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Preface

To prevent bacterial adherence caused by virulence factors such as biofilms, inva-
sion, and infection, newly developed antimicrobials in combination with certain
agents or bioactive compounds present in natural products, such as pharmacologi-
cal nutrients and plant extracts as well as certain novel technologies, are being used 
and vastly researched nowadays.

Several factors such as natural selection, mutations in genes, the presence of
efflux pumps, impermeability of the cell wall, structural changes in enzymes
and receptors, biofilm formation, and quorum sensing cause microorganisms
to develop resistance against antimicrobials. Multidrug-resistant pathogens
that are the main causes of morbidity and mortality in the worldwide have
the ability to synthesize a number of enzymes such as extended spectrum-β-
lactamases, induced β-lactamases, carbapenamases, metallo-β-lactamases, New
Delhi metallo-β-lactamases, and many others. Due to the wide range of antimi-
crobial resistance multidrug-resistant pathogens such as methicillin-resistant
Staphylococcus aureus (MRSA), Escherichia coli, Klebsiella pneumoniae, Enterobacter
cloacae, and Pseudomonas aureginosa have emerged throughout the worldwide, and
mechanisms of resistance must be further investigated to treat untreatable infec-
tions caused by resistant pathogens. To overcome antimicrobial resistance, new
strategies must be developed, and minimum doses of antimicrobials in combina-
tion with other agents such as synergistic compounds and nutrient extracts can
be used.

Determining virulence factors such as biofilms and the level of antimicrobial 
activities of antimicrobial agents alone and in combination with appropriate doses
against microorganisms is very important for the diagnosis, inhibition, and preven-
tion of microbial infection, especially for recurrent ones.

This book contains seven chapters from valued experts in Turkey, Mexico, Spain, 
Netherlands, Pakistan, Malaysia, and Kumasi-Ghana. The goal of this book is to
provide information on all the topics mentioned. It can be useful for researchers
who are interested in the study of microbial responses against antimicrobials, and 
the development of new strategies for the treatment of infections caused by MDR 
and biofilm producer microorganisms.

I would like to thank all the authors who contributed to this book with their chapters.
Especially, I would like to express my special thanks to Prof. Dr. Bekir Kocazeybek
for his valued support. Finally, I would also like to thank Ms. Maja Bozicevic who
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Chapter 1

Introductory Chapter: The Action
Mechanisms of Antibiotics and
Antibiotic Resistance
Sahra Kırmusaoğlu, Nesrin Gareayaghi and
Bekir S. Kocazeybek

1. Antibiotics

Pathogenic microorganisms can infect tissues of human by destroying cellular
functions. Microorganisms themselves or their toxins can damage host cells. Micro-
bial infections are treated with antimicrobials by either inhibiting the microbial
growth or killing the microorganism. Antibiotics are widely being used not only in
the treatment of acute and chronic infections, but also in the prophylactic treatment
[1]. Targets of antimicrobials are cell membrane, cell wall, protein synthesis, nucleic
acid synthesis, and biological metabolic compound synthesis (Figure 1) [2]. Over
usage of antibiotics, mutations in the genes, carrying resistance genes in chromo-
somes and plasmids, gaining resistance genes carried by transposons, insertion
sequences (IS) and conjugation from the same or other species of microorganisms
cause bacteria develop resistance to antimicrobials [3].

2. The action mechanisms of antibiotics and antibiotic resistance

2.1 Injury to cell membrane

Plasma membrane of microorganism that has selective permeability contributes
active transport to gain energy as ATP. Cytoplasmic content and gradient such as
micro and macromolecules and ions are controlled by active transportation via
integral transporter proteins. When selective membrane permeability is disrupted
by antimicrobials, ions are lost and cellular ion gradient is distorted, so, the organ-
ism undergoes cellular damage and death [4].

Plasma membranes of bacteria are constructed by fatty acids that can be syn-
thesized in cell or taken from environment as building blocks. Targets of antimi-
crobials are metabolic steps of fatty acid synthesis and membrane phospholipids.
Polymyxin B, that is a bactericidal antibiotic, has been used as one of very few drugs
in the treatment of Gram-negative bacteria such as Pseudomonas [2]. Polymyxin B
that has detergent-like peptides having lipophilic and hydrophilic groups disrupts
phosphatidylethanolamine of membrane. Valinomycin, that is an ionophore, dis-
rupts cellular membrane potential that contributes oxidative phosphorylation by
forming pores in cellular membrane. Daphtomycin that is widely used in blood-
stream, wound, and soft skin infections caused by β-lactam especially vancomycin-
resistant Staphylococcus aureus disrupts membrane potential by depolarization, that
means potassium ions are released from cytoplasm to extracellular matrix [4].
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Daptomycin, amphotericin B, colistin, imidazoles, and triazoles also act as inhibi-
tors of cell membrane [2, 4].

2.2 The effect of antibiotics against cell wall

2.2.1 Cell wall synthesis

Cell walls of microorganisms are constructed by peptidoglycan. Glycan polysac-
charide strands are linked by crosslink that bind polypeptides bound to N-acetyl
muromic acid (NAM) of each polysaccharide strands.

After bactoprenol, which is a membrane-bound acceptor, transfers UDP-NAM-
pentapeptide and UDP-NAG from cytoplasm to outer site of cell membrane,
transglycosylation, and transpeptidation reactions are catalyzed by penicillin-
binding proteins (PBPs) bound to cell membrane as a DD-peptidases to construct
peptidoglycan [3].

Figure 1.
Targets of antimicrobials.
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2.2.2 Degradation of structure and function of cell wall

Certain antibiotics such as β-lactam antibiotics react with PBPs having high
affinity to β-lactams by binding to PBPs as a substrate. These drugs are structural
analogs of acyl-D-alanyl-D-alanine that binds to active site of PBP as a substrate of
PBP during transpeptidation reaction. Transpeptidation reaction is blocked by these
antibiotics inactivating transpeptidase domain of PBPs. Microorganisms are killed
by these cell wall inhibitors that inhibit peptidoglycan biosynthesis [3].

2.2.3 β-lactamases and the mechanisms of β-lactam resistance

β-lactamase, that is an enzyme synthesized by many species of Gram-positive
and Gram-negative bacteria, inactivates β-lactams degrading amide bond of β-
lactam ring of β-lactam antibiotics [4] (bnmMRSA and MSSA). β-lactamases can be
mediated by either plasmids or chromosomes, whereas penicillinases of Staphylo-
coccus aureus are plasmid mediated, many Gram-negative bacteria are chromosom-
ally mediated. β-lactamases that are plasmid mediated have tendency to be
transferred between distinct species of bacteria. Chromosomally mediated β-
lactamases can be either produced constructively as in the species of Bacteroides and
Acinetobacter or induced as in the species of Enterobacter, Citrobacter, and Pseudo-
monas. Extended-spectrum β-lactamases (ESBLs) that are one class of β-lactamases
having distinct ability to hydrolyze β-lactam rings of cefotaxime, ceftazidime, and
aztreonam can be seen in a few species of Gram-negative bacteria such as Klebsiella
pneumoniae and Escherichia coli [4].

β-lactamase is synthesized by blaZ gene and regulated by blaI and blaRI located
in plasmid or transposon. When β-lactam is not used, by binding of BlaI synthesized
by blaI gene to promoter-operator region of blaI-blaRI operon, β-lactamase is not
transcriped by blaZ gene. But in the treatment with β-lactam antibiotics, active site
of BlaRI which is a signal transducer integral protein of β-lactam is blocked by β-
lactam. After this blockage of active site, intracellular zinc metalloprotease domain
of BlaRI releases BlaI bound to blaI-blaRI operator. By upregulation of blaZ gene, β-
lactamase enzyme is synthesized, so the microorganism develops resistance to β-
lactam used [3].

2.3 Inhibition of metabolic biological compounds synthesis

Biological metabolic reactions are catabolized by enzymes that are activated by
substrates. Synthesis of metabolic biological compounds can be inhibited by drugs
as a competitive inhibition manner. Drugs that are structural analogs of substrates
act as substrates for the enzymes used in metabolic reactions.

Para-aminobenzoic acid (PABA) is a substrate for folic acid synthesis that is a
coenzyme in the reactions of purines, pyrimidine, and amino acids synthesis [2].

Sulfanilamide and 3,4,5-trimethoxybenzylpyrimidine are the examples of drugs
inhibiting synthesis of metabolic biological compounds. Sulfonamides (Sulfa drugs)
have been used in many infections such as urinary tract infections. Sulfonamide is
widely used in combination with other compounds. Silver sulfadiazine, one of the
combined drugs, is used in burn infections [2].

Trimethoprim sulfamethoxazole (TMP-SMZ) is another combined drug used
widely because of its synergistic activity. Trimethoprim and sulfamethoxazole block
distinct steps of DNA and RNA precursor synthesis, and protein. Sulfamethoxazole
that is sulfonamides showing structurally analogy with PABA blocks the reaction
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synthesizing dihydrofolic acid (DHF) from PABA, whereas trimethoprim that is
sulfonamides showing structurally analogy with DHF blocks the reaction synthe-
sizing tetrahydrofolic acid (THF) from DHF (Figure 2) [2].

2.4 Inhibition of nucleic acid synthesis

Antibiotics can inhibit replication, transcription, and folate synthesis of micro-
organisms.

2.4.1 Blockage of replication

2.4.1.1 Replication of DNA

Deoxyribonucleotide precursors are synthesized for the polymerization of
deoxynucleotides. By kinase enzyme, deoxynucleoside triphosphates (dNTP: dGTP,
dCTP, and dATP) are synthesized from deoxynucleoside diphosphates (dNDP:
dGDP, dCDP and dADP) that are synthesized from ribonucleosides by ribonucleo-
tide reductase. But deoxythymidine triphosphate (dTTP) is synthesized by differ-
ent pathway. Deoxyuracil diphosphate (dUDP) that is synthesized from uracil
diphosphate (UDP) by ribonucleotide reductase is converted to deoxyuracil
monophosphate (dUMP). Thymidylate synthetase catalyzes a reaction that converts
dUMP methylated by tetrahydrofolate (THF) to dTMP. In this step,
tetrahydrofolate (THF) is synthesized from dihydrofolate (DHF) by dihydrofolate
reductase. Finally, dTTP is synthesized from dTMP by kinase (Figure 2).

DNA gyrase opens DNA strands for the polymerization of deoxynucleotides by
DNA polymerase according to the each circular template strand of chromosome [5].

2.4.1.2 Inhibition of replication and the mechanisms of resistance

Kinolons, such as nalidixic acid and ciprofloxacin that is used in the treatment of
infections caused by Pseudomonas spp., prevent the formation of replication fork by
inhibiting DNA gyrase, as a result of binding to gyrA subunit. Novobiocin and
coumermycin prevent the formation of replication fork by inhibiting DNA gyrase,
as a result of binding to gyrB subunit. When gyrA and gyrB genes of bacteria are

Figure 2.
The synthesis of deoxynucleoside triphosphate precursors (dNTP: dATP, dGTP, dCTP, and dTTP), and the
inhibition of tetrahydrofolate (THF) and dNTP synthesis by antibiotics.
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mutated, bacteria develop resistant against these antibiotics [5]. Norfloxacin,
gatifloxacin, gemifloxacin, and moxifloxacin are the other groups of
floroquinolones having broader spectrum of activity. Floroquinolones are nontoxic.
Ciprofloxacin, norfloxacin, gatifloxacin, and gemifloxacin are used to treat urinary
tract infection and pneumonia [2].

Synthesis of deoxynucleotide precursors that are used in the replication of
DNA can be blocked by trimethoprim, hydroxyurea, 5-fluorodeoxyuridine, and
5-fluorouracil.

Trimethoprim is an inhibitor of folate synthesis. Trimethoprim, that is a struc-
tural analog of DHF, prevents the synthesis of THF by inhibiting dihydrofolate
reductase. So, dTMP that is a precursor of deoxynucleotide polymer is not synthe-
sized. There are many mechanisms of trimethoprim resistance. If thyA gene of
microorganism undergoes to mutation that inactivates thymidylate sentetaz dTMP
and DHF are not synthesized, as a result of inability in the transfer of methyl group
from THF to dUMP. Due to dihydrofolate reductase is not synthesized in the
microorganism of which thyA gene is mutated, this microorganism is not inhibited
by trimethoprim. If the microorganism changes the binding site of the
dihydrofolate reductase, the trimethoprim cannot bind to dihydrofolate reductase.
So, bacteria develop resistance to trimethoprim. Another mechanism of trimetho-
prim resistance is carrying gene causing resistance to trimethoprim [5].

Hydroxyurea inhibits ribonucleotide reductase that catalyzes deoxynucleoside
diphosphate from ribonucleoside diphosphate (Figure 2). If microorganism of gene
coding ribonucleotide reductase is mutated, microorganism develops resistance to
hydroxyurea [5].

Precursor synthesis can be blocked by 5-fluorodeoxyuridine and 5-fluorouracil
with competitive inhibition. Monophosphate forms of 5-fluorodeoxyuridine and
5-fluorouracil are structural analogs of dUMP that is the substrate of thymidylate
synthase. They inhibit the synthesis of dTMP. If the microorganism of gene coding
thymidylate synthase is mutated, the microorganism develops resistance to
5-fluorodeoxyuridine and 5-fluorouracil [5].

Dideoxynucleotides that are used as drugs are similar with deoxynucleotide
precursors, except that the hydroxyl group is absent in their 30 carbon. Dideoxynu-
cleotides that mimic deoxynucleotide precursors corpore into DNA and then, stop
replication, due to it cannot be bound by the next deoxynucleotide.

Mitomycin C blocks replication by binding guanine bases that are located in both
template strands of DNA [5].

2.4.2 Blockage of transcription

2.4.2.1 Transcription

Genetic information is transcripted from DNA to RNA by RNA polymerase that
catalyzes a reaction, binds ribonucleotides with phosphodiester bond. RNA poly-
merase is constructed by 2α, 1β, 1β0, 1ω, and 1σ subunit. Transcription that is
initiated by σ subunit that binds to promoter elongates until it is terminated by
termination protein P (Rho) that is a RNA-DNA helicase releasing transcript from
template DNA by breaking hydrogen bonds produced between template DNA
and transcript [5].

2.4.2.2 Inhibition of transcription

Rifampin, that is a derivative of rifamycine family of antibiotics, blocks initia-
tion of transcription by binding to β subunit of RNA polymerase. Rifampin is
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used in the treatment of infections caused by Mycobacterium tuberculosis, Mycobac-
terium leprae, and bacteria for which treatment is hard is not toxic to humans, due
to it does not inhibit eukaryotic RNA polymerase. Mutated gene that codes
RNA polymerase containing a distinct β subunit structure causes the microorganism
to resist against ripampin. Streptolydigin also blocks initiation of transcription by
binding with the β subunit of RNA polymerase. Bicyclomycin, the target of which is
termination protein P, prevents termination of transcription. Bleomycin produces
nicks on DNA. Bleomycin is not suitable in the usage for humans, because they are
not specific to bacteria and has high toxic effect against humans and animals;
whereas, it is used for the experiments of transcription. Azaserin blocks transcrip-
tion by inhibition of ribonucleoside triphosphate synthesis [5].

2.5 Inhibition of protein synthesis

2.5.1 Translation

Protein is translated from mRNA by tRNA in ribosome. Translation is initiated
by the binding of formylmethionine tRNA-aminoacyl-tRNA (fMet-tRNAf

Met),
translation initiation region (TIR) of mRNA and initiation factor 2 (IF-2) to P site
of 30S subunit of ribosome and the formation of 70S complex as a result of the
release of IF-2. Translation continues with the binding of a new aminoacyl tRNA to
A site, transferring the polypeptide from tRNA bond to P site to tRNA bond to A
site by peptidyl transferase, and translocating of polypeptidyl tRNA from A to P site
by elongation factor-G (EF-G), until translation is terminated by termination
protein P (Rho) [5].

2.5.2 Inhibitors mimicking tRNA

Puromycin that mimics aminoacyl tRNA enters into ribosome and is added to
polypeptide grown, but it is not translocated from A site to P site of ribosome.
Polypeptide containing puromycin at the carboxyl terminal is released from ribo-
some and translation is terminated. Puromycin is toxic to humans and animals, as it
inhibits translation of eukaryotes [5].

2.5.3 Inhibitors binding to 23S rRNA

2.5.3.1 Chloramphenicol

Chloramphenicol, that is a bacteriostatic agent and the inhibitor of 23S rRNA,
inhibits transcription by preventing peptidyl transferase reaction, as a result of
preventing the binding of aminoacyl tRNA to A site of ribosome. Due to its
ability enter into blood-brain barrier, chloramphenicol is used in the treatment
of many central nervous system infections such as bacterial meningitis. If the
gene of ribosomal protein is mutated or bacteria has enzyme inactivating
chloramphenicol, coded by cat gene of Tn9, bacteria resists to chloramphenicol.
The product of cat gene that acetylates chloramphenicol inactivates
chloramphenicol [5].

2.5.3.2 Erythromycin

Erythromycin, that belongs to macrolide class of antibiotics, inhibits
translation by binding to 23S rRNA. As a result of the blockage of E site, that is the
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exit site for peptidyl-tRNA by erythromycin, premature polypeptide is released
in translocation step. Macrolites, such as erythromycin, clarithromycin,
azithromycin, and roxithromycin, are used in the treatment of Gram-positive and
Gram-negative bacteria such as Legionella, Mycoplasm, and Rickettsia, due to use-
fulness of antibiotics. Mutational changes in 23S rRNA and efflux pumps, and
conformational changes of 23S RNA that is caused by methylation of adenine
localized in 23S rRNA by Erm methylase cause bacteria to resist against
erythromycin [5].

2.5.3.3 Thiostrepton

Thiostrepton and other thiopeptide antibiotics block translation by binding
to 23S RNA in the peptidyl transferase reaction and preventing the binding of EF-G
that is a translocase translocating polypeptidyl tRNA from A to P site. Thiostrepton
is used against Gram-positive bacteria. But the usage of thiostrepton is limited to
veterinary and agriculture [5].

2.5.4 Inhibitors binding to A site of aminoacyl tRNA

2.5.4.1 Tetracyclin

Tetracyclin causes futile cycle to release aminoacyl tRNA from A site of ribo-
some by binding of release factors mimicking aminoacyl tRNA to A site. Tetracyclin
is a broad spectrum antibiotic used to treat infections caused by Gram-positive
and Gram-negative bacteria. tetM gene transferred from conjugative transposon
Tn916 codes not only an enzyme that causes resistance by methylating certain bases
of 16S rRNA, but also membrane proteins that pump tetracyclin to out of the cell,
consequently resistance is developed. Ribosome protector proteins coded by tetO
and tetQ gene bind to A site of ribosome by mimicking EF-G, consequently
tetracyclin is released from A site [5].

2.5.5 Inhibitors of translocation

2.5.5.1 Aminoglycosides

Aminoglycosides that contain kanamycin, neomycin, gentamycin, streptomy-
cin, amikacin, and tobramycin effect translocation by binding to A site.
Aminoglycosides that have broad spectrum of activity cause false reading of
mRNA and translation errors. Mutants that are resistant to aminoglycosides are
seen rare. Aminoglycoside resistance is caused by the genes that inactivate
aminoglycosides by phosphorylation, acetylation, and adenylation of them. neo
gene that phosphorylates kanamycin and neomycin cause resistance of
Gram-negative bacteria against kanamycin and neomycin [5].

2.5.5.2 Fusidic acid

Fusidic acid inhibits turnover of EF-G by preventing the release of EF-G from
ribosome. Mutations that are occurred in fusA gene of E. coli cause resistance against
fusidic acid. Certain acetyltransferases causing resistance against chloramphenicole
can inhibit fusidic acid by binding to fusidic acid [5].
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Antimicrobial Resistance
Muhammad Usman Qamar, Muhammad Hidayat Rasool, 
Shah Jahan, Muhammad Shafique and Bilal Aslam

Abstract

Klebsiella pneumoniae (K. pneumoniae) pose an emerging threat to public health 
sector worldwide. They are one of the potent nosocomial pathogens and cause 
variety of infections including pneumonia, septicaemia, wound infections, urinary 
tract infections and catheter-associated infections. From the last two decades, these 
pathogens are becoming more powerful due to the acquisition of resistomes on 
different types of plasmids and transposons. There are four main mechanisms of 
antibacterial resistance such as efflux pump, target alteration, membrane perme-
ability and notably enzymes hydrolysis. K. pneumoniae produce different types of 
enzymes but most importantly extended spectrum-β-lactamase (ESBL), carbapen-
emase and metallo-β-lactamase (MBL). K. pneumoniae carbapenemases (KPCs) 
and New Delhi metallo-β-lactamase (NDM) producing isolates displayed resistance 
not only against the β-lactam drugs (penicillins, cephalosporins and carbapen-
ems) but also to other classes of antibiotics (aminoglycosides and quinolones). 
Therapeutic options available to treat serious infections caused by these extensively 
drug-resistant pathogens are limited to colistin, tigecycline and fosfomycin. Hence, 
combination therapy has also been recommended to treat such bacteria with clinical 
side effects, therefore, new treatment regime must be required. Moreover, we 
are relying on conventional diagnostic tools, however, novel techniques must be 
required for robust identification of multi-drug-resistant bacteria.

Keywords: Klebsiella pneumoniae, antimicrobial resistant mechanisms,  
mortality and morbidity, economic burden

1. Introduction

Klebsiella pneumoniae is one of the notorious pathogens with increase number of 
severe infections and shortage of effective treatment regimes. They are extremely 
resilient pathogens because their success seems to follow the model of “the best 
defence for a pathogen is a good defence” rather than “the best defence for a patho-
gen is a good offense”. K. pneumoniae is a Gram negative, non-motile, capsulated 
and an imperative member of Enterobacteriaceae family. They were firstly identified 
in late nineteenth century and given the name Friedlander’s bacterium [1]. They 
are hermaphrodite and cause both community acquired infections (soil, surface 
water) and significantly hospital acquire infections (medical devices, catheters). 
Importantly, they can reside on different body mucosal surfaces of oropharynx 
and gastrointestinal tract and cause variety of infections including pneumonia, 
bacteraemia, septicaemia, gastritis, wound infections, urinary tract infections, and 
soft tissue surgical infections [2]. From the last 2 decades, K. pneumoniae strains 
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acquired extra genetic traits and become more virulent and antibiotic resistant [3]. 
They develop resistance against a wide range of antibiotics including carbapenems. 
Therefore, they produce (or synthesise) extended spectrum-β-lactamases (ESBL), 
carbapenemases, metallo-β-lactamases (MBLs), New Delhi metallo-β-lactamases 
(NDM) and have many other resistant mechanisms such as efflux pump and 
membranous target alteration.

2. Antimicrobial resistance

Antimicrobial resistance (AMR) defined when a bacterial strain shows resis-
tance against antibiotics that normally inhibit or stop their growth and allow them 
to withstand against drugs. Last 2 decades, there are various AMR pathogens 
have been emerged around the globe such an ESBL producing pathogens, multi-
drug resistant and extensively drug resistant Mycobacterium tuberculosis (MDR, 
XDR-MTB), MBL producing bacteria, methicillin resistance Staphylococcus aureus 
(MRSA) and the advent of NDM producing bacteria. These isolates are almost 
impossible to treat with the existent treatment regime [4]. AMR emerged even since 
the discovery of first antibiotic “penicillin” in 1940 due the natural process of bacte-
ria. Certainly, the genes that confer resistance upon some strains of bacteria precede 
antibiotics by millions of years [5]. Currently, AMR is becoming a big health issue 
around the world due to the irrational, overused and misuse of antibiotics which 
can lead to extra financial burden, prolong hospital stay and even fatal conse-
quences. Unfortunately, currently we deficiency of the novel effective antimicrobial 
compounds, peptides and pipelines antibiotics to combat with emerging superbugs 
which result us facing growing enemy with largely depleted armoury [6].

3.  Mortality, morbidity and economic burden due to antimicrobial 
resistant bacteria

AMR pathogens are one of the main cause of morbidity and mortality in both 
developed and developing countries. According to a published data, around 
700,000 people die due to infections caused by AMR pathogens every year world-
wide and most of the data is still underreported because of poor reporting and sur-
veillance studies [7]. On the other hand, as per The Centre of Disease and Control 
(CDC), above 2 million people get infected due to AMR bacteria with a mortality 
rate of 23,000 each year [8]. Similarly, an Indian study revealed that around 60,000 
neonates die due to AMR infections per year [9]. Likewise, a study conducted in 
Pakistan in 2009 was also documented that 40% neonates die due to MDR and XDR 
pathogens (Escherichia coli, K. pneumoniae, Enterobacter cloacae) isolated from blood 
samples [10]. Another study from Pakistan testified that 37 out of 78 new-borns 
died due to infections caused by MDR-Acinetobacter spp., [11]. Qamar et al., con-
ducted a study in Islamabad, Pakistan also reported 4/9 children died due to NDM 
positive isolates mainly of E. coli and K. pneumoniae [12]. Recently, Khan et al., 
from Karachi, Pakistan also reported that 22 with <1 month of age and 10 were 
elderly patients died due to bacteraemia and septicaemia which was mainly caused 
by NDM positive K. pneumoniae [13]. Highest mortality rate is mainly reported in 
developing countries as compare to developed countries largely in immunocompro-
mised persons. Major risk factors in public sectors hospitals of developing countries 
are, poor hygienic practices of health care workers, irrational use of antibiotics, 
poor sanitation and hygienic facilities, nosocomial pathogens, hospital and wards 
are overcrowded with patients and attended and lack of health care workers, floors 
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and rooms are spilled with sputum and operation theatres are in deliberated condi-
tion and are poorly equipped, contaminated drinking water, more than one patients 
on single bed, presence of insects and flies and most importantly low health care 
budget by the Government [14].

Every year, millions of dollars are spent to tackle the burden of AMR bacterial 
infections around the globe. European Union invested around €1.5 billion annually 
to tackle the infections caused by AMR pathogens which are responsible for around 
23,000 mortalities only in Europe [15]. However, United States of America also 
expenditures above $20 billion to treat the 20 million patients who get infected with 
AMR infection each year [16].

4. Mechanisms of antimicrobial resistance

Since 1990s, bacteria have been becoming gradually more lethal, due to acquisi-
tion of resistomes and develop resistance to different sets of antibiotics. Now a 
day, many bacterial pathogens notably K. pneumoniae are intrinsically resistant to 
various antibiotics or they acquire or encoded antimicrobial resistant genes mainly 
on plasmids as well on chromosomes [17]. There are different mechanisms such 
as conjugation, transformation and transduction in which susceptible strains can 
acquire resistance genes with transposons that eventually support different resis-
tance genes to incorporate with host chromosome or plasmids. Presently, there are 
four fundamental mechanisms of bacterial drug resistance (1) target alteration  
(2) modification in membrane permeability (3) efflux pump and (4) antibiotic 
degradation by enzymes as shows in Figure 1 [18]. In K. pneumoniae both the efflux 
pump and enzymatic degradation of different antibiotics are more efficient as 
compare to other two mechanisms.

Figure 1. 
Mechanism of antimicrobial resistance.
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4.1 Target alteration of the antibiotics

In general, many antibiotics bind to different bacterial target sites with high 
affinity. So, most of the bacteria including K. pneumoniae alter the target sites 
and structure to block or inhibit the efficient binding sites [19]. In K. pneumoniae, 
antibiotic resistance occurs due to target modification in lipopolysaccharides (LPS), 
which is interceded by the activation of PmrA/PmrB two component regulatory 
system (TCRS). Moreover, another TCRS, PhoP/PhoQ contributes to produce poly-
myxin resistance by indirectly activating the PmrA/PmrB TCRS via PmrD linker 
protein. Similarly, inactivation of the PhoQ/PhoP negative regulator encoded by 
mgrB gene has also been identified to play a prominent role in polymyxin resistance 
in K. pneumoniae [20]. There are various pathogens that cause different infections 
and develop resistance even against single point mutation of resistant genes that 
encode an antibiotic target. These resistant strains then further produce numerous 
copies of bacteria [21].

4.2 Modification in membrane permeability

Outer membrane of the bacteria is first line barrier to protect the microorgan-
isms against unfavourable environment including chemical and biological materi-
als. In comparison, majority of the Gram-negative rods (GNR) are intrinsically less 
permeable to various antibiotics because of outer membrane barrier than Gram 
positive bacteria [22]. In the cell wall of Enterobacteriaceae family including K. 
pneumoniae contains various outer membrane proteins (Omps) such as OmpA, 
OmpF and OmpC and the hydrophilic antibiotics can cross through these Omps 
by diffusion. These proteins are involved in adhesion to other cell surfaces, main-
tenance of cell structure and regulation of transport of bactericidal agents and 
nutrition. OmpF expression is regulated at the posttranscriptional level via the micF 
RNA, and many different environmental stresses impact the OmpC/OmpF ratio via 
changes in micF levels. The expression of micF is increased along with that of OmpF 
at high OmpR-P concentrations. The expression of micF is also induced by toxic 
agents, such as paraquat and weak acids, by the SoxS, MarA, and Rob transcrip-
tion factors, which bind to the same sequence element in the micF promoter and 
they down regulate the synthesis of OmpF at transcriptional level (Figure 2) [23]. 
Therefore, the bacteria showed resistance by limiting the antibiotics entry in to the 
cell by the down regulation or replacement of porins with more selective channels. 
However, recent data showed that the loss of porins expression play a significant 
role to produce resistance to new drugs (cephalosporins and carbapenems), to 
which resistance is manly mediated by the enzyme degradation [24]. OmpA is one 
of the major protein of K. pneumoniae that prevent the activation of airway epithe-
lial and loss of this protein make the bacteria susceptible. There are two important 
Omps in K. pneumoniae; OmpK35 and OmpK36 that allow the hydrophilic mol-
ecules such as nutrients and carbapenems to diffuse into bacteria. Moreover, K. 
pneumoniae also contain two alternative proteins; KpnO and OmpK26. Any muta-
tion in OmpK36, OmpK26 and KpnO leads to increased resistance to cephalosporin 
and carbapenems [25].

4.3 Increased efflux pumps

Efflux pumps are the active transport mechanisms that expel out antibiotics 
from bacterial cell and play a vital role to develop intrinsic resistance against 
broad range of antibiotics in GNR [18]. Currently, there are several MDR 
efflux pumps are present in bacteria including FuaABC in Stenotrophomonas 
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maltophilia, MedeA in Streptococcus mutans and AcrAB, KexD and more recently 
OqxAB efflux pumps in K. pneumoniae [26, 27]. In K. pneumoniae, most efficient 
antimicrobial resistant efflux pump is AcrAB, which is not only expel out the 
β-lactam, quinolones and chloramphenicol but also the host derived antimicro-
bial agents such as human antimicrobial peptides and human bronchoalveolar 
lavage fluid [25]. Recently, newly emerging OqxAB efflux pump has been recog-
nised in different parts of the world that conferring resistance to quinolones and 
chloramphenicol [27].

4.4 Enzymatic hydrolysis of the antibiotics

In K. pneumoniae, the most potent and significant antimicrobial resistant 
mechanism is enzymatic hydrolysis of wide range of antibiotics including β-lactam, 
quinolones, aminoglycosides and macrolides [18]. β-lactamases are the enzymes 
that hydrolyze the effect of β-lactam drugs by attacking on their β-lactam ring. 
Currently, a total of 4037 β-lactam enzymes have been identified and mong these 
1327 are class A, class B (n = 581), class C (n = 1359) and 660 belong to class D [28]. 
K. pneumoniae encode for many β-lactamases such as ESBLs, carbapenemases and 
MBLs. ESBLs and carbapenemases contain important subclasses of β-lactamase 
enzymes such as imipenemase (IMP), Verona integron encoded metallo-β-
lactamase (VIM), K. pneumoniae carbapenemases (KPC), oxacillinase (OXA) and 
recently NDM [29].

4.4.1 Classification of β-lactamases

These enzymes are broadly classified into two main scheme one is Ambler 
Molecular classification scheme which is based on amino acid sequence and is 
widely acceptable and secondly, Bush Jacoby classification scheme which is based 
on biochemical properties [30]. Ambler class is further divided in to four major 
sub-classes A, B, C, and D based on conserved and distinguished amino acid 

Figure 2. 
Down regulation mechanism of outer membrane proteins (OMPs) in gram negative bacteria.
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motifs. Among these, class A, C, and D are the serine carbapenemases that hydro-
lyzed their substrate through active site by forming acyl groups and require serine 
as a cofactor for their activity. However, class B enzymes are the MBLs that utilised 
at least one zinc ion at their active site to hydrolyze the β-lactam antibiotics. MBLs 
are further classified into three super families B1, B2 and B3 [31]. However, Bush-
Jacoby-Medeiros classification scheme is divided into three major groups; class C 
(Group 1 cephalosporinases), class A and D (Group 2 Serine β-lactamases) and 
class B (Group 3 MBLs). These are further divided in to several different subgroups 
as shows in Table 1 [30].

4.4.2 Extended spectrum-β-lactamase producing K. pneumoniae

ESBL are the enzymes that hydrolyze the extended spectrum drugs mainly 
cephalosporins. ESBL producing Enterobacteriaceae mainly the K. pneumoniae 
and E. coli is becoming one of the serious threat to the public health sectors. 
According to World Health Organisation (WHO), around 50% of ESBL produc-
ing K. pneumoniae becomes the endemic in many parts of the world and it causes 
30% resistance rate in the community [32]. In 1965, first β-lactamase enzyme 
Temoneria (TEM-1) and sulphydryl variable (SHV-1) has been identified. In 
1983, first case SHV-2 and TEM-3 has been documented in Germany and France 
respectively. Similarly, in 1989, USA also reported ESBL producing K. pneu-
moniae and E. coli. Since then, incidence of these enzymes markedly sporadic 
from one region to another [33]. ESBL producing K. pneumoniae displayed resis-
tance to clinically effective extended spectrum cephalosporins and monobactam 
and left limited treatment options. Moreover, ESBL producing K. pneumoniae 
has become major ESBL carrying bacteria associated with nosocomial infections 
and outbreak during 1990 to 2000. Later, these pathogens acquired variants 
of ESBL such as CTX-M, TEM and SHV. There are various types of ESBLs have 
been identified throughout the world. Up till now, TEM (n = 227) are the most 
predominant type of ESBLs followed by CTX-M (n = 207), SHV (n = 203), VEB 
(n = 19) and PER (n = 9) [28]. Majority of these ESBLs have been reported in 
Enterobacteriaceae notably K. pneumoniae and E. coli. ESBLs producing K. pneu-
moniae have also become an important hospital acquired pathogen. In China, 
around 50% of the hospital acquired infections are caused by CTX-M-14 and 
CTX-M-15 ESBL producing K. pneumoniae [34]. Recently, these ESBL producing 
K. pneumoniae were also reported from community such as water, soil and veteri-
nary settings [35]. In Asia, SHV is the predominant genotype of ESBL and early 
SHV-5 and SHV-12 enzymes were documented in Korea and Japan. However, in 
Europe and south east Asia (India and Pakistan), CTX-M-2, CTXM-3, CTX-M-
14 and CTX-M-15 producing Enterobacteriaceae at its rise. However, in Japan, 
SHV-12 and CTX-M-3 and CTXM-14 have been predominantly reported in K. 
pneumoniae and E. coli. In Indo-Pakistan region, most of the clinical isolates of K. 
pneumoniae encoded for TEM, CTX-M and SHV. Two highly populated countries 
in the world (China and India) represents the largest reservoir of CTX-M in the 
world [36].

4.4.3 AmpC producing K. pneumoniae

AmpC are the β-lactam enzymes that belong to the ambler class C of 
β-lactam. These enzymes hydrolyze cephalosporins antibiotics and produce 
resistance against penicillin, second and third generation cephalosporins and 
cephamycin. Moreover, these enzymes can also convey resistance to combina-
tion of these antibiotics along with β-lactam inhibitors. The versatility of the  
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K. pneumoniae is to encode various β-lactam resistant genes on their transferable 
plasmids that able them to spread AmpC like resistomes in to other species [30]. 
Plasmid mediated AmpC gene was firstly identify during 1980s in  

Molecular 
class 
(subclass)

Bush 
Jacoby 
groups

Main 
substrate

Defining 
characteristic(s)

Representative Bacteria

A 2a Penicillins Increased 
hydrolysis of 

benzylpenicillin

PC1

A 2b Penicillins 
and early 

Cephalosporins

Hydrolysis of the 
penicillins and 
cephalosporins

TEM and SHV Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2be Extended 
spectrum-β- 
lactam drugs, 
monobactam

Hydrolysis 
of extended 
spectrum-β- 
lactam drugs

TEM, SHV and 
CTX-M

Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2br Penicillins Resistant 
to β-lactam 

inhibitor

TEM and SHV Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2c Carbenicillin Hydrolysis of 
carbenicillin

CARB Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2ce Carbenicillin 
and Cefepime

Hydrolysis of 
carbenicillin and 

cefepime

RTG

B (B1) 3a Carbapenems Carbapenems but 
not aztreonam

IMP, VIM and 
NDM

Enterobacteriaceae 
(K. pneumoniae, 

E. coli), non-
fermenters  

(P. aeruginosa,  
A. baumannii)

B (B2) 3b Carbapenems Prefer to 
hydrolyze 

carbapenems

CphA and Sfh

C 1 Cephalosporins More 
hydrolyze the 

cephalosporins

AmpC,

C 1e Cephalosporins Highly 
hydrolyzed the 

ceftazidime

GC1, CMY-37

D 2d Oxacillin Hydrolysis of 
oxacillin

OXA-1, 
OXA-10

A. baumannii

D 2de Extended 
spectrum-β- 
lactam drugs

Hydrolysis 
of extended 
spectrum-β- 
lactam drugs

OXA-11, 
OXA-50

A. baumannii

D 2df Carbapenems Hydrolysis of 
oxacillin and 
carbapenems

OXA-23 and 
OXA-48

A. baumannii

Table 1. 
Classification of the β-lactamases.
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cephalosporins. ESBL producing Enterobacteriaceae mainly the K. pneumoniae 
and E. coli is becoming one of the serious threat to the public health sectors. 
According to World Health Organisation (WHO), around 50% of ESBL produc-
ing K. pneumoniae becomes the endemic in many parts of the world and it causes 
30% resistance rate in the community [32]. In 1965, first β-lactamase enzyme 
Temoneria (TEM-1) and sulphydryl variable (SHV-1) has been identified. In 
1983, first case SHV-2 and TEM-3 has been documented in Germany and France 
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moniae and E. coli. Since then, incidence of these enzymes markedly sporadic 
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been identified throughout the world. Up till now, TEM (n = 227) are the most 
predominant type of ESBLs followed by CTX-M (n = 207), SHV (n = 203), VEB 
(n = 19) and PER (n = 9) [28]. Majority of these ESBLs have been reported in 
Enterobacteriaceae notably K. pneumoniae and E. coli. ESBLs producing K. pneu-
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K. pneumoniae is to encode various β-lactam resistant genes on their transferable 
plasmids that able them to spread AmpC like resistomes in to other species [30]. 
Plasmid mediated AmpC gene was firstly identify during 1980s in  

Molecular 
class 
(subclass)

Bush 
Jacoby 
groups

Main 
substrate

Defining 
characteristic(s)

Representative Bacteria

A 2a Penicillins Increased 
hydrolysis of 

benzylpenicillin

PC1

A 2b Penicillins 
and early 

Cephalosporins

Hydrolysis of the 
penicillins and 
cephalosporins

TEM and SHV Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2be Extended 
spectrum-β- 
lactam drugs, 
monobactam

Hydrolysis 
of extended 
spectrum-β- 
lactam drugs

TEM, SHV and 
CTX-M

Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2br Penicillins Resistant 
to β-lactam 

inhibitor

TEM and SHV Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2c Carbenicillin Hydrolysis of 
carbenicillin

CARB Enterobacteriaceae 
(K. pneumoniae,  

E. coli, E. cloacae)

A 2ce Carbenicillin 
and Cefepime

Hydrolysis of 
carbenicillin and 

cefepime

RTG

B (B1) 3a Carbapenems Carbapenems but 
not aztreonam

IMP, VIM and 
NDM

Enterobacteriaceae 
(K. pneumoniae, 

E. coli), non-
fermenters  

(P. aeruginosa,  
A. baumannii)

B (B2) 3b Carbapenems Prefer to 
hydrolyze 

carbapenems

CphA and Sfh

C 1 Cephalosporins More 
hydrolyze the 

cephalosporins

AmpC,

C 1e Cephalosporins Highly 
hydrolyzed the 

ceftazidime

GC1, CMY-37

D 2d Oxacillin Hydrolysis of 
oxacillin

OXA-1, 
OXA-10

A. baumannii

D 2de Extended 
spectrum-β- 
lactam drugs

Hydrolysis 
of extended 
spectrum-β- 
lactam drugs

OXA-11, 
OXA-50

A. baumannii

D 2df Carbapenems Hydrolysis of 
oxacillin and 
carbapenems

OXA-23 and 
OXA-48

A. baumannii

Table 1. 
Classification of the β-lactamases.
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K. pneumoniae. The most common genes of AmpC families that have been 
reported in K. pneumoniae are DHA, FOX, CMY and MOX types in different 
parts of the world. Although they are plasmid mediated however, first case 
of chromosomal mediated AmpC blaCMY-2 containing K. pneumoniae was 
reported in 2009. AmpC producing K. pneumoniae along with porin loss and 
increase efflux pump display increase resistance against β-lactam drugs which 
can lead to the carbapenem resistance in future [37].

