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Preface

Chitosan, a natural biopolymer, is derived from chitin, one of the most abundant
natural resources. In recent years, it has moved from being explored as a straightforward
biodegradable material to becoming an important foundation for innovation across
medicine, biotechnology, food, and industry. Its primary attributes, biocompatibility,
antimicrobial activity, biodegradability, and simplicity of chemical modification,
make it applicable in a variety of sectors, bridging the gap between environmental
and industrial technologies and the life sciences.

This book, Chitosan and Alginate Frontiers — Innovations and Applications in Life
Sciences, Food, and Industry, brings together recent advancements across multiple
domains. It includes nanoparticles for drug delivery, materials for wound healing, and
chitosan-pectin composites that are intended for tissue engineering and drug release.
It also addresses smart hydrogels that are responsive to temperature and other stimuli,
as well as cubosome nanocarriers that can serve as diagnostic instruments and deliver
medications. These chapters collectively demonstrate how chitosan facilitates the
development of contemporary, biocompatible biomaterials for medical applications.

Another important theme explored is sustainability, with chitosan investigated

as a biosorbent for wastewater treatment and evaluated at both laboratory and
semi-industrial scales. The results affirm that it can supplant more expensive or
polluting sorbents, thereby reducing water contamination and supporting cleaner
technologies.

Chitosan is demonstrated to be more than a one-purpose material by the book’s
integration of these domains. It is a sustainable and adaptable resource that impacts
the environment, health, and industry. Each chapter emphasizes the practical appli-
cations, novel discoveries, and obstacles that must be overcome for future research
and large-scale implementation. This volume will serve not only as a comprehensive
overview of current progress but also as an invitation to future exploration for
researchers, clinicians, engineers, and decision-makers who see in chitosan a frontier
biomaterial of the 21st century.

Complementing chitosan, alginate, a naturally occurring polysaccharide extracted
mainly from brown seaweeds, has gained considerable attention in biomedical and
pharmaceutical research due to its remarkable biocompatibility, biodegradability,
and gel-forming properties. Structurally, alginate consists of linear copolymers

of B-D-mannuronic acid (M) and a-L-guluronic acid (G) residues, which determine
its viscosity, mechanical strength, and ability to form ionic gels in the presence of
divalent cations such as calcium.

In pharmaceutical applications, alginate is widely utilized as a matrix-forming agent,
encapsulation material, and controlled-release carrier. Its ability to form hydrogels
under mild conditions makes it an ideal platform for encapsulating sensitive bioactive



compounds, including proteins, peptides, and live cells. Moreover, alginate-based
systems have been effectively applied in wound healing, tissue engineering, and
targeted drug delivery.

Recent advances have focused on the chemical modification of alginate to improve

its mechanical stability, cell adhesion properties, and responsiveness to physiological
stimuli. These innovations have expanded its potential beyond traditional biomedical
uses, establishing alginate as a key biomaterial in the design of next-generation
therapeutic systems and regenerative scaffolds.

Licramioara Popa, Mihaela Violeta Ghica and Cristina-Elena Dinu-Pirvu
Professor PhD,

Faculty of Pharmacy,

Carol Davila University of Medicine and Pharmacy,

Bucharest, Romania

Dr. Md. Abul Kalam Azad, PhD

Faculty of Pharmacy,
University College MAIWP International,
Kuala Lumpur, Malaysia
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Chapter 1

Biomedical Potential of Chitosan
Nanoparticles: Advances in Drug
Delivery and Disease Management

Manoj Kumar Srinivasan, Kamalesh Balakumar Venkatesan,
Nivedha Jayaseelan and Savavanan Alamelu

Abstract

Chitosan, a biopolymer derived from the deacetylation of chitin, has gained
significant attention in biomedical applications due to its exceptional biocompatibil-
ity, biodegradability, and antimicrobial properties. The advent of nanotechnology has
further expanded its potential through chitosan nanoparticles (CSNPs), which offer
improved solubility, bioavailability, and targeted therapeutic delivery. CSNPs possess
mucoadhesive properties that enhance drug transport across biological membranes,
making them effective in treating cancer, diabetes, infections, and cardiovascular
diseases. Additionally, their antibacterial, antifungal, and antioxidant activities
contribute to food preservation, wound healing, and the mitigation of oxidative
stress-related disorders. In cancer therapy, CSNPs facilitate controlled drug release,
minimizing systemic toxicity and enhancing therapeutic outcomes. Their ability to
interact with cellular components also makes them ideal for gene therapy and vaccine
delivery. Functionalization with ligands and antibodies has further improved their
specificity and bioavailability in targeted drug delivery applications, including oral,
ocular, and pulmonary routes. Despite these advantages, challenges such as large-
scale production, stability, and regulatory compliance must be addressed. Future
research should focus on optimizing CSNP formulations for clinical applications,
ensuring their safety and efficacy. This chapter explores the vast biomedical potential
of CSNPs, highlighting their ability to revolutionize modern drug delivery systems.

Keywords: chitosan, nanoparticles, drug delivery, cancer therapy, antimicrobial,
biocompatibility
1. Introduction

Chitosan is a polymer and polysaccharide derived from the deacetylation of chitin,
one of the most abundant naturally occurring polymers found in living organisms.

It is known for its biodegradability, which allows it to break down within biological
systems, minimizing toxicity and ensuring biocompatibility [1]. This unique attribute
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makes chitosan particularly beneficial in agriculture for enhancing crop yield,
managing plant infections, preventing food spoilage, and extending food shelf life.
Furthermore, its antimicrobial and immunomodulatory properties have positioned it
as a valuable tool in combating human and animal infections and treating a variety of
diseases, including cancer, cardiovascular diseases, diabetes mellitus, and neurologi-
cal disorders. In addition, chitosan plays a crucial role in improving drug and vaccine
delivery, demonstrating potential in addressing infectious diseases such as COVID-19
and Lassa virus.

The versatility of chitosan as a biomaterial laid the foundation for its transition
into nanotechnology-based applications, a shift that has significantly expanded its
potential in medicine and pharmaceuticals. With the rise of modern nanotechnology
in the 1980s [2], researchers explored ways to enhance the physicochemical proper-
ties of bioactive compounds, leading to the development of chitosan nanoparticles
(CSNPs). The nanoscale formulation of chitosan has proven to be a game-changer,
offering enhanced diffusibility, improved stability, and superior drug-loading
capacity. This advancement has bridged the gap between chitosan’s traditional uses
and its evolving biomedical applications, particularly in targeted drug delivery and
therapeutic interventions.

Unlike conventional chitosan, nanochitosan exhibits improved permeability and
bioavailability, allowing for more efficient cellular uptake and therapeutic action.
CSNPs leverage chitosan’s inherent biocompatibility while overcoming the limitations
of synthetic polymers, which are often associated with immune-mediated tissue
rejection [3]. This has made CSNPs a promising candidate for diverse biomedical
applications, ranging from food packaging where they help prevent spoilage to dis-
ease prevention and treatment. They have demonstrated remarkable efficacy against
infectious diseases like COVID-19 and HIV/AIDS, as well as chronic conditions such
as cardiovascular diseases, cancer, and neurological disorders.

Moreover, the functionalization of CSNPs through ionic interactions or cross-
linking with other polymers further amplifies their therapeutic efficacy. These
modifications enhance their interaction with biomolecules such as proteins, DNA,
and microorganisms, a property particularly valuable in cancer therapy. CSNPs can
disrupt the metabolic activities of cancerous cells, slowing tumor progression, while
their chelating ability, which is attributed to positively charged amine groups, makes
them effective in disease management. This multifaceted approach has positioned
CSNPs as crucial tools not only in therapeutic drug delivery but also in diagnostic
applications, enabling early disease detection and improved treatment outcomes.

Beyond their therapeutic applications, nanotechnology has redefined the
way bioactive substances, including both water-soluble and insoluble medicinal
compounds, are utilized in medicine. Encapsulating drugs within biodegrad-
able nanoparticles enhances their solubility, bioavailability, and retention time,
leading to sustained therapeutic effects and reduced systemic toxicity [4]. The
flexibility in surface functionalization further allows for targeted drug delivery,
minimizing off-target effects while optimizing drug stability [5]. Compared to
traditional drug delivery methods, nanoparticle-based systems offer superior
precision, controlled release, and enhanced pharmacokinetic profiles, making
them a cornerstone of modern pharmacology [6].

Among the various nano-biomaterials and synthetic polymers explored for
pharmaceutical applications, chitosan stands out due to its exceptional biological,
physical, and chemical properties. Its bioadhesive nature enables it to interact rapidly
with negatively charged mucosal membranes, prolonging drug contact time and
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enhancing therapeutic efficacy [7, 8]. This makes CSNPs an indispensable tool in
fields such as tissue engineering, gene therapy, and nanomedicine. This chapter delves
into the potential of CSNPs in revolutionizing drug delivery systems, emphasizing
their transformative role in modern therapeutics.

2. Properties of chitosan

Chitosan, derived from chitin, is a versatile polysaccharide with numerous bio-
medical applications. Chitin, the second most abundant natural polysaccharide after
cellulose [9], is the primary source for chitosan production. The quality of chitosan
depends on the origin of chitin, the extraction method employed, and the degree of
deacetylation achieved [10].

2.1 Sources of chitosan

Chitosan and chitin are predominantly sourced from both aquatic and terrestrial
organisms, as well as specific microbial species [11]. Marine organisms, such as
shrimp, lobster, crab, and squid, are significant sources of chitin. These organisms
produce biowaste, which can be utilized for chitosan and chitin extraction [12,

13]. However, challenges related to seasonal availability and processing constraints
hinder the constant commercial production of chitosan from aquatic biological
waste [13, 14].

To overcome these challenges, terrestrial species, including mushrooms, crus-
taceans, and insects, have emerged as alternative sources of chitosan, particularly
in the form of partially deacetylated polymers [15]. Among terrestrial organisms,
silkworms and honeybees have gained attention due to their waste products being
suitable for large-scale chitin and chitosan production [16]. Microbial organ-
isms such as yeasts, molds, chrysophyte algae, ciliates, and certain bacteria (e.g.,
streptomycetes spores and Prosthecate bacteria stalks) also contain chitin and
chitosan [17].

The microbial production of chitosan offers advantages, allowing the process to
be tailored for cleaner and more uniform products with desirable properties [18].
Nevertheless, practical and economic challenges limit the use of chitosan and chitin
from a wide variety of micro- and macroorganisms [19].

2.2 Biomedical properties of chitosan

Chitosan exhibits a range of properties that make it an exceptional biomaterial for
biomedical applications (Figure 1). These include:

1. Low immunogenicity: Chitosan does not induce significant inflammation or im-
mune system activation, making it ideal for medical use [20, 21].

2. Biodegradability and biocompatibility: Chitosan is biodegradable and biocompat-
ible, characteristics that are essential for its biomedical applications. Iz vivo,
bioenzymes facilitate the depolymerization of chitosan, leading to non-toxic,
non-allergenic breakdown products such as N-acetylglucosamine and glucos-
amine. These products do not accumulate in the body, making chitosan a safe
and versatile biomaterial for various medical uses.
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Figure 1.
Properties of chitosan nanoparticles and its biomedical applications (Own Work).

3. Antibacterial activity: The cationic nature of chitosan allows it to bind to bacterial
surfaces, disrupting membrane permeability and inhibiting microbial growth
[22]. This antibacterial effect is amplified at lower degrees of deacetylation and
in acidic environments. Additionally, reducing the molecular weight of chitosan
enhances its activity against Gram-negative bacteria, although it reduces its ef-
fectiveness against Gram-positive bacteria [23].

4. Mucoadhesive properties: Chitosan’s mucoadhesive capabilities allow it to facili-
tate drug delivery via mucosal routes and enhance the adsorption of compounds
that typically lack affinity for mucus [24]. It can also increase drug permeation
through epithelial tissues by opening tight junctions within the epithelium [25].

5. Wound healing and coagulation: Chitosan has been extensively studied for its co-
agulation properties, promoting platelet interaction and facilitating wound heal-
ing [24]. It accelerates macrophage and neutrophil activation, granulation tissue
formation, re-epithelialization, and reduces scar formation and wound contrac-
tion. As a wound dressing material, chitosan offers several beneficial properties,
including chemoattraction, analgesic effects, and inherent antimicrobial activ-
ity, making it invaluable in advanced wound care [26].

2.3 Structural and chemical properties

Chitosan is a semi-crystalline polysaccharide consisting of linear chains of
N-acetyl-d-glucosamine and d-glucosamine residues. Its amino group (-NH,)
imparts a cationic nature, enabling it to attract negatively charged molecules like
proteoglycans, thus promoting extracellular matrix formation [27]. The hydroxyl
group (-OH) enhances bonding and structural stability by interacting with
positively charged molecules [28]. These functional groups allow for electrostatic
interactions and versatile modifications of chitosan, improving its mechanical
and physical properties [29].

Chitosan can be synthesized through the precipitation of polyanions in
alkaline solutions, which imparts a wide range of medical properties, including
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anti-ulcer [30], wound healing [31], antibacterial activity, and cholesterol-low-
ering effects [32]. However, further research is required to fully understand and
optimize these effects [33, 34].

2.4 Chemical modification and applications

The cationic R-NH;" group in chitosan interacts with negatively charged mucosal
surfaces, contributing to its mucoadhesive properties [35]. Additionally, protonated
amine groups interact with cell membranes, inducing structural changes in protein-
associated tight junctions, leading to transient opening [36]. The ease of chemical
modification, especially at the C-2 position, allows for the development of derivatives
with unique properties and applications [37].

Recent studies have shown that chitosan and its derivatives exhibit significant
anticancer effects, with both in vitro and in vivo evidence supporting these findings.
These effects are primarily attributed to chitosan’ ability to release interleukins (IL)-1
and IL-2, enhancing the maturation and infiltration of cytolytic T-lymphocytes [38].
Furthermore, chitosan and its derivatives have demonstrated potent antioxidant
activity, scavenging free radicals and protecting biomolecules from oxidative damage
[39, 40]. Zhao et al. emphasized that amino and carboxyl groups in chitosan play a
key role in stabilizing free radicals, thereby enhancing its antioxidant properties [41].

3. Therapeutic applications of chitosan nanoparticles
3.1 Targeted drug delivery

The recognized potential of CSNPs as drug delivery systems has created new
opportunities for the development of a diverse variety of CSNPs-based delivery
vehicles [42]. The United States Food and Drug Administration (FDA) recognizes
chitosan’s biocompatibility and classifies it as GRAS (Generally Recognized As Safe)
[43]. The inclusion of amino and hydroxyl functional groups, as well as the glycosidic
link, aids in drug and DNA loading into CNPs. Additionally, the solubility of CNPs in
acidic aqueous solutions allows for their synthesis using sustainable chemistry prac-
tices, avoiding harmful organic solvents [44]. Another significant advantage of CNPs
is their mucoadhesive property, which supports the controlled release of drugs in vivo
[45]. CSNPs offer versatile potential applications in drug delivery, spanning various
routes such as ocular, oral, parenteral, pulmonary, nasal, buccal, and vaginal adminis-
tration, as well as in specialized areas like cancer therapy and tissue engineering [46].
The following sections explore selected applications of CNPs in drug delivery.

3.2 Anticancer drug delivery

Chitosan plays key roles in cancer therapy, including gene delivery, drug delivery,
and vaccine adjuvants [47]. CSNPs are promising due to their biocompatibility,
biodegradability, cell membrane penetration, high drug-carrying capacity, pH-
responsive release, multifunctionality, and prolonged circulation [48]. Exogenous
nucleic acids can be introduced into tumor cells or their surrounding environment
to modify particular genes implicated in cancer etiology [49]. Nucleic acid therapies
encounter several challenges, such as targeting specific tissues, overcoming charge-
based repulsion at the cell membrane, and facilitating efficient endosomal escape.
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These limitations hinder their therapeutic efficacy. Therefore, the development
of robust nucleic acid delivery systems is crucial to overcoming these barriers and
enhancing their therapeutic potential [50, 51].

Gene delivery is generally based on viral or nonviral vectors. While viral vec-
tors have a high transfection efficiency, their mutagenic and carcinogenic potential
restricts their application in cancer gene therapy [52]. Nonviral vectors, including
polymer-based carriers, liposomes, and nanoparticles, have gained attention as safer,
more feasible alternatives for gene transfer due to advantages like ease of fabrication,
reduced immunogenicity, and better control over drug delivery [53]. Liposomes are
effective gene delivery systems but suffer from low encapsulation efficiency, toxic-
ity, short shelf life, and instability. Cationic polymers offer enhanced transfection
efficiency and high encapsulation capacity and aid endosomal escape through the
proton sponge effect [54, 55].

Chitosan’s non-toxic nature as a gene delivery vehicle, as well as its excellent
physicochemical properties that facilitate nucleic acid delivery and gene transport,
have led to increased research into the potential of chitosan as a gene delivery vehicle
in cancer treatment [56].

Chitosan’s free amine groups enable easy functionalization with chemotherapeu-
tic agents. For example, doxorubicin (DOX) was linked to chitosan via a succinic
anhydride spacer, forming carboxylic acid that interacted with DOX’s amine groups.
This carboxylic acid was then attached to chitosan’s amine groups using carbodiimide
chemistry, resulting in chitosan-DOX nanoparticles that self-assembled in an aqueous
solution at room temperature [57]. However, increasing the DOX amount decreased
the conjugation effectiveness with chitosan. Additionally, trastuzumab, a monoclonal
antibody targeting Her2+, was linked to chitosan-DOX nanoparticles through lysine
residue thiolation, followed by thiol-chitosan binding. Trastuzumab-conjugated
chitosan-DOX nanoparticles were more selective to Her2+ cancer cells than free medi-
cines or chitosan-DOX nanoparticles, resulting in higher absorption. Furthermore,
these conjugated nanoparticles showed a remarkable ability to distinguish between
Her2+ and Her2- cancer cells, indicating their potential for active targeted drug
delivery.

Another approach involved the development of pH-sensitive bovine serum
albumin-stabilized graphene (BSG)/chitosan nanocomposites for efficient drug
delivery in cancer treatment. These nanocomposites were created by electrostatic
interactions between chitosan and BSG, and they include DOX as an anticancer
drug. The characterization demonstrated that CSNPs were effectively decorated on
BSG, which improved drug encapsulation efficiency. The study demonstrated that
BSG reduced burst release and promoted controlled DOX release at acidic pH levels
typical of the tumor microenvironment. The release profile indicated sustained drug
delivery over 28 days, with optimal performance at 2 wt% BSG. Release mechanism
analysis revealed uniform and sustained drug release, offering significant potential
for improved cancer therapy. Furthermore, the sustained release of DOX effectively
suppressed cancer cell proliferation under acidic conditions, demonstrating the
efficacy of the nanocomposite in combating tumors. These findings underscore the
potential of pH-sensitive nanocomposites for targeted drug delivery in cancer therapy
(Figure 2) [58].

For example, glyceryl monooleate-chitosan core-shell nanoparticles generated
by an emulsification-evaporation technique were used to encapsulate paclitaxel,
a hydrophobic medication. This formulation significantly increased paclitaxel’s
anticancer efficacy, resulting in a 1000-fold decrease in IC50 (half-maximal
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Figure 2.
Schematic illustration of the fabrication process of BSG/chitosan nanocomposites, a comparative analysis of their
release profile with chitosan nanoparticles, and an investigation of their behavior in a 3D culture model [58].

inhibitory concentration). Chitosan compounds with hydrophobic drug encapsu-
lation capabilities have also been produced to enhance the delivery of medications
that are poorly water soluble [59]. Kim et al. developed amphiphilic chitosan
derivatives for paclitaxel delivery by combining glycol chitosan with 5p-cholanic
acid, resulting in hydrophobic glycol CSNPs (HCG). These HCG nanoparticles
demonstrated an 80% drug-loading efficiency for paclitaxel, outperforming

the standard Cremophor EL formulation. Additionally, the HCG nanoparticles
exhibited minimal cytotoxicity [60].

Targeted drug delivery using CSNPs conjugated with tumor-specific ligands has
been a promising strategy for cancer therapy. These CSNPs are designed to target
overexpressed surface receptors on cancer cells, facilitating receptor-mediated endo-
cytosis. As receptor expression levels vary with cancer types, designing customized
CSNPs requires a thorough understanding of receptor profiles. Additionally, ChNPs
with ligands linked via pH-cleavable bonds disassemble under the acidic pH of endo-
lysosomes, ensuring drug release directly into the cytoplasm [61, 62].

In cancer vaccine development, adjuvants play a critical role in enhancing immune
responses. Given the possible negative effects of conventional adjuvants, researchers
have looked into safer alternatives such as polysaccharides produced from plants,
animals, and fungus. Chitosan is regarded as an excellent vaccine adjuvant due to its
cationic nature, biocompatibility, safety, and capacity to act as an antigen carrier [63,
64]. While its immunostimulatory qualities have been recognized for more than two
decades, its promise as a non-toxic and effective adjuvant in cancer vaccines has just
lately received widespread attention [64].
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Chitosan’s bioadhesive properties enhance cellular uptake, leading to robust sys-
temic and mucosal immune responses. It stimulates both cell-mediated and humoral
immunity, demonstrating immunological efficacy comparable to incomplete Freund’s
adjuvant and superior to aluminum hydroxide (Imject™ Alum), a widely used immu-
noadjuvant [65, 66]. Moreover, chitosan prolongs antigen retention at the administra-
tion site, enhancing immune response efficiency. Zaharoff et al. demonstrated that
over 60% of antigens remained at the subcutaneous injection site even after 7 days,
reducing the need for multiple vaccine doses [67].

CSNPs enhance OVA-induced Th1 and Th2 immune responses in mice by increas-
ing cytokine levels (IL-2, IFN-y, and IL-10) and stimulating natural killer cell activity.
These results suggest that chitosan could be a safe and effective immunoadjuvant for
cancer vaccines, promoting both cellular and humoral immune responses [68].

