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Abstract Chitosan is an abundant naturally sourced polymer that exhibits coveted
properties of biodegradability, bioactivity, non-toxicity, and polycationic character
and their significant antimicrobial, antitumor, antioxidative, anticholesterolemic,
hemostatic, and analgesic ramifications. Chitosan-based nanoparticles have revo-
lutionized antibacterial dispersions owing to their capacity to amplify the action of
the parent chitosan’s inherent effect. The degree of deacetylation of parent chitosan,
molecular weight as well as concentration and size of nanoparticles is the various
factors affecting its activity. The proof of its versatility has been its crucial appli-
cations in per-oral administration of drugs, delivery of parenteral drugs, delivery of
vaccines, delivery of non-viral genes, delivery of brain targeting drugs, delivery of
mucosal drugs, delivery of ocular drugs, instability improvement in controlled drug
delivery of drugs, and tissue engineering. Chitosan-based system efficacy in both
organic and inorganic formulations has been favored by its polycationic character
which interacts with the negatively charged residues of macromolecules at the exte-
rior. There are numerous pieces of evidence enumerating chitosan-based nanopar-
ticles’ antibacterial properties involving testing against detrimental microbes like
Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylo-
coccus aureus. Currently accelerated development of chitosan-based nanoparticles
is being carried out in the medical industry for the creation of improved wound dress-
ings, dental and orthopedic mediums, and drug delivery carriers, in defense against
plant pathogens, and in the food packaging industry which has increased its relevance
in the mainstream.
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Abbreviations

APDI antimicrobial photodynamic inactivation
ChNP chitosan nanoparticles

M cell membrane

CS chitosan

CS composite films

CSF-Chi-NPs  colony stimulating factor chitosan-based nanoparticles
CS-NPs chitosan nanoparticles

DD degree of deacetylation

DS degree of substitution

EOs essential oils

GM-CSF granulocyte-macrophage colony-stimulating factor
HMw high-molecular-weight

LDPE low-density polyethylene

LMw low-molecular-weight

LPS lipopolysaccharide

MBC minimum bacterial concentration

MB methylene blue

MIC least inhibitory concentration

MWs molecular weight

NHCS N-hexanoyl chitosan

NPN N-phenyl-1-naphthylamine

oM outer membrane

OmpA outer membrane protein A

QCh/PVP quaternized chitosan/polyvinylpyrrolidone
RR reactive dye

TA teichoic acid

1 Introduction of Chitosan-Based Nanocomposites

Public health concerns about pathogenic microorganisms have surged recently. This
in turn has increased the demand for safe and effective treatments that are less likely
to promote resistance development. Due to this urgent need, nanotechnology has
emerged to play a significant role, owing to its potential to amplify the efficacy of
antibacterial treatment, molecular biology, pharmaceuticals, cell biology, and detec-
tion methods that have all seen significant advances. Chitosan-based nanosystems
have piqued interest over the years because of their adaptability, biocompatibility,
and biodegradability, particularly for the construction of mixed systems with better
attributes. Chitosan’s antibacterial action has been used in a variety of applications,
spanning from agriculture to biomedicine [1].
An ideal antimicrobial material should be
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(1) synthesized quickly and cheaply,

(2) robust in repeated applications and preservation at the appropriate application
temperature,

(3) be insoluble for the purpose of water treatment,

(4) does not breakdown into harmful compounds or create them,

(5) it should not be poisonous or annoying to individuals who handle it,

(6) regeneratable when activity is lost, and

(7) biocidal to a broad spectrum of bacteria [2, 3].

Chitosan has long been known for its extraordinary characteristics, and it has
been utilized in agricultural fields, industry, and medicinal drugs. In the field of
agriculture, the characterization of chitosan is an antiviral for plants, a component of
liquid multicomponent fertilizers, and an agent for metal-recovery in agriculture and
industry [4]. It has been used in cosmetics as an agent for film-formation, a dye binder
for textile, a paper strengthening addition, as well as a hypolipidemic diet ingredient.
There has been a wide use as a biomaterial owing to its immuno-stimulatory qualities,
anti-coagulant capabilities, antibacterial and antifungal activity, and activity serving
as a wound-healer in the case of surgery.

Chitosan is nature’s second most abundant polysaccharide. It has regained appeal
to the fact that bacteria have not developed resistance to it. Chitin and its deriva-
tives are water-insoluble as well as hydrophobic natural bio-polymers that have been
proven to be biocompatible and biodegradable. Chitin is formed of -(1,4)-linked
2-acetamido-2 deoxy—D-glucose, whereas chitosan is a 1,4-linked 2-amino-deoxy-
D-glucan produced from partial N-deacetylation of chitin [5]. Chitin’s deacetylation,
a polysaccharide abundantly distributed in nature (like in crustaceans, insects, and
fungi), is a simple way to get it. Because of its low solubility in aqueous mediums,
chitin is less likely to be appropriate for commercial use. It is a polymer constituted up
of acetylamino-D-glucose units, whereas its chemical composition is more difficult
to determine. It generally refers to a collection of polymers that have their molec-
ular weight and degree of deacetylation determined by the sugar units’ number per
polymer molecule (n) [6]. Despite the fact that the degree of deacetylation impacts
chitosan’s solubility in aqueous mediums, it is soluble in acidic solutions and very
feebly soluble in weak alkaline solutions [7]. There are many techniques to investi-
gate the antibacterial activity of the polymer and its derivatives that have resulted in a
myriad of physical forms of chitosan, ranging from the original solution employed in
agriculture activities to film configuration in the food industry and universal medic-
inal nanostructured substances. The insertion of a polyanion such as tripolyphosphate
(TPP) under constant stirring in a chitosan solution can easily produce chitosan
nanoparticles (ChNP). When compared to the parent chitosan, these nanoparticles
show more activity. Chitosan has antimicrobial properties that include bacteria, fila-
mentous fungus, yeast, and even viruses. ChNP has been shown to exhibit antibacte-
rial action against E. coli, S. aureus, S. mutans, Salmonella typhimurium, Salmonella
choleraesuis, and Pseudomonas aeruginosa in studies [8—11].
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2 Mode of Action

Even though chitosan and its derivatives’ exact processes behind the antibacterial
characteristics are unknown, its antibacterial action is recognized to also be regu-
lated by several factors that operate sequentially and distinctly. According to common
opinion, the existence of amine groups (NH3%) in glucosamine is the fundamental
property of chitosan’s ability to interact with surface components of many bacteria
that are negatively charged, producing substantial changes to the cell surface and
ultimately cell death [12]. Gram-positive bacteria’s teichoic acid and gram-negative
bacteria’s lipopolysaccharide are both important in chitosan binding in this situa-
tion, and disruption of cell wall dynamics resulted in changes and instability in cell
membrane function [13]. According to a study by Jeon [14], the antibacterial activity
of the chitosan microparticles is executed through microparticle binding to bacteria.
In a binding assay examination, the researchers used CM-coated glass slides with the
E. coli O157:H7 as a bacterial study. Scientists conducted several tests to identify the
specific target for chitosan microparticles binding after demonstrating that contact
was required for bactericidal effects, hypothesizing that surface-exposed proteins
were the primary targets. They discovered that the Omp A protein, which is present
on the outer membrane, was involved in the binding process using gene deletion
procedures [14].