4.4.4 Class A carbapenemases producing K. pneumoniae

Since the sporadic spread of ESBL producing K. pneumoniae in different 
regions, carbapenems which is considering last resort to treat infections caused 
by such pathogens have widely used. The extensive usage of carbapenems have 
led the emergence of plasmid mediated carbapenemase genes such as IMP, VIM, 
KPC and NDM. Carbapenemases are the potent enzymes that hydrolyzed the 
carbapenem drugs and left no treatment option available [32]. There are vari-
ous chromosomal mediated (SME, SFC and NMC-A) and plasmid mediated 
carbapenemases (KPC, GES, IMI) have been identified. It has determined that a 
carbapenemase has variants extending from KPC-1 to KPC-33 till now [28]. KPC 
gene is mainly located on different types of transmissible plasmids such as IncF, 
IncX, IncA/C, IncR and IncI2 which lead to the horizontal transfer of antimicro-
bial resistomes. These plasmids also acquired resistant genes of other antibiotics 
such as aminoglycosides, tetracycline and quinolones. Most of the KPC genes are 
associated with Tn4401 transposons which jumped from one plasmid to other 
[38]. the endemic of KPC producing K. pneumoniae identified in different parts of 
the world including USA, UK, Japan, China, Greece, India, Spain, Germany and 
Italy. Moreover, out breaks of the KPC also documented in different countries like 
USA, France (travelling history from the endemic area), Spain, Netherlands, UK, 
Finland and Sweden [39].

4.4.5 Class B carbapenemase producing K. pneumoniae

Class B are the MBLs that require Zn+ as a cofactor for their activity. There 
are many types of MBLs have been identified such as IMP, VIM, and NDM in 
Enterobacteriaceae. These enzymes cause resistance to various antibiotics includ-
ing carbapenems and left no treatment option [40]. NDM is one the potent 
enzyme of MBL that newly emerged in clinically isolates of K. pneumoniae and 
E. coli from a Swedish patient who had been hospitalised in New Delhi, India in 
2008. NDM producing bacteria displayed resistance not only against β-lactam 
drugs but also to other 14 classes of antibiotics. NDM producing bacteria 
notable K. pneumoniae and E. coli are major cause of morbidity and mortality 
in developing countries. Qamar et al. reported 4/9 children died due to NDM 
producing bacteria [12]. Similarly, another study from Karachi, Pakistan also 
documented 57% mortality in neonates due to NDM producing bacteria mainly 
K. pneumoniae [13]. Up till now there are 19 (NDM-1 to NDM-19) variants 
have been identified in different parts of the world [41]. Among these NDM-1, 
NDM-5 and NDM-7 are most prevalent variants with a hyper variable region. 
NDM are mainly plasmid mediated as compared to chromosome and located 
on different size and number of plasmids such as IncF, IncX, IncA/C. NDM 
producing K. pneumoniae are belong to various sequence types such as ST11, 
ST147, ST258, ST340, ST15 and ST16. More than 50% of the NDM producing 
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K. pneumoniae have been identified from ST11 and ST147. NDM genes are 
mainly associated with ISAba125 transposons in Enterobacteriaceae family 
which hypothesised originated from the Tn125 of A. baumannii [42]. Since the 
discovery of the NDM in Asia it is widely spread in different parts of the world 
including USA, UK, Middle East, Europe, Africa and Australia. Main reservoir 
for NDM are the Asian countries like India, Pakistan and China and the Balkan 
States [39].

4.4.6 Class D carbapenemases producing K. pneumoniae

These carbapenemase enzymes swiftly hydrolyzed the isoxazolylpenicillins 
drugs such as oxacillin, cloxacillins and dicloxacillin than benzylpenicillin. 
There are more than 574 variants have been identified around the globe but 
few of them have the carbapenemase activity. Therefore, class D are reclassi-
fied in to 12 main groups; Oxacillinase (OXA)-23, OXA-24, OXA-48, OXA-51, 
OXA-58, OXA-143, OXA134, OXA-211, OXA-213, OXA-214, OXA-229, OXA-235 
[43]. Among these most potent variants is OXA-48 which was firstly identified 
in K. pneumoniae in Turkey in 2003. Later, this gene spread in different parts 
of the world such as Libya, Egypt, India, Spain Switzerland, France, Germany, 
Argentine, Israel, Saudi Arabia, Japan. The highest percentage of OXA-48 has 
been reported in France, Spain and Saudi Arabia (78%) followed by 88% in 
Lebanon and 56% in Pennsylvania [39]. Co-existence of OXA-48 like K. pneu-
moniae has been reported from different countries like Switzerland (OXA-48/
NDM-1), Turkey (OXA-48/NDM-1) and India (OXA-181/VIM-5). OX-48 like 
genes are mainly present on transferable and conjugative group of plasmids 
(IncL/M and IncL) [39, 44].

5. Tacking of antibiotic resistance

AMR is becoming a menace to global health. According to United Nation 
(UN), in 2050, if we do not tackle the AMR now, more than 10 million people 
will die each year and the global income cost would be $100 trillion. So, in 2050, 
one person will die after every 3 seconds [7]. Firstly, it is need of the hour to give 
a public awareness through paper and electronic media to stop the irrational use 
of antibiotics. Secondly, people should improve their hygiene practices which 
will reduce the 60% antibiotics burden to reduce the diarrhoea. Thirdly, more 
than 70% world’s antibiotics are being utilised in agriculture and live stocks, 
so overuse of antibiotics must be avoided in these settings. Fourthly, Global 
surveillance of AMR should be conducted and maintained throughout the world. 
Fifthly, there are many countries which do not have the rapid and effective 
diagnostics facilities of microbiology which allow the physician to prescribe the 
broad-spectrum empirical therapy. Sixthly, there is an urgent need to develop an 
alternative method to treat the AMR such as vaccines, phage therapy, probiotics, 
antibodies and lysins. Seventhly, there are shortages of microbiologists, infec-
tious diseases specialists, infections control specialists, vegetarians, pharmacists 
and epidemiologists. Eighthly, A global funding must be required to support 
and encourage the less commercially attractive. Ninthly, the world gives better 
incentive to pharmaceutical companies to develop new and existing antibiotics. 
Finally, world leading organisations such as WHO, G20, UN must work together 
with coordination.
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Abstract

Bacteria have developed the capability to produce structured communities (or 
cluster of cells) via adherence to surface to form biofilms that facilitate or prolong 
their survival under extreme environmental condition. Bacterial biomass adheres to 
inanimate and biotic surfaces in the hospital setting as well as in the environment. 
In the healthcare system, the biofilm formation on medical devices allows bacte-
ria to sustain as a reservoir and becomes more resistant to antimicrobial agents. 
However, biofilm formation facilitates pathogens to sabotage the host defenses that 
are linked to long-term retention within the host cell. Therefore, in this review, 
we provide some steps leading to the formation of biofilm within the host and on 
inanimate surfaces, also emphasizing various medically significant pathogens and 
debate current developments on novel approaches that aimed to prevent biofilm 
formations and its dispersion to patients.

Keywords: biofilm, antibiotic resistant, distribution, control, therapeutic strategy

1. Introduction

Biofilm formation is structured accumulation of fastidious microorganisms 
attached on inanimate objects or compact surfaces that extensively have been 
examined in the past decades because they particularly cause infections and more 
often responsible for chronic infections [1–3]. They are predominantly problematic 
due to their antimicrobial resistant properties and their ability to evade host defense 
mechanisms, which substantially hinders disease treatment in the hospital [1–4]. 
Bacterial biofilms are ubiquitous in nature and harbor phenotypic adaptations in 
the environment with respect to broader perspective [1]. The nature of single cell 
organisms enables them to adhere to each other and form a “complex structure,” 
which assists to survive under adverse environmental condition. The biofilm forma-
tion occurs from planktonic bacteria due to environmental changes and involves 
in conjugation gene transfer “multiple regulatory network” from one bacterium to 
another in response to environmental stress [5–9]. This type of cell-to-cell adhesion 
and gene transformation changes the expression of surface molecules, virulence 
factors, and nutrient utilization that enables their survival under unfavorable 
environmental condition [8, 10–17].
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Bacteria are cocooned within the biofilm and form extracellular matrix, which 
represents 90% of the biomass [18]. The matrix as a stabilizing scaffold for the 
three-dimensional structure is composed of extracellular polymeric substance (EPS) 
along with extracellular DNS and carbohydrate binding protein [19–21]. Nutrients 
are trapped by the resident bacteria in the matrix and water is retained efficiently 
via H-bond interaction with hydrophilic polysaccharides [18, 22]. The composition 
of extracellular polymeric substance (EPS) is modified in response to alterations in 
nutrient availability [23, 24] by certain enzyme secretion of bacteria, thus tailoring 
biofilm formation to the more specific environment [23, 25]. Therefore, the skeletal 
components of the extracellular matrix are highly hydrated and provide high tensile 
strength that enables bacteria to exchange their DNA by conjugation and promote 
cell-to-cell interaction while defending the biomass from predation, radiation, 
desiccation, oxidizing molecules, and other dangerous agents [18, 26–28].

The multifaceted nature of biofilms that allow the bacteria to form a community, 
i.e., division of labor and express their virulence factors in response to local oxygen 
and nutrient availability, makes them resistant against different antimicrobial 
agents [29, 30]. Some studies have shown that there are presence of nondividing 
metabolically inactive recalcitrant bacteria within the biomass [29, 31], which play 
very crucial role to cause tolerance against broad-spectrum antimicrobial drugs. 
The matrix protein inside the host cell protects bacterial biofilm against innate 
immune defenses, i.e., phagocytosis and opsonization [32]. The spread of other 
virulence factors inside the host cell and drug resistance marker is due to the cell-
to-cell interaction [15]. Thus, biofilm-forming pathogens retained and adhere to the 
infected surface and cause recalcitrant and chronic infection, i.e., upper respiratory 
tract infection (particularly, Pseudomonas aeruginosa) [33, 34], dental decay (mixed 
culture of Streptococcus mutans, and other pathogens) [35], ventilated-induced and 
other device-associated infections (Escherichia coli, Klebsiella spp., Enterococcus 
faecalis, Staphylococcus aureus, etc.) [36, 37], urinary tract infections [Proteus spp., 
uropathogenic E. coli (UPEC)] [38]. In particular, immunocompromised patients 
are the most common target to all these biofilm-forming pathogens, causing a dev-
astating impact on patients, and in many cases, leading to death. Here, we analyze 
the formation of intracellular and extracellular biofilm which is the underlying 
factor for various medically important microorganisms. Given the recalcitrance and 
prevalence of infections caused by biofilm-forming pathogens, we discuss knowl-
edge about the most current progresses in the advancement of novel strategies of 
biofilm.

2. Extracellular formation of biofilm

2.1 Bacterial attachment on surfaces and what does make it adhere  
to object surface?

Bacterial biofilm growth, subsequent maturation, and aggregation consist of 
irreversible and reversible stages, which involve various conserved and species-spe-
cific aspects. At the first stage, the bacteria are introduced on the surface; a process 
of at least a part of stochastic that is driven by gravitational forces and Brownian 
motion, and usually influenced by nearby hydrodynamic forces [39, 40].  
Microorganisms encounter with repelling or attractive forces—within the niche 
that alter depending on ionic strength, pH, nutrient levels, and temperature. 
Bacterial cell wall composition, along with medium properties, affects direction 
and velocity toward or away by the contact surface of pathogens [39]. Motile 
bacteria utilize flagella in order to overcome repulsive and hydrodynamic forces, by 
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having a competitive advantage. The main function of flagella is to provide motility 
and initial cell attachment to the surface for various pathogens, including Listeria 
monocytogenes, E. coli, Vibrio cholerae, and P. aeruginosa [41–45]. In some species 
of bacteria, chemotaxis plays very important role in direct attachment to nutrient 
composition, for instance, mutations arise in CheR1 methyltransferase, which 
have been observed to vary the response of amino acid of P. aeruginosa and impair 
maturation of bacterial biofilm and attachment [46]. Some earlier studies have been 
shown that chemotaxis in E. coli is dispensable [5]; moreover, current observations 
revealed that the disruption occurs in the chemotaxis methyl accepting protein II 
and informs biofilm defects particularly in uropathogenic E. coli cells [47]. With 
respect to intercepting surface, bacterial attachment is facilitated by additional 
secreted molecules such as adhesin protein and extracellular adhesive appendages.

Initially, the attachment is reversible and dynamic during which pathogens 
can separate and rejoin planktonic biomass if agitated through repulsive forces 
[48], hydrodynamic forces—detach bacteria off from the surface. Some bacteria 
attained irreversible attachment in order to maintain a firm grip on the cell surface. 
Serotypes of other E. coli and uropathogenic E. coli depend intensely on the type 
1 pili [5, 40, 49–51]. Uropathogenic E. coli harbors several pili systems (means 
CUP system), which mediate adhering to a specific niche [38]. Attachment on the 
bacterial surface is facilitated by the adhesion protein (FimH), which identifies 
mannosylated moieties [50–52]. The adhesive protein (FimH) plays a critical role in 
the pathogenesis of uropathogenic E. coli because it facilitates adherence and causes 
invasion to epithelial cells of bladder in human, adheres to the human uroplakin 
and is also critical in preclinical murine cystitis model, which causes human disease 
[51, 53, 54]. FimH is much more consistent to play a critical role in the virulence of 
human disease under positive selection [52–56].

Furthermore, antigen 43, curli fibers, and type 1 pili have been observed to 
facilitate attachment and cell-to-cell interaction on inanimate surfaces [57]. Curli 
fiber also mediates attachment to the extracellular matrix components in eukary-
otes such as plasminogen, fibronectin, and laminin [58]. Pseudomonas aeruginosa, 
for instance, uses various additional organelles, which assist in adherence to the 
surface, irreversibly. Contrary to UPEC and P. aeruginosa, Gram-positive bacteria 
(Enterococci) are lactose producing, nonmotile, and recently identified to contain 
nonadhesive (pili) that mediate attachment to the extracellular matrix components 
in eukaryotes. Examples of these include Ace (E. faecalis) and SagA (E. faecium), 
which attach to the collagen protein [59] and surface protein (Esp). This has been 
observed to stimulate abiotic formation of biofilm on the contact surface specifi-
cally in E. faecalis [60]. Current studies showed the existent of biofilm-associated 
pili (Ebp) and also confirmed their contribution toward urinary tract infections, 
endocarditis, and biofilm formation and attachment [61].

2.2 Maturation of biofilm

Cell-to-cell interaction triggers specific intrinsic responses that cause changes 
in the gene expression, upregulating factors favorable to sessility especially for 
those involved in extracellular matrix protein formation [40]. However, relatively 
very little information is obtained about the matrix constituents with respect to E. 
coli pathogen. Initially, cellulose was recognized as essential components in E. coli 
pellicle biofilms and later on expressed with curli fibers in gastrointestinal E. coli 
strains [62]. Curli fiber plays a critical role in pellicles, for instance, curli fiber (amy-
loid) that leads to the pellicle biofilm formation. It also acts as a curlicide to prevent 
pellicle formation, and some of them have deficient to form pellicles (known as 
curli mutants) [63]. Further studies revealed that colonic acid and polyglucosamine 
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1 pili [5, 40, 49–51]. Uropathogenic E. coli harbors several pili systems (means 
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and is also critical in preclinical murine cystitis model, which causes human disease 
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in eukaryotes. Examples of these include Ace (E. faecalis) and SagA (E. faecium), 
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very little information is obtained about the matrix constituents with respect to E. 
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(PGA) take part in biofilm architecture [64], while the PGA being predominant 
among the clinical strains, particularly in UPEC isolates. Thus, more detailed inves-
tigations are required for further characterization of extracellular matrix protein in  
E. coli. The composition of extracellular matrix protein has been extensively ana-
lyzed in P. aeruginosa and varies depending on external environmental conditions 
[65]. The primary components of EPS are Psl and Pel [25]. Psl enhances the attach-
ment of P. aeruginosa to epithelial cells [66] and mucin, while the expression of Pel 
increased in small colony variants (SCV) isolated from the cystic fibrosis patients 
associated with Pseudomonas persistence in the airways of lung [67]. Moreover, 
intercellular interactions and biofilm stabilizations in P. aeruginosa are critical in 
response to environmental DNA (eDNA) [68].

Mature P. aeruginosa biofilm formations are more resistant to treatment with 
DNase as compared to young biofilms, demonstrating that eDNA remains stable 
because the components of EPS are not abundant during the initial stage of biofilm 
when the bacterial cells come to attach each other. In contrast, the concentration of 
eDNA increases during biofilm maturation stage due to the occurrence of bacte-
rial cell lysis in response to quorum sensing mechanism of Pseudomonas quinolone 
signal (Pqs) [69]. In Pseudomonas, type IV pili play an essential role in the migrating 
pathogens to form aggregation in the area of high eDNA binding attraction [70]. 
The amount of eDNA to form biofilm structure has already been observed in  
E. faecalis. Some reports identified that biofilm formation in this organism is influ-
enced by the affected autolysis of cells and intracellular release of DNA [71, 72].  
Initial study reported that the mutant reduced the biofilm formation by 30% due 
to the lack of autolysin gene, Atn [59]. In another study investigated, it showed that 
specific stage of bacterial biofilm formation required temporal regulation by Atn for 
the release of DNA [73].

2.3 Matrix escape mechanisms

Bacterial mature biofilm provides a suitable living environment to the resident 
microorganisms for making compact surface adherence community, so as to share 
products and actively exchange their genetic materials by conjugation. Moreover, as 
biofilms  mature, dispersal becomes a choice. In addition to passive dispersal caused 
by shear stress, the pathogen develops different ways to recognize environmental 
changes, which make it to stay within the biofilm. Bacterial biofilm dispersal occurs 
as a result of various clues such as oxygen fluctuations, modifications in nutrient 
availability, and increases in toxic products [74]. Biofilm dispersal is induced by the 
increase of extracellular iron in uropathogenic E. coli [75], while in Pseudomonas 
spp., it is due to the increased quantities of various nitrogen and carbon source [76]. 
The amounts of small molecules such as alterations in environment and changes 
in gene expression are monitored by various sensory systems [77]. Among various 
other signals, for instance, universal cyclic-di-GMP has been used in P. aeruginosa 
and E. coli causing implication in a shift between motility and sessility. Typically, an 
increase in the level of cyclic-di-GMP is favorable to sessility, while a reduction in 
cyclic-di-GMP induces upregulation of motility [78].

Recently, some results reported the factors responsible for such changes such as 
downregulation of extracellular polymeric substance, reduction of cyclic-di-GMP 
in bacterial biofilm communities, and upregulation of swarming and swimming 
motility [25]. Certain type of enzymes (such as alginate lyase) also participates in 
pathogen detachment from surface especially in P. aeruginosa [79], whereas in E. 
coli, the enzyme (CsrA) is responsible to repress the synthesis of PGA [80]. Along 
with that downregulation of EPS, certain molecules of surfactant are produced 
causing a reduction in cell-to-cell interaction. Moreover, studies identified that 
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flagellated populations within the biofilms of P. aeruginosa migrate to other void 
surface in order to make colonies [65]. Initially, these colonies loosely attach to 
compact surface, but after maturation process, they make a hard shell in the sur-
rounding and use the infected surface as a source of nutrient. Sometimes, live cells 
use dead cells as a source of carbon. When bacteria become dead, then live cells 
accumulate on it, bind to each other by sharing their genetic materials and form a 
compact layer that is usually very hard to break. Dead cells are also responsible for 
creating cavity within the bacterial biomass. The bacteria within the biofilm can be 
scattered by applying dispersal mechanism.

Due to dispersing nature of bacteria, they may have the ability to restart the 
biofilm formation process after encountering a favorable environmental condition 
[81]. This is another sophisticated mechanism of dispersal revealed by using  
B. subtilis, which could be prevalent among the bacterial species. Researchers 
reported that the pathogen (B. subtilis) lost its cellular integrity within 5–8 days and also  
found that disassembly of biofilm is associated with a mixture of different amino 
acids (D-tyrosine, D-methionine, etc.) that are formed during bacterial stationary 
growth phase [82]. These D-types of amino acids interfere with bacterial attachment 
to cell surface and perturbation to fiber dissociation, without influencing matrix 
component expression or bacterial growth [83]. In B. subtilis, the performance of 
biofilm is disrupted by the addition of D-type amino acid mixture [83]. Further 
studies showed that another factor such as norspermidine, which is produced by B. 
subtilis, works together with D-type amino acid leading to biofilm disassembly [84]. 
So, this type of association—norspermidine/D-type amino acid—is essential for the 
eradication of bacterial biofilm and makes them vulnerable to antimicrobial agents 
used in the hospital.

3. Bacterial intracellular biofilms

Gathering evidence have showed that numerous bacterial pathogenic species 
formerly considered as extracellular can retain within the host cell by adapting 
intracellular bacterial lifestyle that includes the bacterial communities having 
biofilm-like properties. First, a murine model of infection was used to assess the 
bacterial communities for UPEC [85]. Type 1 pili in uropathogenic E. coli bind to 
the receptor on superficial bladder cells [86], triggering to induce bacterial inter-
nalization. Toll-like receptor-4 (TLR-4)-dependent process used to expel out from 
inside the UPEC [87], but certain bacteria elude exocytic procedure and leave out 
from the cytoplasm of host cell, where they duplicate into intracellular bacterial 
communities (IBCs) [85]. Several developmental stages lead to the process of IBCs 
that indicate distinct morphological features [85]. After passing first 6 h ensuing 
bladder inoculation, UPEC rapidly divides (replication time 30–35 min) causing 
small clusters associated with loosely attached rods (during early IBCs), having 
a coccoid shape and an average bacterial length of about 0.7 mm. The bacterial 
exponential growth rate dramatically drops between 6 and 8 h, exceeding replica-
tion time to 60 min. This is the second stage where bacteria accumulate and are 
tightly packed within the biofilm and organized a compact sphere-shaped structure 
(mature-stage IBCs) (Figure 1).

The amount of IBCs is found between 3 and 700 in an infected patient’s blad-
der—IBCs are composed of 104–105 bacterial cells [88]. There are numerous fibers 
surrounded on IBC bacteria that originate from the surface of pathogen and enclose 
pathogens in individualized sections. One of the main components present on the 
surface of IBCs called polysaccharide (sialic acid) that provides protection from 
the attack of immune system and environmental stress. The heterogeneous nature 
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increased in small colony variants (SCV) isolated from the cystic fibrosis patients 
associated with Pseudomonas persistence in the airways of lung [67]. Moreover, 
intercellular interactions and biofilm stabilizations in P. aeruginosa are critical in 
response to environmental DNA (eDNA) [68].

Mature P. aeruginosa biofilm formations are more resistant to treatment with 
DNase as compared to young biofilms, demonstrating that eDNA remains stable 
because the components of EPS are not abundant during the initial stage of biofilm 
when the bacterial cells come to attach each other. In contrast, the concentration of 
eDNA increases during biofilm maturation stage due to the occurrence of bacte-
rial cell lysis in response to quorum sensing mechanism of Pseudomonas quinolone 
signal (Pqs) [69]. In Pseudomonas, type IV pili play an essential role in the migrating 
pathogens to form aggregation in the area of high eDNA binding attraction [70]. 
The amount of eDNA to form biofilm structure has already been observed in  
E. faecalis. Some reports identified that biofilm formation in this organism is influ-
enced by the affected autolysis of cells and intracellular release of DNA [71, 72].  
Initial study reported that the mutant reduced the biofilm formation by 30% due 
to the lack of autolysin gene, Atn [59]. In another study investigated, it showed that 
specific stage of bacterial biofilm formation required temporal regulation by Atn for 
the release of DNA [73].

2.3 Matrix escape mechanisms

Bacterial mature biofilm provides a suitable living environment to the resident 
microorganisms for making compact surface adherence community, so as to share 
products and actively exchange their genetic materials by conjugation. Moreover, as 
biofilms  mature, dispersal becomes a choice. In addition to passive dispersal caused 
by shear stress, the pathogen develops different ways to recognize environmental 
changes, which make it to stay within the biofilm. Bacterial biofilm dispersal occurs 
as a result of various clues such as oxygen fluctuations, modifications in nutrient 
availability, and increases in toxic products [74]. Biofilm dispersal is induced by the 
increase of extracellular iron in uropathogenic E. coli [75], while in Pseudomonas 
spp., it is due to the increased quantities of various nitrogen and carbon source [76]. 
The amounts of small molecules such as alterations in environment and changes 
in gene expression are monitored by various sensory systems [77]. Among various 
other signals, for instance, universal cyclic-di-GMP has been used in P. aeruginosa 
and E. coli causing implication in a shift between motility and sessility. Typically, an 
increase in the level of cyclic-di-GMP is favorable to sessility, while a reduction in 
cyclic-di-GMP induces upregulation of motility [78].

Recently, some results reported the factors responsible for such changes such as 
downregulation of extracellular polymeric substance, reduction of cyclic-di-GMP 
in bacterial biofilm communities, and upregulation of swarming and swimming 
motility [25]. Certain type of enzymes (such as alginate lyase) also participates in 
pathogen detachment from surface especially in P. aeruginosa [79], whereas in E. 
coli, the enzyme (CsrA) is responsible to repress the synthesis of PGA [80]. Along 
with that downregulation of EPS, certain molecules of surfactant are produced 
causing a reduction in cell-to-cell interaction. Moreover, studies identified that 
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flagellated populations within the biofilms of P. aeruginosa migrate to other void 
surface in order to make colonies [65]. Initially, these colonies loosely attach to 
compact surface, but after maturation process, they make a hard shell in the sur-
rounding and use the infected surface as a source of nutrient. Sometimes, live cells 
use dead cells as a source of carbon. When bacteria become dead, then live cells 
accumulate on it, bind to each other by sharing their genetic materials and form a 
compact layer that is usually very hard to break. Dead cells are also responsible for 
creating cavity within the bacterial biomass. The bacteria within the biofilm can be 
scattered by applying dispersal mechanism.

Due to dispersing nature of bacteria, they may have the ability to restart the 
biofilm formation process after encountering a favorable environmental condition 
[81]. This is another sophisticated mechanism of dispersal revealed by using  
B. subtilis, which could be prevalent among the bacterial species. Researchers 
reported that the pathogen (B. subtilis) lost its cellular integrity within 5–8 days and also  
found that disassembly of biofilm is associated with a mixture of different amino 
acids (D-tyrosine, D-methionine, etc.) that are formed during bacterial stationary 
growth phase [82]. These D-types of amino acids interfere with bacterial attachment 
to cell surface and perturbation to fiber dissociation, without influencing matrix 
component expression or bacterial growth [83]. In B. subtilis, the performance of 
biofilm is disrupted by the addition of D-type amino acid mixture [83]. Further 
studies showed that another factor such as norspermidine, which is produced by B. 
subtilis, works together with D-type amino acid leading to biofilm disassembly [84]. 
So, this type of association—norspermidine/D-type amino acid—is essential for the 
eradication of bacterial biofilm and makes them vulnerable to antimicrobial agents 
used in the hospital.

3. Bacterial intracellular biofilms

Gathering evidence have showed that numerous bacterial pathogenic species 
formerly considered as extracellular can retain within the host cell by adapting 
intracellular bacterial lifestyle that includes the bacterial communities having 
biofilm-like properties. First, a murine model of infection was used to assess the 
bacterial communities for UPEC [85]. Type 1 pili in uropathogenic E. coli bind to 
the receptor on superficial bladder cells [86], triggering to induce bacterial inter-
nalization. Toll-like receptor-4 (TLR-4)-dependent process used to expel out from 
inside the UPEC [87], but certain bacteria elude exocytic procedure and leave out 
from the cytoplasm of host cell, where they duplicate into intracellular bacterial 
communities (IBCs) [85]. Several developmental stages lead to the process of IBCs 
that indicate distinct morphological features [85]. After passing first 6 h ensuing 
bladder inoculation, UPEC rapidly divides (replication time 30–35 min) causing 
small clusters associated with loosely attached rods (during early IBCs), having 
a coccoid shape and an average bacterial length of about 0.7 mm. The bacterial 
exponential growth rate dramatically drops between 6 and 8 h, exceeding replica-
tion time to 60 min. This is the second stage where bacteria accumulate and are 
tightly packed within the biofilm and organized a compact sphere-shaped structure 
(mature-stage IBCs) (Figure 1).

The amount of IBCs is found between 3 and 700 in an infected patient’s blad-
der—IBCs are composed of 104–105 bacterial cells [88]. There are numerous fibers 
surrounded on IBC bacteria that originate from the surface of pathogen and enclose 
pathogens in individualized sections. One of the main components present on the 
surface of IBCs called polysaccharide (sialic acid) that provides protection from 
the attack of immune system and environmental stress. The heterogeneous nature 
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of IBCs, such as extracellular bacterial biofilm, composed of different subpopula-
tion having distinct gene expression systems [89]. As IBCs expand, they induce the 
bacterial biofilm to cause interruption against cell membrane of host, producing a 
pod-like structure on the infected cell surface. Ultimately, UPEC detaches as fila-
ment or single rod at the IBC boundary and the infected cells are flux out into the 
lumen of bladder where can invade epithelial cells and restart the process through 
binding [85]. The inhibitor (SuIA) of cell division has been observed to be crucial 
for dispersal and filamentation of UPEC from the bacterial biofilm. The patients 
suffered from urinary tract infections (UTIs) are more likely observed with the 
UPEC filaments in their urine, but not in comparison with healthy controls [90].

The formation of IBC is prevented by intense molecular blockages and during 
acute infection—development of chronic cystitis—the IBC numbers are higher, 
representing the significance of intracellular pathways in the pathogenesis of UTIs 
[88]. The cycle of IBC is dependent on FimH, causing interruption in the expres-
sion of type-1 pili after invasion to host cell, and disrupts normal development 
of IBC due to attenuation of UPEC [54]. The two-component system (QseBC) is 
a key factor influencing curli expression, formation of IBC and type-1 pili. Some 
studies indicated that the intracellular pathway of UPEC is necessary for the TCA 
cycle completion [47]. The techniques such as qPCR and DNA microarray analyses 
interpreting the UPEC expression patterns within IBC pathogen exposed that 
acquisition of iron in bacteria is upregulated, representing the significance of sys-
tem biomass formation [91]. While in clinical isolates of UPEC, the iron acquisition 
patterns are prevalent [92]. Moreover, the pathogen Klebsiella pneumoniae is more 
commonly seen in community- and hospital-acquired infection. About up to 5% 
forms intracellular communities and is more predominant in hospitalized diabetic 
patients [93]. Likewise to UPEC, the Klebsiella pneumoniae invasion is mediated by 

Figure 1. 
Schematic diagram of the development of IBC cascade in uropathogenic E. coli (UPEC), taken by scanning 
electron microscope (SEM) images indicating different structural changes from attachment to dispersion and 
fluxing.
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type-1 pili and formation of IBC, although the differences occur in the expression 
kinetic of pili and filaments [90]. The ability to occupy an intracellular niche and 
persist within the host cell through transitioning from single microbial cell to the 
multicellular community is not confined to uropathogens. Researchers showed that 
by using different animal models and cell line of acute lung infection, the cluster 
formation occurs inside the lung airways due to P. aeruginosa, morphology similar to 
Klebsiella and UPEC (IBCs) [94]. The biofilm formation ability could be evolution-
ary adaptation of pathogens that enable the bacteria to persist within the host cell. 
All these findings represent the formation of IBC, a process that enables the bacteria 
to rapidly expand inside the host cell and take part in bacterial persistence.

4. Postantibiotic period: treatment strategy for biofilm

Broad-spectrum antibiotics are the drug of choice for the treatment of bacterial 
infections. Conventional antibiotics act as either killing the bacterial cell (bacteri-
cidal) or inhibiting the cell division (bacteriostatic). Numerous evidence shows that 
the use of antibiotics extensively causes damage to the host microbiota, producing 
a condition where invading bacteria can prevail and enhance the selective pressure 
against drug resistance [95]. Furthermore, surgery proceeded by administering 
antibiotics is highly successful in order to minimize the infection prophylactically. 
In certain cases, the perfect treatment of choice for foreign material associated with 
biofilm infections is the removal of infectious device. In some cases like pacemak-
ers, cardiac implants and implantable prostheses, device removal is difficult [37]. 
Biofilm formation nature of bacteria that make them recalcitrant against different 
antimicrobial drugs is a result of prolonged treatment. There is a need for the irra-
diation or complete removal of these kinds of pathogens. Antibiotic resistance is not 
only due to increased resistance markers transmitted within the bacterial biofilm 
community, but also due to high metal ion concentration, low pH, and the pres-
ence of persistent cells that are metabolically inactive and inactivate the antibiotics 

Figure 2. 
Schematic diagram about the different stages in the development of biofilm and indicating the strategies to 
preventing and damaging the bacterial biofilm production at particular stages.
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type-1 pili and formation of IBC, although the differences occur in the expression 
kinetic of pili and filaments [90]. The ability to occupy an intracellular niche and 
persist within the host cell through transitioning from single microbial cell to the 
multicellular community is not confined to uropathogens. Researchers showed that 
by using different animal models and cell line of acute lung infection, the cluster 
formation occurs inside the lung airways due to P. aeruginosa, morphology similar to 
Klebsiella and UPEC (IBCs) [94]. The biofilm formation ability could be evolution-
ary adaptation of pathogens that enable the bacteria to persist within the host cell. 
All these findings represent the formation of IBC, a process that enables the bacteria 
to rapidly expand inside the host cell and take part in bacterial persistence.

4. Postantibiotic period: treatment strategy for biofilm

Broad-spectrum antibiotics are the drug of choice for the treatment of bacterial 
infections. Conventional antibiotics act as either killing the bacterial cell (bacteri-
cidal) or inhibiting the cell division (bacteriostatic). Numerous evidence shows that 
the use of antibiotics extensively causes damage to the host microbiota, producing 
a condition where invading bacteria can prevail and enhance the selective pressure 
against drug resistance [95]. Furthermore, surgery proceeded by administering 
antibiotics is highly successful in order to minimize the infection prophylactically. 
In certain cases, the perfect treatment of choice for foreign material associated with 
biofilm infections is the removal of infectious device. In some cases like pacemak-
ers, cardiac implants and implantable prostheses, device removal is difficult [37]. 
Biofilm formation nature of bacteria that make them recalcitrant against different 
antimicrobial drugs is a result of prolonged treatment. There is a need for the irra-
diation or complete removal of these kinds of pathogens. Antibiotic resistance is not 
only due to increased resistance markers transmitted within the bacterial biofilm 
community, but also due to high metal ion concentration, low pH, and the pres-
ence of persistent cells that are metabolically inactive and inactivate the antibiotics 
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[31]. All these characteristics make bacterial biofilm more tolerant/resistant to 
antimicrobial drugs up to 1000-fold more when compared to planktonic bacterial 
cells [96]. Therefore, an alternative strategy must be investigated to combat the 
antibiotic resistant strains and make them vulnerable to antimicrobial drugs. Here 
below, we have mentioned some of the recent developments in strategies that are 
considered to prevent formation of biofilm by bactericidal mechanism or targeting 
distinct developmental stages of biofilm (Figure 2).

5. Bacterial killing strategies

5.1 Elimination of foreign material (indwelling devices) and abscess

There are studies that have reported that the presence of any foreign body 
(indwelling medical devices such as implants or prostheses or catheters) in low 
inoculums of Staphylococcus aureus (102 CFU/ml) in animal tissues was sufficient to 
form abscesses in the patients (95%) despite significant existence of leukocytes. In 
fact, this could be associated with the existence of any foreign material considerably 
intracellular bactericidal effects of body immune cells (leukocytes) and down-
regulated the mechanism of phagocytosis [97]. The polymorphonuclear leukocytes 
cannot perform well in the presence of any foreign body because it provides a 
surface ideal for the bacterial attachment. Therefore, the existence of any foreign 
material considerably increases the chances of bacterial biofilm formation. This 
leads to the pathogen becoming more persistent and resistant against conventional 
antibiotics. Thus, potential therapeutic strategy is required for the elimination of 
such type of bacterial biofilm formations. Certain precautionary measures could 
be employed, for instance, to replace the infected devices used for medical pur-
poses in the patients with a new one. Otherwise, it would be hard to overcome the 
problem regardless of applying various effective antimicrobial drugs in response to 
fastidious pathogens. Changing dialysis catheter if it is infected by the pathogens is 
another measure that could be taken. When pathogen forms biomass on the cath-
eter, it could be the source of bacterial colonization leading to bacteremia which 
may be caused by a deadly bacterial strain. For the cure of catheter-associated infec-
tions caused by bacterial biofilm formation, it is important to change the catheter 
infected with pathogens along with administration of antibiotic intravenously 
during a short time in order to eradicate the pathogen before it invades into the 
bloodstream. However, in some cases, it is hard to change the catheter temporarily; 
therefore, antimicrobial drugs and other alternative therapy may be the best option 
for the minimal release of pathogens from the infected site.

5.2 Phage therapy

An alternative approach to antibiotic treatment is phage therapy [98]. Phages are 
present in a wide range in the environment. It can be isolated easily and ubiquitous 
in nature. Their host ranges from specific to narrow, they are able to self-replicate, 
and therefore, a small dosage may be sufficient to disturb the host microorganisms. 
Furthermore, high mutation rate of phage facilitates adaptation as conforming bac-
terial host aggregate mutations to fix in a specific environment. Phage therapy has 
various advantages during lytic cycle phage that does not enter prophage cycle and 
rarely transfers or contains a virulence gene, thus causing destruction of bacterial 
cell rapidly. Many phages are associated with EPS degrading protein [99] or spread 
during stationary growth phase; these features allow to persist inside the bacterial 
biofilm [100].
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5.3 Antimicrobial peptides

This is another alternative approach used for the improvement of new type 
of antimicrobial drug, usually produced by innate immune response mechanism 
[101]. Contrary to that, their mechanism of action and antimicrobial spectrum 
activity must be defined more accurately before applying as a therapeutic strategy. 
Cathelicidin, for instance, possesses most essential type of antibacterial peptides. 
The biofilm formation of multidrug-resistant Pseudomonas strains, isolated from 
cystic fibrosis (CF) patients, is reduced considerably by BMAP-28, BMAP-27, and 
BMAP-29 [102]. According to a recent study by Pompilio et al. [102], antimicrobial 
activity of tobramycin against multidrug-resistant strains is less than cathelicidin 
peptides. This study indicates that the multidrug-resistant strains are vulnerable to 
cathelicidins due to antibiofilm agents. Another important group that can be used to 
assess the inhibitory effects is called lytic peptides. These peptides assist in attach-
ment of lipopolysaccharides (LPS) to the cell membrane of pathogen and cause cell 
membrane disruption. The study on Staphylococcus aureus indicated that in vitro 
formation of biofilm is prohibited by the lytic peptide (PTP-7) and easily penetrates 
the bacterial biofilm causing death of the bacteria at a rate of 99.9%. This peptide 
has the capacity to bear extreme acidic environment and inhibit the biofilm forma-
tion of Staphylococcus aureus [103].

5.4 Silver nanoparticles

Many researchers have done research on the antimicrobial property of silver 
nanoparticles. Fey [37] found that the silver nanoparticles are the best alternative 
strategy to combat the bacterial biofilms. For example, antimicrobial agents (silver 
nanoparticles) have been incorporated with medical devices and have showed to 
inhibit the device-associated bacterial biofilms. Silver was frequently used as an 
antimicrobial agent for different pathogens over a 100 years; for instance, during 
World War 1, it was extensively used to sterilize the wound infections [104]. The 
antimicrobial activity of silver nanoparticles depends on the positively charged ions 
of metal and electrostatic interactions between negatively charged cell membrane 
of bacteria [105]. The thiol group in silver is the main cause of death in bacteria that 
play an important role in the inactivation of enzyme [106]. This is the reason why 
silver nanoparticles are increasingly used in response to various bacterial infections. 
The antimicrobial agents contain different properties such as high aspect ratios, 
nonimmunogenic, biocompatible, nonbiodegradable, ultralight weight, and easy 
cell membrane penetration. Due to such remarkable properties, we can apply silver 
nanoparticles in various applications such as infection therapy, gene therapy, and 
as antioxidants. The size of silver nanoparticles is typically smaller than 100 nm. 
The mechanism of action of silver nanoparticle is to interrupt the cell membrane 
of bacteria, generate the reactive oxygen species (ROS), interrupt the metabolic 
pathway, prevent the replication of DNA, disrupt the bacterial electron transport 
chain (ETC) [106], and release the toxic ions outside the bacterial cells that lead 
to the death of bacteria. There are large numbers of studies conducted regarding 
toxicity mechanism of silver nanoparticles in rabbits. There is a study that showed 
that silver nanoparticles inhibited bacterial biofilm formation against Staphylococcus 
aureus, without accumulating inside the host tissue [106, 107].

5.5 Polysaccharides

Bacterial cell-to-cell interaction mediated by the exopolysaccharides is a serious 
threat to the formation of biofilm and stabilization. Mutants incapable to export or 
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[31]. All these characteristics make bacterial biofilm more tolerant/resistant to 
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synthesize such exopolysaccharides are usually deficient in the formation of biofilm 
and adherence and hence are extremely sensitive to killing through host immune 
defenses and antimicrobial drugs [108]. Recent studies showed that certain bacterial 
exopolysaccharides destabilize or prevent biofilm formation by some pathogenic 
species. For instance, the existence of Pseudomonas aeruginosa prevented biofilm 
formation of S. epidermidis in in vitro experiments [109]. Polysaccharides along 
with nonbactericidal antibiofilm characteristics have been separated from acellular 
biofilm (or biomass) extracts of various species [108]. The antibiofilm properties 
of Pseudomonas aeruginosa have the ability to act as signaling molecules that effect 
the expression of genes in susceptible pathogens, change the physical features of 
isolated bacterial cells, and prevent the protein-carbohydrate interactions. Most 
polysaccharides with antibiofilm properties allow a broad-spectrum inhibition of 
biofilm, while some are proficient of scattering preformed biofilms. So far, there are 
evidence suggests that polysaccharide with antibiofilm features acts as a surfactant 
molecule that alters the physical properties of abiotic surfaces and bacterial cells. 
Some results also show that polysaccharides might modulate the expression of 
genes of the recipient pathogenic bacteria by acting as signaling molecules [110]. 
Another potential mode of action of polysaccharide is to prevent competitively the 
multivalent protein-carbohydrate interactions [66]. As a result, polysaccharides 
with antibiofilm properties might block tip adhesins of pili and fimbriae, or block 
sugar or lectin-binding proteins that are present on the outer surface of pathogens. 
In pathogen P. aeruginosa, for instance, lectin-dependent adhesion to human cell is 
proficiently repressed by galactomannans [111]. This kind of polysaccharides that 
inhibit the biofilm could be a prominent strategy appropriate for the prevention of 
bacterial infections. Some scientist showed that antibiofilm polysaccharides can be 
used as an adjuvant because of enhancing antibiotic drug functions [108].

