soft tissue injury [73].

7. Phenolic agents

The use of phenolic agents such as camphorated monochlorophenol (CMCP) and other
related hydrophobic antimicrobial agents such as essential oils has a long history in endodon-
tics. Chlorination of phenols enhances their antibacterial action [61]. The antibacterial effect of
CMCP is better at low pH. This agent has a high volatility, which may enhance its penetration
into dentinal tubules [43].

7.1. Limitations

Many phenolic agents are hydrophobic and have low water solubility, so they are typically
formulated in a hydrophobic solvent [87]. As a result, there are poor wetting of the root canal
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walls, limited contact with biofilms in the canal and poor penetration into the water-rich envi-
ronment of dentine tubules.

7.2. Enhancements

Ca(OH), can be added to phenolic products to make them more effective antimicrobial agents,
as this disrupts the biofilm matrix [88]. The contact between hydrophobic phenolic agents and
the walls of the root canal can be enhanced by formulating these into a water base containing
surfactants or by using water-miscible solvents such as low molecular weight forms of PEG.
The proper choice of agents can provide not only disinfectant actions but also anti-inflamma-
tory and analgesic effects. The latter are therapeutically desirable when patients present in
pain from endodontic infections [69].

8. Nanoparticles

Nanoparticles (NPs) with diameters in the range of 1-100 nm have special properties, includ-
ing increased chemical reactivity and a large surface area [89]. They can exist singly, in groups
or in clusters. In endodontics, NPs suggested for use as adjuncts to conventional treatments
include chitosan, poly(lactic-co-glycolic acid) (PLGA), silver (Ag), gold (Au) and Ca(OH), [90].
Chitosan is derived from the chitin exoskeletons of various arthropods [91]. It is polycationic
and attaches strongly to negatively charged bacterial cell walls causing their disruption, with
subsequent leakage of cellular contents. Chitosan is also capable of disrupting the extracel-
lular matrix of biofilms [92]. Low molecular weight forms of chitosan are more antimicrobial
than those with high molecular weights [93]. Carboxymethyl chitosan has been included in
endodontic sealers to provide antibacterial properties [94].

PLGA is a highly biocompatible copolymer of lactic and glycolic acid. Both PLGA and chi-
tosan NPs can be loaded with photosensitizers for use in photoactivated disinfection (PAD).
Functionalization of NPs enhances the action of photosensitizers such as rose bengal and
methylene blue [95, 96].

NPs of metallic oxides, such as calcium oxide, magnesium oxide, zinc oxide and titanium oxide,
can exert antibacterial actions by generating reactive oxygen species [92]. The high chemical
reactivity and large surface area of NPs enhance these actions over their normal counterparts,
as has been shown for calcium oxide [97]. NPs can also be made from Ca(OH), [69, 98].

Of the various metals that form NPs, silver (Ag) is of particular interest because the antibacte-
rial effects of silver are well known in endodontics. The same principles can be employed with
ionic solutions of Ag compounds (such as silver fluoride) although issues of discolouration
limit their clinical application. Using NPs of Ag in the 2-12 nm range can reduce problems
of tooth discolouration. AgNPs may slowly release silver ions (Ag+) which then interact with
biological systems, attracting electrons away from sulphur and nitrogen atoms in the sulf-
hydryl and amino groups of biological molecules such as proteins, or with the nitrogenous
purines and pyrimidines of DNA and RNA [99].
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Various methods are known for producing AgNPs, ranging from chemical reactions to bio-
synthesis through to electrochemical methods [100, 101]. Solutions containing AgNPs can be
generated by high-voltage ultralow-current electrolysis of water using silver electrodes, fol-
lowed by irradiation of the solution to violet light (400-430 nm wavelength). This alters the
properties of the AgNPs and ensures only clusters remain rather than ions [102]. The solu-
tions of such particles are optically clear, free of Ag ions and quite stable.

8.1. Limitations

While silver, gold, tin and zinc all have potential for use in ionic or NP forms, issues of stain-
ing and long-term stability need to be addressed. There are now systems for stabilizing stan-
nous (tin) ions using sodium hexametaphosphate, as well as potassium iodide protocols for
reducing staining from ionic silver. These have been employed in preventive and restorative
dentistry but are yet to be optimized for endodontics [103, 104].

Toxicity issues with NPs require further investigation. AgNPs are not cytotoxic at 25 pg/mL or
lower concentrations; however, this threshold is based on cell culture studies using a mouse
fibroblast cell line (L929). Thus, for safe clinical use, animal and human studies are needed to
assess the toxicological profile in greater detail [105].

8.2. Enhancements

Displacement of NPs into poorly accessible regions of the root canal, such as dentine tubules,
can be achieved by using ultrasonic or pulsed laser agitation of the solution.

The application of NPs in solutions for irrigation is at an early stage of development. AgNPs have
been used in combination with traditional Ca(OH), to increase the killing of E. faecalis in biofilms
[106]. There is also the possibility of combining metal NPs with traditional antibiotics to enhance
their effectiveness. The interactions of metals with antibiotics need to be optimized, so that effec-
tiveness is enhanced rather than impaired. Tetracyclines bind metal ions by chelation, and this
alters their effectiveness. Tetracyclines with their long history of use in endodontics would be a
logical first place to study such interactions. It is also possible that NPs can be functionalized with
photosensitizers to increase their antimicrobial effectiveness [89]. There is already evidence that
AgNPs can be combined with photosensitizers in a dual-treatment approach [107].

9. Functional peptides

Custom peptides could be designed which can inactivate particular bacterial pathogens such
as E. faecalis. A typical primary root canal infection is a mixed flora of 20-30 species of micro-
organisms, so the first challenge in using antimicrobial peptides is to ensure that the coverage
is sufficient. The second challenge is that some common Gram-negative endodontic patho-
gens such as P. endodontalis and P. gingivalis produce large quantities of proteases (such as
the gingipains) [108], which could readily degrade such peptides and limit their useful life as
therapeutic agents. A third challenge with peptides is their higher cost of manufacture and
shelf life than other options.
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10. Laser-based photothermal disinfection

Penetration of near-infrared light in the wavelength range from 800 to 1100 nm through den-
tine is high, allowing laser light to reach bacteria embedded deep within dentine tubules
[109]. Absorption of laser energy into melanin, water, porphyrins and other molecules then
denatures enzymes and so kills bacteria through photothermal actions. As the heat will then
be transmitted into adjacent tooth structure and periodontal ligament, the laser energy must
be delivered in pulsed mode to allow cooling. Typically, the laser is activated over several
passes as the fibre is withdrawn, causing irradiation of the entire root canal system [110].