Antibacterial mechanisms begin at the cell surface and destroy the cell wall or
the outer membrane to start with, even though gram-negative and gram-positive
bacteria have distinguishable cell walls. Lipoteichoic acid has the potential to form
a molecular connection with chitosan on the cell surface, permitting it to damage
membrane functions in gram-positive bacteria [15]. Electrostatic exchanges with
divalent cations maintain the gram-negative bacteria’s outer membrane together,
which is required to maintain the outer membrane stable [16]. Because the pH of
chitosan and its derivatives is below the pKa, polycations may contest with divalent
metals for mixing with polyanions. As the pH climbs over pKa, it shifts to chela-
tion. Mg?* and Ca”* ions exchange in the cell wall is likely to interrupt cell wall
stability or alter degradative enzyme function. Several methods have been employed
to illustrate the disruption of cell wall integrity. A hydrophobic probe, N-phenyl-1-
naphthylamine (NPN), in general, is excluded from the outer membrane. N-phenyl-
1- naphthylamine can divide into perturbed outer membrane. When outer membrane
is functionally damaged invariably in nanoindentation tests, the slopes of the deflec-
tion curves for E. coli and S. aureus administered with chitosan oligomers were
less than for the bacteria which were not treated, indicating that cell indentation
or cell compaction had happened as a result of less rigid cells after the treatment
[17]. The studies suggest that cell walls are weakened, either as a consequence of
cell wall destruction or as a result of cell lysis. When the protective covering of the
cell wall is lost, the cell membrane becomes vulnerable to the environment. As a
result, the processes of the cell membrane can be modified, and the permeability
of the membrane can be substantially compromised [13]. The permeability of the
cell membrane, which in itself is a negative charge phospholipid bilayer, can vary
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significantly when chitosan comes into touch with it. The bacterial surface charge
is soon neutralized and even reversed by the binding [18]. Additional interactions
might denature protein molecules and allow phospholipid bilayer invasion. Increased
membrane permeability causes cell membrane instability and intracellular substance
leakage, resulting in cell death. This significant alteration in the nature of membrane
proteins is believed to play a role in antibacterial activities as of yet.

3 Factors Affecting chitosan’s Antibacterial Activity

Chitosan’s antibacterial action is determined by a variety of intrinsic and extrinsic
variables. The degree of deacetylation and molecular weight of parent chitosan, along
with the concentration and size of the nanoparticles, is all intrinsic variables. pH,
temperature, and reaction time are examples of external variables (Fig. 1).
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Fig. 1 List of the various factors that affect the activity of chitosan-based nanoparticles
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3.1 Concentration of Chitosan

At lower concentrations, chitosan binds to negatively charged cell surfaces and
disrupts the cell membrane, enhancing cell death by facilitating intracellular compo-
nent leakage, whereas, at higher concentrations, protonated chitosan covers the cell
surface and blocks intracellular component outflow. Agglutination is also deterred
because positively charged bacterial cells resist one other. [19]. By uniformly
ingraining 1, 3, and 5% chitosan (w/w) in low-density polyethylene (LDPE) matrix,
an antimicrobial packaging material was created [20]. The antibacterial effectiveness
of LDPE/chitosan composite (LDPE/CS) films on virgin LDPE films was shown in
an E. coli assay. Virgin LDPE and 1%, 3%, and 5% LDPE/CS films were tested
as chill-stored tilapia packaging films, and samples packaged in LDPE films were
rejected by the seventh day, whereas fish sealed in 1%, 3%, and 5% LDPE/CS coat-
ings were fine for up to 15 days. 3% LDPE/CS films had more improved physical and
antibacterial qualities and enhanced the maintained quality of tilapia steaks while it
was in chilled storage, as compared to other films [21].

3.2 Molecular Weight

When it pertains to the association between bactericidal activity and chitosan’s molec-
ular weight, several studies on chitosan’s bactericidal effect have generated inconsis-
tent results. In some investigations, increasing chitosan Mw resulted in lower chitosan
activity against E. coli while in others, high-Mw (HMw) chitosan was found to be
more active than low-Mw (LMw) chitosan. Furthermore, regardless of Mw, activity
against E. coli and Bacillus subtilis were shown to be identical [22]. Despite the
fact that the limited availability of the results on various bactericidal activity in the
case of LMw chitosan was equivalent depending on the bacterial strains used, for
the biological testing circumstances, and related chitosan Mw, the results were not
consistent. For example, 9.3 kDa chitosan inhibits E. coli growth, while 2.2 kDa
chitosan promotes it. In addition, LMw chitosan (4.6 kDa) and its derivatives had
superior antibacterial, yeast, and fungicidal activities [13].

3.3 Positive Charge Density

The part of the polycationic structure in antibacterial activity has been sufficiently
documented. Powerful electrostatic contact is driven by a bigger positive charge
density. The positive charge is correlated to the degree of substitution (DS) of chitosan
or its derivatives, which influences positive charge density. To some degree, chitosan
microspheres with a high DD (97.5%) have a larger positive charge density that
causes stronger antibacterial action on Staphylococcus aureus at a pH of 5.5 than
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those with a moderate degree of deacetylation (83.7%) [23]. According to one study,
a greater degree of deacetylation with a more positive charge was notably effec-
tive in preventing S. aureus growth, implying that chitosan’s antibacterial efficacy
against S. aureus was boosted with greater DD [15]. The antimicrobial action of
chitosan derivatives is mainly defined through the grafting groups’ DS. The antibac-
terial activity of water-soluble N-alkylated disaccharide chitosan derivatives against
Escherichia coli and Staphylococcus aureus was examined, and it was found that
the DS of disaccharides and the kind of disaccharide present in the molecule affect
the antibacterial activity of chitosan derivatives [24]. In regard to the exact study, a
DS of 30—40% induced the most powerful antibacterial activity against E. coli and
S. aureus, regardless of the type of disaccharide linked to the chitosan molecule,
among the myriad chitosan derivatives, the two bacterias are especially vulnerable
to cellobiose chitosan derivative DS 30—40% and maltose chitosan derivative DS
30-40%, respectively [13].

