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Abstract: Despite the advantages presented by synthetic polymers such as strength and durability,
the lack of biodegradability associated with the persistence in the environment for a long time turned
the attention of researchers to natural polymers. Being biodegradable, biopolymers proved to be ex-
tremely beneficial to the environment. At present, they represent an important class of materials with
applications in all economic sectors, but also in medicine. They find applications as absorbers, cosmet-
ics, controlled drug delivery, tissue engineering, etc. Chitosan is one of the natural polymers which
raised a strong interest for researchers due to some exceptional properties such as biodegradability,
biocompatibility, nontoxicity, non-antigenicity, low-cost and numerous pharmacological properties
as antimicrobial, antitumor, antioxidant, antidiabetic, immunoenhancing. In addition to this, the free
amino and hydroxyl groups make it susceptible to a series of structural modulations, obtaining some
derivatives with different biomedical applications. This review approaches the physico-chemical and
pharmacological properties of chitosan and its derivatives, focusing on the antimicrobial potential
including mechanism of action, factors that influence the antimicrobial activity and the activity
against resistant strains, topics of great interest in the context of the concern raised by the available
therapeutic options for infections, especially with resistant strains.

Keywords: chitosan; derivatives; antimicrobial activity

1. Introduction

In recent years, the interest in using natural and synthetic polymers for biomedical and
pharmaceutical applications significantly increased. In this regard, there have been investi-
gated a wide variety of biodegradable and nonbiodegradable polymers [1]. The most ex-
plored polymers were chitosan, hyaluronic acid, dextran, alginate, starch, cellulose, gelatin
as natural polymers and polylactic acid, polylactic-coglycolic acid, poly-caprolactone,
acrylic polymers, polyethylene glycol as synthetic polymers [2–4]. Unfortunately, most
plastics are not biodegradable and come from nonrenewable sources. On the other hand,
the properties underpinning their multiple applications, such as strength and durability,
are also responsible for the lack of biodegradability and persistence in the environment for
a long time [5].

Given the problems of toxicity and difficulty in removal raised by nonbiodegrad-
able polymers [1], natural polymers are preferred for biomedical applications, fulfilling
the most important criteria to be used for this purpose as biocompatibility, biodegrad-
ability, low or nontoxicity and low immunogenicity. Moreover, natural polymers are
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readily available and cost-effective, their exploitation becoming of great interest [1,6,7].
Despite the many advantages, natural polymers have the disadvantage of susceptibility to
microbial contamination.

Natural compounds have constantly been a source of inspiration in the attempt to
develop new drugs, due to their unique and complex chemical composition, responsible
for a large variety of biological effects [8]. In this regard, some natural polymers proved a
promising pharmacological potential, as well as suitability as drug delivery systems, these
two research directions being of great interest at this moment, focusing a large amount
of work [9–11].

The need to develop new effective antimicrobial agents is imperatively increased as
long as the treatment of the infectious diseases represents, at this moment, a serious concern
and a continuous challenge [12]. This concern is related to factors such as the limited
access to appropriate antimicrobial agents, the unfavorable safety profile of some classes of
antibiotics and, not at least, the rapid development of antibiotic resistance phenomenon [13].
The emergence of the antimicrobial resistance among microbial strains and the rapid
spread of the resistant microorganism, coupled with the slow rate of developing new
antibiotics and the overuse of the existing ones, represents one of the major threats to public
health, being responsible for treatment failure and limiting the therapeutic options [14,15].
Considering the difficulties and the long-duration required for obtaining new synthetic
antibiotics, the rapidity of gaining resistance to the existing antimicrobials and the toxicity
of some classes of antibiotics, the exploration of the antimicrobial potential of the natural
compounds, including natural polymers, raised a particular interest, sustaining the large
amount of researches in this field [16]. In addition to this, natural compounds play a key
role as sources of new scaffolds for antibiotics; according to Newman and Crag reports, in
the last 40 years, there were introduced 162 molecules as antibacterial agents, from which
only 36 molecules were completely synthetic, over 55% of them including natural products
and semi-synthetic derivatives [8,17].

Chitosan is one of the natural polymers which raised a strong interest for researchers,
in the Scopus database being available up to 17,000 citations, reflecting a particular con-
cern in terms of chemistry and application of chitosan [18]. Possessing some exceptional
properties as biodegradability, biocompatibility, nontoxicity, non-antigenicity, low-cost and
numerous pharmacological properties as antimicrobial, antitumor, antioxidant, antidia-
betic, immunoenhancing, chitosan has found wide applications in medicine, pharmacy,
food industry and textiles industry [9,19].