Laser energy used for photothermal disinfection can also exert biostimulatory effects and so
enhance healing and reduce inflammation [111, 112]. A recent study using a 980 nm diode
laser showed both bacterial inactivation and biostimulatory effects [113].

11. Photoactivated disinfection

Besides the term photoactivated disinfection (PAD), the literature in this area contains many
terms that refer to the same process, such as photodynamic therapy (PDT), antimicrobial PDT
(aPDT), light-activated disinfection (LAD), advanced non-invasive LAD (ANILAD) and lethal
laser photosensitization (LLP).

Lasers or light-emitting diodes (LEDs) used as sources of intense light cause electronic activa-
tion of photosensitizers, which then produce ROS. Examples of light and dye combinations
include visible red light with methylene blue or tolonium chloride [114], visible blue light with
curcumin and green light with rhodamine B dye. The release of ROS is a photodynamic process,
i.e. driven by light, with no accompanying thermal effects [115]. Even though the ROS produced
are extremely short lived, photosensitizers are able to exert their actions on pathogens effect
because they attach directly to microbial cell walls. The porphyrins found within many faculta-
tive and strict Gram-negative anaerobes can act as endogenous photosensitizers and absorb
blue light, such that external dyes are not needed. Gram-positive bacteria and fungi do not
contain large amounts of porphyrins and so are much less sensitive to the effects of blue light.

Maximal activation of photosensitizers requires many parameters to be optimized other than
the specific absorption of the dye matching the emission wavelength of the light source. The
dye concentration must be optimized, since too little means only a low concentration of ROS
will be produced. When the dye solution is too concentrated, the optical density of the solu-
tion becomes too great and the penetration of light is limited to being superficial, and the
effects become photothermal rather than photodynamic. Concentrated dyes also have the
potential to stain tooth structure. Adequate amounts of oxygen need to be present locally
to support the reaction. For this reason, some protocols include oxygen carriers or oxidizers
such as H,0, to enhance the action of the photosensitizers [116]. The pH of the solvent for the
dye must be optimized for the concentration and type of ROS desired, e.g. a higher pH means
more perhydroxyl radicals will form with greater antimicrobial actions. Inclusion of a surfac-
tant is important for ensuring penetration of the dye into biofilms and into difficult-to-reach
areas such as dentine tubules [117]. The optical fibre delivery systems used to deliver intense
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light from lasers or LEDs may include special diffusers to optimize the angular distribution
of light into the dye.

PAD should be used after conventional disinfection with NaOC], but not as a complete
replacement to traditional chemical disinfectants [118, 119]. It can also be used as a supple-
mentary form of root canal disinfection in endodontic retreatment cases [120]. An animal
study which used PAD as an adjunct to standard disinfection with NaOCI reported a larger
reduction in periapical lesions and more periapical regeneration than standard treatment pro-
tocols [121]. While some in vivo studies have recommended PAD as a possible alternative to
NaOCl [122, 123], there remains a need to standardize the protocol and optimize the light
parameters [114, 124].

11.1. Enhancements

To achieve an even distribution of light across the dye solution, a range of optical fibre tips
have been developed which have side-firing capabilities, giving even lateral dispersion of
light because of surface patterning [125]. Pulsing the light source can enhance the production
of ROS by the dye. This has been shown in studies of PAD using thick E. faecalis biofilms in
the root canal [126]. Pulsing the light source lowers the requirements for cooling the diode
laser or LED and also improves the stability of the wavelength emitted by reducing drift to
longer wavelengths. Finally, ultrasonic agitation can increase the effectiveness of PAD [127].
Photosensitizer dyes can also be used in combination with NPs as discussed above, as well as
with H,0, [128, 129].

12. Fluorescence control of disinfection approaches

Both planktonic microorganisms and biofilms in the root canal system can be detected using
fluorescence. The point where the canal is free of microbial contamination can be identified
precisely, providing an endpoint to treatment [130, 131]. Fibres with special surface character-
istics allowing light delivery for fluorescence excitation and light collection from fluorescence
emissions have been designed, and their performance demonstrated in various situations
[132-134].

12.1. Limitations

The major limitation to such systems being used is when the fluorescence properties of tooth
structure have been enhanced because of incorporation of tetracycline. This causes increased
fluorescence which must be corrected for [130, 131]. While few irrigants or medicaments used
in modern endodontics give fluorescence emissions, certain potent oxidizers can quench
(reduce) fluorescence emissions by bacteria. Using scavengers such as sodium ascorbate or
sodium thiosulphate can remove such quenching actions and allow reliable fluorescence
readings to be obtained.
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13. Conclusions

There are a range of options available for disinfection of the root canal. Recognizing that none
of the existing agents used alone aligns with all the properties of an ideal agent (as listed in
Table 2), the effort to enhance the capabilities of the existing agents and find new approaches
must continue. Major directions for the future include improved formulations such as the use
of non-aqueous solvents for Ca(OH), for medicaments to remain in the root canal between
successive appointments, as well as changes to clinical treatments delivered by the dentist
during endodontic treatment. The latter include agitation of water-based disinfectant irri-
gants with lasers, and the combination of antimicrobial NPs with optical technologies, for
synergy of effects as a final high-level disinfection step before the root canal is filled. The
ideal protocol should address issues of clinical time, materials cost and complexity, as well
as efficacy and safety. Using fluorescence to measure levels of pathogens can provide an end-
point to clinical interventions, to inform the practitioner when pathogens no longer remain.
Including antimicrobial agents into dental materials used to fill or seal the root canal is a fur-
ther avenue to explore, applying the principles discussed in this chapter.
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Abstract

Sexually transmitted diseases (STD) are among the most common infections worldwide.
These bacterial infections have spread predominantly in the developing/underdeveloped
countries, the most common being syphilis, gonorrhea and those induced by Chlamydia
trachomatis, Ureaplasma urealyticum or Mycoplasma spp. Due to extensive usage of antibi-
otics in the recent past, these bacteria developed resistance to those commonly used for
treatment, such resistant strains becoming a public health problem in a number of coun-
tries. It is well documented that bacterial STD agents are difficult to detect using standard
culture media because these methods require special conditions and adequate nutrients.
Antimicrobial susceptibility testing is, therefore, difficult to obtain in such cases. In recent
years, genetic tests have been frequently employed in STD diagnosis. The study of genes
that induce resistance to antibiotics using DNA isolated from these bacteria may prove
to be a viable alternative. Genetic methods enable the DNA extraction from different bio-
logical samples, and both the presence of the bacteria and their resistance to one or more
antibiotics can be determined from a single DNA sample. By studying the genes that
induce antibiotic resistance and the plasmids that transfer such genes, the mechanism
that leads to antibiotic resistance can be elucidated.