5.6 Interference with signal transference

Many studies have been carried out on biofilm inhibition caused by inter-
ruption of the pathogen signaling cascades. This is possible provided that the 
two-component systems in bacteria establish a dominant means of translating 
and intercepting the environmental changes. Signal transduction inhibition 
system plays a critical role in response to antimicrobial therapy because of this 
type of signaling cascade interruption. Not only does it kill the pathogen, but it 
also interferes with the gene expression. Two-component system (QseBC) is the 
best alternative candidate for targeting the drugs, particularly in Gram-negative 
biofilm-forming pathogens [112]. QseC/QseB establishes a significant association 
between the bacterial environmental signaling and the host stress response. The 
pathogen (E. coli) responds to autoinducer-3 in the intestine that is formed by the 
human stress hormones (such as epinephrine and norepinephrine) and gut flora. 
The cascade of signaling transduction comprises chemotaxis by activation of QseC 
and by using the serine receptor Tsr. In the quest for novel antimicrobial drugs and 
therapeutic targets, two-component system (QseBC) can play an important role to 
inhibit biofilm formation by blocking the binding of epinephrine or norepineph-
rine to QseC, as a result to reduce QseB/QseC signaling and decrease virulence and 
motility [113]. Studies have also suggested that the removal of QseC in EHEC and 
UPEC causes an excessive activation of response regulator QseB, owing to par-
ticular QseC phosphatase activity required for deactivation of QseB. The optimal 
strategy behind targeting the phosphate activity is to interfere with common gene 
expression in QseC containing pathogens [47]. Some other studies focused on the 
FsrATC/FsrA inhibitors in E. faecalis. The expression of gelE-sprE and FsrBDC 
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control by the FsrC/FsrA leads to increase in the production of serine protease and 
gelatinase, both are crucial for the proper eDNA production [71].

5.7 Antimatrix agents

Apart from that, extracellular matrix with disrupting components is also very 
important to target the bacterial aggregates. Various observations exploited the 
inhibiting enzymes potentially involved in the modification or synthesis of cell 
wall-secreted or associated with EPS components. In these studies, use of engi-
neered or naturally occurring enzyme and use of phage therapy as an enzyme 
delivery vehicle or to interrupt with matrix integrity by taking benefits from metal 
chelators have been recommended.

5.8 Chelating agents

Metal cations such as iron, magnesium, and calcium have been associated with 
stabilizing the matrix integrity [114]. Chelating agents indicated to cause inter-
ruption in the bacterial cell membrane stability besides disrupting the bacterial 
biomass structure [39]. In vitro study showed that biofilm formation was inhibited 
in various Staphylococcus species by sodium citrate [115]. Furthermore, eradication 
of bacterial biofilms in in vitro experiments is also facilitated by tetrasodium EDTA, 
while disodium EDTA only reduced the bacterial biofilm formations in P. aeruginosa 
and Staphylococcus species [116]. Current reports suggested that the solution of 
minocycline-EDTA was used to inhibit indwelling catheter-associated infections 
especially in children. There were no adverse side effects observed in patients 
treated with the solution of minocycline-EDTA but only a limited number (21%) 
of untreated group (control) developed infections [117]. Moreover, in hemodialysis 
patients, catheter-associated bloodstream infections were observed after applying 
minocycline-EDTA [118].

5.9 Enzyme

The main mechanism of active dispersal of bacterial biofilm is through the 
formation of extracellular enzymes (proteins) that act on several structural com-
ponents (such as exopolysaccharides, surface proteins, and extracellular DNA) 
of the extracellular polymeric substances. These enzymes play an important 
role in the cell separation from the bacterial biofilm colonies and facilitate their 
planktonic discharge into the environment [119]. Through purifying and isolating 
these enzymes, therapist can apparently add them to preformed bacterial biofilms 
exogenously at raised concentrations, in order to make biofilm-associated bacte-
ria more susceptible to antimicrobials/antibiotics and to achieve interventional 
dispersal of biofilms. For this purpose, several classes of enzymes (specifically 
proteases, glycoside hydrolases, and deoxyribonucleases) have been explored for 
the eradication of bacterial biofilms [119]. The enzymes dispersin-B and DNase-I 
have gained greater attention as possible antibiofilm agents, especially in response 
to Gram-positive bacteria. The DNase effect depends on its capability to interrupt 
the eDNA that is established within the bacterial biomass structure [73]. The treat-
ment of DNase prevents biofilm formation in Enterococcus and Staphylococcus and 
dispersed bacterial biofilm [73]. For the treatment of patients with cystic fibrosis 
(CF), a recombinant enzyme (pulmozyme) is used in some cases [37]. However, 
treatment with dispersin-B represented to be more effective in response to S. aureus 
and S. epidermidis [77]. In vitro studies indicated that engineered dispersin-B used 
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and Staphylococcus species [116]. Current reports suggested that the solution of 
minocycline-EDTA was used to inhibit indwelling catheter-associated infections 
especially in children. There were no adverse side effects observed in patients 
treated with the solution of minocycline-EDTA but only a limited number (21%) 
of untreated group (control) developed infections [117]. Moreover, in hemodialysis 
patients, catheter-associated bloodstream infections were observed after applying 
minocycline-EDTA [118].
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The main mechanism of active dispersal of bacterial biofilm is through the 
formation of extracellular enzymes (proteins) that act on several structural com-
ponents (such as exopolysaccharides, surface proteins, and extracellular DNA) 
of the extracellular polymeric substances. These enzymes play an important 
role in the cell separation from the bacterial biofilm colonies and facilitate their 
planktonic discharge into the environment [119]. Through purifying and isolating 
these enzymes, therapist can apparently add them to preformed bacterial biofilms 
exogenously at raised concentrations, in order to make biofilm-associated bacte-
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proteases, glycoside hydrolases, and deoxyribonucleases) have been explored for 
the eradication of bacterial biofilms [119]. The enzymes dispersin-B and DNase-I 
have gained greater attention as possible antibiofilm agents, especially in response 
to Gram-positive bacteria. The DNase effect depends on its capability to interrupt 
the eDNA that is established within the bacterial biomass structure [73]. The treat-
ment of DNase prevents biofilm formation in Enterococcus and Staphylococcus and 
dispersed bacterial biofilm [73]. For the treatment of patients with cystic fibrosis 
(CF), a recombinant enzyme (pulmozyme) is used in some cases [37]. However, 
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bacteriophage machinery in order to replicate during the stationary phase of cell 
growth, hence causing disruption of complete E. coli biofilms [120].

6. Conclusion

Currently, the removal of bacterial biofilm is the most challenging task for the 
clinicians and microbiologists. Antibiotics are not the best choice for the treatment 
of infections caused by bacteria forming biofilm. Biofilm formation allows the 
pathogen to adhere to the host surface under extreme condition and is resistant 
against a wide range of antibiotics. The choice of drug depends on the charac-
teristics of the biofilm such as composition, age, solidity, and type of pathogens. 
These are the major components influencing the microbial susceptibility. As the 
bacterial biofilm matures, it enhances the accumulation of exopolymeric substance 
(EPS), attaches with the oxygen and nutrient gradients that effect bacterial growth 
rates and metabolism of cells, becomes impermeable, and reduces the activity of 
antimicrobial agents. This leads to resistance to most antibiotic regime. Therefore, 
novel potential therapeutic strategies should be considered to curb bacterial 
biofilm formation at specific stage without harming the pathogen. Antiadhesion 
and antimatrix agents are exciting strategies that may be used pending further 
investigation.
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Chapter 4

Origin and Control Strategies of 
Biofilms in the Cultural Heritage
Laura E. Castrillón Rivera, Alejandro Palma Ramos,  
Jorge I. Castañeda Sánchez and María Elisa Drago Serrano

Abstract

Biodeterioration is defined as the undesirable change in the properties of 
materials caused by the activity of biological agents. This process is complex and 
involves alterations in the physicochemical and mechanical properties by the action 
of organisms and depends on the microorganisms involved, type of substrate, and 
environmental conditions. The biodeterioration of cultural heritage is the physical 
or chemical damage caused by microorganisms on objects, monuments, or build-
ings that belong to the cultural heritage. Among the main materials that can be 
affected are: stone, metal, ceramic, polymers, and other materials. Among the main 
undesirable effects to these materials are: discoloration, dissolution, rupture, and 
efflorescence among others. Biofilms represent the usual form of growth of bacteria 
and consist of communities of microorganisms that grow attached to an inert sur-
face or a living tissue, surrounded by an extracellular matrix that they themselves 
synthesize. The importance of biodeterioration by biofilms is mainly related to 
changes in pH values, ionic concentrations, oxide-reduction reactions in the biofilm 
thickness, and in the interface with the substrate and enzymatic degradation. This 
chapter presents evidence of the participation of biofilms and associated mecha-
nisms in biodeterioration as well as the main prevention and control strategies.

Keywords: biofilms, cultural heritage, biodeterioration, art biodeterioration

1. Cultural heritage

The concept of cultural heritage refers to the cultural inheritance that corre-
sponds to a given community and as such is protected and communicated to both 
the present and the future generations. This concept is subjective and dynamic, 
and it does not depend on the objects or goods, but on the values that society in 
general attributes to them at each moment of history and that determine which 
goods are those that must be protected and preserved for posterity. Therefore, the 
identification, protection, conservation, and dissemination of the world’s cultural 
heritage are one of the most recognized tasks of the United Nations Organization 
for Education, Science and Culture [1–3].

Cultural heritage is made up of tangible or intangible assets that history has 
left to a country and those citizens in the present grant it a special and relevant 
historical, scientific, symbolic or esthetic importance. This inheritance left by our 
ancestors and received today is the clear testimony of their existence and vision of 
the world [4].
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The tangible heritage is also called material heritage, and there are movable and 
immovable property such as the objects of the artistic collections such as the collec-
tion of religious, ethnographic, technological, historical, artistic, and archeological 
and artisan objects. The real tangible heritage is made up of archeological sites, 
engineering works, places, buildings, and architectural ensembles.

The intangible cultural heritage includes the wealth of knowledge, also living 
expressions inherited from our ancestors and transmitted to our descendants, such 
as language, oral traditions, customs, performing arts, ways of life, rituals, festive 
events, knowledge, and practices related to nature and the universe, as well as 
knowledge and techniques linked to traditional crafts [5].

Cultural heritage is a nonrenewable resource with regard to its past, and that is 
why it manifests itself tangibly as an untouchable and irreplaceable resource of a 
people. This heritage is always linked to the human collective, since it is men and 
women who produce it, and therefore it is what gives identity, origin, and continu-
ity to our people. Hence, it is the responsibility of all its conservation and restora-
tion for which it is essential to know what are its main threats in order to prevent, 
delay its deterioration and, if necessary, restore this heritage.

The alteration of cultural assets is the characteristic of the continuous cycle 
of disintegration and reconstruction, and it is a natural condition since all matter 
follows a process of alteration, degradation, or decomposition which means that 
original physical, chemical, and optical qualities are lost and enter a process of 
instability promoted by factors or agents of deterioration that are of two types:

Intrinsic: it depends on the nature of the material, manufacturing technique, 
and procedures that were used to perform the work.

Extrinsic: It depends on the sources external to the object such as environmental 
factors (light, relative humidity, temperature, and air pollutants), anthropogenic 
factors (handling, use, consultation, vandalism, tourism, etc.), biological factors 
(microorganisms, plants, rodents, and insects), and catastrophic factors (floods, 
fires, etc.) [6–8].

Among the main mechanisms of deterioration, three processes are known:
Physical or mechanical processes where the behavior of the material is modified, 

where several mechanical forces participate (compression, traction, etc.). These 
change the behavior of a material without modifying its chemical composition.

Chemical processes: are those that compromise a chemical reaction that trans-
forms the matter.

Biological processes: where living organisms, such as microorganisms, insects, 
rodents, plants, etc., can chemically attack the material or its mechanical resis-
tance. This process is also known as biodeterioration, which has been defined as 
“undesirable changes in the properties of materials caused by the vital activity of 
organisms” [9].

2. Biofilms as biodeteriogens

It is expected that works of art last for a long period of time; however, these 
suffer deterioration, and previously it was believed that chemical and physical 
processes were the dominant factors in the degradation of materials. Since 1967 and 
in latter decades, dogma has changed, and today it is assumed that microorganisms 
only by their very presence can cause damage by esthetic destruction of the materi-
als since they inhabit them and penetrate causing their loss due to their acid corro-
sion, enzymatic degradation, and mechanical attack [10]. These microorganisms 
can grow in nature in large, silty colonies known as biofilms where relationships 
and dependencies are established [11–13].
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Biofilms are microbial monospecies or multispecies (consortium) communities that 
have demonstrated the most successful colonization among microorganisms are ubiqui-
tous in nature and responsible for many diseases. They are considered growing com-
munities of microorganisms embedded in a self-produced exopolysaccharides matrix 
and are attached to an inert surface or living tissue [14–16]. The microorganisms in 
biofilms have properties that are not shared by free organisms, and the requirements for 
the formation of biofilms are simple: surface, moisture, nutrients, and microorganisms. 
This complex microbial organization that can consist mainly of bacteria and fungi, offers 
several advantages for its survival, such as resistance to environmental stress through the 
formation of stable microcolonies, facilitates the exchange of genetic material, and there 
is accumulation of nutrients and water in its matrix that offers protection against toxic 
substances (biocides and antibiotics) and against desiccation as well as immune defenses 
in the case of the formation of biofilms in higher organisms [17].

The importance of biofilms in the biodeterioration of cultural heritage has been 
reported for several decades and is related to: (a) modifications in pH values and ionic 
concentrations, (b) reduction oxide conditions in the interface of biofilms and sub-
strate, (c) covering the surface and masking its properties, (d) increasing the leaching 
of additives and monomers outside the polymer matrix by microbial degradation, 
(e) releasing enzymes that lead to embrittlement and loss of mechanical stability, 
(f) accumulating water that penetrates the matrix causing swelling and increased 
conductivity, and (g) excretion of lipophilic pigments among others [18, 19].

3. Biodeterioration of stone

The mineralogical nature of the stone, its surface properties, and environmental 
conditions act synergistically for its bioreceptivity (ability to be colonized by micro-
organisms), and its intensity will depend on the concentration of pollutants, micro-
climatic conditions, and anthropogenic eutrophication of the atmosphere [20].

The climatic conditions in which the monuments or architectural structures are 
exposed can be the wind that wears the rock eroding it, the solar radiation causing 
discoloration, the temperature, as well as the rain, snow and humidity that induce 
the process of physical and chemical wear. These factors affect the stability of the 
matrix of the stone or act through chemical corrosion forming minerals by oxida-
tion and hydration reactions as well as by the dissolution of carbonates and solubili-
zation of some elements of minerals with silicates [21, 22].

The microbial communities after the interaction with biotic and abiotic factors 
are developed using the stone as a substrate and are partially responsible for the 
chemical and physical deterioration of the same and alter the esthetic appearance 
and physical integrity of the material through different mechanisms (Figure 1). 
The effects of microbial activities on historic buildings may be: discoloration, water 
retention, growth stimulation of heterotrophic organisms and higher organisms, 
material breakage, disintegration of the material, formation of patinas, degradation 
(corrosion), wear and dissolution of the structure, alkaline dissolution, and altera-
tion of stratified silicates [23].

The microorganisms that colonize the stone monuments can be distinguished 
according to their location in the stone. The so-called epilithic that are located 
on the surface of the rock and those that live inside the rock within fractures and 
cracks and pores in granites are known as endolithic [12]. The main microorgan-
isms that play a potential role in biodeterioration are autotrophic and heterotrophic 
bacteria, fungi, algae, and lichens. Phototrophic microorganisms such as microal-
gae, cyanobacteria, and lichens are considered the pioneer colonizers of the surface 
of stone monuments.
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Cyanobacteria and algae such as chlorophytes, chrysophytes, and diatoms are 
a morphologically diverse and widely distributed group endowed with remark-
able adaptability to variable environmental conditions and effective protection 
mechanisms against various abiotic stresses that enable them to colonize almost 
all classes of extreme lithic habitats [24]. These microorganisms form pigmented 
scabs (patinas) and incrustations that affect the substrate esthetically and cause 
physical and chemical deterioration of the rock. The epilithic cyanobacteria play an 
important role in the dissolution of the limestone carbonate, being able to cause the 
detachment of parts of it, due to a decrease in the coherence of the crystals around 
the colonies [25, 26].

The external stones are an appropriate niche for the growth and development 
of pioneering microorganisms that include photoautotrophs, lithophiles, and 
chemolithotrophs. The colonization begins with cyanobacteria and algae, prob-
ably followed by lichens that synthesize extracellular organic matter, in addition, 
dead cells release their constituents that form sources of nutrients for the growth 
of heterotrophic microorganisms which are considered secondary colonizers [27]. 
The phototrophic metabolism of cyanobacteria and algae facilitates their growth in 
oligotrophic environments such as stone forming biofilms on rocky surfaces, and 
it is the characteristics of the substrate that determine the speed of their growth 
and therefore the intensity of biodeterioration [28]. Lichens are highly resistant to 
extreme temperatures and desiccation that allow their easy growth on the surface of 
the stone. The microbial populations present in the rocky substrate are the result of 
successive colonization by different heterotrophic microorganisms.

It is well known that stone surfaces are exposed to high levels of solar radia-
tion, high temperature, and to prolonged periods of desiccation alternating with 
rainy and damp periods. Many cyanobacteria are known to tolerate environmental 
extremes like UV light and their resistance to desiccation and tolerance for high 
level of light intensities and UV radiation provide them a distinct advantage for 
their survival on exposed surfaces, and they synthesize UV sunscreen pigments 
including scytonemin, mycosporine like aminoacids and biopterin glucosides. 
There are several reports on the effect of UV radiation on nitrogenase activity as it 
relates to the role of cyanobacteria in the nitrogen economy of ecosystem [29].

Pigmentation as a mechanism of deterioration depends on the nature of the sub-
strate, the presence of trace elements such as iron, zinc, etc., the acidity or basicity 
of the medium, and even environmental conditions. The microorganisms produce 
two types of pigments (a) endopigments: they are located inside the cell and only 
leave after the lysis of the same as photosynthetic pigments, such as chlorophyll and 

Figure 1. 
Biodeterioration on stone (photo: Laura Castillón).
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phycobilins and (b) exopigments emitted outside the cell as fungal pigments (black, 
violet, blue, green, and purple). The black pigment known as melanin protects 
fungi against environmental threats and cellular lysis. Moreover, mycosporines and 
carotenoids (ß-carotene, s-carotene, phytoene, torulene, and torularhodin) may 
protect fungi against excessive UV radiation, act as antioxidants, osmoprotectants, 
and provide desiccation tolerance [30, 31].

The wear of materials is accelerated by the presence of biofilms containing active 
and latent microorganisms and their metabolic products, such as corrosive organic 
and inorganic acids as well as polymeric materials. Polymers, usually polysac-
charides, act as gums that trap dust and other particulate materials increasing the 
disfiguring effects of the biofilm [32].

Beyond the type of microorganisms, the formation of the biofilm is a biodeterio-
ration factor. The exopolysaccharide matrix plays a crucial role in this phenomenon 
since it produces mechanical stress on the stone through the pores of the mineral 
structure because it modifies the circulation of water within the material, its 
sensitivity to temperature variations, and the cycles of swelling and contraction 
dependent on the concentration of water within the matrix [27, 33].

Biofilms are also associated with the degradation of buildings and mural paint-
ings by a phenomenon known as salt efflorescence, involves secondary minerals 
produced through the reaction of anions from excreted acids with cations from 
the stone which is available in the wall by the biological process or simply due to 
comigration with the infiltrated water. The solubilization of the calcareous material 
is detected by the presence of hygroscopic salts including carbonates, chlorides, 
nitrates, sulfates, etc., can be found on the surfaces of decayed monuments caused 
by chemical reactions (chemical agents in the air) or by enzymatic reactions of 
certain microorganisms. The most frequently isolated genus was Bacillus, followed 
Staphylococcus, Kocuria, Micrococcus, Paenibacillus, and Arthrobacter (bacteria of the 
sulfur and nitrogen cycle) [34].

The precipitation of salts is due to changes in temperature or humidity, and the 
salts can precipitate on the exposed surfaces and cause a destructive effect. Some 
salts when hydrated occupy a large space causing additional pressure that eventu-
ally leads to the loss of material and destruction due to cracking and detachment of 
walls or calcareous structures. In studies conducted by electron microscopy of salt 
efflorescence zones on walls, biofilms have been reported by members of Firmicutes, 
Actinobacteria, and Ascomycota [13, 35, 36].

From the nutritional point of view, organisms show a wide range of metabolic 
modalities where they use different sources of carbon (organic or inorganic 
compounds) as well as light as an energy source, and they are classified as pho-
toautotrophic, chemoautotrophs, chemoheterotrophs, chemoorganotrophs, and 
photosynthetic.

The main mechanisms of biodeterioration associated with the different types of 
stone-colonizing organisms according to their nutrition are presented in Table 1 [20].

Microbial colonization on bare stone surface is thought to be initiated by 
pioneering microorganisms which includes photoautotrophs, lithophiles, and 
chemolithotrophs. These organisms may secrete carbohydrates and growth factors 
which help in the formation of biofilm (a three-dimensional structure regulating 
temperature and humidity) and support the growth of successive microbial com-
munities that is predominated by heterotrophic bacteria and fungi [20].

Limestones are carbonate rocks composed of calcite, and their main uses are in 
construction, chemical products, smelting, agrochemicals, and glass. This material 
is highly porous and hydrophilic in nature, and it is highly susceptible to water (such 
as acid rain) and environmental contaminants. Water often penetrates the pores of 
the stones causing damage by corrosive ions such as chlorine and acids. Biofilms, 
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industrial and persistent pollutants, particulate matter, ash and often smog are 
deposited on the stone, and as a result, its deterioration is accelerated [23, 37].

The wear of the rocks and monuments can also be a consequence of the removal 
and solubilization of cations present in the minerals of the stone in particular iron 
and manganese of the mineral network by the negatively charged exopolysac-
charide (EPS) of the biofilms or by some microbial proteins called siderophores by 
organic transport complexes and metallic organic chelates. Under low iron stress, 
siderophores chelate iron and supply to bacterial and fungi cells by outer membrane 
receptors, and the role of these compounds is to scavenge iron from the environ-
ment and to make the mineral, which is almost always essential, available to the 
microbial cells [38, 39].

The ability to grow by the dissimilatory oxidation of inorganic electron donors 
(ferrous iron, hydrogen, sulfur, and reduced inorganic sulfur anions) is widespread 
among acidophilic prokaryotes. Both oxygen and ferric iron can act as electron 
acceptors from many species of chemolithotrophic acidophiles, enabling them to 
exploit anoxic as well as aerobic environments [40].

In aerobic conditions, electron donors may include ferrous ions or sulfur com-
pounds which are oxidized into ferric iron and sulfuric acid, respectively, yielding 
high energy. However, during anaerobic conditions, ferric ions can replace oxygen 
as the electron acceptor with multiple substrates donating an electron. This path-
way yields less energy than aerobic conditions, but energy can still be produced for 
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growth. A. ferrooxidans is a chemolithoautotrophic bacterium which can use many 
different electron donors to support growth Leptospirillum spp. have been shown 
to use only ferrous iron as electron donor and are therefore (as a result of thermo-
dynamic constraints) obligate aerobes.

The subsequent redox process is favored by the release of oxygen by photo-
synthetic bacteria, cyanobacteria as Acidithiobacillus ferrooxidans, Bacillus spp., 
Leptospirillum ssp., and chemoorganotrophic fungi such Aureobasidium spp. 
[24, 41, 42].

Mechanical damage to stone structures, monuments, and architecture is 
another type of biodeterioration mechanism which is due to the physical intru-
sion and penetration of bacteria, fungal hyphae in the gaps, pores, and fractures 
that destabilize the texture of the stone, causing mechanical deterioration or by 
the contraction, and expansion of the stem under fluctuations in humidity condi-
tions. Also the mosses through the rhizoids can penetrate the rock causing holes 
(pitting) and the vascular plants through their mechanical deterioration through 
the growth of roots or chemically by the acidity and diverse exudates, alteration of 
the microclimatic parameters, increase of the risk of fires, and physical and visual 
obstruction [26, 43].

4. Biodeterioration of paintings

The chemistry of the manufacture of paintings and their function has now been 
transformed from art to science. The knowledge of the pictorial components allows 
to associate the type of microorganisms that can potentially colonize the paintings, 
and the different techniques used determines the final composition of the work.

The pictorial technique has multiple modalities: tempera, encaustic, fresco, 
mural, and oil among others. The first three techniques were used in the ancient 
Greco-Roman and Egyptian world. (a) Tempering consists basically of the mixture 
of earths or pigments with binder constituted by glue and water or by egg yolk 
and oils in any type of support, (b) encaustic or wax painting requires a previous 
preparation of the wall by means of wax, on which colors are applied to the tempera 
cast in wax using a hot palette, and (c) the fresco that consists essentially of paint-
ing on a surface of wet plaster, on the same wall, prepared by the artist himself [44]. 
This latter is the modality of frequent use and is performed on wet lime plaster that 
serves as a support for the various pigments dissolved in water which are chemi-
cally integrated into the wall, and so its durability is very high, and (d) oil is the 
best known pictorial technique and used on cloth or board. It consists of a mixture 
of colored pigments with oil, usually flax or walnut. Another technique related to 
painting on canvas is acrylic, which consists of a combination of acrylate molecules 
in emulsion with water [45].

The deterioration of a painting can have different origins such as: (a) alterations 
due to natural aging of the work that makes it more fragile, (b) defects inherent to 
the work such as low quality materials or bad techniques at the moment of being 
painted, and (c) influence of external conditions such as thermo-hygrometric 
conditions or other factors. The manifestations of the damage can be physical as 
lack of adhesion of the binder, or damage caused by the movements of the other, 
mechanical damage, etc. Chemical damage is manifested as a processes of gradual 
degradation and depolymerization or crosslinking of the materials of the work, 
damage caused by light, oxidation or biological attack [46–49].

The biodeteriorable character of the canvas is conditioned by the characteristics 
of the fabrics that are its support formed by cellulose fibers which is a polysaccha-
ride whose constituent unit is D-glucose linked by glycosidic bonds β (1–4) forming 
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growth. A. ferrooxidans is a chemolithoautotrophic bacterium which can use many 
different electron donors to support growth Leptospirillum spp. have been shown 
to use only ferrous iron as electron donor and are therefore (as a result of thermo-
dynamic constraints) obligate aerobes.

The subsequent redox process is favored by the release of oxygen by photo-
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that destabilize the texture of the stone, causing mechanical deterioration or by 
the contraction, and expansion of the stem under fluctuations in humidity condi-
tions. Also the mosses through the rhizoids can penetrate the rock causing holes 
(pitting) and the vascular plants through their mechanical deterioration through 
the growth of roots or chemically by the acidity and diverse exudates, alteration of 
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The chemistry of the manufacture of paintings and their function has now been 
transformed from art to science. The knowledge of the pictorial components allows 
to associate the type of microorganisms that can potentially colonize the paintings, 
and the different techniques used determines the final composition of the work.

The pictorial technique has multiple modalities: tempera, encaustic, fresco, 
mural, and oil among others. The first three techniques were used in the ancient 
Greco-Roman and Egyptian world. (a) Tempering consists basically of the mixture 
of earths or pigments with binder constituted by glue and water or by egg yolk 
and oils in any type of support, (b) encaustic or wax painting requires a previous 
preparation of the wall by means of wax, on which colors are applied to the tempera 
cast in wax using a hot palette, and (c) the fresco that consists essentially of paint-
ing on a surface of wet plaster, on the same wall, prepared by the artist himself [44]. 
This latter is the modality of frequent use and is performed on wet lime plaster that 
serves as a support for the various pigments dissolved in water which are chemi-
cally integrated into the wall, and so its durability is very high, and (d) oil is the 
best known pictorial technique and used on cloth or board. It consists of a mixture 
of colored pigments with oil, usually flax or walnut. Another technique related to 
painting on canvas is acrylic, which consists of a combination of acrylate molecules 
in emulsion with water [45].

The deterioration of a painting can have different origins such as: (a) alterations 
due to natural aging of the work that makes it more fragile, (b) defects inherent to 
the work such as low quality materials or bad techniques at the moment of being 
painted, and (c) influence of external conditions such as thermo-hygrometric 
conditions or other factors. The manifestations of the damage can be physical as 
lack of adhesion of the binder, or damage caused by the movements of the other, 
mechanical damage, etc. Chemical damage is manifested as a processes of gradual 
degradation and depolymerization or crosslinking of the materials of the work, 
damage caused by light, oxidation or biological attack [46–49].

The biodeteriorable character of the canvas is conditioned by the characteristics 
of the fabrics that are its support formed by cellulose fibers which is a polysaccha-
ride whose constituent unit is D-glucose linked by glycosidic bonds β (1–4) forming 
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linear chains, which in turn are links in parallel fibers called microfibrils. For 
cellulose, degradation involved different enzymes whose combined action allows 
obtaining glucose molecules that can be assimilated by microorganisms as a carbon 
source. The degree of polymerization and its orientation, the length of these chains, 
their crystallinity, and their orientation are detected by microorganisms and could 
be susceptible to biodeterioration. The susceptibility to biological attack depends on 
the percentage content of cellulose, lignin, and other organic components. The pur-
est cellulose can hardly be attacked. Alternaria, Aspergillus, Fusarium, Memnoniella, 
Myrothecium, Neurospora, Penicillium, Scopulariopsis, Stachybotrys, Stemphylium, and 
Chaetomium are the main fungi associated to this process and as cellulolytic bacte-
ria: Cellvibrio, Sporocytophaga, Myxococcoides, Cellufalcicula, and also Clostridium sp. 
as anaerobic bacteria has been reported [50]. This cellulolytic process is favored in 
conditions of relative humidity of high air or condensation water where the fiber of 
the fabric loses consistency and elasticity becoming brittle and falls apart.

The filmogenic substances act as a binder and as a vehicle for the pigments; 
they are mainly of organic origin; they are applied in liquid form, and with drying, 
they solidify forming a hard and flexible layer, with the passage of time and under 
certain adverse conditions, this layer loses its property of cohesion of pigments and 
causes dusty surfaces or the separation of the layers.

The most important component of the paintings on canvas is the pigments; they 
are either natural or synthetic origin, and have three main functions: they provide 
color, opacity, and brilliance, and protect the surface in which they are applied and 
protect the binder from its destruction by UV radiation.

The adhesives are a fundamental element for the final result of the work whose 
function is to facilitate a uniform distribution of color and prevent the paint layer 
from being absorbed by the fabric, and these adhesives have been changing in the 
course of history and have been classified depending on their origin in animal (gela-
tin, albumin, casein, and wax) and vegetal (starch, resins, gums, and gluten).

Gelatin is obtained from collagen which is an existing protein in the skin and 
cartilage, albumin (protein of egg or blood plasma), casein (protein of milk), and 
wax (secreted by bees composed of a mixtures of esters, hydrocarbons, and fatty 
acids). The starch is a polysaccharide of vegetable origin, which is formed predomi-
nantly of amylose and amylopectin. Vegetal resins are a mixture of organic com-
pounds principally terpenes and derivatives. Gums consisting of mixtures of water 
soluble polysaccharides produced by exudation, usually from the stem of tree and 
gluten, refer to the proteins in cereal grains found in the endosperm plant embryos 
during germination (Coppen, 1995).

The organic composition of all these adhesives favors the growth of microorganisms 
due to their high nutritional content, and therefore they are easily attacked by them [30].

The use of varnishes is required to provide protection against environmental 
attacks. For them, natural or synthetic varnishes (resins) are used, which must be 
applied in such a way that they form a resistant, colorless, and transparent film. 
According to its chemical composition, the name of the natural resins (soft) depends 
on the number of isoprene units that contain such terpene molecules as monoter-
penes, sesquiterpenes, diterpenes, and triterpenes. The deterioration of natural 
resins causes chemical changes such as polymerizations (crosslinking of polymer 
chains, hydrolysis of polymer chains, and oxidation of the main chain or side groups 
which causes the resin to become more insoluble, losing its resistance and changes 
in its coloring [51]. Synthetic (acrylic) resins have good adhesive properties and are 
currently widely used in preservation treatments, and the monomers of these resins 
are generated by the esterification of an acrylic acid with several alcohols. Its general 
formula is: CH2CR1COOR2 and due to its hydrophobic nature are more resistant to 
microbial attack because they are not used as a source of nutrients [52, 53].
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Among the forms of deterioration of pictorial heritage on canvas related to 
biodeterioration agents are [54]:

Alterations of the canvas: hydrolysis, colorations, loss of strength, loss of sup-
port, cracks, scales, and deformations.

Alterations of the binder/adhesive: enzymatic degradation, colorations, disinte-
gration, and pulverulence.

Alterations of the varnish: yellowing, tiling, whitening, and peeling.
The biological origin of deterioration in paintings has been widely reported in 

wall and easel paintings since the 1980s in different parts of the world [49, 54], and 
in general, the main fungal species associated with the biodeterioration of painted 
walls are Penicillium sps., A. niger, Rhizopus oryzae, Mucor, Trichophyton, Alternaria 
alternate, and Epidermophyton floccosum [55, 56] and as biofilms Acremonium, 
Cladosporium, Aspergillus, and Fusarium [57]. In the case of canvases of oil paints, 
the bacterial strains of the phylum firmicutes such as Bacillus sp., Micrococcus luteus, 
and Paenisporosarcina sp. and nonculturable bacteria of the phylum Proteobacteria 
such as Stenotrophomonas sp. [58] as well as Halobacillus sp., Halobacillus naozhouen-
sis, and Nesterenkonia sp. in wall paintings responsible for pigmentation by pink 
biofilms in Romanian monasteries [59].

The mere presence of microorganisms (colonization) in any type of surface 
does not determine their participation in the biodeterioration process, to be able 
to specify it, experimental strategies have been developed in the laboratory where 
traditional supports such as linen cloth prepared with layers enriched in gums of 
animal origin and linseed oil that are inoculated with suspensions of fungi and 
bacteria, later identifying the species that grow and deteriorate these materials, thus 
checking the postulates of Koch [60]. Another report associated with this proposal 
was made in the murals of the medieval church with the bacterium Arthrobacter 
responsible for the black spots as a result of the reaction of lead oxide of pigments 
and hydrogen sulfide produced by other bacteria responsible for spotting [61]. 
These models will allow to establish, under controlled conditions, which species 
colonize a given substrate and how the flora will change the substrate and how the 
substrate is modified by microbial colonization and how these modifications lead to 
the establishment of different microbial communities (microbial succession) [62].

There are several reports of the participation of biofilms as responsible for 
biodeterioration in the pictorial cultural heritage as in the case of the works of the 
Nerja and Treasure in Málaga [63], the church of St. Martins in Greene-Kreiensen, 
Germany [64], and the Mogao caves in Dunhuang, in Gansu Province of the People’s 
Republic of China [65] among others. As an example of these works, mucilages have 
been analyzed in fragments detached from frescoes of the Santissima Annunziata 
Church in Siena Italy in damaged areas, and the presence of biofilms has been dem-
onstrated where their growth is favored by external factors such as humidity, poor 
ventilation, and light which may be associated with biodeterioration, because their 
hydration retains particles and atmospheric pollutants that accelerate chemical cor-
rosion by oxidation, reduction, and transformation of metal ions with the changes 
in the pigments in addition to the coexistence of saline efflorescence making the 
bioreceptives fresh and causing detachment of the paint layers [66].

Another threat has been reported to the cultural heritage of biodeterioration in 
frescoes caused by the presence of tourism such as the case of The Lascaux Cave, 
which is the most emblematic example of the damage that micro-organisms cause 
to mural paintings due to the amount of organic matter, respiration, and the sweat 
of visitors and workers that increased the concentration of CO2 favoring the growth 
of the fungus Fusarium solani and Ochroconis lascauxensis (black spots) and the alga 
Bracteacoccus minor forming a green patina (green disease) causing irreversible 
damage so it closed its access permanent visitors [62, 67].
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At present, we must consider the use of commercial paints (canned) which, due 
to their composition, represent a carbon source for a large number of microorgan-
isms and which can be a source of contamination and colonization for the surfaces in 
which they are applied. Pseudomons, Flavobacterium, Escherichia, Bacillus, Enterobacter, 
Proteus, Micrococcus, Serratia, Aeromonas, or Stenotrophomonas maltophilia, among 
others, have been reported in water-based paints, this contamination can occur during 
their production with the use of contaminated water or in the team [68–70].

5. Biodeterioration of textiles

Textiles are considered representative of cultural identity because they carry 
a significant value that transcends that of their materials and the work required 
for their manufacture. The desire of all cultures to express and communicate their 
social, esthetic and cultural values in their textile manifestations, and materials 
such as clothing or basketry (with ceremonial or ritual destination), are a unique 
cultural heritage, and the assignment of cultural value to a material object is the 
basis of conservation [71].

Textiles, such as clothing, fashion accessories, archeological objects, baskets, 
quilts, tapestries, embroideries, flags, funerary, and religious garb are often 
treasured for their artistic, technical, cultural and sentimental value, and for this 
reason, they are currently stored in collections in museums [72].

The textile heritage is very extensive, despite the loss to which it has been sub-
jected throughout history, mainly due to the characteristics of its delicate materials 
and the interventions that have suffered and suffer from this type of pieces. The 
gradual deterioration of this material is very sensitive and can only be slowed down, 
the daily use of these fabrics, inadequate handling and bad storage conditions have 
caused the loss of unrepeatable textiles because the same materials and techniques 
are not available as well as the techniques that were used in their preparation that 
are already part of our past [73]. The state of preservation of textiles depends on the 
type of textile fiber, composition of the dye, age of the textile as well as its history of 
use and storage conditions.

It is called textile fiber to the set of filaments or strands susceptible to be used to 
form yarns (and of these fabrics). In the manufacture of the yarn for textiles, two 
types of fiber can be used: natural or synthetic. The natural fibers can be of animal 
or vegetable origin. In the first, they are generally of the protein type, such as wool 
from sheep’s hair, goat, camelid, rabbit or another type of natural fiber such as silk 
from the silkworm. Among the natural fibers of plants include cotton, linen hemp, 
and jute among others. Synthetic fibers include polyester, polyamide polyurethane, 
polypropylene, polyacrylonitrile, and polyvinyl [74, 75].

In addition to the passage of time and the environmental characteristics of 
conservation as a possible source of deterioration, the development and presence 
of various types of organisms (microorganisms, rodents or insects) which are a 
threat to textiles and damage will depend on the type of fabric, its origin as well as 
storage conditions. The presence and permanence will depend on the availability of 
nutrients as well as light, humidity, and temperature conditions. The degradation 
of the materials that cause the damage by microorganisms is due to the processes of 
assimilation by fungi and bacteria that use these materials as a source of nutrients 
or to the degradation processes due to the effect of microbial metabolism.

The main manifestations of this process are the evident changes of the surface of 
these materials, discoloration, decrease in their resistance, changes in pH, and unpleas-
ant odor. These damages can cause the total destruction of the material by the reduc-
tion of the degree of polymerization, decrease in its tensile strength, and elasticity. In 
general, natural fibers are more susceptible to microbial attack than synthetic fibers.
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The main molecules responsible for the attack on textile fibers are organic 
acids, extracellular enzymes released or by exopigments of bacteria such as 
Achromobacer sp., Bacillus sp., Brevibacterium sp., Corynebacterium sp., Pseudomonas 
sp., Rhodococcus sp. and Streptomyces sp. or exopigments of fungi of the group 
Aspergillus sp., Penicillium sp., Cryptococcus sp., Rhodotorula sp., and others [76].

The biodeterioration mechanisms in textile objects will depend mainly on the 
type of fiber:

Cellulose fibers: The degradation of (1-4)-β-D-glucan or cellulose results from 
the activity of cellulolytic enzymes produced by several bacteria and especially 
fungi that hydrolyze cellulose to glucose by the enzymes: 1,4-β-D-glucan, cel-
lobiohydrolase, endo-(1-4)-β-D-glucan glucanohydrolase, and glucohydrolase of 
β-D-glucosidases. These enzymes decrease the degree of polymerization of the 
long-chain cellulose molecules, resulting in a decrease in the strength of the fiber.

The presence of other components in fibers such as hemicellulose, pectins, other 
carbohydrates or substances added to fabrics (plasticizers) and even contaminants 
provide additional nutrients to microorganisms.

Among the genera of fungi associated with biodeterioration of cellulose are 
Chaetomium, Myrothecium, Memnoniella, Stachybotrys, Verticillium, Alernaria, 
Trichoderma, Penicillium, Aspergillus, Aureobasidium, Cladosporium, Fusarium, 
Mucor, Paecilomyces, Rhizopus, and Trichothecium. In the case of bacterial damage 
and with less significance, agents of degradation of cellulose are: Arthrhobacter, 
Bacillus, Cellulomonas, Cellvibrio, Clostirdium, Cytophaga, Microbiospora, Nocardia, 
Pseudomonas, Sporocytophaga, and Streptomyces [77].