Sultan et al. [69] developed cisplatin-loaded CCNPs and cisplatin-loaded CSNPs
surface-linked to rituximab (mAbCSNP) as innovative drug delivery systems. The
formulations exhibited optimal physicochemical properties, including favorable zeta
potential, particle size, and polydispersity index. Characterization through DSC and
XRD confirmed their structural stability. Iz vitro drug release profiles demonstrated
sustained and controlled release, following zero-order kinetics. CCNP showed sig-
nificant cytotoxicity against MCF-7 human breast cancer cells, with a low IC50 value,
inducing apoptosis and necrosis in a dose-dependent manner. Despite its advanced
design, mAbCSNP lacked efficacy due to rituximab’ specificity limitations for MCF-7
cells. These findings underscore the potential of CSNP as a promising delivery system
for cisplatin, providing insights into nanocarrier-based therapeutic strategies for
cancer treatment (Figure 3).

3.3 Vaccine delivery

Chitosan, a biodegradable biopolymer, has demonstrated significant potential in
enhancing peptide adsorption and transport across the nasal epithelium, owing to its

Figure 3.
Schematic rvepresentation of the CCNP and their mechanistic approach on breast cancer cells. CCNP: Cisplatin-
loaded CSNPs; mAbCSNP: Rituximab conjugated cisplatin-loaded CSNPs [69].
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unique mucoadhesive and osmotic properties. These properties enable it to interact
with nasal tissue, facilitating the transport of macromolecules across the mucosal
barrier [41]. For example, chitosan microspheres administered nasally in mice sig-
nificantly improved both local and systemic immune responses to diphtheria toxoids.
This highlights the relevance of the mucoadhesive properties of CSNPs in enhancing
vaccine delivery.

Recent research involving both iz vitro and in vivo models has further demon-
strated the effectiveness of glucomannan-modified CSNPs in oral administration.
Lyophilized CSNPs not only preserved the biological activity of mediators but
also inhibited antigen growth. Moreover, glucuronidation of CSNPs significantly
enhanced both mucosal (secretory IgA) and systemic immune responses, including
serum IgG levels and cell-mediated responses (IFN-y and IL-2). The direct con-
nection between the mucoadhesive properties of CSNPs and their ability to boost
immune responses is evident in these findings.

In another study, chitosan-dextran sulfate nanoparticles containing pertussis toxin
were administered intranasally to mice, which enhanced the absorption of IgA-based
nanoparticles through nasal membranes or M cells. This further supports the notion
that CSNPs, with their mucoadhesive properties, facilitate the efficient uptake of
antigens. Additionally, in poultry, nanoparticles containing Newcastle disease virus/
influenza B virus (NDV/IBV) improved both IgG and IgA responses and enhanced
lymphocyte proliferation after intranasal inoculation [70].

Chitosan has also been explored in intranasal DNA vaccination, where it was
found to stimulate IFN-producing T-cells in the lungs. Furthermore, DNA carriers
incorporating polyethyleneimine have been shown to enhance gene delivery by 1000-
fold across the respiratory tract [71]. These studies underscore the diverse therapeutic
applications of CSNPs, particularly in mucosal vaccine delivery, where their mucoad-
hesive and osmotic properties play a crucial role in improving immune responses.

3.4 Gene therapy delivery

Gene therapy, which includes the cellular delivery of nucleic acids, has experi-
enced tremendous developments due to its considerable potential to cure genetic
problems by introducing unique genes (RNA and DNA) into target cells for transgenic
expression [72]. Effective gene therapy requires a delivery platform that is safe,
efficient, and capable of overcoming various obstacles such as immunological barri-
ers, extracellular enzymatic digestion, and cellular challenges, which are pertinent to
both viral and nonviral delivery systems. Chitosan and its derivatives are commonly
used as nonviral gene delivery vectors due to their low immunogenicity, mucosal
adhesion, nontoxicity, availability, ease of production and administration, and capac-
ity to carry large DNA without size limitations [73]. Numerous studies have explored
chitosan-based gene vectors [72]. Among viral vectors, adeno-associated virus (AAV)
is commonly used, though it rarely integrates into the host genome, despite occasional
aggregation [74]. Nonviral vectors offer advantages for gene delivery because they
lack genotoxicity, are scalable, and exhibit structural flexibility [75]. Chitosan-based
gene vectors, along with their derivatives, continue to be a focal point of research
and development in gene delivery [76]. Piri-Gharaghie et al. [77] study highlights the
significance of CSNPs as efficient gene delivery vehicles due to their ability to form
stable complexes with plasmid DNA (pDNA). The optimized pDNA/CSNP ratio (1:2
ww) ensures enhanced gene uptake, as demonstrated in BALB/c mice. Advanced
characterization techniques confirmed the structural integrity, stability, and plasmid
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localization within the nanocomplex. The findings provide valuable insights into
improving targeted gene therapy applications. Khan et al. [78] study holds significant
importance in the field of brain tumor therapy by addressing the critical challenge

of crossing the blood-brain barrier (BBB) for effective gene delivery. The develop-
ment of biocompatible CNPs as gene carriers presents a safer and more efficient
alternative to conventional treatments. The nanoparticles demonstrated superior
transfection efficiency and lower cytotoxicity in vitro, highlighting their potential for
targeted therapy. In vivo studies further confirmed the ability of CNPs to penetrate
the BBB, making them promising candidates for brain disease therapeutics. The
study’s findings suggest that CNPs can enhance gene delivery with improved cellular
uptake and biocompatibility. This novel approach paves the way for advanced gene
therapy applications, particularly in treating brain tumors. Ultimately, the research
contributes to overcoming current therapeutic limitations, offering a new avenue for
precision medicine in neuro-oncology.

3.5 Anti-diabetes drug delivery

CSNPs have demonstrated high promise for medication delivery in diabetes and
other disorders. Amphiphilic CSNPs containing vitamin B12 were created to increase
the oral bioavailability of scutellarin in type 2 diabetes-induced retinopathy. This
formulation increased permeability and cellular uptake in Caco-2 cells, resulting in
greater absorption. In vivo experiments on Sprague-Dawley rats revealed that NPs
enhanced bioavailability, which alleviated diabetes-induced structural alterations in
intra-retinal neovessels and decreased angiogenesis protein production, including
VEGF. Furthermore, Rong et al. found that insulin-loaded chitosan NPs/PLGA-PEG-
PLGA hydrogel had neuroprotective benefits in diabetic retinopathy when injected
subconjunctivally [79].

In another work, Veera et al. addressed curcumin’s limited bioavailability and
instability by creating a new nanohybrid scaffold for tissue regeneration that included
curcumin-chitosan NPs embedded in a collagen-alginate matrix. The NPs improved
curcumin solubility and stability, and the nanohybrid showed excellent biocompat-
ibility, anti-inflammatory characteristics, and cell adhesion and proliferation—all
of which are important for tissue regeneration in diabetic wound healing. Rahbarian
et al. investigated insulin-loaded thiolated N-triethylchitosan NPs for buccal adminis-
tration, finding 98% insulin release iz vitro and 96% permeability through the buccal
mucosa in ex vivo experiments, indicating that this is a promising method for buccal
insulin delivery. Similarly, Omid et al. created glycyl-glycine and alanylalanyline
trimethyl chitosan conjugate to increase oral insulin delivery [80].

Abdel-Moneim et al. [81] study highlights the significance of developing
polydatin-loaded chitosan nanoparticles (PD-CSNPs) to enhance PD’s therapeutic
potential against type 2 diabetes. The novel formulation improves PD’s bioavail-
ability and ensures a prolonged release pattern, with less than 20% drug release
after 12 hours. Molecular simulations confirmed the interaction between PD and
CSNPs, supporting efficient encapsulation. Characterization techniques vali-
dated the successful formulation of PD-CSNPs with high entrapment efficiency
(96.74 £ 0.39%) and an optimal particle size (144.25 + 3.37 nm). Cytotoxicity
studies demonstrated the formula’s safety across various doses. The in vivo study
further confirmed PD-CSNPs’ superior antidiabetic activity compared to free PD.
Overall, this research establishes CSNPs as promising, non-toxic nanocarriers for
effective PD delivery in diabetes treatment.
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Alahmer et al. [82] study highlights the significance of chitosan nanoparticles (CS
NPs) as an effective delivery system for Balanites aegyptiaca (BA) extract in diabetes
treatment. The formulation enhances BA extract’s bioavailability, stability, and
controlled release, maximizing its therapeutic effects. BA Ex-CS NPs demonstrated
significant antidiabetic activity by increasing insulin secretion and reducing fasting
blood glucose and triglyceride levels. The nanoparticles promoted pancreatic beta-
cell regeneration due to their strong antioxidant and anti-inflammatory properties.
GC-MS, HPLC, and ICP analyses confirmed the presence of bioactive compounds
responsible for the observed therapeutic effects. The study establishes CS NPs as a
promising approach to improving herbal medicine efficacy in diabetes management.
Overall, BA Ex-CS NPs offer a novel and effective strategy for combating diabetes
mellitus.

Wardani et al. [83] study highlights the cardioprotective role of chitosan nanopar-
ticles in diabetic-induced cardiac cell damage through antioxidative stress and
antiapoptotic mechanisms. Chitosan nanoparticles significantly reduced oxidative
stress markers (MDA) and apoptotic protein expression (Caspase-3) while enhanc-
ing antioxidant enzyme levels (SOD, GPx) and Nrf2 expression. The treatment also
improved cardiac cell integrity by increasing Bcl-2 expression and reducing necrosis.
Characterization confirmed the nanoparticles’ rough surface and optimal size for
effective cellular interaction. Histological analysis demonstrated preserved cardiac
tissue structure in treated diabetic rats. The findings suggest that chitosan nanopar-
ticles effectively mitigate diabetes-induced cardiac damage. This study supports their
potential as a novel cardioprotective therapy for diabetic patients.

The encapsulation of resveratrol with chitosan and zinc oxide (CS-ZnO-RS)
offers a novel approach to improve the therapeutic potential of resveratrol in manag-
ing gestational diabetes mellitus (GDM). Du et al. [84] study highlights the stability,
bioavailability, and targeted delivery of resveratrol through CS-ZnO-RS, minimizing
side effects. The synthesized nanoparticles, characterized by advanced techniques,
demonstrated uniformity and an optimal size of 38 nm for effective cellular uptake.
In vitro studies revealed potent a-glucosidase and a-amylase inhibition, which are
critical for regulating postprandial glucose levels. The sustained release of resveratrol
ensures prolonged efficacy, with 95% release within 24 hours. In vivo results con-
firmed the potential of CS-ZnO-RS in significantly reducing blood glucose levels,
normalizing lipid profiles, and attenuating inflammation and endoplasmic reticulum
stress markers. These findings suggest that CS-ZnO-RS can be a promising candidate
for developing advanced therapeutic strategies for GDM, addressing both metabolic
and inflammatory complications (Figure 4).

3.6 Antimicrobial drug delivery

CSNPs exhibit antibacterial mechanisms by disrupting the microbial cell
membrane, leading to leakage of intracellular contents. They can interact with the
negatively charged bacterial cell wall, increasing permeability. Chitosan also inter-
feres with bacterial metabolic processes by binding to proteins and nucleic acids.
Additionally, their ability to generate reactive oxygen species (ROS) contributes to
bacterial cell damage and death (Figure 5) [85].

CSNPs have a wide range of antibacterial action against different pathogenic
microorganisms. Ikono et al. [86] studied the effects of CS NPs on Streptococcus
mutans, a bacterium linked with tooth cavities. Their findings revealed that increas-
ing concentrations of CS NPs significantly reduced the viability of S. mutans cells.
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In a similar study, Covarrubias et al. [87] assessed the antibacterial properties of
copper-chitosan nanoparticles (Cu-CS NPs) against S. mutans. Cu-CS NPs demon-
strated higher minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) values compared to copper nanoparticles (Cu-NPs) [88, 89].
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Notably, Cu-CS NPs disrupted S. mutans adhesion and biofilm formation, which
could make them promising candidates for dental plaque treatment [90, 91]. Cu-CS
NPs also exhibited enhanced capacity to inhibit S. mutans growth on human tooth
surfaces and effectively disrupted dental biofilm, showing potential for use as bacteri-
cidal agents in oral health care [87].

Hipalaswins et al. [92] investigated the antibacterial properties of CSNPs against
pathogenic bacteria, including Pseudomonas fluorescens, Klebsiella pnewmoniae,
Escherichia coli, Proteus mivabilis, Staphylococcus aureus, and Enterobacter aerogenes.
Among these, E. aerogenes was most susceptible to CSNPs, followed by K. pneu-
moniae, P, fluorescens, E. coli, and P, mivabilis, with lower toxicity observed against S.
aureus. The results indicated that CS NPs were more effective against Gram-negative
bacteria than Gram-positive ones. Nguyen et al. [93] examined the combination of
CSNPs with amoxicillin against antibiotic-resistant Streptococcus pneumoniae, finding
that the combination significantly enhanced antibacterial activity, reducing bacterial
growth threefold and completely inhibiting bacterial proliferation.

Incorporating lime essential oil into CSNPs further enhanced their antibacterial
properties, especially against foodborne pathogens such as S. aureus, Listeria mono-
cytogenes, Shigella dysenteriae, and E. coli. Of these, S. dysenteriae showed the highest
susceptibility to the CSNPs infused with lime essential oil [94]. Furthermore, CSNPs
have been studied as nanocarriers for the treatment of bovine mastitis caused by S.
aureus and coagulase-negative staphylococci [95, 96]. CSNPs displayed substantial
antibacterial activity against pathogens such as S. aureus, K. pneumoniae, E. coli, and
Pseudomonas aeruginosa, outperforming chitin and CS alone [97].

Tamara et al. [98] demonstrated that hybridizing chitosan with protamine
enhanced the antibacterial efficacy of chitosan nanoparticles (CSNPs) against E. coli,
but significantly reduced their effectiveness against Bacillus cereus. Curcumin-loaded
CSNPs also showed potential in drug delivery, enhancing antibacterial responses and
successfully inhibiting S. aureus and P. aeruginosa infections in mice [99]. Tran et al.
[100] produced silver nanoparticles (Ag-NPs) derived from chitosan and investigated
their antibacterial activities against both Gram-negative bacteria (E. coli, Lactobacillus
fermentum, and P, aeruginosa) and Gram-positive bacteria (S. aureus and Bacillus
subtilis).

Antimicrobial peptides (AMPs) like temporin B (TB) have also been employed
in conjunction with CSNPs to improve antibacterial activity. Studies on TB-CSNPs
exhibited bactericidal activity against clinical isolates of Staphylococcus epidermidis.
Within 24 hours of incubation, TB-CSNPs decreased bacterial viability by altering
the bacterial surface [101]. Pilon et al. [102] discovered that CSNPs, when applied as
a coating, suppressed the development of mesophilic bacteria more efficiently than
conventional coatings. CSNPs with a particle size of 110 nm demonstrated higher
microbial suppression than conventional coatings with a particle size of 300 nm.
Their findings suggest that CSNPs can be used as edible coatings to inhibit bacterial
growth on fresh vegetables and fruits. The study highlighted that smaller nanopar-
ticles exhibit increased mobility and enhanced surface interaction, which boosts their
antibacterial activity against pathogens.

In studies, chitosan alone does not have significant antifungal efficacy. However,
when coupled with other molecules to form nanoparticles (NP), especially with
metals, its antifungal resistance against specific yeasts and molds is greatly increased
[103]. This, however, is not universally agreed upon, as varying reports exist regard-
ing the efficacy of chitosan as a standalone antifungal agent versus its nanoparticle
derivative. Some researchers argue that the antifungal activity of chitosan depends
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on factors such as molecular mass, particle size, and the extent of acetyl removal
during synthesis [104]. According to these studies, these factors enable chitosan to
reduce fungal growth at specific concentrations, particularly iz vitro. On the other
hand, other studies claim that CSNPs exhibit stronger antifungal properties than
chitosan alone, with these findings aligning with particle surface area and charge
characteristics. The outcomes of these studies provide compelling evidence support-
ing the enhanced efficacy of chitosan NPs. For example, the elimination rate of fungi
achieved by CSNPs was significantly higher compared to chitosan alone, showing an
average 50% improvement.

Moreover, it is not just molds that are affected; yeasts are also susceptible
to CSNPs. Various fungal species have been tested with CSNPs, with Candida,
Fusarium, and Aspergillus species being particularly vulnerable [105, 106]. A recent
survey further indicated that the fungi most susceptible to CSNPs are predominantly
human pathogens [107] and plant pathogens [108]. This highlights the critical
importance of CSNPs in both agricultural and health sectors. Addressing these two
challenges with nanotechnology could help alleviate food scarcity while reducing
mortality rates associated with invasive fungemia.

CSNPs antifungal activity is normally assessed by the extent to which fungal com-
ponents under research are reduced or eliminated entirely. CSNPs act as antifungal
agents by targeting a variety of fungal components, including cell membranes, spore
production, mycelium growth, and cell walls [104]. One important thing to consider
is particle size. Larger CSNPs have better antifungal effects, and the size correlates
favorably with enhanced activity [105].

Xiaowei et al. [109] study demonstrates an eco-friendly method for creating anti-
bacterial coatings on mobile phone glass protectors using chitosan-silver nanopar-
ticles (ChAgNPs). The optimal chitosan concentration of 0.8% w/v resulted in AgNPs
with an average diameter of 13.04 nm. Characterization techniques, including TEM,
UV-vis, and FTIR spectroscopy, confirmed the successful synthesis of ChAgNPs. The
optimal formulation showed a high zeta potential (+56.07 mV) and a particle size of
182.37 nm, ensuring good stability. The ChAgNP-coated glass protectors exhibited
significant antibacterial activity against E. coli, with a reduction of 49.80% after
24 hours, though this decreased to 32.60% after 48 h (Figure 6).

3.7 Miscellaneous

Chitosan nanocarriers have been increasingly reported for drug delivery in vari-
ous diseases, including conditions not previously discussed, such as hypertension. For
instance, Saari et al. encapsulated biopeptides in CSNPs to enhance the efficiency of orally
delivered antihypertensive ACE-inhibitory biopeptides. This nanoencapsulation method
was created to avoid enzymatic breakdown at gastrointestinal barriers. I vitro studies
on spontaneously hypertensive rats revealed regulated biopeptide release, with a dose-
dependent reduction in blood pressure, demonstrating both gastrointestinal stability and
significant antihypertensive activity of the NPs [110]. Similarly, amiodarone, an antiar-
rhythmic drug, was encapsulated in CSNPs with f-cyclodextrin, resulting in prolonged
drug release and improved therapeutic efficacy.

Wu et al. developed folate-functionalized nanoparticles to address the low
effectiveness of unencapsulated medicines in the treatment of rheumatoid
arthritis. In vitro experiments showed that methotrexate encapsulated in folate-
functionalized NPs (FA-GC-SA NPs) was more effectively absorbed by cells via folate
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Figure 6.
Synthesis of ChAgNPs and its application of antibacterial activity on mobile phone glass protectors [109].

receptor-mediated endocytosis. In vivo investigations revealed a greater decrease in
proinflammatory cytokines. These results revealed that the folate-functionalized
CSNPs greatly improved therapeutic effectiveness. Encapsulating eugenol, an antiox-
idant, in CSNPs, resulted in a reduced in the expression of TGF-p and MCP-1 genes,
indicating the potential for favorable therapeutic benefits in rheumatoid arthritis
therapy [111].

Petkar et al. devised a unique method for administering rifampicin-loaded
octanoyl CSNPs via the pulmonary route for TB therapy. Their investigation found
that the formulation allowed for regulated drug release and had good aerosolization
capabilities, which improved treatment effects. Similarly, bedaquiline encapsulated
in CSNPs was tested for efficacy in both oral administration and dry powder inhala-
tion. When compared to traditional administration techniques, the nanoformulation
revealed a superior safety profile, greater therapeutic effectiveness, and enhanced
target selectivity [112].

Hill et al. studied the formulation of tobramycin-loaded alginate/CSNPs as a
method of minimizing noncompliance in cystic fibrosis therapy. Because of chitosan’s
mucoadhesive characteristics, these NPs enabled longer drug release and better effect
on thick mucus in the pulmonary environment. Furthermore, functionalizing the
NPs with secretory leukocyte protease inhibitor (SLPI) lowered the inflammatory
response in lung infections, indicating the method’s medicinal potential.

Venkatesan et al. highlighted the green synthesis of CNPs using Plectranthus vetti-
veroides root extract. The synthesized CNPs exhibited significant bioactivity, includ-
ing promising antioxidant, antibacterial, and anticancer properties. Characterization
techniques such as UV/vis, FTIR, and SEM confirmed the nanoparticles’ spherical
shape and functional groups, which are favorable for biomedical applications.

The nanoparticles demonstrated potent antibacterial activity, particularly against
Klebsiella pneumoniae, and showed cytotoxic effects against KB cancer cells. These
results suggest that P. vettiveroides CNPs hold potential as effective therapeutic agents
in various medical applications (Figure 7) [113].
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4. Current clinical investigations and challenges

Chitosan, a natural polysaccharide, is widely used in various food and beverage
products. The largest market for nutraceutical chitosan formulations is in Asia, partic-
ularly in Japan, Korea, and China, with the United States and Europe rapidly increas-
ing their presence in this sector. Chitosan-based products such as NutriCology®,
MicroChitosan, ChitoClear®, and Chitoseen™.-F are marketed as fat-reduction and
cholesterol-lowering agents for obesity and weight control. Nutritional supplements
like Epakitin™ and Nutri + Gen® are designed to treat chronic renal disease in pets,
particularly dogs and cats. Beyond nutraceuticals, chitosan finds diverse applications in
drinks, cosmetics, agriculture, and the paper industry, with significant biological use
in wound healing. Wound dressings containing chitosan include HemCon® Bandage,
ChitoFlex® PRO, TraumaStat®, Svek-Patch®, ChitoGauze® PRO, Chitodine®, and
Celox™. Additionally, ChitoSeat™ has emerged as a hemostatic sealant in surgical
procedures to manage hemorrhages in both hard and soft tissues. Table 1 represent the
overview of biomedical application of chitosan nanoparticles.