Keywords: STD pathogens, antibiotic resistance, genes

1. Introduction

Sexually transmitted diseases (STD) are caused by a wide variety of bacteria, viruses or par-
asites transferred from one human being to another primarily by vaginal, anal or oral sexual
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contact. Different STD can coexist or be simultaneously transmitted, the presence of any such
infection increasing the risk of contracting other STD types. Prolonged, untreated infections
with these pathogens can induce anexitis, endometritis, pelvic peritonitis or spontaneous
abortions (in women) and urethritis, prostatitis or epididymitis (in men), respectively.

Reasons for STDs’ recurrence in some sexually active women include the anatomy of the
female sex, multiple partners or nonusage of condoms [1]. Such infections present an increas-
ingly serious threat to global public health, especially for mothers or babies, causing severe
complications such as cancer of the cervix, spontaneous abortions, premature births, low birth
weight or infertility [2]. A number of studies concluded that ulcerative and nonulcerative
STDs significantly increase HIV transmission, and drug resistance is complicating the fight
against HIV [3]. The presence in the genital tract of such microbial pathogens may be due to
a poor hygiene or risky behaviors as mentioned above [4].

Microorganisms make use of a wide range of mechanisms to resist to antibiotics and survive
their attack. The emergence of antibiotic resistance is a natural biological phenomenon that
occurs as a reaction to the use of antibiotics. Antibiotic resistance results from the bacteria ability
to resist to antibiotics as they develop and multiply in media with high antibiotic concentration.

The main causes of antibiotic resistance are their abusive usage and the spread of resistant
bacterial strains or genes bearing information able to induce resistance. There are multiple
mechanisms leading to antibiotic resistance, one involving resistance plasmids carrying genes
responsible for resistance to antibiotics [5, 6]. The phenomenon of antibiotic resistance can
also develop via mutations or by acquiring resistance genes from other resistant bacteria [7-9].

Resistance to macrolides observed in the STD strains is often associated with mutations in the
ribosomal protein genes [10, 11]. It is assumed that mutations in a specific region of the 23S
rRNA play a major role in inducing resistance to macrolides as a result of their interaction
with the ribosomes [12, 13].

Treatment failure because of bacterial resistance to the major groups of antibiotics as a result
of extensive usage became a serious threat to human health. Increased usage of nucleic acid
amplification tests (NAATSs) in the diagnosis of STD leads to the elimination of culture-based
techniques, depleting the number of live strains available for resistance testing. A lack of rou-
tine test-of-cure makes it impossible to distinguish treatment failure from reinfection [14].
The cost of health care for patients with resistant infections is higher due to longer duration of
illness, additional tests and use of more expensive drugs.

It is obvious that the microorganisms’ antimicrobial resistance is a dynamic phenomenon
which points out the need for updated prevalence and susceptibility data from vast geo-
graphic areas being available for relevant institutions [4].

2. Most common bacterial STD agents and their resistance to antibiotics

STD infections are induced by a diversity of bacterial pathoges, including Neisseria gonorrhoeae,
Mycoplasma hominis, Mycoplasma genitalium and Ureaplasma urealyticumn. However, Chlamydia
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trachomatis is the leading cause of sexually transmitted bacterial infections worldwide and, in
developing countries, the leading cause of preventable blindness [15].

C. trachomatis strains are obligate intracellular bacteria presenting a unique biphasic develop-
mental cycle. Following the endocytosis of the small infectious bodies into the host cell and
their inclusion into specialized vesicles, C. trachomatis strains differentiate into metabolically
active reticular bodies and replicate until the inclusion fills the host cell. At this stage, the
reticular bodies differentiate into elementary bodies and are being released from the cell to
continue the infection [14].

Infection further leads to diseases such as cervicitis, pelvic inflammatory disease, urethritis,
proctitis, lymphogranuloma venereum, trachoma or reactive arthritis. Transmission of STD
pathoges is largely uncontrolled as over 70% of the women and 50% of the men infected with
C. trachomatis are asymptomatic. “Silent” chronic infection has been recognized as a signifi-
cant cause of infertility in women. Symptomatic individuals seeking medical care often do not
benefit from tests for initial diagnosis or cure, largely due to inherent costs. Empirical antibi-
otics treatment is hastening the development of drug resistance, as has already occurred for a
closely related species, Chlamydia suis, in which a tetracycline transposon was acquired from
another pathogens residing in the guts of pigs [16].

C. trachomatis is a Gram-negative parasite causing a wide range of inflammations in the uro-
genital tract. Clinical isolates exhibiting resistance to azithromycin and associated with recurrent
infections have been described previously [17]. While several reports of human chlamydial infec-
tions that do not respond to tetracycline or doxycycline were produced, no human pathogenic
chlamydial strains that demonstrate stable tetracycline resistance have yet been isolated [17, 18].

Plasmids are small circular self-replicating DNA particles coexisting in the bacterial cells that
are capable of exporting genetic information from the bacterial chromosome. They can trans-
fer genes usually not present in the bacterial chromosome. In prokaryotic organisms, plasmids
usually code for genes that facilitate survival of the bacteria in the environment. In chlamydia,
apart from their participation in glycogen synthesis and encoding proteins responsible for their
virulence, their role has yet to be clearly recognized. Resistance plasmids carry genes responsible
for antibiotics resistance. Plasmids and bacteriophages can be employed in the diagnostics of
chlamydioses. Plasmids are already used for detection of chlamydial infections. Bacteriophages
could be used as therapeutic agents, potentially replacing antibiotics to address the increasing
problem of antibiotic resistance among chlamydia. The easy transfer of infectious elementary
bodies into other cells can prove to be a useful biotechnological tool in the treatment of chla-
mydioses, particularly in the case of concealed and latent infections, principally at the time of
chlamydial resistance to antibiotics used by choice of treatment (tetracyclines) [5]. According
to some authors, chlamydial plasmids are not conjugative plasmids, and they do not code anti-
biotic resistance and do not share the capacity for integration, except for the integrative plas-
mid revealed in C. suis, which is integrated in a genomic island together with some insertion
sequences in the bacterial chromosome that encodes genes of resistance to tetracycline (tetC) [16].

Chlamydial infections have high recurrence rates among sexually active populations [19].
However, whether this recurrence rate for the disease is due to reinfection or to persistent
infection with the same organism has been difficult to determine [20]. Immunity to chlamydial
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infections is type specific; once the initial infection was resolved, reinfection is believed to
result from exposure to chlamydial strains differing in type from the initial infecting strain [21].
In contrast, persistent infections are considered those in which Chlamydia has entered a non-
infectious state that is metabolically quiescent.