3.4 Hydrophilic/Hydrophobic Characteristic

Water is required for antimicrobial agents to act, regardless of their type or amount.
For needed to commence contact, completely dry samples are almost impossible to
liberate the energy contained within chemical bonds. Hydrophilicity and hydropho-
bicity are terms that describe how chitosan interacts with bacteria and are also affected
by the aqueous environment. Chitosan’s hydrophilic properties have a significant
impact on its water solubility. Because of its low-water solubility, chitosan’s appli-
cation is restricted [25]. Chemical changes are effective in increasing the solubility of
chitosan and its variants in water and expanding its applications [26]. Saccharization,
acylation, quaternization, and metallization have all been used to make water-soluble
chitosan and its derivatives, which have always been a primary focus of antibacte-
rial studies research. Quaternary ammonium chitosan, for example, could be made
by attaching a quaternary ammonium group to a dissociative hydroxyl or amino
group. The antibacterial capabilities of chitosan and its derivatives are influenced by
the hydrophilic-lipophilic variance. The hydrophobicity of NHCS 0.5 (N-hexanoyl
chitosans, with a molar ratio of 0.5 when compared to chitosan residue) is believed
to be responsible for its increased inhibitory impact [27, 28]. The inclusion of a
long aliphatic chain promoted the absorption and boosted the effects of a substituted
LMW chitosan, N/2(3) -(dodec-2enyl) succinoyl/chitosans, onto the cell walls using
hydrophobic contact with cell wall proteins in another study [13].

3.5 Chelating Capacity

In acidic circumstances, chitosan has a sufficient chelating ability for numerous
metal ions (containing Ni*?, Co*?,Zn’*, Mg?*, Fe?*, and Cu2+), and it is been widely
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used to remove or recover metal ions in a variety of industries [29]. The metal ions
that react with the cell wall constituents of the microorganism are important for the
stability of the cell wall. The chelation of these metal ions by chitosan has been
proposed as a potential method of antibacterial action [30]. Chelation is competent
for blending divalent metal ions in neutral conditions and also in acid conditions.
Further, the chitosan metal complex is developed by chelating capacity and has
substantial antibacterial action [13].

3.6 pH

Chitosan’s antibacterial action is pH-dependent. Since chitosan is readily soluble
in acidic conditions, thus it becomes polycationic when the pH goes under the
molecule’s pKa (6.3-6.5), it may be used in a variety of applications [31]. It is
been stated that chitosan possesses antibacterial properties exclusively in an acidic
environment, although it has not been proven. At lower pHs, chitosan has a stronger
inhibitory impact, and as the pH rises, the inhibitory effect weakens. The presence of
a large number of positively uncharged amino groups, and also chitosan’s poor solu-
bility, might explain why chitosan is unable to kill bacteria at pH 7 [32]. However,
according to some workers, chitosan and its derivatives fully lose their antibacterial
activity under neutral conditions, which may not be entirely accurate. Under neutral
conditions, a novel technique for antibacterial study using chitosan microspheres
(CM) in a solid dispersion system revealed that the CM sample with DD of 62.6%
exerted the only inhibitory effect among the three DD (97.5, 83.5, 62.6%) [11]. The
characteristics of native chitosan were preserved in the CM samples used in this study.
Another study found that the antibacterial activity of N-alkylated chitosan derivatives
(DS 30-40%) against E. coli increased as the pH climbed from 5.0 to 7.0-7.5, with a
peak around 7.0-7.5 [33]. These findings also show that a positive charge on amino
groups is not the only thing that causes antibacterial activity. However, nothing is
known about chitosan’s antibacterial action in alkaline environments [13].

3.7 Ionic Strength

Any changes in the ionic strength of a medium can affect the inhibitory effect of
chitosan, which is presumably due to two different mechanisms. Firstly, a gain in
metal ions, mainly divalent ions, can lower chitosan’s chelating capability’s efficacy.
The inhibitory ratio of chitosan samples reduced dramatically when 0.05 mol/L
magnesium ions were added to the medium, resulting in abrogated antibacterial
action [23]. In another study, divalent cation doses of 10 and 25 mM reduced shrimp
chitosan’s antibacterial effectiveness against E. coli in comparison with Ba. Further-
more, when compared to Ba?*, Mg?*, Ca?*, and metal ions decreased, the antibac-
terial action of chitosan was the most successful when the Zn?* and Ca®* ions were
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added [34]. Secondly, along with polycationic chitosan, cations already present in
the medium may compete with the negative components that predominate on the
bacterium’s cell wall, reducing antibacterial efficacy. The antibacterial effectiveness
was also modified by the addition of anion [13].

3.8 Physical State

Chitosan’s antibacterial activity is the outcome of many reactions rather than the
driver of them. Interaction of chitosan molecules with the cell wall helps in producing
processes. The morphology of molecules determines the effectiveness of processes.
Similarly, chitosan’s physical state, which dictates molecular form, has a massive
effect on its antibacterial action [13].

3.8.1 Soluble State Antimicrobial Activity

The dissociating form of soluble chitosan in solution as a dissociating form allows for
sufficient reactivity with the counterparts and brings all of the possibilities to life. This
explains how soluble chitosan and its variations are often more efficient in inhibiting
bacterial growth than insoluble chitosan and its variants [34]. The least inhibitory
concentration (MIC) of chitosan derivatives is much lower than that of native chitosan
against all tested bacteria. Meanwhile, soluble chitosan and its derivatives are readily
affected by both external and intrinsic influences due to their substantial contact
with the solution. In one study, Maillard reaction-produced chitosan derivatives
(chitosan, fructose, glucose, glucosamine, and maltose) improved the solubility of
native chitosan [34]. Incorporating hydrophilic groups into the molecule, such as in
quaternary ammonium chitosan, is yet another important way to improve chitosan
solubility. After quaternization, the derivative exhibits more solubility in water and
better antibacterial activity than chitosan [13].