Wool fibers: Keratin is the constituent protein of these fibers that form a poly-
mer when disulfide bridges cross over this polymer. The mechanism of biodeterio-
ration is by keratinolysis, sulfitolysis, proteolysis by peptidases, and deamination 
(metabolic processes with release of ammonia). The rate of degradation depends 
on the chemical composition, molecular structure, and degree of polymerization of 
the substrate and to a lesser degree on the structure of keratin [78].

Among the main biodeterioration agents are bacteria: Arthrobacter, Bacillus 
(B. mesentericus, B. subtilis, B. cereus and B. mycoides), Cellulomonas, Cellvibrio, 
Clostridium, Cytophaga, Microbiospora, Nocardia, Pseudomonas, Sporocytophaga 
and Streptomyces [79]. Degradation by fungi has been reported by the genera 
Microsporum, Trichophyton, Fusarium, Rhizopus, Chaetomium, Aspergillus, 
Penicillium, Alternaria, Acremonium, Cephalothecium, Chrysosporium, Dematium, 
Oospora, Scopulariopsis, Stachybotrys, Trichoderma, and Ulocladium [77, 80].

Silk fibers: They are produced by silkworms and are fibers of the fibroin protein 
that are joined to one another by rubber-like proteins, known as sericin that serves 
as protection from damage by light. This natural fiber is the most resistant to biode-
terioration, and its decomposition depends on the proteolytic action on sericin and 
fibroin that are used as a carbon source by bacteria Bacillus, Aeromonas, Arthobacter, 
Chyseomonas, Pseudomonas, Streptomyces, Serratia and Variovorax and how biodete-
riogenic fungal genera are: Aspergillus, Chaetomium, Cladosporium, Penicillum and 
Rhizopus [80].

There are very few works to which biofilms are directly associated as being 
responsible for biodeterioration in textile materials, and it may be the result that 
experimental designs have not been developed with these types of materials.

6. Biodeterioration of paper and parchments

The documentary production goes back in antiquity in different cultures that 
left numerous examples in different supports like tablets of mud, rolls of papyrus, 
parchment, sheet of amate and in more recent times the books. The invention 
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At present, we must consider the use of commercial paints (canned) which, due 
to their composition, represent a carbon source for a large number of microorgan-
isms and which can be a source of contamination and colonization for the surfaces in 
which they are applied. Pseudomons, Flavobacterium, Escherichia, Bacillus, Enterobacter, 
Proteus, Micrococcus, Serratia, Aeromonas, or Stenotrophomonas maltophilia, among 
others, have been reported in water-based paints, this contamination can occur during 
their production with the use of contaminated water or in the team [68–70].

5. Biodeterioration of textiles

Textiles are considered representative of cultural identity because they carry 
a significant value that transcends that of their materials and the work required 
for their manufacture. The desire of all cultures to express and communicate their 
social, esthetic and cultural values in their textile manifestations, and materials 
such as clothing or basketry (with ceremonial or ritual destination), are a unique 
cultural heritage, and the assignment of cultural value to a material object is the 
basis of conservation [71].

Textiles, such as clothing, fashion accessories, archeological objects, baskets, 
quilts, tapestries, embroideries, flags, funerary, and religious garb are often 
treasured for their artistic, technical, cultural and sentimental value, and for this 
reason, they are currently stored in collections in museums [72].

The textile heritage is very extensive, despite the loss to which it has been sub-
jected throughout history, mainly due to the characteristics of its delicate materials 
and the interventions that have suffered and suffer from this type of pieces. The 
gradual deterioration of this material is very sensitive and can only be slowed down, 
the daily use of these fabrics, inadequate handling and bad storage conditions have 
caused the loss of unrepeatable textiles because the same materials and techniques 
are not available as well as the techniques that were used in their preparation that 
are already part of our past [73]. The state of preservation of textiles depends on the 
type of textile fiber, composition of the dye, age of the textile as well as its history of 
use and storage conditions.

It is called textile fiber to the set of filaments or strands susceptible to be used to 
form yarns (and of these fabrics). In the manufacture of the yarn for textiles, two 
types of fiber can be used: natural or synthetic. The natural fibers can be of animal 
or vegetable origin. In the first, they are generally of the protein type, such as wool 
from sheep’s hair, goat, camelid, rabbit or another type of natural fiber such as silk 
from the silkworm. Among the natural fibers of plants include cotton, linen hemp, 
and jute among others. Synthetic fibers include polyester, polyamide polyurethane, 
polypropylene, polyacrylonitrile, and polyvinyl [74, 75].

In addition to the passage of time and the environmental characteristics of 
conservation as a possible source of deterioration, the development and presence 
of various types of organisms (microorganisms, rodents or insects) which are a 
threat to textiles and damage will depend on the type of fabric, its origin as well as 
storage conditions. The presence and permanence will depend on the availability of 
nutrients as well as light, humidity, and temperature conditions. The degradation 
of the materials that cause the damage by microorganisms is due to the processes of 
assimilation by fungi and bacteria that use these materials as a source of nutrients 
or to the degradation processes due to the effect of microbial metabolism.

The main manifestations of this process are the evident changes of the surface of 
these materials, discoloration, decrease in their resistance, changes in pH, and unpleas-
ant odor. These damages can cause the total destruction of the material by the reduc-
tion of the degree of polymerization, decrease in its tensile strength, and elasticity. In 
general, natural fibers are more susceptible to microbial attack than synthetic fibers.

61

Origin and Control Strategies of Biofilms in the Cultural Heritage
DOI: http://dx.doi.org/10.5772/intechopen.79617
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the activity of cellulolytic enzymes produced by several bacteria and especially 
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Mucor, Paecilomyces, Rhizopus, and Trichothecium. In the case of bacterial damage 
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ration is by keratinolysis, sulfitolysis, proteolysis by peptidases, and deamination 
(metabolic processes with release of ammonia). The rate of degradation depends 
on the chemical composition, molecular structure, and degree of polymerization of 
the substrate and to a lesser degree on the structure of keratin [78].

Among the main biodeterioration agents are bacteria: Arthrobacter, Bacillus 
(B. mesentericus, B. subtilis, B. cereus and B. mycoides), Cellulomonas, Cellvibrio, 
Clostridium, Cytophaga, Microbiospora, Nocardia, Pseudomonas, Sporocytophaga 
and Streptomyces [79]. Degradation by fungi has been reported by the genera 
Microsporum, Trichophyton, Fusarium, Rhizopus, Chaetomium, Aspergillus, 
Penicillium, Alternaria, Acremonium, Cephalothecium, Chrysosporium, Dematium, 
Oospora, Scopulariopsis, Stachybotrys, Trichoderma, and Ulocladium [77, 80].

Silk fibers: They are produced by silkworms and are fibers of the fibroin protein 
that are joined to one another by rubber-like proteins, known as sericin that serves 
as protection from damage by light. This natural fiber is the most resistant to biode-
terioration, and its decomposition depends on the proteolytic action on sericin and 
fibroin that are used as a carbon source by bacteria Bacillus, Aeromonas, Arthobacter, 
Chyseomonas, Pseudomonas, Streptomyces, Serratia and Variovorax and how biodete-
riogenic fungal genera are: Aspergillus, Chaetomium, Cladosporium, Penicillum and 
Rhizopus [80].

There are very few works to which biofilms are directly associated as being 
responsible for biodeterioration in textile materials, and it may be the result that 
experimental designs have not been developed with these types of materials.

6. Biodeterioration of paper and parchments

The documentary production goes back in antiquity in different cultures that 
left numerous examples in different supports like tablets of mud, rolls of papyrus, 
parchment, sheet of amate and in more recent times the books. The invention 
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of paper gave man a faithful support where the written memory will inhabit his 
journey through history, and thanks to its consistency and durability, the texts of 
our ancestors are still today, a faithful witness of his time [81].

The main components of paper are fiber or fibrous material (hemp, cotton, 
linen, bagasse, rice straw a,nd wood) and functional additives (sizing, optical 
brighteners, and consolidating agents such as gelatin, cellulose acetate and car-
boxymethylcellulose). In this chapter, cellulose fiber is the major component with 
a lower proportion of lignin, hemicellulose, and other macromolecules, its quality 
depends on the source of the raw material used, and the procedure applied to obtain 
the fiber. Its mechanical resistance depends on its degree of polymerization and its 
interfiber links.

The inks are an important component of the documents and consist of a liquid 
that is fixed to the support endowed with an intense, durable, odorless and vari-
able pH, is composed of a pigment, a diluent and a binder. Among the oldest ones 
are ferrous ink, whose components are iron sulfate, gallotanic acid and a binder, 
usually gum arabic. Over time the components of plant and animal origin have been 
replaced by synthetic compounds [82].

The books are composed of a support (parchment or paper), supported ele-
ments (inks), binding elements (seams and adhesives), protective structures (cov-
ers), and each of them with particular chemical characteristics that can be elements 
of degradation [83].

The microorganisms that commonly appear in the documentary supports are 
bacteria and fungi (yeasts and filamentous fungi), which transport moisture 
and attract pests by modifying the nutritive environment of the substrate. Both 
colonize a susceptible medium when in a poorly ventilated place, with adequate 
pH and low illumination, where temperature higher than 25°C and ambient 
humidity greater than 65% with accumulation of dust and/or soot in the different 
types of surfaces.

Filamentous fungi are the most biodeteriogenic microorganisms because 
they have structures called hyphae that are vegetative and reproductive [14, 84]. 
Vegetative hyphae are intertwined in paper fibers and through enzymatic processes 
that degrade cellulose, absorb nutrients, produce acids, and affect the coloration 
of the support resulting in fragility of the paper and often its complete destruc-
tion (Figure 2). On the other hand, the reproductive structures (spores) are a 
potential threat because they can remain in a latent state, they can be airborne, 
and they accumulate in layers of dust as long as the environmental conditions for 
their germination are reached, such as the formation of condensation points and 
local microclimates due to poor ventilation and heterogeneous temperature on the 
surface of the material.

Among the fungi identified are the Ascomycetes as well as mitosporic xero-
philic fungi (which grow with a small amount of water) such as those of the genus 
Aspergillus, Paecilomyces, Chrysosporium, Penicillium and Cladosporium [85] and 
among the cellulolytic bacteria Cellvibrio and Cellfacicula as well as Cytophaga 
(myxobacteria).

In the case of the parchments that are composed of collagen (protein), its deg-
radation depends on the oxidative chemical deterioration of amino acid chains and 
hydrolytic breakdown of the peptide structure and the production of pigments and 
organic acids that modify this material. The bacteria that have been described in this 
process are those of the genera Bacillus, Staphylococcus, Pseudomonas, Virgibacillus 
and Micromonospora as well as some alkalophilic bacteria such as Actinobacteria 
and among the proteolytic fungi reported are the Ascomycetes: Chaetomium and 
Gymnoascus and the genus Acremonium, Aspergillus, Aureobasidium, Epicoccum, 
Trichoderma and Verticillium [13, 78].
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7.  Prevention, conservation, restoration, and control

To preserve the tangible cultural heritage, there are two ways of action: the 
prevention of deterioration (conservation) and the repair of damage (restoration). 
With the preventive conservation anticipates the damage generated by extrinsic 
causes, alien to the nature of the pieces to conserve, but that in more or less long 
term could degrade their cultural value.

Therefore, prevention methods and strategies are usually not directly applicable 
to the object to be treated, but are directed to the environment to control microcli-
matic conditions in order to eradicate harmful agents or elements that can tempo-
rarily or permanently influence degradation [82].

The prevention methods inhibit or slow down the biological growth modifying 
the factors that can condition or inhibit their presence (humidity, temperature, 
light, and ventilation), if these factors cannot be controlled as in the case of monu-
ments or archeological zones can be modified eliminating dust, dirt and deposits of 
residues of plant or animal nature.

In contrast and in general terms, conservation can be defined as the set of 
operations that aim to prolong the life of the material, thanks to the anticipation of 
damage or the correction of deterioration.

In the field of the conservation of cultural goods, the purpose is to maintain 
the physical and cultural properties of what has reached the category of cultural 
property, with the purpose that its value does not diminish and lasts beyond a 
limited time segment. Preventive conservation, as a methodology aims to control 
the deterioration of works of art before they occur to reduce the need to intervene. 
The deterioration must be minimized and the optimum conditions of exhibition, 
transportation, handling, cleaning, and storage must be maintained [86]. Among 
the main measures applied for preventive conservation that have been incorporated 
in the facilities are: air conditioning free of biodeteriogens agents, environmental 
fumigations, humidity, and temperature control.

The restoration aims to recover the physical and functional integrity of the 
work, thanks to the correction of the alterations that it has suffered. Consequently, 
the curative methods are of direct application because they try to amend all the 
damages they have experienced through their own history, whenever these suppose 

Figure 2. 
Paper biodeterioration. (Photo: Laura Castrillón).
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of paper gave man a faithful support where the written memory will inhabit his 
journey through history, and thanks to its consistency and durability, the texts of 
our ancestors are still today, a faithful witness of his time [81].

The main components of paper are fiber or fibrous material (hemp, cotton, 
linen, bagasse, rice straw a,nd wood) and functional additives (sizing, optical 
brighteners, and consolidating agents such as gelatin, cellulose acetate and car-
boxymethylcellulose). In this chapter, cellulose fiber is the major component with 
a lower proportion of lignin, hemicellulose, and other macromolecules, its quality 
depends on the source of the raw material used, and the procedure applied to obtain 
the fiber. Its mechanical resistance depends on its degree of polymerization and its 
interfiber links.

The inks are an important component of the documents and consist of a liquid 
that is fixed to the support endowed with an intense, durable, odorless and vari-
able pH, is composed of a pigment, a diluent and a binder. Among the oldest ones 
are ferrous ink, whose components are iron sulfate, gallotanic acid and a binder, 
usually gum arabic. Over time the components of plant and animal origin have been 
replaced by synthetic compounds [82].

The books are composed of a support (parchment or paper), supported ele-
ments (inks), binding elements (seams and adhesives), protective structures (cov-
ers), and each of them with particular chemical characteristics that can be elements 
of degradation [83].

The microorganisms that commonly appear in the documentary supports are 
bacteria and fungi (yeasts and filamentous fungi), which transport moisture 
and attract pests by modifying the nutritive environment of the substrate. Both 
colonize a susceptible medium when in a poorly ventilated place, with adequate 
pH and low illumination, where temperature higher than 25°C and ambient 
humidity greater than 65% with accumulation of dust and/or soot in the different 
types of surfaces.

Filamentous fungi are the most biodeteriogenic microorganisms because 
they have structures called hyphae that are vegetative and reproductive [14, 84]. 
Vegetative hyphae are intertwined in paper fibers and through enzymatic processes 
that degrade cellulose, absorb nutrients, produce acids, and affect the coloration 
of the support resulting in fragility of the paper and often its complete destruc-
tion (Figure 2). On the other hand, the reproductive structures (spores) are a 
potential threat because they can remain in a latent state, they can be airborne, 
and they accumulate in layers of dust as long as the environmental conditions for 
their germination are reached, such as the formation of condensation points and 
local microclimates due to poor ventilation and heterogeneous temperature on the 
surface of the material.

Among the fungi identified are the Ascomycetes as well as mitosporic xero-
philic fungi (which grow with a small amount of water) such as those of the genus 
Aspergillus, Paecilomyces, Chrysosporium, Penicillium and Cladosporium [85] and 
among the cellulolytic bacteria Cellvibrio and Cellfacicula as well as Cytophaga 
(myxobacteria).

In the case of the parchments that are composed of collagen (protein), its deg-
radation depends on the oxidative chemical deterioration of amino acid chains and 
hydrolytic breakdown of the peptide structure and the production of pigments and 
organic acids that modify this material. The bacteria that have been described in this 
process are those of the genera Bacillus, Staphylococcus, Pseudomonas, Virgibacillus 
and Micromonospora as well as some alkalophilic bacteria such as Actinobacteria 
and among the proteolytic fungi reported are the Ascomycetes: Chaetomium and 
Gymnoascus and the genus Acremonium, Aspergillus, Aureobasidium, Epicoccum, 
Trichoderma and Verticillium [13, 78].
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With the preventive conservation anticipates the damage generated by extrinsic 
causes, alien to the nature of the pieces to conserve, but that in more or less long 
term could degrade their cultural value.

Therefore, prevention methods and strategies are usually not directly applicable 
to the object to be treated, but are directed to the environment to control microcli-
matic conditions in order to eradicate harmful agents or elements that can tempo-
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light, and ventilation), if these factors cannot be controlled as in the case of monu-
ments or archeological zones can be modified eliminating dust, dirt and deposits of 
residues of plant or animal nature.

In contrast and in general terms, conservation can be defined as the set of 
operations that aim to prolong the life of the material, thanks to the anticipation of 
damage or the correction of deterioration.

In the field of the conservation of cultural goods, the purpose is to maintain 
the physical and cultural properties of what has reached the category of cultural 
property, with the purpose that its value does not diminish and lasts beyond a 
limited time segment. Preventive conservation, as a methodology aims to control 
the deterioration of works of art before they occur to reduce the need to intervene. 
The deterioration must be minimized and the optimum conditions of exhibition, 
transportation, handling, cleaning, and storage must be maintained [86]. Among 
the main measures applied for preventive conservation that have been incorporated 
in the facilities are: air conditioning free of biodeteriogens agents, environmental 
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The restoration aims to recover the physical and functional integrity of the 
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mutilation or reduction of their documentary values. The restoration is more than 
an art is technical, thanks to the set of interdisciplinary scientific methods that 
give the work the authentic guarantee of the rigor of applied sciences to the field of 
conservation [87].

Restorers use the intervention techniques of biodeteriorated materials to elimi-
nate the degradation products induced by microorganisms and if it is possible to 
delay their recurrence. The intervention treatment must be evaluated taking into 
account the identity of the biodeteriogens, degree and type of damage, safety of 
the treatment towards the materials of the object, risk for the worker, and possible 
environmental impacts. However, the growth of unwanted organisms will inevita-
bly occur if the environmental conditions that favor their development persist.

Between the main methods of control of biodeteriogenic agents that grow as 
biofilms are:

Mechanical methods: they consist in the physical removal of fungi, bacteria, 
algae or any organism by shaving, abrasion, brushing, etc. Immediate but not 
lasting results are obtained, complete elimination is not achieved, and the results 
improve with the use of chemical agents.

Physical methods: modifying the temperature or pressure changes that are not 
suitable for the growth of organisms. Its biocidal effect depends on the denaturation 
or breaking of molecules of the organisms treated by breaking chemical bonds. 
Among these methods are electromagnetic radiation (microwave, ultraviolet rays, 
and gamma rays), anoxic treatments, and extreme temperatures. Its mechanism 
of action depends on its direct action with the genetic material or alteration of its 
structure and metabolic function.

Its main disadvantages are its high cost and the possible damage to the materi-
als treated by its chemical alteration such as the pigmentation and hydrolysis of 
proteins and cellulose.

Chemical methods: these are the most commonly used intervention techniques 
through the use of biocides (disinfectants, bactericides or fungicides). Generally 
they are used in liquid or gas form, their mechanism of action is variable and they 
attack by disintegrating the bacterial or fungal membrane or by inhibiting their 
cellular processes, causing their death when they are used in the appropriate doses. 
Many products have been evaluated, however, due to their high risk and limited 
knowledge of the compatibility with the materials to which they apply their use has 
been limited. The selection of the biocide depends on the type of material, type of 
microorganism, and availability of the biocide. An additional problem is its long-
term ineffectiveness [88].

A biocide can be a synthetic chemical, natural, of biological origin that is 
intended to destroy, counteract, neutralize, impede action or exercise control 
over any organism considered harmful to man. According to their action, they are 
divided into microbicides (bactericidal and fungicidal), growth inhibitors, and for 
the case of other organisms such as insects, rodents or birds, and there are also very 
toxic and lethal products such as pesticides, insecticides and/or repellents, acari-
cides, nematicides, avicides, rodenticides, etc.

A good biocide must have a broad spectrum of activity, be effective at low 
concentrations, be active over a wide range of pH, soluble in water, possess high 
persistence (effective over time), have low human and environmental toxicity, and 
have a low cost [89].

Among the main biocides used for the chemical treatment of tangible cultural 
goods are:

Thymol, orthophenylphenol (OFF), formaldehyde, pentachlorophenol, ethylene 
oxide, ethanol, etc., antibiotics and enzymes have also been used. For the best selec-
tion of the biocide, preliminary tests must be done to guarantee the innocuousness 
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of the operation for the safety of the operator and absence of risk for the object not 
only immediately but in the long term. For this reason, the use of very strong and 
long retention solvents (glycols, formamide, turpentine, and butylamine) in the 
porous bodies has been ruled out.

The forms of application of the biocides are: sublimation, pulverization or fumi-
gation, according to their possible solid, liquid or gaseous state. The solids in solu-
tion or dispersion have a longer time of action although less exterminating capacity. 
The sublimable solids have little penetrability and, unless they are applied in high 
concentrations, they become repellent air fresheners with little lethal efficacy.

Solvents that are unstable to light and have a tendency to yellow or polymerize 
are also eliminated (ethylenic compounds such as dipentene, turpentine, acetyl-
acetone, N-methylpyrrolidone). These rules are applicable to all porous objects, 
paintings, polychrome sculptures, mural paintings, etc. In the area of textiles, the 
most suitable solvent is water. But there are fibers very altered or with very bad 
coloration that are too sensitive. Then we must resort to organic solvents but avoid-
ing chlorinated solvents, taking into account an eventual acidity and the release of 
hydrochloric acid. Water-based solvents must be used with extreme prudence, since 
many materials can suffer deterioration [90, 91].

Because the control of pests that use chemicals that are generally expensive and 
have side effects in people and can deteriorate the material, the choice of a biocide 
is increasingly difficult, therefore alternatives substances with biocidal properties 
have been sought for many years such as the use of natural plant products for which 
more and more reports justify their use. Currently, there is already a database of 
the accumulated experience of a Spanish group of the use of natural extracts for 
disinfection and disinfestation of cultural goods [92], as well as the use of essential 
oils from medicinal plants such as Mentha piperita, Thymus vulgaris, Origanum com-
pactum, Salvia officinalis, Artemisa absinthium and Lanandula angustifolia, among 
others [93–95].

The development of nanotechnology is currently an emerging field in the 
conservation of cultural heritage, consequently the FP7 NANOFORART project 
has arisen (nano-materials for the conservation and preservation of movable and 
immovable artworks) and as an example of its applications, there are reports of 
the use of zinc oxide nanoparticles to control fungal biofilms or nanosilver coated 
cotton fabrics application for antimicrobial textile finishing [96–99].

Biological methods: another option for the control and restoration of works of 
art has been the use of microorganisms in the processes of biocleaning and biomin-
eralización that are presented below:

Biocleaning: The accumulation of organic material on surfaces either by deposi-
tion of atmospheric particles, traces of colonization of microorganisms and organic 
substances allow the growth of bacteria and fungi. This accumulation can cause 
damages to the art work in response to the growth of microbial and are therefore 
considered biodeteriorating agents, however, in recent years, bacteria have been 
used for the conservation and restoration processes for the elimination of these 
organic materials. This procedure is known as biocleaning.

One of the advantages of the use of microorganisms over physicochemical 
treatments (which are very drastic) is that they use substrate-specific enzymes that 
do not degrade complex substances and adapt easily to environmental conditions. 
The microorganisms selected should be nonpathogenic and nonsporulating so that 
it is not a risk for workers after application and not be able to produce forms of 
resistance (spores).

Examples of these treatments have been documented for the removal in stone 
of black scale (hydrated calcium sulfate and carbon residues) caused by sulfur 
dioxide, hydrocarbons, and particulate matter (soot) emitted by the exhaust pipes 
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mutilation or reduction of their documentary values. The restoration is more than 
an art is technical, thanks to the set of interdisciplinary scientific methods that 
give the work the authentic guarantee of the rigor of applied sciences to the field of 
conservation [87].

Restorers use the intervention techniques of biodeteriorated materials to elimi-
nate the degradation products induced by microorganisms and if it is possible to 
delay their recurrence. The intervention treatment must be evaluated taking into 
account the identity of the biodeteriogens, degree and type of damage, safety of 
the treatment towards the materials of the object, risk for the worker, and possible 
environmental impacts. However, the growth of unwanted organisms will inevita-
bly occur if the environmental conditions that favor their development persist.

Between the main methods of control of biodeteriogenic agents that grow as 
biofilms are:

Mechanical methods: they consist in the physical removal of fungi, bacteria, 
algae or any organism by shaving, abrasion, brushing, etc. Immediate but not 
lasting results are obtained, complete elimination is not achieved, and the results 
improve with the use of chemical agents.

Physical methods: modifying the temperature or pressure changes that are not 
suitable for the growth of organisms. Its biocidal effect depends on the denaturation 
or breaking of molecules of the organisms treated by breaking chemical bonds. 
Among these methods are electromagnetic radiation (microwave, ultraviolet rays, 
and gamma rays), anoxic treatments, and extreme temperatures. Its mechanism 
of action depends on its direct action with the genetic material or alteration of its 
structure and metabolic function.

Its main disadvantages are its high cost and the possible damage to the materi-
als treated by its chemical alteration such as the pigmentation and hydrolysis of 
proteins and cellulose.

Chemical methods: these are the most commonly used intervention techniques 
through the use of biocides (disinfectants, bactericides or fungicides). Generally 
they are used in liquid or gas form, their mechanism of action is variable and they 
attack by disintegrating the bacterial or fungal membrane or by inhibiting their 
cellular processes, causing their death when they are used in the appropriate doses. 
Many products have been evaluated, however, due to their high risk and limited 
knowledge of the compatibility with the materials to which they apply their use has 
been limited. The selection of the biocide depends on the type of material, type of 
microorganism, and availability of the biocide. An additional problem is its long-
term ineffectiveness [88].

A biocide can be a synthetic chemical, natural, of biological origin that is 
intended to destroy, counteract, neutralize, impede action or exercise control 
over any organism considered harmful to man. According to their action, they are 
divided into microbicides (bactericidal and fungicidal), growth inhibitors, and for 
the case of other organisms such as insects, rodents or birds, and there are also very 
toxic and lethal products such as pesticides, insecticides and/or repellents, acari-
cides, nematicides, avicides, rodenticides, etc.

A good biocide must have a broad spectrum of activity, be effective at low 
concentrations, be active over a wide range of pH, soluble in water, possess high 
persistence (effective over time), have low human and environmental toxicity, and 
have a low cost [89].

Among the main biocides used for the chemical treatment of tangible cultural 
goods are:

Thymol, orthophenylphenol (OFF), formaldehyde, pentachlorophenol, ethylene 
oxide, ethanol, etc., antibiotics and enzymes have also been used. For the best selec-
tion of the biocide, preliminary tests must be done to guarantee the innocuousness 
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of the operation for the safety of the operator and absence of risk for the object not 
only immediately but in the long term. For this reason, the use of very strong and 
long retention solvents (glycols, formamide, turpentine, and butylamine) in the 
porous bodies has been ruled out.

The forms of application of the biocides are: sublimation, pulverization or fumi-
gation, according to their possible solid, liquid or gaseous state. The solids in solu-
tion or dispersion have a longer time of action although less exterminating capacity. 
The sublimable solids have little penetrability and, unless they are applied in high 
concentrations, they become repellent air fresheners with little lethal efficacy.

Solvents that are unstable to light and have a tendency to yellow or polymerize 
are also eliminated (ethylenic compounds such as dipentene, turpentine, acetyl-
acetone, N-methylpyrrolidone). These rules are applicable to all porous objects, 
paintings, polychrome sculptures, mural paintings, etc. In the area of textiles, the 
most suitable solvent is water. But there are fibers very altered or with very bad 
coloration that are too sensitive. Then we must resort to organic solvents but avoid-
ing chlorinated solvents, taking into account an eventual acidity and the release of 
hydrochloric acid. Water-based solvents must be used with extreme prudence, since 
many materials can suffer deterioration [90, 91].

Because the control of pests that use chemicals that are generally expensive and 
have side effects in people and can deteriorate the material, the choice of a biocide 
is increasingly difficult, therefore alternatives substances with biocidal properties 
have been sought for many years such as the use of natural plant products for which 
more and more reports justify their use. Currently, there is already a database of 
the accumulated experience of a Spanish group of the use of natural extracts for 
disinfection and disinfestation of cultural goods [92], as well as the use of essential 
oils from medicinal plants such as Mentha piperita, Thymus vulgaris, Origanum com-
pactum, Salvia officinalis, Artemisa absinthium and Lanandula angustifolia, among 
others [93–95].

The development of nanotechnology is currently an emerging field in the 
conservation of cultural heritage, consequently the FP7 NANOFORART project 
has arisen (nano-materials for the conservation and preservation of movable and 
immovable artworks) and as an example of its applications, there are reports of 
the use of zinc oxide nanoparticles to control fungal biofilms or nanosilver coated 
cotton fabrics application for antimicrobial textile finishing [96–99].

Biological methods: another option for the control and restoration of works of 
art has been the use of microorganisms in the processes of biocleaning and biomin-
eralización that are presented below:

Biocleaning: The accumulation of organic material on surfaces either by deposi-
tion of atmospheric particles, traces of colonization of microorganisms and organic 
substances allow the growth of bacteria and fungi. This accumulation can cause 
damages to the art work in response to the growth of microbial and are therefore 
considered biodeteriorating agents, however, in recent years, bacteria have been 
used for the conservation and restoration processes for the elimination of these 
organic materials. This procedure is known as biocleaning.

One of the advantages of the use of microorganisms over physicochemical 
treatments (which are very drastic) is that they use substrate-specific enzymes that 
do not degrade complex substances and adapt easily to environmental conditions. 
The microorganisms selected should be nonpathogenic and nonsporulating so that 
it is not a risk for workers after application and not be able to produce forms of 
resistance (spores).

Examples of these treatments have been documented for the removal in stone 
of black scale (hydrated calcium sulfate and carbon residues) caused by sulfur 
dioxide, hydrocarbons, and particulate matter (soot) emitted by the exhaust pipes 
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of vehicles, which were removed with the use of Desulfovibrio desulfuricans bacteria 
[100]. Good results have also been obtained for the elimination of nitrates in marble 
under anaerobic conditions with the use of Pseudomonas denitrificans, Pseudomonas 
stuzeri, Pseudomonas pseudoalcaligenes or Paracoccus denitrificans [101]. Biological 
cleaning of mural paints has also been explored to eliminate the remains of organic 
matter from old restorations or insoluble saline efflorescence with the use of 
Pseudomonas stutzeri [102].

Biomineralization: A modern and ecological alternative applicable to the restora-
tion of historical monuments is the process known as biomineralization, specifi-
cally carbonatogenesis that can help in the restoration of cracks of statues or walls, 
since there are bacteria capable of mineralizing and filling these grooves when 
feeding them with means of culture that contain calcium salts in solution produc-
ing microcrystals of calcium carbonate that allow the restoration of damaged areas 
[103–105, 107, 108].

The carbonatogenesis or calcite production can occur either autotrophically or 
heterotrophically by the Bacillus, Pseudomonas, Proteus, Myxococcus and Pantoea 
agglomerans bacterial genera that allow obtaining a layer of a few millimeters thick 
by carbonatogenesis. Among the micro-environmental factors related to this pro-
cess are: the concentration of dissolved inorganic carbon, the pH, the concentration 
of calcium ions and the presence of nucleation sites / or development of crystals for 
nucleation [23, 106].

8. Conclusion

In addition to the passage of time and environmental characteristics of the 
detriment of artistic and cultural heritage, this may also be the consequence of the 
microbial appearance favored by the enrichment of organic matter on the surfaces 
that colonize. The formation of biofilms is a strategy used by microorganisms to 
adapt to conditions that may be adverse for their growth. These biofilms are pres-
ent in almost any type of surface, and the historical heritage is no exception. For 
the reason, it is important to know the characteristics that favor their formation, 
elimination and control to avoid being a threat to these objects.

As these biofilms represent a threat to this cultural heritage, the main challenges 
are to establish prevention measures for their appearance and to understand that 
if an intervention treatment is necessary, the resistance to treatment with biocides 
increases with this form of organization, which requires the use of high doses that 
compromise the physicochemical characteristics of the treated material.

The knowledge of the chemical composition of works of art made in different 
substrates such as stone, paintings, textile fibers, and paper composition allows 
us to understand what type of microbial colonization can be favored, and conse-
quently be able to propose microbial growth as the responsible of biodeterioration. 
If these objects are valuable as a cultural heritage, it is the responsibility of all their 
conservation and restoration, for this reason the advanced techniques of identifica-
tion and control of biofilms in cultural assets, currently, they are applied as strate-
gies in the areas of preservation, restoration and control that will delay their natural 
deterioration and allow future generations to know this legacy.
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Abstract

The surge in antimicrobial resistance coupled with the decline in the antimicro-
bial drug pipeline calls for the discovery and development of new agents to tackle 
antibiotic resistance and prevent a return to a post-antibiotic era. Several factors 
account for resistance of microbes; some are natural and others are acquired. 
Natural selection, presence of efflux pumps, impermeable cell wall, biofilm forma-
tion and quorum sensing are some of the factors. Though it is difficult to outwit 
the pathogens, the discovery and development of compounds with pleiotropic 
modes or mechanisms of action different from the conventional drugs currently 
being used can help us tackle antimicrobial resistance. Natural products have been 
known to be a rich source of bioactive compounds with diverse structures and 
functional group chirality. Various reports indicate medicinal plants with antibac-
terial, anti-biofilm, efflux pump inhibition, wound healing effects or properties 
and others used for upper respiratory and urinary tract infections. There is an 
urgent need to research into natural products particularly plants for antimicrobial 
agents including antibacterial agents, anti-biofilm agents, antibacterial natural 
compounds and antibacterial chemicals. This chapter throws more light on such 
antimicrobials.

Keywords: antimicrobials, biofilm inhibitors, natural products, antibacterials

1. Antibacterial agents

1.1 Introduction

The last decade has seen in a dramatic fashion, an accelerated microbiological 
evolution and resistance to antimicrobial agents. There is therefore the need to 
optimize appropriate stewardship of infection control in the light of an apparent 
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stagnation in the development of novel antimicrobial agents. This chapter therefore 
considers current anti-infective agents of the various classes that are clinically used 
in treating infections.

1.2 Beta lactam derivatives

The beta lactam derivatives stand as the oldest class of antibiotics used. The beta 
lactam ring has proven to be the major weapon in the fight against bacterial infections. 
Several novel molecules modeled after Alexander Fleming’s penicillin and its deriva-
tives have been developed. These drug moieties share the common characteristic of the 
beta lactam ring being an integral part of the structural make up and its effectiveness. 
These include the cephalosporins, monobactams, cephamycins, and the carbapenems 
(imipenem and meropenem). Beta lactams are indicated for a varied number of 
bacterial infections ranging from respiratory and urinary tract infections, ear and 
eye infections and gonorrhea to more life-threatening conditions like meningitis, 
septicemia and pneumonia. It is also widely adopted for prophylactic use in bacterial 
endocarditis, surgical site infections and in immuno-compromised situations [1].

Beta lactam antibiotics are bactericidal in their action. They inhibit the building 
of bacterial cell wall by interfering with the synthesis of peptidoglycan. Penicillin 
binding proteins which are bacterial enzymes which are essentially for bacterial 
cell wall synthesis are usually the targets of beta lactams [1]. Beta lactam antibiotics 
are generally available for parenteral administration with some also showing good 
absorption from the gastrointestinal tract. In patients with intact renal function, 
most beta lactams have a serum half-life of 1–2 h. Ceftazidime and temocillin break 
off this usual norm with a half-life of 4–6 h and an even higher half-life of 8–10 h 
for ceftriaxone. Penicillins and cephalosporins are eliminated primarily through 
glomerular filtration with varying levels of active transport across the renal tubules 
as well as the hepatobiliary system [2].

Owing to the general abuse of antibiotics, the beta lactams have suffered the 
challenge of the development of resistance in target pathogenic organisms. The pro-
duction of beta lactamases has been a major determinant in the resistance observed 
especially in Gram-negative pathogens. Alterations in the beta-lactam targets, the 
penicillin binding proteins, are also important in Gram-positive pathogens. Efflux 
mechanisms and/or exclusion of these agents also contribute more often in conjunc-
tion with the other two mechanisms [3]. New agents of the beta-lactam group that 
have been approved following development have come from the cephalosporin class.

1.3 Cephalosporins

Cephalosporins are usually classified based on spectrum, generation, chemi-
cal structure, clinical pharmacology and resistance to beta-lactamases. The first 
cephalosporins were assigned first-generation cephalosporins; later, more expanded 
spectrum cephalosporins were designated as second-generation cephalosporins. 
Each more current generation has altogether more prominent activity against 
Gram-negative bacteria than the preceding generation and much of the time with 
diminished action against Gram-positive bacteria. Fourth-generation cephalospo-
rins, however, have true broad-spectrum activity. The recent addition to the block, 
the fifth generation cephalosporins has become very crucial due to its activity 
against multidrug-resistant Staphylococcus aureus (MRSA) [4].

The drug of choice in this latest generation is ceftaroline. It is the only beta-
lactam with MRSA activity. Ceftaroline, which is available as a pro-drug, ceftaroline 
prosamil is again unique for its expanded and extensive Gram-positive activity 
beyond all presently available cephalosporins. Ceftaroline active against the 

77

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

Gram-positive organisms (Streptococcus pneumoniae, Staphylococcus aureus and 
Streptococcus pyogenes) and Gram-negative species (Haemophilus influenzae and 
Moraxella catarrhalis), including resistant phenotypes. Data for its approval proved 
its effectiveness in the treatment of acute bacterial skin and skin structure infec-
tions and community acquired bacterial pneumonia [5]. Ceftaroline demonstrates 
dose-proportional pharmacokinetics similar to other renally excreted cephalosporins 
after intravenous administration. It is half-life after dose is 2.53 h with protein bind-
ing of approximately 20%. Ceftaroline also showed in clinical trials to have positive 
attributes with regards to antibacterial stewardship by having a low potential for 
development of resistance as well as favorable tolerability and safety profile [5].

Ceftolozane is a novel beta-lactam cephalosporin combined with beta-lactamase 
inhibitor, tazobactam for the management of complicated urinary tract and intra-
abdominal infections. The peculiar chemistry and dosing accounts for its extensive 
coverage of Gram-negative organisms including multidrug-resistant Pseudomonas 
aeruginosa as well as extended-spectrum beta-lactamase producing organisms and 
some anaerobes. Its efficacy can be compared to levofloxacin in patients with com-
plicated urinary tract infections, including pyelonephritis, and comparable to that of 
meropenem against complicated intra-abdominal infections. Ceftolozane-tazobactam 
has shown to be indispensable due to the lack of susceptibility to the usual mechanisms 
of resistance mostly by Gram-negative organisms such as the production of beta-lacta-
mases, efflux pumps, alterations in penicillin binding proteins as well as porin loss [6].

1.4 Glycopeptides

Glycopeptide antibiotics are complex and rigid molecules that repress a late 
stage in bacterial cell wall peptidoglycan synthesis. The selective toxicity of 
glycopeptides is attributable to the fact that its 3D structure harbors a cleft into 
which peptides of a specific configuration found only in bacterial cell walls can fit. 
Glycopeptide has assumed a special role in the face of the general threat of antimi-
crobial activity resistance since its unique mechanism involving the attachment of a 
bulky inhibitor to a substrate with the goal that the active sites enzymes are unable 
to align themselves correctly, therefore renders resistance to glycopeptides more 
difficult to achieve than other antimicrobial agents [7].

A good number of glycopeptides have gone through development in recent years 
and have been approved for clinical use. Oritavancin, a lipoglycopeptide obtained from 
the naturally occurring chloroeremomycin of the eremomycin class of glycopeptides is 
very similar to vancomycin but possess two 4-epi-vancosamine monosaccharides, one 
supplanting vancosamine and the other connected to ring-6 via an amino acid residue. 
Based on the features of its pharmacophore and its stereochemistry, it has enhanced 
antimicrobial against Gram-positive organisms including those possessing both VanA- 
and VanB-mediated vancomycin-resistance [8]. Oritavancin is transcendently cleared 
by means of the reticuloendothelial system, accumulating most notably in macro-
phages of the liver (Kupffer cells), kidney, spleen and lungs, as well as in the intestinal 
mucosa, thymus, and lymph nodes. Subsequent release and elimination from these 
tissues does not occur readily and thus only trace amounts are recouped from urine 
and feces. Dosage adjustments are not required in hepatic and renal insufficiency [9].

Telavancin also derivative of vancomycin and a lipoglycopeptide has been shown 
to have a dual mechanism of action by causing an inhibition of the peptidoglycan 
synthesis and through membrane depolarization. Telavancin is reliably active 
against Staphylococcus aureus, including MRSA, vancomycin-intermediate-resistant 
Staphylococcus aureus, linezolid-resistant Staphylococcus aureus, and daptomycin-
susceptible strains and therefore effective for the treatment of complicated skin and 
skin-structure infections. It has additionally proven effective in the treatment of 
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Telavancin also derivative of vancomycin and a lipoglycopeptide has been shown 
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Gram-positive bacterial infections especially pneumonia. Its non-inferiority is com-
pared with vancomycin, in the treatment of complicated skin and skin-structure 
infections and pneumonia. Telavancin is excreted by the kidneys, and thus, dosage 
adjustments are required in cases of renal failure. Telavancin is related with higher 
rates of renal events, changed taste, nausea and vomiting but however lesser rates of 
pruritus and infusion related events relative to vancomycin [10].