Chlamydial infections are very likely to recur even when appropriate drug therapy is in place.
Most clinical failures occur due to reinfection or relapse as the bacterial phenotype deviates
to persistent, non replicating antibiotic-resistant types able to revert to the typical reticulate
body phenotype once treatment is complete [22, 23]. Administration of tetracyclines and
macrolides, impeding bacterial translation by binding to the 30S or 50S ribosomal subunits,
is viewed as the recommended first-line therapeutic regimen for chlamydial infections [24].
Clinical isolates from patients with recurrent C. trachomatis infection were documented to
have significant resistance against macrolides [25, 7].

Other frequently diagnosed STD worldwide is gonorrhoea, exhibiting a recent rise in its
global incidence. N. gonorrhoeae are Gram-negative facultative intracellular bacteria account-
ing for about three-quarters of urethral discharge cases among South Africa men presenting
to primary healthcare clinics [8]. Chlamydia and gonorrhoea share several aspects of their dis-
ease outcomes, both being able to cause pelvic inflammatory disease and epithelial scarring
which can lead to infertility. On the other hand, they can also be asymptomatic. However,
N. gonorrhoeae infections tend to be more acute, with symptoms including purulent discharge
and acute local inflammation. Rashes and septic arthritis may occur if the bacterium dissemi-
nates through the host [14].

While not required for individual patient management, laboratory investigations are instru-
mental in the choice of antimicrobial agents. Due to a high prevalence of fluoroquinolone-
resistant N. gonorrhoeae strains observed in the last decade, first-line therapy was changed to
single-dose oral cefixime. However, ciprofloxacin—the first line treatment option until about
2008—is still recommended for the treatment of presumptive gonorrhoea in patients with a
history of severe allergy to cephalosporins. The increasing prevalence of N. gonorrhoeae anti-
microbial resistance has become a global public health problem as lesser abilities to develop
N. gonorrhoeae cultures and to perform antimicrobial susceptibility testing make monitoring
antimicrobial resistance rather difficult. A significant advantage to public health programs
and selective patient management could be provided by the use of molecular assays for gono-
coccal antimicrobial resistance, particularly in the case of fluoroquinolones [8].

Resistance to all antimicrobial agents has developed in some N. gonorrhoeae strains. The global
spread of multidrug-resistant N. gonorrhoeae is a growing concern, clinical treatment failures
with the extended-spectrum cephalosporins (the last option for empirical first-line monother-
apy) being recently reported. In many countries, dual antimicrobial therapy (ceftriaxone plus
azithromycin) is the recommended first-line empirical treatment [9].

Mycoplasmas, the smallest free-living microorganisms, are another important source of STDs.
They belong to the class of Mollicutes and were first described in the 1950s, following isolation
from a male patient with nongonococcal urethritis [26]. In healthy sexually-active adults uro-
genital, mycoplasmas are part of the normal commensal flora of the genital tract. M. hominis
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and U. urealyticum are involved in a wide array of infectious diseases, in adults as well as in
children. They are suspected of being the causative agents of nongonococcal urethritis, pre-
natal infections leading to pregnancy complications, infertility, bacterial vaginosis and pelvic
inflammatory disease [27].

In contrast to other bacteria, Mycoplasma spp. and Ureaplasma spp. are not susceptible to peni-
cillins, cephalosporins, vancomyecin or rifampicin. Present data suggest that urogenital myco-
plasmas are susceptible to agents interfering with protein synthesis, such as the tetracyclines,
macrolides, aminoglycosides and chloramphenicol, but also to topoisomerase inhibitors such
as the fluoroquinolones. Various mycoplasmal species may pose selective innate resistance
to an antibiotic to which other species might be sensitive, for example, all M. hominis strains
are resistant to erythromycin. Mycoplasma also can develop resistance to antibiotics to which
they are usually considered sensitive [28].

As a major cause of nongonococcal urethritis in men, having been directly linked to cervicitis,
endometritis, and pelvic inflammatory disease in women, M. genitalium holds a distinct posi-
tion in the spectrum of emerging pathogenic bacteria for humans. It has been isolated from the
respiratory tracts and synovial fluid of diseased individuals along with the human pathogen
Mycoplasma pneumoniae [29-31]. M. genitalium is also the smallest known self-replicating cell,
with a genome size of only 580 kb, an aspect which imposes severe biosynthetic limitations [32].

Because of extreme difficulties in cultivating M. genitalium, many researchers have relied
on the results of serological and polymerase chain reaction (PCR) assays to establish links
between M. genitalium and human disease. Antimicrobial susceptibility testing is conse-
quently rather difficult.

Various investigators noted that resistance to tetracyclines of the mycoplasmas’ is on an uphill
trend worldwide [33], a Tunisian study reporting resistance rates of 22.7 and 25% among
ureaplasmas and M. hominis, respectively [34]. Even higher values (45%) were reflected in
an American study, in contrast to some European ones suggesting much lower figures [35].
Macrolides and lincosamides are the antibiotics widely used for U. urealyticum infections,
especially among children and patients allergic to tetracyclines or quinolones. However, wide-
spread macrolide resistance in U. urealyticum has been recently reported. In contrast, pris-
tinamycin, a newly promoted macrolide, proved to be ineffective against U. urealyticum and
M. hominis [36]. Still, for sensible patients, for example, premature neonates, one must carefully
consider the potential toxicity of the antibiotics in attempting to remove such bacteria [37].

3. Determining the antibiotics resistance of pathogen STD agents

Although resistance to several antibiotics has been reported in vitro, no evidence that C. tracho-
matis—generally treated with a single dose of azithromycin—has developed such resistance
were documented [38]. For both chlamydia and syphilis, no internationally agreed methods to
assess minimum inhibitory concentrations (MIC) in vitro are standardized [39]. Consequently,
assessment of antibiotic resistance relies but on the identification of treatment failures.
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The emergence of drug resistance in many pathogenic bacteria compromised severely the
therapeutic utility of macrolides. The occurrence of macrolide resistance is yet undocumented
for many bacterial pathogens. The various molecular mechanisms inducing bacterial resis-
tance can be collectively characterized as involving drug efflux, drug inactivation or altera-
tions in the drug target site. The probability of developing resistance depends on the types and
quantities of drug to which these organisms are exposed [10]. For instance, shortly after eryth-
romycin was introduced in therapy in the 1950s not only was resistance in bacterial patho-
gens observed, but erythromycin-resistant strains were found to be cross-resistant to all other
macrolides and also to the chemically unrelated lincosamide and streptogramin B drugs [40].

