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Abstract Bacterial resistance to commonly used drugs has become a global health problem,
causing increased infection cases and mortality rate. One of the main virulence determinants in
many bacterial infections is biofilm formation, which significantly increases bacterial resistance
to antibiotics and innate host defence. In the search to address the chronic infections caused
by biofilms, antimicrobial peptides (AMP) have been considered as potential alternative agents
to conventional antibiotics. Although AMPs are commonly considered as the primitivemechanism
of immunity and has been extensively studied in insects and non-vertebrate organisms, there is
now increasing evidence that AMPs also play a crucial role in human immunity. AMPs have exhib-
ited broad-spectrum activity against many strains of Gram-positive and Gram-negative bacteria,
includingdrug-resistant strains, and fungi. Inaddition, AMPsalso showedsynergywith classical an-
tibiotics, neutralize toxins and are active in animal models. In this review, the important mecha-
nismsof actionandpotential of AMPs in theeradication of biofilm formation inmultidrug-resistant
pathogen, with the goal of designing novel antimicrobial therapeutics, are discussed.
Copyright ª 2017, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Chronic wound infections as a result of pressure sores,
venous legs ulcers and diabetic foot ulcers are typically
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caused by multiple genera of bacteria, including Staphy-
lococcus aureus and Pseudomonas aeruginosa, which are
strong biofilm formers.1 The presence of biofilm has now
been identified as the cause of poor healing of these
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wounds. While physical debridement can assist the healing
of these wounds, biofilm-focused therapeutic approaches
can promote more rapid healing in a large percent of pa-
tients.2 Thus, a biofilm-centric approach to reduce the
ability of these pathogens to form biofilms is urgently
needed to enable more effective subsequent healing by
the body or treatment with antibiotics. In the search for
an effective agent that can treat chronic infections,
antimicrobial peptides (AMPs) have been shown to
demonstrate antimicrobial, anti-attachment and anti-
biofilm properties.

AMPs are essential components of innate immunity in
humans and other higher organisms, contributing to the
first line of defense against infections.3 Despite co-
evolution with bacteria, AMPs have retained their advan-
tage and bacteria have yet to develop wide-spread resis-
tance. As such, there is growing interest in the
therapeutic application of these molecules. Their amino-
acid sequences, net-positive charge, amphipathicity, and
very small size allow AMPs to bind to and disrupt mem-
branes of microbes. Other researches have shown that
AMPs can also inhibit cell wall, nucleic acid, and protein
biosynthesis.4
Figure 1. Classification of AMPs ba
Classification of AMP

AMPs are generally made up of 10e50 amino-acid residues
and are divided based on the composition of their amino-
acid, size and conformational structures. Due to the
increasing number of AMPs, there are 13 databases of AMPs
to date, which manage information and conduct peptide
analysis (Fig. 1).5

Structurally, AMPs can be classified in four major classes:
b-sheet, a-helical, loop and extended peptides,6 with the
first two classes being the most common in nature. Among
the best studied AMPs are magainins, magainin 2 and PGLa,
which are a-helical peptides that were originally isolated
from the skin of the African frog Xenopus laevis.7 In
humans, the two most well characterized families of host
defence peptides are cathelicidins and defensins. Cath-
elicidins are AMPs bearing an amino-terminal cathepsin L
inhibitor domain (cathelin), and produced by leukocytes,8

while defensins are a highly complex group of open-ended
cysteine-rich peptides widely distributed in nature and
found both in vertebrates and invertebrates. On the basis of
their size and pattern of disulfide bonding, mammalian
defensins are classified into a-, b- and q-defensins.9
sed on various referring factors.
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Antimicrobial and anti-biofilm activities of AMP

