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Antibacterial agents are a group of materials that selectively destroy bacteria by interfering with bacterial growth or survival. With
the emergence of resistance phenomenon of bacterial pathogens to current antibiotics, new drugs are frequently entering into the
market along with the existing drugs, and the alternative compounds with antibacterial functions are being explored. Due to the
advantages of their inherent biochemical and biophysical properties including precise targeting ability, biocompatibility, bio-
degradability, long blood circulation time, and low cytotoxicity, biomolecules such as peptides, carbohydrates, and nucleic acids
have huge potential for the antimicrobial application and have been extensively studied in recent years. In this review, anti-
microbial therapeutic agents composed of three kinds of functional biological molecules were summarized. In addition, the
research progress of antibacterial mechanism, chemical modification, and nanoparticle coupling of those biomolecules were
also discussed.

1. Introduction

Bacteria that cause bacterial infections and disease are called
pathogenic bacteria. Antimicrobial therapeutic agents are a
group of materials that fight against pathogenic bacteria by
killing or reducing the metabolic activity of bacteria. Tra-
ditionally, small molecule compounds are the most com-
monly used agents during the course of antibacterial therapy
[1, 2]. Heterocyclic compounds are organic molecules, which
include guanidines derived from carbazoles and azoles and
have shown good antibacterial effect [3, 4]. Metal ions of
heterocyclic compounds play a major role in the antibac-
terial activities [5, 6]. For example, the silver N-heterocyclic
carbene complexes have good activity against a broad
spectrum of bacteria [7]. However, antibiotic resistance
becomes an escalating world-wide problem in recent years,
and this happens because the diminishing molecules can be
produced when the usual strategies was used to screen the
libraries of compounds or chemically modify existing

antibiotics. Particularly, Gram-negative bacteria are more
resistant to antibiotics than Gram-positive bacteria because
the outer membrane of Gram-negative bacteria is often
hidden by a slime layer, which in turn hides the antigens of
the cell. +e unique structure of the outer membrane of
Gram-negative bacteria prevents certain drugs and antibi-
otics from entering into the cell, which means these bacteria
have increased resistance to drugs and are more dangerous
as disease-causing organisms [8, 9]. +erefore, the alter-
native antibacterial therapy strategies are being explored
[10, 11].

Biological molecules are the basic substances that make
up life [12]. Antibacterial agents composed of functional
biological molecules have been extensively studied in recent
years. +ese new types of antimicrobial therapeutic agents
have the advantages of low cytotoxicity and side effects and
often show environmental friendliness [13]. Chitosan, for
example, is a natural biopolysaccharide and can also be
prepared by deacetylation of chitin [14, 15]. One advantage
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of chitosan over other polysaccharides is that its molecular
structure is easy to be modified, especially at the C-2 po-
sition, which provides derivatives with different properties.
In addition, the strong electrostatic action and the flexibility
of the sugar chain make it easy to diffuse into the tissue fluid
owing to the surface energy properties.

Antimicrobial peptides (AMPs) are ubiquitous in almost
all organisms which can protect the host as the primary first
line of defense against invading pathogens [16, 17]. AMPs
have the characteristic functions of amphiphilicity and
flexible conformational transitions which make the AMPs
have the broad-spectrum antimicrobial activity [18]. +e
unique features and structures of the AMPs make them
become particularly interesting compounds for developing
new antimicrobial therapies. With the prevalence of anti-
sense antimicrobial therapeutics and application of DNA
aptamer [19, 20], nucleic acids are also considered to be the
promising agents in antibacterial treatment. In this review,
the current status of new antimicrobial therapeutic agents
composed of functional biomolecules (nucleic acids, anti-
microbial peptides, and chitosans) was explored. In addition,
the chemical and nanoparticle modification of biomolecules
and antibacterial mechanisms are also discussed.

2. Functional Nucleic Acid

2.1. Antisense Antimicrobial �erapeutic Agents. +e syn-
thetic short single-stranded oligomers can bind to com-
plementary mRNA and inhibit translation or promote
degradation of the targeted mRNA in microorganisms. +e
specific nucleic acid-based antimicrobial therapy confers an
advantage over broad-spectrum antibiotics by avoiding
unintended effects on commensal bacteria [19]. +e re-
duction of drug discovery time is achieved by a rapid design
and synthesis of oligomers based on target RNA sequence in
microorganisms, and it also provides a flexible and rational
approach to drug development.