Resistance to macrolides of the C. trachomatis strains is often associated with mutations in the
ribosomal protein genes, particularly in L4 and L22, but also as well as with mutations in the
peptidyl transferase region of domain V of the 23S rRNA gene. The later region was demon-
strated to play an important role in the interaction of the ribosome with macrolides [10, 11].
Studies on macrolide-resistant C. trachomatis clinical isolates led to the first finding of muta-
tions in the peptidyl transferase region of the 23S rRNA gene [12].

Many strains of C. suis, a pathogen of pigs, express a stable tetracycline resistance phenotype.
This resistance pattern was demonstrated to be associated with a resistance gene, tet(C), in the
chlamydial chromosome. In tetracycline-resistant C. suis strains, four-related genomic islands
sharing significant nucleotide sequence identity with resistance plasmids carried by a variety
of bacterial species were identified. These genomic islands provided the first examples of
horizontally acquired DNA integrated into a natural isolate of chlamydiae [16].

Lateral gene transfer (LGT) is a means allowing C. trachomatis to generate variants of enhanced
relative fitness, as suggested by the high frequency of between-strain genetic recombinants of
C. trachomatis among isolates obtained from human STD. Although hampered by the devel-
opment of the pathogen, experimental investigations on this phenomenon detected in vitro
LGT between strains of C. trachomatis in vitro. Host cells were simultaneously infected with an
ofloxacin-resistant (Ofx") mutant of a serovar L1 strain and a rifampin-resistant (Rif") mutant
of a serovar D strain. DNA sequencing was used to map genetic crossovers. Development
occurred in the absence of antibiotics, the progeny being subjected to selection for Ofx" Rif"
recombinants. Natural DNA transformation is a plausible mechanism, although trans-DNA
lengths were previously associated only with conjugation in known microbial LGT systems
[41]. Nowadays, LGT studies can be performed with various other C. trachomatis combina-
tions to study the mechanisms by which these strains can transfer resistance genes.

As for C. trachomatis no reliable laboratory-based gene transfer system was available, in vitro
generation of recombinants from antibiotic-resistant strains was used to study the LGT,
essential for generating between-strain genomic recombinants of C. trachomatis able to facil-
itate the organism’s evolution [42]. For 16 in vitro-derived recombinants of ofloxacin- and
rifampin-resistant L1 and D strains, multiple loci were examined and compared with the same
sequenced loci among 11 clinical recombinants. Phylogenetics and bioinformatics were used
in examining breakpoints and recombination frequency. Without any misclassification, in
vitro and clinical isolates clustered perfectly into two groups using Ward’s minimum variance
based on breakpoint data. gyrA (confering ofloxacin resistance) and rpoB (confering rifampin
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resistance), but trpA as well, presented significantly more breakpoints among in vitro recom-
binants than among clinical recombinants. Significant selections were evidenced at other loci
as well, results indicating that the in vitro model is statistically different from any natural
recombination events. Additional genomic studies to determine the responsible factors for
selection biases at unexpected loci are needed to clarify whether these are important for LGT
approaches in the genetical manipulation of C. trachomatis [42].

Several genetic mechanisms are employed by pathogenic microbes for producing variants to
counter host defenses. Such a high proportion of urogenital tract isolates presenting amino
acid substitutions in the polymorphic ompA gene which encodes the major outer membrane
protein (MOMP) suggests a role for spontaneous mutation followed by in vivo selection in the
bacteria’s route to avoid human immune defenses [43, 44]. Humans have diverse B and T cell-
mediated responses to MOMP, the occurrence of mutations in the same ompA segments of
multiple clinical isolates suggesting the protectiveness of at least some of these responses [45].
Evidences also indicate that in vitro LGT may contribute significantly to the origin of
enhanced-fitness variants in C. trachomatis [41]. The LGT mechanism has not been identified,
but various publications investigating possible relationships between in vitro LGT and the
high frequency of LGT recombinants in clinical isolates [46] suggested that a certain percent-
age of the many millions of clinical infections involve more than one strain of C. trachomatis.
However, a recent study failed to identify mutations in the 23S rRNA genes of resistant
mutants selected following enrichment by serial passage in the presence of subinhibitory con-
centrations of azithromyecin [47].

Investigating mutations in the 23S rRNA gene of macrolide-resistant isolates of wild-type
C. trachomatis obtained from clinical samples and mutant strains selected using subinhibitory
concentrations of the macrolides were the objective of another recent study [13] in which a
set of resistant clinical isolates of C. trachomatis obtained from patients attending the Tianjin
Institute of Venerology (Tianjin, China) during 2005 2008 was differentiated into wild-type
and mutant strains, the 235 rRNA mutations in the isolates then being identified. Each patient
was sampled for only one isolate, the antimicrobial agents examined being erythromycin,
azithromycin and josamycin. The in vitro MICs of antibiotics in the isolated clinical strains
of C. trachomatis were determined. As the MIC values of erythromyecin in the eight strains of
C. trachomatis were higher than the in-blood erythromycin concentration (1 pg/ml) and even
higher than the tissue concentration of erythromycin in the urogenital system, these were
considered to be wild-type macrolide-resistant strains of C. frachomatis.

Following PCR amplification of the 23S rRNA gene of the eight wild-type resistant isolates
(exhibiting MIC values above the tissue concentration of the antibiotic present in the uro-
genital system), no resistance-associated mutations were found at 2057 (E. Coli numbering
scheme), 2058 or 2059, while only three resistant isolates presented the T2611C mutation. The
isolates included the T2611C mutation in the case of two patients with persistent infection,
but no mutations were found at 2058. A2057G mutations were found in six mutant isolates,
while T2611C mutations were found in 10 mutant isolates. Two mutant resistant isolates
presented A2059G mutations, while two of the resistant isolates exhibited no mutations in
their 235 rRNA sequences. Medical records indicated no response to azithromycin on behalf
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of the patients infected with mutant strains. The sensitivity of the wild-type clinical iso-
lates to erythromycin and azithromycin was found to be lower than previously reported [7],
explaining the high recurrence rate and treatment failure reported for chlamydial infections.
Azithromyecin treatment was unsuccessful in eight resistant strains. The wild-type resistant
strains presented no mutations in the 23S rRNA, suggesting that other molecular mecha-
nisms were responsible for their resistance. Possible mechanisms underlying drug resistance
should be investigated in the future in order to understand the resistance of isolates exhibit-
ing no mutation in the peptidyl transferase region of the 23S rRNA gene. The merits of the
Chinese study are that, for the first time, wild-type macrolide-resistant C. trachomatis strains
have been observed in vitro, and for the first time, A2057G and A2059G mutations in the
peptidyl transferase region of the 23S rRNA gene have been found in C. trachomatis with
selective macrolide resistance [13].