This review approaches the physico-chemical and pharmacological properties of
chitosan and its derivatives, being focused on the antimicrobial potential including mech-
anism of action, factors that influence the antimicrobial activity and the activity against
resistant strains, topics of great interest in the context of the concern raised by the available
therapeutic options of infections, especially with resistant strains.

2. Sources, Preparation Methods and Physico-Chemical Properties of Chitosan and
Its Derivatives

Chitosan is a linear cationic polysaccharide derived from chitin (extracted from the
exoskeleton of crustaceans) by a deacetylation process, which has been identified in insects,
but also in fungi and algae [20]. If cellulose is the substance that gives tissue resistance
and hardness in the plant world, among the lower marine animals, this role is played
by chitosan. The difference between cellulose and chitosan consists in the fact that the
2-hydroxyl group of the cellulose structure has been replaced, in the case of chitosan, with
the acetamido group (Figure 1) [21].

Chitosan, poly-α(1,4)-2-amino-2-deoxy-β-D-glucan is a natural, hydrophilic, nontoxic,
biocompatible and biodegradable polysaccharide, usually obtained by N-deacetylation of
α-chitin, using alkaline solutions (40–50%), at 100–160 ◦C, for several hours (Figure 1) [22].

One of the most important chemical characteristics of chitosan is the degree of deacety-
lation, which can influence its use in many applications. In addition, the degree of deacety-
lation expresses the number of free amino groups, thus making the difference between
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chitin and chitosan. Based on this idea, chitin with a degree of deacetylation of at least 75%
is known as chitosan. The deacetylation process involves the removal of acetyl functional
groups from the chitin molecule chain with the release of amino groups [23]. The ratio of
acetylated and deacetylated glucosamine residues plays an important role in the balance
between hydrophilic and hydrophobic interactions [24].
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Figure 1. Scheme for chitosan production from chitin.

From chemical point of view, chitosan is a polycationic polymer consisting of
glucosamine-linked N-acetyl-glucosamine units at the 1-4 position containing free amino
and hydroxyl groups, which makes it susceptible to a series of structural modulations [21].
These structural modulations have led to the obtaining of some derivatives with different
biomedical applications.

Chitosan can be easily modified by physical and chemical reactions in order to obtain
derivatives with different structures, properties and applications. In general, the chemical
changes made on chitosan structure refer to three reactive sites: the amino group at C2
and the -OH groups from C3 and C6 [25–27]. The functional amino groups in the chitosan
structure provide the possibility of performing acetylation, quaternization, condensation
reactions with aldehydes and ketones (to form Schiff bases), alkylation etc. So far, chemical
changes have been made to chitosan to produce chitosan sulfate, chitosan trimethylate,
chitosan thiolate, hydroxyalkyl chitosan, carboxyalkyl chitosan, and phosphorylated chi-
tosan. The purpose of such chemical reactions is to obtain new derivatives which possess
antibacterial, antifungal, antiviral, antacid, anti-ulcer, nontoxic, non-allergic properties,
etc. [28]. Although chitosan is considered a nontoxic polymer, the structural modulations
implemented on it may turn it into a more or less toxic compound, so any unreacted reagent
must be carefully removed.

2.1. Chitosan Sulfate

Chitosan sulfate, known for its in vitro anticoagulant activity, was obtained by a
three-step synthesis process [29]:

• Obtaining the quaternary ammonium salt of chitosan. To an aqueous solution of
N-(3-chloro-2-hydroxypropyl)-trimethylammonium chloride, 15% NaOH was added,
to pH 8. The resulting mixture was stirred at room temperature for 48 h and another
24 h at 50 ◦C to form the quaternary ammonium salt of chitosan.

• Obtaining the sulphating agent N(SO3Na)3. An aqueous solution of sodium nitrite
was continuously stirred over a solution of sodium bisulfite, at 90 ◦C, over 90 min.

• Obtaining the quaternary ammonium salt of chitosan sulfate. The quaternary am-
monium salt of chitosan was added over the solution containing the sulfating agent
under mechanical agitation, at room temperature, then the reaction product obtained
was concentrated and dried at 40 ◦C.

Other synthetic methods of some chitosan sulfate derivatives are cited in
the literature [30,31].