Generally, four types of chemically modified nucleic acid
analog have been developed. Phosphorothioate oligodeox-
ynucleotides (S-oligos) are analogs of nucleic acids, in which
one of the nonbridging oxygen atoms on the phosphate
linkage is replaced by a sulfur atom. +e stability of the
modified oligonucleotide is dramatically increased when
exposed with nucleases [21]. +e targeted mRNA can be
digested by RNase H (ribonuclease H) when it is trapped
with the complementary S-oligos [22]. Fomivirsen is the
only commercially available antisense therapeutic agent for
the treatment of cytomegalovirus-induced retinitis, and it
was approved by USFDA (the United States Food and Drug
Administration) in 1998 [23]. Locked nucleic acids (LNAs)
and bridged nucleic acids (BNAs) are oxyphosphorothioate
analogs that are modified with the extra bridge connecting
the 2′ oxygen and 4′ carbon [24]. LNAs and BNAs are also
stable to nuclease and may work by targeting mRNA and
degrading it with RNase H [25]. Peptide nucleic acids
(PNAs) are analogs of DNA in which the original sugar-
phosphate backbones are replaced with electrically neutral
pseudopeptide linkage [26, 27]. From the time they were
invented in the early 1990s, these new types of DNA mimics

have been shown to be capable of invading and opening up
duplex structures of DNA effectively through forming new
triplex or duplex assemblies with one of the target duplex
strands. Owing to its unique mode of action, PNAs have
been widely utilized to modulate gene expression and to
perform diagnostic functions [28, 29]. PNAs are uncharged,
which in part accounts for their high affinity for RNA.
Phosphorodiamidate morpholino-oligomers (PMOs) are
also analogs of DNA, in which the ribose is replaced by a
morpholine ring and one of the nonbridging oxygen atoms
on the phosphate linkage is displaced by a dimethyl amine
[30]. PMOs are net neutral in charge and have the char-
acteristic of water solubility and resistance to nucleases. It is
believed that PMOs act by sterically blocking initiation of
translation and do not activate RNase H degradation
[31, 32].

Antisense antimicrobial therapeutic agents could be used
against potentially available targets to any gene with a known
base sequence in any bacterium in theory. +is strategy
significantly reduces the time required for discovery of a new
antimicrobial. Synthetic nucleic acid oligomers have been
synthesized and used as antimicrobial agents over thirty
years ago [33]. +e substantial improvements have been
made until the attachment of cell-penetrating peptides
(CPPs) with oligonucleotides was applied [34]. +is happens
because the biomacromolecule cannot penetrate the cell
walls of bacteria, and delivery of synthetic oligonucleotides
into the bacterial cytoplasm requires the attachment of
another compound that can penetrate the bacterial cell wall.
It is known that ftsZ in S. aureus is required for cell division,
which was designed to be a target for a peptide-conjugated
PNA (PPNA) [35]. Wesolowski et al. also reported that a
CPP-PMO complex targets E. coli gyrA that is a conserved
gene multiple bacterial species [36]. +e sensitivities of a
variety of both Gram-positive and Gram-negative bacterial
strains to the CPP-PMO were tested, and the results showed
that CPP-PMO reduced the viability of in four kinds of
bacterial strains and CPP-PNA targeted the gyrase in an-
other one. +e expression of mRNA of gyrA was reduced,
and the bacterium multiplication was inhibited. Further-
more, the CPP-PNA was synergistic with various current
antibiotics [37].

2.2. Aptamer. Aptamer is an oligonucleotide selected from
the library of nucleic acid molecules by a screening tech-
nique called SELEX (systematic evolution of ligands by
exponential enrichment) in vitro [38]. Aptamers have been
widely studied as antibacterial and anticancer agents because
of the advantages of specific and accurate targeting, low
cytotoxicity, easy preparation, and short research and de-
velopment period [39]. Aptamer usually has a short se-
quence of 15–60 nucleotides. +e intrastrand base pairing
within aptamer can form stable secondary structures that has
the special ability to bind targets with high affinity and
specificity. In addition, aptamer can be extensively modified
by chemical synthesis [40]. In the aptamer-based antibac-
terial agent development, limitations of traditional antibiotic
selection such as accumulation in cells and the size and
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charge of candidate drugs could be broken [41].+e diversity
of single-stranded nucleic acid structures and spatial con-
formations provides the specific binding ability with various
target molecules, and the highly specific binding forces may
be caused by van der Waals forces, hydrogen bonding,
electrostatic interactions, and shape matching [42].
Aptamers exert antimicrobial effects through completely
different mechanisms compared to traditional antibiotics. It
has been reported that a aptamer has the ability to combine
surface antigens with passively neutralizing pathogens and
then inhibit bacterial growth [43–45]. Aptamers can also
target a particular factor, a key protein, for example, and
then block the key biochemical process with actively neu-
tralizing pathogens [46].