Apart from these commercial products, there are numerous chitosan-based
formulations currently undergoing clinical investigations for use in drug and vaccine
delivery. However, the clinical application of chitosan faces several challenges. A major
challenge with chitosan is its natural origin, which leads to variations in its structure
depending on the source, extraction process, and degree of deacetylation, complicat-
ing its standardization. Furthermore, when formulated into nanoparticles (CSNPs),
chitosan introduces additional complexities related to nanoparticle size, which must
be carefully controlled to ensure effective long-term circulation and elimination from
the body [151]. Manufacturing and scalability issues further complicate large-scale
production, requiring rigorous optimization to maintain batch consistency. Regulatory
hurdles also present challenges, as the approval process for CSNP-based formulations
can be lengthy and complex, with potential concerns regarding their safety profile.
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Type of CSNP Formulated drug In Vitro and in vivo tests for Reference
biological activity and drug
release

Oral drug delivery of antidiabetic drugs

CS/Dz13Scr NPs Insulin Insulin kinetics, in vitro drug [114]
release, cytotoxicity, mucus
permeation, endocytic absorption
study

CS NPs Polydatin In vitro drug release, cytotoxicity, [81]
antidiabetic activity in type 2
diabetic rats

Oral delivery of antihypertensive drugs

CS NPs Carvedilol In vitro drug release, [115]
pharmacokinetics studies on rats

Oral delivery of antioxidants

CS/Zein NPs Resveratrol (RVT) In vitro drug release, antioxidant [116]
activity, and mucoadhesion study

Oral delivery of anti-inflammatory drugs

CS/WP-NPs Polysaccharides from In vitro drug release, [117]

Ophiopogon japonicus (OJPs) biocompatibility, antioxidant

activity, cytotoxicity, and gene
expression study.

AvrA NPs-ALG/CS MPs Salmonella effector enzyme In vitro drug release, reduction [118]

(AvrA) of inflammation in murine DSS

colitis model

Oral vaccines

B-CD/CS NPs Ovalbumin (OVA) In vitro drug release, immune [119]
response study in Balb/c mice

CS chloride NPs Ovalbumin (OVA) In vitro cell toxicity, permeability [120]
study and transepithelial electrical
resistance studies.

ALG/CS NPs with HBsAg antigen In vitro drug release and [121]

Lipopolysaccharide (LPS) cytotoxicity, mucoadhesion study;,
and iz vivo immunization studies

ALG/CS Coating LDHs BSA In vitro drug release, cellular [122]
uptake study.

Oral delivery of other drugs

CS PLNs Enoxaparin Stability, Mucoadhesive properties  [123]
and study the anticoagulant
activity in rats

SA/CS and NaCAS/CS Astaxanthin (ASTX) (Hepatic ~ ABTS radical scavenging assay, [124]

NPs fibrosis treatment) cytotoxicity, and anti-fibrogenic
activity

Soy Lecithin/CS Hybrid Raloxifene hydrochloride In vitro drug dissolution and [125]

NPs (RLX) release, MTT assay, intestinal

drug uptake, and in vivo
pharmacokinetic studies
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Type of CSNP

Formulated drug

In Vitro and in vivo tests for
biological activity and drug
release

Reference

Ocular drug delivery

GCS NPs

Dexamethasone (DEX)

In vitro drug release,
mucoadhesion, cytotoxicity, and
anti-inflammatory efficacy, in
vivo eye irritation and distribution
study.

[126]

CMC/GSH/GlySar/LDHs

Dexamethasone disodium

phosphate (DEXP)

In vitro toxicity study on human
conjunctival epithelial cells, cellular
uptake, precorneal retention study,
and tissue distribution evaluation
in rabbit eyes

[127]

TCM/LNPs

Baicalein (BAI)

In vitro sustained drug release, in
vivo ocular irritation study, and
pharmacokinetic evaluation

[128]

CS/Poly (ethylene glycol)
Methacrylate MNPs

Bevacizumab

In vitro drug release kinetics,
hemocompatibility, and in vivo
antiangiogenic effect study (eye)

[129]

CS/PCL NPs

Dorzolamide (DRZ)

In vitro drug release, in vivo
corneal flux, corneal hydration, ex
vivo bioadhesion, ocular tolerance,
HET-CAM test.

[130]

CS NPs

Nicotine hydrogen tartrate
(NHT)

In vitro evaluation of nose-only
inhalation device, bioactivity
assessment via locomotor test,
histopathological analysis of lung
tissues

[131]

CS/PLGA NPs Coated
with Chitosan

Catechin hydrate (CTH)

In vitro drug release, ex vivo
permeation study on nasal
mucosa, cytotoxicity, in vivo
comparative pulmokinetic study

[132]

CS/SLNs

Rifampicin (RIF)

In vitro drug release, mucoadhesive
properties, in vitro cell viability
and permeability studies

[133]

Pulmonary (Inhalation) drug delivery

Mn-TMC NPs

Etofylline (ETO)

Sustained drug release,
biodegradation studies, stability,
safety, aerodynamic behavior

[134]

HA/CS NPs

Ferulic acid (FA)

In vivo inhalation toxicity
assessment

[135]

Wound healing

CS/PEO NFs

Teicoplanin

In vitro drug release, antibacterial
test, cytotoxicity, iz vivo study on
rat full-thickness wound model

[136]

PCL/CS NFs

Curcumin (CUR)

Antibacterial and antioxidant
properties, cell viability, in vivo
wound healing efficiency, and
histological analysis

[137]

18



Biomedical Potential of Chitosan Nanoparticles: Advances in Drug Delivery and Disease...
DOI: http://dx.doi.org/10.5772/intechopen.1010092

Type of CSNP Formulated drug In Vitro and in vivo tests for Reference
biological activity and drug
release
Hydrogel Membranes Cefepime In vitro drug release, bacterial [138]
with HA/PU/PVA Loaded inhibition
with Cefepime-CS NPs
CS NPs Loaded Hydrogel ~ Pterocarpus marsupium In vitro drug release, antimicrobial ~ [139]
Heartwood Extract (PM) activity, and iz vivo wound healing
in streptozotocin-induced diabetic
rat models
Vaccine delivery
CS and ALG Coated CS Hepatitis A vaccine (HAV) HAV-specific antibody assay, [140]
NPs lymphoproliferation assay, and
effect on splenocyte proliferation
in vaccinated mice
CS NPs Aah II toxin from Androctonus ~ In vitro toxin-release study, in vivo [141]
australis hector (Scorpion immunization trial
Venom)
Gene delivery
MPC from Carbonized Luciferase-expressing Cell biocompatibility, transfection ~ [142]
CTS Encapsulated ZIF-8 plasmid (pGL3), Splice efficiency, and mechanism of
correction oligonucleotides uptake
(SCO)
LMW Mannosylated CS CpG Oligodeoxynucleotides Cytotoxicity, cellular uptake, [143]
NPs immunostimulatory effect,
cytokine release in RAW264.7
cells, and intracellular delivery
TMC Cys, MABCMC, and  Plasmid DNA pEGFP-N1 In vitro DNA transfection [144]
CysMABC NPs efficiency, cytotoxicity
CS, PEL, and CMD NPs Anti-HIV siRNA In vitro cytotoxicity assay and [145]
siRNA delivery in RAW264.7 and
HEK293 cells
TMC/DS or ALG NPs hSET1 Antisense—Silencing In vitro cell viability, cellular [146]
Oligonucleotide uptake, i vivo study on mice
CMC NPs Labeled with Anti-p-Catenin siRNA Ultrasound-triggered targeted [147]
FITC (FITCCS/CMC) therapy for colon cancer, in vitro
drug release, cytotoxicity assay,
cellular uptake
Guanidinylated O-CMC SiRNA Delivery In vitro cell transfection studies [148]
NPs (GOCMCS) with A549 cells, cellular uptake
CMD/TMC NPs Co-delivery of NIK/STAT3- NPs stability, in vitro drug release, [149]
specific siRNA and BV6 cellular uptake, cell transfection,
MTT assay, CAM assay, wound
healing assay
HA/TMC NPs IL-6- and STAT3-specific In vitro drug release, serum [150]
siRNAs stability, MTT cytotoxicity,
cellular uptake, transfection
efficiency, colony formation,
wound healing assay.
Table 1.

Represent the overview of biomedical application of chitosan nanoparticles.
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In recent years, chitosan has shown promising immunostimulatory and adjuvant
properties, making it a potential candidate for use as a vaccine delivery vehicle,
particularly via the intranasal route [152, 153]. However, these immunostimula-
tory effects can sometimes lead to undesirable inflammatory responses, limiting its
effectiveness in certain applications. Potential side effects, such as local irritation or
systemic inflammation, remain a concern in clinical trials, particularly with intrana-
sal formulations.

Despite these limitations, significant progress has been made in the clinical
translation of CSNPs, with multiple formulations entering different phases of clinical
trials during the last decade. Future perspectives for CSNPs are promising, as ongoing
research is focused on overcoming these challenges. Recent advancements in drug
delivery technologies, such as targeted nanoparticle formulations and overcoming
bioavailability issues, are expected to enhance the clinical potential of chitosan. With
developments in standardization procedures and overcoming these hurdles, chitosan
has the potential to become the preferred delivery vehicle for a wide spectrum of
clinical therapeutics.

5. Conclusion

Chitosan, a natural polysaccharide known for its exceptional biocompatibility,
biodegradability, and functional adaptability, continues to demonstrate remarkable
versatility in biomedical applications. Chitosan-based nanoparticles (CSNPs) have
shown significant promise, particularly in antifungal therapy, targeting fungal struc-
tures such as cell membranes and spore formation, with nanoparticle size influencing
efficacy. Additionally, CSNPs are effective in drug-delivery systems for conditions like
hypertension, tuberculosis, rheumatoid arthritis, and cystic fibrosis, while exhibiting
strong anticancer and antioxidant properties. Their eco-friendly nature also aligns
with the growing demand for sustainable therapeutic approaches, seen in applica-
tions like antibacterial coatings and drug encapsulation. Despite these advantages,
challenges in standardizing formulations, characterizing nanoparticles, and manag-
ing immunostimulatory effects remain. Overcoming these hurdles requires ongoing
innovation in synthesis and delivery methods, along with rigorous clinical validation.
The growing potential of CSNPs in tackling complex biomedical challenges marks
them as a transformative tool in modern medicine. Integrating nanoparticle engineer-
ing advancements with continued research positions CSNPs for targeted, efficient,
and sustainable therapies. As the field evolves, chitosan is poised to become a cor-
nerstone material in clinical and commercial applications, driving future biomedical
advancements.
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Abstract

Wound healing is a complex biological process calling for materials that improve
tissue regeneration, control infections, and sustain a favorable environment for
healing. Biopolymers are proven to be more effective than synthetic ones because of
their exceptional biodegradability, biocompatibility, and antimicrobial properties.
Chitosan, a naturally derived polymer, due to its antioxidant, regenerative, and anti-
microbial properties, has emerged as a versatile candidate for wound healing applica-
tions. This chapter explores the versatile uses of chitosan-based materials in wound
management, involving hydrogels, nanocomposites, films, sponges, and membranes.
It emphasizes the synthesis, biological evaluation, and formulation methods of
these materials and their role in promoting different phases of wound healing. By
incorporating bioactive agents, nanoparticles, and synergistic polymers into chitosan
matrices to improve the antimicrobial activity, mechanical strength, and therapeutic
efficacy. This chapter highlights the potential of chitosan-based materials for effective
wound healing and addresses both the opportunities and challenges in their clinical
translation.

Keywords: chitosan-based materials, wound dressing, hydrogels, membranes,
nanocomposites, films, sponges

1. Introduction

The skin, the largest exposed organ of the body, encompasses around 8% of total
body mass and prevents the body from physical harm and microbial intrusion [1]. The
skin has a multilayered structure, and each layer serves a distinct function. The outer
epidermis, mainly composed of keratinocytes, acts as a protective barrier against
pathogens and UV radiation. Below it is the dermis, a dense connective tissue layer
rich in collagen that provides elasticity, mechanical strength, and nutrition to the
epidermis; also, fibroblasts produce elastin and collagen. The dermis and epidermis
coordinate to maintain hemostasis. The hypodermis is the innermost layer, consisting
of adipose tissue, offering mechanical protection and thermal insulation [2].

Wounds are any damage or disorder in the skin’s healthy structure and function,
owing to trauma, genetic disorder, surgical intervention, and injury, as well as scald-
ing, surgery, and chronic ulcers [1, 3]. Wounds are categorized as acute or chronic
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based on their healing time. Acute wounds that result from sudden injuries normally
heal within 2-3 months, depending on their severity. Chronic wounds, such as ulcers,
burns, and infections that are more severe and do not heal within the expected time-
frame, could lead to serious health risks [2, 4, 5]. Wounds are classified as superficial,
partial-thickness, or full-thickness on the basis of injury depth [1].

When the skin barrier is compromised, it provides an ideal environment for both
aerobic and anaerobic bacterial infections [6]. Wound healing is a complex, coordi-
nated process that occurs in sequential phases: hemostasis, inflammation, prolifera-
tion, and remodeling. These phases are firmly regulated in both time and space to
ensure effective healing and tissue repair [2, 7].

Hemostasis initiates immediately after skin injury [8]. During this phase, blood
vessels constrict, and platelets are activated upon contact with exposed collagen,
releasing granules that promote further platelet activation and aggregation. This,
when combined with the coagulation cascade, leads to the formation of a provisional
fibrin matrix within the wound [9]. The platelet activation releases cytokines like
TGF-f and platelet-derived growth factor, triggering neutrophil and macrophage
recruitment to initiate the inflammatory phase. The neutrophils are dispensable, but
macrophages are crucial for phagocytosis and secrete factors that promote fibroblast
proliferation, angiogenesis, and keratinocyte migration. If the macrophage function
is deregulated, it impairs wound healing, especially in diabetic wounds [2].

The proliferative phase activates after 2-3 days of injury and continues up to
3 weeks in cutaneous wound healing. In this phase, fibroblasts migrate to the wound,
producing disorganized collagen, mainly immature type III collagen, within the pro-
visional matrix. Then, some fibroblasts transform into myofibroblasts under cytokine
influence, enhancing collagen production and facilitating wound contraction. Then the
remodeling phase begins and replaces granulation tissue with a permanent scar. Active
collagen production continues for 4-5 weeks, followed by the replacement of type III
collagen with type I fibrillar collagen over a year. The matrix metalloproteinases and
zinc-dependent enzymes are secreted by epidermal cells that are crucial for tissue
remodeling. Collagen production improves a wound’s tensile strength, increasing from
3% at week 1 to 20% by week 3. After 3 months of injury, the tensile strength peaks at
80% of undamaged skin but never fully restores to 100%. Each phase of wound healing
is crucial for the successful restoration of tissue function and integrity [9].

Wound management is a major global challenge that costs billions annually and
drives focus on the development of innovative wound dressings [10]. Wound dress-
ings are the materials designed to cover wounds, provide protection, and facilitate the
healing process [11]. Wound dressings play an important role in supporting the heal-
ing process by covering the wound and maintaining an optimal environment. They
have properties like fluid absorption, elasticity, moisture retention, biocompatibility,
stimulation of growth factors, and protection against secondary contamination.
Moreover, dressings must have oxygen permeability, nontoxicity, a porous structure,
barrier effectiveness, and antibacterial properties [12, 13].

Dressings are classified based on their function (debridement, antibacterial,
occlusive, absorbent, adherence), material (hydrocolloid, alginate, collagen), and
physical form (ointment, film, foam, gel). They are further characterized into
primary dressings that directly contact the wound and secondary dressings that cover
the primary dressing and island dressings, which have an absorbent core surrounded
by adhesive. Further classifications involve traditional, modern, and advanced dress-
ings, skin replacement products, and wound healing procedures [14]. An ideal wound
dressing should exhibit the following attributes: (1) nontoxicity and non-irritation,
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(2) biodegradability in vivo, (3) strong antibacterial properties to inhibit infections,
(4) optimal moisture and air permeability to minimize dressing changes, and (5)
adequate mechanical strength to resist wrinkling [15].

Conventional wound dressings, even though cost-effective with good exudate
absorption, have limited efficacy in wound healing. To address this, natural polymers
like alginate, hyaluronic acid, cellulose, collagen, and chitosan, alongside synthetic
polymers like poly(vinyl alcohol) and polyurethane, are used in advanced dressings.
Natural polymers excel in biochemical properties, while synthetic ones offer superior
mechanical performance [2].

From all the biopolymers, chitosan is especially notable for its biodegradability,
biocompatibility, antibacterial, and antioxidant properties [2]. Chitosan and its
derivatives contribute significantly to the first three phases of wound healing. In the
hemostasis phase, they promote platelet aggregation and hinder fibrin dissolution.
Throughout the inflammation phase, they help remove bacteria from the wound. In
the proliferation phase, chitosan accelerates granulation tissue growth and facilitates
skin regeneration. These actions support the overall healing process, culminating in
tissue remodeling [3].

2. Chitosan-based biomaterial for wound healing and tissue engineering

Tissue engineering is an advanced field of medicine that combines cells, biologi-
cally active molecules, and scaffolds to restore, improve, and conserve the function
of injured tissue or organs [16]. Various materials have been developed to suit specific
wound types and healing mechanisms. These include synthetic polymers like silicone
and polyurethane rubber, as well as biopolymers such as collagen, chitosan, gelatin,
and alginate [17].

Recently, biologically active natural materials have gained significant attention for
tissue engineering due to their unique ability to mimic human tissue structure. Their
physical and chemical resemblance to natural tissues, combined with lower toxic-
ity and superior biocompatibility compared to synthetic polymers, has driven their
demand over the past two decades. Despite advancements, repairing and regenerat-
ing injured tissue remains a clinical challenge, necessitating the development of
innovative and robust biomaterials. Both natural and synthetic materials, including
chitosan, collagen, gelatin, alginate, silk fibroin, hydroxyapatite, hyaluronic acid,
polyethylene glycol, polylactic acid, poly(lactic-co-glycolic) acid, and polycaprolac-
tone, have been explored for tissue engineering applications [18].

Among biopolymers, chitosan has garnered significant attention as a promising
bioactive material due to its unique properties and abundance. In recent years, it has
demonstrated exceptional potential in tissue engineering applications, including
bone, skin, cartilage, intervertebral discs, and blood vessels, making it highly effective
for repairing diseased and damaged tissues [19]. Chitosan, a polysaccharide, is exten-
sively applied in biomedical applications. It is derived from the partial deacetylation
of chitin (Figure 1), the second most abundant polysaccharide, commonly found in
the exoskeletons of crustaceans and insects, as well as in fungal cell walls [20].

Chitosan holds a distinct position among biomaterials due to its abundance,
versatility, and remarkable properties, such as biodegradability, biocompatibility,
nontoxicity, hydrophilicity, antibacterial and antifungal activities, and wound-
healing efficacy [21]. Additionally, the presence of -(1,4) glycosidic bonds between
D-glucosamine and N-acetyl-D-glucosamine allows for easy chemical modifications
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Figure 1.
Structure of chitosan and chitin [3].

of chitosan, enhancing its elasticity and flexibility and reducing inflammatory
responses [14].

Furthermore, the degradation of chitosan yields harmless amino sugars that are
fully absorbable by the human body. These attributes establish chitosan as a versa-
tile candidate for a wide range of biomedical applications, including drug delivery
systems, surgical sutures, wound healing, and tissue engineering [22, 23]. Due to its
brittleness, chitosan films exhibit weak elasticity and tensile strength. To enhance
these properties, chitosan is often cross-linked with other polymers, improving its
elasticity and tensile strength for better performance in biomedical applications [24].

Chitosan-based materials have been widely utilized in various biomedical applica-
tions (Table 1), including wound healing [20]. These materials can be processed into
different forms such as sponges, hydrogels, nanocomposites, membranes, beads, and
scaffolds, each offering unique advantages for promoting tissue repair and regenera-
tion. Chitosan and its derivatives are being explored for biomedical and pharma-
ceutical applications in drug delivery, tissue engineering, and wound healing due to
their bacteriostatic effects, rejuvenative ability, and biodegradability. They improve
mineralization, collagen production, tissue regeneration, osteoblast activity, and
hemostatic action [25].

Biopolymer wound Specification Results

dressing type

Hydrogels Physically associated (reversible) Enhanced wound healing due to rat skin

Chemically cross-linked fibroblast growth (in vitro research).
(irreversible)

Sponges Prevent infection A sponge loaded with antibiotics can be used
as a medicine carrier to treat wounds and
prevent infections.

Membranes High concentration Improves tissue regeneration and decreases

Increased stability re-epithelialization in human subjects (clinical

Excellent oxygen permeability research).

Films Good adhesion Three different types of cytokines are

Free standing secreted, adhesion is enhanced, and

Improved mechanical and proliferation is promoted by chitosan types

swelling properties with a low degree of deacetylation (in vivo
research).

Table 1.

