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Chitosan displays a dual function, acting as both an active ingredient and/or carrier for pharmaceutical bioactive
molecules and metal ions. Its hydroxyl- and amino-reactive groups and acetylation degree can be used to adjust this
biopolymer’s physicochemical and pharmacological properties in different forms, including scaffolds, nanopatrticles, fibers,
sponges, films, and hydrogels, among others.
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1. Chitin and Chitosan: Availability, Preparation, Physicochemical
Characteristics, and Novel Pharmaceutical Uses

Chitin and chitosan originating from fungal and marine waste, such as crab or shrimp exoskeletons, and displaying low,
medium, or high molecular weights and different deacetylation degrees are marketed by various manufacturers. The
global chitin and chitosan market exhibited an annual growth rate (CAGR) of 15.4% between 2016 and 2020 and was
valued at USD 42.29 billion in 2020. Estimates indicate that this figure will reach USD 69.297 billion in 2028, increasing at
a CAGR of 5.07% from 2021 to 2028 (https://www.verifiedmarketresearch.com/product/chitin-market/, accessed on 17

November 2021). Companies conducting global market research estimate that this growth will be driven by novel
biomedical applications, including pharmaceutical thickeners, protein entrapment, and the synthesis of biodegradable
composites. However, additives in food and beverages, animal feed, agriculture, and water treatment may also contribute
to the estimated increase. Many simple and inexpensive chemical methods for recovering these biopolymers from marine
waste have been described in the literature, e.g., demineralization and deproteinization, which can extract chitin and
chitosan from fungi and insects mollusk, shrimp, and crustacean shells. Yadav, et al. 1l reviewed the most important
aspects of chitin and chitosan obtention methods from marine waste, as well as the preparation of nanostructured
materials for commercial purposes. Chitin is obtained by chemical extraction processes, using acids to remove minerals
and proteins. However, this method is not ecological and adversely affects chitin's physical and chemical properties,
although it is still the most applied method in large-scale industrial processes. Based on chitin’s similarity to cellulose,
chitin nanofibers are produced according to protocols previously established for cellulose hydrolysis. Chitin can be
hydrolyzed in acidic media and/or by enzymatic processes that cleave its crystalline structure [, making subsequent
chain deacetylation easy. Chitosans form when at least 50% of available deacetylated residues are obtained.
Biodegradable and porous chitin and chitosan nanofibers under 100 nm in diameter display extremely high surface-to-
volume ratios, presenting different morphological, optical, and mechanical characteristics. The most common method of

obtaining chitin or chitosan nanofibers is through a disintegration process, employing either microwave irradiation or
sonication EIAIE],

Both chitin and chitosan are suitable for processing gels, membranes, nanofibers, spheres, microparticles, nanopatrticles,
scaffolds, and sponges I Although nanostructured chitosans are less than 100 nm in size in at least one of their
dimensions, they allow for increased interaction between components, making them more appropriate for human tissue
recovery and repair engineering [ as excipients in drug and gene delivery systems [EIl19 Nanochitosans exhibit three-
dimensional architectural structures with open and interconnected pores that make them highly functional, resistant, and a
suitable facilitator for drug encapsulation. In addition, they can also form inorganic composites that enhance their
properties and ensure potential use in biomedicine tissue engineering, bone graft fabrication, and drug encapsulation, as
indicated previously. Polymer/metal nanocomposites comprise a class of hybrid materials composed of an organic
polymer matrix with dispersed metallic nanoparticles used in various applications, such as biosensors, cancer
diagnosis/treatment, cell labeling, drug delivery, molecular imaging, and materials chemistry 111,

Chitosans are biocompatible with human tissues and present several pharmacological characteristics, including
antimicrobial, hemostatic, anti-inflammatory, antioxidant, mucoadhesion, analgesic, adsorption-enhancing,
antihypertensive, anticholesterolemic, anticancer, and antidiabetic properties. These intrinsic chitosan functionalities can



be increased if sophisticated molecules are linked to chitosan scaffolds. In particular, chitosans and/or their counterparts
can improve skin health and protection, aid in defense against carcinogenic radiation, oxidative stress, infections, and,
eventually, skin cancer treatment. In the following sections, researchers will address the promotion of skin by chitosan
repair by interfering with physiopathological conditions through gene expression control, cell adhesion, granulation tissue
arrangement, and tissue re-epithelization.