It had demonstrated that the binding of TiO2 particles to
the aptamer (E. coli-specific ssDNA) enhances the inacti-
vation effect to of E. coli [47]. As shown in Figure 1, the close
contact of the functionalized particles with E. coli was
achieved by the strong binding effect between the aptamer
and its target on the surface of E. coli, which can effectively
induce reactive oxygen and be rapidly transferred to the
cells. +e aptamer-nanoparticle complexes may become a
new generation of drug delivery systems with a higher
specificity and effectiveness [48, 49].

2.3. Topoisomerase Inhibitors. Topoisomerases are essential
enzymes which have the special ability to change the topo-
logical structures of DNA by cleaving the DNA backbone and
then rejoining it in the cells [50–52]. +ose ubiquitous
proteins are reported to be involved in many cellular pro-
cesses such as replication, transcription, recombination, and
critical for cell growth and proliferation [53–55]. For the
importance of their cellular role, some topoisomerases are
reported to be selected as the targets of anticancer drugs and
antibiotics [56–58]. Bacterial-type IIA topoisomerases,
topoisomerase IV, and DNA gyrase, for example, are well
utilized clinical targets for antibacterial chemotherapy
[59–61]. However, resistance of bacterial pathogens to current
antibiotics has grown to be an urgent crisis. Compounds that
can inhibit the activities of bacterial-type IA topoisomerases
have been extensively studied in recent years [62–65].

Yang and coworkers reported that linear oligonucleo-
tides containingmismatch or bulge can act as the irreversible
inhibitors of bacterial topoisomerase I [66, 67], but no direct
evidence such as the formation of covalent complex between
DNA and proteins was provided in their studies. In our
recent studies, particularly designed small DNA circles with
high bending stress were synthesized [68]. It is demonstrated
that small DNA circles showed high inhibitory effect on the
activity of bacterial topoisomerases I and the single-stranded
regions associated with bending deformation in DNA circles
are believed to be the crucial factor for trapping the enzymes
and decreasing the effective concentration of the topo-
isomerase in the reaction solution, as shown in Figure 2 [68].
Although DNA-based biopharmaceuticals have the advan-
tages of low cytotoxicity and can be prepared easily [69, 70],
the risk of host genome integration should be taken into
consideration during the further design of the new type of

DNA-based antibacterial agents. In addition, it should be
pointed out that the small DNA circles alone can hardly
penetrate into bacteria and exhibit bacteria growth inhibi-
tion effect in the current stage. However, it is possible to
facilitate the delivery of oligonucleotides into bacteria with
the development of the drug-delivery carriers based on
nanotechnology and pharmaceutics.

3. Antimicrobial Peptide

Antimicrobial peptides (AMPs) are usually short biomole-
cules (15–50 amino acids) encoded by genes [71]. Most of
these short peptides contain basic amino acids and hydro-
phobic residues, which are arranged in three dimensions on
the surface of the peptide.+e earliest research on AMPs can
be traced back to the time when Fleming discovered lyso-
zyme [72]. +is discovery has developed a new field of re-
search. In the 1960s, Zeya discovered that the basic peptides
in polymorphonuclear (PMN) have antimicrobial properties
[73, 74]. Over time, cecal peptide was discovered in 1980s
[75]. +e discovery and identification of defensive peptides
frommammalian granules of neutrophils have taken amajor
step in the study of AMPs. In 1987, it was found that AMPs
were rich in Xenopus laevis, named “magainins” [76].
Magainins were obtained by the secretory gland in the body.
It also showed for the first time that AMPs are not only
molecules of lower invertebrates but also part of higher
vertebrates. Ever since, researchers around the world have
made outstanding contributions to the continued rapid
development of AMPs.

3.1. AMP Classification. +ousands of AMPs have been
extracted from single-celled microorganisms of plants, insects,
and bacteria. +e antimicrobial peptide database (APD3)

Aptamer-TiO2

Aptamer-specific receptor

ROS

Other receptors
UV irradiation

Step 1 

Step 2 

Step 3 Step 4

Figure 1: Schematic diagram of antibacterial mechanism of aptamer-
TiO2. Step 1: TiO2 particles conjugated with aptamer bind on the
cellular surface.+e aptamer specifically recognizes its receptor on the
bacterial surface to make the TiO2 particles closely contact with the
cell membrane. Step 2: TiO2 is excited under UV irradiation to
generate electrons on its surface and produce reactive oxygen species
(ROS). Steps 3 and 4: ROS causes oxidative damage to bacteria by
disrupting the cell wall or damaging DNA/RNA and proteins.
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containsmore than 3000AMPs [77, 78]. It is worth noting that
bacteria also produce a variety of AMPs in order to limit the
growth of other microorganisms. AMPs can be ranked
according to their physical properties, sequence properties,
and conformation of antimicrobial peptides interacting with
cell membranes. +e APD3 database divides them into animal
AMPs, plant AMPs, and bacterial AMPs, as shown in Table 1.
Animal AMPs are further divided into human AMP, bovine
AMPs, porcine AMPs, and insect AMPs [77].