AMPs are effector molecules of the innate immune system
and have a broad antimicrobial spectrum. In addition to
direct antimicrobial function, AMPs mediate the inflam-
matory response with impact on epithelial and inflamma-
tory cells, resulting in cytokine release, cell proliferation,
angiogenesis, wound healing and chemotaxis.10 AMPs have
consistently exhibited potent synergistic activity with
clinically used antibiotics such as vancomycin, penicillin,
ampicillin, b-lactams, polymyxin E, doxycycline, daptomy-
cin, linezolid, teicoplanin, azithromycin, ciprofloxacin and
clarithromycin.11

SMAP-29, a cathelicidin-derived peptide from sheep
myeloid mRNA, exert potent antimicrobial activity against
methicillin-resistant S. aureus (MRSA), vancomycin-
resistant Enterococcus faecium (VREF) and mucoid P. aer-
uginosa.12 A broad-spectrum antibacterial peptides iso-
lated from Enterococcus mundtii ST4V have been shown to
be active against multidrug-resistant Gram-positive and
Gram-negative bacterium, including Streptococcus species,
P. aeruginosa, Klebsiella pneumoniae, Streptococcus
pneumoniae and S. aureus.13

Synthetic antimicrobial peptide (AMP) NA-CATH:ATRA1-
ATRA1 and natural AMP LL-37 from the cathelicidin family
inhibits the production of biofilms by S. aureus at concen-
trations lower than 3 mg/mL.14 Lactoferrin, conjugated
lactoferricin, melimine and citropin 1.1. have shown good
anti-biofilm activity in medical devices infection against S.
aureus and P. aeruginosa, particularly when administered
together with conventional antibiotics, such as rifampicin
and minocycline.15 Lactoferrin’s anti-biofilm activity is
associated with the proteins’ iron-chelating properties;
increasing surface motility, i.e. twitching which is a
specialized form of surface locomotion mediated by type 4
pili; and promoting the formation of thin, flat biofilms by
surface-wandering bacterial cells, allowing these cells to
be more susceptible to removal.16 The human cationic host
defence peptide, LL-37 decreases the attachment of P.
aeruginosa cells onto the surface of medical devices and
tissues, stimulates twitching motility mediated by type IV
pili and down-regulates the Las and Rhl QS system.17 LL-37
also inhibits initial attachment and development of biofilm
in Staphylococcus epidermidis.18 A recent study with four
chimeric AMPs against biofilms of multidrug-resistant Aci-
netobacter baumannii found that these AMPs showed
potent antibacterial and anti-biofilm activity, synergism
with conventional antibiotics, and most importantly, low
cytotoxicity against human skin cells.19

Mechanisms of action of AMPs

Although the exact mechanism(s) by which AMPs exert their
microbicidal activity has yet to be completely clarified, it is
generally accepted that AMPs mainly target the cyto-
plasmic membrane by permeation and cell lysis activities.
Studies have shown that the mode of action of AMPs are
specifically based on their structural properties, such as
sequence, size, cationic nature, hydrophobicity and
amphipathicity.20 Unlike conventional antibiotics which
usually act by inhibition of cell wall synthesis or DNA, RNA
and protein synthesis, most AMPs permeabilize microbial
membranes, affecting the transmembrane potential and
resulting in cell death.21 The simplest models of membrane
permeation by peptides involve the formation of
membrane-spanning pores as illustrated in the barrel-stave
pore model while the carpet model is the most commonly
cited model of membrane destabilization by AMPs.22 In
addition to membrane permeabilization, AMP can result in
neutralization or disaggregation of the lipopolysaccharide
(LPS), a main endotoxin responsible for Gram-negative in-
fections and collectively provide protection against
sepsis.23