3.8.2 Solid State Antimicrobial Activity

Solid chitosan, unlike soluble chitosan, only comes into contact with a solution
through the surface, such as fibers, hydrogels, membranes, microspheres as well as
nanoparticles. The hydrogels are created by covalently cross-linking chitosan with
itself. Several initiatives have lately been made to produce chitosan particle systems
capable of forming large reactive surface areas as a dispersion in solution. As its
physical condition alters, its antibacterial potency will surely vary. Nanoparticles
have a weaker inhibitory effect on S. aureus ATCC 29737 than polymers in free
soluble form because they have less positive charge available to attach to the negative
bacterial cell wall [35]. Another study discovered that chitosan nanoparticles have
more antibacterial activity than chitosan due to the nanoparticles’ unique properties,
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such as their larger surface area and increased affinity with bacterial cells, resulting
in a quantum-size effect [13].

3.9 Temperature and Time

Composing chitosan mixtures in mass and reserving them for future use in commer-
cial applications would have been viable. With preservation, chitosan parameters like
viscosity and MW may alter. Due to this, a chitosan solution’s viscosity should be
regulated since it might further change the solution’s other operational properties.
Chitosan solution’s stability (MW of 2025 and 1110 kDa) and its antibacterial effec-
tiveness on gram-positive (Listeria monocytogenes and S. aureus) and gram-negative
(E. coli and Salmonella enteritidis) bacteria were analyzed after 15 weeks of storage
at the temperatures 4 °C and 25 °C [36]. The antibacterial action of chitosan solutions
was greater before storing than after 15 weeks. Chitosan solutions held at 25 °C had
an antibacterial effect equivalent to or less than those kept at 4 °C. The sensitivity
of E. coli to chitosan expanded as the temperature was increased from 4 to 37 °C in
one investigation, implying that low-temperature stress might change the cell surface
configuration in a manner that diminished the number of surface binding sites (or
electronegativity) for chitosan derivatives [13].

3.9.1 Microbial Factors

Microbial Species

Despite its broad antibacterial activity, chitosan has varying inhibitory efficacy
against fungi, gram-positive, and gram-negative bacteria. They display antifungal
properties by inhibiting the process of spore germination as well as sporulation [37].
By contrast, the antibacterial activity mode is a complicated process that differs
between gram-positive and gram-negative bacteria caused by changes in cell surface
features. In many investigations, pH values of gram-negative bacteria were found
to have stronger antibacterial activity than gram-positive bacteria [38, 39], whereas
gram-positive bacteria were found to be more vulnerable in another, probably due
to the gram-negative outer membrane barrier. Regardless, multiple studies identified
no significant differences in antibacterial activity and microbes. Varied initial reac-
tion materials and settings influence the various outcomes. Based on present data,
bacteria appear to be less responsive to chitosan’s antibacterial activity than fungus.
Chitosan has a higher antifungal effect at low-pH values [13, 40].

e Part of Microorganism

Gram [SG1]-negative bacteria have a lipopolysaccharide (LPS)-containing outer
membrane (OM). The bacteria have a hydrophilic outer surface as a result of this,
electrostatic interactions between divalent cations alter the overall stability of the LPS
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layer due to anionic groups (phosphate, carboxyl) in the lipid components and inner
core of LPS molecules. When these cations are removed by chelating substances like
ethylenediaminetetraacetic acid, the OM is destabilized, resulting in the release of
LPS molecules.

Gram-negative bacteria are often resistant to hydrophobic medicines as well as
hazardous pharmaceuticals since OM acts as a penetrating barrier against macro-
molecules and hydrophobic chemicals. As aresult, any material that wishes to exhibit
bactericidal activity against gram-negative bacteria must first overcome the OM [23]
teichoic acid (TA) and peptidoglycan (PG) that make up gram-positive bacteria’s
cell wall. TA is a polyanionic polymer that traverses the cell wall of gram-positive
bacteria to make touch with the PG layer. They can be covalently attached to the N-
acetylmuramic acid in the peptidoglycan layer. Teichoic acids and glycolipid remain
anchored into the cytoplasmic membrane’s outer leaflet forming lipoteichoic acids
(LTA).

Because the OM works as a penetrating barrier against macromolecules
and hydrophobic substances, gram-negative bacteria are generally immune to
hydrophobic medicines and hazardous medications. The poly (glycerol phosphate)
anion groups in TA are responsible for the cell wall’s structural integrity. Further-
more, it is essential to the functioning of a variety of membrane-bound enzymes.
In gram-negative bacteria, TA’s counterpart LPS has a comparable effect on the cell
wall [15].

Cell Age

The age of a cell can affect antibacterial effectiveness for a certain microbial species.
S. aureus CCRC 12657, for example, is particularly vulnerable to lactose chitosan
derivative mostly in the late exponential phase, with really no viability observed
following 10 h of incubation. Cells mostly in mid-exponential and late-stationary
stages, on either hand, had less population decline in cell viability. Modifications in
cell surface electrical negativity are thought to alter with the growth phase, which
may also contribute to variances in cell sensitivity to chitosan. In comparison, mid-
exponential E. coli O157:H7 cells have been the most vulnerable, while stationary
phase cells have been the least sensitive. Because the surface charge of microbial
cells depends greatly upon the microbe, the inconsistencies were attributed to the
microbial species studied [41].

4 Complexes of Chitosan with Certain Materials

To improve the antibacterial effect, chitosan materials containing certain compo-
nents might be produced. The use of essential oils (EOs) in chitosan-based coatings
has attracted agricultural researchers’ attention owing to these volatile molecules’
bactericidal and fungicidal properties [42]. EOs like carvacrol, clove, lemongrass,
and oregano have recently been properly integrated into the chitosan, demonstrating
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high-antibacterial activity. Also, researchers [43] showed that chitosan and cinnamon
EOs had unique compatibility, with their integration improving the antibacterial
characteristics of chitosan. Cinnamon essential oils are effective for covering highly
perishable foods like fish and chicken.

The structure of the chitosan/metal complexes is usually determined by the molar
ratio of the chitosan to metal ions, the kind of the molecular weight, metal ion and
preparation circumstances, as well as the deacetylation of chitosan [21].