Selected preclinical and clinical vesearch on chitosan as a biomaterial for wound dressings [14].
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Chitosan-based materials show significant potential in wound healing due to
biodegradability, biocompatibility, and intrinsic antimicrobial properties. However,
there are still several obstacles to overcome in their clinical translation from labora-
tory products, including regulatory approval, expensive clinical studies, industrial
scalability, wound kinds, and unique patient needs. The mechanical properties of
chitosan, like tensile strength and elasticity, remain suboptimal and need improve-
ment by cross-linking or composite formulations. Furthermore, coupling with smart
biomaterials and nanotechnology can help with better controlled drug delivery and
bioactivity. Material properties and therapeutic effects are highly diverse due to
variations in chitosan’s molecular weight, origin, processing techniques, and degree
of deacetylation. Active natural metabolites incorporated into chitosan formula-
tions have great wound healing effects, but their use in the clinics is hampered by
toxicity and insufficient in vivo studies. Future research must address these issues
by modifying chitosan’s characteristics for precise tissue requirements or wound
types to improve their efficacy and safety [14]. There is a need for a multidisciplinary
approach integrating researchers, clinicians, and industrial partners to prepare
chitosan-based scaffolds that mimic human tissues for effective wound healing. To
ensure the safe and effective use of these biomaterials in clinical practice, thereisa
dire need to standardize manufacturing and comprehensive clinical validation. The
full therapeutic potential of chitosan could be unlocked by coping with these chal-
lenges, establishing it as a foundation in advanced wound management.

2.1 Chitosan-based hydrogels

Hydrogels are composed of a solid phase and a liquid phase, predominantly water.
Because the solid phase gives the structure to gel, it can absorb great volumes of water
without becoming soluble. Due to their high water content, softness, flexibility, and
biocompatibility, hydrogels are distinguished biomaterials that reduce tissue damage
throughout implantation. Hydrogels are frequently employed as biomedical scaffolds
for tissue replacement and in applications such as the transport of growth factors
and drugs. They could assist in tissue repair both morphologically and functionally
because of their mechanical characteristics, which are very similar to those of soft
body tissues [26].

Because of their distinct physiochemical characteristics, hydrogels that are made
up of networks of hydrophilic polymers created by chemical or physical interactions
are being investigated extensively in biomedicine. They are favorable wound dressings
because of their high water absorption capacity that permits them to absorb tissue
fluids from wounds. Moreover, hydrogels’ porous nature assists the stabilization and
dispersion of nanoparticles, making them proficient carriers for these substances.
Chitosan-based hydrogels are unique due to their biodegradability, cost-effectiveness,
nontoxicity, biocompatibility, hemostatic qualities, and intrinsic antibacterial activ-
ity. Through Van der Waals forces, electrostatic forces, and hydrophobic interactions,
the amino groups in chitosan involve nonselectively with both Gram-positive and
Gram-negative bacteria, facilitating bacterial aggregation and isolation [27].

Chopra et al. [4] developed chitosan/polyvinyl alcohol (PVA)-based hydrogel
films loaded with honey using a solvent-casting method for potential wound healing
applications. To increase their biocompatibility, physically cross-linked hydrogels
were created without using harmful organic solvents. These films were prepared
by combining chitosan and polyvinyl alcohol (PVA) solutions with honey in vary-
ing proportions, followed by air drying. These hydrogels showed notable swelling,
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moisture uptake, and better mechanical strength, all of which are necessary charac-
teristics for wound dressings. The surface morphology and molecular interactions

of these hydrogels were studied by advanced techniques such as scanning electron
microscopy (SEM), FT-IR, and differential scanning calorimetry (DSC). The antibac-
terial activity of these hydrogel films was studied against Staphylococcus aureus. They
showed a great antibacterial effect, being bacteriostatic. The prepared hydrogel films
exhibit regulated in vitro honey release, interaction between honey’s components

and wound healing proteins, and physical stability, considering them as efficient and
biocompatible wound dressings [4].

Biopolymer hydrogels containing cellulose and chitosan showed great properties:
high porosity, antibacterial efficiency, and controlled drug release crucial for wound
management. When cross-linked with synthetic polymers, these hydrogels demon-
strated superior mechanical properties, like elasticity, flexibility, and tensile strength,
which are essential characteristics of effective wound dressings. Wound healing
was enhanced through the incorporation of antimicrobial compounds and metallic
nanoparticles in hydrogels by re-epithelialization, granulation tissue growth, and
inhibition of pathogens. Persistent antimicrobial activity was obtained by incorporat-
ing nanotechnology while normal cell viability was not compromised. Though the in
vivo and in vitro results of hydrogels were satisfactory, more innovations and pre-
clinical testing of chitosan and cellulose-based hydrogels are needed to validate their
wound healing applications, efficacy, and safety for clinical applications [5].

Zhang et al. [28] used aqueous emulsion copolymerization to synthesize a novel
hydrogel film developed from carboxymethyl chitosan (CMCS) loaded with water-
borne polyurethane-gelatin hydrolysate (WPU-g-GH). Superior dry/wet mechanical
strength, biodegradability, and water absorption are shown by these hydrogel films,
particularly those with 6% CMCS. Strong hydrogen bonding between CMCS and
WPU-g-GH molecules and a uniform, smooth film surface was characterized by
X-ray photoelectron spectroscopy (XPS), FT-IR, and SEM. They showed significant
antibacterial activity against Escherichia coli and Staphylococcus aureus, making them
ideal for wound healing applications [28].

Jung etal. [29] prepared chitosan/polyethylene glycol (CH/PT) hybrid hydrogels
by mixing the polymer solutions in situ, then cross-linked them by hydrogen peroxide
(H,0,) and horseradish peroxidase (HRP). By varying the molecular weight, content,
and configuration of PEG, these hydrogels showed adjustable properties. The pre-
pared hydrogels exhibited great mechanical strength, involving toughness (45 J/m’),
compressive strength (4.9 MPa), and adhesive strength (192 kPa), considering them
desirable wound dressings. They have proved to be hemostatic agents when applied on
defected liver models of rats and mice. These hydrogels also demonstrated enhanced
biodegradability, quick gelation, and the capability to regulate degradation rates. These
CH/PT hydrogels show great potential for use in wound healing, tissue engineering,
and other applications needing strong tissue adhesiveness and precise mechanical
properties [29].

Xia et al. [30] developed carboxymethyl chitosan-oxidized hyaluronic acid (CMCS-
OHA), a biodegradable chitosan-based hemostatic hydrogel, and evaluated its hemo-
static activity in a rat liver injury model. The hemostatic efficacy of prepared hydrogel
was found comparable to that of fibrin sealant (FS), with an analogous hemostatic
time and blood loss. The CMCS-OHA improved post-surgery wound healing and
showed negligible inflammatory response. These CMCS-OHA hydrogels were consid-
ered biocompatible as they were absorbed and excreted quickly through urine without
accumulating in the tissues, as revealed by biodegradation studies. These hydrogels
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could be clinically used as a hemostatic sealant due to their biosafety, biodegradability,
biodistribution, urinary excretion, and ability to control bleeding [30].

Chitosan-based hydrogels prepared with aloe vera juice were synthesized by
Drabcezyk et al. [31] through UV irradiation, with the purpose of increasing the thera-
peutic efficacy for wound healing purposes. The hydrogels exhibited high biocompat-
ibility, as evidenced by more than 95% viability of murine fibroblasts, as well as good
swelling capacity, which are crucial for absorbing wound exudates and providing a
humid healing environment. The addition of aloe vera juice enhanced the sorption
behavior of the hydrogels by virtue of its hydrophilicity and also led to a more homo-
geneous surface morphology and greater mechanical ductility. These hydrogels have
tunable physicochemical properties in the range of amounts and distribution of the
crosslinker used and contain aloe vera, so they are desirable for biomedical applica-
tions such as wound dressing [31].

Shamloo et al. [32] made chitosan hydrogels with honey, gelatin, and polyvinyl
alcohol (PVA) using the freeze-thawing method for wound healing. The hydrogels
were biocompatible, antibacterial, and had tunable mechanical properties. Honey
added antibacterial activity and cell proliferation. In vivo studies on rat models showed
that honey-containing hydrogels (10% and 20%) accelerated wound healing, collagen
deposition, fibroblast proliferation, and angiogenesis. The hydrogels created a moist
wound environment, reduced inflammation, and transitioned the wound through the
healing phases. Chitosan hydrogels are promising for advanced wound care [32].

2.2 Chitosan-based nanocomposite matrix

Chitosan, a biopolymer, has been an attractive nanocomposite matrix due to its
biocompatibility, biodegradability, and versatile chemical properties. The incorporation
of various types of nanoparticles, such as inorganic, organic, and metallic structures,
greatly enhances the mechanical, thermal, and chemical robustness of chitosan. These
nanocomposites are widely utilized in applications including wastewater treatment,
where chitosan adsorbs pollutants efficiently, such as heavy metals and dyes; biomedi-
cal applications for drug delivery systems and tissue engineering as well as corrosion
inhibition applications. The fabrication technology improvement by using electrospin-
ning or 3D printing yields a more precise structural control on the size for niche appli-
cations. However, further improvements have to be made in order to cater to large-scale
production for industrial usage; meanwhile, expansion toward other sectors, including
energy storage and food packaging, still has much space for exploration [33].

Sakthiguru et al. [34] prepared zinc oxide (ZnO) nanoparticles, O-carboxymethyl
chitosan (O-CMC), and Lawson (Ln) nanocomposites by ex-situ grafting to improve
wound healing. Advanced techniques such as SEM, TGA, FT-IR, TEM, and X-ray
diffraction (XRD) were used for the characterization of developed nanocomposites.
They revealed improved thermal stability, structural integrity, and functional group
confirmation. The MTT assay was used to evaluate biocompatibility, and L929
fibroblast cells were used to examine wound scratch assays, demonstrating great
anti-inflammatory, antioxidant, and antibacterial properties. The prepared nano-
composites incorporate the antimicrobial effect of ZnO, bioactivity and solubility of
O-CMC, and therapeutic power of Ln, with sustained release in Dulbecco’s minimal
essential medium (DMEM) and phosphate buffer saline (PBS), superior drug
encapsulation, and effective cell migration capabilities. So, nanocomposites based on
ZnO, O-CMC, and Ln have the power to be employed as essential materials for tissue
engineering and wound healing [34].
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Shah et al. [35] developed chitosan-sericin-silver nanocomposite (CSSN) films
both with and without moxifloxacin (Mox) by using in situ reduction of silver
nanoparticles in a chitosan-sericin colloidal matrix, and then solvent casting was
applied. Nanoparticle analysis was done by zeta size and UV-visible spectroscopy,
film properties by energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM), X-ray diffraction (XRD), fourier transform infrared spectroscopy
(FT-IR), differential scanning calorimetry (DSC), and thermogravimetric analysis
(TGA) techniques, examined for content uniformity, swelling behavior, perme-
ation, and Mox release. The films exhibited sustained drug release (up to 78.57%
in 24 hours) and high antibacterial activity against multiple pathogens. Enhanced
wound healing with better collagen reorganization, fibrosis, epidermal regeneration,
and neovascularization, without silver ion toxicity, was demonstrated by in vivo test-
ing on burn-injured rats. These qualities, combined with nanocomposites’ mechani-
cal stability, hydrophilicity, and biocompatibility, give them promising properties for
good wound dressing [35].

Nowroozi et al. [36] investigated the development of chitosan (CS), curcumin
(Cur), and graphene oxide (GO) 3D scaffolds for wound healing applications using
the freeze-drying method. Hammer’s method was used to synthesize graphene oxide,
and its antibacterial properties were improved by loading it with curcumin. The
prepared scaffolds were examined for antibacterial effects, mechanical strength,
hydrophilicity, and cell viability. It showed that the CS matrix incorporated with GO/
Cur reduced pore size, improved mechanical properties, and enhanced phosphate-
buffered saline (PBS) absorption, with the 1% GO/Cur scaffold showing optimal
performance. A notable reduction in bacterial growth was validated by antibacterial
tests, and almost 95% viability was indicated by cell viability assays. The antibacte-
rial, biological, and structural characteristics collectively employ the CS/GO/Cur
scaffolds as effective wound dressing material [36].

Azadmanesh et al. [37] fabricated novel 3D-printed wound healing scaffolds
using hyaluronic acid (HA), poly-lactic acid (PLA), rosmarinic acid, chitosan, and
copper carbon dots (Cu-CDs). Hydrothermal methods used to synthesize Cu-CDs
showed great antibacterial activity against Gram-positive bacteria, especially at the
concentration of 1 mg/ml. Good biocompatibility was shown by the scaffold, and
desirable results were obtained for cytotoxicity tests on L929 fibroblast stem cells.
The PLA/HA/Cu-CDs/rosmarinic acid/chitosan composite enhanced wound heal-
ing as compared to the only PLA scaffold, demonstrated by in vivo experiments on
rats. Improved tissue regeneration was confirmed by gene expression data (PDGF,
TGF-p, and MMP-1) and histological analysis. By combining biocompatibility, tissue-
regenerative capabilities, and antibacterial effects, these scaffolds can be a promising
approach to treat chronic wounds [37].

Kedzierska et al. [38] examined the wound healing applications of cellulose-
filled chitosan nanocomposite films, emphasizing their biological, hemostatic, and
mechanical properties. Nanosized cellulose (CNC) and microcrystalline cellulose
(MCC) were used to secure these films and then reformed with phosphorylated
derivatives (P-CNC and P-MCC). Improved hemostatic activity is shown by these
films with a variation of both coagulation pathways to drop clotting times due to the
addition of cellulose fillers. Furthermore, these films exhibited enhanced skin cell
migration necessary for wound healing with negligible cytotoxicity, no genotoxicity,
and antioxidant qualities. All these properties proposed the use of these biocompat-
ible, biodegradable, and transparent nanocomposite films as innovative wound
dressings, especially for chronic wounds [38].
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Biomedical uses such as drug delivery, tissue engineering, and wound healing are
promising for chitosan-based nanocomposite scaffolds. Mohandas et al. [39] found
that chitosan matrices enhanced antimicrobial properties and were cytocompatible
with metallic nanoparticles, including silver, gold, copper, zinc oxide, and titanium
dioxide. The problems of wound management, like infection, exudate management,
and inflammation, were targeted in this way. The metallic ions helped in wound
healing since they aided in the processes of epithelial cover and affected inflamma-
tion. Further investigation was necessary due to their cytotoxicity and environmental
consequences. However, striking preclinical and clinical trials are essential for
translating these advancements into clinical practice, which will inevitably rely on the
development of optimized scaffold designs to suit particular wound conditions [39].

The novel combinations of chlorhexidine, chitosan glycolate, and chitin nano-
fibrils were prepared by Muzzarelli et al. [40] in three forms: spray, gauze, and gel.
Gauze was assimilated with biocompatible reinforcement of non-woven dibutyryl
chitin. They used phytostimuline-medicated wounds as control and carried out two
series of tests in a murine wound model to examine the prepared product. One test
involved the treatment of concomitant laser that could initiate cells. The gauze con-
tinuously promoted epithelial differentiation, keratinization, and basal lamina refor-
mation. Regardless of laser treatment, the gauze prompted an angiogenesis reaction
that was used to investigate vascular trophism. Immunohistochemical observations
showed the development of the actin cytoskeleton of epidermal and dermal cells. The
gauze was used to treat the traumatic wounds of 75 hospitalized patients and showed
satisfactory results. In conclusion, the gauze restored a scarless and physiological epi-
dermis, so it was considered a better dressing. Meanwhile, the gel was recommended
for thin layer areas as it improved physiological repair, and the spray can be used as a
first aid treatment for bleeding abrasions. To support their commercial viability with
respect to healing time and medical work rate, the biochemical significance of the
chitin and chitosan materials was determined [40].

Quaternized chitosan nanocomposite films with silver nanoparticles intended
for antimicrobial wound dressing application were prepared by Rahimi et al. [41].
The films were characterized using FT-IR, XRD, SEM, and EDX techniques. It was
observed that the antimicrobial action of the films was considerably enhanced by
incorporating silver nanoparticles. The results of swelling tests indicated that the
swelling ratio of the nanocomposites was decreased when a higher content of silver
nanoparticles was used, which was attributed to greater matrix density and less
hydrophilic sites. Hemolysis and blood clotting studies showed that the films devel-
oped were substantially fewer hemolytic and possessed a better clotting ability even
at low silver content, which indicated good blood compatibility. Antimicrobial assays
proved that even pure quaternized chitosan films (silver-free) contain antimicrobial
activity due to the presence of imidazolium functional groups and were able to
suppress Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Candida
albicans pathogens. The enhancement of antimicrobial activity against multidrug-
resistant P, aeruginosa was achieved with the incorporation of silver nanoparticles.
Cytotoxic and cell attachment tests revealed that the modified films containing a
lower dosage of silver are highly biocompatible and can promote human fibroblast
cell growth. Such results indicate that quaternized chitosan nanocomposites hold
great promise for advanced antimicrobial wound dressings [41].

Dutta et al. [42] prepared and characterized chitosan-sepiolite (CS-SEP) nano-
composite films using the solution casting method for wound healing applications.
Physicochemical and biological properties of these films were evaluated by FT-IR,
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SEM, and XRD techniques. Results showed that the addition of sepiolite increased
water absorption, water contact angle, folding endurance, porosity, antibacterial
activity, and blood clotting ability of the films, making them more suitable for wound
care. Optimized CS7SEP3 nanocomposite showed excellent antibacterial activity
against Bacillus subtilis and Escherichia coli, non-hemolytic behavior, and high cell
viability and proliferation in vitro. These results suggest that CS-SEP nanocomposite
films are good materials for wound management with improved mechanical strength,
moisture retention, and biological compatibility than pure chitosan films [42].

In order to treat chronic wounds in patients, Sandri et al. [43] combined chitosan
oligosaccharide (COS) and halloysite nanotubes (HNTs) into a new type of nanocom-
posite. This nanocomposite was fabricated via ionic interactions by using HNTs as a
carrier of COS. The hybrid material showed good biocompatibility, which allowed
fibroblasts to proliferate and migrate in vitro. HNTs/COS nanocomposite significantly
improved the rate of wound healing in the murine model by encouraging early epithe-
lial formation, blood vessel formation, and granulation tissue development. Based on
the apparent microscopic structure of the tissues, collagen had been fairly organized
inside the wounds even after 18 days of full skin healing. The results indicate that
HNTSs/COS nanocomposites have great potential as an efficient and suitable material
for wound healing and tissue repair enhancement [43].

Shanmugapriya et al. [44] established a multifunctional nanocomposite film
linking bentonite (BN), polyvinylpyrrolidone (PVP), and chitosan (CS) for innova-
tive wound care that possessed better physical properties, biocompatibility, and
antibacterial activity. It was observed that the strong bonding or interactions between
CS, PVP, and BN enhance the thermal stability, tensile strength, porosity, and water
absorption capacity of the film, thus making it very conducive to a moist healing
environment. In vitro cell culture cytotoxicity studies against L929 and NIH3T3
fibroblast cells showed no observable toxicity, while conversely, good in vivo results
of 97% wound closure within 16 days, faster healing, and less scarring than controls
were also reported. It was concluded that there were significant increases in col-
lagen deposition, re-epithelialization, and fibroblast proliferation as evidenced in
the histological analysis, thereby proving that the material has potential as a more
advanced wound dressing. The ability of the CS-PVP-BN2 variant to exhibit greater
antibacterial activity, mechanical strength, and controlled degradation made ita
suitable biomaterial for wound care products [44].

Chitosan-fibrin nanocomposites (CFNs) were developed by Vedakumari et al.
[45], adopting a new co-precipitation technique, and obtained nanoparticles with a
24-28 nm diameter and with a zeta potential of +16 mV. These composites displayed
good biocompatibility, antibacterial activity against Escherichia coli and Staphylococcus
aureus, as well as improved thermal stability due to chitosan and fibrin interaction.
CFNs loaded with methotrexate (MTX) maintained their release for 96 hours and
showed a cytotoxic effect on both HeLa and MCF-7 cancer cell lines in a dose-depen-
dent manner. In vivo studies done using albino rats showed a speedy curative process
as the wounds of the albino rats were healed completely within 14 days compared
to the control, where it took 22 days. CFN treatment improved collagen production,
migration of the fibroblast, and tensile strength from both biochemical and histologi-
cal studies. Given the findings, CFNs appear to be a potential reach in active phar-
maceutical ingredients (API) nanocomposite material useful in wound healing with
inherent antibacterial activity and biocompatible properties [45].

Conventional wound bandages have certain drawbacks, including stiffness, poor
mechanical properties, non-permeability, and adhesion to wounds. Also, most of them
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do not provide bactericidal protection, which is important for wound healing. To meet
these challenges, Zhai et al. [46] found that the introduction of a nanocomposite,
namely keratin-chitosan with nano-ZnO, has yielded better results in terms of swell-
ing, bactericidal activity, and biocompatibility. The nanocomposite was also found

to support better wound healing, as seen by increased collagen deposition and skin
tissue formation in the rat models. Also, the use of zinc oxide nanoparticles provided
antimicrobial properties, thus protecting the wounds from getting infected, which is
very vital in wound management. These nanocomposites possessed high mechanical
strength, biodegradability, and efficient antimicrobial activity; they have tremendous
potential to be used as an innovative dressing material for burn wounds [46].

2.3 Chitosan-based membranes

Chitosan-based materials have many applications in biomedical processes, such
as wound healing and drug delivery. Chitosan and its derivatives have been shown to
inhibit biofilm formation and reduce bacterial virulence, thus making them poten-
tially useful in medical treatments. But their antibacterial activity can be enhanced by
combining them with other agents. Recently, chitosan-based composite membranes
for wound healing have been developed, which have improved antibacterial proper-
ties, promote cell adhesion, and accelerate tissue repair. These composite materials
often contain other biopolymers like curcumin, aloe vera, and quaternary ammonium
compounds to enhance their healing and antimicrobial properties. Chitosan has
also been used in drug delivery systems, such as nanoparticle-based formulations
for targeted therapy and in gene delivery systems for cancer treatment. Moreover,
chitosan membranes have been used in various catalytic processes, fuel cells, and
environmental applications where they have shown promise in wastewater treatment,
heavy metal adsorption, and energy generation. The ongoing research is focused
on modifying the material properties by combining them with other compounds to
improve stability, functionality, and applicability in different fields [47].