Alamethicin, a peptide antibiotic induces the formation
of a unique transmembrane pore, which is similar to a
barrel composed of helical peptides as staves (barrel-stave
model).24 Structural studies have shown that alamethicin
adopts an a-helical configuration, attaches to, aggregates
and inserts into oriented bilayers that are hydrated with
water vapour.25 Based on the experimental results obtained
with dermaseptin to illustrate carpet model, peptides
partition into acidic and zwitterionic membranes.26 Pep-
tides are then electrostatically attracted to the anionic
phospholipid head groups at numerous sites covering the
surface of the membrane in a carpet-like manner. At
threshold concentrations of peptides, the self-oriented
peptides form toroidal transient holes in the membrane,
eventually leading to the formation of micelles.26 In
toroidal pore model, as exhibited by magainins, protegrins
and melittin,24,27 AMP helices insert into the membrane and
induce the lipid monolayers to bend continuously through
the pore so that the water core is lined by both the inserted
peptides and the lipid head groups.27 The interactions be-
tween the negatively-charged lipids and positively-charged
peptides result in the formation of a continuous bend from
the top to the bottom in the form of a toroidal hole.23 Other
models which account for membrane destabilization
include the detergent model which explains the disinte-
gration of the membrane with high concentrations of AMPs,
the molecular shape model which describes AMP-membrane
interactions and the resulting membrane morphologies28;
the lipid clustering model in which AMPs induce separation
of lipid components and resulting in the clustering of
anionic lipids and formation of phase boundary defects
among lipid domains29; the sinking raft model in which the
detailed kinetic mechanism for AMP binding, association
and insertion is formulated to explain the activity of AMP30;
and the interfacial activity model in which the complex
function of the hydrophobicity, amphipathicity and pro-
pensity of AMPs to induce membrane permeabilization is
predicted.31

Studies have shown that AMPs and their combinations
with antibiotics exhibits anti-biofilm activities. However,
the mechanisms of inhibition and eradication of biofilms
have not been reported. A possible mechanism could be the
synergism of AMPs and antibiotics disrupt the biofilm matrix
to allow AMPs to target the bacterial cells in the biofilm and
promotion of dispersion of cells in the biofilm. Other
possible mechanisms of action of AMPs in inhibiting biofilm
formation could be interference of quorum sensing and
inhibition of adhesion of bacterial cells on solid surfaces.
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Potential of AMP as an anti-biofilm agent

AMPs have many of the attractive features of a novel
antibiotic class, such as broad spectrum of activity, low
incidence of bacterial resistance and specific mode of ac-
tion which involves pore formation in the cytoplasmic
membrane.21 AMPs generally exhibit high stability in wide
ranges of pH and temperature, properties that may be
beneficial for scaled-up production and formulation into
deliverable products. Due to their specific mode of actions,
AMPs also exhibit low toxicity for eukaryotic cells, thus
providing an opportunity for a wide therapeutic window.
Low concentrations of AMPs which have demonstrated
inhibitory and disruptive properties that eliminate even
well-established biofilms have also been reported. More-
over, AMPs show synergy with classical antibiotics,
neutralize endotoxin and are active in animal models.32

Resistance to AMPs are relatively rare due to their attrac-
tion to the negatively-charged lipid bilayer structure of
bacterial membranes.33 Permeabilization and formation of
pores within the cytoplasmic membranes, which is the
prevalent mechanism of action, enables AMPs to act on
slow-growing or even non-growing bacteria.34 The killing
kinetics of AMPs are also faster compared to most con-
ventional antibiotics.35 Further potential of AMPs include
the ability to act at different stages of biofilm formation
and with different mechanisms of action, such as down-
regulation of QS,17 killing of pre-formed biofilm, inhibition
of biofilm formation and inhibition of adhesion.36 AMPs are
also often active against multidrug-resistant bacterial
strains.37 There are still limited reports of AMPs with the
ability to inhibit the quorum sensing systems used in the
different bacterial pathogens, although there is more un-
derstanding of the roles of QS in biofilm formation.