4.1 Antimicrobial Activity of Chitosan/Metal
Nanocomposites

Chitosan and metals were combined to create novel nanocomposite materials having
modified microbicidal characteristics [44]. Silver, gold, and copper-loaded chitosan
nanoparticles, in particular, are shown to have a wide range of activity against gram-
positive and gram-negative bacteria. Metal ion solutions were added to chitosan
nanosuspension to create these nanoparticles, and a soluble metal salt was reduced in
the existence of chitosan solutions [45]. The most commonly studied metal/chitosan
complexes are silver-based nanocomposites, researchers integrated chitosan films
with Ag nanoparticles or Ag" ions at varying concentrations and examined those
for antibacterial activity against S. aureus and E. coli to see whether the occurrence
of silver as metallic nanoparticles or ions had been responsible for the increased
antibacterial effect of the silver-based chitosan composite materials. They demon-
strated that chitosan films with 1% w/w silver nanoparticles or 2% w/w silver ions
had the highest antibacterial effect, indicating that Ag/chitosan nanoparticles seem
to be more effective than Zn ions or Ag*? [46]. Different types of chitosan-based
nanocomposites have been mentioned in Table 1.

4.2 Chitosan Nanoparticles’ Antimicrobial Activity
in Bacterial Biofilms

In biofilms, microbial populations are encased in a sticky extrinsic polymer matrix.
Antimicrobial agents are substantially more resilient to microorganisms in biofilms.
Antibiofilm activity of natural biological substances is now being investigated
to find alternative preventive or treatment strategies. In this regard, anti-biofilm
characteristics of chitosan-streptomycin conjugates/gold nanoparticles then were
assessed against gram-negative S. typhimurium and P. aeruginosa as well as gram-
positive Listeria monocytogenes and S. aureus [47]. Gram-negative and gram-
positive bacteria biofilms were disrupted by the chitosan-streptomycin gold nanopar-
ticles, which also inhibited the production of gram-negative bacteria biofilms. Strep-
tomycin was conjugated to chitosan and gold nanoparticles, which made it easier
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Table 1 List of all the different forms of chitosan nanocomposites with their various applications

in different fields

Name of Form of chitosan | Distinct Crucial properties | References
nanomaterial nanocomposites | application
created
Ag nanoparticles | Thin film coating | Antibacterial Inactivation Susilowati and
on bandage activity against | bacterial Ashadi [118]
E. coli and S. metabolism
aureus
Graphene oxide Thin film Antimicrobial | Improved Grande et al.
against E. coli | mechanical and [119]
and R. subtilis | antimicrobial
properties
Bentonite and Thin film Application in | Increased Benucci et al.

sepiolite winemaking immobilization of | [120]
protease although
negatively affected
catalyzation
Sulfamethoxazole | Nanoparticle drug | Antibacterial Synergistic activity | Tin et al. [121]
activity against | with
P. aeruginosa | sulfamethoxazole
Clarithromycin Nanoparticle drug | Works against | Shows antibacterial | Golmohamadi
S. aureus activity etal. [122]
Ciprofloxacin Nanoparticle drug | Works against | Stops the growth of | Sharma et al.
Chlortetracycline E. coli and S. gram-positive and | [123]
Hydrochloride aureus gram-negative
Gentamycin bacteria
sulfate
Azithromycin Nanoparticle drug | Effective Shows great Brasil et al.
Levofloxacin against E. coli | antibacterial effects | [124]
Tetracycline S. aureus
Rifampicin Nanoparticle drug | S. epidermidis | Stops bacterial Ong et al. [125]
Ciprofloxacin biofilm and
Vancomycin demonstrates
Doxycycline synergism with
Gentamicin antibiotics

for it to penetrate the biofilm matrix and promote bacterial interaction. Chitosan
nanoparticles can also be used for photodynamic activation. The effectiveness of
chitosan nanoparticles in methylene blue (MB)-mediated antibiotic photodynamic
inactivation (APDI) of P. aeruginosa and S. aureus biofilms was investigated [48].
Chitosan nanoparticles increased the efficacy of MB-APDI by disturbing biofilm
formation and enabling MB to probe deeper and much more efficiently into biofilms
of P. aeruginosa and S. aureus [48]. Biofilm forms on the enamel surface as a result of
oral infections, which have been related to human caries, gingivitis, and periodontitis.
To combat the biofilm, chitosan nanoparticles were utilized.
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4.3 Chitosan Nanoparticles Loaded with Antibiotics or Other
Microbicidal Substances Possessing Antimicrobial
Activity

Chitosan has been used to transport both synthetic and biological chemicals with
the goal of increasing or modulating their antimicrobial properties. Antibiotics
were internalized inside cells infected with intracellular bacteria or their efficiency
versus multiresistant bacteria was boosted using chitosan nanoparticles. In partic-
ular, researchers discovered that ceftriaxone sodium was absorbed better by Caco-2
and J774.2 (macrophages) cells when it was encapsulated in chitosan nanoparticles,
as well as that these nanoparticles had a stronger intracellular antibacterial action
against S. typhimurium than with the drug in the solvent [49]. Tetracycline-loaded
O-carboxymethyl chitosan nanoparticles were used in a similar [50] study, and the
drug-loaded nanoparticles were reported to boost antibiotic effectiveness versus S.
aureus. Jamil et al. investigated the efficiency of cefazolin-loaded chitosan nanopar-
ticles against multiresistant gram-negative bacteria such K. pneumoniae, E. coli, and
P. aeruginosa. As per the agar well-shared understanding and microdilution broth
test, the drug-loaded chitosan nanoparticles exhibited antibacterial activity against
the three pathogens which were stronger than cefazolin in solution. Antimicrobial
peptides and proteins have recently been incorporated into chitosan nanoparticles.
Among these compounds, lysozyme has attracted much interest since it is used as a
preservative in food and medicines [51], while the amphiphilic peptide temporin B
has been demonstrated to be beneficial against various bacterial species [51, 52].

5 Applications of Chitosan-Based Nanosystems’
Antimicrobial Activity

5.1 Antimicrobial Agent

In the past several years, chitosan-based nano systems have drawn attention for their
compatibility, degradability, and diversity, particularly for the formation of mixed
systems with better attributes. Chitosan-based systems’ antibacterial activity has been
used in a variety of applications, spanning from agriculture to biomedicine [53]. The
following parts describe the advancements of chitosan-based nanoparticles in the
areas of wound healing, textiles, and food packaging. Nanoparticle-based material’s
antibacterial properties are also useful in a variety of medical applications like burn
and wound dressings, filters, medical devices, and materials used in dental plaque
reduction [41] (Fig. 2).