3.2. Animal AMPs

3.2.1. Human AMP. It has been known that many patients
with chronic obstructive pulmonary disease (COPD) sustain
bacterial adhesion infections. Peptide deaminase (PADI)
levels are used to elevate when suffering from COPD [97]. It
is found that LL-37 was citrated due to an excess of PADI,
which made the peptide more susceptible to be degraded by
proteases. Citrated LL-37 reduced the antimicrobial activity
against Haemophilus and S. aureus. Lima evaluated several
HDPs including LL-37 and found that LL-37 had good
potential in antimicrobial and immunomodulatory activities
[98]. +e antimicrobial effect of exogenous LL-37 was
studied on the preterm infants in vitro, and the results in-
dicated that LL-37 can enhance host immunity and exhibit
significant anti-SA, SE, and CA activities [99] (SA, SE, and
CA represent Staphylococcus aureus, Staphylococcus epi-
dermidis, and Candida Albicans, respectively). L-37 and its
homologues may be promising drugs for the prevention or
treatment of neonatal sepsis.

3.2.2. Bovine and Porcine AMPs. Baumann et al. reported
that bovine cathelicidins had the ability to inhibit bacterial
growth and enhance the host immune system [100]. +e
results showed that BMAP-27 had the best killing effect on S.
aureus, E. coli, and Streptococcus uberis (three main mastitis
pathogens causing bovine mastitis). Pore-forming ability

and antimicrobial mechanism of BMAP-27 are similar to
LL-37 which has the amphiphilic alpha helix structure
leading to membrane rupture. Surprisingly, although
BMAP-27 completely lost its amphiphilic character, it still
showed antimicrobial function, indicating the net charge
contributing partially to the bactericidal effect.

PMAP-36 was isolated from porcine and has a variety of
immunomodulatory effects in vitro [101]. It was found that
PMAP-36 can disrupt the inner membrane of bacteria and is
still active with a significant antibacterial effect at the
concentration as low as 2.5 μM [101]. Modified PMAP-36
analogs were also designed in another work. It showed that
the original antibacterial activity was retained when short-
ening the length of peptide chains within a certain range, and
the hemolysis rate was also reduced at the same time [102].
Appropriate modification of existing AMPs may provide a
promising strategy for developing new agents to overcome
drug resistance.

3.2.3. Insect AMPs. Insect AMPs also show stronger anti-
microbial effects at low concentrations. Abaecin showed no
detectable activity against E. coli when tested at a concen-
tration of 200 μM alone, and hymenopteran can affect the
growth of bacterial cells only at concentrations greater than
2 μM [103]. However, the effective concentration of hy-
menopteran is 1.25 μM and was observed when it was used
in combination with abaecin. +e result indicated that
abaecin can enhance the interactions between E. coli and
hymenopteran. +e naturally occurring enhanced interac-
tions suggested that the combination of AMPs can be used to
treat against Gram-negative pathogens with acquired re-
sistance [104].

3.3. Plant AMPs

3.3.1. Brassica AMPs. Plant AMPs mainly interact with
phospholipids in the microbial cell wall and lead to

Negatively supercoiled DNA

Bacterial topoisomerase I

DNA relaxation
by topoisomerase In the absence of

small DNA circle
In the presence of
small DNA circle

Topoisomerase is 
covalently trapped

Negatively supercoiled DNA

Relaxed DNA

Figure 2: Illustration of the supercoiled plasmid relaxation catalyzed by bacterial topoisomerase I in the presence or absence of small DNA circle.
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membrane penetration [105]. Two new defensin genes,
BhDef1 and BhDef2, were isolated from the Brassica hybrid
cv Pule by Kaewklom et al. [87]. Six of the eight synthetic
BhDef polypeptides have antimicrobial activity against
Gram-positive and Gram-negative bacteria. Among them,
BhDef14 had the highest activity against the two test
pathogens MRSA and Salmonella typhi with an MIC of
1.88mg/ml and 0.66mg/ml, respectively.