2.2. Chitosan Trimethylate

The synthesis process of the trimethylated derivative of chitosan is carried out in three
steps (Figure 2) [32–34], and aims to improve physico-chemical and biological properties
of chitosan:
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• obtaining the dimethyl chitosan by reaction of formic acid with formaldehyde at a
temperature of 70 ◦C for 118 h;

• the reaction of dimethyl chitosan with iodoform under continuous stirring at a tem-
perature of 70 ◦C, to obtain trimethyl chitosan;

• the last step is the reaction of trimethyl chitosan with monocloracetic acid in
alkaline medium.
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group of N-acetylcysteine (Figure 4) [36]: 

Figure 2. Scheme for the preparation of the trimethylated derivative of chitosan. “*” means that this
units binds to other units through glycosidic bonds.

2.3. Chitosan Thiolate

Thiol chitosan is obtained by treating pure chitosan with thioglycolic acid in acetic acid
medium (Figure 3). The reaction took place at a pH of 5, for avoid the formation of disulfide
bonds (once the coupling reaction is performed), the reaction being mediated by a carbodi-
imide. At the end, the mixture was incubated in dark, at room temperature, for about 4 h,
and then, the reaction product was isolated by dialysis of the polymer solution [35]:
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Figure 3. Scheme for the preparation of chitosan thiolate.

Similarly-structured compounds were obtained by treating chitosan with N-acetyl-
cysteine, involving the participation of the amino group of chitosan and the carboxyl group
of N-acetylcysteine (Figure 4) [36]:

Such derivatives have often been cited in the literature as compounds with improved
solubility to chitosan and with particular emphasis on their interactions with human
conjunctival epithelial cells [37].
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2.6. Chitosan N-Carboxymethyl Derivatives 
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involves the reaction between the primary amine group of chitosan and the carbonyl 
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2.4. Chitosan-N-hydroxy-propyl Derivatives

A series of hydroxypropyl derivatives of chitosan (Figure 5), which have been studied
for in vitro antimicrobial activity, are known to have different degrees of substitution [38].
The technique for their preparation involves, in a first step, shaking chitosan with aqueous
NaOH at room temperature for 2 h and then maintaining the mixture at −18 ◦C for 10 days.
Subsequently, isopropyl alcohol and propylene oxide were added over this mixture to
afford the corresponding hydroxypropyl derivatives.
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2.5. Chitosan N-Alkyl Derivatives

The N-alkylated derivatives of chitosan (Figure 6) are obtained by substitution of the
primary amino group with various mono or disaccharides such as lactose, maltose, cel-
lobiose [39]. NaCNBH3 was used and after that the mixture was kept at room temperature
for about 48 h, until the white product was formed. At the end, the reaction product was
washed with methanol and dried. The changes made resulted in the production of chitosan
derivatives with increased solubility and important antimicrobial properties.
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2.6. Chitosan N-Carboxymethyl Derivatives

The principle of producing N,N-carboxymethylated chitosan derivatives (Figure 7)
involves the reaction between the primary amine group of chitosan and the carbonyl
group of glyoxylic acid, followed by hydrogenation with NaBH4 or NaCNBH3 to
form N-monocarboximethyl-chitosan or N,N-dicarboxymethyl-chitosan; the substitution
on the -NH2 group being dependent on the ratio of the reagents. Fully substituted
N,N′-dicarboxymethyl-chitosan and its di-sodium salt are suitable for promotion of
the osteogenis [40].
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2.7. Phosphorylated Chitosan

Synthesis of novel phosphorylated chitosan derivatives consists of treating chitosan
with a mixture of P2O5, H3PO4 and Et3PO4 in hexanol and stirring it, for 72 h at
35 ◦C (Figure 8) [41]. This type of derivatives have important orthopedic and tissue
engineering applications.
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Another method for obtaining phosphorylated chitosan is described in the literature
and is based on the treatment of chitosan with urea in dimethylformamide medium and
the subsequent addition of orthophosphoric acid [42]. The reaction mixture thus obtained
is kept at 150 ◦C for one hour.

3. Pharmacological Potential of Chitosan and Its Derivatives. Applications in
Current Pharmacotherapy

The first known use of chitosan was in the form of flexible and durable films applied
to Stradivarius violins, with the role of increasing resistance to degradation over time [43].
In the early 1960s, chitosan was extensively studied for its ability to fix red blood cells,
being designed and studied as a hemostatic agent. Today, chitosan is known to properties
such as the ability to bind water, fat, bioactivity, biodegradability, nontoxicity, biocompat-
ibility, ability to accelerate wound healing and antimicrobial activity [44]. Due to these
characteristics, chitosan has been assigned a number of applications, whether used as such
or in combination with other natural polymers in the food industry, the pharmaceutical
industry, the textile industry, agriculture, the cosmetics industry [45].