When scientists were researching antimicrobials in nature to replace synthetic
chemicals, they came across chitosan and chitosan nanoparticles. The antimicrobial
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APPLICATIONS OF CHITOSAN-BASED
NANOPARTICLES

Industry

Wound

Fig. 2 List of the multifaceted applications of chitosan-based nanoparticles

activity of chitosan is the result of the interaction of negatively charged phospho-
lipid of the plasma membrane with the positively charged chitosan, altering cellular
permeability and ultimately resulting in cell death. Chitosan’s ability to chelate metal
ions, well explains its antibacterial characteristics. Chitosan has the ability to pass
through the cell wall and bind with DNA and inhibit transcription. Chitosan nanopar-
ticles can also be formed by decomposing chitosan with hydrogen peroxide. To make
antimicrobial paper, after combination with pulp, it was impregnated, dispersed as
a coating on hand sheets, and insufflated. Staphylococcus aureus and E. Coli were
discovered to be the most resistant bacterial species to the paper generated by insuf-
flations [54]. Qi et al. (2004) investigated chitosan NP and ChNP loaded with copper
against E. coli, S. aureus, S. choleraesuis, and S. typhimurium, in vitro [8]. According
to the findings, the activity of all the bacteria was suppressed far. Their MBC values
exceeded 1 Ig/ml, and their MIC values were less than 0.25 lg/ml. Aspergillus niger
and Candida albicans were resistant to low-molecular weight ChNP, and Fusarium
solani was resistant to high-molecular weight ChNP [55].

5.2 Wound Dressing

Studies that were done in vivo revealed that wounds closed completely when coated
with the granulocyte—macrophage colony-stimulating factor and sargramostim
chitosan-based nanoparticles composites and complete re-epithelialization after
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13 days and only 70% reduction in wound size was observed when the wound was
treated with normal saline.

Further, as compared to Chi-NPs composite treated wounds, the GM37 CSF-
Chi-NPs treated wounds had enhanced re-epithelialization, lower inflammation, and
fast growth of formation of granular tissue. So, GM-CSF was observed to have an
enhanced effect on the wound healing process [56].

The activity of the nanoparticles in the wound area depends on the size of Chi-
NP. Nanoparticles less than 100 nm can be eliminated from the wound region by
migrating to the systemic circulation. As a result, Chi-NPs having particle sizes of
more than 100 nm can treat the wound more effectively.

The promotion of healing of wounds in a moist environment at the wound site
can be achieved by the application of CSF-Chi-NP. Further, as compared to normal
saline and Chi-NPs, the GM 37-CSF-Chi-NPs composite demonstrated fastened
wound healing, reduction in inflammation, improved granular tissue synthesis, and
reformation of epithelial tissue [56].

5.3 Antibacterial Activity Against Plant Pathogens

Chitosan-based nanoparticles may have a long-term and consistent effect on plant
development and protection. CS has been used to lower the severity of phytopathogen
diseases and to increase plant innate immunity [57, 58]. CS’s antibacterial and
immune-stimulating qualities make it an effective antimicrobial product for the
control of plant diseases. Nanotechnology is a promising field for developing mate-
rials to combat pathogens affecting plants. Cu-CS-NPs are believed to be a promising
composite for an increase in plant growth and protection. They are a very effective
antibacterial agent because of their outstanding ability to endure pathogenic attacks
on plant growth. The inhibition of phytopathogenic bacteria by CS and CS-based
NPs has been studied [59, 60]. 1129 kDa, DD 85 peCS-NPs may have a long-term
and consistent effect on plant growth and development. The bacteria Xanthomonas,
which causes bacterial leaf spots on Euphorbia pulcherrima, was significantly inhib-
ited when treated with chitosan at a dose of 0.10 (mg/mL) [61]. By treating and
soaking of seeds of tomato plants at 10.0 (mg/mL), bacterial wilt caused by Ralstonia
solanacearum was decreased to 48% and 72%, respectively [62]. Similarly, leaf
diseases in rice produced by different species of X. oryzae pv. were suppressed by
treatment of leaves (0.20 mg/mL) with two distinct CS solutions, i.e., solution-A
of MW 1129 kDa, DD 85%, and solution-B of 607 kDa, DD 75% [63]. In another
study, it was found that spraying solution-A on leaves of Acidovorax citrulli which
causes fruit blotch of watermelon reduced the disease severity significantly [64].
The synthesis, evaluation, and testing of the antibacterial efficacy of CS/TiO,
NPs were done in rice pathogen X. oryzae pv. Oryzae by Li et al. [60]. Significant
inhibition of bacteria Xanthomonas species over E. pulcherrima was observed [61].
Further, the severity of bacterial speck disease by P. syringae pv. in tomato was
greatly reduced when tomato seedlings were treated with CS which confirmed the
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role of CS as a non-toxic biopesticide [58]. CS-NPs have high-antibacterial action
against P. fluorescens and Erwinia carotovora, two bacteria that cause soft rot [65].
CS-NPs effectiveness was observed by Esyanti et al. in chili peppers for lowering
the disease severity of X. campestris and so can be considered as a bactericidal agent
[66]. Antibacterial activity of three strains of pathogenic bacteria like E. carotovora
subsp. carotovora and one strain of X. campestris pv. vesicatoria was studied by Oh
et al. [67]. The Ag-NP-CS had remarkable antibacterial activity when tested for R.
solanacearum which causes tomato wilt [68]. It was also observed in another study
that NPs derived from CS including Ag-NPs extracted from leaves were a long-term
and good alternative in agriculture. These findings substantiate the use of CS-NPs
for better crop yield and for the control of phytopathogens without causing any harm
to soil properties or the environment [69]. The potential of ChNP to act as a coating
material for prolonging the shelf life of tomato, chili, and brinjal was also studied.
The addition of ChNP to soil boosts microbial populations while also improving
nutrient availability. ChNP has been approved as a growth promoter, speeding up
seed germination, plant growth, and agricultural yield. ChNP is an antimicrobial
compound that works against a variety of bacteria, viruses, fungi, and bacteria. As a
result, it has the potential to be a viable alternative to many chemical fungicides and
bactericides in the control of many plant diseases. ChNP is a great fruit and vegetable
coating material due to its non-toxicity and biodegradability. Many fruits, including
strawberries, papaya, carrot, cucumber, citrus, apple, kiwifruit, pear, peach, sweet
cherry, and strawberry, may benefit from ChNP coating to extend storage life and
reduce decay. Functional elements such as antibacterial agents and nutraceuticals
could also be included in ChNP coating.

