
Chitosan- Based Materials with 
Antibacterial Activities As a 

Biotechnological Material for 
Biomedical Applications: A Mini-

Review
Mohammad Reza Kasaai*
Department of Food Science and Technology, Sari Agricultural Sciences and Natural Resources University, 
Iran

Crimson Publishers
Wings to the Research

Review Article

*Corresponding author: Mohammad 
Reza Kasaai, Department of Food Science 
and Technology, Sari Agricultural Sciences 
and Natural Resources University, Sari, 
Km. 9, Farah Road, 48181- 68984, Sari, 
Mazandaran Province, Iran

Submission:  June 16, 2025
Published:  September 15, 2025

Volume 6 - Issue 1

How to cite this article: Mohammad 
Reza Kasaai*. Chitosan- Based Materials 
with Antibacterial Activities As a 
Biotechnological Material for Biomedical 
Applications: A Mini-Review. J Biotech 
Biores. 6(1). JBB. 000626. 2025. 
DOI: 10.31031/JBB.2025.06.000626

Copyright@ Mohammad Reza Kasaai, 
This article is distributed under the terms 
of the Creative Commons Attribution 4.0 
International License, which permits 
unrestricted use and redistribution 
provided that the original author and 
source are credite

812Journal of Biotechnology & Bioresearch

Abstract

Use of biopolymers, as alternatives to synthetic polymers, offers significant advantages on both living 
and environmental systems, by reducing and minimizing potential risks. Biopolymers represent safe 
materials that can replace synthetic ones in several branches of medicine. Among natural polymers, 
chitosan is unique, due to its biocompatibility, safety and Antibacterial Activity (ABA). Chitosan serves as 
a safe alternative inhibitor that can substitute synthetic antibiotics, which are associated with various side 
effects and the development of resistance. This mini-review focuses on the ABA of chitosan as an inhibitor 
against various bacteria, those are harmful for living systems particularly for humans. Properties, function 
and biomedical and health care applications of bulk and nanosized of chitosan were presented. The effects 
of chitosan on gram-positive- and gram-negative bacteria in vitro, and in vivo have been discussed. The 
inhibitory effects of chitosan with some antibiotics were compared. The effects of molecular weight (Mw), 
Degree of N-Acetylation (DA) of chitosan, on ABAs have been also discussed. Use of a variety of chitosan 
derivatives, composite of chitosan, and chitosan- based materials possessing ABAs in different branches 
of medicine have been described. The topic not only for different branches of medicine but also for other 
fields of biotechnology (agriculture, and environment) is of interest
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Introduction
The long-term use of antibiotics against micro-organisms results in the development 

of microorganism resistance [1-4]. Consequently, it is essential to investigate innovative 
strategies for the development of effective and safe therapies to treat bacterial infections 
and to substitute harmful antibiotics. Natural Antibacterial Compounds (ABCs) are safe 
alternatives to antibiotics for treatments of various diseases arising from infections. Due to 
biocompatibility and non-toxicity of biopolymers, they can be used in medical applications 
[5,6]. They are widely used in pharmaceutical industries for the formulation of controlled 
release systems, as well as in artificial muscles and wound healings, due to their non-toxicity, 
biodegradability and biocompatibility [7]. Among biopolymers, chitosan stands out a unique, 
due to its cationic nature (amino groups), and Antimicrobial Activity (AMA). The Antibacterial 
Activity (ABA), make chitosan highly versatile, with applications across various fields of 
medicine such as various bacterial infections, wound dressing, tissue engineering, and 
drug delivery systems [8]. Nano-Sized Materials (NMs) exhibit physicochemical properties 
significantly different from those of their original counterparts [9,10]. Additionally, NMs create 
greater efficiencies at shorter periods in target therapies compared to the bulk counterparts 
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[11]. For instance, nanosized of chitosan and its Nanocomposites 
(NCs) with carboxymethyl cellulose inhibit the growth of a variety 
of bacteria with a superior ABA and a greater efficiency compared 
to the original chitosan [12]. This manuscript provides a mini- 
review of several reports mainly published between 2010-2025 
on chitosan as an ABC to protect humans from bacterial infections. 
Several subjects have been described as follows: (1) chitosan as 
a safe alternative to synthetic antibiotics; (2) an analysis of the 
differences between chitosan and chitosan Nanoparticles (NPs)/
NMs, focusing on how the size of chitosan influences its efficiency 
in ABAs; (3) conduct a comparison of the ABA of chitosan and its 
derivatives; (4) conduct a comparison of the ABA of chitosan and its 
combinations with other active compounds; and (5) use of chitosan, 
chitosan derivatives, and chitosan- based materials for treatment of 
various bacterial infections. 