3.3.2. Portulaca AMPs. Samriti et al. isolated new AMPs
from the leaves of Portulaca oleracea [88], which had an-
timicrobial activity against S. aureus and Bacillus subtilis, but
no antimicrobial activity against E. coli andCandida albicans
[106]. +e existence of omptins may be the cause of this
phenomenon, a class of proteases present in the outer
membrane of Gram-negative bacteria. Bacterial proteases
have the ability to convert active AMPs into inactive frag-
ments, making host bacteria resistant to these active AMPs.
Another reason may be the low concentration of protein/
peptide, resulting in insufficient supply of protein. In ad-
dition, the maximum inhibition zone against S. aureus and
Bacillus subtilis was 8mm and 4mm, respectively, using the
agarose diffusion method [106].

3.3.3. Alfalfa AMPs. It has demonstrated that chitin-binding
domain (CBD) may increase the antimicrobial activity of
alfAFP, one peptide from Alfalfa [107].+e results suggested
that the introduction of this recombinant gene into other
crops such as potatoes may result in GM crops (genetically
modified crops) having higher resistance to fungal patho-
gens. Badrhadad et al. put the restructuring gene into to-
bacco by agrobacterium-mediated transformation, forming
the recombinant protein (CBD-alfAFP) [108]. +e experi-
mental results showed that the total protein extract obtained
from the transgenic plants (P< 0.05) significantly inhibited
the growth of various bacteria and fungi compared with the

nontransgenic plants, indicating fusion of CBD and alfAFP
is an effective way to control pathogen damage.

3.4. Bacterial AMPs. +e nisin synthesized by lactic acid
bacteria (LAB) can suppress bacteria proliferation and was
used as a natural preservative [109]. +e study indicates that
adding bacteriocin to packaging materials is an effective way
to improve meat fresh keeping, rather than adding it directly
to meat. In addition, nisin is nontoxic and can be digested by
proteases with little or no effect on intestinal flora [110].
Finding new strategies based on synergistic combinations is
key to fight resistant bacteria. Combinations of different
bacteriocins can synergistically or additively eliminate
bacteria [111]. +e synergistic effects of the four bacteriocins
nisin, pediocin, and enterocin MT104b and MT162b were
studied based on food spoilage bacteria using the check-
erboard method. +e results showed that nisin combined
with MT104b had a synergistic effect on killing S. aureus,
while nisin combined with pediocin, nisin combined with
MT162b, pediocin combined with MT104b, and pediocin
combined with MT162b had a synergistic effect on Sakei.
When Nisin is combined with pediocin, it has an additive
effect on Listeria monocytogenes [111].

Recent work also conducted in-depth research on the
synergistic bacteriocins. +e activity of garvicin KS, a novel
bacteriocin produced by Lactococcus garvieae, was studied
[112, 113]. Unlike other bacteriocins, garvicin KS inhibits
Acinetobacter but does not inhibit other Gram-negative
bacteria. +e combination action of polymyxin B and gar-
vicin KS has a synergistic effect on Acinetobacter and E. coli,
but not on P. aeruginosa. +e mixture of nisin and poly-
myxin B has a similar effect. +e synergistic mixture of
polymyxin B, garvicin KS, and nisin resulted in rapid and
complete eradication of Acinetobacter and E. coli. Low
concentrations of garvicin KS or nisin can also rapidly and
completely eliminate S. aureus when bacteriocins work
synergistically with farnesol. In addition, garvicin KS is also

Table 1: Physicochemical properties of AMPs mentioned in this review.

Tree Source Peptide Length Net charge Hydrophobic residue (%) 3D structure Reference

Animal

Human LL-37 37 6 37 Helix [79]

Bovine Bactenecin 12 4 66 Unknown [80]
BMAP-27 27 10 40 Helix [81]

Chicken CATH-2 27 9 37 Helix [82]

Porcine PMAP-36 37 13 37 Helix [83]
Protegrin 18 7 44 Beta [84]

Honeybee Abaecin 34 4 23 Rich [85]
Tsetse Cecropin 17 8 47 Helix [86]

Plant

Brassica BhDef1-2 — — — — [87]
Aizoaceae Novel peptides — — — — [88]
Alfalfa alfAFP 45 3 33 Bridge [89]

Vigna radiata Vrd2 47 3 29 Combine helix and beta structure [90]
Potato Snakin-1 63 8 31 Helix [91]

Bacteria

Paenibacillus Nisin 43 1 34 Nonhelixbeta [92]
TriA1 13 2 46 Nonhelixbeta [93]

Pediococcus Pediocin 44 3 34 Combine helix and beta structure [94]
LMW 16 1 50 Unknown [95]

Pediococcus Garvicin KS 60 5 60 Unknown [96]
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used as a promising healing AMP due to broad-spectrum
inhibition and synergy with other antibiotics [114].