3.1. Antimicrobial Activity
3.1.1. Antibacterial Activity

Bacterial infections, both community and hospital-acquired, represent a major cause of
mortality, morbidity and prolonged hospitalization, closing a vicious circle and leading to
an unfavorable outcome for patients and to an economic burden [15,46,47]. The treatment
of bacterial infections, especially of those hospital-acquired, raise serious concerns related to
the rapid development of antibiotic resistance phenomenon and rapid spread of multidrug
resistant strains, leading to a drastic limitation of the therapeutic options [48].

The bacterial species of great interest at this moment are those having the ability to
gain resistance through different mechanisms of genetic transfer such as transformation,
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conjugation, transduction and mobile genetic elements [49]. The species of particular inter-
est include Staphylococcus aureus, Enterococcus spp., Enterobacteriaceae family, Pseudomonas
aeruginosa and Acinetobacter spp. [47,50,51].

Taking into consideration these aspects, there is an increased pressure to develop new
antibacterial agents, active against resistant strains or to valorize the antimicrobial activity
of natural compounds [52,53].

Chitosan is a natural polymer with a broad antibacterial spectrum [54], including
Gram-positive and Gram-negative bacterial strains. Chitosan proved to be active against
Staphylococcus aureus, Staphylococcus epidermidis, Bacillus cereus, Bacillus megaterium, Lysteria
monocytogenes, Lactobacillus brevis, Escherichia coli, Pseudomonas aeruginosa, Pseudomonas
fluorescens, Salmonella typhimurium [9].

Chitosan’s antimicrobial activity against a variety of bacteria is well known but is
also limited by low solubility [55] which is explicable by its rigid crystalline structure [56].
However, the presence of free amino groups offers the possibility of derivatization of
chitosan by various controlled chemical reactions, thus obtaining more soluble compounds.

Changes made to its structure, such as quaternization and hydrophilic substitution,
increase solubility. Chitosan guanidilate derivatives, chitosan galactosylate etc. have
been included in a series of studies that have demonstrated antimicrobial activity against
various bacteria such as Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Pseudomonas
aeruginosa. All these derivatives exhibit a much higher activity than unchanged chitosan
at pH 7 [39].

Mechanism of Action

The mechanism of antibacterial activity of chitosan and its derivatives was intensively
studied and discussed; the interaction between chitosan and microorganism appears to be
a complex phenomenon that is not fully understood [57]. The mechanism was supposed
to be different between Gram-positive and Gram-negative bacteria because of different
cell surface characteristics [52]. Gram-negative bacteria seems to be more susceptible to
chitosan and its derivatives due to a higher negative charge of the cell surface [45,57,58].

The key role in the antibacterial activity of chitosan and its derivatives appears to
be the electrostatic interactions between the polycationic structure of chitosan and the
anionic groups found on the bacterial cell surface, leading to the alteration of the cell
wall (Gram-positive) or outer membrane (Gram-negative), followed by disturbances in
cytoplasmic membrane permeability and, consequently, the loss of essential constituents as
enzymes, nucleotides, ions, and death of the bacterial cell [54,57,59,60].

Other modes of antibacterial action, relying on the molecular weight and the physical
state, were proposed. Low molecular weight chitosan, both water soluble and chitosan-
based small nanoparticles could pass through cell wall and inhibit mRNA synthesis and
DNA transcription [45,52]. By contrast, high molecular weight chitosan and larger size
nanoparticles could form an impermeable layer at the cell surface, affecting the transport
of vital constituents into the bacterial cell [57,61]. Another proposed mechanism was
related to the ability of chitosan to chelate metal cations and essential nutrients for bacterial
cell growth [52].

Factors That Influence the Antibacterial Activity

The studies carried out during the last two decades evidenced that the antibacterial
activity of chitosan and its derivatives depends on several factors related to chitosan
(molecular weight, deacetylation degree, concentration), microorganism (species, cell age)
and environmental factors (pH, presence of metal cations, temperature) (Figure 9) [45,54].
The most relevant factors influencing the antibacterial activity will be discussed below.
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Molecular weight: The influence of the molecular weight of chitosan on the antibac-
terial activity was studied using S. aureus and E.coli strains. The results highlighted that
for Gram-positive bacteria, the antimicrobial activity increases with the increase of the
molecular weight, while for Gram-negative bacteria, the antibacterial activity of chitosan
is stronger with decrease in molecular weight [9]. However, this conclusion should be
investigated for other Gram-positive and Gram-negative bacterial strains. In this regard,
Ortega-Ortiz et al. studied the influence of the molecular weight of chitosan on the an-
timicrobial activity against P. aeruginosa and P. oleovorans strains. The results evidenced
that the low molecular weight chitosan showed an inhibiting percent of 72.52%, compared
with 64.57% recorded for high molecular weight chitosan [62]. Concerning resistant strains,
chitosan with low molecular weight proved to have a stronger antibacterial activity [63,64].