General Aspects
Preparation of chitosan and its chemical structure

Chitin is the second most abundant polysaccharide in nature, 
after cellulose, often is regarded as a cellulose derivative. It is 
insoluble in most common organic and inorganic solvents. The 
conversion of chitin into chitosan significantly enhances its 
solubility and facilitates its processing, thereby expanding its 
range of practical applications. Chitosan is produced from chitin 
through the N-deacetylation as illustrated in Figure 1. The term 
chitosan is used for both partially and fully deacetylated forms. 
Usually, chitosan is a partially N-deacetylated chitin and comprises 
two subunits[glucosamine, and N-acetyl glucosamine, linked via β 
(1–4)-glycosidic linkages]. These two biopolymer units randomly 
distributed along macromolecule chains [13-19].

Figure 1: Preparation of chitosan by N-deacetylation of chitin.

Properties of chitosan

Table 1: Resources, characteristics, properties, functions and medical and health care applications of bulk and nanosized 
of chitosan.

Items Resources, 
Characteristics Properties Advantages Disadvantages 

and Restrictions

Functions, Medical 
and Health Care 

Applications
References

Chitosan

Wastes of seafood 
shells, renewable 

resources, Hydrophilic 
and cationic nature; 

Biodegradable; 
no harmful to the 

environment; usually 
has DA < 0.3 and Mw 

between 10-1000 kDa  

Bio-compatible; film- 
and fiber forming; 

Antimicrobial (bacterial, 
fungal, yeast); physico-
chemical and biological 

properties depend on its 
DA, Mw, concentration, 
pH and temperature of 
chitosan solutions and 

the nature of micro-
organisms.

inhibits the growth 
of variety of 

microorganisms; 
protect living 

systems, and food 
from microbial 
infections and 
deteriorations 

Hydrophilicity 
induces some 

limitations and 
produces low 

mechanical 
strength; 

As an antibacterial 
agent, protect living 

systems from various 
bacterial infections, 

Carrier for drugs, gene, 
nutrients and bioactive 
compounds, a dress for 

wound healing,

[13-18]

Nanosized 
chitosan AS above described

exhibit superior physical, 
chemical, and biological 
properties compared to 

the original chitosan

Possess greater 
efficiency and 
performance 

compare to the 
original chitosan

Clinical trial 
is needed to 

confirmed safety 
and to determine 

the dose for safety 

The nanosized chitosan  
has greater potential 

applications in medicine, 
more effective in 

different branches 
of medicine chitosan 
in nanosized and its 

nanocomposites form 
have greater potential 

applications compared to 
original chitosan

[8,11,19]
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Resources, characteristics, properties, functions and medical 
and health care applications of bulk and nanosized of chitosan 
are presented in Table 1. Chitosan with positively charged amino 
groups (NH3

+) exhibits AMA, including Antibacterial Activity 
(ABA) against both gram-negative and gram-positive bacteria and 
Antifungal Activity (AFA) [20-22]. The amino groups of chitosan can 
interact with negatively charged of cell walls of micro-organisms, 
followed by penetrate to the cells. and ultimately prevent the 
growth or death of the cells . Additionally, chitosan exhibits film 
and fiber forming properties, making it suitable for constructing 
hydrogels, nanofibers, and membranes [21,23-25]. Two critical 
structural parameters influencing the biological properties of 
chitosan are the degree of N-acetylation (DA) and molecular weight 
(Mw). Generally, chitosan with a lower DA exhibits superior ABA 
compared to chitosan with a higher DA. Chitosan with a low DA or a 
low Mw in a diluted organic acid is converted into positive charged 
as a result of the protonation of the amino groups. Additionally, 
the distribution of two units, D-glucosamine; and N-acetyl-D-
glucosamine, along macromolecular chains produce various types 
of sequences: random; block; or alternated block macromolecules 
having different charged densities as well as different level of ABAs. 
The solubility of chitosan not only depends on the DA and Mw, but 
also depends on the distribution of the monomer units, and pH of 
medium. The quaternary salts of chitosan demonstrate improved 
solubility in both acidic and alkaline solutions and enhanced 

Antibacterial Properties (ABPs) [15,26]. The ABA of chitosan and 
its derivatives is influenced by physicochemical properties and 
external environmental conditions such as solubility of chitosan 
and pH of chitosan solutions [1,27].