While certain other studies reported that mutations observed in clinical strains were also
found in laboratory strains, the reverse was found not to be true likely because rRNA muta-
tions leading to drug resistance in a clinical pathogen often become apparent only when a
drug therapy fails to eradicate that pathogen [10].

The first reported cases of clinically significant C. trachomatis infection resistant to ofloxa-
cin and azithromycin came from a case study of two patients with C. trachomatis infections
demonstrating multidrug resistance as they persisted after standard treatment [17]. A com-
mercially available PCR test (Amplicor PCR; Roche Diagnostics, Indianapolis) was employed
to detect C. trachomatis in urine and urethral/cervical swab specimens. Antimicrobial suscep-
tibility testing on C. trachomatis strains isolated from cultured cells originating from urethral/
cervical swab specimens was conducted for doxycycline, azithromycin and ofloxacin. In vitro
antimicrobial susceptibility testing was also completed.

The MIC (antibiotic concentration level where fluorescent antibody staining failed to high-
light typical inclusions after incubation in cell culture) and the minimum chlamydicidal
concentration allowing no inclusions on passage in an antibiotic-free medium (MCC)
of these antimicrobial agents for these isolates were determined after a subsequent pas-
sage of the contents of duplicate unstained wells to a fresh monolayer in antibiotic-free
medium. C. trachomatis DNA samples prepared from endocervical or urethral swab speci-
mens were amplified by a nested PCR assay, amplicons being purified with a PCR purifi-
cation kit (Qiagen, Chatsworth, CA). Sequencing was conducted on a model 377 (Perkin
Elmer Biosystems, Foster City, CA) automated sequencer using a dRhodamine Terminator
Cycle Sequencing kit according to the manufacturer’s instructions. Edited sequences were
aligned and analyzed with the GCG (Genetic Computer Group, Madison, WI) software
package. Genotypes were determined by comparison of resulting sequences with refer-
ence C. trachomatis ompl sequences in the GenBank database. Conclusions were that the
mechanism responsible for heterotypic resistance in C. trachomatis remains unknown, being
possible that the observed multidrug resistance to be phenotypic rather than genotypic in
nature since the molecular targets of azithromycin, doxycycline and ofloxacin are quite dif-
ferent, and it is highly unlikely that a single or a limited number of gene mutation(s) could
be responsible for simultaneous resistance to these diverse agents [13, 48].
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Fosfomycin is a broad-spectrum antibiotic that irreversibly binds to the active site of murA.
Fosfomycin renders the enzyme inactive by forming a covalent adduct with a cysteine resi-
due in the active murA site [49]. It was demonstrated [50] that C. trachomatis can be resistant
to high concentrations of fosfomycin. The genome sequences of C. trachomatis contain gene
homologues in the peptidoglycan (PG) biosynthesis pathway, including murA. The study
aimed to demonstrate in vitro activity of Chlamydia murA and in vivo activity in E. coli and to
determine whether murA mRNA was expressed in Chlamydia bacteria at any time during the
chlamydial developmental cycle. The murA gene from C. trachomatis serovar L2 was cloned
and placed under the control of the arabinose-inducible, glucose-repressible ara promoter
and transformed into Escherichia coli. Findings were that the expression of C. trachomatis murA
mRNA is cell cycle dependent. Collectively, the data support the notion that Chlamydia organ-
isms contain PG and suggest that PG in Chlamydia plays a role in development and division.
Elucidating the existence of PG in Chlamydia spp. is significant for the development of novel
antibiotics targeting the chlamydial cell wall.

Another study [51] made use of antibiotic resistance assays and whole genome sequencing to
interrogate the hypothesis that two clinical isolates (IU824 and IU888) have acquired certain
antibiotic resistance mechanisms (tetracycline efflux mediated by the presence of one of the 28
genes, ribosomal protection via carriage of one of the 10 fef genes or one otr gene, enzymatic
inactivation conferred by one of the three tet genes or mutations in the 16S rRNA gene—
identified as lending tetracycline resistance). The genes conferring the first three resistance
mechanisms reside in plasmids and insertion elements (horizontally transmissible elements
enabling their transfer among a wide range of bacterial species). No tetracycline resistance was
evidenced in the two investigated strains, comparisons of the genome and plasmid sequences
failing to identify regions able to accommodate horizontally acquired resistance genes.

Inability to introduce stably maintained DNA and perform targeted gene manipulation are
long-standing limitations slowing progresses in understanding many of the components
associated with the basic biology and pathogenesis of Chlamydia. One of these limitations was
removed when a novel method for introducing DNA and modificating the native plasmid to
allow effective selection of transformants has enabled the development of key molecular tools
for studying Chlamydia. This transformation system was employed to test the expression of
a diverse set of fluorescent proteins and to demonstrate the utility of subcellular localization
studies [52]. The C. trachomatis developmental cycle incorporates numerous poorly under-
stood processes, but a method for transforming Chlamydia has recently enabled the devel-
opment of essential molecular tools to better study the biology and pathogenesis of these
bacteria. Evaluation of green fluorescent protein (GFP) expression demonstrated a tight con-
trol of gene regulation by the Tetracycline repressor and anhydrotetracycline. Sensible GFP
induction was observed in mid stages of the developmental cycle, data suggesting that meta-
bolic diversity is affecting induction and/or expression during later stages [53].

Previously expensive, laborious and largely inaccessible, routine identification of tetracycline
resistance loci became possible through the high-throughput whole-genome sequencing tech-
nology that emerged in recent years and enabled the low-cost interrogation of a large number
of C. trachomatis genomes [54].
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N. gonorrhoeae has quite a history in acquiring or developing resistance to antibiotics, includ-
ing all first-line treatment drugs such as sulphonamides, penicillins, tetracyclines, macrolides,
fluoroquinolones or, more recently, cephalosporins. Mechanisms for N. gonorrhoeae resistance
to antibiotics may involve efflux systems, mutations in the chromosomal targets or acquisition
of novel genes by transformation or plasmid-mediated conjugation. Chromosomal mosaic
penA genes have been recently identified to confer resistance to extended-spectrum cephalo-
sporins including ceftriaxone and cefixime, posing serious threats regarding the development
of an untreatable ‘superbug’ [55].