MostAMPs inpre-clinical and clinical trials today havebeen
developed for topical applications. Examples of indications
are catheter site infections, cystic fibrosis, acne and wound
healing. Two AMPs, omiganan and pexiganan, have shown
efficacy inPhase III clinical trials, but neither of themhasbeen
approved for clinical use. Pexiganan, which is a synthetic
variant ofmagainin2 and thebest studiedAMP in termsofdrug
development, was developed as a novel topical broad-
spectrum antibiotic for the treatment of mild-to-moderate
diabetic foot ulcer infections,38 while omiganan was devel-
oped as a topical gel for prevention of catheter-associated
infections.39 A new class of antimicrobial peptide, called
Selectively TargetedAntimicrobial Peptides (STAMPs) that has
increased killing potency, selectivity and kinetics against
targeted bacteria, have been developed.40 Oritavancin, a
semi-synthetic lipoglycopeptide in clinical development for
the treatment of serious Gram-positive infections, exerts ac-
tivity against methicillin-susceptible (MSSA), methicillin-
resistant (MRSA), and vancomycin-resistant S. aureus (VRSA)
with killing kinetics much faster than vancomycin.41 The pol-
ymixins, a class of CAMPs has been used clinically as the last-
line antibiotics to treat Gram-negative bacterial infections.42

Challenges to therapeutic use of AMP

Despite promising features of AMPs as potential therapeu-
tics, there are limitations that need to be addressed for
future development. AMPs display a significant reduction of
their antimicrobial potency in the presence of biological
fluids (for example, serum and saliva) compared to non-
physiological conditions (for example, in phosphate buffer)
due to the high concentrations of salt, anionic proteins and
polysaccharides found in the biological fluids, and inacti-
vation of AMPs by host and bacterial proteases during the
course of infection.43 Biofilms which contain bacterial DNA
and the other polymers create a hydrated and charged
environment surrounding the bacterial surface can prevent
the access of cationic AMP LL-37.5

AMPs which are not of human origin may potentially
cause damage to human cells. Melittin, an alkaline poly-
peptide composed of 26 amino-acid residues and the major
component of European honeybee (Apis mellifera) venom,
has been reported to be lytic to normal healthy cells,
including erythrocytes.44

Poor physicalechemical properties, such as protein ag-
gregation, particulate formation and reversible self-
association contribute to increased viscosity and impede
subcutaneous administration of high dose protein formula-
tions with less than 1.5 mL volume limitation.45 AMPs can
also be susceptible to proteolytic degradation. In terms of
production, AMPs are difficult and expensive to obtain in
large quantities, due to the complex processes needed for
their extraction, isolation and purification.46
Future considerations

Various attempts have been made to develop AMPs as
innovative antimicrobials. However, to design them ratio-
nally is difficult because of the complex interaction of the
peptides with membranes and with each other. Structural
features that have been identified to be relevant for the
microbicidal function of AMPs are the size, the sequence,
the charge, the helicity, the overall hydrophobicity, the
amphipathicity, and the angles subtended by hydrophobic
and hydrophilic surfaces of the helical molecule.32

Although promising AMPs have progressed to the pre-
clinical and clinical stages of development as therapeu-
tics, more studies are required to identify novel natural
AMPs and new approaches to improve their activity, de-
livery and stability to increase the range of peptide ther-
apeutics available in the clinic for broader applications.47

Further focus into AMPs as biofilm prevention and eradi-
cation agents can involve investigations of AMPs that are
enzymes or act like enzymes, such as deoxyribonuclease I
and glycoside hydrolase dispersin B.48 Limited data is
available on novel AMPs with anti-biofilm properties, thus
more investigations are also required to understand the
precise mechanisms of action, particularly quenching of QS
biofilm-promoting signals. It is also crucial to extend the
studies on the dispersion effects of AMPs to already pre-
formed biofilms and to developing biofilms. Synergism
studies involving AMPs are also urgently needed to discover
successful AMPeAMP or AMP-drug combinations to ensure
minimal side effects of these antimicrobials.16

Commercial-scale production platforms to synthesize
AMPs are also urgently needed to overcome the high pro-
duction cost, which remains the principal hurdle to
overcome.
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