Use of Nanoscience and Nanotechnology in 
Medicine

Nanotechnology is widely regarded as one of the key 
technologies of the 21st century, offering significant potential in 
medicine. It plays a critical role in the development of advanced 
medicine for several treatments of diseases. The ABAs of chitosan 
and its derivatives significantly enhance by using nanosized 
chitosan [1,25,28-30]. Nanosized of chitosan and its NCs with 
carboxymethyl cellulose inhibit a variety of bacteria with a 
superior ABAs and a greater efficiency compared to the original 
chitosan [12]. Silver NPs (Ag NPs) exhibit Antimicrobial Properties 
(AMPs) against various microorganisms and can combine with 
chitosan. Results showed Ag NPs enhanced ABPs against S. aureus 
and E. coli. The ABPs increased significantly as the Ag NPs content 
increased [31,32]. Oligomeric chitosan having nanosized can easily 
penetrate the cell membrane of a microorganism and once inside, 
inhibits RNA transcription and prevents the growth of the cell [24]. 
A comparison of some properties particularly ABAs of nanosized 
chitosan versus bulk chitosan was illustrated in Figure 2. 

Figure 2: A comparison of some properties particularly ABAs of nanosized chitosan versus bulk chitosan.

Nanosized of chitosan 

Chitosan NPs have been usually fabricated by a gelation 
procedure via electrostatic interactions between positively charged 
of amino groups (-NH3

+) of chitosan and negatively charged of 
sodium Tripolyphosphate (TPP) [33]. The TPP is non-toxic and 

thus the fabrication of chitosan NPs is a safe procedure. Chitosan 
NPs is much safer, when it is made with food-grade of TPP [11]. 
Both chitosan: TPP ratio and pH of chitosan solution are affected 
the physicochemical characteristics [size, Polydispersity Index 
(PDI), Zeta Potential (ZP), surface charge)] of the NPs. Chitosan NPs 
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or chitosan Nanomaterials (NMs) create longer paths and stronger 
structures, and resulting nano- reinforced materials with enhanced 
MPs in comparison with conventional ones [34,35]. TPP-crosslinked 
chitosan NPs formed a more compact, denser coating layer, and 
smaller hydrodynamic volume than that of the original chitosan 

[36]. Figure 3 shows fabrication of chitosan NPs from chitosan and 
TPP. Chitosan NPs demonstrate a considerable compatibility with 
metal ions (Ag, Zn, Cu), and their combinations, yield in NCs with 
enhanced ABAs, and expand their applications [30-32,37].

Figure 3: Fabrication of chitosan- nanoparticles from chitosan and sodium or potassium tripolyphosphate (TPP).

Antibacterial Activity of Chitosan- Based Materials
Several bacteria cause human infections

The most common pathogenic bacteria involve human 
infections include gram-positive [Enterococcus faecalis (E. faecalis), 
Staphylococcus aureus (S. aureus),- MSSA ATCC 29213, and S. aureus- 
MRSA ATCC 43300), and gram-negative [Escherichia coli (E. coli), 
Klebsiella pneumoniae (K.pneumoniae), Pseudomonas aeruginosa 
(P. aeruginosa)] bacteria. The susceptibility of these bacteria to 
Antibacterial Compounds (AMCs) is different, due to their specific 
cell wall structures and morphologies [38].

Chitosan-based materials as antibacterial agents for 
treatment of various infections

Applications of chitosan- based materials with ABAs in three 
major branches of medicine are illustrated in Figure 4. Chitosan 
derivatives possessing Quaternary Ammonium Groups (QAGs) 
demonstrated superior ABAs compared to the neat chitosan. 
Chitosan derivatives with entirely ammonium ions make them very 
effective in inhibition of various bacteria. The main benefit of chitosan 
derivatives possessing QAGs over other chitosan derivatives is its 
fixed cationic charged groups. The strong electrostatic interactions 
between the QAGs of the chitosan derivatives and functional groups 
of bacterial cell membranes, leading membrane cleavage and thus 
destroy the integrity of the cell membrane. E. coli, a gram-negative, 
and S. aureus, a gram-positive, bacteria have been selected as 
model microorganisms to evaluate the ABA of chitosan derivatives. 
Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal 
Concentration (MBC) have been determined to evaluate the ABAs 
of chitosan, and its derivatives. The inhibitory effect of chitosan 
derivatives containing QAGs on S. aureus was found to be more 