5.4 Antimicrobial Films and the Food Packaging

Chitosan has remarkable antibacterial efficacy due to its polycationic characteristic.
As a result, films based on chitosan have a usage in the food packaging industry, as
they can protect food from microorganisms and ensure food safety. Although chitosan
revealed a broad spectrum of antibacterial action, many factors could influence its
antimicrobial activity. Organic acid, molecular weight, concentration, temperature,
film diameters, microbial type, etc., influenced the antibacterial activity of films made
up of chitosan. In certain cases, the inclusion of other materials, such as Ag-NP and
propolis extract, was required to inhibit the tested microorganisms [70, 71]. The
antibacterial effectiveness of the films formed on chitosan was proved to be different
for gram-negative and gram-positive bacteria and observed to be more effective
in gram-negative bacteria. Furthermore, some studies claim that an increase in the
molecular weight of chitosan enhanced the antibacterial effect of chitosan against
gram-positive bacteria by forming a film that hindered the entry of nutrients into
the bacterial cell [72]. However, the antibacterial action of low-molecular weight
chitosan was increased against gram-negative bacteria because low-MW chitosan
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could easily enter the microbial cell and resulted in the breakdown of metabolism
[73].

There is evidence that the different gram-positive bacteria showed different
antibacterial responses [74]. Due to differences in the outer membrane structure,
Enterococcus faecalis and Listeria monocytogenes were more susceptible than
Staphylococcus aureus to chitosan-based films [72]. Overall, the produced films
demonstrated outstanding antibacterial activity against poisoning microorganisms
such as lactococcus lactis [74] and listeria innocua [75], gram-negative bacteria
Pseudomonas spp. [16-78], Salmonella spp. [79-81], fungal mold [82, 83], and
Candida albicans [84]. There are some distinctions between fungi and bacteria in
terms of antibiotic action. At low temperatures, chitosan inhibits bacteria more effec-
tively than fungus, as per some research. Mold spores were more resistant to cold
temperatures than bacteria. Continuation of germination of mold spores even at low
temperatures was the reason for less fungistasis. Despite the differences, chitosan
films were successful in protecting food from mold.

Therefore, different antimicrobial theories on food state that

1. Chitosan-based films create cellophane-like structures on the food surface, there-
fore acting as a protective barrier and shielding the food from microbial attacks
[85].

2. Chitosan-based coatings can function as an oxygen barrier. Thus, preventing
oxygen transport and so inhibit respiratory activity and bacterial development in
food [82].

3. Chitosan can diffuse into a microbial surface and barrier made from polymer
and create an obstruction. And neither does the membrane chelate nutrients
on bacteria’s surfaces, but it also prevents nutrients and critical components
from entering the microbial cell. This action of chitosan the alters the microbes’
physiological activity and thus kill them [86].

4. Chitosan’s NH3* groups [87] can disrupt the negative phosphoryl groups on the
bacterial cell membrane, causing distortion and then deformation [88, 89].

5. Furthermore, various bacteria were sensitive to the NH3* groups of chitosan in
diverse ways. Chitosan can permeate through the cell wall, distort the bacterial
membrane, and result in intercellular electrolyte leakage and the death of cells
[90, 91].

6. Chitosan can enter the nucleoid, alter the structure of DNA, and prevent DNA
replication, RNA transcription, and protein translation [92].

7. Chitosan can easily cause chelation of nutrients and critical metals inside bacteria.
The action of these materials can be lost, and the chelation complex will not
be available to microorganisms so limiting microbial development. Chitosan
can cause the formation of chitinase enzymes in fruits, which destroys the
microbial cell walls indirectly. By encouraging the buildup of phenolics and
lignin, chitosan-treated wheat seeds were able to promote resistance to Fusarium
graminearum and increase seed quality [93].
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5.5 Application in Medical Industry

Biocidal polymers are disinfectants that may be integrated into fibers, membranes,
or hydrogels and employed in wound dressings, orthopedic therapies, hemodialysis,
and medication carriers. An authentic dressing material for a wound should be able
to soak released liquid from the affected area, allow for controlled water evaporation,
and prevent microbiological transmission [94]. The candidate’s eligibility and capa-
bility are determined by the antimicrobial property assessment, which is a significant
measure in wound dressing. The use of polysaccharides with hydrogel-forming prop-
erties, such as chitosan, as wound dressing materials, has been deemed beneficial
[95]. The products made from chitosan have attracted a lot of attention in this respect.

Chitosan is available in four different forms that provide antibacterial qualities
to wound dressing material, i.e., fiber, membrane, hydrogel, and sponge. These
methods rely on the chitosan’s physicochemical properties. Wound dressings can
be made using micro- and nanofiber materials. Electrospinning is one of them, and
itis a good way to make continuous polymer threads with nanoscale diameters [96].
Electrospun mats constructed of ultrafine polymer fibers have sparked a lot of atten-
tion due to their unusual qualities like nanosize, more porosity, and high-surface-
to-volume ratio. In another study, the growth of gram-negative and gram-positive
bacteria were found to be inhibited by cross-linked electrospun-like PVC/QCh
(polyvinylpyrroliodone/quaternised chitosan) [97]. PVP and PVA both are indeed
non-toxic, hydrophilic, and biocompatible, with good complex and film-forming
capabilities, making them suitable for wound dressing [14].

5.6 Antibacterial Coating

As discussed earlier, the positive amino group of chitosan can bind with the nega-
tively charged microbial cell membrane. Proteinaceous along with other intracel-
lular substances of the microorganisms pour out as a result. One explanation for
chitosan’s antibacterial effects could be this [98]. The migration of chitosan on the
bacteria’s outer surface is another reason. Polycationic chitosan at the concentration
of 0.2 mg/ml can bind with negatively charged bacterial surfaces and agglutination
can occur. Bacterial surfaces may become positive as a result of the increased number
of positive charges, allowing them to remain in suspension at higher concentrations
[99, 100]. Chitosan causes Pythium oaroecandrum to lose a large quantity of protein
content when grown at pH 5.8, as per UV absorption measurements [101]. Chitosan’s
chelating property helps it to bind with metals and inhibits the formation of toxic
chemicals and thus stops the multiplication of microbes. It can serve as a water
binder and also block certain enzymes by inducing host tissue defense mechanisms.
As a result of its penetration into the microorganism’s nuclei interference occurs
with transcription and translation [20]. The antibacterial activity of chitosan may be
influenced by its own structure, degree of its polymerization, nature of the host, the
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natural nutrient constituents, the chemical makeup of the substrates, and the variables
of the environment. Antimicrobial compounds have been used to cover surfaces in
order to prevent the development of pathogenic bacteria.