Chitosan-based electrospun membranes have been shown to be highly promising
in wound healing applications because of their biodegradability, biocompatibility,
antimicrobial activity, and ability to provide a moist healing microenvironment.
These membranes that are commonly applied to burn and chronic wound dressings
trapped wound exudate, accelerated tissue regrowth, and decreased rates of infec-
tion. Nevertheless, issues like batch-to-batch heterogeneities, mechanical weakness,
and the need for enhanced cell infiltration and vascularization limited their clinical
translation. Recent developments like the integration of growth factors, nanopar-
ticles, and advanced electrospinning have the potential to be effective. Despite these
advancements, additional studies are needed to further tailor the biodegradation,
mechanical strength, and biological activity for wider clinical applications of chitosan
membranes [48].

Fibroblast growth and microbial infection are two main elements that influ-
ence wound healing. The differentiation, proliferation, and survival of fibroblasts
are sustained by the initiation of extracellular matrix by natural polymer dressing
membranes. They developed the composite membranes of chitosan/titanium with
TiO, in varying percentages. Mechanical properties, thermal behavior, ultrastruc-
ture, and morphology of membranes were characterized by tensile strength, SEM,
XRD, and FT-IR techniques. Strong O—Ti-O bonding between chitosan and titanium
oxide improved the flexibility, porosity, crystallinity, and mechanical strength of
membranes. The membrane with 0.25% TiO, reduced apoptosis and oxidative stress
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and increased survival and proliferation in L929 cells. Moreover, the membrane with
0.25% showed good antibacterial activity against Staphylococcus aureus. All the results
indicated that the membrane with 0.25% has good functional integrity, survival,

and fibroblast growth and good antibacterial activity, so they can be used as wound
dressing [49].

Meng et al. [50] prepared blended, drug-loaded chitosan membranes using a cast-
ing/solvent evaporation method. The membranes were made from different ratios of
alginate and chitosan with silver sulfadiazine as a model drug. The polyblend com-
position of 1:1 showed the highest viscosity. The alginate/chitosan membranes had a
water vapor transmission rate between 442 and 618 g/m*/day; water uptake proper-
ties were affected by ionic strength and pH. The wet membrane’s tensile elongation
was 46.28%, and the dry membrane’s tensile strength was 52.16 MPa. The controlled
release study showed that when the alginate content was 50%, silver sulfadiazine was
released faster. These membranes have good physical properties, pH-dependent water
uptake, and controlled release behavior, and they are biodegradable and suitable for
wound healing applications [50].

Lin et al. [51] developed zwitterionic chitosan soft membranes for diabetic wound
healing by implanting a copolymer of glycidyl methacrylate (GMA) and sulfobetaine
methacrylate (SBMA). FT-IR and XPS revealed that the copolymer was success-
fully grafted onto the chitosan matrix with quaternary ammonium and sulfonate
groups. The SEM images showed a highly porous structure for exudate drainage
and gas exchange. Hydration properties (water contact angle and swelling ratio)
demonstrated that the grafted membranes were more hydrophilic. Biocompatibility
tests showed reduced cell and bacteria adhesion; G20S80 was the best antifouling. In
vivo studies on diabetic mice showed accelerated wound healing and skin regenera-
tion with G20S80 modified membranes outperforming chitosan and commercial
bandages. These results suggest zwitterionic chitosan soft membranes as advanced
wound dressings for diabetic wound management [51].

2.4 Chitosan-based films

The method of solution casting was used to prepare composite films of chitosan
and natural modified hydroxyapatite (FeHAp). The SEM, FT-IR, and UV absorption
measurements were used to characterize the films. The end result exposed that the
films have higher shielding properties as they show excellent UV protection, with
ultraviolet protection factor (UPF) values above 50. The antibacterial activity of
these films was increased against both Gram-negative and Gram-positive bacteria by
FeHAp incorporation; biocompatibility and noncytotoxicity of chitosan were unboth-
ered. The mechanical properties, like flexibility and tensile strength of prepared
films, were examined by varying the glycerol and FeHAp amount. The mechanical
properties, UV absorption, and porosity of composite films were enhanced by the
addition of FeHAp. And all these properties suggested that they could be used as
potential wound dressings with improved antibacterial activity [52].

Nanocomposite films of bentonite-chitosan were prepared by using the solution
casting method for wound healing applications. Fluid absorption, porosity, and
mechanical properties were enhanced due to strong hydrogen bonding between
bentonite and chitosan. The physicochemical properties, i.e., water vapor transmis-
sion rate (WVTR), folding endurance, and thickness of films, were also examined.
The FT-IR was used to study the interaction of chitosan having a positive charge
with negatively charged bentonite. Herein, the SEM was used to study the surface
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morphology of films. The hydrophilic nature of bentonite improved the capabilities of
mechanical strength and water absorption of films. The prepared films had improved
activity against grams negative and Gram-positive bacteria, which proved their latent
use as wound dressing [53].

Chitosan, a biodegradable, antimicrobial, and non-toxic biopolymer, due to its
biocompatibility, bioadhesion, and antibacterial properties, is used for wound healing
applications. Derived from crustacean waste, it is composed of 2-amino-2-deoxy-D-
glucosamine and N-acetyl-2-amino-2-deoxy-D-glucosamine units linked by p-(1,4)
glycosidic bonds. Escarcega-Galaz et al. [54] produced chitosan films by solvent cast-
ing; they have excellent structural, mechanical, and antimicrobial properties. These
films are smooth, transparent, and porous; when combined with agents like glycerol
and honey, they are flexible and elongated. Honey adds elasticity and antimicrobial
and anti-inflammatory properties; the films are effective against Pseudomonas aeru-
ginosa and Klebsiella pneumoniae. Chitosan solubility in acidic pH and electrostatic
interactions with additives ensure mechanical integrity and optimal fluid retention.
The films promote ulcer healing by maintaining moisture balance, controlling gas
permeability, and broad-spectrum antimicrobial activity. All these properties,
plus low cost and easy production, make chitosan films a promising alternative for
advanced wound dressings, especially for skin ulcer treatment [54].

The effects of laser therapy and chitosan-sodium alginate films on burn wound
healing in rats were investigated by Dantas et al. [55]. Different natural polymers,
when used as wound dressing, improved wound healing. Laser arrays were used to heal
the damaged soft tissues. Six groups of male rats were allocated to perform the proce-
dure of burns. Six groups containing untreated, chitosan-alginate-dressed, cellulose
dressed (CL), and laser-irradiated combinations were examined over 8 and 14 days.
Within 8 days, laser therapy greatly reduced inflammation and stimulated myofibro-
blastic differentiation. Enhanced blood vessel formation, collagenization, and epithe-
lization were seen in chitosan-alginate films and laser therapy combinations. They also
promoted the replacement of type I and type III collagen and superior collagen fiber
organization. The wound healing was enhanced by that synergistic approach [55].

2.5 Chitosan-based sponge

Wu etal. [56] developed the CS-CL/HP sponge by merging chitosan (CS), collagen
(CL), and heparin (HP), which represented a great improvement in wound healing.
Chitosan gives mechanical strength and antibacterial activity, and collagen improves
biodegradability and biocompatibility. Heparin then enhanced biological activity by
alleviating and shielding growth factors like EGF and VEGF, which are crucial for
tissue regeneration. They were synthesized by carbodiimide cross-linking and exhib-
ited broad-spectrum antibacterial activity, improved water absorption, and constant
heparin release. In vivo and in vitro studies on guinea pig wound models revealed
enhanced growth factor expression, better re-epithelialization, and improved wound
healing rates. These results confirmed that CS-CL/HP sponges could be a valuable bio-
material for clinical applications and an effective solution for burn care, as they have
improved regenerative capacity, biocompatibility, and antimicrobial activity [56].

Sathiyaseelan et al. [57] synthesized a novel chitosan-based nanocomposite
sponge incorporated with phytogenic iron oxide nanoparticles (FeO NPs) from Pinus
densiflora for wound healing in anemia-associated diabetic patients. These sponges
exhibited improved water absorption and high porosity, along with greater antidia-
betic, antibacterial, and antioxidant properties and sustained iron release. Enhanced
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cell proliferation and wound healing potential in HEK-293 cells was confirmed by

in vitro studies. The sponges effectively supported oxygen exchange, accelerated
tissue regeneration, and reduced microbial infections owing to FeO NPs’ bioactivity,
polyvinyl alcohol’s mechanical strength, and chitosan’s antimicrobial activity. These
versatile dressings showed potential for diabetic wound care [57].

Cheng et al. [58] combined collagen peptides (COP) and carboxymethyl chitosan
(CMC) by chemical coupling and freeze-drying to make advanced burn dressings.
These sponges exhibited a porous structure that improved mechanical properties and
integration of COP. The CMC prevented infection and scar formation and improved
biocompatibility, water solubility, and wound healing. Skin tissue regeneration,
proliferation, and cell attachment were promoted by the incorporation of COP. The
composite sponges enhanced flexibility and biological activity by addressing indi-
vidual material limitations. In vitro studies revealed improved cell viability and cell
migration. Burn wound experiments were performed in rabbits, and results demon-
strated faster wound healing, regenerated epidermis by day 7, and wound recovered
completely by day 21. These sponges are cost-effective and hold potential for becom-
ing innovative burn care dressings [58].

2.6 Innovative chitosan formulations for diabetic wounds

Wound healing is delayed in diabetic patients due to an imbalance of systemic
and local factors; it leads to diabetic foot ulcer (DFU) in 15-25% of cases. Diabetic
foot ulcers (DFU) pose significant challenges for patients’ health, as it is the leading
cause of non-traumatic amputations worldwide. Chitosan-based wound dressings
are proven to be effective treatments because of their distinct properties like biode-
gradability, biocompatibility, and antimicrobial effects. Chitosan showed significant
potential in wound healing by improving tissue regeneration, reducing infection,
and controlling inflammation. Innovative chitosan-based composites and hydrogels
decreased reactive oxygen species (ROS), demonstrated antibacterial activity against
common pathogens like Escherichia coli and Staphylococcus aureus, and improved re-
epithelialization, collagen deposition, and wound closure. Moreover, controlled drug
release and improved healing without toxicity were obtained by the integration of
other biomaterials and growth factors like polyvinyl alcohol (PVA) in chitosan wound
dressings. These developments make chitosan a multifunctional and effective bioma-
terial for treating DFUs, giving the power to face the complex challenges associated
with diabetic wound management [59].

Chijcheapaza-Flores et al. [60] developed injectable chitosan-based hydrogels
with Chitosan (CHT) and polymer of f-cyclodextrin (PCD) for cinnamaldehyde’s
local delivery to treat diabetic foot ulcers (DFU). Significant challenges like low tissue
regeneration and infections are associated with the DFU. The cinnamaldehyde (CN),
due to its antibacterial activity against Gram-negative and Gram-positive bacte-
ria, was incorporated into these hydrogels to offer anti-biofilm and antimicrobial
properties. Notable antimicrobial activity was demonstrated by these hydrogels as
bacterial load was reduced by 99.99% when exposed to Pseudomonas aeruginosa and
Staphylococcus aureus for 24 hours. The CN likely acts as a physical crosslinker between
chitosan molecules, improved the gel’s elasticity, and, as a result, enhanced the
viscoelastic properties of the hydrogels. The combination of CN and CHT improved
antimicrobial efficacy and drug release dynamics, becoming a potential solution for
managing DFU, as revealed by the studies. The treatment is effective and safe, as the
hydrogel was cytocompatible, with over 99% cell viability [60].
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Wang et al. [61] developed an innovative treatment for diabetic wounds by combin-
ing a flexible electrical stimulation (ES) device with Chitosan-Vaseline® gauze (CVG)
that improved healing in diabetic foot ulcers. Factors like impaired angiogenesis,
inflammation, and epithelialization contribute to the slow healing of diabetic wounds.
Electrical stimulation (ES) of chitosan-based dressings is proposed as a solution to
these limitations through enhancing cell migration and facilitating wound healing. The
Chitosan-Vaseline® gauze dressings maintain moisture retention and possess antibac-
terial effects, providing a wound microenvironment suited for healing, an important
factor in the healing of diabetic wound-infected environments. Wound healing was
accelerated by the use of high-voltage monophasic pulsed current (HVMPC) in this
elastic dressing that enhanced angiogenesis that involves endothelial cells’ (ECs’)
migration and proliferation. Moreover, the ES treatment turned on key signaling path-
ways like PI3K/Akt and ERK1/2 that assisted in tissue regeneration and angiogenesis.
The flexible ES-chitosan dressing is considered to improve wound healing in diabetic
patients as it facilitated wound epithelialization and considerably inhibited scar forma-
tion. These findings highlight how combining chitosan-based materials and electrical
stimulation could improve treatments for long-lasting diabetic wounds [61].

2.7 Other chitosan-based hybrid materials used for wound dressing

Chen et al. [62] used the solvent precipitation method to develop a novel super-
absorbent polymer, exhibiting improved hemostatic properties—carboxymethyl
chitosan grafted poly(acrylic acid) (CMCTS-g-PAA). The polymer acquired a porous
structure that significantly improved its swelling capacity and hemostatic activity by
leveraging the contraction stress of hydrogels during ethanol-induced precipitation.
Comparative studies were done on New Zealand white rabbits that demonstrated
superior hemostatic properties of the modified polymer in arresting hemorrhage in
the arteria cruralis, ear artery, and spleen of New Zealand white rabbits, overtaking
conventional wound dressings and unmodified polymers. Leached residuals and
—-NH;" positive charge of chitosan give them high biocompatibility and hemostatic
functionality optimized due to their rough porous surface. All these properties make
CMCTS-g-PAA a potential material for innovative hemostatic wound dressings,
especially in handling severe arterial bleeding [62].

The role of novel chitosan-cellulose composite materials as potential wound dress-
ings has been emphasized by Harkins et al. [63]. Chitosan (CS) is a biopolymer that
is best known for its antimicrobial, hemostatic, and wound healing properties, while
cellulose (CEL) helps in providing additional mechanistic stability. The CS-CEL com-
posites were synthesized using a green process with a recyclable ionic liquid and no
harsh acids or bases, which would otherwise risk damaging the properties of chitosan.
The anti-MRSA and anti-VRE properties of the CS-CEL were confirmed as methicillin
resistant Staphylococcus aureus (MRSA) and vancomycin resistant Entevococcus (VRE)
strains were present in the panel of bacteria. They also indicated the potential to
absorb blood, similar to that of commercial products for wound care, and lyophilized
forms had greater absorption capacity than air-dried types. Also, the presence of
nano-objects enabled fibroblast growth and reproduction, which is indicative of their
ability to drive tissue regeneration in the course of wound healing. The composites
also possessed anti-inflammatory properties by lowering levels of tumor necrosis
factor and interleukin-6. These findings suggested that CS-CEL composites are
environmentally friendly, non-toxic, and biocompatible materials that can be useful
for wound healing purposes [63].
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Banana peel powder (BPP) was incorporated into chitosan membranes to improve
their properties as wound dressing by Kamel et al. [64]. BPP for its antimicrobial and
antioxidant properties at concentrations of 0, 2, 5, and 10 wt% mixed with chitosan.
The antimicrobial activity of chitosan membranes was improved by adding BPP, with
the highest activity at 10 wt%, especially against Pseudomonas aeruginosa, Escherichia
coli, Staphylococcus aureus, and Candida albicans. Moreover, it became more suitable
for controlled wound moisture management because the presence of BPP reduced
the swelling behavior of the chitosan matrix. Successful integration of BPP into the
chitosan matrix was confirmed through transmission electron microscopy (TEM),
SEM, FT-IR, and dielectric spectroscopy, which enhanced its dielectric and mechani-
cal properties. These chitosan/BPP membranes possessed synergistic effects and
effective wound healing applications [64].

3. Conclusions

Chitosan-based materials have shown tremendous potential in developing
wound healing products, overcoming the drawbacks of standard dressings, and
also providing various additional features. Chitosan aids in wound healing as it is
biocompatible, biodegradable, hemostatic, and has antimicrobial activity. Wound
healing has four phases, i.e., hemostasis, inflammation, proliferation, and remodel-
ing. Chitosan is effective in all of them, which makes it extremely useful in tissue
regeneration and wound repairing with minimal scarring. This chapter explores
the novel chitosan-based formulations, such as hydrogels, sponges, membranes,
and films, that are designed to meet the specific requirements of wound healing.
Hydrogels provide a moist environment and drug delivery applications, whereas
membranes and films provide mechanical support and antimicrobial activities.
High-porosity and absorbent sponges work well for burns and chronic wounds.
More effective antibacterial chitosan formulations were made by including nano-
technology and composite materials in them, by increasing their tensile strength,
and by controlling their release properties that are especially effective for diabetic
wounds and ulcers.

Clinical and preclinical trials summarized in this chapter prove the efficiency of
chitosan-based materials, which in turn help to accelerate the wound healing process.
These materials decrease the bacterial infections and oxidative stress while boosting
processes like collagen deposition, re-epithelialization, angiogenesis, and fibroblast
proliferation. Chitosan matrices have gained additional prominence for their poten-
tial of targeted drug delivery owing to the encapsulation of bioactive agents, nanopar-
ticles, and growth factors.

Finally, chitosan is a potential biomedical polymer that could enhance twenty-
first-century wound care owing to its effective distinction. If the barriers to construc-
tion and translation are crossed, wound care approaches targeting diabetic ulcers and
chronic wounds could be revolutionized. Chitosan will continue to play an important
role in the evolution of new wound healing products due to its adaptability and future
development of its dosage form and technology.
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Abstract

Chitosan and pectin are two of the most abundant polysaccharides available in
the natural world. Chitosan is readily obtained from crustacean shells, while pectin
has a fundamental and supportive function in the plant cell wall and is extracted
with satisfactory yields from apple pomace and citrus peel. Recent focus on natural
polymers for their ecologically friendly properties (biocompatibility and biodegrad-
ability) brought forward in the pharmaceutical and medical fields a wide range of
new materials and combinations, that had previously been overlooked by research-
ers in favor of synthetic polymers. Natural polymers present challenges due to their
complex structures and variability but also have great versatility and can be tailored
to suit particular needs. Chitosan and pectin have been comprehensively investigated
independently, with their characteristics thoroughly examined. They have now been
combined into a composite to determine how their advantageous properties can be
mutually enhanced. This chapter aims to review chitosan-pectin composites empha-
sizing the interaction mechanisms between the two polymers, exploring formulation
strategies and biomedical/biotechnological applications.

Keywords: chitosan, pectin, biomaterials, composites, biomedical applications

1. Introduction

Chitosan-pectin (Ch-Pec) composites have emerged as versatile biomaterials
by combining two abundant natural polysaccharides-pectin (from plant cell walls,
e.g., citrus or apple peels) and chitosan (from chitin in crustacean shells) [1]. Both
polymers are nontoxic, biocompatible, biodegradable and ecologically friendly [2, 3].
After years of separate research, recent studies have explored the potential of combin-
ing these materials.

Since both are approved as safe for use in food and pharmaceutical products,
chitosan-pectin composites provide a wide range of purposes [4, 5]. By blending these
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Chitosan Pectin

Figure 1.
The graphical description of the intevaction mechanisms that underlie Ch-Pec network formation, adapted from
Soubhagya et al. [9].

oppositely charged polymers, researchers have created hybrid materials in various
formats — from injectable hydrogels [6, 7] and porous scaffolds [8] to thin films/
membranes and nano/microparticles [9, 10] — for a wide range of biomedical and
biotechnological applications, that include drug delivery systems, tissue engineering
scaffolds, wound dressings [11], encapsulation of bioactive [12], and antimicrobial
coatings [13], among others.

Recent years have witnessed significant research focused on optimizing pectin-
chitosan formulations and elucidating their behavior. This chapter provides a com-
prehensive overview of the past decade’s advances, covering: (1) the types of pectin
used (high- vs. low-methoxy, amidated, etc.) and their roles in combination with
chitosan; (2) the interaction mechanisms (e.g., ionic crosslinking and polyelectrolyte
complexation) that underlie Ch-Pec network formation, as shown in Figure 1; (3)
key formulation strategies such as hydrogels, nanoparticles, scaffolds, coatings, and
films; (4) major application areas (drug delivery, wound healing, tissue engineering,
encapsulation of bioactives, and antimicrobial materials), with highlights from recent
studies; (5) a discussion of advantages and challenges of Ch-Pec systems in compari-
son to other biopolymer combinations.

Pectin-chitosan composites are a promising and highly tunable class of biomateri-
als that utilize the complementary properties of a negatively charged plant polysac-
charide and a positively charged marine polysaccharide for advanced therapeutic and
biotechnological applications [5].

2. Types of pectin used and their roles with chitosan

Pectin is a complex anionic polysaccharide rich in galacturonic acid units (some
methyl-esterified) [1, 14]. Pectin is categorized by degree of methyl esterification
(DM): high-methoxy pectin (HMP) has DM >50%, whereas low-methoxy pectin
(LMP) has DM <50% [1]. Additionally, amidated pectin is a modified LMP in which
some galacturonic acid carboxyl groups are converted to amides [15]. These structural
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differences strongly influence how pectin interacts with chitosan and their function
in composites:

High-methoxyl pectin (HMP): With many esterified carboxyl, HMP carries fewer
negative charges. It typically gels in acidic, high-sugar conditions viz hydrogen bond-
ing and hydrophobic interactions [1]. In Ch-Pec systems, HMP can still form poly-
electrolyte complexes with chitosan if some carboxyl remains deprotonated. Notably,
HMP has been used for colon-targeted drug delivery: one study showed HMP-based
coatings produced a delayed drug release specifically in the colon with no premature
release in the upper GI tract [16, 17]. Thus, HMP’s lower solubility in gastric fluids can
be advantageous in protecting drugs until reaching higher pH environments.