3.5.Mechanism of Action of AMPs. Most bioactive peptides
are initially present as inactive precursors and are released
in different ways in vivo [115, 116]. Generally, AMPs are
released from their precursor proteins and participate in
immune response. Several models, for example, “barrel-
rod model,” “carpet model,” and “ring hole model,” have
been proposed to explain peptide insertion and mem-
brane permeability, as shown in Figure 3. It is believed
that the positively charged AMPs first interact with the
negatively charged lipid groups on the outer surface of the
cell membrane [117]. +e amphiphilic feature facilitates
the alternative insertion of the hydrophobic residue in
AMPs. When the concentration of AMPs is relatively low,
the peptide binds in parallel with the lipid bilayer. Once a
certain threshold concentration is reached, the peptide
molecule is perpendicular to the membrane and inserted
into the lipid bilayer to form a transmembrane pore [118].
During the course of this action, spontaneous confor-
mation changes in AMPs cause their disturbance in the
cell membrane. Changes in the membrane structure, such
as thinning, formation of pores, and localized distur-
bances, may result in the reorientation of peptide mole-
cules in the membrane, and AMPs may also migrate
through the membrane and diffuse into the cytoplasm to
reach the intracellular target region [119]. +e binding of
AMPs on the surface of the cytomembrane changes the
potential structural properties difference inside and
outside the bacterial cell membrane and leads to dysre-
gulation of ion channels and disorder of intracellular ion
balance, which ultimately causes death of the bacteria
[120]. Mammals, however, can produce proteases that has
an ability to digest most of AMPs efficiently [121]. In
addition, mammalian cell membranes are neutral, and the
cholesterol can also stabilize the cell membrane structure,
which is another reason that the activity of AMPs is al-
leviated in mammalian cell membranes [121]. +e facts
mentioned above indicate that AMPs can be used as
excellent bacteriostatic agents for low toxicity to the
human body.

4. Chitosan

Chitosan is a natural nontoxic biopolymer derived by
deacetylation of chitin, a major component of the shells crab,
shrimp, and crawfish. Many attentions have been attracted
because of its unique biological activities and pervasive
application in biopharmaceutical and chemical industries.
+e molecular weight of chitosan is between 3,800 and
20,000Da, and the ratio of D-glucosamine to N-acetyl-D-
glucosamine in polymer chain is known to be the degree of
deacetylation (DD) that determines most of properties of
chitosan [122]. As a polycationic polymer, chitosan has been
investigated as an antimicrobial material against a wide
range of target organisms like algae, bacteria, yeasts, and
fungi [123–125].

+e use of chitosan is limited because of its insolubility in
water, high viscosity, and tendency to coagulate with pro-
teins at high pH. Many efforts to prepare functional de-
rivatives by chemical modifications to increase the solubility
in water have been reported [126]. In order to address the
problem, scientists expand the application range by chemical
modification of the chain without changing the original
backbone, as shown in Figure 4 [127]. In addition, with the
development of nanometer materials, researchers have
turned their studies to the formation of chitosan nano-
particle complex that can improve their performance in
antimicrobial behaviors [128].

4.1. Chitosan Derivatives

4.1.1. Quaternized Derivatives. In order to overcome the fact
that chitosan is only suitable for acidic conditions, scientists
make quaternized nitrogen atoms to produce derivatives
with long-term charge and good water solubility (a wide
range of pH values). For example, N,N,N-trimethyl chitosan
is the first quaternized chitosan derivative with good anti-
microbial activity [135], and improved antibacterial activity
can be achieved by extensive quaternization of chitosan, as
shown in Table 2. It has been demonstrated that low con-
centration of trimethyl chitosan (TMC) appears to be more
effective against E. coli. +e maximum activity is attained
when 1mg/ml of TMC was used [136]. In another studies,
researchers synthesized three different ammonium salts with
carboxylic acid end groups by the quaternary reaction of
bromohexanoic acid with tertiary amines. +e complexes
were then coupled to the chitosan skeleton. +e results
showed no significant change in the antimicrobial activity
against S. aureus. However, improved antimicrobial effi-
ciency against P. aeruginosa was observed under the same
condition [137]. Moreover, the quaternized derivatives
exhibited good thermal stability, which is suitably applied to
later development and utilization [138].