In bacteria with multiple rRNA (rrn) operons, the effect of a beneficial mutation in one operon
is likely to be diluted out, thus offering no significant phenotypic advantage. However, ampli-
fication of a mutant allele could confer a resistant phenotype, as it occupies the majority of
the bacterium’s rrn operons. While implementation of both of these latter systems requires
the acquisition of exogenous genetic material, moderate levels of macrolide resistance have
been observed in N. gonorrhoeae upon overexpression of an endogenous membrane transport
system. The potential risks of resistance developing via modification of endogenous efflux
systems such as mtrRCDE of N. gonorrhoeae or via drug inactivation remain to be assessed [56].

A wide range of plasmids, from the small 4.2 kb plasmid to larger conjugative plasmids pro-
moting their own transfer between strains and carrying determinants of antibiotic resistance,
is associated with N. gonorrhoeae strains [6].

The use of molecular assays for gonococcal antimicrobial resistance surveillance is particu-
larly suited to the fluoroquinolones, where mutations occur at defined bases in the quinolone
resistance-determining regions (QRDRs) of the N. gonorrhoeae gyrA and parC genes. A real-
time PCR (RT-PCR) assay was modified to allow the simultaneous detection of N.gonorrhoeae
and quantification of the gonococcal susceptibility to ciprofloxacin using clinical samples,
the assay being validated with the use of DNA extracted from 40 linked isolates and urethral
swabs. The 40 isolates consisted of 11 susceptible isolates, 2 isolates of intermediate suscep-
tibility and 27 resistant isolates. Twenty-four of these linked first-pass urine samples were
obtained from men presenting with urethral gonorrhoea [8]. Each gonococcal isolate in the
study was reidentified based on Gram staining—a positive oxidase test (Davies Diagnostics,
Randburg, South Africa) and coagglutination with the Phadebact® Monoclonal Antibody
Test (Pharmacia Diagnostics AB, Uppsala, Sweden). Ciprofloxacin-susceptibility profiles
were confirmed using Etest-based MIC assays, while ciprofloxacin susceptibility phenotypes
were determined according to Clinical and Laboratory Standards Institute (CLSI) guidelines.

DNA was extracted from an additional 33 first-pass urine specimens collected from patients.
A previously published RT-PCR assay differentiating ciprofloxacin susceptible from non-
susceptible N. gonorrhoeae was modified by inclusion of primers and a probe to detect the
gonococcal cytosine-specific DNA methyltransferase gene (dcmH) as a positive control tar-
get. To generate gyrA and parC QRDR products for sequencing, amplification of the required
sequences was undertaken using isolate-derived DNA. The RT-PCR assay correctly predicted
that 15/33 samples were associated with ciprofloxacin-susceptible gonorrhoea, as both gyrA
and parC amplicons were produced. The 18 samples in which gyrA amplicons were not gener-
ated were correctly predicted to come from patients with gonorrhoea either of intermediate
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susceptibility or resistant to ciprofloxacin. The 18/33 samples that produced parC amplicons
came from 15 patients with ciprofloxacin-susceptible gonorrhoea, 2 patients infected by
N. gonorrhoeae isolates with intermediate susceptibility to ciprofloxacin and 1 patient with cip-
rofloxacin-resistant gonorrhoea. DNA extracted from first-pass urine of 15 out of 16 patients
with ciprofloxacin-resistant gonorrhoea generated no gyrA and parC amplicons. The modi-
fied RT-PCR assay previously described in this paper offered a faster method for combined
N. gonorrhoeae diagnosis and determination of ciprofloxacin susceptibility than traditional
culture and antimicrobial resistance testing [8].

As infection with Neisseria gonorrhoeae is one of the major causes of STDs in Romania, we con-
ducted a study on bacterial gyrA and parC genes to determine the presence of ciprofloxacin-
resistant N. gonorrhoeae strains. About 200 subjects from Cluj-Napoca (Romania) suspected
of STD infections were enrolled in our study. DNA extracted from first void urine samples
was purified and amplified via multiplex PCR for the simultaneous detection of 6 STDs:
Trichomonas vaginalis, M. hominis, M. genitalium, C. trachomatis, N. gonorrhoeae and U. urealyti-
cum. DNA obtained from N. gonorrhoeae positive samples was amplified using gyrA, parC and
N. gonorrhoeae-specific dcmH gene primers designed using a modified version of previously
published sequences [8]. DNA from a N. gonorrhoeae ATCC 49226 strain (sensible to ciprofloxa-
cin) served as positive control. The amplicons were separated via gel electrophoresis (Figure 1).

Figure 1. GyrA, parC and dcmH genes—agarose gel electrophoresis. NC: negative control, S1-S3: samples, PC: positive
control.
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The demH gene was amplified in all of the samples collected from the 15 (7.5%) patients
diagnosed with gonorrhea, confirming the accuracy of both PCR methods employed in the
study. The gyrA and parC genes were amplified in eight samples accounting for ciprofloxacin-
sensitive strains (e.g., Sample S3 in Figure 1). The two genes were also present in the positive
control sensitive to ciprofloxacin, proving that the primers were correctly designed. The gyrA
gene was not amplified in six samples presenting only the parC and dcmH genes, that is, con-
stituting intermediate-resistant strains (e.g., Sample S1 in Figure 1). One sample (Sample 52 in
Figure 1) generated neither gyrA nor parC amplicons, signifying that the strain was resistant
to ciprofloxacin.

This was the first Romanian study on STD pathogens demonstrating the presence of genes
providing antibiotic resistance in the N. gonorrhoeae strains. The study confirmed the presence
of N. gonorrhoeae strains resistant to ciprofloxacin in Romania. Most of the strains detected
were intermediate-resistant ones.

Elsewhere, mutations at various genes such as 23S rRNA, mirR and penA (encoding penicil-
lin-binding protein 2, PB P2) have been identified to associate with chromosomally medi-
ated resistance to azithromycin (AZM) [57] and extended-spectrum cephalosporins [58] in
N. gonorrhoeae.

A Chinese study combined antimicrobial susceptibility determinations with molecular-
based analysis of AZM-resistant in N. gonorrhoeae according to the WHO recommendations.
Bacterial genome DNA was extracted from each AZM-resistant isolate identified, mutations
in the four alleles of the 23S rRNA, mtrR and penA genes, as well as polymorphisms in porB
and tbpB, being amplified [59, 60].

A high potential for macrolide resistance to occur by mutations in the 23S rRNAs of the bac-
teria was predicted. The target site for macrolides is the large (50S) subunit of the bacterial
ribosome. Many cases of macrolide resistance in clinical strains can be linked to the alteration
of specific nucleotides in 23S rRNA within the large ribosomal subunit [10]. Findings were
that single base substitutions in rRNA provide macrolide resistance [61].