Low-methoxyl pectin (LMP): LMP provides more free carboxyl groups (—COO")
for ionic interaction. It readily forms ionotropic gels with multivalent cations like
Ca”* (egg-box crosslinking) and can be obtained within a wider pH range, from 3.5
to 9.5 [1, 18]. In combination with Chitosan, LMP’ abundant negative sites strongly
bind chitosan’s protonated amines, yielding robust polyelectrolyte complexes (PECs).
LMP is commonly used in Ch-Pec hydrogels, beads, and nanoparticles to maximize
electrostatic crosslinking and pH-responsive behavior. For example, pectin with low
esterification has been incorporated to achieve pH-sensitive drug release in the colon
(enzymatic degradation by colonic pectinases) [19]. LMP contributes to firmer gels
and slower dissolution in neutral/basic conditions, making it ideal for sustained-
release matrices [20].

Amidated pectin (amidated LMP): Amidated pectin (often denoted LMA) hasa
portion of carboxyl converted to amid groups, slightly reducing the charge density
but conferring unique gelling properties (e.g., requiring less Ca**). Amidated pectin
remains water-soluble and can still interact electrostatically with chitosan. Studies
report that amidated low-methoxy pectin yields nanoparticles with optimal size and
stability for drug delivery [21]. In multilayer Ch-Pec films, using amidated pectin
improved uniformity and mechanical strength [20]. Thus, amidated pectin can
enhance processability of Ch-Pec systems, forming smoother complexes and poten-
tially modulating the rate of Ch-Pec interactions (due to slightly fewer charge sites).

In all cases, source and structure of pectin play an important role. Plant pectin
contains “smooth” homogalacturonan regions and “hairy” rhamnogalacturonan
regions with neutral sugar side chains [1, 22]. These structural nuances can affect
composite properties. For instance, highly branched pectin may yield softer, more
flexible gels, whereas long homogalacturonan chains favor tighter crosslinking with
chitosan. Pectin’s molecular weight and purity are also important — modern standard-
ized pectin grades with tailored DM and molecular weight are now available, mitigat-
ing the batch-to-batch variability that historically challenged reproducibility [19].
Overall, researchers choose the type of pectin based on the desired outcome: HMP for
certain targeted release profiles, LMP for strong ionic networks, and amidated pectin
for improved handling and film properties. In combination with chitosan (which is
cationic and itself varies by molecular weight and degree of deacetylation), these
pectin types allow fine-tuning of composite behavior.

3. Interaction mechanisms between pectin and chitosan

The primary mechanism driving Ch-Pec composite formation is electrostatic
interaction between the oppositely charged functional groups of the polymers.
Chitosan is a polycationic polysaccharide — in acidic to mid-range pH it carries
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protonated amine groups (-NH**) along its chain [23]. Pectin is polyanionic — above
a certain pH, its galacturonic acid residues ionize to carboxylate anions (~COO-).
When mixed under appropriate conditions, ionic crosslinks spontaneously form
between -NH>* of chitosan and ~COO- of pectin, leading to a polyelectrolyte com-
plex (PEC) network [1].

pH-Dependence: The Ch-Pec electrostatic bond formation is highly pH-dependent.
Pectin’s carboxyl groups have a pKa = 3.5-3.6, so at pH above ~3.6, a significant frac-
tion is deprotonated (—~COO~) and capable of ionic bonding. Chitosan’s amine groups
have pKa ~6.3-6.5; at pH below that, many are protonated (-NH3+) [24, 25]. Optimal
complexation occurs in moderately acidic pH (roughly 3 < pH < 6) where pectin
carries negative charges and chitosan carries positive charges. If the pH is too low
(<<3.5), pectin becomes mostly neutral (~COOH) and cannot interact, while chitosan
remains charged. If pH is too high (> ~6.5), chitosan loses its charge (-NH,), so the
polymers no longer attract. This pH-sensitive ionic gelation gives Ch-Pec systems
their environment-responsive behavior: for example, a Ch-Pec hydrogel may be
stable in an acidic stomach (where the complex stays intact) but swell or dissociate in
neutral intestinal conditions (releasing its load) — a mechanism exploited for colon-
targeted delivery [19].

Polyelectrolyte complexation and coacervation occur when chitosan and pectin are
mixed in solution, leading to immediate charge attraction that may result in the coac-
ervation or precipitation of insoluble polyelectrolyte complex particles if not properly
managed [20]. Researchers achieve this through controlled mixing techniques, such as
the dropwise addition of one polymer to another or the use of dilute concentrations,
to produce stable nanoparticles or homogeneous hydrogels instead of macroscopic
precipitates [20]. Soluble PECs, characterized as non-stoichiometric complexes, may
form when one polymer is present in excess, resulting in a stable colloidal system.
Pectin-rich or chitosan-rich complexes remain dispersed due to their overall charge,
which inhibits aggregation [26]. A study demonstrated that altering the Ch:Pec mass
ratio from 3:1 to 1:3 influenced nanoparticle size (30-330 nm) and zeta potential
(=29 mV to +73 mV); a 1:1 ratio was found to be the most effective carrier for a
chemotherapeutic drug. This highlights the impact of stoichiometry on assembly: ata
1:1ratio, the neutralized PEC may aggregate into a compact nanoparticle, optimizing
drug loading and stability [27].

Ionic gelation and crosslinking agents: The Ch-Pec network can also be reinforced
by multivalent ions. Low-Methoxyl pectin domains crosslink via Ca** ions (egg-box
model), so in a composite gel, Ca** can further tighten the pectin sections. Similarly,
chitosan is often ionically crosslinked with tripolyphosphate (TPP) in nanoparticle for-
mulations; a Ch-Pec-TPP system can have both polymer-polymer and polymer-ion links.
However, a key advantage of Ch-Pec PECs is that they often gel without any chemical
crosslinkers, avoiding potential toxicity [20]. The ionic gelation is mild and aqueous,
ideal for sensitive drugs or cells. For example, pectin-chitosan hydrogel beads have been
made by dropping pectin into chitosan (or vice versa) solution — an interfacial coacerva-
tion process that immediately forms a gelled bead coated by the second polymer [19].

Secondary interactions: Besides ionic bonds, hydrogen bonding and hydrophobic
interactions also contribute to Ch-Pec network stability [1]. Pectin’s backbone and
chitosan’s hydroxyl groups can form hydrogen bonds, while any methyl-esterified or
acetylated regions may add hydrophobic contacts. These secondary forces improve
the integrity of the complex, especially under low-ion conditions. Indeed, analyses by
FTIR and rheology confirm that ionic bonds are the primary crosslinks, but addi-
tional intermolecular forces exist in hydrated Ch-Pec gels [26].
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Covalent crosslinking (chemical enhancements): Chemical crosslinkers are selectively
used in some formulations to covalently link pectin and chitosan, resulting ina
semi-interpenetrating or dual-network hydrogel. Carbodiimide coupling (EDC/NHS)
facilitates the formation of amide bonds between the ~-COOH groups of pectin and
the -NH, groups of chitosan [1]. Oxidized pectin (containing aldehyde groups) can
interact with the amines of chitosan to establish Schiff-base links (imine bonds) [28].
One study created an iz situ gelling injectable hydrogel using oxidized chitosan and
amidated pectin, which crosslinked viz imine bonds and showed self-healing proper-
ties [7]. Such covalent linking is used to strengthen the hydrogel (preventing dissolu-
tion even when ionic bonds are screened by high salt or pH changes). Despite this,
the first self-assembly is often driven by ionic affinity to bring the polymers into close
proximity even using covalent techniques. In Ch-Pec systems, ionic gelation/poly-
electrolyte complexation is the fundamental process; usually enhanced by secondary
bonding or covalent linkages to suit the mechanical and release characteristics.

4. Formulation strategies for pectin: Chitosan systems

Thanks to their complementary chemistry, pectin and chitosan can be co-assem-
bled into a variety of formulations. Key formulation strategies include hydrogels (bulk
or injectable), nanoparticles and microparticles, beads, films/coatings, multilayer
assemblies, nanofibers, and porous scaffolds. Researchers select a formulation based
on the intended application (e.g., an oral drug nanoparticle vs. a wound dressing
film). Below we outline common formulation types and methods (Figure 2).

Hydprogels (Bulk and Injectable): Ch-Pec hydrogels are three-dimensional networks
capable of holding large amounts of water. They can be formed by simply mixing
solutions of chitosan and pectin in the proper pH range (usually in dilute acid).

The result is a physical hydrogel where the polymers are crosslinked by ionic bonds
(a physical gel with no external crosslinker) [1]. Hydrogels can be cast in molds to
create bulk gel disks or slabs for use as scaffolds. Alternatively, injectable hydrogels are

X ﬂ \ HYDROGELS
SHELLFISH Eia / NANOPARTICLES

[ Films/COATINGS

Chi-Pec composite

‘ ﬂ / POROUS

 APPLES. Pectin SCAFFOLDS
NANOFIBERS
Figure 2.

Common Ch-Pec composites formulation types.

63



Chitosan and Alginate Frontiers — Innovations and Applications in Life Sciences, Food, and Industry

formulated to be liquid during handling and gel upon a trigger (often pH or tempera-
ture change) at the target site. For instance, thermosensitive Ch-Pec hydrogels have
been developed that are injectable at room temperature and solidify at body tem-
perature. One approach achieved this by partially neutralizing chitosan with a weak
base so that the mixture remains liquid when cold but gels upon warming [6]. These
injectable Ch-Pec hydrogels have been studied for minimally invasive delivery of

cells and drugs in tissue engineering [27]. In general, hydrogel properties (stiffness,
swelling, degradation) are tuned by the Ch:Pec ratio, polymer concentration, and any
added crosslinkers.

Nanoparticles and microparticles: Utilizing ionic self-assembly, researchers have
developed pectin-chitosan nanoparticles (NPs) for the purpose of drug delivery. A
common method is ionotropic gelation: for example, adding a pectin solution to chi-
tosan under stirring leads to the formation of sub-micron PEC particles. The size and
charge of these NPs depend on mixing conditions and polymer ratios [26]. Sonication
or high-shear mixing can further reduce particle size. These NPs can be prepared in
the presence of a drug so that the drug is encapsulated during complexation (often
achieving high loading for oppositely charged drugs via electrostatic attraction).
Spray-drying is another technique: a blended Ch-Pec solution can be atomized and
dried to yield composite microparticles. For instance, spray-dried chitosan-pectin
microspheres have been explored for controlled release of theophylline [28]. Ch-Pec
nanoparticles have been reported in sizes from ~50 nm up to a few microns, with sur-
face charge tunable between positive or negative by varying polymer ratios [26, 29]
Layer-by-layer (LbL) coating can create core-shell particles: for example, chitosan NP
cores coated with pectin shell or vice versa. Pachaleva et al. designed nisin-loaded pec-
tin NPs and then coated them with chito-oligosaccharide, producing stable particles
with either positive or negative surface charge depending on coating thickness. Such
multilayer NPs are useful to modulate mucoadhesion and drug release kinetics.

Hydprogel beads: These are millimeter-scale gel particles often made by extrusion or
dripping. For example, dropping a solution of low-methoxy pectin containing a drug
into a chitosan solution will form beads with a pectin core and chitosan coating (or
vice versa). Electrostatic or electrospray dripping can produce smaller, more uniform
beads by applying a voltage to the droplet formation [19]. Beads combine the benefits
of hydrogels (high water content) and particulate carriers (discrete dosage forms).
Chitosan-coated pectin beads have been studied for oral delivery of probiotics and
drugs: the chitosan shell delays release in acidic stomach and then the bead disinte-
grates in the intestine [19]. These beads are typically stabilized by ionic crosslinks
(e.g., the pectin core crosslinked with Ca®* plus the polyelectrolyte coating. Sizes
range from ~1 mm (with electrodripping) up to several millimeters. For instance,
Acevedo et al. prepared 3-5 mm pectin-chitosan hydrogel beads by interfacial com-
plexation; the beads remained intact in simulated gastric fluid and only released their
payload upon transitioning to intestinal conditions [19].

Films, membranes, and coatings: By casting or depositing Ch-Pec mixtures, one can
form thin films or membranes. These can serve as wound dressing films, buccal or trans-
dermal patches, food packaging, or implant coatings. Solvent casting is common: pectin
and chitosan are co-dissolved (or layered sequentially) and the solvent evaporated to leave
a composite film. To improve uniformity, layer-by-layer (LbL) assembly is often used:
alternating layers of pectin and chitosan are deposited to build up a stratified film with
well-controlled architecture. Such polyelectrolyte multilayer films ensure homogeneous
mixing at the nanoscale and avoid bulk precipitation issues. An example is chitosan/low-
methoxy amidated pectin multilayer films optimized for buccal drug delivery — these films
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had higher mechanical strength and thermal stability than single-polymer films [20].
Electro spraying is another method to coat surfaces: Alsharbaty et al. used electrospray
deposition to coat titanium implant surfaces with a pectin-chitosan composite layer. The
resulting PCPC coating was homogeneous, strongly adherent, and endowed the surface
with antibacterial properties [4]. In general, Ch-Pec films are flexible, transparent, and
bio adhesive, making them suitable for covering wounds or mucosal tissues.

Chitosan often improves the tensile strength and water-resistance of pectin films,
while pectin can enhance the film’s stability in acidic environments by preventing
chitosan from dissolving. For instance, adding chitosan to pectin films significantly
increased their mechanical strength and reduced water vapor [30].

Porous Scaffolds (Foams): By freeze-drying or gas-foaming Ch-Pec hydrogels,
lightweight sponges or foams can be created. These have high porosity and surface area,
ideal for tissue engineering (allowing cell seeding and nutrient flow) or as absorbent
wound dressings. Freeze-drying (Iyophilization) of a Ch-Pec gel yields a scaffold with
anetwork of pores whose size can be tuned by freezing rate. A 2011 study prepared
freeze-dried pectin-chitosan scaffolds and showed they supported attachment and
proliferation of human osteoblasts, indicating potential in bone tissue engineering [1].
Similarly, highly porous chitosan/pectin sponges were developed for wound healing —
one report notes a 70:30 chitosan: pectin sponge had suitable porosity and successfully
healed wounds in an animal model [31]. The combination of chitosan’s hemostatic prop-
erty and pectin’s gel-forming ability makes such sponges attractive for bleeding wounds.
Porous Ch-Pec scaffolds can also be reinforced with additives (e.g., bio glass for bone, or
nanocellulose for strength to enhance mechanical or biological performance [32].

Nanofibers: Although less common than hydrogels or films, electrospinning can
produce ultrafine Ch-Pec fibers for mats or meshes. Pure chitosan is difficult to
electro spin, but blending with pectin (and often a co-solvent or carrier polymer)
can enable fiber formation [33]. Electrospun pectin-chitosan mats have potential as
wound dressings (high surface area for absorption and cell interaction) or as filtration
membranes with antimicrobial activity. Martdu et al. noted that combining chitosan,
alginate, and pectin in electrospun nanofibers yields biomaterials with excellent
biocompatibility and bioadhesion [34]. This area is still emerging, but it offers a way
to create nanostructured composite surfaces.

The most commonly developed formulation types and preparation methods are
summarized in Table 1.

Formulation type Preparation method Application area Ref.

Hydrogels Ionic gelation, pH-triggered Wound dressing, drug delivery [1,6,27]
mixing

Nanoparticles Ionotropic self-assembly, Colon targeting, anticancer [26, 28, 29]
spray-drying therapy

Beads Extrusion dripping, Probiotic/nutraceutical delivery [19]
electrodripping

Films/Coatings Solvent casting, LbL Transdermal patches, implant [4, 20, 30, 35-37]

deposition

coatings

Porous Scaffolds

Freeze-drying hydrogels

Tissue scaffolds (bone, skin)

[1,31, 32, 38, 39]

Nanofibers

Electrospinning with carriers

Wound mats, filtration
membranes

[33,34]

Table 1.

Formulation types and preparation methods.
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5. Biomedical and biotechnological applications

Pectin-chitosan composites have been explored across numerous pharmaceutical,
biomedical, and biotechnological applications. Their biocompatibility, mucoad-
hesiveness, tunable gelation, and ease of functionalization make them suitable for
delivering therapeutics, supporting tissue regeneration, protecting bioactive, and
preventing infections. Below, we review major application areas, highlighting how
Ch-Pec systems are utilized in each:

5.1 Drug delivery systems

One of the most extensively studied uses of Ch-Pec composites is as drug delivery
systems. The Ch-Pec combination offers several advantages: pH-responsive swelling/
degradation, enzymatic degradability (pectin by pectinases, chitosan by lysozyme),
and mucoadhesiveness (especially from chitosan). These properties have been
harnessed to create targeted and controlled-release drug carriers:

Oral drug delivery and colon targeting: Because of its favorable characteris-
tics—biocompatibility, mucoadhesiveness, adjustable gelation, and simplicity of
functionalization—pectin-chitosan composites have been intensively investigated
in biotechnology, medicine, and pharmacology. These properties fit them for treat-
ment of diseases, tissue regeneration, bioactive chemical protection, and infection
prevention. Ch-Pec composites find one of the most investigated applications in drug
delivery systems. Designing regulated and targeted drug release systems calls for
their pH-responsive swelling and disintegration, enzymatic breakdown (pectin by
pectinase, chitosan by lysozyme), and strong mucoadhesive behavior (particularly
from chitosan).

Particularly in oral medication administration and colon targeting, pectin is quite
fit for colon-specific drug delivery as it resists digestion in the upper gastrointestinal
tract and is fermented by colonic bacteria.

Controlled velease and mucoadhesive delivery: The interaction between chitosan and
pectin can markedly reduce drug diffusion, facilitating sustained release profiles.
Ch-Pec hydrogels and films have been loaded with various drugs, including small
molecules and proteins, exhibiting prolonged release characteristics. Resveratrol-
loaded chitosan-pectin core-shell nanoparticles demonstrated a sustained release of
resveratrol for approximately 30 hours in vitro, significantly exceeding the release
duration observed from non-complexed matrices [40]. The mucoadhesive properties
of chitosan enhance retention at absorption sites, such as the buccal and intestinal
mucosa, thereby improving bioavailability. Kaur et al. developed a mucoadhesive buc-
cal film utilizing an interpolymer complex of chitosan and pectin for the delivery of
carvedilol, achieving a bioavailability increase of approximately 2.14 times relative to
the oral route [41]. Ch-Pec nanoparticles have been utilized for nasal and ocular drug
delivery, where mucoadhesion plays a critical role. An ex vivo study demonstrated
that thiolated pectin-chitosan nanoparticles for ocular delivery exhibited improved
corneal permeation of a drug compared to a simple solution [42].

Targeted Cancer Therapy: Interest in the application of pectin-chitosan carriers for
cancer drug delivery is increasing. Modifying surface charge and attaching targeting
ligands renders Ch-Pec nanoparticles an effective platform. Silantev et al. developed
chitosan-pectin nanoparticles for the targeted delivery of temozolomide (TMZ)
to brain tumors. Through the optimization of the polymer ratio, approximately
200 nm cationic particles were produced, capable of traversing biological barriers
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and facilitating controlled release of TMZ in simulated body fluids. The particles
enhanced drug immobilization and release kinetics, indicating a promising approach
for brain cancer, particularly in overcoming the challenges of targeted delivery across
the blood-brain barrier [27]. Researchers employed an alternative method by encap-
sulating curcumin, a hydrophobic anticancer compound, within pectin-chitosan
nanogels. This approach resulted in improved uptake and cytotoxicity in MCF-7
breast cancer cells when compared to free curcumin [43, 44]. The positive charge of
chitosan aids in the binding of nanoparticles to negatively charged cell membranes,
thereby facilitating endocytosis. Additionally, pectin can be modified with targeting
moieties, such as folate, to direct nanoparticles specifically to cancer cells.

Multi-component delivery systems: Pectin-chitosan systems are utilized for the
delivery of complex components, including vaccines, peptides, and living cells.
Macrophage-targeted liposome-loaded Ch-Pec microgels have been developed for oral
delivery in colitis treatment. In this system, pectin-chitosan functions as a protective
gel matrix for liposomes, facilitating their release in the colon for uptake by inflam-
matory cells [45].

Pectin-chitosan drug delivery systems provide biocompatible and tunable vehicles
capable of responding to pH or enzymes, adhering to mucosal surfaces, and protect-
ing drugs from premature release or degradation. The variety of formats—hydrogels,
films, beads, nanoparticles—facilitates customization for particular routes of admin-
istration and therapeutic requirements. Numerous systems have shown enhanced
pharmacokinetics, efficacy, or diminished side effects in preclinical models relative
to conventional dosage forms, highlighting the significance of Ch-Pec composites in
advanced drug delivery.

Wound healing applications. Wound healing necessitates a precise equilibrium
of moisture, infection prevention, and facilitation of tissue regeneration. Pectin-
chitosan composites meet several essential criteria for an optimal wound dressing:
they are biodegradable, capable of creating a moist gel environment, nontoxic, and
can possess antimicrobial and bioactive release characteristics. Various types of
Ch-Pec dressings have been investigated.

Hydprogel dressings. Hydrogels effectively maintain moisture in wounds, facilitating
re-epithelialization, and adapt to irregular wound contours. Ch-Pec hydrogels possess
an inherent water content exceeding 95% and demonstrate the capacity to absorb
excess wound exudate, with one formulation capable of absorbing approximately 150
times its weight in fluid [28]. Chitosan exhibits antibacterial and hemostatic proper-
ties, which can reduce infection and facilitate blood clotting. In contrast, pectin is
characterized by its soothing nature and non-adherence to new tissue, resulting
in less painful dressing changes due to its low cell adhesion, preventing damage
to regenerating layers. A recent study developed a bioadhesive pectin-chitosan
hydrogel containing ciprofloxacin (CIP) for the treatment of infected wounds [28].
The hydrogel exhibited a high-water content and retention capacity, establishing an
optimal moist environment, and demonstrated no cytotoxicity or hemolysis in vitro
[28]. The incorporation of a dopamine-modified micellar CIP carrier enhanced drug
retention within the gel and extended its release at the wound site [28]. In vitro and
in vivo studies indicated that the CIP-loaded Ch-Pec hydrogel effectively eradicated
bacteria and enhanced wound healing, highlighting its potential as an anti-infective
wound dressing [28].