2. Chemical Modifications on Chitin and Chitosan Surfaces: Developing
Novel Pharmaceuticals

Chitosan exhibits several inherent pharmacological activities, such as antioxidant, antimicrobial, and antitumoral
properties, that can be enhanced and broadened by chemical modifications or physicochemical interactions that
contribute to healthy chitosan applications, particularly in benefiting and promoting skin tissue repair and regeneration. In
their crystalline forms, the surface of chitosan and/or nanochitosans can be modified with different ligands comprising
inorganic ions and hydrophobic or hydrophilic compounds. They can also be functionalized with very sophisticated
molecules, such as antibodies, proteins, peptides, polysaccharides, and nucleic acids covalently linked to the primary
molecule, or can act as carriers for these molecules through nanoencapsulation. Chitosan efficiency can be improved
following nanoencapsulation, as nanochitosans display high surface/volume ratios 12,

Chemical modifications of chitin and chitosan functional groups can alter their physical and mechanical properties L3I,
Many chemical reactions can insert functional groups on the surfaces of chitin and chitosan nanofibers to enhance,
modify, or expand polymer functionality. Free amine groups are suitable for characteristic amine (NH) reactions that can
be modified by acetylation/deacetylation, carboxyalkylation, phthaloylation, naphthaloylation, maleylation, chlorination,
oxidation, and graft polymerization ranging from 5 to 8%. Secondary hydroxyl groups (OH) can also be chemically
functionalized 241,

Although chitin can be deacetylated by alkaline hydrolysis, other sustainable and ecofriendly methods have been
developed to generate chitosan from crustaceous solid residues. The hydrolysis of the N-acetamido groups in chitin N-
acetyl-D-glucosamine residues can also be performed by employing recombinant yeast chitin deacetylase (E.C.3.5.1.41),
which converts chitin into chitosan in a controlled manner with no harsh secondary residues @13, Recently, chitosan
nanofibers were obtained by treating chitin crustaceans with the crude extract of Annona muricata, an edible plant
originally from the Antilles 18 Alternatively, chitin can be acetylated by introducing additional acetyl groups without
altering the degree of polymerization, generating biopolymers for different applications. Chitin acetylation is the simplest
functionalization to perform, but complete deacetylation is rarely achieved, and some remaining compounds retain some
acetamide groups (Figure 1A).
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The introduction of certain functional groups in the two chitin nanofiber hydroxyl groups can significantly improve their
physicochemical properties and expand their use in new applications L4, Polyacetylation and carboxymethyl acetylation,
replacing hydrogens in the amino and hydroxyl groups, confer chitosan hydrophobicity and consequent waterproofing
properties, which are very useful for obtaining non-toxic and biodegradable bandage coatings for minor cuts, scrapes,
blisters, and burns, associating inherent chitosan healing properties to waterproof protection (Figure 1A—Panel A) 1811191,

However, chitin and chitosan acetylation degree, as well as other physicochemical characteristics, such as molecular
mass and moisture content, are associated with fungal and bacteria growth inactivation. Low-molecular-weight chitosan
oligomers pass through the cell membrane and alter cell permeability 2. Nanochitosans have been shown to
disassemble bacteria cell membranes and inhibit metabolic and biosynthetic pathways 21,

Antioxidant chitosan properties are ascribed to free amino groups, amino acetyl groups, and hydroxyl groups found in
polymer molecules, all of which can react with different reactive oxygen (ROS) and nitrogen (RNS) species (Figure 2).
Many studies indicate that chitosan polymers display antioxidant activities. However, the molecular mechanisms of
chitosan radical scavenger abilities are still not well understood from a chemical point of view 2223l The antioxidant
activity of chitosan increases with the degree of acetylation and with decreasing biopolymer molecular weight. It is
important to note that shorter chains form fewer intramolecular hydrogen bonds between hydroxyls, resulting in more
activated hydroxyl and amino groups, contributing to radical scavenging activity. Chitosan antioxidant activities can be
identified by employing a very common antioxidant assay involving 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals. The
DPPH radical exhibits a strong absorption band centered at about 520 nm and becomes colorless or pale yellow when
neutralized (Figure 2). The ability to scavenge the DPPH radical by chitosan ranges between 30 and 60% [24],
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scavenger activity demonstrated in an antioxidant assay using DPPH (2,2-diphenyl-1-picrylhydrazyl) as the electron
acceptor.