Dalbavancin has proven to be a valuable addition to the armamentarium of 
antimicrobial agents as it is the first once a week antibiotic with activity against 
a broad range of Gram-positive pathogens. Dalbavancin’s uniqueness is its novel 
pharmacokinetic profile with a half-life of 170–210 h, which makes the once-weekly 
dosing optimal. Forty percent is eliminated via the renal route. Most of the drug is 
excreted as intact drug. Concentration was unchanged in patients with mild renal 
impairment. No adjustments are needed in hepatic insufficiency, as concentrations 
of the drug do not increase with severe hepatic impairment. It is still unknown if 
the drug penetrates the cerebrospinal fluid, or whether the drug is removed during 
hemodialysis. However, the high protein binding of dalbavancin would suggest both 
of these scenarios to be unlikely [11].

1.5 Oxazolidinones

Oxazolidinones are synthetic antimicrobial agent which inhibit bacterial pro-
tein synthesis. Linezolid, the first oxazolidinone to be approved for clinical use, 
has bacteriostatic activity against many important resistant pathogens including 
methicillin-resistant Staphylococcus aureus, vancomycin-resistant enterococci, 
and penicillin-resistant Streptococcus pneumoniae as seen from in vitro studies 
[12]. Tedizolid which is available as a prodrug (tedizolid phosphate) is the first in 
the class to be dosed once daily as it has a half-life of 12 h. It also has a profound 
oral bioavailability of about 90% and no dosage adjustment is required between 
intravenous and oral administration, nor is dosage adjustment needed based on 
hepatic or renal impairment. Its activity covers Gram-positive pathogens, includ-
ing methicillin-resistant Staphylococcus aureus. It is indicated for the management 
of acute bacterial skin and skin structures infections. Tedizolid appears to depart 
from linezolid in the incidence of gastrointestinal and hematologic side effects 
and the apparent lack of drug interaction with selective serotonin reuptake 
inhibitors [13].

1.6 Fidaxomicin (macrocyclic antibiotics)

Fidaxomicin is the first in the new class of narrow spectrum macrocyclic antibiot-
ics. It is derived from the organism Dactylosporangium aurantiacum as a fermenta-
tion product. Fidaxomicin’s action leads to an inhibition transcription process by 
interfering with RNA polymerase. Fidaxomicin acts at a distinct site and step of RNA 
synthesis to that of the rifamycins and streptolydigin, and thus no overlapping anti-
biotic resistance has been identified. Its narrow spectrum of activity is against most 
Clostridial spp., including Clostridium difficile, and exhibits moderate activity against 
other Gram-positive organisms, such as staphylococci and enterococci. Systemic 
absorption is very limited with serum concentrations remaining generally low [14].

1.7 Aminoglycosides

Aminoglycosides are exceptionally potent, broad-spectrum antimicrobial 
agents with numerous alluring properties for the treatment of hazardous diseases. 
The antibacterial potency of the aminoglycosides is attributable to one or several 
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aminated sugars linked by glycosidic bonds to a dibasic cyclitol in their chemical 
structures. Aminoglycosides act primarily by impairing bacterial protein synthesis 
through binding to prokaryotic ribosomes. Widespread resistance against these 
agents including semi-synthetic additions such as amikacin and netilmicin has 
prompted the need for development of alternative agents. The three main resistance 
mechanisms identified include a decreased cell permeability; alterations at the 
ribosomal binding sites; and production of aminoglycoside modifying enzymes 
[12]. Plazomicin is a next-generation semisynthetic aminoglycoside derived 
from sisomicin, a naturally occurring aminoglycoside antibiotic. Plazomicin is 
active against Gram-negative and selected Gram-positive bacteria and it is active 
against enterobacteriaceae, multidrug-resistant enterobacteriaceae (MDR-EC), 
aminoglycoside-resistant enterobacteriaceae (AR-EC), carbapenem-resistant 
Enterobacteriaceae (CR-EC), colistin-resistant enterobacteriaceae (CRE), tige-
cycline-resistant enterobacteriaceae (TR-EC). It has no nephrotoxic and ototoxic 
effects that characterize agents in this class. Its superior pharmacokinetic profile 
also supports a more convenient once daily IV dosing [15].

1.8 Pleuromutilins

Pleuromutilins are antimicrobial agents that selectively restrain bacterial trans-
lation and derivatives of the naturally occurring tricyclic diterpenoid pleuromu-
tilin. The interest in pleuromutilins has resurged following the resistance in more 
prominent classes like the beta-lactams. Pleuromutilins inhibit bacterial protein 
synthesis by binding to the central part of domain V of the 50S ribosomal subunit 
at the peptidyl transferase center ultimately affecting peptide bond formation [16]. 
Retapamulin used as a topical agent for the treatment of impertigo has bacterio-
static effect against Staphylococcus aureus and Streptococcus pyogenes. Retapamulin is 
well tolerated with the most commonly reported adverse effect being pruritus at the 
application site. Although comparative efficacy has not been established with mupi-
rocin, it is an effective alternative with dosing advantage of twice a day application.

1.9 Tetracyclines

The tetracyclines are another old class of natural product antibiotics. Until the 
development of doxycycline, they were used topically. However subsequent sys-
temic application allowed for its use in the treatment in respiratory tract infections. 
Tetracyclines also inhibit protein synthesis by inhibiting acyl-tRNA transfer on the 
bacterial 30S ribosome. Tetracyclines have a fused linear tetracyclic structure and 
form chelation complexes with divalent cations such as calcium and thus its use has 
been limited to adults albeit with side effects. They usually serve as alternative to 
patients who are intolerant of macrolides or macrolide-resistant pathogens [12].

Tigecycline is the foremost drug in the new glycycline subclass of antibiotics. In 
spite of the fact that it is structurally identifies with minocycline, modifications to 
the molecule has brought about an expanded spectrum of activity and decreased 
susceptibility to the development of resistance when compared with other tetra-
cycline antibiotics. Tigecycline has a broad spectrum of activity, including activity 
against drug-resistant Gram-positive organisms [17].

1.10 Macrolides

Macrolides which have erythromycin as its first member inhibit protein synthe-
sis by binding to the 23S RNA of the bacterial 50S ribosomal subunit at the exit of 
the peptide synthesis tunnel. Macrolides are most widely adopted for respiratory 
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tract infections as they have targeted activity against respiratory pathogens. 
Macrolide antibiotics achieve high tissue and intracellular concentrations, which 
helps to address bacteria that are intracellular. In addition, they have strong anti-
inflammatory properties [12]. Telithromycin belongs to a class of drugs described 
as the ketolides which varies slightly from the existing class of the macrolides. 
The characteristic feature of the ketolides as opposed to other macrolides is the 
removal of the neutral sugar, L-cladinose from the three position of the macrolide 
ring and the subsequent oxidation of the 3-hydroxyl to a 3-keto functional group. 
Telithromycin is indicated for the treatment of upper respiratory tract infections 
such as community acquired pneumonia and sinusitis. Introduction of telithromy-
cin was opportune due to the rise of microbial resistance in the existing macrolides 
as it appears to be effective against macrolide-resistant bacteria such as macrolide-
resistant Streptococcus pneumoniae [18].

1.11 Quinolones

The quinolones although not obtained from microbial source, are derived indi-
rectly from natural products, i.e., as a by-product of chloroquine synthesis, which is 
in itself an analogue of the plant alkaloid quinine. It has established itself as useful in 
the treatment of urinary tract infections. The introduction of fluorine group to the 
core structure, give rise to the fluoroquinolones like ciprofloxacin and moxifloxacin 
yielded products of an improved spectrum and better pharmacokinetic profiles. 
However, resistance to the class of antibiotics whose mechanism of action is to inhibit 
bacterial DNA gyrase and topoisomerase IV and even newer fluoroquinolones has 
prompted the need for the development of new and effective agents [12]. Delafloxacin 
is a new anionic fluoroquinolone used for the treatment of acute bacterial skin and skin 
structure infections caused by Gram-positive and Gram-negative organisms including 
MRSA and Pseudomonas aeruginosa. As with all fluoroquinolones, resistance is medi-
ated through mutations in the target enzymes and drug efflux. However, delafloxacin 
has greater stability against target enzyme mutations in Gram-positive bacteria relative 
to other fluoroquinolones. Its availability in infusion and oral formulations, stability 
and enhanced antibacterial potency in acidic environments and overall tolerability 
gives a potentially better antimicrobial agent in the treatment of other infections [19].

2. Anti-biofilm agents

2.1 Biofilms

Microorganisms have a strong tendency to become associated with surfaces [20]. 
Bacteria, thus, live in communities, adhering to surfaces of implanted medical devices 
or damaged tissues. On these surfaces they encase themselves in a hydrated matrix of 
polysaccharide and protein forming a slimy layer known as biofilms [21]. Biofilm is 
a microbial culture which is identified as cells permanently bound to an interface or 
to other cells and are firmly attached to matrix consisting of polymers produced as a 
result of phenotypic alteration due to growth rate or transcription of genes. Bacteria 
tend to form biofilms in environments with rapid flow of matter. Planktonic bacteria 
can adhere to surfaces and initiate biofilm formation in the presence of shear forces 
that are higher than those of heart valves and exceed Reynolds numbers of 5000. The 
Reynolds number has no dimension and describes the turbulent flow of a liquid. If it 
is high, turbulent flow exists but if it is low then laminar flow conditions prevail. It 
is speculated that turbulent flow enhances bacterial adhesion to surfaces and biofilm 
formation by impinging the planktonic cells on the surface [22].
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Biofilms do not form only between same species of microorganism but there 
can be inter-species adhesions. Interspecies binding outside the oral cavity have 
been described as well, most notably between pathogenic and commensal micro-
organisms of the urinary tract. Co-aggregation between aquatic bacteria has been 
reported, with Micrococcus luteus being mentioned as a bridging organism in the 
development of aquatic biofilms owing to its ability to co-aggregate with many 
aquatic heterotrophs [20, 23].

2.2 Bacterial biofilm formation

Genes are responsible for noted biochemistry of living things and biofilm 
production is no exception. Changes in microbial colony formation and organi-
zation may be due to mutations in one or more of certain genes. Mutations in a 
gene called wspF, which is part of a putative chemosensory signal-transduction 
operon result in cell aggregation and altered colony morphology. The phenotypic 
characteristics of WspF depend on the presence of WspR, which is a member of a 
family of signal transduction proteins known as response regulators. WspR contains 
a glycine-glycine-aspartic acid-glutamic acid-phenylalanine (GGDEF) domain 
known to catalyze formation of a cytoplasmic signaling molecule cyclic diguanylate 
(c-di-GMP). Mass sequencing of genomes in bacteria detected the highly abundant 
protein domains GGDEF and Glutamic acid-Alanine-Leucine (EAl) [24]. These two 
protein domains are involved in the turnover of c-diGMP in vivo.

The GGDEF domain stimulates c-diGMP production whereas EAL stimulates its 
degradation. Increased cellular levels of c-diGMP has been observed to correspond 
to increased biofilm formation in a wspF mutant while increased levels of EAL 
catalyze degradation of c-diGMP and reversed the phenotypes of a WspF mutant 
and inhibited biofilm initiation by wild-type cells, indicating that the presence of 
c-diGMP is necessary for biofilm formation. The psl and pel operons, which are 
involved in exopolysaccharide production and biofilm formation, were expressed at 
high levels in a WspF mutant [25].

2.3 Stages of biofilm formation

The process of biofilm formation is complex, but generally identified as consist-
ing of five stages.

2.3.1 The conditioning film

The conditioning layer is the foundation on which a biofilm grows, and can 
be composed of many particles, organic or inorganic. Via gravitational pull or 
direction of flow of the bulk fluid, particles rest and become integral component 
of conditional layer. Hence, the conditioning layer which is basically made up of 
organic matter provides anchorage and nutrients for bacterial growth [26].

2.3.2 Reversible adhesion

When plankton bacteria come into close proximity with the conditioning 
layer, it attaches using bacteria appendages such as flagella, fimbriae, and pili. A 
fraction of the cells reaching the surface reversibly adheres. However, the abil-
ity of the plankton to adhere is dependent on factors such as available energy, 
bacteria orientation, temperature and pressure in the immediate environment. 
If repulsive forces are greater than the attractive forces, the bacteria will detach 
from the surface [26].
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2.3.3 Irreversible adhesion

A number of the reversibly adsorbed cells remain immobilized and become 
irreversibly adsorbed. It has been reported that the physical appendages of bacteria 
overcome the physical repulsive forces. Henceforth, the attachments do come in close 
proximity with the bulk lattice of the conditioning layer culminating in oxidation and 
hydration which strengthen the bacteria–surface bond. There is a data supporting 
the assertion that microbial adhesion intensely relies on the hydrophobic–hydrophilic 
nature of interacting surfaces [26].

2.3.4 Cell growth

With the adhered cells undergoing binary division, the resulting clonally 
expanded cells spread from the point of adhesion leading to clusters formation. 
Ideally, such growth occurring in the biofilm yields a mushroom-like arrangement. 
Nutrient supply to the bacteria present within the biofilm is made possible through 
the utilization of this mushroom-like assemblage. As the cells increase, they 
produce polysaccharide intercellular adhesion polymers which facilitate stronger 
attraction between adjacent cells [26, 27].

2.3.5 Final stages of biofilm development

As the bioburden increases, organisms enter into the stationary phase of growth 
cycle where the rate of cell division equals the rate of cell death. At this level of high 
population density, the bacteria cells interact with each other via signaling mecha-
nisms called quorum sensing, a good explanation for the role of auto inducers in the 
stimulation of the mechanical and enzymatic procedures through genetic expression.

Death phase entails the collapse of the formed biofilm. The bacteria culture 
produce enzymes which catalyze the catabolism of the structural polysaccharides 
within the biofilm leading to exposure of the bacteria within the matrix to colonize 
new substrates [26, 28].

2.4 Antibiotic resistance due to biofilm formation

Inside biofilms, organisms resist antibiotic action by multicellular strategies, rather 
than the known genetic processes that involve plasmids, transposons and mutations 
that make individual cells resistant [29]. Biofilms are the root cause of many persistent 
chronic infections due to bacteria. Several organisms have been known to produce 
biofilms. In P. aeruginosa, it has been shown that the gene (algC) that controls phos-
phomannomutase involved in alginate (exopolysaccharide) synthesis is up-regulated 
within minutes of adhesion to a solid surface. It has also been shown that algD, algU, 
rpoS and the genes controlling polyphosphokinase synthesis are all up-regulated 
during biofilm formation [22]. Multi-system that includes poor antibiotic penetra-
tion, nutrient limitation and slow growth, adaptive stress responses, and formation of 
persister cells are hypothesized to constitute the organisms’ resistance to antibiotics 
in biofilms [29]. Organisms that have shown resistance to antibiotics as a result of 
biofilm production include Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia 
coli, Pseudomonas pseudomallei, and Streptococcus sanguis [22].

Susceptibility tests with in vitro biofilm models have shown the survival of bac-
terial biofilms after treatment with antibiotics at concentrations hundreds or even 
a thousand times the minimum inhibitory concentration of the bacteria measured 
in a suspension culture indicates a state of a high resistance to antibiotics [30]. 
Antibiotics used for the treatment of such bacterial infections suppress symptoms 
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of infections by killing free-floating bacteria shed from the attached population, 
but fail to eradicate those bacterial cells still embedded in the biofilm. The biofilm, 
thus, offers protection to the organisms from the effects of the antibiotics. After the 
treatment course of the infection, the biofilm can act as a microbial repository for 
recurrence of infection. Biofilm infections can linger on for months, years, or even a 
lifetime as long as the colonized surface is not removed from the body [29].

In biofilms, the familiar mechanisms of antibiotic resistance such as efflux 
pumps, modifying enzymes, and target mutations do not account for the resistance 
of the organism and protection of bacteria in a biofilm. Even sensitive bacteria 
that do not have a known genetic basis for resistance can have profoundly reduced 
susceptibility when they form a biofilm. The fact that all these antibiotic resistance 
mechanisms are inherently multicellular helps to explain why bacteria dispersed 
from biofilms rapidly revert to a susceptible phenotype [31]. Although they are less 
common, fungal biofilms are also found on implanted medical devices. Candida 
albicans biofilms are drastically very resistant to most antifungal drugs, and are a 
major cause of morbidity in blood-stream infections [32, 33].

2.5 Other effects of biofilms

Biofilms can be both beneficial and detrimental. They are beneficial in the 
degradation of environmental hazardous substances in the soil, in a bioreactor and 
as bio-flocculants in the separation of coal particles from associated mineral matter. 
They are detrimental on food and slaughterhouse equipment, ship hulls, biomateri-
als implants, and in the oral cavity [20]. They are implicated in otitis media [34], 
otolaryngologic infections [35], osteomyelitis [36], bacterial endocarditis [37], 
cystic fibrosis and nonhealing wounds [38].

When organisms are in biofilms, they tend to cause infections with similar 
features although there could be significant variations in the causative organisms. 
Importantly, bacterial biofilms tend to bypass host defense mechanism and can 
withstand drug treatment irrespective of the competence of the individual’s immune 
system. Actually, tissues adjacent to the biofilm might undergo collateral damage by 
immune complexes and invade the neutrophils [29]. Biofilms have also been docu-
mented as the major sources of infection by Candida albicans, specifically in view 
of the vast number of biomaterials that are now being used in the medical industry. 
Biomaterials serve as ideal substrates for microbial adhesion and eventual biofilm 
formation. Such materials include stents, catheters, and orthopedic joints [39].

2.6 Biofilm formation inhibitors

Prevention of biofilm formation or countering the resistance mechanisms due 
to biofilms may simplify the treatment of infections caused by biofilm producing 
organisms and bring back the usefulness of antibiotics that are out of use due to bio-
film resistance [29]. Many substances, both natural and synthetic, have been found 
to inhibit biofilm formation. For example, silver nanoparticles (AgNPs) effectively 
prevent the formation of biofilms and kill bacteria in established biofilms produced 
by clinical strains including Acinetobacter baumannii and Pseudomonas aeruginosa, 
methicillin-resistant Staphylococcus aureus (MRSA) and Streptococcus mutans. Anti-
biofilm formation activity of AgNPs was more pronounced on Gram-negative than 
Gram-positive bacteria although both groups exhibit equal antibacterial activity to 
the substance. AgNPs also inhibit biofilm production by Candida albicans [40]. The 
helical human cathelicidin LL-37 exhibits effective antimicrobial, anti-attachment, 
and anti-biofilm activity against Staphylococcus aureus [41]. Some plants have also 
been found to inhibit biofilm formation. Extracts of the sticks of Salvadora persica 
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2.3.3 Irreversible adhesion
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biofilm production include Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia 
coli, Pseudomonas pseudomallei, and Streptococcus sanguis [22].

Susceptibility tests with in vitro biofilm models have shown the survival of bac-
terial biofilms after treatment with antibiotics at concentrations hundreds or even 
a thousand times the minimum inhibitory concentration of the bacteria measured 
in a suspension culture indicates a state of a high resistance to antibiotics [30]. 
Antibiotics used for the treatment of such bacterial infections suppress symptoms 

83

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

of infections by killing free-floating bacteria shed from the attached population, 
but fail to eradicate those bacterial cells still embedded in the biofilm. The biofilm, 
thus, offers protection to the organisms from the effects of the antibiotics. After the 
treatment course of the infection, the biofilm can act as a microbial repository for 
recurrence of infection. Biofilm infections can linger on for months, years, or even a 
lifetime as long as the colonized surface is not removed from the body [29].

In biofilms, the familiar mechanisms of antibiotic resistance such as efflux 
pumps, modifying enzymes, and target mutations do not account for the resistance 
of the organism and protection of bacteria in a biofilm. Even sensitive bacteria 
that do not have a known genetic basis for resistance can have profoundly reduced 
susceptibility when they form a biofilm. The fact that all these antibiotic resistance 
mechanisms are inherently multicellular helps to explain why bacteria dispersed 
from biofilms rapidly revert to a susceptible phenotype [31]. Although they are less 
common, fungal biofilms are also found on implanted medical devices. Candida 
albicans biofilms are drastically very resistant to most antifungal drugs, and are a 
major cause of morbidity in blood-stream infections [32, 33].

2.5 Other effects of biofilms

Biofilms can be both beneficial and detrimental. They are beneficial in the 
degradation of environmental hazardous substances in the soil, in a bioreactor and 
as bio-flocculants in the separation of coal particles from associated mineral matter. 
They are detrimental on food and slaughterhouse equipment, ship hulls, biomateri-
als implants, and in the oral cavity [20]. They are implicated in otitis media [34], 
otolaryngologic infections [35], osteomyelitis [36], bacterial endocarditis [37], 
cystic fibrosis and nonhealing wounds [38].

When organisms are in biofilms, they tend to cause infections with similar 
features although there could be significant variations in the causative organisms. 
Importantly, bacterial biofilms tend to bypass host defense mechanism and can 
withstand drug treatment irrespective of the competence of the individual’s immune 
system. Actually, tissues adjacent to the biofilm might undergo collateral damage by 
immune complexes and invade the neutrophils [29]. Biofilms have also been docu-
mented as the major sources of infection by Candida albicans, specifically in view 
of the vast number of biomaterials that are now being used in the medical industry. 
Biomaterials serve as ideal substrates for microbial adhesion and eventual biofilm 
formation. Such materials include stents, catheters, and orthopedic joints [39].

2.6 Biofilm formation inhibitors

Prevention of biofilm formation or countering the resistance mechanisms due 
to biofilms may simplify the treatment of infections caused by biofilm producing 
organisms and bring back the usefulness of antibiotics that are out of use due to bio-
film resistance [29]. Many substances, both natural and synthetic, have been found 
to inhibit biofilm formation. For example, silver nanoparticles (AgNPs) effectively 
prevent the formation of biofilms and kill bacteria in established biofilms produced 
by clinical strains including Acinetobacter baumannii and Pseudomonas aeruginosa, 
methicillin-resistant Staphylococcus aureus (MRSA) and Streptococcus mutans. Anti-
biofilm formation activity of AgNPs was more pronounced on Gram-negative than 
Gram-positive bacteria although both groups exhibit equal antibacterial activity to 
the substance. AgNPs also inhibit biofilm production by Candida albicans [40]. The 
helical human cathelicidin LL-37 exhibits effective antimicrobial, anti-attachment, 
and anti-biofilm activity against Staphylococcus aureus [41]. Some plants have also 
been found to inhibit biofilm formation. Extracts of the sticks of Salvadora persica 
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has been reported for its antibacterial and anti-biofilm activities against Streptococcus 
mutans [42]. Essential oils of lemon grass have biofilm inhibition activity against S. 
aureus [43] while the essential oils of Boswellia spp. (B. papyrifera and B. rivae) are 
active against staphylococcal and C. albicans biofilms [44].

2.7 Detection of biofilms

Various methods have been used to determine the presence of biofilms produced 
by bacteria. The methods include tissue culture plate method (TCP), tube method 
(TM), Congo red agar method (CRA), bioluminescent assay, piezoelectric sensors, 
and fluorescent microscopic examination. In the tube method a loopful of overnight 
culture of the test organism is inoculated into trypticase soy broth containing 1% glu-
cose and incubated. The bacterial cultures are poured out of the solution and the tubes 
washed using phosphate buffer saline and dried. The dried tubes are stained with 
0.1% crystal violet with the excess stained washed with deionized water. The tubes are 
dried while inverted with observation made for biofilm formation which confirmed 
by the presence of visible film lining the wall as well as the bottom of the tube. If there 
is an observed ring-like development at the liquid interface it does not indicate biofilm 
formation [45]. In the Congo red agar method, the test organism is grown in red Congo 
agar on Brain heart infusion broth containing Congo red dye (0.8 g/L). The appear-
ance of black colonies with a dry crystalline consistency indicated biofilm formation 
[45, 46]. In the tissue culture plate method a 24-h broth culture of the test organism is 
inoculated into trypticase soy broth (TSB). This primary inoculum is then inoculated 
into TSB with 1% glucose prepared in different dilutions (1:20, 1:40, 1:80 and 1:100) 
and loaded into 96 wells flat bottom microtiter plate, which is an abiotic surface. The 
plate is then incubated at 37°C for 24 h. The content of the wells are decanted and 
washed with phosphate buffer, fixed with methanol for 15 min and decanted. They are 
then stained with crystal violet (0.5%) for 20 min, decanted and washed with distilled 
water. Glacial acetic acid is then added to extract the crystal violet and the optical 
density determined at 490 nm using an ELISA plate reader [45].

3. Antibacterial natural products

3.1 Introduction

Natural products play a significant role in the discovery of lead compounds for 
the development of drugs for the treatment of human diseases. The importance 
to medicine of natural product molecules lies not only in their pharmacological or 
chemotherapeutic effects but also in their role as template molecules for the produc-
tion of new drug substances. Nature in one way or another continues to influence 
the design of small molecules and most of the antibacterial drugs in clinical usage 
are naturally derived.

Natural products have the ability to provide diversity, complexity, novelty and 
new scaffolds with various chiral centers, rings, bridges and functional groups in 
the molecule [47]. They differ from synthetic compounds by having more oxygen 
atoms and stereochemical elements such as polycycle (often bridged) carbon skel-
etons [48, 49]. Some of the most valuable products and promising leads in oncology 
were naturally derived or naturally inspired. For instance paclitaxel a chemically 
established drug came from natural sources. Doxorubicin, camptothecins, and 
tamoxifen derived from natural product leads, steroid hormones. Most of the 
promising pipeline candidates in oncology all arose from natural products screening 
followed by synthetic modifications.
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3.2 Examples of antibacterial natural products

Antibacterial natural compounds include secondary metabolites isolated from 
plants, bacteria, fungi, marine organisms and algae. These compounds are categorized 
based on their chemical type as terpenes (sesquiterpenes, diterpenes, sesterterpenes, 
and triterpenes), steroids (sterols), alkaloids (indole, quinoline, pyridoacridone, and 
amine alkaloids), aromatics (flavonoids, chalcones, coumarins, lignans, xanthones, 
anthracenes, anthraquinones, naphthalene), polyketides (acetylenic fatty acids, 
polycyclic esters and quinones), and peptides. Sometimes, the categorization tends to 
put together structurally relevant natural products with low bioactivity and also those 
synthetic analogues with remarkable antibacterial activity [47].

Since there is a continual need for a pipeline of new agents to combat multidrug-
resistant bacteria, it is important the search goes on especially from plant materials. 
Microbially derived products, of which there are many first class drug examples 
which can be readily fermented with few re-supply issues [50]. The value of natural 
products as a screening resource has recently been highlighted and it is likely the 
focus is on plants, microbes and marine organisms [51].

Examples of antibacterial natural products include cranberry juice Vaccinium 
macrocarpon (family: Ericaceae) which is used in the management of urinary 
tract infections and the prevention of recurrent cystitis. Berberine has antibacte-
rial activity against various strains of methicillin resistant Staphylococcus aureus 
(MRSA). Thymol is used as an antiseptic. Bearberry, Arctostaphylos uva-ursi L. 
(family: Ericaceae) is an antimicrobial agent used particularly for urinary tract 
infections against several organisms including Bacillus subtilis, Escherichia coli, 
Mycobacterium smegmatis, S. aureus and Shigella spp. and the antibacterial activity 
is attributed to arbutin. Lemon balm, Melissa officinalis (family: Lamiaceae) and 
tea tree, Melaleucae alternifolia (family: Myrtaceae) are taken as herb teas and 
tea tree oil is applied as ointment [51]. Garlic, Allium sativum (family: Alliaceae) 
have antimicrobial and antiseptic properties and is used for respiratory tract 
infections [48, 49] .

Tannins and resins produced by plants have antimicrobial and wound-healing 
properties. The essential oil constituents of plants also possess antimicrobial activ-
ity. Plants produce phytoalexins in response to infections caused by fungi viruses 
and bacterial that may infect them. Resveratrol is an example of an antifungal 
phytoalexin, which has anticancer, antioxidant and cardioprotective benefits for 
humans. Plant metabolites with antibacterial properties include anti-staphylococcal 
activities of the acylphloroglucinols and terthiophenes [47].

The quest for newer and potent antimicrobial agents has ventured into studies 
on plants in this research driven direction. It, however, makes a cogent argument 
since plants are known to produce varied chemicals for defense purposes against 
microorganisms. Also they produce cytotoxic compounds some of which have 
been successfully utilized as chemotherapeutic agents and hence give a laudable 
reason to continue with search for new treatment protocols for man. There is also 
an ecological rationale for the production of natural products that modify microbial 
resistance. Plants may have evolved compounds which evade MDR mechanisms 
and that plant antimicrobials might be developed into broad-spectrum antibiotics 
in combination with inhibitors of MDR [52]. These MDR proteins are commonly 
found in nature as efflux pumps for foreign toxic substances, as they are in clinical 
isolates of resistant pathogens.

In the food industry, herbs, spices and essential oils are chiefly employed as pre-
servatives of foods. A number of plants and spices are used as antimicrobial agents 
for killing and decreasing pathogenic bacterial load in foods hence improving its 
quality. These plant-based antimicrobials are produced from various extraction 
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amine alkaloids), aromatics (flavonoids, chalcones, coumarins, lignans, xanthones, 
anthracenes, anthraquinones, naphthalene), polyketides (acetylenic fatty acids, 
polycyclic esters and quinones), and peptides. Sometimes, the categorization tends to 
put together structurally relevant natural products with low bioactivity and also those 
synthetic analogues with remarkable antibacterial activity [47].
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Mycobacterium smegmatis, S. aureus and Shigella spp. and the antibacterial activity 
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tea tree, Melaleucae alternifolia (family: Myrtaceae) are taken as herb teas and 
tea tree oil is applied as ointment [51]. Garlic, Allium sativum (family: Alliaceae) 
have antimicrobial and antiseptic properties and is used for respiratory tract 
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properties. The essential oil constituents of plants also possess antimicrobial activ-
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The quest for newer and potent antimicrobial agents has ventured into studies 
on plants in this research driven direction. It, however, makes a cogent argument 
since plants are known to produce varied chemicals for defense purposes against 
microorganisms. Also they produce cytotoxic compounds some of which have 
been successfully utilized as chemotherapeutic agents and hence give a laudable 
reason to continue with search for new treatment protocols for man. There is also 
an ecological rationale for the production of natural products that modify microbial 
resistance. Plants may have evolved compounds which evade MDR mechanisms 
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servatives of foods. A number of plants and spices are used as antimicrobial agents 
for killing and decreasing pathogenic bacterial load in foods hence improving its 
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techniques using the flowers, buds, seeds, leaves, twigs, bark, herbs, wood, fruits 
and roots of various plants [50, 51].

4. Non-medicinal antibacterial chemicals

An ideal antibacterial agent (medicinal or non-medicinal) tends to have char-
acteristics, which include ability to effectively inhibit or kill bacteria. Also it must 
have appreciable solubility either in water or any suitable solvent [53]. Antibacterial 
chemicals should be stored for a reasonable period of time with no significant loss 
of antibacterial action [54]. Such preparation must also be homogeneous with 
the active ingredients present in each application of the non-medicinal chemical 
against bacteria. An antibacterial chemical should be minimally inactivated when 
exposed to extraneous material such as proteins and other organic materials found 
in substances they are being utilized in treating. This decreases the amount of the 
agent the bacteria are exposed to [55, 56]. Antibacterial chemicals should not neces-
sarily require elevated temperatures beyond that of the environments they are being 
used [57]. Again, such ideal antibacterial chemicals do possess cleansing properties, 
must be either odorless or have pleasant odor [58] and should be physically safe on 
surfaces they are used on.

The antimicrobial activities of these chemicals are often strongly influenced by 
the biocide affinity for the structural or molecular components of the cell, which 
can, in turn, depend on the attraction of dissimilar charges or hydrophobic interac-
tions [53, 59]. It is henceforth convenient to consider the modes of action based on 
biocides target on the bacteria. Some probable drug target to be exploited include the 
cell wall, cell membrane and the cytoplasm. The precise mechanism of antimicrobial 
action of some of these agents will be discussed in this section as well as unraveling 
the concentration-dependent multiplicity in action of some of these agents [57].

4.1 Alcohols

Two water-soluble alcohols, i.e., ethyl alcohol and isopropyl alcohol, are nor-
mally employed as disinfectants due to their high germicidal activity [60]. They 
have rapid bactericidal and bacteriostatic activity against vegetative forms of 
bacteria. Although not active against bacterial spores, their tuberculocidal, fun-
gicidal and virucidal activity are also apparent. Their cidal activity drops sharply 
when diluted below 50% concentration, and the optimum bactericidal concentra-
tion is 60–90% v/v solutions in water [60, 61]. Protein denaturation is the most 
likely cause of the alcohol action. This assertion is affirmed by the realization of 
the reduced bactericidal activity of absolute ethyl alcohol when compared with 
hydroalcohol due to the requirement of water to facilitate the protein denatur-
ation process [62, 63]. This observation is also in conformation with the observed 
destruction of dehydrogenases of Escherichia coli by alcohol [64] and also the 
enhancement of the lag phase of Enterobacter aerogenes by alcohol [65] which is 
however reversed with some amino acids. Blockade of metabolites required for cell 
division has been linked to the bacteriostatic action of alcohol.

The role of hydrophobic alkyl groups of long-chain alcohols in antibacterial activ-
ity against Staphylococcus aureus and Propionibacterium acnes has been established 
[66]. The maximum activity was found to be dependent on the chain length from 
the hydrophilic hydroxyl group, and also the test bacteria. The antimycobacterial 
activities of alcohols with chain length ranging from C5 to C13 against Mycobacterium 
smegmatis mc2155 and M. tuberculosis H37Rv have been established, with best activity 
found with alcohol with C10 chain length [67]. This bactericidal activity is attributed 
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to decanol’s potential to harm the robust and complex cell envelope of Mycobacteria 
and its ability to reduce biofilm formation by M. smegmatis [67].

4.2 Aldehydes

The aqueous solutions of some aldehydes, such as formaldehyde and glutaral-
dehyde, have been found to be bactericidal, tuberculocidal, fungicidal, virucidal, 
and sporicidal [68–70]. Formaldehyde inactivates microorganisms by alkylating the 
amino and sulfhydryl groups of proteins and ring nitrogen atoms of purine bases 
[71]. The biocidal activity of glutaraldehyde results from its alkylation of sulfhy-
dryl, hydroxyl, carboxyl, and amino groups of microorganisms, which alters RNA, 
DNA, and protein synthesis [72].

Studies have established that different concentrations of formaldehyde have 
deleterious effect on a lot of microorganisms. It has been realized that 8% formalin 
can inactivate poliovirus in 10 min although other viruses are inactivated by as 
low as 2% formalin [68]. Tuberculocidal potential can be seen with 4% formalin 
with the agent being able to inactivate 104 Mycobacterium tuberculosis cells with 
2 min [69]. Also, about 10 million Salmonella typhi cells can be inactivated by 2.5% 
formaldehyde within 10 min even in the presence of organic matter [70]. However, 
formaldehyde has significantly reduced sporicidal activity than glutaraldehyde as 
seen from experimental studies [69].

Some aliphatic saturated and unsaturated aldehydes are produced by enzymatic 
cleavage of unsaturated fatty acids when plants undergo microbial attack; thus 
they may be one of the multichemical defense mechanisms used by several fruits to 
resist invasion by microorganisms [73]. In this direction, Trombetta and colleagues 
established the mechanism of the antimicrobial activity of aliphatic α,β-unsaturated 
aldehydes which included (E)-2-hexenal (1), (E)-2-eptenal (2), (E)-2-octenal (3), 
(E)-2-nonenal (4), (E)-2-decenal (5) and (E,E)-2,4-decadienal (6) (Figure 1). Their 
findings suggested that the 2E-alkenals tested elicit, very likely, a gross perturbation of 
the lipidic fraction of plasma membranes and are able to penetrate into bacterial cells.

The mechanisms of antimicrobial action of other aldehydes, such as o-phthal-
aldehyde (7), are likely to involve interaction with the cytoplasmic membrane and 
increase in its permeability [74, 75]. o-Phthalaldehyde also appears to kill spores 
by blocking the spore germination process [76]. Although membrane functional 
proteins are generally supposed to be the potential targets toward which aldehydic 
antimicrobial agents are directed, other mechanisms of action/interaction can help 
explain their antimicrobial activity [73].

Figure 1. 
Aldehydes with antibacterial properties.



Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

86

techniques using the flowers, buds, seeds, leaves, twigs, bark, herbs, wood, fruits 
and roots of various plants [50, 51].
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when diluted below 50% concentration, and the optimum bactericidal concentra-
tion is 60–90% v/v solutions in water [60, 61]. Protein denaturation is the most 
likely cause of the alcohol action. This assertion is affirmed by the realization of 
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activities of alcohols with chain length ranging from C5 to C13 against Mycobacterium 
smegmatis mc2155 and M. tuberculosis H37Rv have been established, with best activity 
found with alcohol with C10 chain length [67]. This bactericidal activity is attributed 
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to decanol’s potential to harm the robust and complex cell envelope of Mycobacteria 
and its ability to reduce biofilm formation by M. smegmatis [67].
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DNA, and protein synthesis [72].
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2 min [69]. Also, about 10 million Salmonella typhi cells can be inactivated by 2.5% 
formaldehyde within 10 min even in the presence of organic matter [70]. However, 
formaldehyde has significantly reduced sporicidal activity than glutaraldehyde as 
seen from experimental studies [69].
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cleavage of unsaturated fatty acids when plants undergo microbial attack; thus 
they may be one of the multichemical defense mechanisms used by several fruits to 
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established the mechanism of the antimicrobial activity of aliphatic α,β-unsaturated 
aldehydes which included (E)-2-hexenal (1), (E)-2-eptenal (2), (E)-2-octenal (3), 
(E)-2-nonenal (4), (E)-2-decenal (5) and (E,E)-2,4-decadienal (6) (Figure 1). Their 
findings suggested that the 2E-alkenals tested elicit, very likely, a gross perturbation of 
the lipidic fraction of plasma membranes and are able to penetrate into bacterial cells.

The mechanisms of antimicrobial action of other aldehydes, such as o-phthal-
aldehyde (7), are likely to involve interaction with the cytoplasmic membrane and 
increase in its permeability [74, 75]. o-Phthalaldehyde also appears to kill spores 
by blocking the spore germination process [76]. Although membrane functional 
proteins are generally supposed to be the potential targets toward which aldehydic 
antimicrobial agents are directed, other mechanisms of action/interaction can help 
explain their antimicrobial activity [73].
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Figure 2. 
Oxidizing agents with antibacterial activity.

4.3 Halogens

Over the years, tinctures and solutions of iodine have been used mainly as 
antiseptic agents on skin surfaces and other tissues. However, iodophors such 
as povidone iodine, are employed mainly as antiseptics and disinfectants. Such 
iodophors tend to possess germicidal ability but generally do not stain surfaces as 
well as do possess less toxic and irritant potential [77]. Iodine has the potential to 
penetrate the cell wall of microorganisms rapidly and tend to compromise proteins 
and nucleic acids as well as the synthesis of proteins.

Chlorine and products of chlorine do have broader spectrum of activity but 
they also leave behind toxic residues. They however are not affected by hardness 
of water, are less expensive and do possess faster onset of action [78]. They tend 
to possess activity on organisms fixed to surfaces and biofilms [79] with accompa-
nied low risk of toxicity [80]. Its mechanism of antimicrobial action is associated 
with hypochlorous acid (HOCl) it yields. When HOCl dissociates, it produces 
hypochlorite ion (OCl−) which has reduced antimicrobial activity and the process 
is pH-dependent [81]. It has not been mechanistically established how chlorine 
specifically kills microorganisms. However, chlorine tends to cause oxidation 
of sulfhydryl enzymes and amino acids leading to loss of intracellular contents 
with reduced nutrition uptake by cells. Also, chlorine tends to reduced adenosine 
triphosphate production as well as inhibition of DNA synthesis and increased DNA 
destruction [81]. A number of these process may account for the mechanism of 
antimicrobial action of chlorine [82].

4.4 Oxidizing agents

Peroxyacetic acid (1), chlorine dioxide (2) (Figure 2), and hydrogen per-
oxide have similar mechanism of antimicrobial action (chemical oxidation of 
cellular components), but they do vary greatly in their efficacy against micro-
organisms [83, 84]. Biochemically, there is significant variations in these agents 
with resultant variation in their outcomes on macromolecules. This attests to 
the variations in their biocidal activity, most especially between liquid and gas 
peroxide [84].

Administration of hydrogen peroxide results in the production of hydroxyl free 
radicals which attack lipid membranes, DNA and essential cell components leading 
to cell death. Aerobic organisms and facultative anaerobes tend to produce catalase 
and these enzymes offer protective benefits from hydrogen peroxide by catalyzing 
its conversion to water and oxygen. Such protective benefits are compromised by 
the concentrations of oxidizing agents administered as disinfectant [85]. Peracetic 
acid, which has rapid action on all microorganisms, does not yield any harm-
ful products when it is broken down and is easily cleared from organic materials 
without leaving behind any residues [86]. In addition to its potent activity in the 
presence of organic matter, it retains sporicidal activity even at low temperatures. 
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However, its specific mechanism of antimicrobial action has not been unraveled 
although postulated to be working in the same manner as other oxidizing agents. 
Hence possibly through oxidation of sulfhydryl and sulfur bonds in proteins, 
enzymes and other cellular metabolites [85].

4.5 Phenolic compounds

Phenolic compounds are produced from structural modification of phenol by 
addition of alkyl, phenyl, benzyl groups, and halogen as substituent on the aromatic 
ring. o-Phenylphenol (1) and o-benzyl-p-chlorophenol (2) are commonly employed 
phenol derivatives in disinfectants. Phenolic compounds tend to have enhanced 
antimicrobial potential than phenol [87].

Figure 3. 
Phenolic antibacterial chemicals.

Figure 4. 
Quaternary ammonium compounds with antibacterial activity.
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Phenol acts as a penetrating and disrupting molecule on cell walls of organisms 
as well as increase precipitation in important proteins within cells leading to cell 
death at high concentrations. However, phenol and high molecular weight phenolic 
compounds tend to kill bacteria cells via enzyme inactivation and compromising of 
cell wall at lower concentration (Figure 3) [88].