pronounced than that on E. col. In a mildly alkaline environment, 
the proliferation of E. coli was less inhibited compared to S. aureus 
[1,27]. Variations in the components of the cell walls influence the 
mechanism of action of chitosan and its derivatives. Peptidoglycan 
(PG) serves as the primary structural element of the cell wall in 
S. aureus, made up of alternating residues of N-Acetylmuramic 
acid (MurNAc) and N-Acetylglucosamine (GlcNAc). The cellular 
architecture of E. coli is characterized by two distinct membranes: 
the outer membrane and the inner membrane. The outer membrane 
consists of proteins, phospholipids, and Lipopolysaccharides (LPS). 
The QAGs of chitosan derivatives interact with the negatively 
charged phospholipid components of the bacterial cytoplasmic 
membrane, leading to significant disruption of the lipid bilayer, 
which can result in cytoplasmic leakage, lysis, and ultimately cell 
death. Chitosan derivatives having QAGs have potential applications 
in drug delivery and wound dressing [1,27].

Figure 4: Applications of chitosan- based materials 
with ABAs in three branches of medicine.
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Two reactive functional groups (amino groups on the C2 of 
deacetylated units, and hydroxyl groups on the C3 and C6 of both 
acetylated and deacetylated units) of chitosan, create several 
possibilities for structural modifications and preparation of several 
derivatives, hydrogels micro/NPs, and composite/ NCs, for a 
variety of applications [21-22,39-43]. Hydrogels can be prepared 
through the interactions between functional groups of chitosan 
and functional groups of cross-linking agents. The specific type of 
cross-linking agent determines whether amino, hydroxyl, or both 
groups of chitosan are involved in the cross-linking process. For 
instance, the NPs of hydrogels were developed using a cross-linking 
agent, TPP. The hydrogels were characterized by Fourier-Transform 
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy 
(SEM), Transmission Electron Microscopy (TEM), Thermal 
Gravimetry Analysis (TGA) and differential scanning calorimetry 
(DSC). The hydrogels were tested versus eight bacteria, including 
gram- positive [Bacillus subtilis (B. subtilis, ATCC 6633), S. aureus, 
ATCC 6538, Staphylococcus epidermidis (S. epidermidis, ATCC 
12228) and Streptococcus pyogenes (S. pyogenes, ATCC 19615)], and 
gram-negative [E. coli, ATCC 11229, K. pneumoniae, ATCC 10145, 
Proteus (ATCC 33420), and Salmonella enteritidis (S. enteritidis, 
ATCC 7251)] bacteria using nutrient agar method [44]. The 
experimental results indicated that both chitosan hydrogels and 
chitosan hydrogel NPs exhibited greater ABAs than chitosan and 
chitosan NPs alone. Notably, chitosan hydrogel NPs demonstrated 
the highest MIC and MBC, particularly against S. pyogenes, with 
values of 19.5 and 39 μg.ml-1, respectively, in comparison to the 
standard antibiotic Ciprofloxacin, which had MIC and MBC values 
of 19 and 38 μg.ml-1. Ciprofloxacin is a fluoroquinolone antibiotic 
used to treat a number of bacterial infections. Chitosan-gelatin 
composite exhibited enhanced ABA compared to the neat chitosan. 
Formation of strong hydrogen bonds between chitosan and gelatin, 
leading a closed and dense structure with enhanced ABA [45]. The 
release of bioactive substances from the chitosan basted matrix 
is influenced by different physicochemical properties, including 
the pH of solution or the protonation of amine groups of chitosan 
macromolecule chains [8, 46,47].

Wound healing and tissue engineering

Infection of wounds can delay the healing process. Chitosan 
having broad-spectrum of ABAs, helps reduce this risk [25,48]. 
A combination of chitosan and Cu²⁺exhibits a synergistic 
antibacterial effect. The addition of Cu²⁺to chitosan- based 
hydrogels strengthens their adhesiveness, while also improving 
their ABAs [37]. Additionally, a combination of chitosan 
oligosaccharide and oxidized hyaluronic acid produced nanogels, 
and facilitated the release of antibiotics such as enrofloxacin for 
the treatment of infected wounds [49]. A chitosan- based NCs 
membrane demonstrated superior ABA and has been used for 
wound healing infections. A membrane comprises of chitosan 
and zeolitic imidazolate framework-8 (ZIF-8) was designed. ZIF-
8 is a metal-organic framework constructed from zinc ions and 
imidazolate linkers. The membrane exhibited superior ABA against 
S. aureus and has been used for wound-infected rat models. ZIF-8 
is characterized by its high porosity and biocompatibility. The pH-