4.1.2. Sulfonated Derivatives. Sulfonated chitosan (SCS) was
prepared by attaching 1,3-propane sulfonate to the chitosan
backbone. Dragostin et al. measured the minimum inhibi-
tory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) of sulfonated chitosan derivatives
using broth microdilution methods, and antimicrobial ac-
tivity of the designed derivatives is higher than pure chitosan
[134]. It is shown that the most active derivative is chitosan-
sulfadiazine, and its MIC value is 0.03 and 1.25mg/mL
against E. coli and S. aureus, respectively, which is much
lower than the values of unmodified chitosan.+e promising
antimicrobial activity is believed to be closely connected
with the sulfonamides that replace chitosan glucosamine
[134]. In addition, the in vivo models studies of rat burn
wound showed that chitosan-sulfonamide derivatives have
better healing effects than unmodified chitosan and can
enhance epithelial formation. +e MIC values against E. coli
and S. aureus were also messaged in the studies, and the
antibacterial activity increased by four times than those of
water-soluble chitosan [130].
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Figure 3: Mechanism of antibacterial peptides (AMPs): (a) in the ring hole model, the peptides insert into the membrane and aggregate into
unstructured micelles by inducing continuous bending of the lipid monolayers; (b) in the barrel-rod model, the peptides vertically insert into the
hydrophobic core region of the lipid membrane to form pores, like the rod inside the barrel; (c) in the carpet model, the peptides cover the
membrane like a carpet, destroying the cell membrane and eventually leading to the formation of micelles. Due to the structural difference between
the cell membrane of mammalian and bacterial, AMPs weakly react to mammalian cell membranes, but strongly to bacterial cell membranes.
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4.2. Chitosan Nanoparticle Complexes

4.2.1. Chitosan-Ag Complex. Chitosan has high chelating
ability with various metal ions under acidic conditions. It is
well known that metal ions can bind to the cell wall of
microbial molecules, and it may be fatal to bacteria. Chi-
tosan-mediated chelation of metal ions is often considered as
a possible way to perform its antimicrobial action [139].
Silver ions can attach to proteins on the surface of cell
membranes, which can cause changes in the structure and
permeability of the cell membrane, ultimately leading to
bacterial death [140]. In addition, silver ions can interact
with microbial nucleic acids to inhibit microbial replication
[140]. Chitosan metal complexes have strong antimicrobial
activity. Kalaivani et al. used chitosan-mediated silver
nanoparticles to detect the zone of Bacillus sp. and S. aureus
by the agar disc diffusion method [141]. +e inhibition
diameters were 15mm and 13mm, respectively. At the same
time, ampicillin and amphotericin-β were used as com-
parison to determine their antimicrobial activity against
bacteria and fungi. +e zone of inhibition diameters was
smaller than chitosan-mediated silver nanoparticles, indi-
cating the complexes had high antimicrobial activity.

4.2.2. Chitosan-ZnO Complex. It has been reported that ZnO
nanoparticles release reactive oxygen species (ROS) [142].
ROS and Zn2+ can attack the negatively charged cell wall and
cause bacterial leakage, eventually leading to bacterial death.
In another studies, a porous chitosan film was prepared by
casting chitosan-ZnO complex on silicon microsphere. By
testing the efficiency against Gram-negative bacteria Klebsi-
ella and Gram-positive bacteria Bacillus, it showed that the
chitosan-ZnO composite film has the better antibacterial and
antifouling activities when compared with the chitosan
synthesized in acid solutions [143]. In addition, the complex
showed more inhibition to Klebsiella than Bacillus. +is
difference may be caused by the chemical composition and
structure of the cell membranes of the two bacteria. Recently,
an unfocused chitosan/ZnO composite filmwas first prepared
by a simple one-pot procedure [144]. +e antimicrobial ac-
tivities of chitosan against S. aureus and E. coliwere studied by
the colony counting method. Antimicrobial analysis showed
that the effectiveness of all composite film can catch up to 2–4
times compared with pure chitosan. In another study,

scientist successfully synthesized zinc oxide nanoparticles by
microwave heating using chitosan as a stabilizer [145]. +e
amount of zinc oxide particles show linear relationship with
the antibacterial activity. +e antimicrobial activity of the
complex against S. aureus and E. coli was determined to be
16mm and 13mm by measuring the inhibition zone. On the
contrary, the optical density of the complex as an inhibitor is
more than 1.5 times than pure chitosan when cultured at 37°C
for 12 hours.

4.3. Mechanism of Action of Chitosan. Chitosans showed
higher antibacterial activities than chitosan oligomers and
markedly inhibited growth of most bacteria tested although
inhibitory effects differed with Mws of chitosan. Li et al.
studied the effects of different degree of deacetylation (DD)
and pH on the antimicrobial activity of ultrahigh molecular
weight chitosan [146]. +e results showed that the antimi-
crobial activity against E. coli and S. aureus enhanced with
the increase in chitosan DDwhen pHwas 6.0.+eminimum
bactericidal concentration of chitosan amphiphilic bacteria
was 0.0156%, when DD gets to 100%. +e ultralong mo-
lecular chain of high-molecular-weight chitosan facilitates
the combination of bacteria and then significantly enhances
its antimicrobial activity. +e nature of the antimicrobial
activity is also relevant to the protonation of the amino
groups and the formation of cations [147]. It is characterized
by inhibiting bacterial growth first, and then the cells
gradually break down in the bacteriostatic process.