The antioxidant/antimicrobial effects of chitosan and its derivatives can be explored in drug and cosmetic formulations due
to their biocompatibility, non-toxic character, and effective human metabolization, enhancing the safety and shelf life of
both pharmaceuticals and food products (23],

When associated with resveratrol (3,5,4'-trihydroxystilbene), a natural phytoalexin, chitosan synthesized in cis and trans
isomers of grapevines in response to pathogen infection or physical injury can be administered either topically or
systemically (Figure 3). Resveratrol owes its antioxidant activity to its phenolic hydroxyl groups and can be used to
achieve oxidative skin cell homeostasis following topic use or aid in the fight against chronic and degenerative human
physiopathological conditions by promoting organism oxidative balance when administered systemically as a nutraceutical
or pharmaceutical (28],
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encapsulated in chitosan microspheres crosslinked with vanillin can be administered to modulate metabolic dysfunctions.

3. Resveratrol
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Resveratrol from red wine has been considered promising in preventing human cardiovascular diseases 24 and as an
antitumorigenic 281291 and antiviral B9 compound, among other applications. It also modulates lipid metabolism and
inhibits low-density lipoprotein oxidation and platelet aggregation. The potential of this natural product has led to hundreds
of studies concerning the search for pharmaceutical strategies for its stabilization and use in food and cosmeceutical
supplements. Regarding controlled release, many studies describe resveratrol incorporation into several natural and
modified chitosan types in film, nanoparticle, or microsphere form BUBEZISS] For example, Frémont B4 incorporated
resveratrol into chitosan microspheres crosslinked with vanillin. The microspheres presented a smooth surface composed
of small but irregularly sized particles ranging from 53 to 311 pym. Network crosslinking between chitosan and vanillin
occurred via the Schiff base reaction, and resveratrol encapsulation efficiency in the chitosan microsphere reached an
efficiency rate of up to 93.68%.



Sodium tripolyphosphate (TPP) salts can also be used to encapsulate resveratrol in microspheres at concentrations that
considerably alter its bioavailability, consequently increasing its effectiveness 2!,

Chitosans also exhibit well-documented antimicrobial activities against Gram-positive and Gram-negative bacteria and
fungi 211381 However, due to its low solubility, antimicrobial activity is limited to acidic media, although antimicrobial
activity in neutral media can be improved by transforming amino groups into quaternary ammonium salts (NR4 + X7) 24,
Structural chitosan modifications obtained by introducing groups covalently linked to amines or hydroxyls can increase
antimicrobial and antioxidant activities compared to native chitosan 281,

Chitosan antimicrobial activity can be customized and enhanced by covalently binding to antibiotics or antifungal agents to
treat nosocomial infections. The introduction of radicals containing quaternary ammonium/pyridinium salts used as
commercial antimicrobial agents (e.g., dimethyl dodecyl ammonium chloride or bromide and cetylpyridinium chloride) can
improve antimicrobial activity (Figure 4). For example, chitosan nanoparticles modified through the formation of a Schiff
base in the amino group, forming long-chain pyridinium radicals, exhibited increased antibacterial activity against the
Gram-positive species Staphylococcus aureus and Bacillus cereus, as evaluated by MIC (minimum inhibitory
concentration) and MIB (minimum bactericidal concentration), as well as mild antioxidant effects (Figure 2) B,
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Quaternary pyridinium salts

Chitosan nanoparticles functionalized by long-chain pyridinium salts to increase antimicrobial effectiveness.

Metallic nanoparticles containing Ag, Ni, Cu, Pt, Co, Pd, or Au can exhibit unusual physical and chemical characteristics
distinct from their bulk counterparts or individual metals 149 sych as antimycotic, antiparasitic, antineoplastic, insecticidal,
and antibiotic properties 1. For example, Ag-chitosan nanoparticles are promising pharmaceuticals to treat fungal
infections caused by Candida spp., with fungal growth inactivation due to cytoplasmic degeneration and membrane and
cell wall rupture. Ag-nanochitosans in combination with fluconazole and amphotericin B demonstrated an additive effect.
Low nanocomposite cytotoxicity against mammalian cells has been reported in Galleria mellonella larvae, suggesting
potential in vivo use. When tested as a topical treatment against murine cutaneous candidiasis, nhanocomposites were
found to reduce fungal skin loads in a dose-response behavior and favored tissue repair 42,