Deacetylation degree: Deacetylation degree, directly influencing the positive charge
density, has a significant influence on the antibacterial activity of chitosan and its deriva-
tives; it was supposed that higher positive charge density determines stronger electro-
static interactions [45]. Some studies support that a high deacetylation degree, enhanc-
ing the positive charge density, was associated with a superior antibacterial activity
against S. aureus [65,66].

pH: The antibacterial activity of chitosan depends on pH, chitosan being soluble in
acidic medium and becoming cationic at pH values below the molecules pKa [67]. Chitosan
proved stronger antibacterial activity at pH values lower than 6.5 [57], the inhibitory
effect decreasing when increasing pH [65]. Contrary, Yang et al. reported N-alkylated
chitosan derivatives with increased antibacterial activity against E. coli when increasing pH
values between 5.0 and 7.5 [39]. These controversial results support that the mechanism
of antibacterial activity is more complex and is not dependent exclusively on the positive
charge of the amino groups [45].

Antibacterial Activity against Resistant Strains

Given the global threat represented by the antimicrobial resistance, the development
of new antimicrobial agents active against multidrug resistant pathogens, is of partic-
ular interest [64]. The most problematic bacterial species at this moment are S. aureus
(MRSA—methicillin resistant Staphylococcus aureus, VRSA—vancomycin resistant Staphylo-
coccus aureus), S. epidermidis (MRSE—methicillin resistant Staphylococcus epidermidis), Ente-
rococcus spp. (VRE—vancomycin resistant Enterococcus), E. coli, K. pneumoniae, P. aeruginosa,
Acinetobacter spp.
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The studies concerning the antimicrobial activity against resistant strains were focused
on three main directions: the antibacterial activity of chitosan with different physicochemi-
cal characteristics against Gram-positive and Gram-negative resistant strains, the antimi-
crobial activity of chitosan-based polymeric systems as nanofibers/nanoparticles against
resistant strains and the synergism between chitosan and other antimicrobial agents.

Concerning the first direction, Park et al. investigated the antibacterial activity of low
molecular weight chitosan against drug-resistant S. aureus and P. aeruginosa, clinical isolates.
The results showed that the antibacterial activity of chitosan was more effective against all
drug-resistant P. aeruginosa isolates and against some S. aureus isolates than against ATCC
strains [64]. In addition to this, the antibacterial activity of chitosan was studied in vivo
using mice infected with drug resistant P. aeruginosa and S. aureus, the results revealing a
good survival rate and reduced bacterial colonization [64].

Supotngarmkul et al. investigated the antibacterial activity of chitosan against E. fae-
calis, ATCC strains and clinical isolates, the results revealing a good antimicrobial activity.
However, the susceptibility profile of the clinical isolates was not mentioned [68].

Costa et al. compared the antibiofilm activity of chitosan against MRSA and MSSA
(methicillin sensible Staphylococcus aureus) using reference strains and clinical multiresis-
tant isolates. The results showed methicillin resistance did not affect chitosan’s activity;
moreover, the higher susceptibility was registered for MRSA and for low molecular weight
chitosan [63]. These results are strongly encouraging, given the clinical impact and concerns
related to the treatment of MRSA infections.

Infections with Acinetobacter spp. represent a serious threat, due to its remarkable
ability to acquire resistance and to the rapid spread of resistant strains in the hospital
environment [69]. Saito et al. obtained lysozyme–chitosan oligosaccharides conjugates
with good antibacterial activity against P. aeruginosa, A. baumannii and MRSA [69]. Further
studies using multidrug resistant clinical isolates of A. baumannii would be of great interest.

Concerning the second direction, Abadi et al. evaluated, for the first time, the antibacte-
rial activity of chitosan nanofibers against Clostridium difficile, ATCC strains and clinical iso-
lates possessing resistance genes, showing similar results. These first results are promising,
taking into account the problems encountered in treating Clostridium difficile infections [70].

Zhang et al. prepared chitosan nanoparticles loaded with essential oils with significant
antibacterial activity against multidrug resistant K. pneumoniae. The study showed the
ability of chitosan with low molecular weight and a deacetylation degree of 75% to enhance
the antibacterial activity of essential oils [71].