+e antimicrobial activity mainly depends on the
presence of –NH3. According Gomes’ reports, it is proved
that the surface of the nanomembrane with the highest
antimicrobial activity had more NH3+ groups [148]. Nu-
merous studies have shown that the NH3+ group of chitosan
can interact with the negatively charged components carried
by bacteria, causing a dramatic change on the membrane
surface. +is process increases membrane permeability,
leads to cell membrane instability, induces leakage of in-
tracellular components, and ultimately leads to cell death. It
is also suggested that the chelation ability of chitosan has an
important influence in antimicrobial ability [139]. Chitosan
binds to trace metals on the surface of the cell wall, com-
peting with Mg2+ and Ca2+ for electronegative sites. Owing
to the substitution, the cell wall may lose its integrity or affect
the activity of the degrading enzyme, making the cells unable
to grow normally. +e other mode of antimicrobial action
proposed relies on the ability of chitosan to interact with
cellular RNA through the cell membrane, then inhibiting
DNA transcription and protein synthesis [149]. Besides
chitosan, natural antimicrobials, including plant extracts
and their essential oils, enzymes, peptides, bacteriocins,
bacteriophages, and fermented ingredients, have all been
shown to have the potential for use as alternatives to
chemical antimicrobials [150].

5. Conclusion and Future Prospects

Functional nucleic acids, chitosan, and antimicrobial pep-
tides exhibit huge antibacterial potential and greatly reduce

Table 2: MIC (μg/mL) of chitosan and its derivatives against E. coli
and S. aureus.

Compounds
MIC (μg/mL)

Reference
E. coli S.

aureus
Chitosan >256 >256 [129–134]
N-Hydroxypropyl chitosan 31.3 31.3 [129]
N-Aminoethyl chitosan 62.5 125 [131]
N-Ethyl chitosan 64 32 [132]
N-Dodecyl chitosan 128 64 [132]
2-Hydroxy-3-trimethylammonium
chitosan 31.25 7.8 [133]

Sulfadiazine chitosan — 30 [134]
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bacterial resistance. Compared with nonmodifiedmolecules,
the derivatives show stronger antibacterial activity after
proper chemical and nanoparticle modification. As an al-
ternative strategy, the development of antibacterial agents
composed of biomolecules may provide a new way to avoid
the current antibiotic resistance. Great progress and
achievement have been made in understanding the anti-
microbial mechanism with functional biomolecules in vitro.
Some reports have shown significant efficacy in animal
models of infection using doses in a clinically relevant range.
We think that the future is bright for new antibacterial
agents composed of functional biological molecules that has
great potential in effect and are safe and nonresistant.
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F. Garćıa-Olmedo, “Snakin-1, a peptide from potato that is
active against plant pathogens,” Molecular Plant-Microbe
Interactions, vol. 12, no. 1, pp. 16–23, 1999.

[92] P. Baindara, V. Chaudhry, G. Mittal et al., “Characterization
of the antimicrobial peptide penisin, a class ia novel lanti-
biotic from paenibacillus sp. strain A3,”Antimicrobial Agents
and Chemotherapy, vol. 60, no. 1, pp. 580–591, 2016.

[93] Y. Urade and O. Hayaishi, “Biochemical, structural, genetic,
physiological, and pathophysiological features of lipocalin-

Journal of Chemistry 11



type prostaglandin D synthase,” Biochimica et biophysica
acta, vol. 1482, no. 1-2, pp. 259–271, 2000.

[94] J. T. Henderson, A. L. Chopko, and P. D. van Wassenaar,
“Purification and primary structure of pediocin PA-1 pro-
duced by Pediococcus acidilactici PAC-1.0,” Archives of
Biochemistry and Biophysics, vol. 295, no. 1, pp. 5–12, 1992.

[95] P. K. Singh, S. Sharma, A. Kumari, and S. Korpole, “A non-
pediocin low molecular weight antimicrobial peptide pro-
duced by Pediococcus pentosaceus strain IE-3 shows in-
creased activity under reducing environment,” BMC
Microbiology, vol. 14, no. 1, p. 226, 2014.

[96] J. Borrero, D. A. Brede, M. Skaugen et al., “Characterization
of garvicin ML, a novel circular bacteriocin produced
byLactococcus garvieaeDCC43, isolated from mallard ducks
(Anas platyrhynchos),” Applied and Environmental Micro-
biology, vol. 77, no. 1, pp. 369–373, 2011.
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