4.6 Quaternary ammonium compounds

One of the most used disinfectants is the quaternary ammonium compounds. 
When contaminated quaternary ammonium compounds are employed in patient-
care supplies, they contribute to significant proportion of its associated infections 
[89]. Gram-negative bacteria are documented to survive in this group of disinfec-
tants [90].

The quaternary compounds are ammonium-derived moieties with nitrogen 
atom with a valence of 5. There are four alkyl or heterocyclic radical substitutes 
and a fifth halide, sulfate or similar radical substitute in the structure [91]. Some 
of these quaternaries include alkyl dimethyl benzyl ammonium chloride (1), 
alkyl didecyl dimethyl ammonium chloride (2), and dialkyl dimethyl ammonium 
chloride (3) (Figure 4). The innovative quaternary ammonium compounds (i.e., 
fourth generation), referred to as twin-chain or dialkyl quaternaries (e.g., didecyl 
dimethyl ammonium bromide (4) and dioctyl dimethyl ammonium bromide (5) 
(Figure 4)), have been reported to be active even in hard water and can withstand 
anionic residues [92]. Quaternaries are believed to be bactericidal due to their 
ability to inactivate energy-producing enzymes and also denature and disrupt cell 
proteins and membrane respectively [91, 92].

5. Conclusion

A multidisciplinary approach to antimicrobial drug discovery, involving the 
generation of novel molecular diversity from natural product sources, combined 
with total and combinatorial synthetic methodologies, and including the manipula-
tion of biosynthetic pathways will continue to provide the best approach to antibi-
otic discovery and development and also overcome the challenges associated with 
antimicrobial resistance.

Conflict of interest

Authors declare no conflict of interest.

91

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

Author details

Yaw Duah Boakye1, Newman Osafo2, Cynthia Amaning Danquah2, Francis Adu1 
and Christian Agyare1*

1 Department of Pharmaceutics, Faculty of Pharmacy and Pharmaceutical 
Sciences, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana

2 Department of Pharmacology, Faculty of Pharmacy and Pharmaceutical Sciences, 
Kwame Nkrumah University of Science and Technology, Kumasi, Ghana

*Address all correspondence to: cagyare.pharm@knust.edu.gh



Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

90

Phenol acts as a penetrating and disrupting molecule on cell walls of organisms 
as well as increase precipitation in important proteins within cells leading to cell 
death at high concentrations. However, phenol and high molecular weight phenolic 
compounds tend to kill bacteria cells via enzyme inactivation and compromising of 
cell wall at lower concentration (Figure 3) [88].

4.6 Quaternary ammonium compounds

One of the most used disinfectants is the quaternary ammonium compounds. 
When contaminated quaternary ammonium compounds are employed in patient-
care supplies, they contribute to significant proportion of its associated infections 
[89]. Gram-negative bacteria are documented to survive in this group of disinfec-
tants [90].

The quaternary compounds are ammonium-derived moieties with nitrogen 
atom with a valence of 5. There are four alkyl or heterocyclic radical substitutes 
and a fifth halide, sulfate or similar radical substitute in the structure [91]. Some 
of these quaternaries include alkyl dimethyl benzyl ammonium chloride (1), 
alkyl didecyl dimethyl ammonium chloride (2), and dialkyl dimethyl ammonium 
chloride (3) (Figure 4). The innovative quaternary ammonium compounds (i.e., 
fourth generation), referred to as twin-chain or dialkyl quaternaries (e.g., didecyl 
dimethyl ammonium bromide (4) and dioctyl dimethyl ammonium bromide (5) 
(Figure 4)), have been reported to be active even in hard water and can withstand 
anionic residues [92]. Quaternaries are believed to be bactericidal due to their 
ability to inactivate energy-producing enzymes and also denature and disrupt cell 
proteins and membrane respectively [91, 92].

5. Conclusion

A multidisciplinary approach to antimicrobial drug discovery, involving the 
generation of novel molecular diversity from natural product sources, combined 
with total and combinatorial synthetic methodologies, and including the manipula-
tion of biosynthetic pathways will continue to provide the best approach to antibi-
otic discovery and development and also overcome the challenges associated with 
antimicrobial resistance.

Conflict of interest

Authors declare no conflict of interest.

91

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

Author details

Yaw Duah Boakye1, Newman Osafo2, Cynthia Amaning Danquah2, Francis Adu1 
and Christian Agyare1*

1 Department of Pharmaceutics, Faculty of Pharmacy and Pharmaceutical 
Sciences, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana

2 Department of Pharmacology, Faculty of Pharmacy and Pharmaceutical Sciences, 
Kwame Nkrumah University of Science and Technology, Kumasi, Ghana

*Address all correspondence to: cagyare.pharm@knust.edu.gh



92

Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

References

[1] Becker DE. Antimicrobial drugs. 
Anesthesia Progress. 2013;60(3):111-123

[2] Bergand T. Pharmacokinetics of beta 
lactam antibiotics. Scandinavian Journal 
of Infectious Diseases. Supplementum. 
1984;42:83-98

[3] Kuriyama T, Karasawa T, Nakagawa 
K, Yamamoto E, Nakamura S. Incidence 
of β-lactamase production and 
antimicrobial susceptibility of anaerobic 
Gram-negative rods isolated from pus 
specimens of orofacial odontogenic 
infections. Oral Microbiology and 
Immunology. 2001;16(1):10-15

[4] Mehta D, Sharma AK. 
Cephalosporins: A review on imperative 
class of antibiotics. Inventi Rapid/Impact: 
Molecular Pharmacology. 2016;1:1-6

[5] Laudano JB. Ceftaroline fosamil: A 
new broad-spectrum cephalosporin. 
Journal of Antimicrobial Chemotherapy. 
2011;66(3):11-8

[6] Cluck D, Lewis P, Stayer B, Spivey J, 
Moorman J. Ceftolozane-tazobactam: 
A new-generation cephalosporin. 
2015;72:2135-2146

[7] Reynolds P. Structure biochemistry 
and mechanism of action of 
glycopeptide antibiotics. European 
Journal of Clinical Microbiology & 
Infectious Diseases. 1989;8(11):943-950

[8] Stein G. Oritavacin: A long-half life 
lipoglycopeptide. Clinical Infectious 
Diseases. 2015;61(4):627-632

[9] Karrine D, Ryback J. Oritavancin: A 
new lipoglycopeptide antibiotic in the 
treatment of Gram-positive infection. 
Infectious Disease and Therapy. 
2016;16:1-15

[10] Saravolatz LD, Stein GE, 
Johnson LB. Telavancin: A novel 

lipoglycopeptide. Clinical Infectious 
Diseases. 2009;49(12):1908-1914

[11] Chen AY, Zervos MJ, Vazquez 
JA. Dalbavancin: A novel antimicrobial. 
International Journal of Clinical 
Practice. 2007;5(May):853-863

[12] Fernandes P, Martens E. Antibiotics 
in late clinical development. 
Biochemical Pharmacology. 
2017;133:152-163

[13] Burdette SD, Trotman R.  
Tedizolid: The first once-daily 
oxazolidinone class antibiotic. Agents. 
2018;61(June):1315-1321

[14] Mullane K, Gorbach S. Fidaxomicin: 
First-in-class macrocyclic antibiotic. 
Expert Review of Anti-Infective 
Therapy. 2011;9(7):767-778

[15] Gupta A. Plazomicin: A step toward 
next generation aminoglycosides. 
Review. Asian Journal of Research in 
Pharmaceutical Sciences. 2017;7(3):1-8

[16] Paukner S, Riedl R. Pleuromutilins: 
Potent drugs for resistant bugs—Mode 
of action and resistance. Cold Spring 
Harbor Perspectives in Medicine. 
2017;7(1).pii:a027110

[17] Greer ND. Tigecycline (Tygacil): 
The first in the glycylcycline class 
of antibiotics. Proceedings (Baylor 
University, Medical Center). 
2006;19(2):155-161

[18] Ackermann G, Rodloff AC. Drugs of 
the 21st century: Telithromycin (HMR 
3647)—The first ketolide. The Journal 
of Antimicrobial Chemotherapy. 
2003;51:497-511

[19] Mogle BT, Steele JM, Thomas 
SJ, Bohan KH, Kufel WD. Clinical 
review of delafloxacin: A novel 
anionic fluoroquinolone. The Journal 

93

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

of Antimicrobial Chemotherapy. 
2018;73(6):1439-1451

[20] Bos R, Van Der MHC, Busscher 
HJ. Physico-chemistry of initial 
microbial adhesive interactions 
its mechanisms and methods for 
study. FEMS Microbiology Reviews. 
1999;23(2):179-230

[21] Stewart PS, Costerton JW. Antibiotic 
resistance of bacteria in biofilms. 
Lancet. 2001;358(9276):135-138

[22] Donlan RM, Costerton JW, Donlan 
RM, Costerton JW. Biofilms: Survival 
mechanisms of clinically relevant 
microorganisms. Clinical Microbiology 
Reviews. 2002;15(2):167-193

[23] Reid G, Cook L, McGroarty JA, 
Angotti R. Lactobacillus inhibitor 
production against Escherichia coli 
and coaggregation ability with 
uropathogens. Canadian Journal of 
Microbiology. 1988;34(3):344-351

[24] Simm R, Morr M, Kader A, 
Nimtz M, Römling U. GGDEF and 
EAL domains inversely regulate 
cyclic di-GMP levels and transition 
from sessility to motility. Molecular 
Microbiology. 2004;53(4):1123-1134

[25] Hickman JW, Tifrea DF, Harwood 
CS. A chemosensory system that 
regulates biofilm formation through 
modulation of cyclic diguanylate levels. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2005;102(40):14422-14427

[26] Banerjee P, Singh M, Sharma 
V. Biofilm formation: A comprehensive 
review. 2015;3(2):556-560

[27] Hall-Stoodley P. Developmental 
regulation of microbial biofilms. 
Current Opinion in Biotechnology. 
2002;13:228-233

[28] Dunne WM. Bacterial adhesion: 
Seen any good biofilms lately? 
2002;15:155166

[29] Stewart PS. Mechanisms of 
antibiotic resistance in bacterial 
biofilms. International Journal 
of Medical Microbiology. 
2002;292(2):107-113

[30] Ceri H, Olson ME, Stremick 
C, Read RR, Morck D. The calgary 
biofilm device: New technology for 
rapid determination of antibiotic 
susceptibilities of bacterial biofilms. 
Journal of Clinical Microbiology. 
1999;37(6):1771-1776

[31] Walsh C. Molecular mechanisms 
that confer antibacterial drug resistance. 
Nature. 2000;406:775-781

[32] Douglas LJ. Candida biofilms 
and their role in infection. Trends in 
Microbiology. 2003;11(1):30-36

[33] Wesenberg-Ward KE, Tyler BJ, Sears 
JT. Adhesion and biofilm formation 
of Candida albicans on native and 
pluronic-treated polystyrene. Biofilms. 
2005:63-71

[34] Bakaletz LO. Biofilms in otitis 
media: Evidence and relevance. The 
Pediatric Infectious Disease Journal. 
2007;26(10):S17-S19

[35] Post JC, Stoodley P, Hall L, 
Ehrlich GD. The role of biofilms in 
otolaryngologic infections. Current 
Opinion in Otolaryngology & Head and 
Neck Surgery. 2004;12(3):185-190

[36] Brady RA, Leid JG, Calhoun 
JH, Costerton JW, Shirtliff 
ME. Osteomyelitis and the role of 
biofilms in chronic infection. FEMS 
Immunology and Medical Microbiology. 
2008;52(1):13-22

[37] Høiby N. Understanding bacterial 
biofilms in patients with cystic fibrosis: 
Current and innovative approaches to 
potential therapies. Journal of Cystic 
Fibrosis. 2002;1:249-254

[38] James GA, Swogger E, Wolcott 
R, Pulcini E, Secor P, Sestrich J, 



92

Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

References

[1] Becker DE. Antimicrobial drugs. 
Anesthesia Progress. 2013;60(3):111-123

[2] Bergand T. Pharmacokinetics of beta 
lactam antibiotics. Scandinavian Journal 
of Infectious Diseases. Supplementum. 
1984;42:83-98

[3] Kuriyama T, Karasawa T, Nakagawa 
K, Yamamoto E, Nakamura S. Incidence 
of β-lactamase production and 
antimicrobial susceptibility of anaerobic 
Gram-negative rods isolated from pus 
specimens of orofacial odontogenic 
infections. Oral Microbiology and 
Immunology. 2001;16(1):10-15

[4] Mehta D, Sharma AK. 
Cephalosporins: A review on imperative 
class of antibiotics. Inventi Rapid/Impact: 
Molecular Pharmacology. 2016;1:1-6

[5] Laudano JB. Ceftaroline fosamil: A 
new broad-spectrum cephalosporin. 
Journal of Antimicrobial Chemotherapy. 
2011;66(3):11-8

[6] Cluck D, Lewis P, Stayer B, Spivey J, 
Moorman J. Ceftolozane-tazobactam: 
A new-generation cephalosporin. 
2015;72:2135-2146

[7] Reynolds P. Structure biochemistry 
and mechanism of action of 
glycopeptide antibiotics. European 
Journal of Clinical Microbiology & 
Infectious Diseases. 1989;8(11):943-950

[8] Stein G. Oritavacin: A long-half life 
lipoglycopeptide. Clinical Infectious 
Diseases. 2015;61(4):627-632

[9] Karrine D, Ryback J. Oritavancin: A 
new lipoglycopeptide antibiotic in the 
treatment of Gram-positive infection. 
Infectious Disease and Therapy. 
2016;16:1-15

[10] Saravolatz LD, Stein GE, 
Johnson LB. Telavancin: A novel 

lipoglycopeptide. Clinical Infectious 
Diseases. 2009;49(12):1908-1914

[11] Chen AY, Zervos MJ, Vazquez 
JA. Dalbavancin: A novel antimicrobial. 
International Journal of Clinical 
Practice. 2007;5(May):853-863

[12] Fernandes P, Martens E. Antibiotics 
in late clinical development. 
Biochemical Pharmacology. 
2017;133:152-163

[13] Burdette SD, Trotman R.  
Tedizolid: The first once-daily 
oxazolidinone class antibiotic. Agents. 
2018;61(June):1315-1321

[14] Mullane K, Gorbach S. Fidaxomicin: 
First-in-class macrocyclic antibiotic. 
Expert Review of Anti-Infective 
Therapy. 2011;9(7):767-778

[15] Gupta A. Plazomicin: A step toward 
next generation aminoglycosides. 
Review. Asian Journal of Research in 
Pharmaceutical Sciences. 2017;7(3):1-8

[16] Paukner S, Riedl R. Pleuromutilins: 
Potent drugs for resistant bugs—Mode 
of action and resistance. Cold Spring 
Harbor Perspectives in Medicine. 
2017;7(1).pii:a027110

[17] Greer ND. Tigecycline (Tygacil): 
The first in the glycylcycline class 
of antibiotics. Proceedings (Baylor 
University, Medical Center). 
2006;19(2):155-161

[18] Ackermann G, Rodloff AC. Drugs of 
the 21st century: Telithromycin (HMR 
3647)—The first ketolide. The Journal 
of Antimicrobial Chemotherapy. 
2003;51:497-511

[19] Mogle BT, Steele JM, Thomas 
SJ, Bohan KH, Kufel WD. Clinical 
review of delafloxacin: A novel 
anionic fluoroquinolone. The Journal 

93

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

of Antimicrobial Chemotherapy. 
2018;73(6):1439-1451

[20] Bos R, Van Der MHC, Busscher 
HJ. Physico-chemistry of initial 
microbial adhesive interactions 
its mechanisms and methods for 
study. FEMS Microbiology Reviews. 
1999;23(2):179-230

[21] Stewart PS, Costerton JW. Antibiotic 
resistance of bacteria in biofilms. 
Lancet. 2001;358(9276):135-138

[22] Donlan RM, Costerton JW, Donlan 
RM, Costerton JW. Biofilms: Survival 
mechanisms of clinically relevant 
microorganisms. Clinical Microbiology 
Reviews. 2002;15(2):167-193

[23] Reid G, Cook L, McGroarty JA, 
Angotti R. Lactobacillus inhibitor 
production against Escherichia coli 
and coaggregation ability with 
uropathogens. Canadian Journal of 
Microbiology. 1988;34(3):344-351

[24] Simm R, Morr M, Kader A, 
Nimtz M, Römling U. GGDEF and 
EAL domains inversely regulate 
cyclic di-GMP levels and transition 
from sessility to motility. Molecular 
Microbiology. 2004;53(4):1123-1134

[25] Hickman JW, Tifrea DF, Harwood 
CS. A chemosensory system that 
regulates biofilm formation through 
modulation of cyclic diguanylate levels. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2005;102(40):14422-14427

[26] Banerjee P, Singh M, Sharma 
V. Biofilm formation: A comprehensive 
review. 2015;3(2):556-560

[27] Hall-Stoodley P. Developmental 
regulation of microbial biofilms. 
Current Opinion in Biotechnology. 
2002;13:228-233

[28] Dunne WM. Bacterial adhesion: 
Seen any good biofilms lately? 
2002;15:155166

[29] Stewart PS. Mechanisms of 
antibiotic resistance in bacterial 
biofilms. International Journal 
of Medical Microbiology. 
2002;292(2):107-113

[30] Ceri H, Olson ME, Stremick 
C, Read RR, Morck D. The calgary 
biofilm device: New technology for 
rapid determination of antibiotic 
susceptibilities of bacterial biofilms. 
Journal of Clinical Microbiology. 
1999;37(6):1771-1776

[31] Walsh C. Molecular mechanisms 
that confer antibacterial drug resistance. 
Nature. 2000;406:775-781

[32] Douglas LJ. Candida biofilms 
and their role in infection. Trends in 
Microbiology. 2003;11(1):30-36

[33] Wesenberg-Ward KE, Tyler BJ, Sears 
JT. Adhesion and biofilm formation 
of Candida albicans on native and 
pluronic-treated polystyrene. Biofilms. 
2005:63-71

[34] Bakaletz LO. Biofilms in otitis 
media: Evidence and relevance. The 
Pediatric Infectious Disease Journal. 
2007;26(10):S17-S19

[35] Post JC, Stoodley P, Hall L, 
Ehrlich GD. The role of biofilms in 
otolaryngologic infections. Current 
Opinion in Otolaryngology & Head and 
Neck Surgery. 2004;12(3):185-190

[36] Brady RA, Leid JG, Calhoun 
JH, Costerton JW, Shirtliff 
ME. Osteomyelitis and the role of 
biofilms in chronic infection. FEMS 
Immunology and Medical Microbiology. 
2008;52(1):13-22

[37] Høiby N. Understanding bacterial 
biofilms in patients with cystic fibrosis: 
Current and innovative approaches to 
potential therapies. Journal of Cystic 
Fibrosis. 2002;1:249-254

[38] James GA, Swogger E, Wolcott 
R, Pulcini E, Secor P, Sestrich J, 



Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

94

et al. Biofilms in chronic wounds. 
Wound Repair and Regeneration. 
2008;16(1):37-44

[39] Ramage G, Saville SP, Wickes BL, 
López-ribot JL. Inhibition of Candida 
albicans biofilm formation by farnesol, 
a quorum-sensing molecule. Applied 
and Environmental Microbiology. 
2002;68(11):5459-5463

[40] Martinez-Gutierrez F, Boegli L, 
Agostinho A, Sánchez EM, Bach H, 
Ruiz F, et al. Anti-biofilm activity 
of silver nanoparticles against 
different microorganisms. Biofouling. 
2013;29(6):651-660

[41] Dean SN, Bishop BM, Van 
HML. Natural and synthetic cathelicidin 
peptides with anti-microbial and anti-
biofilm activity against Staphylococcus 
aureus. BMC Microbiology. 2011;11:114

[42] Al-sohaibani S, Murugan K. Anti-
biofilm activity of Salvadora persica 
on cariogenic isolates of Streptococcus 
mutans: In vitro and molecular docking 
studies. Biofouling. 2012;28(1):29-23

[43] Adukwu EC, Allen SCH, Phillips 
CA. The anti-biofilm activity of 
lemongrass (Cymbopogon flexuosus) and 
grapefruit (Citrus paradisi) essential 
oils against five strains of Staphylococcus 
aureus. Journal of Applied Microbiology 
2012;113(5):1217-2

[44] Schillaci D, Arizza V, Dayton 
T, Camarda L, Stefano VD. In vitro 
anti-biofilm activity of Boswellia 
spp. oleogum resin essential oils. 
Letters in Applied Microbiology. 
2008;47(5):433-438

[45] Deka N. Comparison of tissue 
culture plate method , tube method 
and congo red agar method for the 
detection of biofilm formation by 
coagulase negative Staphylococcus 
isolated from non-clinical isolates. 
International Journal of Current 

Microbiology and Applied Sciences. 
2014;3(10):810-815

[46] Kaiser TD, Pereira EM, Dos Santos 
KR, Maciel EL, Schuenck RP, Nunes 
AP. Modification of the Congo red agar 
method to detect biofilm production by 
Staphylococcus epidermidis. Diagnostic 
Microbiology and Infectious Disease. 
2013;75(3):235-239

[47] Gibbons S. Anti-staphylococcal 
plant natural products. Natural Product 
Reports. 2004;2:263-277

[48] Danquah CA, Kakagianni E, 
Khondkar P, Maitra A, Malkinson J, 
Bhakta S, et al. Analogues of disulfides 
from Allium stipitatum demonstrate 
potent anti-tubercular activities 
through drug efflux pump and biofilm 
inhibition. 2018, 1150;8(1):18

[49] O’Donnell G, Poeschl R, Zimhony 
O, Gunaratnam M, Moreira JBC, 
Neidle S, et al. Bioactive pyridine-
N-oxide disulfides from Allium 
stipitatum. Journal of Natural Products. 
2009;72(3):360-365

[50] Newman DJ, Cragg GM. Natural 
products as sources of new drugs over 
the 30 years from 1981 to 2010. Journal 
of Natural Products. 2012;75(3):311-335

[51] Heinrich M, Barnes J, Gibbons 
S, Williamson EM. Fundamentals of 
Pharmacognosy and Phytotherapy. 
Edinburgh: Churchill Livingstone/
Elsevier; 2012

[52] Tegos G, Mylonakis E, editors. 
Antimicrobial Drug Discover: Emerging 
Strategies. Wallingford: CABI; 2012

[53] McDonnell G, Russel AD.  
Antiseptics and disinfectants: 
Activity, action, and resistance. . 
1999;12(1):147179

[54] Davies J, Davies D. Origins and 
evolution of antibiotic resistance. 
Microbiology and Molecular Biology 
Reviews. 2010;74(3):417-433

95

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

[55] Marriott NG. Principles of Food 
Sanitation. P. 143. Gaithersburg, MD: 
Aspen Publishers, Inc; 1999. p. 364

[56] Cords BR, Burnett SL, Hilgren 
J, Finley M, Magnuson J. Sanitizers: 
Halogens, surface-active agents, and 
peroxides. In: Davidson PM, Sofos J, 
Branen AL, editors. Antimicrobials in 
Food. 3rd ed. Boca Raton: Taylor and 
Francis; 2005

[57] Kahrilas GA, Blotevogel J, Stewart 
PS, Borch T. Biocides in hydraulic 
fracturing fluids: A critical review of 
their usage, mobility, degradation, 
and toxicity. Environmental Science & 
Technology. 2015;49(1):16-32

[58] Lambert D. Topical deodorant. In: 
Baran R, Maibach HI, editors. Textbook 
of Cosmetic Dermatology. 2nd ed. 
London, UK: Martin Dunitz Ltd; 1998. 
p. 172

[59] Denyer SP, Hodges NA, Gorman 
SP. Non-antibiotic antibacterial agents: 
Mode of action and resistance. In: 
Hugo and Russell’s Pharmaceutical 
Microbiology. 7th ed. Oxford, UK: 
Blackwell Publishing Company; 2008. 
p. 309

[60] Spaulding EH. Alcohol as a surgical 
disinfectant: Pros and Cons of a 
much dicussed topic. AORN Journal. 
1964;2:67-71

[61] Morton HE. The relationship 
of concentration and germicidal 
efficiency of ethyl alcohol. Annals of 
the New York Academy of Sciences. 
1950;53(1):191-196

[62] Ali Y, Dolan MJ, Fendler EJ, 
Larson EL. Alcohols. In: Block SS, 
editor. Disinfection, Sterilization, and 
Preservation. Philadelphia: Lippincott 
Williams & Wilkins; 2001. pp. 229-254

[63] Morton HE. Alcohols. In: Block 
SS, editor. Disinfection, Sterilization, 

and Preservation. Philadelphia: Lea & 
Febiger; 1983. pp. 225-239

[64] Sykes G. The influence of 
germicides on the dehydrogenases of 
Bact. coli. Part I. The succinic acid 
dehydrogenase of Bact. coli. (London). 
1939;39(4):463-469

[65] Dagley S, Dawes EA, Morrison 
GA. Inhibition of growth of Aerobacter 
aerogenes: The mode of action of 
phenols, alcohols, acetone and ethyl 
acetate. Journal of Bacteriology. 
1950;60:369-378

[66] Kubo I, Muroi H, Himejima M,  
Kubo A. Antibacterial activity of 
long-chain alcohols: The role of 
hydrophobic alkyl groups. Bioorganic 
& Medicinal Chemistry Letters. 
1993;3(6):1305-1308

[67] Mukherjee K, Tribedi P, 
Mukhopadhyay B, Sil AK. Antibacterial 
activity of long-chain fatty 
alcohols against mycobacteria. 
FEMS Microbiology Letters. 
2013;223(2):177-183

[68] Klein M, DeForest A. The 
inactivation of viruses by germicides. 
Chemical Specialties Manufacturers 
Association Proceedings. 
1963;49:116-118

[69] Rubbo SD, Gardner JF, Webb 
RL. Biocidal activities of glutaraldehyde 
and related compounds. Journal of 
Applied Microbiology. 1967;30:78-87

[70] McCulloch EC, Costigan S. A 
comparison of the efficiency of phenol, 
liquor cresolis, formaldehyde, sodium 
hypochlorite and sodium hydroxide 
against Eberthella typhi at various 
temperatures. The Journal of Infectious 
Diseases. 1936;59:281-284

[71] Favero MS, Bond WW. Chemical 
disinfection of medical and surgical 
materials. In: Block SS, editor. 
Disinfection, Sterilization, and 



Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

94

et al. Biofilms in chronic wounds. 
Wound Repair and Regeneration. 
2008;16(1):37-44

[39] Ramage G, Saville SP, Wickes BL, 
López-ribot JL. Inhibition of Candida 
albicans biofilm formation by farnesol, 
a quorum-sensing molecule. Applied 
and Environmental Microbiology. 
2002;68(11):5459-5463

[40] Martinez-Gutierrez F, Boegli L, 
Agostinho A, Sánchez EM, Bach H, 
Ruiz F, et al. Anti-biofilm activity 
of silver nanoparticles against 
different microorganisms. Biofouling. 
2013;29(6):651-660

[41] Dean SN, Bishop BM, Van 
HML. Natural and synthetic cathelicidin 
peptides with anti-microbial and anti-
biofilm activity against Staphylococcus 
aureus. BMC Microbiology. 2011;11:114

[42] Al-sohaibani S, Murugan K. Anti-
biofilm activity of Salvadora persica 
on cariogenic isolates of Streptococcus 
mutans: In vitro and molecular docking 
studies. Biofouling. 2012;28(1):29-23

[43] Adukwu EC, Allen SCH, Phillips 
CA. The anti-biofilm activity of 
lemongrass (Cymbopogon flexuosus) and 
grapefruit (Citrus paradisi) essential 
oils against five strains of Staphylococcus 
aureus. Journal of Applied Microbiology 
2012;113(5):1217-2

[44] Schillaci D, Arizza V, Dayton 
T, Camarda L, Stefano VD. In vitro 
anti-biofilm activity of Boswellia 
spp. oleogum resin essential oils. 
Letters in Applied Microbiology. 
2008;47(5):433-438

[45] Deka N. Comparison of tissue 
culture plate method , tube method 
and congo red agar method for the 
detection of biofilm formation by 
coagulase negative Staphylococcus 
isolated from non-clinical isolates. 
International Journal of Current 

Microbiology and Applied Sciences. 
2014;3(10):810-815

[46] Kaiser TD, Pereira EM, Dos Santos 
KR, Maciel EL, Schuenck RP, Nunes 
AP. Modification of the Congo red agar 
method to detect biofilm production by 
Staphylococcus epidermidis. Diagnostic 
Microbiology and Infectious Disease. 
2013;75(3):235-239

[47] Gibbons S. Anti-staphylococcal 
plant natural products. Natural Product 
Reports. 2004;2:263-277

[48] Danquah CA, Kakagianni E, 
Khondkar P, Maitra A, Malkinson J, 
Bhakta S, et al. Analogues of disulfides 
from Allium stipitatum demonstrate 
potent anti-tubercular activities 
through drug efflux pump and biofilm 
inhibition. 2018, 1150;8(1):18

[49] O’Donnell G, Poeschl R, Zimhony 
O, Gunaratnam M, Moreira JBC, 
Neidle S, et al. Bioactive pyridine-
N-oxide disulfides from Allium 
stipitatum. Journal of Natural Products. 
2009;72(3):360-365

[50] Newman DJ, Cragg GM. Natural 
products as sources of new drugs over 
the 30 years from 1981 to 2010. Journal 
of Natural Products. 2012;75(3):311-335

[51] Heinrich M, Barnes J, Gibbons 
S, Williamson EM. Fundamentals of 
Pharmacognosy and Phytotherapy. 
Edinburgh: Churchill Livingstone/
Elsevier; 2012

[52] Tegos G, Mylonakis E, editors. 
Antimicrobial Drug Discover: Emerging 
Strategies. Wallingford: CABI; 2012

[53] McDonnell G, Russel AD.  
Antiseptics and disinfectants: 
Activity, action, and resistance. . 
1999;12(1):147179

[54] Davies J, Davies D. Origins and 
evolution of antibiotic resistance. 
Microbiology and Molecular Biology 
Reviews. 2010;74(3):417-433

95

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

[55] Marriott NG. Principles of Food 
Sanitation. P. 143. Gaithersburg, MD: 
Aspen Publishers, Inc; 1999. p. 364

[56] Cords BR, Burnett SL, Hilgren 
J, Finley M, Magnuson J. Sanitizers: 
Halogens, surface-active agents, and 
peroxides. In: Davidson PM, Sofos J, 
Branen AL, editors. Antimicrobials in 
Food. 3rd ed. Boca Raton: Taylor and 
Francis; 2005

[57] Kahrilas GA, Blotevogel J, Stewart 
PS, Borch T. Biocides in hydraulic 
fracturing fluids: A critical review of 
their usage, mobility, degradation, 
and toxicity. Environmental Science & 
Technology. 2015;49(1):16-32

[58] Lambert D. Topical deodorant. In: 
Baran R, Maibach HI, editors. Textbook 
of Cosmetic Dermatology. 2nd ed. 
London, UK: Martin Dunitz Ltd; 1998. 
p. 172

[59] Denyer SP, Hodges NA, Gorman 
SP. Non-antibiotic antibacterial agents: 
Mode of action and resistance. In: 
Hugo and Russell’s Pharmaceutical 
Microbiology. 7th ed. Oxford, UK: 
Blackwell Publishing Company; 2008. 
p. 309

[60] Spaulding EH. Alcohol as a surgical 
disinfectant: Pros and Cons of a 
much dicussed topic. AORN Journal. 
1964;2:67-71

[61] Morton HE. The relationship 
of concentration and germicidal 
efficiency of ethyl alcohol. Annals of 
the New York Academy of Sciences. 
1950;53(1):191-196

[62] Ali Y, Dolan MJ, Fendler EJ, 
Larson EL. Alcohols. In: Block SS, 
editor. Disinfection, Sterilization, and 
Preservation. Philadelphia: Lippincott 
Williams & Wilkins; 2001. pp. 229-254

[63] Morton HE. Alcohols. In: Block 
SS, editor. Disinfection, Sterilization, 

and Preservation. Philadelphia: Lea & 
Febiger; 1983. pp. 225-239

[64] Sykes G. The influence of 
germicides on the dehydrogenases of 
Bact. coli. Part I. The succinic acid 
dehydrogenase of Bact. coli. (London). 
1939;39(4):463-469

[65] Dagley S, Dawes EA, Morrison 
GA. Inhibition of growth of Aerobacter 
aerogenes: The mode of action of 
phenols, alcohols, acetone and ethyl 
acetate. Journal of Bacteriology. 
1950;60:369-378

[66] Kubo I, Muroi H, Himejima M,  
Kubo A. Antibacterial activity of 
long-chain alcohols: The role of 
hydrophobic alkyl groups. Bioorganic 
& Medicinal Chemistry Letters. 
1993;3(6):1305-1308

[67] Mukherjee K, Tribedi P, 
Mukhopadhyay B, Sil AK. Antibacterial 
activity of long-chain fatty 
alcohols against mycobacteria. 
FEMS Microbiology Letters. 
2013;223(2):177-183

[68] Klein M, DeForest A. The 
inactivation of viruses by germicides. 
Chemical Specialties Manufacturers 
Association Proceedings. 
1963;49:116-118

[69] Rubbo SD, Gardner JF, Webb 
RL. Biocidal activities of glutaraldehyde 
and related compounds. Journal of 
Applied Microbiology. 1967;30:78-87

[70] McCulloch EC, Costigan S. A 
comparison of the efficiency of phenol, 
liquor cresolis, formaldehyde, sodium 
hypochlorite and sodium hydroxide 
against Eberthella typhi at various 
temperatures. The Journal of Infectious 
Diseases. 1936;59:281-284

[71] Favero MS, Bond WW. Chemical 
disinfection of medical and surgical 
materials. In: Block SS, editor. 
Disinfection, Sterilization, and 



Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

96

Preservation. Philadelphia: Lea & 
Febiger; 1991. pp. 617-641

[72] Scott EM, Gorman SP.  
Glutaraldehyde. In: Block SS, editor. 
Disinfection, Sterilization, and 
Preservation. Philadelphia: Lippincott 
Williams & Wilkins; 2001. pp. 361-381

[73] Trombetta D, Saija A, Bisignana 
G, Arena S, Caruso S, Mazzanti G, 
et al. Study on the mechanisms of 
the antibacterial action of some plant 
α,β-unsaturated aldehydes. Letters in 
Applied Microbiology. 2002;35:285-290

[74] Simons C, Walsh SE, Maillard 
JY, Russell AD. A note: Ortho-
phthalaldehyde: Proposed mechanism 
of action of a new antimicrobial agent. 
Letters in Applied Microbiology. 
2000;31:299-302

[75] Tsuchiya H. Biphasic effects 
of acetaldehyde-biogenic amine 
condensation products on membrane 
fluidity. The Journal of Pharmacy and 
Pharmacology. 2001;53:121-127

[76] Cabrera-Martinez RM, Setlow B, 
Setlow P. Studies on the mechanisms 
of the sporicidal action of ortho-
phthalaldehyde. Journal of Applied 
Microbiology. 2002;92:675-680

[77] Gottardi W. Iodine and iodine 
compounds. In: Block SS, editor. 
Disinfection, Sterilization, and 
Preservation. Philadelphia: Lippincott 
Williams & Wilkins; 2001. pp. 159-184

[78] Rutala WA, Weber DJ. Uses of 
inorganic hypochlorite (bleach) 
in health-care facilities. Clinical 
Microbiology Reviews. 1997;10:597-610

[79] Merritt K, Hitchins VM, Brown 
SA. Safety and cleaning of medical 
materials and devices. 2000;53:131-136

[80] Heidemann SM, Goetting 
MG. Treatment of acute hypoxemic 
respiratory failure caused by chlorine 
exposure. 1991;7:87-88

[81] Dychdala GR. Chlorine and 
chlorine compounds. In: Block SS, 
editor. Disinfection, Sterilization, 
and Preservation. Philadelphia: 
Lippincott Williams & Wilkins; 2001. 
pp. 135-157

[82] Gerba CP, Rusin P. Relationship 
between the use of antiseptics/
disinfectants and the development of 
antimicrobial resistance. In: Rutala WA, 
editor. Disinfection, Sterilization and 
Antisepsis: Principles and Practices in 
Healthcare Facilities. Washington, DC: 
Association for Professional in Infection 
Control and Epidemiology; 2001. 
pp. 187-194

[83] Denyer SP, Stewart 
GSAB. Mechanisms of action of 
disinfectants. International Biodet and 
Biodegrad. 1998;41:261-268

[84] Finnegan M, Linley E, Denyer 
SP, McDonnel G, Simons C, Maillard 
J-Y. Mode of action of hydrogen peroxide 
and other oxidizing agents: Differences 
between liquid and gas forms. The 
Journal of Antimicrobial Chemotherapy. 
2010;65(10):2108-2115

[85] Block SS. Peroxygen compounds. 
In: Block SS, editor. Disinfection, 
Sterilization, and Preservation. 
Philadelphia: Lippincott Williams & 
Wilkins; 2001. pp. 185-204

[86] Tucker RC, Lestini BJ, Marchant 
RE. Surface analysis of clinically used 
expanded PTFE endoscopic tubing 
treated by the steris process. ASAIO 
Journal. 1996;42:306-313

[87] Kahn G. Depigmentation 
caused by phenolic detergent 
germicides. Archives of Dermatology. 
1970;102:177-187

[88] Prindle RF. In: Block SS, editor. 
Phenolic compounds, Disinfection, 
Sterilization, and Preservation. 
Philadelphia: Lea & Febiger; 1983. 
pp. 197-224

97

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

[89] Ehrenkranz NJ, Bolyard EA, 
Wiener M, Cleary TJ. Antibiotic-
sensitive Serratia marcescens infections 
complicating cardiopulmonary 
operations: contaminated disinfectant 
as a reservoir. Lancet. 1980;2:1289-1292

[90] Rutala WA, Cole EC. Antiseptics 
and disinfectants—Safe and effective? 
Infection Control. 1984;5:215-218

[91] Sykes G. Disinfection and 
Sterilization. London: E & FN Spon Ltd; 
1965

[92] Merianos JJ. Surface-active agents. 
In: Block SS, editor. Disinfection, 
Sterilization, and Preservation. 
Philadelphia: Lippincott Williams & 
Wilkins; 2001. pp. 283-320



Antimicrobials, Antibiotic Resistance, Antibiofilm Strategies and Activity Methods

96

Preservation. Philadelphia: Lea & 
Febiger; 1991. pp. 617-641

[72] Scott EM, Gorman SP.  
Glutaraldehyde. In: Block SS, editor. 
Disinfection, Sterilization, and 
Preservation. Philadelphia: Lippincott 
Williams & Wilkins; 2001. pp. 361-381

[73] Trombetta D, Saija A, Bisignana 
G, Arena S, Caruso S, Mazzanti G, 
et al. Study on the mechanisms of 
the antibacterial action of some plant 
α,β-unsaturated aldehydes. Letters in 
Applied Microbiology. 2002;35:285-290

[74] Simons C, Walsh SE, Maillard 
JY, Russell AD. A note: Ortho-
phthalaldehyde: Proposed mechanism 
of action of a new antimicrobial agent. 
Letters in Applied Microbiology. 
2000;31:299-302

[75] Tsuchiya H. Biphasic effects 
of acetaldehyde-biogenic amine 
condensation products on membrane 
fluidity. The Journal of Pharmacy and 
Pharmacology. 2001;53:121-127

[76] Cabrera-Martinez RM, Setlow B, 
Setlow P. Studies on the mechanisms 
of the sporicidal action of ortho-
phthalaldehyde. Journal of Applied 
Microbiology. 2002;92:675-680

[77] Gottardi W. Iodine and iodine 
compounds. In: Block SS, editor. 
Disinfection, Sterilization, and 
Preservation. Philadelphia: Lippincott 
Williams & Wilkins; 2001. pp. 159-184

[78] Rutala WA, Weber DJ. Uses of 
inorganic hypochlorite (bleach) 
in health-care facilities. Clinical 
Microbiology Reviews. 1997;10:597-610

[79] Merritt K, Hitchins VM, Brown 
SA. Safety and cleaning of medical 
materials and devices. 2000;53:131-136

[80] Heidemann SM, Goetting 
MG. Treatment of acute hypoxemic 
respiratory failure caused by chlorine 
exposure. 1991;7:87-88

[81] Dychdala GR. Chlorine and 
chlorine compounds. In: Block SS, 
editor. Disinfection, Sterilization, 
and Preservation. Philadelphia: 
Lippincott Williams & Wilkins; 2001. 
pp. 135-157

[82] Gerba CP, Rusin P. Relationship 
between the use of antiseptics/
disinfectants and the development of 
antimicrobial resistance. In: Rutala WA, 
editor. Disinfection, Sterilization and 
Antisepsis: Principles and Practices in 
Healthcare Facilities. Washington, DC: 
Association for Professional in Infection 
Control and Epidemiology; 2001. 
pp. 187-194

[83] Denyer SP, Stewart 
GSAB. Mechanisms of action of 
disinfectants. International Biodet and 
Biodegrad. 1998;41:261-268

[84] Finnegan M, Linley E, Denyer 
SP, McDonnel G, Simons C, Maillard 
J-Y. Mode of action of hydrogen peroxide 
and other oxidizing agents: Differences 
between liquid and gas forms. The 
Journal of Antimicrobial Chemotherapy. 
2010;65(10):2108-2115

[85] Block SS. Peroxygen compounds. 
In: Block SS, editor. Disinfection, 
Sterilization, and Preservation. 
Philadelphia: Lippincott Williams & 
Wilkins; 2001. pp. 185-204

[86] Tucker RC, Lestini BJ, Marchant 
RE. Surface analysis of clinically used 
expanded PTFE endoscopic tubing 
treated by the steris process. ASAIO 
Journal. 1996;42:306-313

[87] Kahn G. Depigmentation 
caused by phenolic detergent 
germicides. Archives of Dermatology. 
1970;102:177-187

[88] Prindle RF. In: Block SS, editor. 
Phenolic compounds, Disinfection, 
Sterilization, and Preservation. 
Philadelphia: Lea & Febiger; 1983. 
pp. 197-224

97

Antimicrobial Agents: Antibacterial Agents, Anti-biofilm Agents, Antibacterial Natural…
DOI: http://dx.doi.org/10.5772/intechopen.82560

[89] Ehrenkranz NJ, Bolyard EA, 
Wiener M, Cleary TJ. Antibiotic-
sensitive Serratia marcescens infections 
complicating cardiopulmonary 
operations: contaminated disinfectant 
as a reservoir. Lancet. 1980;2:1289-1292

[90] Rutala WA, Cole EC. Antiseptics 
and disinfectants—Safe and effective? 
Infection Control. 1984;5:215-218

[91] Sykes G. Disinfection and 
Sterilization. London: E & FN Spon Ltd; 
1965

[92] Merianos JJ. Surface-active agents. 
In: Block SS, editor. Disinfection, 
Sterilization, and Preservation. 
Philadelphia: Lippincott Williams & 
Wilkins; 2001. pp. 283-320



99

Chapter 6

The Methods for Detection of 
Biofilm and Screening Antibiofilm 
Activity of Agents
Sahra Kırmusaoğlu

Abstract

Biofilm producer microorganisms cause nosocomial and recurrent infections. 
Biofilm that is a sticky exopolysaccharide is the main virulence factor causing 
biofilm-related infections. Biofilm formation begins with attachment of bacteria 
to biotic surface such as host cell or abiotic surface such as prosthetic devices. After 
attachment, aggregation of bacteria is started by cell-cell adhesion. Aggregation 
continues with the maturation of biofilm. Dispersion is started by certain condi-
tions such as phenol-soluble modulins (PSMs). By this way, sessile bacteria turn 
back into planktonic form. Bacteria embedded in biofilm (sessile form) are more 
resistant to antimicrobials than planktonic bacteria. So it is hard to treat biofilm-
embedded bacteria than planktonic forms. For this reason, it is important to detect 
biofilm. There are a few biofilm detection and biofilm production methods on 
prosthetics, methods for screening antibacterial effect of agents against biofilm-
embedded microorganism and antibiofilm effect of agents against biofilm produc-
tion and mature biofilm. The aim of this chapter is to overview direct and indirect 
methods such as microscopy, fluorescent in situ hybridization, and Congo red agar, 
tube method, microtiter plate assay, checkerboard assay, plate counting, polymerase 
chain reaction, mass spectrometry, MALDI-TOF, and biological assays used by 
antibiofilm researches.