Regarding the third direction, the synergistic action of cephalosporin drugs and
chitosan was proved by Jamil et al. who obtained chitosan-cefotaxime nanoparticles with
broad-spectrum antibiofilm and antibacterial activity against clinical isolates of multi-drug-
resistant K. pneumoniae, E. coli, P. aeruginosa and MRSA [72]. Approaching a similar direction,
Oliveria et al. obtained chitosan low molecular weight-based nanoparticles containing
ceftriaxone and a natural extract. The antibacterial activity of these polymeric systems
was evaluated against multi-drug-resistant Enterobacteriaceae, namely ESBL-producing
(extended-spectrum beta-lactamases) E. coli clinical isolates and carbapenemase-producing
K. pneumoniae clinical isolates. The results revealed a considerable improvement in the
antibacterial activity, the polymeric systems reaching an improvement of 133 times in the
minimum inhibitory activity of ceftriaxone [73].

According to these studies, the results concerning the activity of chitosan and its deriva-
tives against resistant strains, both per se and in different chitosan-antibiotic nanoparticles,
are promising and encouraging. Given the rapid acquirement of antibiotic resistance, the
development of new chitosan-antibiotic formulations active against resistant strains is of
great interest.

3.1.2. Antiviral Activity

During the last decades, HIV infection, hepatitis B and C, were among the most threat-
ening viral infections, determining chronic diseases difficult to be controlled and associated
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with a high mortality and morbidity [74]. Nowadays, other viruses are overwhelming the
medical community, such as SARS-Cov-2, influenza viruses [75].

The antiviral activity of chitosan and its derivatives was less studied and less explored,
probably because of difficulties and special requirement in cultivating viruses. However,
the literature data provides some information concerning the antiviral activity of chitosan.

Artan et al. evidenced a chitosan-oligosaccharide (3–5 kDa) that at nontoxic concentra-
tions inhibited HIV-1 replication through inhibiting HIV-1-induced syncytia formation and
reducing the production on p24 antigen. Moreover, this oligosaccharide blocked viral entry
and virus-cell fusion, presenting the potential of a novel candidate for the development of
new anti-HIV agents [76]. In addition to this, the anti-HIV activity of a chitosan-conjugate
and the corresponding nanoparticles was studied using MT4 cell line; the results high-
lighted that chitosan-conjugate nanoparticles may be used as a targeting and sustained
polymeric prodrugs, improving treatment efficacy and decreasing side effects in antiretro-
viral treatment [9].

Loutfy et al. prepared low molecular weight chitosan-based nanoparticles loaded
with curcumin designed to increase the antiviral activity of curcumin. The nanoparticles
were evaluated against hepatitis C virus genotype 4a using human hepatoma cells, the
results proving 100% inhibition of viral entry and replication [74].

Zheng et al. reported, using a mouse model, that the intranasal administration of
chitosan is efficient in preventing influenza A H7N9 infection, the mechanism proposed
being related to the stimulation of innate immune system [77].

Recently, Sharma et al. speculated the potential of using chitosan as a potential
molecule against SARS-Cov-2 virus, the mechanism proposed being related to targeting
CD 147 receptors, a novel route for invasion of the virus into cells [78,79].

Most studies reveal the capacity of chitosan to act as a drug carrier, being used for
obtaining delivery systems that could improve the therapeutic effect of other antiviral
agents as foscarnet [80], acyclovir [81], ribavirin [82], amantadine [83].

3.1.3. Antifungal Activity

Fungal infections, with an increasing incidence worldwide [84] represent a serious
concern especially in immunocompromised patients, including the following categories:
diabetes, HIV infection, different neoplasms, immunosuppressive therapy and prolonged
hospitalization in intensive care units [85–87]. Whether it occurs as primary infection or a
superinfection after a viral or bacterial infectious disease, fungal infections raise problems
related to the treatment options and the outcome is frequently unfavorable [88,89].

The fungal species most frequently involved in human pathology belong to the Genus
Candida, Aspergillus, Cryptococcus and Pneumocystis, being responsible for more than 90% of
reported deaths due to fungal infections [88].

The problems concerning the treatment of fungal infections are related to few thera-
peutic options available and to the relatively high toxicity of the existing drugs [89,90]. In
addition to this, the resistance phenomenon to antifungal agents is more and more common
and drastically limits the use of the available drugs [91,92].

Considering these aspects, the development of new antifungal agents, with a more
favorable safety profile, is of significant interest [93,94].