Film dressings and membranes: Thin flexible films composed of pectin and chitosan
can function as wound coverings. These can be utilized similarly to bandages and
are especially effective for superficial or partial-thickness wounds. The mechanical

67



Chitosan and Alginate Frontiers — Innovations and Applications in Life Sciences, Food, and Industry

robustness of Ch-Pec films typically exceeds that of pectin-only films, attributable to
the reinforcing effect of chitosan. Muthulakshmi et al. [35] created a biodegradable
wound dressing using a curcumin-incorporated pectin-chitosan film. The incorpora-
tion of chitosan enhanced the tensile strength and thermal stability of the pectin
film while decreasing its vapor transmission, thereby promoting moisture retention
for wound care. Curcumin, recognized for its natural anti-inflammatory and anti-
microbial properties, further augmented these effects. The optimized film, referred
to as PC4/CC1.5, demonstrated significant antibacterial activity against both Gram-
positive and Gram-negative bacteria. This example demonstrates the dual role of a
pectin-chitosan film as both a delivery vehicle for the therapeutic agent curcumin and
a functional dressing that combats infection and promotes tissue repair [36].

Other studies have similarly incorporated bioactives such as honey, propolis,
silver nanoparticles, or growth factors into Ch-Pec films to improve wound healing.
Propolis-loaded quaternate chitosan/pectin films demonstrated extensive antibacte-
rial properties and enhanced iz vitro healing assessments [46]. Demchenko et al.

[37] investigated the impact of interpolyelectrolyte complexes (IPEC) composed of
chitosan, pectin, and starch on the structural and antimicrobial characteristics of
silver-containing nanocomposites. Their findings indicate that the pectin-Ag-chitosan
complex exhibits the highest antimicrobial activity [38].

Porous Sponges: As noted, freeze-dried Ch-Pec sponges can serve as absorbent
wound dressings, particularly for exuding wounds or as fillers for deep cavity
wounds. A porous sponge can absorb fluid, conform to the wound bed, and later be
resorbed or easily removed. Pectin’s presence can modulate the chitosan sponge’s pH
responsiveness and reduce its shrinkage when hydrated. A composite sponge with
30% pectin (rest chitosan) was reported to have high porosity (~90%), good fluid
absorption, and still retain the intrinsic antimicrobial activity of chitosan [31]. In
vivo, such sponges supported faster wound closure and better tissue organization
compared to commercial dressings, as pectin improved the biocompatibility of the
scaffold. Furthermore, since pectin can be ionically crosslinked with calcium, some
wound sponges include calcium to add structural integrity and also help in blood
clotting (Ca** is involved in coagulation).

Antibacterial and anti-biofilm action: Wound infections (biofilms) are a major
impediment to healing. Chitosan is inherently antimicrobial due to its polycationic
nature, disrupting microbial cell membranes. The combination with pectin often does
not diminish this; in fact, pectin-chitosan materials maintain strong antibacterial
effects [46]. The PCPC implant coating study, while aimed at implants, is relevant:
coatings with a higher chitosan ratio showed significant zones of inhibition against
Staphylococcus aureus and Escherichia coli, indicating the composite can prevent
bacterial colonization on surfaces [4]. In wound dressings, this translates to a mate-
rial that can reduce bioburden in the wound. The CIP-loaded hydrogel mentioned
earlier provided sustained local antibiotic release to kill bacteria over time [46]. Thus,
a pectin-chitosan dressing can tackle infection both intrinsically (chitosan’s action)
and via payload (released antiseptics or antibiotics). This dual action is particularly
valuable against resilient biofilms in chronic wounds.

5.2 Tissue engineering and regenerative medicine

In tissue engineering, scaffolds made of pectin-chitosan have been explored to
support the growth of new tissue (bone, cartilage, skin, etc.) or as 3D culture systems
for tissue models. The rationale is that combining chitosan and pectin yields a matrix
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more akin to natural extracellular matrix (ECM) in its complexity and properties
than either polymer alone [1]. Important parameters for tissue engineering include
porosity, cell-compatibility, and suitable mechanical strength—all of which Ch-Pec
scaffolds allow to be modified.

3-D scaffolds for cell growth: Freeze-dried Ch-Pec scaffolds, as described, offer
porous structures on which cells may connect and grow. With MTT tests proving
excellent viability, Coimbra et al. [38] showed that a pectin-chitosan polyelectrolyte
complex scaffold facilitated adhesion and differentiation of human osteoblasts.
Pectin, a plant polysaccharide not typically found in mammalian ECM, did not
affect the cells; rather, the hybrid scaffold encouraged osteogenic activity, perhaps
because chitosan’s amino groups give a favorable surface and pectin contributed to
a softer, more hydrated matrix [39]. Birch et al. [47] also evaluated human mesen-
chymal stem cells (hMSCs) acidic-synthesized Ch-Pec hydrogels. Although initial
cell adhesion was low—probably helpful for non-adherent uses like wound dress-
ings—the general cell proliferation increased with minor changes (rinsing the gels
to eliminate extra acid). This indicates that by optimizing fabrication (e.g., residual
acid removal, adding cell-adhesive peptides), Ch-Pec hydrogels can be quite hos-
pitable to cells. In fact, modifying pectin or chitosan with RGD peptides (arginine-
glycine-aspartic acid sequences that promote cell adhesion) dramatically enhances
cell attachment.

Thermosensitive and injectable scaffolds: For tissue engineering in vivo, an injectable
scaffold that gels in situ is highly attractive (it can fill irregular defects and be deliv-
ered minimally invasively). Thermosensitive Ch-Pec hydrogels have been studied for
this purpose. Morello et al. [48] reported a thermo-responsive chitosan/pectin hydro-
gel that could sustain long-term culture of tumor spheroids [48] - this suggests a mild
gelation process compatible with live cells. Another group formulated an injectable
Ch-Pec hydrogel with cellulose nanocrystal reinforcement to achieve an optimal gel
for cartilage tissue engineering, which was shear-thinning and injectable, then rapidly
re-solidified in the tissue defect [42]. These materials exemplify how Ch-Pec systems
can be combined with other components (nanocellulose, bioactive glass, etc.) to meet
specific mechanical or biological requirements of a tissue scaffold.

Bone and Cartilage Regeneration: Chitosan has been widely used in bone tissue
engineering, and adding pectin can introduce osteoconductive cues and enhance
printability or gelation. Recent work [1] cites that RGD-functionalized pectin gels,
or pectin crosslinked with calcium carbonate, have been successfully used as bioinks
for 3D bioprinting bone tissue models. The ability of pectin to gel with CaCO5; was
exploited to print scaffolds that subsequently supported neural cell cultures in a 3D
brain model showing pectin’s utility even beyond typical musculoskeletal applica-
tions. For cartilage, chitosan provides a cartilage-like glycosaminoglycan analog, and
pectin can improve the viscoelastic properties [1].

Pectin-chitosan scaffolds in tissue engineering allow one to leverage chitosan’s
structural and antimicrobial features with pectin’s gelling and biofunctional attri-
butes. They can be processed into many forms (bulk hydrogels, foams, injectable
gels, and 3D-printed structures) and can be enriched with cell-signaling motifs.
Early studies show they support cell viability and even differentiation, although
surface modifications (e.g., RGD) can greatly improve cell attachment due to pec-
tin and chitosan’s lack of native mammalian cell-binding sequences. The composite
nature of Ch-Pec scaffolds often results in a more ECM-mimetic environment
than single-polymer scaffolds, which can translate to better tissue regeneration
outcomes.

69



Chitosan and Alginate Frontiers — Innovations and Applications in Life Sciences, Food, and Industry

5.3 Encapsulation of bioactives and biotechnological uses

Beyond pharmaceuticals, Ch-Pec combinations are utilized to encapsulate and
transport a range of bioactive chemicals — including nutraceuticals, enzymes, probi-
otics, flavors, and cells — in pharmaceutical, food, and biotech settings. For delicate
biological loads, their delicate formulation conditions (typically room temperature
and watery) and generally recognized as safe (GRAS) status make them perfect:

Encapsulation of probiotics and nutritional agents. Extensive research has gone on
pectin-chitosan hydrogel beads and capsules for the digestive system protection of
delicate components. To increase the survival rate in stomach acid, probiotic bacteria,
such as Lactobacillus spp., have been encapsulated in calcium pectate beads covered
with chitosan [19]. The chitosan coating prevents breakdown until the intestines,
therefore providing a high viable count of probiotics to the colon. Acevedo et al.
empbhasized that pectin’s mild gelation and environment fit cells, thus it is perfect for
probiotic encapsulation [19]. They solved a major problem in oral probiotic formula-
tions by adding a chitosan layer, therefore preventing the low pH-induced viability
loss of probiotics in the stomach. Ch-Pec matrices have similarly captured vitamins,
antioxidants, and essential oils. Investigating essential oil-loaded pectin/chitosan
nanoparticles revealed that the system could preserve the volatile oil and then release
it in a regulated manner, therefore exhibiting anticancer properties on MCF-7 cells
[43]. Ch-Pec films and coatings are being investigated in the food industry to pack-
age and distribute functional ingredients, for example, Tong et al. [49] created a
biodegradable active food packaging film with cinnamic acid by combining sodium
alginate, pectin, and chitosan, which shows slowed oxidation and microbial growth
on food [50]. Like pH-triggered taste release in oral care products, pectin-chitosan
microcapsules have also been utilized for disguising the tastes or odors of substances
and for targeted release.

Enzgyme and cell immobilization: In biotechnology, pectin-chitosan beads are immo-
bilization mats for enzymes or yeast cells in bioreactors. Mild aeration and substantial
water content facilitate the encapsulation of biomolecules while preventing their
denaturation. For ethanol fermentation, for example, pectin-chitosan co-gels have
been employed to immobilize yeast therefore enabling reuse of the biocatalyst and
simple separation from the result. Such beads’ porous shape keeps the enzyme or cells
while allowing substrate and product diffusion. Furthermore, the polyelectrolyte
character helps stabilize certain enzymes; for instance, a positively charged enzyme
can attach itself in the gel by interacting with COO™ groups of pectin. Strong electro-
static binding and microenvironment given by pectin (which can change local pH)
has shown research that pectin-chitosan matrices increased the operational stability
of immobilized enzymes like p-galactosidase, compared to other polymers [1, 51].

Biologically active polymers: Though chitosan is recognized for its antibacterial
and hemostatic properties, pectin itself has some documented biological activity
(immunomodulatory, cholesterol-lowering, etc.). Sometimes the composite itself is
the bioactive agent in some uses. Pectin, for instance, especially modified pectin, can
have anticancer action by causing death or blocking galectin in tumor cells. Chitosan
can induce reactions of wound healing. Therefore, a Ch-Pec material might offer a
therapeutic advantage beyond only serving as a passive carrier. Reviewing pectin-
containing biomaterials, Eivazzadeh-Keihan et al. [52] found anticancer, antioxidant,
and anti-inflammatory effects. These benefits might be combined in a composite; for
example, a pectin-chitosan wound dressing not only provides extra medications but
also naturally lowers inflammation and scavenges free radicals [53].
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Agriculture and environmental uses: Although our focus is biomedical, pectin-
chitosan formulations are under investigation in agricultural biotechnology (e.g.,
as carriers for pesticides or as seed coatings that degrade into nutrients) and in
environmental engineering (e.g., pectin-chitosan gels for heavy metal ion adsorption
from water, given both have functional groups that bind metal). These underline the
general use of Ch-Pec complexes in several fields.

Ch-Pec systems are essentially strong encapsulation platforms that release sensi-
tive bioactives under specified stimuli (pH, enzymes, time) while preserving them.
They are gentle enough for sensitive biomolecules and edible and safe for food or oral
pills as they mix the advantages of two natural polymers. Table 1 shows increased
stability and targeted distribution by listing a few instances of bioactive encapsulation
(probiotics, nutraceuticals) and their results.

5.4 Antimicrobial and biofilm materials

Chitosan and pectin both help to improve the antibacterial characteristics of
composite materials. Chitosan’s mechanisms include disrupting microbial membranes
and chelating metals required for microbial growth [46], whereas pectin, particu-
larly when used as oligogalacturonides, can inhibit bacterial adhesion and biofilm
formation (and can be metabolized by gut flora, producing pathogen-suppressing
acids) [54]. Pectin-chitosan composites have been used to create antimicrobial films,
coatings, and wound dressings.

Antibacterial films and coatings: We described how pectin-chitosan wound films
and implant coatings exhibit antibacterial properties. The Science Reports 2023
research on PCPC (pectin-chitosan) coatings for titanium implants is a good example.
They tested various ratios; coatings with higher chitosan content (groups 3, 4, 5
corresponding to 1:2, 1:3, etc.) exhibited clear zones of inhibition against bacteria,
whereas uncoated titanium had none. Importantly, all tested PCPC ratios were
non-cytotoxic to human cells (osteoblast-like cells), indicating they can ward off
bacteria without harming host tissue [4]. This opens the door to using such coatings
on medical devices to reduce infections (e.g., dental implants and catheters). For food
packaging, antimicrobial Ch-Pec films have been used to extend shelf life by prevent-
ing microbial growth on food surface [40]. The incorporation of natural antimicrobi-
als (e.g., essential oils, nisin, and silver ions) into pectin-chitosan films further boosts
their efficacy. A study demonstrated that nisin, an antimicrobial peptide suitable for
food applications, encapsulated within a Ch-Pec nanoparticle exhibited improved
stability and an extended antibacterial effect [26]. Embedding nanoparticles in a film
or coating facilitates the sustained release of antimicrobial agents, thereby preserving
surface hygiene over an extended period.

Hydvrogels that inhibit biofilm formation: Chronic wounds and implants often
exhibit biofilm formation, which poses greater challenges for elimination compared
to planktonic bacteria. Pectin-chitosan hydrogels can be formulated with anti-biofilm
agents, such as dispersin B enzyme or nitric oxide donors, to effectively target
biofilms locally. The CIP-loaded hydrogel, for instance, maintained an effective
antibacterial concentration at the wound for an extended period, which is crucial for
penetrating and disrupting biofilms [46]. Moreover, chitosan is known to inhibit S.
aureus and Pseudomonas aeruginosa biofilm formation by preventing initial adhesion
and by detaching biofilm matrix through charge interactions [41].

Antifungal properties: Chitosan is also antifungal (effective against Candida,
Aspergillus, etc.) [43]. Pectin-chitosan films have shown activity against fungal
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pathogens, important for applications like oral thrush treatments or antifungal
packaging. For example, a study reported that adding chitosan to pectin films inhib-
ited Candida albicans growth, whereas pectin-alone films did not (owing to chitosan’s
cationic nature disrupting fungal cells). This broad-spectrum antimicrobial effect
(covering Gram+ bacteria, Gram- bacteria, and fungi) makes Ch-Pec materials
broadly protective.

Pectin-chitosan systems are great examples of naturally occurring antimicrobial
compounds that may either act as carriers of other antimicrobial agents or naturally
resist microorganisms. By offering local antimicrobial activity, they lessen the
requirement for systemic antibiotics and meet the rising demand for biocompatible
infection control methods.

Pectin-chitosan compounds are important because of their many uses, which
include antibacterial coatings, tissue engineering, and medication delivery. Whether
it is pH-triggered release, moisture retention, mechanical support, or bioadhesion,
each application makes use of a distinct feature of the Ch-Pec composite.

6. Other biopolymer systems

Finally, it is critical to situate pectin-chitosan composites within other natural
polymer combinations (alginate-chitosan, chitosan-hyaluronan, chitosan-gelatin,
etc.) and address their special benefits and drawbacks:

6.1 Advantages of pectin-chitosan systems

Broad pH Stability Range: Pure chitosan is only soluble (and usable) in acidic
environments (pH < 6). When complexed with pectin, the composite can remain
stable across a broader pH range — pectin effectively “stabilizes” chitosan by binding
it and preventing its premature dissolution. For instance, a study noted that while
chitosan dissolves in acid, adding pectin keeps the complex intact at lower pH values
[30]. This is advantageous over systems like chitosan-gelatin which tend to dissolve in
physiological conditions unless chemically crosslinked. It means Ch-Pec formulations
can survive stomach acid (unlike alginate-chitosan which may disintegrate in very
low pH as alginate becomes alginic acid).

Colon degradability (targeted delivery): Unlike some other polyanions (e.g., alginate
or hyaluronic acid), pectin is readily degraded by human colonic microbiota (pec-
tinases, glycosidases) [19]. This makes Ch-Pec systems particularly suited for colon-
targeting — the pectin network will break down in the colon, ensuring payload release
or scaffold degradation iz situ. Alginate-chitosan systems have been used similarly,
but alginate is not as specifically degraded by colonic flora (it mainly ion-exchanges
in different pH). Pectin-chitosan stands out for applications requiring microbially-
triggered disintegration, such as colon-specific drug delivery or gut-active nutraceuti-
cal release.

Mucoadhesion and bioadhesion: Many natural polyelectrolyte complexes (e.g.,
chitosan-alginate) are mucoadhesive due to charge interactions. Chitosan-pectin
is strongly mucoadhesive because chitosan’s cationic charges bind to the negatively
charged mucins on mucosal surfaces. Pectin also has mucoadhesion properties related
to hydrogen bonding between its free acid groups and mucin. Additionally, pectin,
being a viscous polysaccharide, can increase the residence time [44]. Compared
to synthetic polymers or even chitosan-carboxymethylcellulose, Ch-Pec shows
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impressive adhesion in GI and buccal environments (as evidenced by buccal film
studies giving high bioavailability. This means Ch-Pec systems often outperform
purely synthetic delivery systems (e.g., PLA/PLGA nanoparticles) in keeping drugs at
the absorption site longer, which can improve therapeutic efficacy.

No need for chemical crosslinkers: Formulations like chitosan-collagen or chitosan-
hyaluronan often require crosslinking agents (e.g., glutaraldehyde and genipin) to
form a stable hydrogel or film. Pectin-chitosan, however, self-crosslinks ionically,
avoiding potentially toxic reagents [1, 20]. This simplifies preparation and improves
biocompatibility. For example, a chitosan-gelatin scaffold might need genipin to
prevent it from dissolving in culture, whereas a chitosan-pectin scaffold can hold
without additional chemicals due to the polyelectrolyte network. The “green” prepa-
ration process (just mixing in water, sometimes with salt or mild heat) is a clear
advantage for biomedical use.

Customizability via pectin type: As discussed, by choosing HMP vs. LMP vs. amidated
pectin, one can tune the composite’s properties. This flexibility is somewhat unique —
other polyanions like alginate mostly vary by M/G ratio and molecular weight but not
in fundamentally different categories like HMP vs. LMP. Amidated pectin-chitosan
films for instance showed better mechanical properties than those with non-amidated
pectin [20]. Such fine control is beneficial for optimizing a product for a specific need
(e.g., a stronger film for dressing vs. a faster-degrading gel for drug release).

Natural and generally recognized as safe (GRAS): Both pectin and chitosan are
largely regarded as safe, non-immunogenic, and biocompatible. Competing systems
like chitosan-synthetic polymer (e.g., chitosan-PVA blends) have the downside of the
synthetic component possibly not degrading or having toxic monomers. Chitosan-
pectin fully degrades into harmless sugars and amino-sugars. This is a regulatory and
safety advantage, and also environmentally friendly [45].

The table below compares pectin-chitosan (Ch-Pec) systems with other common
chitosan-based biopolymer composites — chitosan-alginate (Ch-Alg), chitosan-
gelatin (Ch-Gel), and chitosan-synthetic polymer combinations (e.g., Ch-PLGA/
PCL/PVA). Key properties are compared in terms of advantages and challenges for
each system (Table 2).

6.2 Challenges and considerations

Reproducibility and material variability: A classic challenge with pectin-chitosan
is the variability in pectin’s structure from batch to batch (different plant sources
or extraction methods). While standardized pectin exists now, they still have more
lot-to-lot variation than pure synthetic polymers [19]. This can affect gel strength or
drug release profiles. Careful characterization (DM, molecular weight) of each pectin
batch is needed to ensure consistent performance — something less of an issue in, say,
alginate (which also has variability, but a more established supply for medical grade).

pH sensitivity (limitations in neutral pH): The same pH-responsive property that is
an advantage for targeted release can be a disadvantage for other uses. Specifically, in
physiological pH (~7.4) or higher, the ionic crosslinks in Ch-Pec weaken as chitosan
loses charge [1]. This means an uncross-linked Ch-Pec hydrogel might not be stable
in blood or tissue fluid unless reinforced (either covalently or by secondary interac-
tions). Competing systems like chitosan-researchers address this by slight covalent
crosslinking or by formulating the hydrogel to remain in a mildly acidic microen-
vironment. But it remains a challenge if one wanted to use a Ch-Pec vehicle in the
bloodstream or in long-term implants in alkaline conditions.
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Mechanical strength: Pure polyelectrolyte complexes of chitosan-pectin 2019
review by Martdu et all tends to be softer and more brittle when dry compared to
some synthetic polymer blends [34]. For instance, chitosan-PEG or chitosan-PCL
composites can achieve higher tensile strength (albeit losing biodegradability).
Chitosan-pectin films, while improved over pectin alone, may still require reinforce-
ment (e.g., a backing layer or nanoparticles) for certain high-stress applications. The
wet strength of Ch-Pec hydrogels is often lower than, say, chitosan-silk fibroin hybrid
hydrogels or chitosan-PLA interpenetrating networks which benefit from strong
covalent networks. However, semi-IPN approaches (e.g., a lightly crosslinked chito-
san network interpenetrated by pectin) can boost mechanical properties. Researchers
have also added fillers like clay nanosheets or cellulose nanofibers to Ch-Pec to reach
the desired stiffness [32].