Chitosan is still used as an antimicrobial film due to its biocompatibility,
biodegradability, antibacterial effect, and cytotoxicity [99]. Acidic solutions as
compared to neutral and alkaline environments result in the grabbing of dye at higher
levels [102]. In acidic solutions, protonation of amino groups of chitosan molecules
to produce —-NH3™" groups can occur easily as a large number of protons are available
[103, 104].

According to the researchers, the diameter of pores in chitosan beads or their
number was decreased by chemical crosslinking. As a result, the transfer of the
dye molecule over chitosan was more challenging [100, 102]. Chitosan was used
to transform an acrylic resin into an antibacterial covering material. Chitosan was
injected into the polymer matrix in two states: solid (powders) and colloid (liquid).
The purpose was to establish a homogeneous particle dispersion and to improve
particle influence by increasing the number of contact sites.

5.7 Application Against Various Detrimental Bacteria
(Animal Pathogens)

The antimicrobial activity of CS-NPs against many pathogenic microorganisms is
broad. Ikono et al. 2009 [105] investigated the effects of CS-NP on Streptococcus
mutans, a dental caries-associated bacterium. The viability of cells reduced consid-
erably with increasing nanoparticle concentrations after CS-NP treatment. Cu-CS-
NPs were also tested for antibacterial activities against S. mutans [106] Cu-CS-NPs
outperformed Cu-NPs in terms of MIC and MBC [107, 108]. Cu-CS-NPs were
found to be effective at disrupting S. mutans adhesion and biofilm formation [109,
110]. Cu-CS-NPs had a bactericidal effect and were more effective at inhibiting
the development of S. mutans over the surface and disrupting the biofilm of human
teeth [105]. Cu-CS-NPs’ bactericidal capabilities should make it a good material for
further research into tooth plaque therapies. Hipalaswins et al. reported the antibacte-
rial action of synthesized CS-NPs against clinically harmful bacterial strains such E.
coli MTTC 1687, Enterobacter aerogenes MTCC 111, K. pneumoniae MTTC 109,
P. fluorescens MTCC 1748, Proteus mirabilis MTCC 1429, and S. aureus MTCC
7443 [111]. The most sensitive bacteria were E. Coli, E. aerogenes, P. fluorescens,
K. pneumoniae, and P. mirabilis. The least harmful to the CS-NPs was S. aereus. G-
bacteria were more effectively suppressed with CS-NP than G+ bacteria in antibacte-
rial experiments. Antibacterial activity against antibiotic-resistant G+ S. pneumonia
was tested with the use of CS-NPs and a CS-NP-amoxicillin complex by Nguyen
etal. [112].

In comparison with CS-NPs and amoxicillin alone, the CS-NP—amoxicillin injec-
tion had higher antibacterial activity. CS—-NP Amoxicillin complex was observed to
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be three times more effective than amoxicillin and prevented the growth of S. pneu-
moniae. Antibacterial action of CS-NP mixed with lime oil was observed against four
foodborne pathogens [113], i.e., S. aureus, E. Coli, L. monocytogenes, and Shigella
dysenteriae. The nanocarriers to treat S. aureus were found to be S. dysenteriae [114].

According to Tamaraet al. [115], CS hybridized with protamine had more antibac-
terial activity against E. coli than B. cereus. CS-NPs loaded with curcumin could also
be employed to deliver drugs and as a method to specifically activate antibacterial
mechanisms. In mice, curcumin-loaded CS-NPs hindered the development of S.
aureus and P. aeruginosa infections [116].

Four clinically isolated S. epidermidis were tested with AMP temporin B (TB)-CS-
NPs. CS-NPs showed bactericidal activity within 24 h of incubation and significantly
reduced the initial inoculum. Following that, Temporin B was spread across the
surface of bacteria, significantly reducing cell viability [117]. It was discovered
that CS-NPs inhibited the development of mesophilic bacteria when compared to
a conventional coating [63]. The CS-based NPs (110 nm) coating was shown to be
significantly more effective in inhibiting microbial growth than conventional coatings
(300 nm). There were no pathogenic Salmonella sp. or fecal coliforms detected as
a consequence. This analysis shows the use of CS-NPs as edible coatings to limit
bacterial growth in fruits and vegetables. As a result, the smaller the NPs are the
greater their mobility and surface contact, resulting in increased antibacterial efficacy
against animal diseases.

6 Conclusions and Future Outlook

Due to its variety of potential uses and specific features, chitosan has received
much interest and attention in recent years. The number of studies on its antibacte-
rial properties is rapidly increasing. Non-toxic and biodegradable compounds from
‘natural sources’ will become increasingly desirable as a replacement for synthetic
compounds due to their wide range of applications and people’s environmental
consciousness. Chitosan is different from other antibacterial compounds as it is harm-
less, non-toxic, and environment-friendly. People will be healthier if we use this stuff
at various periods in our lives. As a consequence, due to its antibacterial capabil-
ities, it is required to enhance research on this molecule, which will necessitate a
mix of disciplines such as Nanotechnology, Physics, Chemistry, Bioinformatics, and
Genetics. This will be advantageous for the production of novel biomedicine and the
exploration of new antibacterial drugs. Future research could focus on using chitosan
in the form of composites to deter lower pH values, as chitosan in solution is employed
in an acidic environment. Clarification of the molecular mechanisms and their perfor-
mance in chitosan’s antibacterial action will be advantageous. To date, most research
has been conducted in vitro; thus, in situ investigations are essential to developing
solutions and alternatives to the issues which both the agricultural and medical areas
confront. It is still not known how chitosan-based nanoparticles act against bacteria;
thus, it necessitates continued research in the current scenario. Furthermore, it is
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critical to continue to observe and assess the toxicity associated with the use of
chitosan-based nanoparticles when acting against bacteria, as well as to dispense
guidance on the regulations and procedures that govern their use and application.
To fill the information gap in chitosan-based nanoparticles’ antibacterial activity, the
following sorts of investigations must be conducted: (1) Determining why chitosan-
based nanoparticles are more efficient against gram-negative bacteria as compared
to gram-positive bacteria and what is the underlying mechanism; (2) determining
why chitosan with medium molecular weight is more effective against bacteria than
chitosan with high-molecular weight; (3) designing the technique to reduce the toxi-
city associated with the synthesis chitosan-based nanoparticles attached to metals
and hybrid chitosan-based nanoparticles. These findings will help in the creation of
anew class of medicines with efficient and novel antibacterial properties that will be
applicable to both animal and plant research.
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