Chitosan proved important antifungal activity, even if the mechanisms of action are
less studied that those involved in the antibacterial activity. Based on the available data,
fungi appear to be more sensitive to antimicrobial activity of chitosan than bacteria [45].
The antifungal activity of chitosan depends on several factors as molecular weight, deacety-
lation degree, chitosan concentration and pH [92]. The influence of the molecular weight
and deacetylation degree seems to be dependent on tested strains [92]. Concerning chi-
tosan concentration, values between 1% and 5% proved to ensure an optimal antifungal
activity [95]. Similar to antibacterial activity, the antifungal activity of chitosan is greater at
lower pH values [45].
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Concerning the mechanisms involved in the antifungal activity, the first studies high-
lighted as the main effect the permeabilization of the yeast cells and the disruption of the
cell membrane by chitosan and its derivatives [96]. According to Pena et al., chitosan exerts
some important effects against Candida spp. which may be responsible for its antifungal
activity: a large efflux of K+ and increase of Ca2+ uptake and the inhibition of respiration,
fermentation and cell viability [96].

Candida spp. were the most investigated pathogenic yeast concerning the antifungal ac-
tivity of chitosan, being the most frequent etiological agents isolated from fungal infections.
Alburquenque et al. studied in vitro antifungal activity of low molecular weight chitosan
against 105 clinical Candida isolates, including fluconazole-resistant strains. The results
proved a significant antifungal activity, chitosan inhibiting over 89.9% of the tested strains.
In addition to this, for nine of the tested strains, chitosan proved minimum inhibitory
concentrations lower than fluconazole [95].

The antifungal activity of chitosan when associated with antifungal drugs used in
clinical practice received significant attention, but the results were contradictory. Low
molecular weight chitosan with a molecular weight of 70 kDa and a deacetylation degree
over 75% proved promising anti-Candida activity, whereas its combination with fluconazole
did not have a synergistic effect [95]. Ganan et al. reported a chitosan-oligosaccharide
with a molecular weight of 15 kD showing great synergistic effects against Candida spp.
when associated with different antifungals as fluconazole, voriconazole, miconazole and
amphotericin B [97]. Lo et al. studied the antifungal activity of chitosan with different
molecular weights and deacetylation degrees against drug resistant Candida strains, as well
as synergistic effects in combination with fluconazole, amphotericin B and caspofungin.
The results revealed a remarkable synergistic effect for the association chitosan-fluconazole,
the combination with other antifungal agents being indifferent. Moreover, the combination
of chitosan and fluconazole proved to be effective against drug-resistant strains. In addition
to this, the study highlights the influence of the molecular weight and deacetylation degree
of chitosan on the antifungal activity [92].

3.2. Other Pharmacological Effects

Being included in various pharmaceutical forms (powders, gels), chitosan is used in
tissue regeneration, its biocompatibility being important in reducing local inflammation.
One of the most important uses of chitosan is the treatment of wounds caused by burns,
which has a remarkable compatibility with tissue regeneration [98]. It is also used success-
fully in anti-tumor medication as well as in reducing serum cholesterol levels [99]. The
latter property was explained by a series of mechanisms including electrostatic interaction
between lipids and aminopolysaccharides, which leads to inhibition of lipid absorption, as
well as increased bile acid excretion, which leads to increased amounts of fats eliminated
by feces [100].

3.2.1. Healing Activity

The loss of skin integrity, caused by trauma, burns, chronic conditions, etc. has be-
come a critical issue in medical practice. The tissue regeneration process is complex, with
a number of growth factors, DNA, RNA, being involved in mediating cellular response
and modulating cellular behavior [101]. Wound healing can be compromised or delayed
by many local and systemic factors, leading to the need for specialized treatment [102].
Chitosan accelerates the healing process by stimulating fibroblast growth while affecting
macrophage activity. In this context, the substituents obtained by the derivatization of
chitosan have particularly attracted attention through their properties, such as biocom-
patibility, hemostatic activity, antimicrobial properties, and the ability to accelerate the
healing process of wounds. In the form of sponges, chitosan can be used as a scarring agent
in severe burns, trauma, venous ulceration, etc. [103]. In addition, the scarring process
can be improved by incorporating antibacterial agents such as ciprofloxacin, norfloxacin,
sulfonamides [104] into the sponge structure. Together with sponges, hydrogels, films,
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and chitosan-based fibers can also be used in the tissue regeneration process [105]. All
of these systems have to fulfill a number of properties such as biocompatibility, favor-
able mechanical properties, appropriate degradation rate, ability to preserve metabolic
functions, and the creation of a suitable environment providing hydration, oxygen perme-
ability, water vapor, carbon dioxide, release of bioactive compounds and act as a barrier
for microorganisms [106].