Keywords: mature biofilm, biofilm-embedded bacteria, antibiofilm methods, 
detection of biofilm gene expression, biofilm detection, MALDI-TOF, CLSM, 
checkerboard assay, microtiter plate assay, Congo red agar method

1. Introduction

1.1 The structure and pathogenesis of microbial biofilms

Microbial biofilms that are sticky exopolymeric substances (EPS) causing 
adherence of microorganism to biotic surfaces such as host cells or abiotic surfaces 
such as medical devices cause antimicrobial resistance, due to its molecular con-
tents such as eDNA and exoenzymes (β-lactamase, toxins, etc.), limited diffusion 
of antimicrobials through the biofilm matrix, persister cell content, and limited 
nutrient and oxygen. Surface proteins and polysaccharide intercellular adhesions 
(PIA) play a role in the biofilm production and development. It is hard to treat 
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biofilm-embedded bacteria than planktonic forms. Biofilm producer microorgan-
ism causes biofilm-related infections such as indwelling and medical device-related 
infections such as endocarditis, urinary tract infections, septic arthritis, chronic 
rhinosinusitis, ocular infections, wound infections, etc. The results of biofilm pro-
duced on indwelling medical devices are recurrent, untreatable infections and fail-
ure of medical device. To overcome chronic and recurrent infections, it is important 
to detect biofilms of microorganisms, maturation and dispersion, and determine 
antibiofilm and antibacterial activity of agents against biofilm and bacteria within 
biofilm, respectively [1]. Identification of genes involved in biofilm formation and 
measurement of gene expression as a result of antibiofilm and antibacterial activity 
of agents can be advantageous with carrying out high-throughput screens using 
microtiter plate assay system.

1.2 Techniques used to study biofilms and biofilm-embedded microorganisms

The standard antimicrobial susceptibility tests such as broth macrodilution and 
microdilution methods that are routinely used in laboratories and published by 
Clinical Laboratory Standards Institute (CLSI), National Committee for Clinical 
Laboratory Standards (NCCLS), and European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) could never yield accurate results in biofilm pro-
ducer microorganisms, due to being appropriate for the detection of antimicrobial 
activity of agents against planktonic microorganism [2].

There are several methods which have been used by clinical microbiologist for 
detection and measurement of microbial biofilms in response to agents (Tables 
1–3). Several instruments as model system have been improved such as modified 
Robbins device, Calgary biofilm device, disk reactor, Centers for Disease Control 
(CDC) biofilm reactor, perfused biofilm fermenter, and model bladder. Model 
systems help to define susceptibility of antimicrobial agents against biofilm 
producer microorganisms by providing information about biofilm mechanisms. 
Substratums of modified Robbins device, Calgary biofilm device, disk reactor, 
CDC biofilm reactor, and perfused biofilm fermenter are silastic disks, plastic 
pegs, Teflon coupons, plastic needleless connectors, and cellulose acetate filters, 
respectively, whereas substratum of model bladder is urinary catheters (UCs). 
Medical devices of which dimensions are adjusted to appropriate sizes can also 
be used as a substratum (abiotic surfaces) for biofilm production by adapting 
and modifying to related methods by some biofilm researchers. The methods of 
modified Robbins device and Calgary biofilm device are based on viable count-
ing. In Calgary biofilm device, pegs are sonicated before counting. The methods 
of disk reactor and CDC biofilm reactor based on direct and viable counting, 

Method Action of application Aim

Roll plate Extraluminal biofilm detection Growth of biofilm-embedded bacteria

Sonication, vortex, and 
plate counting

Intraluminal and extraluminal 
biofilm detection

Growth of biofilm-embedded bacteria

Acridine orange staining Extraluminal biofilm detection Direct investigation of biofilm produced 
on catheter by microscopy

Streak plating of 
alginate swab

Investigation of biofilm produced 
on indwelling catheter

Growth of biofilm-embedded bacteria

Table 1. 
The methods used for detection and measurement of biofilms produced on medical devices.
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after substratums, are sonicated, vortexed, and homogenized. In perfused 
biofilm fermenter, viable counting is done, after filters are shaken in sterile 
distilled water, whereas in model bladder, UCs are examined directly by scan-
ning electron microscopy (SEM) or transmission electron microscopy (TEM) 
or by chemical analysis [2]. Rate of biofilm formed on model system can be 
adjusted by parameters such as composition of medium that can contain glucose, 
iron, antimicrobial agents, multivalent cations such as Ca2+ and Mg2+ supporting 
adhesion of bacteria by cross-linking anionic groups on bacteria and substratum, 
shear force, retention time, flow rate, roughness, and chemistry of substratum 
and species of organisms (Table 4) [2, 3].

The aim of this chapter is to overview certain methods used by biofilm detection 
and antibacterial and antibiofilm researches such as tube method (TM), Congo 
red agar (CRA) method, microtiter plate (MtP) assay, plate counting of biofilm-
embedded bacteria (sessile bacteria), PCR, mass spectrometry (MS), confocal laser 
scanning microscopy (CLSM), etc.

Method Aim

Tube method (TM) Qualitative detection by observing biofilm lined on bottom and walls of tube

Congo red agar (CRA) Qualitative detection by observing colony color change

Microtiter plate (MtP) Quantitative detection of biofilm by microplate reader (microELISA)

Real-time PCR Detection of biofilm genes

Conventional PCR

Multiplex PCR

Table 2. 
The methods used for detection of biofilm.

Method Application Target

Microtiter plate (MtP) Measurement of biofilm produced on 
walls of wells in response to agent

Measures the effect of agents 
against biofilm production

Microtiter plate (MtP) 
(MBEC)

Measurement of biofilm remained on 
walls of wells in response to agent and 
detecting MBEC of agents

Measures the effect of agents 
against mature biofilm formed on 
walls of wells

Vortex and plate 
counting

Plate counting of biofilm-embedded 
bacteria and detecting bMBC of agents

Screens antimicrobial activity of 
agents against biofilm-embedded 
bacteria

Checkerboard assay Plate counting of biofilm-embedded 
bacteria and FIC indexes are calculated

Screens antimicrobial activity of 
combination of agents

Sonication, vortex, 
and plate counting

Plate counting of biofilm-embedded 
bacteria and detecting bMBC of agents

Screens antimicrobial activity of 
agents against biofilm-embedded 
bacteria

Quantitative PCR Measurement of specific biofilm gene 
expression

Monitors expression of biofilm 
genes in response to agents

Mass spectrometry 
(MS)

Measurement of exoenzymes located in 
biofilm matrix

Monitors expression of bacterial 
proteins in response to agents

Table 3. 
The screening methods for antibiofilm and antimicrobial activity of agents against biofilm producer bacteria.
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after substratums, are sonicated, vortexed, and homogenized. In perfused 
biofilm fermenter, viable counting is done, after filters are shaken in sterile 
distilled water, whereas in model bladder, UCs are examined directly by scan-
ning electron microscopy (SEM) or transmission electron microscopy (TEM) 
or by chemical analysis [2]. Rate of biofilm formed on model system can be 
adjusted by parameters such as composition of medium that can contain glucose, 
iron, antimicrobial agents, multivalent cations such as Ca2+ and Mg2+ supporting 
adhesion of bacteria by cross-linking anionic groups on bacteria and substratum, 
shear force, retention time, flow rate, roughness, and chemistry of substratum 
and species of organisms (Table 4) [2, 3].

The aim of this chapter is to overview certain methods used by biofilm detection 
and antibacterial and antibiofilm researches such as tube method (TM), Congo 
red agar (CRA) method, microtiter plate (MtP) assay, plate counting of biofilm-
embedded bacteria (sessile bacteria), PCR, mass spectrometry (MS), confocal laser 
scanning microscopy (CLSM), etc.

Method Aim

Tube method (TM) Qualitative detection by observing biofilm lined on bottom and walls of tube

Congo red agar (CRA) Qualitative detection by observing colony color change

Microtiter plate (MtP) Quantitative detection of biofilm by microplate reader (microELISA)

Real-time PCR Detection of biofilm genes

Conventional PCR

Multiplex PCR

Table 2. 
The methods used for detection of biofilm.

Method Application Target

Microtiter plate (MtP) Measurement of biofilm produced on 
walls of wells in response to agent

Measures the effect of agents 
against biofilm production

Microtiter plate (MtP) 
(MBEC)

Measurement of biofilm remained on 
walls of wells in response to agent and 
detecting MBEC of agents

Measures the effect of agents 
against mature biofilm formed on 
walls of wells

Vortex and plate 
counting

Plate counting of biofilm-embedded 
bacteria and detecting bMBC of agents

Screens antimicrobial activity of 
agents against biofilm-embedded 
bacteria

Checkerboard assay Plate counting of biofilm-embedded 
bacteria and FIC indexes are calculated

Screens antimicrobial activity of 
combination of agents

Sonication, vortex, 
and plate counting

Plate counting of biofilm-embedded 
bacteria and detecting bMBC of agents

Screens antimicrobial activity of 
agents against biofilm-embedded 
bacteria

Quantitative PCR Measurement of specific biofilm gene 
expression

Monitors expression of biofilm 
genes in response to agents

Mass spectrometry 
(MS)

Measurement of exoenzymes located in 
biofilm matrix

Monitors expression of bacterial 
proteins in response to agents

Table 3. 
The screening methods for antibiofilm and antimicrobial activity of agents against biofilm producer bacteria.
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2. Detection of biofilm producer microorganism

2.1 Direct observation

Complexity and dynamics of biofilms can be observed by biofilm imagining 
optical technology including light microscopy, SEM, TEM, and CLSM. These 
techniques are used to visualize 3D structure and check the existence of biofilm [4].

2.1.1 Light microscope

Light microscopy is the easiest, cheapest, most simple, convenient and fastest 
method to quantitatively observe the morphology of microorganisms adhered to 
surfaces and to semiquantitatively estimate the amount of microorganism attached 
on surface (exist, absent, abundant, rare, etc.). Microorganisms including Candida 
albicans, E. coli, Pseudomonas, and Staphylococcus epidermidis adhered on acrylic sheets 
of polymethacrylate films, glass cover slips, and polystyrene petri dishes have been 
observed by light microscope, respectively. Observation with light microscopy that 
requires clear, transparent, and planar surfaces on which microorganisms attach does 
not create 3D vision of biofilm. Dyes can be used such as epifluorescence and fluo-
rescent to enhance image clarity of microorganisms. The observation with the light 
microscope enables researchers to compare morphologies of sessile form and plank-
tonic form of microorganism required by making smear and centrifuging of sample, 
respectively [3].

2.1.2 Transmission electron microscope (TEM)

Images of cells and cell structures such as protein and nucleic acid are obtained by 
electrons at high magnification and resolution. Monitoring of components of cell can 
be done directly in TEM by negative staining. Due to photons and electrons penetrating 
cells poorly, thin section of cell cut is stabilized and stained by certain chemicals with 
the treatment of osmic acid, permanganate, uranium, lanthanum, or lead salts. These 

Instruments Culture 
dynamics

Substratum Method

Modified 
Robbins device

Batch culture Silastic disks Viable counting

Calgary biofilm 
device

Batch culture Plastic polycarbonate 
pegs

Viable counting, after pegs are 
sonicated

Disk reactor Batch culture Teflon coupons Direct or viable counting, after 
coupons are sonicated, vortexed, and 
homogenized

CDC biofilm 
reactor

Continuous 
culture

Plastic connectors

Perfused 
biofilm 
fermenter

Continuous 
culture

Cellulose-acetate filters Viable counting, after filters are shaken 
in sterile distilled water

Model bladder Continuous 
culture

Urinary catheters Examining directly by SEM or TEM or 
analyzing chemically

Flow cell Continuous 
culture

Chambers with 
transparent surfaces

Examining by confocal laser scanning 
microscopy

CDC biofilm reactor, Centers for Disease Control biofilm reactor; SEM, scanning electron microscopy; TEM, 
transmission electron microscopy.

Table 4. 
Instruments used to produce biofilm and examine biofilm process.
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stains contain high atomic weight. Due to stains having high atomic weight, contrast is 
accelerated by electron dispersion from sample. If observation of outer structure of cells 
will be done, it is not important whether the section of cell is thin or thick.

Due to inadequate stabilization of polysaccharides is done by the conventional 
fixatives such as aldehydes, glutaraldehyde, paraformaldehyde, and osmium 
tetroxide, water content of biofilm is eliminated by graded dehydration with alcohol 
after this postfixation step. After sample is infiltrated with resin, sample is embed-
ded in gelatin capsule and headed for polymerization. Then, thin section taken is 
poststained with uranyl acetate and lead citrate.

Exopolysaccharide constituents are not observed with its own electron dense 
and staining poststains such as uranyl acetate and lead citrate with TEM, due to not 
only having high electron translucent, but also contrast is not developed by conven-
tional poststains. According to the studies, glycocalyx of Staphylococcus hominis and 
Staphylococcus epidermidis can be stabilized by the usage of certain cationic reagent 
combinations including ruthenium red, alcian blue, lysine, lysine monohydrochlo-
ride, or lysine acetate and paraformaldehyde [5]. After all these steps are done, 
sample is observed in TEM (Figure 1).

2.1.3 Scanning electron microscope (SEM)

To visualize 3D images of cell sample is coated with heavy metals such as gold. 
Electrons released from metal coating of sample are caught by SEM for image 

Figure 1. 
The SEM image of S. aureus embedded in biofilm colonized on intravenous catheter [6].

Figure 2. 
The TEM image of Staphylococcus spp. surrounded by glycocalyx [6].
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Exopolysaccharide constituents are not observed with its own electron dense 
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only having high electron translucent, but also contrast is not developed by conven-
tional poststains. According to the studies, glycocalyx of Staphylococcus hominis and 
Staphylococcus epidermidis can be stabilized by the usage of certain cationic reagent 
combinations including ruthenium red, alcian blue, lysine, lysine monohydrochlo-
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sample is observed in TEM (Figure 1).

2.1.3 Scanning electron microscope (SEM)

To visualize 3D images of cell sample is coated with heavy metals such as gold. 
Electrons released from metal coating of sample are caught by SEM for image 

Figure 1. 
The SEM image of S. aureus embedded in biofilm colonized on intravenous catheter [6].

Figure 2. 
The TEM image of Staphylococcus spp. surrounded by glycocalyx [6].
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production. The procedure of SEM is similar to TEM except for some additional 
chemicals (gold), lacking infiltration, embedment in resin, polymerization, and 
thin section staining with lead citrate and uranyl acetate [5]. As in the steps of TEM 
method, postfixation and dehydration steps of SEM are similar to TEM. The step is 
applied after dehydration step is drying and coating sample with gold in the pro-
cessing for SEM, rather than infiltration with resin, embedment in gelatin capsule, 
and staining with lead citrate and uranyl acetate in the processing for TEM. After 
dehydration process with graded alcohol, sample is dried and coated with gold pal-
ladium [5]. After all these steps are done, sample is observed in SEM (Figure 2).

2.1.4 Florescent tagging of biofilm

2.1.4.1 Confocal laser scanning microscopy (CLSM)

Biofilms formed on flow cells of which surface are transparent can be observed 
by confocal laser screening microscopy (CLSM). Three-dimensional (3D) morphol-
ogy and physiology of biofilms can be screened by CLSM [2]. Thick samples such 
as biofilms and microorganisms localized in the depth such as biofilm-embedded 
microorganisms need to be observed by CLSM (Figure 3).

For observation of biofilm with confocal microscopy and related methods, 
biofilm must be fluorescent as a result of fluorescent molecules such as green 
fluorescent protein (GFP) that is fluorescent protein expressed by biofilm producer 
microorganism within biofilm (gene of cell interested is tagged by gene cassette 
encoding GFP) or staining components of heterogeneous mass of biofilm with fluo-
rescence or fluorescence-labeled dyes [2]. Stains such as lectins target extracellular 
matrix, whereas certain fluorophores target extracellular DNA (eDNA) to visualize 
eDNA content of biofilm matrix [2, 7].

By scanning laser light across the sample, deep penetration of excitated energy 
is provided. As a result of fluorescence of biomolecules such as GFP or chlorophyll 
that are intrinsic fluorophores or molecules signed by exogenous probes such 
as fluorescent-labeled antibodies detected by photomultiplier, 3D digital image 
is formed. Observation of biofilms that are multilayered and have complex 3D 
structures requires additional resolution [2]. Images of each layers of biofilm 
obtained are combined by computer for construction of digital 3D images of 
whole biofilm.

Biofilm producer microorganisms can be manipulated genetically by tagging of 
microbial gene of interest by gene cassette encoding GFP as a reporter gene  

Figure 3. 
Bacterial community embedded in a biofilm matrix visualized by CLSM. Each bacterium observed with a 
distinct color located at different depths of biofilm [11].
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(gfp genes) to monitor gene expression and metabolic physiology activity in 
biofilms and determine location of microorganism within biofilm [2, 8, 9].

Idea about gene activity in biofilms is given by confocal microscopy applied to 3D 
localization of nonenzyme reporter systems such as GFP. Growth phase and activity 
of bacteria embedded in biofilms can be defined by promoter-reporter systems that is 
designed and fluoresced just in living dividing cells. In situ cellular growth activity of 
bacteria embedded in biofilms is determined by measuring ribosome-hybridization- 
signal intensity, due to synthesis rate and content of ribosome correlated with the 
growth rate (especially in exponential phase). Expression cassette that is active only 
in growing cells, labeled by GFP and controlled by rRNA promoter, can be con-
structed to monitor growth phase and activity of bacteria within biofilm [2, 10].

2.1.4.2 Fluorescent in situ hybridization (FISH)

Specific microorganisms present in a heterogeneous biofilm community can be 
identified by the probes of fluorescent in situ hybridization (FISH) method. GFP that 
is translated enables procedure not to require fixation or staining. Fluorescent-labeled 
microorganism within biofilm can also be examined by FISH. DNA probes designed 
to hybridize 16S rRNA of microorganism integrated to either fluorescent dye such 
as FITC or Rhodamine or enzyme such as horseradish peroxidase. The advantage 
of probes conjugated with horseradish peroxidase is not to destroy microorganism 
within biofilm. The growth rate of microorganism within biofilm can be determined 
by FISH method, due to the amounts of ribosomes existing in a microorganism that is 
directly proportional to growth activity of microorganism. Probe must be designed to 
label conserved region of only a single species (Figure 4) [2, 12].

2.2 Indirect observation

2.2.1 Roll plate method

Roll plate method is applied for the detection of possible microbial coloniza-
tion having a potential to develop indwelling device-associated infection on 
the outer surface of cylindrical materials such as catheters and vascular grafts. 
Microorganism colonize on external surface of catheter is detected by roll plate 
method, instead of microorganism colonize on intraluminal site of catheter. 
Material is touched and rolled on the surface of medium [3].

Figure 4. 
Fluorescence image of 28 distinct E. coli strains labeled by fluorophore-conjugated oligonucleotides 
complementary to 16S rRNA of E. coli [11].
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production. The procedure of SEM is similar to TEM except for some additional 
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microbial gene of interest by gene cassette encoding GFP as a reporter gene  

Figure 3. 
Bacterial community embedded in a biofilm matrix visualized by CLSM. Each bacterium observed with a 
distinct color located at different depths of biofilm [11].
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2.2.2 Congo red agar (CRA) method

Congo red agar (CRA) method that is a qualitative assay for detection of biofilm 
producer microorganism, as a result of color change of colonies inoculated on CRA 
medium, is described by Freeman et al. The CRA medium is constructed by mixing 
0.8 g of Congo red and 36 g of sucrose to 37 g/L of Brain heart infusion (BHI) agar. 
After incubation period that was 24 h at 37°C, morphology of colonies that under-
gone to different colors is differentiated as biofilm producers or not. Black colonies 
with a dry crystalline consistency indicate biofilm producers, whereas colonies 
retained pink are non-biofilm producers (Figure 5) [13].

2.2.3 Tube method (TM)

Tube method (TM) that is a qualitative assay for detection of biofilm pro-
ducer microorganism, as a result of the occurrence of visible film, is described 
by Christensen et al. [14]. Isolates are inoculated in polystyrene test tube which 
contained TSB and incubated at 24 h at 37°C. The sessile isolates of which biofilms 
formed on the walls of polystyrene test tube are stained with safranine for 1 h, after 
planktonic cells are discharged by rinsing twice with phosphate-buffered saline 
(PBS). Then, safranine-stained polystyrene test tube is rinsed twice with PBS to dis-
charge stain. After air drying of test tube process, the occurrence of visible film lined 
the walls, and the bottom of the tube indicates biofilm production (Figure 6) [14].

2.2.4 Detection of biofilm production by microtiter plate assay

Microtiter plate (MtP) assay is a quantitative method to determine biofilm 
production by microplate reader. Bacterial suspension is prepared in MHB 
supplemented with 1% glucose and adjusted to 0.5 McFarland (1.108 cfu/ml). This 
bacterial suspension is 20-fold (1/20) diluted to reach 5.106 cfu/ml. Then 180 μl 
of Mueller-Hinton Broth (MHB) supplemented with 1% glucose [15] and 20 μl of 
bacterial suspensions are inoculated into 96-well flat-bottomed sterile polystyrene 
microplate to obtain 5.105 cfu/ml as a final concentration (tenfold dilution (1/10)). 
Microplates are incubated at 24 h at 37°C. The sessile isolates of which biofilms 
formed on the walls of wells of microplate are stained with only 150 μl of safranine 
for 15 min, after planktonic cells in wells of microplate are discharged by washing 
twice with phosphate-buffered saline (PBS) (pH 7.2) and wells are dried at 60°C for 

Figure 5. 
CRA method applied on CRA medium. Black crystalline colonies of biofilm producer cell and pinkish-red 
colonies of biofilm nonproducer cell.
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1 h [14]. Before staining with safranine, fixation of biofilms can be done by either 
subjecting to 150 μl of methanol for 20 min or drying at 60°C for 1 h. Then  
safranine-stained wells of microplates are washed twice with PBS to discharge 
safranine stain. After air drying process of wells of microplate, dye of biofilms that 
lined the walls of the microplate is resolubilized by 150 μl of 95% ethanol or 33% 
glacial acetic acid or methanol. Then microplate is measured spectrophotometri-
cally at 570 nm by a microplate reader [15, 16]. The studies are repeated in tripli-
cates. Uninoculated wells containing sterile MHB supplemented with 1% glucose 
that are considered to be the negative controls are used as blanks. The blank absor-
bance values are used to identify whether biofilm formation of isolates exists or not. 
The wells of isolates of which OD values are higher than blank well are considered 
to be biofilm producers. Cut off value (ODc) can provide categorization of isolates 
as biofilm producer or not.

  Odc :  Average OD of negative control +  (3 × standard deviation  (SD)  of  
                                                                                      negative control)   (1)

   OD  isolate   :  Average OD of isolate – ODc  (2)

Negative value obtained from this formula and represented as zero indicates 
lack of biofilm production, whereas positive value indicates biofilm production  
(Figure 7).

Figure 6. 
Tube method. The first two polystyrene test tubes from the left indicate biofilm production. Other test tubes 
rather than the first two polystyrene test tubes from the left indicate lacking of biofilm production.

Figure 7. 
Microtiter plate assay indicating biofilm production.
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1 h [14]. Before staining with safranine, fixation of biofilms can be done by either 
subjecting to 150 μl of methanol for 20 min or drying at 60°C for 1 h. Then  
safranine-stained wells of microplates are washed twice with PBS to discharge 
safranine stain. After air drying process of wells of microplate, dye of biofilms that 
lined the walls of the microplate is resolubilized by 150 μl of 95% ethanol or 33% 
glacial acetic acid or methanol. Then microplate is measured spectrophotometri-
cally at 570 nm by a microplate reader [15, 16]. The studies are repeated in tripli-
cates. Uninoculated wells containing sterile MHB supplemented with 1% glucose 
that are considered to be the negative controls are used as blanks. The blank absor-
bance values are used to identify whether biofilm formation of isolates exists or not. 
The wells of isolates of which OD values are higher than blank well are considered 
to be biofilm producers. Cut off value (ODc) can provide categorization of isolates 
as biofilm producer or not.

  Odc :  Average OD of negative control +  (3 × standard deviation  (SD)  of  
                                                                                      negative control)   (1)

   OD  isolate   :  Average OD of isolate – ODc  (2)

Negative value obtained from this formula and represented as zero indicates 
lack of biofilm production, whereas positive value indicates biofilm production  
(Figure 7).

Figure 6. 
Tube method. The first two polystyrene test tubes from the left indicate biofilm production. Other test tubes 
rather than the first two polystyrene test tubes from the left indicate lacking of biofilm production.

Figure 7. 
Microtiter plate assay indicating biofilm production.
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To interpret results, categorization can be done as no biofilm production (0), 
weak (+ or 1), moderate (++ or 2), and strong biofilm production (+++ or 3) by the 
calculation of cutoff value (ODc) shown below [15]:

OD ≤ ODc no biofilm production
ODc< OD ≤ 2 × ODc weak biofilm production
2 × ODc< OD ≤ 4 × ODc moderate biofilm production
4 × ODc< OD strong biofilm production.

2.2.5 Detection of biofilm-associated genes by PCR

PCR techniques is used for not only identification of pathogens by amplifying 
species-specific nucleic acid sequences but also detection of virulence factors by 
amplifying target virulence genes such as biofilm genes with the usage of gene-
specific primers, even in the uncultured pathogen present in the sample.

Forward and reverse primers of biofilm-associated gene are designed. Firstly, 
multiple alignments were done in the NCBI to find oligonucleotide sequences 
specific to the species. Then primer pair of biofilm-associated gene is designed by 
using Primer3Plus verified by FASTA analysis checking specificity of primers for 
microbial sequences in the database [17, 18].

Genomic DNA of microorganism is extracted by extraction kits of which 
protocols can vary according to species and Gram-positivity or Gram-negativity of 
microorganisms. DNA of microorganism is measured spectrophotometrically by 
microplate spectrophotometry reader to determine the amount of DNA extracted as 
microgram per microliter.

Biofilm-associated gene is amplified by PCR such as qualitative real-time PCR, 
multiplex and conventional PCR that is used to detect whether biofilm-associated 
gene is present or not in microorganism. If conventional and multiplex PCR 
protocols are applied to detect biofilm gene, rather than qualitative real-time 
PCR, PCR product isolated is visualized on an agarose gel containing a DNA-
intercalating dye such as ethidium bromide to confirm the presence of amplified 
gene (Figure 8). Only in qualitative real-time PCR, the amplicon is detected by 
fluorescence using a pair of specific hybridization probes labeled with fluores-
cence dye [11].

3.  Detection of antimicrobial efficacy of agents against biofilm 
production

3.1 Detection by microtiter plate assay

Microtiter plate (MtP) assay is a qualitative assay to detect efficacy of agent 
against biofilm production by microplate reader.

Figure 8. 
Image of mecA gene on agarose gel. First sample is DNA size marker (ranging from 250 to 10,000 kb), second 
sample is ATCC 43300 methicillin-resistant Staphylococcus aureus (MRSA) positive control, third and fourth 
samples are mecA gene-positive isolates, and fifth sample is ATCC 29213 methicillin-sensitive Staphylococcus 
aureus (MSSA) as a negative control.
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Bacterial suspension is prepared in MHB supplemented with 1% glucose and 
adjusted to 0.5 McFarland (1.108 cfu/ml). This bacterial suspension is 20-fold (1/20) 
diluted to reach 5.106 cfu/ml.

A 180 μl of agent doses and 20 μl of bacterial suspension are dispersed to each 
well of microplate to obtain 5.105 cfu/ml as a final concentration (tenfold dilution 
(1/10)). After incubation at 37°C for 24 h, ongoing processes are done according to 
MtP assay as mentioned previously for the determination of effect of agent against 
biofilm production [14, 16].

4. Detection of antimicrobial efficacy of agents against mature biofilms

4.1 Determination of MBEC by microtiter plate assay

Biofilms remained after eradication by agent are measured by this technique. 
Biofilms of bacteria that line the walls of wells are formed according to MtP method.

After the content of microplate is discharged, 200 μl of each dose of agents is 
dispersed to each well of microplate of which the walls are lined with biofilm. A 
200 μl of distilled water is added into a well of microplate of which the walls are 
lined with biofilm as a control. Then the effect of agent against mature biofilm is 
determined according to MtP assay as mentioned previously. Minimum concen-
tration of agent eradicating mature biofilm that is named as minimum biofilm 
eradication concentration (MBEC) can be determined by this modified plate assay. 
MBEC50 and MBEC90 indicate the minimum concentrations of agents inhibiting 
50 and 90% of mature biofilm formed.

5.  Detection of antimicrobial efficacy of agents against biofilm-
embedded bacteria

5.1 Determination of bMIC and bMBC by plate counting

In summary, biofilm formation process on abiotic surfaces by bacteria is done. 
Quantification of sessile biofilm-embedded bacteria lined on abiotic surface and 
sessile biofilm-embedded bacteria remained on abiotic surface after addition of agent 
on abiotic surface on which mature biofilms formed is determined by plate counting. 
Bacterial suspension is prepared and adjusted to 0.5 McFarland (1.108 cfu/mL) in 
Mueller-Hinton Broth (MHB) supplemented with 1% glucose [15]. This bacterial  
suspension is 200-fold (1/200) diluted to gain 5.105 cfu/mL. Kirschner wire orthopedic 
implants are placed into each test tube containing 5.105 cfu/mL isolate and incubated 
at 37°C for 24 h to lead bacteria to produce biofilm on Kirschner wire. After incuba-
tion, Kirschner wires on which biofilms are produced are discharged and rinsed with 
PBS (pH 7.2) and then transferred into each test tubes containing agent concentra-
tions. After incubation at 37°C for 24 h, Kirschner wires are discharged and placed 
into test tubes containing 1 mL of sterile MHB and sonicated at 42 kHz for 2 min after 
vortexed for 5 min. Then 100 μl samples of each test tube sonicated and vortexed are 
inoculated on Mueller-Hinton agar (MHA) and incubated at 37°C for 24 h [19].

The lowest concentration of agent in which bacterial growth is below or equal to 
control is determined as biofilm minimum inhibitory concentration (bMIC) for bio-
film. bMIC50 and bMIC90 indicate the minimum concentrations of agent inhibiting 
50 and 90% of biofilm-embedded bacteria. After incubation, the lowest concentration 
of agent in which colonies of biofilm-embedded bacteria are not grown is determined 
as biofilm minimum bactericidal concentration (bMBC) of agent for biofilm [19].
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Bacterial suspension is prepared in MHB supplemented with 1% glucose and 
adjusted to 0.5 McFarland (1.108 cfu/ml). This bacterial suspension is 20-fold (1/20) 
diluted to reach 5.106 cfu/ml.

A 180 μl of agent doses and 20 μl of bacterial suspension are dispersed to each 
well of microplate to obtain 5.105 cfu/ml as a final concentration (tenfold dilution 
(1/10)). After incubation at 37°C for 24 h, ongoing processes are done according to 
MtP assay as mentioned previously for the determination of effect of agent against 
biofilm production [14, 16].

4. Detection of antimicrobial efficacy of agents against mature biofilms

4.1 Determination of MBEC by microtiter plate assay

Biofilms remained after eradication by agent are measured by this technique. 
Biofilms of bacteria that line the walls of wells are formed according to MtP method.

After the content of microplate is discharged, 200 μl of each dose of agents is 
dispersed to each well of microplate of which the walls are lined with biofilm. A 
200 μl of distilled water is added into a well of microplate of which the walls are 
lined with biofilm as a control. Then the effect of agent against mature biofilm is 
determined according to MtP assay as mentioned previously. Minimum concen-
tration of agent eradicating mature biofilm that is named as minimum biofilm 
eradication concentration (MBEC) can be determined by this modified plate assay. 
MBEC50 and MBEC90 indicate the minimum concentrations of agents inhibiting 
50 and 90% of mature biofilm formed.

5.  Detection of antimicrobial efficacy of agents against biofilm-
embedded bacteria

5.1 Determination of bMIC and bMBC by plate counting

In summary, biofilm formation process on abiotic surfaces by bacteria is done. 
Quantification of sessile biofilm-embedded bacteria lined on abiotic surface and 
sessile biofilm-embedded bacteria remained on abiotic surface after addition of agent 
on abiotic surface on which mature biofilms formed is determined by plate counting. 
Bacterial suspension is prepared and adjusted to 0.5 McFarland (1.108 cfu/mL) in 
Mueller-Hinton Broth (MHB) supplemented with 1% glucose [15]. This bacterial  
suspension is 200-fold (1/200) diluted to gain 5.105 cfu/mL. Kirschner wire orthopedic 
implants are placed into each test tube containing 5.105 cfu/mL isolate and incubated 
at 37°C for 24 h to lead bacteria to produce biofilm on Kirschner wire. After incuba-
tion, Kirschner wires on which biofilms are produced are discharged and rinsed with 
PBS (pH 7.2) and then transferred into each test tubes containing agent concentra-
tions. After incubation at 37°C for 24 h, Kirschner wires are discharged and placed 
into test tubes containing 1 mL of sterile MHB and sonicated at 42 kHz for 2 min after 
vortexed for 5 min. Then 100 μl samples of each test tube sonicated and vortexed are 
inoculated on Mueller-Hinton agar (MHA) and incubated at 37°C for 24 h [19].

The lowest concentration of agent in which bacterial growth is below or equal to 
control is determined as biofilm minimum inhibitory concentration (bMIC) for bio-
film. bMIC50 and bMIC90 indicate the minimum concentrations of agent inhibiting 
50 and 90% of biofilm-embedded bacteria. After incubation, the lowest concentration 
of agent in which colonies of biofilm-embedded bacteria are not grown is determined 
as biofilm minimum bactericidal concentration (bMBC) of agent for biofilm [19].
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5.2 Determination of combination effects of agents against biofilm

Checkerboard assay is used for the determination of combination effects of two 
different agents. A 250 μl twofold dilutions of each agent from the stock solutions 
are dispersed to each row and column to obtain final varying concentrations by 
starting at fourfold of zero MIC for each isolate. So each well contains distinct 
combination of concentrations of two agents. First wells of rows and columns are 
left behind for sole treatments of each dose of agents. One well is used for bacterial 
control (Figure 9). Kirschner wires on which bacterial biofilm is produced are dis-
persed to each well. This microplate is incubated at 37°C for 24 h. After incubation, 
Kirschner wires are discharged and sonicated at 42 kHz for 2 min after vortexed 
for 5 min. The lowest concentration of agent in which bacterial growth that is not 
observed is determined as biofilm minimum inhibitory concentration (bMIC) of 
agent for biofilm. Then 100 μl samples of each test tube sonicated and vortexed are 
inoculated on MHA and incubated at 37°C for 24 h. After incubation, the lowest 
concentration of agent in which colonies of biofilm-embedded bacteria are not 
grown is determined as biofilm minimum bactericidal concentration (bMBC) 
of agent for biofilm. For the determination of whether the synergism is present 
between agents or not, fractional inhibitory concentrations (FICs) index that are 
calculated for each agent are summed up according to formula written below:

  FIC  (A)  :  MIC A  (A in the presence of B  (A + B) )  / MIC A  (A alone)   (3)

  FIC  (B)  :  MIC B  (B in the presence of A  (A + B) )  / MIC B  (B alone)   (4)

  ƩFIC :  FIC  (A)  + FIC  (B)   (5)

When ∑FIC is equal and lesser than 0.5, between 0.5 and 1, equal to 1, higher 
than 1 and equal and lesser than 4, and higher than 4, it is interpreted that the effect 
between agents in combination is synergistic, partial synergistic, additive, indiffer-
ent, and antagonistic, respectively [20].

The wells having the highest synergy rates of two agents that constitute the 
combinations are determined by taking the average and standard deviation of FIC 
indexes calculated of the wells with the lowest drug combination without bacterial 
growth in each row and column (Figure 9).

5.3 Measurement of biofilm-associated gene expression by quantitative real-
time PCR

Measurements of biofilm genes repressed or induced by agent are done by 
quantitative real-time PCR (qPCR). So efficacy of agent against biofilm-associated 
genes can be detected by qPCR.

Complementary DNA (cDNA) is copied from RNA by enzyme reverse tran-
scriptase. Gene expression in pathogen is monitored by qPCR copying cDNA from 
RNA of target gene. Amplified cDNA probed for identification. Fluorescent probes 
such as dye SYBR Green are used to indicate double-stranded DNA, consequently 
amplification. Accumulation of PCR amplicons labeled fluorescently is monitored 
through the qPCR processes (Figure 10). Visualization of amplicon on agarose gel is 
not needed to confirm amplification in qPCR [11].

111

The Methods for Detection of Biofilm and Screening Antibiofilm Activity of Agents
DOI: http://dx.doi.org/10.5772/intechopen.84411

Figure 9. 
The schematization of checkerboard assay.

Figure 10. 
Quantitative real-time polymerase chain reaction (qPCR) of atl (light blue), 16S RNA (red), mecA (purple), 
and nuc (light pink) genes of sample; icaA (gray), icaD (plato), atl (pink), mecA (blue), and nuc (green) 
genes of ATCC 43300 methicillin-resistant Staphylococcus aureus (MRSA); and icaA (orange), 16S RNA 
(yellow), and nuc (grayish blue) genes of ATCC 29213 methicillin-sensitive Staphylococcus aureus (MSSA). 
Expressions of all these genes are monitored by qPCR except nuc (light pink) gene sample. Lines below 
threshold monitored by qPCR indicate the negativity of genes such as icaA and icaD genes samples and icaD 
(turquoise), atl (plato), and mecA (light pink) genes of ATCC 29213 MSSA. RFI, relative fluorescence 
intensity.
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5.2 Determination of combination effects of agents against biofilm

Checkerboard assay is used for the determination of combination effects of two 
different agents. A 250 μl twofold dilutions of each agent from the stock solutions 
are dispersed to each row and column to obtain final varying concentrations by 
starting at fourfold of zero MIC for each isolate. So each well contains distinct 
combination of concentrations of two agents. First wells of rows and columns are 
left behind for sole treatments of each dose of agents. One well is used for bacterial 
control (Figure 9). Kirschner wires on which bacterial biofilm is produced are dis-
persed to each well. This microplate is incubated at 37°C for 24 h. After incubation, 
Kirschner wires are discharged and sonicated at 42 kHz for 2 min after vortexed 
for 5 min. The lowest concentration of agent in which bacterial growth that is not 
observed is determined as biofilm minimum inhibitory concentration (bMIC) of 
agent for biofilm. Then 100 μl samples of each test tube sonicated and vortexed are 
inoculated on MHA and incubated at 37°C for 24 h. After incubation, the lowest 
concentration of agent in which colonies of biofilm-embedded bacteria are not 
grown is determined as biofilm minimum bactericidal concentration (bMBC) 
of agent for biofilm. For the determination of whether the synergism is present 
between agents or not, fractional inhibitory concentrations (FICs) index that are 
calculated for each agent are summed up according to formula written below:

  FIC  (A)  :  MIC A  (A in the presence of B  (A + B) )  / MIC A  (A alone)   (3)

  FIC  (B)  :  MIC B  (B in the presence of A  (A + B) )  / MIC B  (B alone)   (4)

  ƩFIC :  FIC  (A)  + FIC  (B)   (5)

When ∑FIC is equal and lesser than 0.5, between 0.5 and 1, equal to 1, higher 
than 1 and equal and lesser than 4, and higher than 4, it is interpreted that the effect 
between agents in combination is synergistic, partial synergistic, additive, indiffer-
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5.3 Measurement of biofilm-associated gene expression by quantitative real-
time PCR
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quantitative real-time PCR (qPCR). So efficacy of agent against biofilm-associated 
genes can be detected by qPCR.