About 2000 women were tested for vaginal infections. About 1536 of the 2000 vaginal swab
samples cultivated in the study [4] were infected with at least one microorganism, a positivity
rate of 76.80%. M. hominis and U. urealyticum combined accounted for <7%. The antimicrobial
tests were conducted on Muller agar medium, and antimicrobial activities were evaluated by
measuring the diameters of inhibition around the disks. M. hominis strains were found to be
more resistant than those of U. urealyticum.

In a 65-month study conducted on 373 patients attending the Clinic of Dermatovenereology
in Belgrade from January 2007 to May 2012, urethral and cervical swabs were analyzed for the
presence of U. urealyticum and M. hominis. About 48 (12.9%) of the 373 specimens tested were
positive for urogenital mycoplasmas: 37 (77.8%) were found to be positive for U. urealyticum
and 6 (22.9%) for M. hominis, while 5 (10.4%) were positive for both. The test also provided
information regarding the density of each organism and its susceptibility to doxycycline, josa-
mycin, ofloxacin, erythromycin, tetracycline, ciprofloxacin, azithromyecin, clarithromycin and
pristinamycin [62, 63].



Determining the Antibiotic Resistance of Bacterial Pathogens in Sexually Transmitted Diseases
http://dx.doi.org/10.5772/67871

Among the 37 isolates of U. urealyticum, 34 (94.6%) were sensitive to doxycycline. Furthermore,
josamycin and azithromycin (70.3 and 67.6%, respectively) were found to be highly and mod-
erately potent against U. urealyticum. M. hominis was sensitive to doxycycline (83.3%) and
moderately sensitive to ofloxacin (66.7%). M. hominis exhibited an absolute (100%) drug resis-
tance rate to erythromycin, tetracycline and clarithromycin, while U. urealyticum was highly
resistant to clarithromycin (94.6%), tetracycline (86.5%), ciprofloxacin (83.8%) and erythro-
mycin (83.8%). Despite being the most commonly used antibiotic in the treatment of non-
gonococcal genitourinary infections, doxycycline continues to be the most effective agent for
U. urealyticum and M. hominis. Doxycycline and josamycin were the most potent antibiotics
(80%) in mixed infections with both U. urealyticum and M. hominis. Based on its effectiveness,
josamycin could prove to be an alternative treatment for U. urealyticum infections. Still, it is
believed that it is a matter of time until both mycoplasmas will develop resistance to these
new generation antibiotics because of cross-border interaction with resistant agents [62].

Despite the evidence, physicians routinely favor macrolide antibiotics, for example, erythro-
mycin when treating Ureaplasma infections in premature neonates [64].

Antibiotic resistance determination of Ureaplasma spp. usually requires predetermination of
bacterial titer, followed by antibiotic interrogation using a set bacterial input. A method for
determining precise MICs and one for screening against multiple antibiotics using breakpoint
thresholds were detailed in another study [65] enabling a concurrent determination of the
bacterial load in a sample simultaneously with the determination of resistance without prior
knowledge of bacterial load. Further PCR and sequence analyses were performed to deter-
mine the resistance mechanism upon ureaplasmas grown in commercially available selective
medium. An adapted breakpoint analysis was employed to screen for the presence of resis-
tant mutants within the 61 isolates. Confirmation of Ureaplasma was determined by amplifica-
tion of the Ureaplasma-specific urease gene (a 430-bp DNA product).

A reliable method to determine antimicrobial susceptibility of Ureaplasma isolates without
prior knowledge of inoculum size was developed when mutations in bacterial genes pre-
viously associated with resistance were investigated for isolates resistant to erythromycin
and ciprofloxacin [66]. DNA encoding bacterial 23S rRNA gene, L22 and L4 proteins were
amplified and sequenced for macrolide-resistant strains. Gyrase subunits and topoisomerase
subunits were sequenced for ciprofloxacin-resistant strains, while tetM genes from both tet-
racycline-susceptible and tetracycline-resistant isolates were also sequenced. More erythro-
mycin-resistant studies are required to determine the prevalence of mutations in the relevant
genes associated with resistance.

4. Conclusions

Discovery of antibiotic resistant strains is an important step in choosing the appropriate treat-
ment against bacterial STD after the positive detection of the causative agents. A proper treat-
ment can prevent the spreading of these diseases in the general population. Antimicrobial
susceptibility testing proves to be useful in cases when bacteria can be isolated.
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The antibiotic resistance of C. trachomatis has significantly different characteristics from those
of other bacteria. First, because chlamydiae are intracellular pathogens, antimicrobial suscep-
tibility must be determined by their ability to proliferate within a host cell in the presence of
variable antibiotic concentrations. Second, in contrast to most bacteria, C. trachomatis displays
a “heterotypic resistance” in vitro, the chlamydial population containing both susceptible and
resistant organisms, only a small proportion of them exerting resistance at any given time [17].

The study of the Chlamydiae biology is complicated by their intracellular development, but
knowledge of the recombination mechanism(s) may enable effective genetic manipulations.

Antimicrobial resistance of microorganisms is a quite dynamic phenomenon, highlighting the
need for current prevalence and susceptibility data from various different institutions or geo-
graphic areas. The ability to use molecular assays for STD antimicrobial resistance surveillance
would offer a significant advantage to public health programs and selected patient management.

Drug therapies can result in strains containing mutations that confer the highest resistance
becoming prevalent. In contrast, rRNA mutations in laboratory strains are intentionally cre-
ated in order to evaluate drug interaction mechanisms. The creation of phenotypes with less
effective resistance is possible only under controlled laboratory conditions.

The routine use of genomics in clinical settings is becoming a reality. For STDs, understand-
ing the diversity of the circulating strains and their changing over time pattern is a primary
requirement. Comparative genomic studies on chlamydia have demonstrated that it under-
goes extensive recombination. Genome projects can also help us understand the phenomenon
of antibiotic resistance in STD agents, particularly in the cases of C. trachomatis, where very
little was known about the genetics of these organisms because of a lack of molecular tools
and the inability to grow them outside cell cultures or host organisms [14].

In recent year, genomics was asked to clarify a number of clinical aspects. Although genome
analysis of bacterial STD was not a main issue, it can undoubtedly reveal previously inacces-
sible aspects of pathogen biology, including changes that lead to antibiotic resistance thereof.
Genetic methods enable the DNA extraction from different biological samples, and both the
presence of the bacteria and its resistance to one or more antibiotics can be determined from a
single DNA sample. By studying the genes that induce antibiotic resistance and the plasmids
that transfer such genes the mechanism that leads to antibiotic resistance can be elucidated.
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