3.2.2. Hemostatic Effect

The hemostatic effect, manifested by blood clotting, is an important step in the healing
process of the wounds. It has been demonstrated that chitin derivatives exhibit this effect
due to their physical and chemical properties, particularly due to the presence of primary
amino groups, and exhibit the anticoagulation property of the blood [107].

3.2.3. Antioxidant Activity

Antioxidants play an important role in protecting the human body against damage
caused by reactive oxygen species. It is known that reactive oxygen species are unfavorable
to the wound healing process due to the harmful effects on the cells and tissues. It has
been reported that the topical use of compounds with antioxidant properties is beneficial in
the wound healing process and that it provides the protection of tissues against oxidative
processes [108]. The antioxidant properties of chitin and its derivatives against free radicals
such as 1,1-diphenyl-picryl-hydrazyl (DPPH), hydroxyl, superoxide and peroxide have
been extensively studied over time. This has been shown to be dependent on the degree
of deacetylation and the concentration of the polymer. Primary amino groups in the
chitosan structure play an important role by interacting with the free radicals, forming
NH3+ groups [109].

Among the four forms of amino groups: primary amino groups, imino groups,
secondary amino groups and quaternized amino groups, the latter have demonstrated
an impressive antioxidant activity towards the hydroxyl radicals. Particularly deacety-
lated low molecular weight chitosan has antioxidant properties and can be considered a
natural antioxidant [110].

3.3. Drug Delivery Systems

Chitin and its derivatives can also be used as controlled release drug delivery systems.
It is especially important for such a system to be removed from the body after drug delivery
and, in particular, not to be toxic [111]. Chitin derivatives, such as N-succinyl-chitosan,
carboxymethyl-chitin, hydroxyethyl-chitin, are used extensively in pharmaceutical tech-
nology [112]. Such systems could be achieved by the use of chitosan through different
encapsulation methods and can be used to encapsulate different active principles: pro-
teins/peptides, growth factors, anti-inflammatory compounds, antibiotics, compounds
with anti-tumor action [113].

4. Conclusions and Perspectives

This review approaches one of the most widely used biodegradable polymers, namely
chitosan, targeting its obtainment and its derivatives synthesis, their pharmacological
properties, focusing on the antimicrobial activity, as well as possible applications in current
pharmacotherapy. Given the concerns raised by the treatment of infectious diseases, espe-
cially the development of antibiotic resistance and the rapid spread of resistant strains, the
antimicrobial potential of natural compounds is of great interest. Chitosan possesses some
unique properties as biocompatibility, biodegradability, lack of toxicity, accessibility, along
with the possibility to be structurally modulated at the free amino and hydroxyl groups that
provides the opportunity to improve some physico-chemical and pharmacological proper-
ties. The most studied chitosan derivatives were chitosan sulfate, chitosan trimethylate,
chitosan thiolate, chitosan-N-acetylcysteine derivative, N-alkylated chitosan derivatives,
chitosan N-carboxymethyl derivatives, phosphorylated chitosan. The antibacterial activity
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of chitosan and its derivatives against the resistant strains of particular concern (S. aureus,
E. coli, P. aeruginosa, Enterococcus spp., K. pneumoniae, A. baumannii) presents all the theoreti-
cal premises to be valorized in therapy. In addition to this, studies regarding the synergistic
effect against resistant strains when associating some consecrated antibiotics with chitosan,
together with the possibility to include these antibiotics in chitosan-based delivery systems,
proved encouraging results and opened new perspectives in overcoming the problems
raised by antibiotic resistance. In relation to this, future research should be directed to the
development of different types of chitosan-based formulations (nanofibers, nanoparticles,
hydrogels) including as target drug antibiotics susceptible to the development of resistance
phenomenon. Moreover, these new formulations could associate different antimicrobial
agents obtained from natural sources in order to enhance the antibacterial activity of the
antibiotic. Not at least, considering the property of chitosan to ensure a sustained release of
the drugs encapsulated in its matrix, these formulations could improve the pharmacokinetic
profile of some antibiotics. Even less studied, the direct antiviral and antifungal activity of
chitosan, coupled with the possibility to develop chitosan-based drug delivery systems, is
also promising. Not at least, chitosan and its derivatives present other pharmacological
effects such as wound healing, hemostatic and antioxidant activity, properties that are
beneficial for the evolution of some infections, especially those of the skin and soft tissues.
Due to their remarkable activities, we can consider these compounds as new therapeutic
approaches for the treatment and prevention of various types of infections. Corroborating
these ideas, pharmaceutical formulations based on chitosan and its derivatives present all
the premises for a multi-target therapy.
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