sensitive decomposition of ZIF-8 NPs enables targeted drug release 
in acidic medium, such as those commonly present in infected 
wounds. ZIF-8 not only enables regulated drug delivery under 
acidic conditions but also demonstrates ABPs by slowly releasing 
zinc ions. The dual functionality of ZIF-8 in combination with 
chitosan makes this NCs a valuable healing compound for wound 
care applications [25,50]. A hydrogel made from chitosan derivative 
demonstrated ABA with a reduction in antibiotic resistance. This 
hydrogel was developed with a combination of ZIF-8, polydoamine 
- carbolxylated chitosan. The hydrogel exhibited photocatalytic 
and photothermal antibacterial effects; The hydrogel totally 
inhibited the bacterial growth via elevated local temperatures. 
The temperature was raised over 70°C, when exposed to the near-
infrared light, while the regulated release of Zn2+ ions facilitated 
healing, and diminished antibiotic resistance. This hydrogel has 
been used for wound healing infections [51]. 

Conclusion
This mini-review focuses on ABA of chitosan, its derivatives and 

chitosan -based materials, both bulk and nanosized for applications 
in various branches of medicine. Biocompatibility, biodegradability, 
ABA, and ability to form functional nanostructures makes chitosan a 
highly versatile biopolymer. Chitosan, its derivatives, its composites 
and chitosan- based materials showed significant potential for a 
wide range of applications across various branches of medicine 
and healthcare such as wound dressing, tissue engineering and 
drug delivery. Chitosan demonstrated an inhibitory effect on the 
growth of various bacteria, including both gram-positive and gram-
negative bacteria. The level of inhibition increased as the DA of 
chitosan decreased. Among chitosan samples with similar Mw, but 
differing DAs, those with a DA of 0.0 or those containing entirely 
amino groups exhibited the highest ABA. Additionally, among all 
forms of chitosan, those containing entirely ammonium ion forms 
or the quaternary salts of chitosan displayed the most significant 
ABAs. Nanosized chitosan or chitosan NPs can penetrate and 
be absorbed by human organs more efficiently and rapidly than 
bulk chitosan, resulting in improved efficacy and performance. 
Moreover, the nanoscale dimensions of chitosan provide a high 
surface area-to-volume ratio, facilitating interactions with targeted 
human organs, whereas bulk chitosan encounters challenges in 
interacting with human organs, often resulting in minimal both 
interactions and efficiencies. Chitosan-based NMs with superior 
properties compared to bulk materials, open innovative strategies 
in several branches of biotechnology, medicine and health care 
sectors, such as diagnostics, therapeutics, drug deliveries, wound 
healing and tissue engineering. Additionally, they protect food and 
agricultural products from several pathogens.

Future Perspectives
There is a little information on the safety of biopolymers such 

as chitosan at the nanoscale. A gap between safety and existing 
toxicity, direct us to design experimental strategy. In vitro nano-
toxicity investigations are necessary to predict possible side effects, 
and to understand how NMs interact with biological systems. 
Clinical trials on the toxicity of chitosan NMs and chitosan- based 
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NMs should be carried out in vivo before they are commercialized. 
Eliminating the risks related to exposure to the NMs is imperative. 
By confirming their safety, these materials become extremely 

effective and numerous applications in nanomedicine and 
healthcare become possible (Table 2).

Table 2:

Abbreviation Expression, Term Abbreviation Expression, Term

ABA Antibacterial activity MBC minimal bactericidal concentration 

ABAs Antibacterial activities MIC Minimal inhibitory concentration

ABC Antibacterial compound Mw Molecular weight

ABCs Antibacterial compounds NC Nanocomposite 

ABPs Antibacterial properties NCs Nanocomposites

AFA Antifungal activity NF Nano-fiber

AFAs Antifungal activities NFs Nano-fibers

Ag Silver NP Nanoparticle

AMA Antimicrobial activity NPs Nanoparticles

AMAs Antimicrobial activities PDI polydispersity index 

AMC Antimicrobial compound QAGs quaternary ammonium groups 

AMCs Antimicrobial compounds SEM Scanning electron microscopy 

AMPs Antimicrobial properties TEM Transmission electron microscopy

Cu²⁺ Copper ion TGA Thermal gravimetry analysis 

DA Degree of N-acetylation TPP Na (or K) tripolyphosphate 

DSC Differential scanning calorimetry Zn zinc

FTIR Fourier-transform infrared 
spectroscopy ZP Zeta Potential

LPs Lipopolysaccharide
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