Molecular chitosan antimicrobial enrollment mechanisms are not yet fully understood. The most accepted mechanism
involves the combination of chitosan cationic amine groups and anionic phospholipids on bacterial surfaces, promoting
membrane disassembly and cell disintegration (Figure 5) 23l It has also been proposed that chitosan and its low-
molecular-weight derivatives, penetrate the bacterial membrane, thus impairing selective protein biosynthesis 21144,
Another possibility is that chitosan, employing its exceptional ability to bind metals, interacts with divalent ions in bacterial
cell walls to prevent cells from performing their normal functions 42, Chitosan can also act as an occluding compound,
docking to the outer bacteria membrane and preventing nutrient cell uptake and oxygen diffusion (Figure 5) 48 Many
studies have focused on optimizing the antibacterial properties of chitosan through various modifications BB, For
example, Liu, et al. 48 reported that surface grafting of gentamicin molecules improved antibacterial chitosan properties
(48] |n another study, chitosan films incorporated with Ag nanoparticles exhibited enhanced antimicrobial properties
(Figure 5) ¥9. Chitosan’s wound-healing properties are enhanced in Ag-chitosan. Chitosan/glycosaminoglycan scaffolds
loaded with Ag nanoparticles can also promote wound repair by stimulating fibroblast proliferation 24 and modulating the
matrix production of metalloproteinases, preventing degradation of both fiber junctions and peptide growth factors B,
Other studies report that nanofibers with Ag nanoparticles promote wound healing by activating the TGF 1/Smad
signaling pathway 2. Furthermore, the addition of Ag nanoparticles can effectively and conclusively inhibit an
inflammatory response by regulating inflammatory mediators, and Ag-chitosan has been proven to induce a superior anti-
inflammatory inhibitory effect than any monomer, significantly reducing interleukin-1 levels 521,
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Molecular effects of chitosan nanoparticles on E. coli growth inactivation. Chitosan seems to interact with phospholipids,
particularly phosphatidylethanolamine (PE), the most abundant phospholipid in E. coli, triggering the impermeabilization or
disassembly of its outer membrane. The impermebialization of bacteria membrane by the nano-chitosan films inhibit
glucose and O, uptake, causing bacteria death. After exposure to nano-chitosan particles, E. coli experiences a
differential expression of proteins involved in protein biosynthesis machinery and amino acid and purine nucleotide supply,
as already demonstrated 21 and shown in the yellow rectangle at the lower right corner. When E. coli is exposed to Ag-
nano-chitosans, an increase in reactive oxygen species is observed, followed by consequent damage to cellular
structures, including proteins and nucleic acids. Chitosan and Ag nanoparticles, as well as cellular structures, are not
represented in their real scale. This figure was drawn using the infographic maker Mind the Graph, available at
https://mindthegraph.com.

Chitin derivatives exhibiting controlled molecular weight and/or deacetylation degree variations have been reported to
display antitumorigenic activity against several cancer cell lines, including human myeloid leukemia HL-60 cells, human

melanoma cells (cell lines A375, SKMEL28, and RPMI7951), HeLa cells, human hepatoma, and human monocyte
leukemia cells [B4IESI5657](58]

Schneible, et al. ¥ studied drug delivery systems employing chitosan hydrogels for combined chemotherapy using
doxorubicin and gemcitabine for the synergistic treatment of advanced solid tumors (i.e., breast cancer). Butanoyl and
heptanoyl-hydrophobic chains were chosen for chitosan modification to target drug release kinetics to control the hydrogel
network structure and, therefore, drug migration (Figure 1A). Specifically, these modifications allow for modulation of the
molar ratio and relative drug release kinetics, which has been validated experimentally, allowing for the prediction of
behaviors for specific formulations offering synergistic effects. The achieved results demonstrate the potential of this
approach to accelerate the use of drug-laden hydrogels for cancer therapy, including chitosan-doxorubicin, chitosan-
gentamicin, chitosan-butanoyl, heptanoyl hydrophobic chains, dimethyl dodecyl ammonium chloride, or bromide and
cetylpyridinium chloride (Figure 4). Many substituents can be inserted into hydroxyl groups, depending on the intended
therapeutic effect. For example, chitosan can be crosslinked using glutaraldehyde (Figure 1B) 89, The more rigid
structure of this polymer crosslinked with a dialdehyde linking the NH, groups can be used for many different applications
compared to isolated chitosan fibers, mainly concerning polymer strength. This material can be coated with other
polymers, forming surface films bonded by hydrogen bonds. With the aim of increasing the resistance of crosslinked
polymers, Sun, et al. 81 anchored poly(ethylene oxide) presenting different molecular weights when preparing various
membrane materials, and the surface of this dense-structure membrane became less porous, decreasing the amount of
water absorption and pore size and increasing thermal stability and tensile strength.
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