Complementary DNA (cDNA) is copied from RNA by enzyme reverse tran-
scriptase. Gene expression in pathogen is monitored by qPCR copying cDNA from 
RNA of target gene. Amplified cDNA probed for identification. Fluorescent probes 
such as dye SYBR Green are used to indicate double-stranded DNA, consequently 
amplification. Accumulation of PCR amplicons labeled fluorescently is monitored 
through the qPCR processes (Figure 10). Visualization of amplicon on agarose gel is 
not needed to confirm amplification in qPCR [11].
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Figure 11. 
MALDI-TOF mass spectrometry device [11].

Total RNA of microorganism is isolated according to protocols of RNA isolation 
kits. Kit protocols can vary according to the species of microorganism. Total RNA 
of microorganism is measured spectrophotometrically by microplate spectropho-
tometry reader to determine the amount of total RNA isolated as microgram per 
microliter. Then cDNA is synthesized from total RNA with qPCR using primer 
pair of the biofilm-associated gene, which is designed using Primer3 and verified 
by FASTA analysis, which controls the specificity of the primers for microbial 
sequences in the data system, after multiple alignments were done in the NCBI to 
find oligonucleotide sequences specific to the species [17, 18].

5.4 Mass spectrometry

Extracellular polymeric substances (EPS) not only contain polysaccharides 
but also contain proteins such as extracellular enzymes. These expressed proteins 
located in the matrix of EPS can be detected and characterized by mass spectrom-
etry (MS) [1]. Large biologic molecules can be also detected and characterized 
in complex biologic structures such as EPS by MS. Chemicals involved in biofilm 
process are examined in detail by MS. Electrospray ionization (ESI) and matrix-
assisted laser desorption ionization (MALDI) are the types of MS [2]. In time-of-
flight (TOF) mass spectrometer, mass is analyzed by ions desorbed in vacuum 
chamber. These two technics are combined and called MALDI-TOF.

Sample is ionized and vaporized by laser. Ions generated from sample by laser 
pass through the column of MALDI-TOF device toward TOF detector by an electric 
field. Depending on the mass/charge ratio of molecule, measurements are done by 
TOF. If this ratio is smaller, ions move faster (Figure 11).

Bacteria are identified, expression of bacterial proteins such as surface proteins 
and exoenzymes like β-lactamase in response to antimicrobials can be monitored, 
and growth of bacteria is measured by applications of MALDI. MS has high sensi-
tivity and requires minimum amount of sample [2].

5.5 Biological assay

Biofilm-embedded bacteria can be estimated by biologic assays that is an indi-
rect assay. Biological assays that measure production of microbial product give an 
opinion about estimation of the number of microorganism within biofilm. Amount 
of biologic product is correlated with biofilm-embedded microorganism producing 
the product by standardization of planktonic microorganism. Biologic products 
produced by planktonic microorganism are similar to biologic products produced 
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by biofilm-embedded bacteria. Standardization curves of each microorganism 
tested need to be formed. Measurement of total protein at the absorbance is 550 or 
950 nm; tryptophan fluorescence, endotoxin [2], ATP production via biolumines-
cence caused by luciferin and luciferase, urease production to estimate number of 
attached microorganism, and electron transport via the production of formazan are 
done by biological assays [3].

6. Conclusion

Biofilms cause resistance to many antimicrobial agents. The results of biofilm 
produced on indwelling medical devices are recurrent, untreatable infections and 
failure of medical device. To overcome chronic and recurrent infections, it is impor-
tant to detect biofilms of microorganisms, determine antibiofilm activity of agents 
against biofilm, and determine antibacterial activity of agents against biofilm-
embedded microorganism with the appropriate methods by clinical microbiologist 
and biofilm researcher microbiologist. Identification of genes involved in biofilm 
formation and measurement of gene expression as a result of antibiofilm and 
antibacterial activity of agents can be advantageous in biofilm studies.
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Chapter 7

Streptomyces as a Source of 
Antimicrobials: Novel Approaches 
to Activate Cryptic Secondary 
Metabolite Pathways
Ángel Manteca and Paula Yagüe

Abstract

Streptomyces is the most important bacterial genus for bioactive compound 
production. These soil bacteria are characterized by a complex differentiation cycle. 
Streptomyces is extremely important in biotechnology, producing approximately 
two thirds of all antibiotics, as well as many compounds of medical and agricultural 
interest. Drug discovery from streptomycetes became challenging once the most 
common compounds were discovered, and the system was basically abandoned by 
industry. Simultaneously, antibiotic resistance is increasing dramatically, and new 
antibiotics are required. Screening from nature is being resumed (exploring new 
environments, looking for elicitors, metagenome, etc.). Secondary metabolism is 
conditioned by differentiation; although the relationship between both has long 
remained elusive, differentiation as a trigger for antibiotic production remains 
basically unexplored. Most cultures used in screening campaigns for new bioactive 
molecules have been performed empirically, and workflow was extremely produc-
tive during the so-called golden age of antibiotics; however, currently there is a 
bottleneck. Streptomyces is still the most important natural source of antibiotics, and 
it also harbors many cryptic secondary metabolite pathways not expressed under 
laboratory conditions. In this chapter, we review strategies based on differentiation, 
one of the keys improving secondary metabolite production and activating cryptic 
pathways to face the challenges of drug discovery.

Keywords: Streptomyces, screening, antibiotics, secondary metabolism, 
differentiation, elicitors, morphology, liquid cultures

1. Introduction

1.1 Streptomyces development

1.1.1 Solid cultures

The complex Streptomyces life cycle on solid-grown cultures is made up of differ-
ent phases.

Microorganisms on soils are exposed to different stress factors: chemical, 
physical and/or biological. Of these variable conditions, sometimes nutrients can 
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be limited, preventing growth [1]. A good survival strategy of some bacteria and 
fungi is the latency stage of spores. Under this stage, cells stop growing and their 
metabolism is mainly inactive [2]. Spores are very resistant to stress conditions. 
In Streptomycetes, they are formed by thick hydrophobic covers that preserve 
genetic information during unfavorable conditions. Spores are dispersed by wind, 
water or insects and remain in latency until germination in favorable situations 
[3]. Besides the thickness of the cell wall, their resistance to extreme temperatures 
and other physicochemical factors is because of their low water content [4]. In this 
dehydrated environment, molecules have inactive conformations (denaturalized 
proteins, etc.) that are stabilized and protected by the sugar trehalose [2]. From 
this null or limited metabolism, spores are able to germinate, as the macromol-
ecules needed have already been synthesized before the latency stage [2]. For 
germination, optimal hydration conditions are required. However, it can be faster 
and more successful in the presence of nutrients and specific stimuli. Spores also 
need enough levels of intracellular trehalose [5], and polyphosphates [6] that allow 
metabolic activity to commence before cells are able to detect and assimilate an 
external source of energy [2].

Despite the fact that germination is a very important stage in the Streptomyces life 
cycle, it has remained largely unstudied, because it is not an industrially important 
stage. When environmental conditions are prosperous, spores on soils/laboratory 
conditions (petri plates with solid culture medium) germinate. Germination of 
Streptomyces spores is a sequential process, divided into at least four stages: darken-
ing, swelling, emission of the germination tube [7] and reduced swelling [8].

Darkening is the stage in which spores allow the entry of water into the cell 
losing their impermeability and heat resistance. After a few minutes, spores change 
their optical characteristics and the cells are able to reactive their metabolism. 
Darkwelling requires bivalent cations such as Ca+2, Mg+2, Mn+2, Zn+2 and Fe+2 as 
well as energy reserves of the spore [7, 9, 10]. Degradation of the cover leads to the 
reactivation of the cell wall hydrolases. These enzymes, like Rpf (Resuscitation-
promoting factors), are involved in cell wall degradation, facilitating peptidoglycan 
remodeling by hydrolyzing glycosylic bonds B-1,4 between cell wall components, 
N-acetylglucosamine and N-acetylmuramic acid, which in turn, allow the access to 
external nutrients [2].

Swelling is the stage in which spores increase its volume due to the entrance of 
water. This increases the levels of glucose, as a result of trehalose hydrolysis [11]. This 
seems to be an essential step in germination since only when trehalose concentra-
tions decrease and proteins able to recover their functional conformations [12, 13]. 
Ribosomes are inactive inside the spores [14, 15]. However, only few minutes after 
germination starts (30–60 min), they are fully functional and new proteins can be 
translated [6]. During this stage, spores are metabolically active and are able to use 
trehalose as main energy source [11].

Emission of the germination tube: This stage begins at the same time as the first 
DNA replication, when spores are able to detect external sources of nutrients and 
adjust their metabolic pathways as a result [2]. The accurate point from which the 
germination tube is emitted is indicated by the accumulation of the protein, SsgA 
[3]. SsgA is not essential for germination; nevertheless, its absence significantly 
reduces the number of germ tubes in each spore, and its overexpression has the 
opposite effect [3].

Reduced swelling: Once the germ tube emerges, the spore starts to gradu-
ally reduce its swelling. This stage depends on the quantity of peptidoglycan 
cross-link that involves a carboxypeptidase (which corresponds to the SCO4439 
gene in the Streptomyces coelicolor genome www.strepdb.com). A deletion of this 
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carboxypeptidase causes spores to continue swelling until 5 μm diameter (2.5 
times more than the wild-type strain), after the emission of the germ tube [8]. The 
existence of this stage demonstrates that the regulation of water entering into the 
spores is complex and highly regulated.

During germination, several important morphological changes occur, including 
the degradation of the spore cover, which is mainly formed of peptidoglycan, and 
causing a huge increase of metabolic activity [2]. On the other hand, shortly after 
the emission of the germ tube, the expression of the protein DivIVA starts [6]. This 
protein plays a critical function in the vegetative growth and is located at the apex 
of the hyphae [16–18]. After germination, genes involved in cell division (like ftsZ) 
and proteins involved in cellular growth (like FilP) are expressed [2]. The expres-
sion of these genes is considered as the final of the germination phase [2, 6].

Curiously, during germination, three different secondary metabolites are 
produced: albaflavenone (a terpenoid) with an antibacterial effect against Bacillus 
subtilis, giving an important advantage in competitive environments, and two 
polyketides (germicidin A and chancone) with a germination inhibitory effect. 
These compounds are de novo generated during germination and are good examples 
of compounds produced during vegetative growth [19].

After germination, the Streptomyces mycelium starts to grow apically (regulated 
by divIVA gene) as a very transitory, multinucleated stage called first mycelium 
(MI), which is multinucleated [20]. This is a very transitory stage in which dead 
and living segments alternate in the same hyphae [21]. There are two kinds of 
septa separating segments during the MI stage: one of them is composed of a cell 
membrane and cell wall (with peptidoglycan) and the other, recently discovered, is 
a 1-μm spacing cross-membrane-based septa, without peptidoglycan [20]. FtsZ par-
ticipates in this septation, but it is not essential, as cross-membranes were observed 
in the FtsZ null mutant. Later, the dead segments are completely disintegrated 
and living segments continue apical growth. In this phase, the growth is especially 
branched [18].

After this early stage of branching growth, there is a morphological differen-
tiation into a second mycelium (MII), a sort of multinucleated mycelium with 
sporadic and apparently randomly positioned septa (formed of cell membrane and 
cell wall), which is the secondary metabolite producer [22]. This mycelium has two 
different populations: one of which remains as a branching mycelium growing on 
surfaces and is called substrate mycelium and the other develops hydrophobic cov-
ers and starts to grow into the air without branching (aerial mycelium) [18]. This 
is known as the “sky-pathway,” which regulates the expression of genes encoding 
proteins forming hydrophobic proteins (rodlins, chaplins and ramS) that cover the 
aerial hyphae. Some of the so-called “bald” (bld) mutants among others (defective 
in aerial growth) regulate the activation of this pathway [23]. At the end of the 
cycle, aerial hyphae undergo extensive synchronous septation (cell division) to cre-
ate up to 100 uninucleoid compartments, which finally differentiate to create chains 
of spores [24]. At the end of the cycle, the “white” (whi) genes are activated (whose 
mutants are defective in the formation of mature gray spores on the fluffy aerial 
mycelium) and the hyphae septate and sporulate [25].

1.1.2 Liquid cultures

Streptomyces differentiation in liquid cultures has hardly been studied, mainly 
due to the fact that most strains do not sporulate under these conditions. However, 
the fact that Streptomyces venezuelae is capable of sporulation in liquid cultures has 
made it a new study model in recent years [26].
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During germination, several important morphological changes occur, including 
the degradation of the spore cover, which is mainly formed of peptidoglycan, and 
causing a huge increase of metabolic activity [2]. On the other hand, shortly after 
the emission of the germ tube, the expression of the protein DivIVA starts [6]. This 
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of the hyphae [16–18]. After germination, genes involved in cell division (like ftsZ) 
and proteins involved in cellular growth (like FilP) are expressed [2]. The expres-
sion of these genes is considered as the final of the germination phase [2, 6].
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subtilis, giving an important advantage in competitive environments, and two 
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branched [18].
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sporadic and apparently randomly positioned septa (formed of cell membrane and 
cell wall), which is the secondary metabolite producer [22]. This mycelium has two 
different populations: one of which remains as a branching mycelium growing on 
surfaces and is called substrate mycelium and the other develops hydrophobic cov-
ers and starts to grow into the air without branching (aerial mycelium) [18]. This 
is known as the “sky-pathway,” which regulates the expression of genes encoding 
proteins forming hydrophobic proteins (rodlins, chaplins and ramS) that cover the 
aerial hyphae. Some of the so-called “bald” (bld) mutants among others (defective 
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ate up to 100 uninucleoid compartments, which finally differentiate to create chains 
of spores [24]. At the end of the cycle, the “white” (whi) genes are activated (whose 
mutants are defective in the formation of mature gray spores on the fluffy aerial 
mycelium) and the hyphae septate and sporulate [25].

1.1.2 Liquid cultures

Streptomyces differentiation in liquid cultures has hardly been studied, mainly 
due to the fact that most strains do not sporulate under these conditions. However, 
the fact that Streptomyces venezuelae is capable of sporulation in liquid cultures has 
made it a new study model in recent years [26].
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The applications of novel methodologies (confocal microscopy, proteomics, 
transcriptomics) to the study of Streptomyces biology have extended the knowledge 
regarding the development during the phases preceding sporulation in liquid 
cultures [27–31].

In these conditions, in most Streptomyces strains, aerial mycelium formation 
and sporulation are blocked [28]; so, there is no hydrophobic cover formation, or 
sporulation, but there is a first exponential growth phase corresponding to the 
compartmentalized MI morphology, and then there is a growth arrest phase cor-
responding to programmed cell death (PCD). After that, the hyphae, which remain 
alive, continue growing in a second exponential growth phase in which the mor-
phology of the hyphae becomes MII multinucleated mycelium, which corresponds 
to the antibiotic production [27, 30].

1.2 Correlation between Streptomyces life cycle and antibiotic production

Most industrial processes for secondary metabolite production are performed 
in liquid (flasks or bioreactors). This fact makes the knowledge of the Streptomyces 
behavior essential in these conditions. The optimization of Streptomyces liquid 
cultures has been empiric for decades; however, the end of the so-called “golden age 
of antibiotics,” which meant fewer and fewer compound discoveries or the advances 
in genome sequences revealing the existence of cryptic biosynthetic pathways that 
are not expressed under laboratory conditions, calls the attention of the scientific 
community.

Work on Streptomyces differentiation in liquid cultures has largely focused on the 
analysis of mycelial macroscopic morphology (pellets/clumps formation), media 
composition and bioreactor design [31]. The differentiation of the hyphae during 
the life cycle is essential for secondary metabolism [30]; however, there is still 
some controversy over which is the best morphology for production. Some authors 
affirm that pellets are better for production, while others report about clumps or 
even disaggregated growth. Hence, these conditions seem to be strain dependent. 
For instance, in Streptomyces olidensis (retamycin) [32], Streptomyces tendae (nik-
komycins) [33], Streptomyces lividans (hybrid antibiotics) [34] and Streptomyces 
coelicolor (Undecylprodigiosin, Actinorhodin) [30], pellet formation is essential for 
good production. However, in Streptomyces noursei (nystatin) [35] and Streptomyces 
fradiae (tylosin) [36], formation of pellets leads to worse antibiotic production than 
disaggregated growth. The lack of a reliable developmental model in streptomy-
cetes liquid cultures has hindered the precise identification of reliable phenotypes 
for use in the analysis and optimization of industrial fermentations. It has been 
demonstrated that antibiotics are produced by the substrate mycelium at the end 
of the proliferation phase, i.e., second mycelium morphology (after PCD process) 
[27, 30, 37]. However, despite the fact that there is a distinctive mycelium producing 
antibiotics (MII) [27, 30] (hence there is not secondary metabolite production until 
the differentiation of MII), antibiotic production has additional regulations, and 
each Streptomyces strain does not display its entire potential secondary metabolism 
at a specific developmental condition.

1.3 Screening for new bioactive compounds and drug discovery approaches

Most antibiotics and other bioactive compounds (antitumorals, immunosup-
pressors, etc.) were discovered from actinomycetes, but this source of drugs became 
challenging once the most common compounds were discovered. New antibiotic 
scaffolds are required, and resuming screening from nature is mandatory.
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During the past 30 years, only two new classes of antibiotics have been brought 
to the clinic for treatment systemic infections [38]. At the same time, microbial 
resistance to existing antibiotics has increased dramatically, rendering some micro-
bial infections that are extremely hard to treat. The current scenario looks gloomy, 
and there is a concrete risk of humanity returning to the pre-antibiotic era, with 
a high mortality from routine surgical or chemotherapeutic procedures because 
of infections by antibiotic-resistant pathogens. There is a general consensus that 
new antibiotics are urgently required and are the best chance in the fight against 
resistance.

Only a fraction of secondary metabolite pathways is active in actinomycete labo-
ratory cultures, and there are a large number of strains whose potential to produce 
bioactive compounds remains unexplored [39]. When whole genome sequencing 
became available at the start of the twenty-first century, the existence of many 
silent or cryptic biosynthetic gene clusters in actinomycetes was revealed, which 
may encode antibiotic-like substances but are not, or only poorly, expressed under 
laboratory growth conditions. Each Streptomyces strain harbors 20–50 biosynthetic 
pathways for natural products, for which only some products have been identified 
[39]. The big challenge is to find ways to activate these pathways so as to allow 
screening for new secondary metabolites from nature to resume.

2. Strategies in drug discovery

Once the most common antibiotics and bioactive compounds were discovered, 
drug discovery has become more challenging, and industry had mostly discontin-
ued the search for new drugs, with Streptomyces as the source. Nevertheless, the 
urgent necessity of new antibiotics in the clinic has caused screening from nature to 
be resumed [39]. New environments are being explored and some new actinomy-
cete strains have been discovered [40]; the potential of the marine environment has 
been highly explored during last decade, as well as some, a priori hostile soils, such 
as high mountains, deserts or icy places. The scientific community is also paying 
more attention to symbiotic relationships.

Thinking of natural conditions of growth is another important point of view. 
Laboratory/industrial conditions in which microorganisms are typically grown 
are very different conditions from nature, which imply the dormancy of most of 
the genetic pathways involved in antibiotic production, since these substances are 
related to stress conditions or defense against niche competitors. Furthermore, it is 
necessary to take into account that the majority of environmental bacteria are not 
easily culturable or are even nonculturable in laboratory conditions. This broad 
view is now possible, thanks to the access to the metagenome in different environ-
ments [41].

Another current strategy is to look for elicitors. Elicitors are small molecules, 
which are able to induce Streptomyces differentiation as well as trigger cryptic antibi-
otic pathways.

Additionally, secondary metabolism is conditioned by differentiation, so it is 
another aspect that requires special attention. As mentioned above, the life cycle 
stages and the mycelium morphology are keys for antibiotic production.

At present, different complementary strategies are being developed to improve 
secondary metabolite production and active cryptic biosynthetic gene clusters. 
One way to classify them is by unselective and selective methods [42], considering 
unselective methods are used in the improvement of screening of new activities and 
selective methods are used in the improvement of production of known molecules.
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2.1 Methods for searching for new bacteria/compounds

2.1.1 Exploring new environments

The actinomycetes are widely distributed in the environment; they were discov-
ered at the end of the nineteenth century as a group of soil-living microorganisms. 
However, their importance started in 1943 with the discovery of streptomycin, the 
first effective treatment against tuberculosis by the most important actinomycetes 
genus, Streptomyces. Researchers have isolated different Streptomyces as soil inhabit-
ants during decades as the most important source of antibiotics and bioactive 
compounds in nature. Clavulanic acid (Streptomyces clavuligerus [43]), neomycin (S. 
marinensis [44]), chloramphenicol (Streptomyces venezuelae [45]), the insecticide 
avermectin (Streptomyces avermitilis [46]), the immunosuppressant tacrolimus 
(Streptomyces tsukubaensis [47]), kanamycin (Streptomyces kanamyceticus [48]) and 
potent antitumoral platenolides (Streptomyces platensis [49]) are only few examples 
of the 12,400 bioactive compounds produced by the genus Streptomyces that society 
is routinely using in the clinic or agriculture. The rest of the phylum produces 3600 
bioactive compounds (being 3400 antibiotics) [50]. Until the 1980s, new bioactive 
compounds were discovered relatively easily; however, since 1985, only three new 
compounds have been discovered, with the last one, platensimycin (S. platensis 
[40]), in 2006.

Once the most common compounds are discovered and producer strains are 
isolated, one of the strategies for founding new activities is the exploration of 
new environments, under-exploited habitats, generally difficult to access. Marine 
environment are an important niche of new species of Streptomyces [51]. Besides 
marine actinomycetes, they have been isolated from Himalaya Mountains [52], 
several islands [53], Atacama Desert [54], Antarctica [55] and several extremophile 
habitats [56–58].

Promising results and new species are being discovered from these unexplored 
areas, in combination with next-generation genome sequencing, metagenomics and 
new ways of bacterial culture [59], being one of the most important approaches in 
the new age of bioactive compound research.

2.1.2 Symbiosis relationships

As mentioned above, Streptomyces are ubiquitous in soils. However, it has been 
discovered that they are not only free-living soil bacteria but many have also 
evolved to live in symbiosis with plants, fungi and animals [60]. Their secondary 
metabolism is a consequence of these complex interactions [60].

There are many and very diverse symbiotic relationships, which involve 
Streptomyces. One of the first discovered is its relationship with plant roots provid-
ing a natural defense against fungal infections [61]; it is very common to find 
bacteria of the Streptomyces genus in the rhizosphere. This fact raises the possibility, 
currently discussed, about its use as biofertilizers in crops [62, 63]. Furthermore, 
genome mining is now allowing us to know on one hand which genes are involved 
in this interaction and on the other hand the discovery of potential novel molecules 
produced only in these conditions [64].

Other important interactions of Streptomyces genera take place between bacteria 
and insects. For instance, in the case of Beewolf digger wasps, Streptomyces provides 
protection against pathogens to the larval cocoon producing a mixture of nine 
antibiotic compounds [65, 66].

In Streptomyces isolates from colonies of the South African termite Macrotermes 
natalensis, a number of interesting novel compounds including natalamycin A 
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[67] and the potent antitumor geldanamycin [67] have been discovered. Another 
Streptomyces isolate from the same termite produces a novel cyclic analogue of 
dentigerumycin [68], the antifungal from the fungus-growing ant system. Finally, 
a series of glycosylated isoflavonoid compounds, including termisoflavone A [69], 
were recovered from a third Streptomyces isolate.

In 2012, 30 Streptomyces strains were isolated from a different South African 
fungus-growing termite, Microtermes sp., and two novel polyketides, microter-
molides A and B [69], were identified.

Two Streptomyces strains, isolated from Dendroctonus frontalis beetles, inhibit the 
antagonistic Ophiostoma fungus, but not the mutualistic fungus Entomocorticium, 
suggesting a defensive role that supports the beetle-fungus mutualism. The mol-
ecules responsible for this selective antifungal activity are the polyketide mycangi-
mycin [70] and the polycyclic tetramate macrolactams, frontalamides A and B 
[71, 72].

Other important symbiotic relationship takes place between ants and 
Streptomyces. In recent years, new strains and compounds have been isolated from 
ant head, legs and nests [73–76].

2.1.3 Nonculturable microorganisms

Since the beginning of microbiology, it was known that many microorgan-
isms do not grow under laboratory conditions and we cannot cultivate them. 
The new techniques of massive sequencing have revealed the existence of a huge 
amount of nonculturable microorganisms. Nonculturable microorganisms are, 
in fact, a majority, and they represent an important challenge in the screening 
for new secondary metabolites. Next generation sequencing (NGS) has revealed 
the big pharmacological potential of uncultured bacteria; hence, approaches 
to improve cultivation-based methods, such as isolation chip (iChip), which 
is a method of culturing bacteria within its soil environment, or co-cultures, 
culturing actinomycetes with other bacteria (generally species with which they 
naturally coexist), are being used successfully [70–72]. The combination of 
iChip and unexplored ecosystems or symbiotic relationships, mentioned above, 
is promising as well.

2.2 Methods for screening improvement in a known microorganism (unselective)

Unselective methods include classical strategies for improving the production 
of a certain compound by modifying the growth of the Streptomyces strain. This 
strategy used to be empiric.

2.2.1 Changing media components

Streptomyces grow well in rich culture mediums; nevertheless, antibiotic produc-
tion often needs some specific nutrients. Sometimes defined medium can be better 
for determined compounds. Optimization of nutritional requirements has been one 
of the most useful changes for secondary metabolite activities [73–76].

2.2.2 Inducing stress response

Stressful situations are one of the reasons why microorganisms start to produce 
and export bioactive compounds. For this reason, the induction of cultures with 
several treatments of stress is one of the improvement strategies for synthesis of 
secondary metabolite compounds in bacteria. Heat and ethanol shock treatments, 
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2.1 Methods for searching for new bacteria/compounds
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is a method of culturing bacteria within its soil environment, or co-cultures, 
culturing actinomycetes with other bacteria (generally species with which they 
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of a certain compound by modifying the growth of the Streptomyces strain. This 
strategy used to be empiric.

2.2.1 Changing media components

Streptomyces grow well in rich culture mediums; nevertheless, antibiotic produc-
tion often needs some specific nutrients. Sometimes defined medium can be better 
for determined compounds. Optimization of nutritional requirements has been one 
of the most useful changes for secondary metabolite activities [73–76].

2.2.2 Inducing stress response

Stressful situations are one of the reasons why microorganisms start to produce 
and export bioactive compounds. For this reason, the induction of cultures with 
several treatments of stress is one of the improvement strategies for synthesis of 
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high salt conditions, increased hydrostatic pressure, acidic pH shock or feed limita-
tions are some examples of this classical strategy (reviewed in [77]).

2.2.3 Random mutagenesis

There are different random mutagenesis methods used in Streptomyces: chemical 
mutagenesis, in which are used (e.g., by N-methyl-N′-nitro-N-nitrosoguanidine 
(MNNG), ethyl methanesulfonate (EMS), or nitrous acid (NA)) and physical 
mutagenesis (e.g., by ultraviolet (UV) light or X-rays)) that remain being robust 
methods to generate very high-producing strains [78–80].

On the other hand, there is transposon mutagenesis, a powerful tool for random 
mutagenesis of bacterial genomes and insertion of foreign DNA. A plasmid con-
taining the enzyme transposase and the transposon (small fragment of DNA with 
transposase target regions) is extracted and inserted randomly into the host chro-
mosome. Transposition creates single mutations that can be identified and mapped 
by plasmid rescue and DNA sequencing, generating a direct link between the higher 
yield (phenotype) and the transposon insertion (genotype) [81, 82].

2.2.4 Ribosomal engineering

The fact that some antibiotic resistances trigger some cryptic pathways of sec-
ondary metabolites has been recently used as another strategy in the search for new 
compounds.

It has been demonstrated that this occurs in strains affected by antibiotics, 
which target a ribosomal protein (for instance, streptomycin, paromomycin and 
gentamicin [42]), so the effects of the mutations at this level have had very good 
results, for example, in Streptomyces coelicolor, for improving secondary metabolite 
production [83]. The mechanism of this strategy is still unknown, but it has been 
proved that there is activation of the positive regulators like actII-orf4 gene at least 
in S. coelicolor [42]. Through this approach, the antibacterial piperidamycins family 
compounds have been discovered [84].

2.2.5 Elicitors

Elicitors are small diffusible molecules, which are being used as signals for 
improving secondary metabolite production or even activating cryptic antibiotic 
pathways [85].

Elicitors are also present in Streptomyces natural environments; hence one of 
the strategies for stimulating bioactive compound production is the co-culture of 
different bacteria [85, 86]. Co-cultures usually include species that have symbiotic 
relationships with Streptomyces in nature [87, 88] or pathogenic partners to activate 
the production of antimicrobial compounds against them [71, 89, 90].

Other kinds of elicitors are also useful, for instance, fungal elicitors (a complex 
mix of fungal cell walls and filtered fungi cultures) can positively affect the produc-
tion of natamycin [91]; small molecules, such as GlcNac or phosphate, can activate 
differentiation and antibiotic production in S. coelicolor through the activation of 
actII-ORF4/redZ genes in some conditions [92].

At the end of the 1980s, the discovery of new compounds reached a bottle-
neck, and screening processes often led to the rediscovery of compounds already 
known. To avoid rediscovery, Pimentel-Elardo et al. [93] developed a workflow 
based on the use of chemical elicitors combined with activity-independent 
screening [93]. Activity-independent screening is based on the low-abundant 
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compounds found in biological samples. The use of elicitors increases the pro-
duction of these low-abundant compounds, distinguishing them from the most 
abundant ones. The elicitor “CI-ARC” has been identified as being responsible for 
triggering several cryptic biosynthetic genes [93].

2.2.6 Differentiation strategies based on morphology

2.2.6.1 Streptomyces behavior in liquid cultures

Large-scale antibiotic production is mostly performed in liquid cultures. 
Macroscopic morphology of the mycelium (pellets and clumps) correlates with 
the production of secondary metabolites [30]. The genes controlling mycelium 
aggregation have been characterized in the S. coelicolor mat gene cluster [94], and 
the cslA, glxA and dtpA genes [95–97] are responsible for pellet formation. This 
knowledge can be used for controlling and improving morphology in industrial 
fermentations.

Since spores are inoculated in liquid medium, there is an aggregation trend [98]. 
Germlings determine the macroscopic morphology (pellets and clumps) of the cul-
ture, which involves the highly conserved genes matA, matB [94, 98] and the cslA/glxA 
operon [98].

In liquid cultures, there are some strains able to sporulate [99], but even those 
which aren’t able to sporulate in flasks can sporulate in bioreactors, beacuse of the 
stess conditions inside the fermenter, such as lack of oxygen, strong agitation, etc. 
[100]. When Streptomyces bacteria sporulate, all the metabolic efforts are focused 
on that, which means that the secondary metabolism stops by. Therefore, one 
of the main things for taking into account during a screening for new secondary 
metabolites is to avoid sporulation in the industrial fermentations. Hence, it is very 
important to look out the cultures for keeping secondary metabolism as much as 
possible [100].

Morphology in liquid cultures can be monitored by several tools. Laser 
diffraction has been used to measure pellet size, an improvement over image 
analysis, which is trickier and requires more time [101], and a technique based 
on flow cytometry has been used to establish the pellet size distribution of a 
culture population [102, 103]. Recently, a useful algorithm has been developed 
as a plugin for the open-source software ImageJ to characterize the morphology 
of submerged growing cells [104]. On the other hand, mathematical models have 
been performed to predict the behavior of Streptomyces liquid cultures based on 
pellet/clump morphology [105, 106].

Furthermore, it has been reported that the oxygen transfer rate (OTR) and 
oxygen uptake rate (OUR) are crucial for the development and production in liquid 
cultures [100]. Controlling these rates, which directly affects morphology, was 
described as being crucial for scaling up production to industrial conditions [107]. 
Biophysical parameters, including pH, viscosity, agitation, dissolved oxygen levels 
and surface tension, directly affect mycelium morphology. The optimization of 
these factors is another factor to consider [31].

2.2.6.2 Programmed cell death and MII differentiation

As mentioned in the introduction of this chapter, programmed cell death 
(PCD) is a key event, triggering the differentiation of antibiotic producer myce-
lium (MII) in liquid and solid cultures [30]. However, the specific signals derived 
from cell death are not yet known. The N-acetylglucosamine resulting from 
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high salt conditions, increased hydrostatic pressure, acidic pH shock or feed limita-
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transposase target regions) is extracted and inserted randomly into the host chro-
mosome. Transposition creates single mutations that can be identified and mapped 
by plasmid rescue and DNA sequencing, generating a direct link between the higher 
yield (phenotype) and the transposon insertion (genotype) [81, 82].

2.2.4 Ribosomal engineering

The fact that some antibiotic resistances trigger some cryptic pathways of sec-
ondary metabolites has been recently used as another strategy in the search for new 
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It has been demonstrated that this occurs in strains affected by antibiotics, 
which target a ribosomal protein (for instance, streptomycin, paromomycin and 
gentamicin [42]), so the effects of the mutations at this level have had very good 
results, for example, in Streptomyces coelicolor, for improving secondary metabolite 
production [83]. The mechanism of this strategy is still unknown, but it has been 
proved that there is activation of the positive regulators like actII-orf4 gene at least 
in S. coelicolor [42]. Through this approach, the antibacterial piperidamycins family 
compounds have been discovered [84].

2.2.5 Elicitors

Elicitors are small diffusible molecules, which are being used as signals for 
improving secondary metabolite production or even activating cryptic antibiotic 
pathways [85].

Elicitors are also present in Streptomyces natural environments; hence one of 
the strategies for stimulating bioactive compound production is the co-culture of 
different bacteria [85, 86]. Co-cultures usually include species that have symbiotic 
relationships with Streptomyces in nature [87, 88] or pathogenic partners to activate 
the production of antimicrobial compounds against them [71, 89, 90].

Other kinds of elicitors are also useful, for instance, fungal elicitors (a complex 
mix of fungal cell walls and filtered fungi cultures) can positively affect the produc-
tion of natamycin [91]; small molecules, such as GlcNac or phosphate, can activate 
differentiation and antibiotic production in S. coelicolor through the activation of 
actII-ORF4/redZ genes in some conditions [92].

At the end of the 1980s, the discovery of new compounds reached a bottle-
neck, and screening processes often led to the rediscovery of compounds already 
known. To avoid rediscovery, Pimentel-Elardo et al. [93] developed a workflow 
based on the use of chemical elicitors combined with activity-independent 
screening [93]. Activity-independent screening is based on the low-abundant 
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compounds found in biological samples. The use of elicitors increases the pro-
duction of these low-abundant compounds, distinguishing them from the most 
abundant ones. The elicitor “CI-ARC” has been identified as being responsible for 
triggering several cryptic biosynthetic genes [93].

2.2.6 Differentiation strategies based on morphology

2.2.6.1 Streptomyces behavior in liquid cultures

Large-scale antibiotic production is mostly performed in liquid cultures. 
Macroscopic morphology of the mycelium (pellets and clumps) correlates with 
the production of secondary metabolites [30]. The genes controlling mycelium 
aggregation have been characterized in the S. coelicolor mat gene cluster [94], and 
the cslA, glxA and dtpA genes [95–97] are responsible for pellet formation. This 
knowledge can be used for controlling and improving morphology in industrial 
fermentations.

Since spores are inoculated in liquid medium, there is an aggregation trend [98]. 
Germlings determine the macroscopic morphology (pellets and clumps) of the cul-
ture, which involves the highly conserved genes matA, matB [94, 98] and the cslA/glxA 
operon [98].

In liquid cultures, there are some strains able to sporulate [99], but even those 
which aren’t able to sporulate in flasks can sporulate in bioreactors, beacuse of the 
stess conditions inside the fermenter, such as lack of oxygen, strong agitation, etc. 
[100]. When Streptomyces bacteria sporulate, all the metabolic efforts are focused 
on that, which means that the secondary metabolism stops by. Therefore, one 
of the main things for taking into account during a screening for new secondary 
metabolites is to avoid sporulation in the industrial fermentations. Hence, it is very 
important to look out the cultures for keeping secondary metabolism as much as 
possible [100].

Morphology in liquid cultures can be monitored by several tools. Laser 
diffraction has been used to measure pellet size, an improvement over image 
analysis, which is trickier and requires more time [101], and a technique based 
on flow cytometry has been used to establish the pellet size distribution of a 
culture population [102, 103]. Recently, a useful algorithm has been developed 
as a plugin for the open-source software ImageJ to characterize the morphology 
of submerged growing cells [104]. On the other hand, mathematical models have 
been performed to predict the behavior of Streptomyces liquid cultures based on 
pellet/clump morphology [105, 106].

Furthermore, it has been reported that the oxygen transfer rate (OTR) and 
oxygen uptake rate (OUR) are crucial for the development and production in liquid 
cultures [100]. Controlling these rates, which directly affects morphology, was 
described as being crucial for scaling up production to industrial conditions [107]. 
Biophysical parameters, including pH, viscosity, agitation, dissolved oxygen levels 
and surface tension, directly affect mycelium morphology. The optimization of 
these factors is another factor to consider [31].

2.2.6.2 Programmed cell death and MII differentiation

As mentioned in the introduction of this chapter, programmed cell death 
(PCD) is a key event, triggering the differentiation of antibiotic producer myce-
lium (MII) in liquid and solid cultures [30]. However, the specific signals derived 
from cell death are not yet known. The N-acetylglucosamine resulting from 
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peptidoglycan dismantling accelerates the development and antibiotic production 
[108, 109] and might be one of the signals released during PCD. A simple meth-
odology based on fluorimetric measures was designed to quantify PCD in liquid 
cultures [37], allowing prediction of the efficiency of antibiotic production based 
on the level of PCD.

PCD and MII differentiation can be modulated by modifying culture condi-
tions and morphology. Modifying developmental conditions to enhance PCD and 
MII differentiation leads to the improvement of secondary metabolite produc-
tion. This approach was recently applied in a study combining the heterologous 
expression of plant flavonoids in Streptomyces albus with a strategy to enhance 
PCD and MII differentiation [110]. The same strategy was successful at improving 
mTGase production from Streptomyces mobaraensis [111]. Therefore, PCD and MII 
differentiation were demonstrated to be crucial for the streamlining of secondary 
metabolite production in bioreactors [100].

2.3 Methods for production improvement in a known compound (selective)

Selective methods with a specific target include regulatory engineering, heter-
ologous expression, genome mining and combinatorial biosynthesis.

2.3.1 Regulatory engineering

Each active compound, for example, antibiotic or antitumor, etc., has several 
molecules synthesized first in the pathway, and sometimes these molecules are a 
limited source for the compound of interest. In this sense, one strategy widely used 
is the addition of these precursors, previously synthetized from an external source. 
In the same way, it is possible to enhance the production of a specific compound 
through the overexpression of its positive regulators. Inversely, knocking out the 
suppressors (negative regulation) of the gene of interest has also had good results 
increasing the final compound production [112, 113].

2.3.2 Heterologous expression

In microbiology, this molecular genetic technique is based on the expression of a 
gene or a group of genes (gene cluster) in a host microorganism that does not have 
this particular gene or gene cluster in its own genome. This procedure, performed 
by recombinant DNA technology, is very useful when hosts are bacteria with 
simple developmental cycles, such as E. coli or Bacillus [114]. However, in the case 
of Streptomyces, due to its complex pathways to produce antibiotics, heterologous 
expression usually works only among Streptomyces strains [115, 116], not solving the 
problem of its tricky growth.

Nevertheless, good results have been achieved in activating cryptic metabolites, 
for example, by using the widely conserved Streptomyces coelicolor pleiotropic 
regulator AfsQ, which activates the production of new compounds in several 
streptomycetes [117]. Despite the fact that heterologous expression in Streptomyces 
is a challenge, this technique continues to be improved [118].

2.3.3 Genome mining

Genome mining is defined as the obtaining of information about an organ-
ism, based on genome analysis. In the postgenomic era, the combination of easier 
genome sequencing and bioinformatics analyses allows researchers to uncover the 
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biosynthetic potential of the microorganisms, i.e., the gene clusters for producing 
secondary metabolites into actinomycetes strains that are in the genome, but silent. 
Genome mining is nowadays one of the more powerful tools in the screening for 
new antibiotics [119–122].

2.3.4 Combinatorial biosynthesis

Combinatorial biosynthesis can be defined as the application to modify biosyn-
thetic pathways to natural products to produce new and altered structures using 
nature’s biosynthetic machinery [123]. The chemical modification of existing 
chemical scaffolds is challenging and sometimes provides only a temporary solu-
tion against resistant organisms [124]. Combinatorial biosynthesis has been largely 
developed over the last 20 years, and it has been enhanced, thanks to genome 
mining and synthetic biology [125–127].

3. Conclusions

Humanity faces the great challenge of fighting antibiotic resistance, which is 
growing at a faster rate than our capacity to find new antimicrobials and new strate-
gies to solve this problem.

The Streptomyces genus is still a huge source of natural bioactive compounds, 
but we need to elaborate new multidisciplinary strategies to avoid rediscovering the 
same compounds. Therefore, we need to invest efforts into developing alternative 
strategies to resume screening from natural actinomycetes.

There is not a “magic” methodology to activate cryptic pathways and 
improve the discovery of new bioactive compounds, but multidisciplinary 
approaches combining the methodologies discussed in this chapter will play a 
key role in the improvement of screening for new bioactive compounds from 
streptomycetes.
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