Fast swelling and potential burst velease: Polyelectrolyte hydrogels can imbibe water
rapidly and sometimes release a large fraction of the loaded drug in an initial burst.
Without careful formulation, a pectin-chitosan particle might dump a drug upon
encountering physiological salt (which screens charges and causes the gel to loosen).
Other systems like chitosan-tripolyphosphate NPs have similar issues, but can be
more easily tuned by crosslinker amount. In Ch-Pec, achieving a very tight network
may require high charge density (high DA chitosan and low DM pectin) and optimal
stoichiometry. If not, you might see an initial burst release or gradual erosion that
is too quick for long-term delivery. This is a challenge shared with alginate-chitosan
beads as well.

Interactions with charged biomolecules: While mucoadhesion is a boon, it also means
Ch-Pec materials can nonspecifically bind other molecules. For instance, if a Ch-Pec
nanoparticle is in the bloodstream, it might adsorb proteins (opsonization) readily
due to its charged surface, potentially accelerating clearance by the immune system.
This is a general issue with cationic nanocarriers (chitosan, PEI, etc.). Some strategies
like PEGylation or coating with neutral polymers have been tested (e.g., PEGylated
Ch-Pec NPs in a colon delivery study [60]. Indeed, one study created PEGylated
pectin-chitosan NPs that showed improved stability and cellular uptake for colon
cancer therapy [60]. Thus, while Ch-Pec on its own is bioadhesive, in situations where
that is detrimental, an extra surface modification may be needed.

Comparison to Alginate-Chitosan: Alginate-chitosan PECs are very widely studied
(alginate being another polyanionic polysaccharide) [61]. Both systems are fairly
similar in concept, but pectin has an edge in biodegradability (alginate is not enzy-
matically degraded in mammals and can persist longer). On the other hand, alginate
gels often have more uniform well-defined crosslinking zones (G-blocks with Ca®")
and there are FDA-approved alginate wound dressings and embolic beads, indicating
strong precedents. Pectin-chitosan is still catching up in terms of commercialization.
However, pectin-chitosan might prove superior for oral applications where complete
breakdown and fermentation is desired (alginate can cause some GI side effects if not
fully eliminated). A 2019 review by Martdu et al. compared chitosan, alginate, and
pectin in biomedical use and highlighted that all three are biocompatible and biode-
gradable, but chitosan-pectin combinations showed the best balance of bioadhesive-
ness and degradability [34].

Comparison to chitosan-synthetic polymer systems: Synthetic polymers (PLGA,

PCL, PVA, etc.) offer strength and controlled degradation but often lack biological
interactions. Chitosan-pectin’s big advantage is that it is bioactive (cells can respond
to oligosaccharides from pectin, and chitosan’s fragments can stimulate healing).
However, synthetic blends often excel in mechanical strength and precision of release
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(due to well-defined degradation kinetics). The choice may come down to application:
for a temporary implant that needs high load bearing (like a bone screw), a chitosan-
PCL might be chosen over Ch-Pec; but for a bioresorbable tissue scaffold or drug
depot that should integrate with tissue and then vanish, Ch-Pec is very attractive.
Ultimately, pectin-chitosan composites have a distinctive niche: they are totally
natural, naturally pH-responsive, and allow colon-specific or mucoadhesive distribu-
tion that many other methods cannot do as simple. Mostly linked to stability under
physiological circumstances and consistency, they provide difficulties; yet, continu-
ous research (e.g., chemical changes and hybrid networks) is solving these problems.

7. Conclusion

In the past decade, pectin-chitosan composite biomaterials have advanced signifi-
cantly, proving to be a versatile platform for drug delivery, regenerative medicine, and
biotechnology. By combining pectin (a plant-derived polyanion with excellent gel-
forming and biodegradation properties) and chitosan (a marine-derived polycation
known for its bioadhesiveness and antimicrobial activity), researchers have created
ionically crosslinked networks that do not require toxic crosslinkers and respond
smartly to environmental triggers (pH, enzymes, ionic strength). This chapter
describes those various types of pectin (high-methoxy, low-methoxy, amidated) that
can be paired with chitosan to tune the composite’s behavior — from robust sustained-
release nanoparticles to fast-gelling injectable hydrogels. Key interaction mechanisms
(electrostatic complexation) underpin the self-assembling nature of these materials,
while formulation innovations (layer-by-layer films, core-shell particles, freeze-dried
scaffolds) have broadened their applicability.

Applications of pectin-chitosan systems are wide-ranging. In drug delivery,
Ch-Pec systems achieve site-specific release (notably colon targeting for inflamma-
tory bowel disease or colon cancer therapy) and controlled release profiles for oral,
buccal, ocular, and transdermal routes, often improving therapeutic outcomes and
reducing side effects.

Preclinical studies in rats, rabbits, and iz vitro human cell cultures have reinforced
the biocompatibility and efficacy of these systems — healing wounds faster, delivering
drugs more effectively, and not eliciting toxic responses. While clinical translation
is still forthcoming, the outlook is positive given that both pectin and chitosan are
familiar, safe materials already used in humans. With continued research focusing
on addressing challenges (like ensuring stability iz vivo, scaling manufacturing, and
standardizing polymer quality), it is likely that pectin-chitosan composite therapies
will move into clinical trials. They offer a natural, sustainable, and multifunctional
alternative to synthetic biomaterials, aligning well with the current drive toward
greener and patient-tailored biomedical technologies.

In conclusion, the past decade has firmly established pectin-chitosan combi-
nations as a preferred biopolymer system for innovators focused on developing
advanced delivery carriers, regenerative scaffolds, and bioactive coatings. The syn-
ergy of pectin and chitosan — one providing a negative charge and enzymatic degrad-
ability, the other providing a positive charge and mucoadhesion — is the cornerstone
of its success, yielding composites that are more than the sum of their parts. Future
research may explore new pectin modifications, chitosan derivatives, or hybridizing
Ch-Pec with inorganic nanoparticles to further expand functionality (such as mag-
netic or stimulus-responsive Ch-Pec gels). The fundamental research reviewed in this
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chapter sets the stage for such innovations. Given their promising performance and
inherent safety, pectin-chitosan biomaterials are poised to make the leap from bench
to bedside, contributing to improved therapies in drug delivery, wound care, and
beyond.
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Abstract

Cubosomes, a novel class of nanoparticles, have gained substantial interest in
the field of drug delivery because of their distinctive bicontinuous cubic structure.
Cubosomes are made up of amphiphilic lipid and stabilizers and provide robust and
adaptable platform for enclosing a variety of drugs. Because of their natural high surface
area and capacity to encapsulate both hydrophilic and hydrophobic materials, cubosomes
are incredibly effective in drug delivery applications. Their potential for therapeutic
applications is further enhanced by their biocompatibility and sustained drug release.
Cubosomes provide intriguing drug delivery system for oral, ocular, dermatological, and
intravenous applications. Alginate-based cubosomes represent a significant advance-
ment in targeted drug delivery systems. Their pH-responsive and nontoxic nature,
combined with the ability to control the release of encapsulated drugs, makes them
aversatile platform for colon-targeted multidrug delivery. Researchers have focused
their views on diagnostic aspect of cubosomes. Their hydrophobic volume and minimal
surface allow the encapsulation of imaging agent and therapeutic agent in combination.
In diagnosis, cubosomes loaded with imaging agent allow for real-time tracking and
imaging of medication distribution and therapy response. The integration of therapeutic
and diagnostic agent in cubosomes heralds a new era in nanomedicine.

Keywords: nanoparticles, cubosomes, drug deliver, theranostic delivery, glyceryl
monooleate
1. Introduction

Cubosomes are nanoparticles that are inverse bicontinuous lyotropic liquid
crystals. When amphiphilic molecules self-assemble into a thermodynamically stable
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structure, they form liquid crystals [1]. Among the various amphiphilic compounds,
the hydrophobic effect’s ability to cause amphiphilic lipids to self-assemble may result
in the formation of some clearly defined, thermodynamically stable structures like
lamellar, hexagonal, and bicontinuous cubic phases. These structures are collectively
called lyotropic liquid crystals, all of which possess structural symmetry and an
average degree of molecule orientation [2]. The dispersion of these structures in water
leads to the formation of nanostructures. Liposomes are formed by the dispersion of
the lamellar phase, hexosomes are formed by the dispersion of the hexagonal phase,
and Cubosomes are formed by the dispersion of the cubic phase in the aqueous phase.
These structures have attracted a lot of attention recently due to their distinctive
physicochemical characteristics, particularly their potent capacity to encapsulate

a wide range of active molecules from hydrophilic, hydrophobic, and amphiphilic
classes (Figure 1) [4].

The cubic phase is a bicontinuous lipid layer enclosing two water channels but
nonintersecting and spread as 3D network-like honeycombed structure. Cubic
phases have also many usages in medicinal drug delivery system because of their
3D nanostructure with domains that are hydrophobic and hydrophilic. Despite of
all lipid contents are environment friendly and edible; the wide interfacial area
can create a tough diffusion canal for the continuously release of drug molecules
that have been entrapped. The large size and increase viscosity of the bulk materi-
als pose a challenge for cubic phases in several real-world applications. This raises
issues with in vivo transport for medication delivery methods like intravenous,
oral, and nasal, among other things [5]. Cubic phase is formed by lipid bilayer
membrane that separate two distinct nonintersection hydrophilic channel made
3D structure like honeycomb. Characteristics of cubic phase have interfacial
area of 400 m?/g, thickness of 3.5 nm bilayer membrane 3.5 nm, and diameter of
pores 5 nm.

Figure 1.
Different types of lyotropic liquid crystals (a) lamellar phase, (b) reverse hexagonal phase, (c) reverse micellar
phase, (d—f) types of bicontinuous cubic phase [3].
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Figure 2.
Symmetries of cubic phase; (Imzm) gyroid space, (Iazd) diamond space, (Pn3m) primitive space [6].

1.1 Different morphology of cubic phases

i) Primitive surface (Pn3m)
ii) Gyroid surface (Im3m)
iii) Diamond surface (Ia3d)

Cubosomes are lyotropic liquid and bicontinuous lipidic structures that can be
found in three several shapes, including gyroid, diamond, and primitive. Their sizes
range from 50 to 500 nm. In Figure 2, different symmetries of cubic phase are shown
that describe three-by-three connections connect each hydrophilic region’s channels
in the Ia3d diamond structure; four-by-four connections organize each pair of water
channels in the Pn3m primitive structure, and six-by-six connections arrange each
water channel in the Im3m gyroid structure [7].

2. Cubosomes in drug delivery

Cubosomes are versatile and exciting platform for drug delivery vehicle with
several advantages, such as biocompatibility, controlled release, and high loading
capacity. Due to their special cubic phase structure and capacity to encapsulate a wide
range of medicinal substances, they can be used for various drug delivery applica-
tions, such as oral, topical, intravenous, and pulmonary administration. Cubosomes
functionality and efficacy are being further developed through ongoing research and
development, opening the door for novel and efficient drug delivery methods.

2.1Oral drug delivery

Cubosomes offer an approach to the many problems associated with the oral
delivery of promising medicines, such as high molecular size, poor absorption, and
poor aqueous solubility. Large proteins have been encapsulated for local action in the
gastrointestinal system as an alternative application. Targeting and controlled release
capabilities can be integrated with liquid crystalline nanoparticle technology carri-
ers. The medicine can be distributed effectively iz vivo due to the particles’ ability
to develop in situ at a regulated rate [8]. Cubosomes have received particular atten-
tion for their potential to improve the oral delivery of various substances, including
large-molecule medicines and poorly soluble pharmaceuticals [9]. Because of their
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bioadhesive qualities, ability to interact with the intestinal cell membrane, or ability to
secrete physiological surfactants in the gastrointestinal tract (GIT), cubosomes can aid
in the absorption of medications taken orally. They can also shield medications from
deterioration and have a great loading capacity. Cubosomes are now a viable option

for improving the oral administration of poorly soluble medications [9]. The excessive
usage of cubosomes in the oral administration of numerous drugs including those that
are poorly soluble in water, poorly absorbed, and have large molecular weights has also
attracted attention. Due to their bioadhesive qualities, interactions with intestinal cell
membranes or increased synthesis of surfactants in the GIT during fat breakdown may
aid in the absorption of orally administered medications. Cubosomes are lipid-based
nanoparticles that are considered to play important roles in the absorption of drugs. Jin
etal. added the anticancer drug protopanaxadiol (PPD) to GMO cubosomes for better
oral absorption. The findings showed that the PPD-loaded cubosomes association could
raise the Caco cell monolayer model of PPD’s permeability values by 53%. Cubosomes
effectively encapsulate antioxidant enzyme Q10 that has poor solubility and bioavail-
ability to enhance its oral efficacy and protection against hepaticular damage. Hence,
cubosomes provide platform for hepataprotective effect of enzyme and increase its
uptake by peripheral tissues [10]. Table 1 shows the examples of oral drug delivery
systems. There are numerous studies that showed the oral application of cubosomes
such as clopidogril bisulphate cubosomes to enhance its intestinal release [8].

2.2 Dermatological applications

In transdermal drug delivery, the stratum corneum serves as an enormous obstacle
to the skin-penetrating effects of topically applied drugs. On the other hand, because of
their unique shape and properties, cubosomes present a potential method for transdermal
drug administration. Because of their bioadhesive qualities to the stratum corneum,
glyceryl monooleate cubosomes can be employed in various approaches to deliver drugs to
the skin and mucous membranes. When used together, microneedles (MNs) and cubo-
somes have been successfully employed to administer vaccines by the skin. The use of
microneedles improved the aqueous mixture’s ability to permeate through the skin layers
while cumbersome-formulated peptides showed longer skin retention. As a result, it was

E lati F lation techni
Drug nca.psu ation ormulation technique Benefits References
efficiency (%)
85 Top Cubosomes provide
Ibuprofen down(homogenizatiom) sustained property of [11]
ibuprofen
80 Emulsification technique Cubosomes enhance
Simvastatin the bioavailability of [12]
insoluble simvastatin
- 86.67 Top Increase the cognitive
P: 1
iperine down (homogenization) function of brain [13]
- 87.8 Homogenization Increase
Ampbhotericin . a1
b bioavailability and [14]
reduce nephrotoxicity
Table 1.

Examples of drugs, encapsulation efficiency, formulation technique, and benefits loaded in cubosomes for oral
drug delivery.
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discovered that combining MN and cubosomes techniques produced an effective method
for delivering antigen locally to the skin cells that were being targeted [15]. Cubosomes
have gained attention in melanoma therapy by loading succefully resveratrol that has
potential in cancer disease. Resveratrol has limited bioavailability so that it has limited
therapeutic activity. But by the virtue of cubosomes nanotechnology, it was possible to
enhance its delivery through transdermal drug delivery of cubosomes [16]. Examples of
cubosomes used in transdermal drug delivery with their uses are mentioned in Table 2.

2.3 Ocular drug delivery

Ophthalmic delivery has many challenges like tear, blinking eyes, and nasolacrimal
drainage. The main route for anterior drug absorption, which enables drugs to pass
through the ocular tissue, is the cornea. However, the corneal epithelium’ lipophilicity
and tight conjunction make it the primary barrier to coronal drug absorption, resulting
in pulsed drug entrance and inadequate ocular bioavailability of medications [21]. Due
to their extended stay at the corneal surface and their adhesive qualities because of the
presence of glyceryl monooleate, cubosomes are found to increase the eye bioavailability
of the loaded drugs. This is because glyceryl monooleate increases corneal permeability,
which in turn increases cubosomes’ mucoadhesive properties [22]. In an iz vitro per-
meation test, it was discovered that cubosomes preparation raised the apparent perme-
ability coefficient by using cubosomes incorporated with dexamethasone through rabbit
eye cornea. Cubosomes preparations are safe and nonirritant for ocular uses. Examples
of ocular delivery through cubosomes are shown in Table 3. The potential of cubosomes
as an ocular drug delivery mechanism for flurbiprofen was investigated by Han et al.

By using the Draize method and doing a histological investigation, the cubosomes
demonstrated low corneal irritation. The capacity to improve transcorneal permeability
was demonstrated by an in vitro study of corneal penetration. Flurbiprofen loaded
cubosomes had a substantially greater AUC than free eye drops [26].

Formulation Encapsulation References
Drug . . Benefits
techniques efficiency (%)
Emulsification and 91-97 Cubosomes provide [17]
Capsaicin homogenization sustained release and
prolong retention time
Silver Emulsification 88 Cubosomes provide an [18]
sulfadiazine excellent healing effect
Top down 80 Due to depot effect on the [16]
Indomethacin technique epidermis, Cuboso‘mes
prolong the anti-
inflammatory effect
. Emulsification 95.29 Cubosomes sustained the [19]
Erythromycin
effect and treat acne
Top down 93.7 Increase permeation [20]
of dapsone across the
Dapsone .
epidermal layer and reduce
side effects
Table 2.

Examples of drugs, formulation techniques, encapsulation efficiency, and benefits loaded in cubosomes for
dermatological drug delivery.
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Formulation Route of References
Drug . L. . Benefits
technique administration
Homogenization Ocular Enhancement of [23]
Dexamethasone retention time and
bioavailability
Top down Ocular Enhance trans corneal [24]
Ketorolac permeation and safe
for use
Homogenization Ocular Decrease intraocular [25]
Timolol pressure more than

commercial product

Pilocarpine Top down Ocular Lower ocular irritation [25]
nitrate and decrease IO pressure
Table 3.

Examples of drugs, formulation technique, routes of administration, and benefits loaded in cubosomes for ocular
drug delivery system.

2.4 Intravenous drug delivery

Leesajakul studied how certain plasma components, including albumin, low-density
lipoprotein (LDL), and high-density lipoprotein (HDL), affected the stability and
integrity of GMO-based cubosomes as well as how the particles behaved i vivo following
intravenous injection. Whereas cubosomes bonded with LDL and albumin drive GMO
out of the structure, HDL reduced cubosomes to smaller particles containing cubosomes
material and HDL [27]. According to Bode et al., cubosomes based on GMO and poloxa-
mar 407 (P 407) had a little but noticeable inclination toward hemolysis and a steric
stabilizer (P407) was also ineffective in shielding cubosomes structure from the interac-
tions with blood chemicals. For parenteral usage, poloxamer 188 was recommended
rather than poloxamer 407 to create stable cubosomes. Furthermore, another crucial
consideration for parenteral administration of the cubosomes dispersions is sterility [28].
Heat treatment transfers the non-cubic particles to cubic particles by autoclaving disper-
sion for 15 minutes. The existence of larger particles continues to indicate an obstacle for
intravenous administration from a pharmacological perspective. To optimize the trans-
formation rate to cubosomes while preventing aggregation, the temperature procedure
and dispersion composition must be optimized [29]. A comparison of two nanoparticles
delivery systems, the monoolein cubosomes, and nanostructured lipid carriers for the
antiparkinson medication bromocriptine was provided by Esposito et al. Bromocriptine
was encapsulated with great entrapment effectiveness by cubosomes and lipid carriers.
Two behavioral tests (bar test and drag test) were used to assess the impact of bromocrip-
tine loaded nanoparticles on motor impairments in 6-hydroxydopamine hemilesioned
rats, a model of Parkinson’s disease. Cubosomes showed better results on test than lipid
carrier and free drug [30].

3. Alginate-based drug loaded cubosomes

Brown algae naturally contain an anionic polymer called alginate, which is being
exploited extensively in pharmaceutical research to create drug delivery systems.
Alginate’s capacity to create hydrogels by ionic cross-linking with divalent cations,
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such Ca2+, makes it the perfect material to encase bioactive compounds. Alginate
encapsulation technology has gained popularity recently for targeted, topical, and
oral medication administration. Alginate-based complexes were used for optimiza-
tion of curcumin to enhance its bioavailability and stability and to increase the
dissolution rate to enhance its anti-inflammatory and anti-oxidant activity [31].
In another study, alginate-loaded microbeads of peppermint oil were prepared to
enhance intestinal targeting and increasing the retention time of peppermint oil [32].
Combining the benefits of cubosomes with the biocompatibility and functional-
ity of alginate, alginate-based cubosomes offer a flexible and efficient drug delivery
platform [33]. In order to fully exploit their potential in therapeutic applications,
more investigation and development are required. Alginate is a naturally derived
polysaccharide known for its excellent biocompatibility and biodegradability, making
it suitable for biomedical applications. The incorporation of alginate into cubosomes
formulations can improve the physical and chemical stability of the cubosomes,
protecting the encapsulated drug from degradation. Alginate-based cubosomes
offer a controlled release mechanism for drugs, which can be tailored by modifying
the alginate content and the crosslinking density. Alginate possesses mucoadhesive
properties, which can enhance the residence time of cubosomes at the site of absorp-
tion, improving bioavailability. The use of sodium alginate for coating enhances
the targeting capability and responsiveness, while the bicontinuous structure of
cubosomes facilitates the incorporation of drugs with diverse polarity. These features
collectively improve the efficacy and bioavailability of therapeutic agents, demon-
strating the potential of alginate-based cubosomes in addressing complex drug deliv-
ery challenges and optimizing treatment outcomes [34]. To enhance colon targeting,
researchers designed nanocapsules with controlled release cubosomes for pH-trig-
gered delivery of bioactive pharmaceuticals. These capsules were coated with sodium
alginate to enable targeted administration, dual controlled release, and increased
responsiveness. The bicontinuous structure of cubosomes allows the incorporation of
drugs with varying polarity. Thus, researchers successfully developed pH-responsive,
nontoxic microcapsules as a versatile platform for colon-targeted multidrug delivery

Alginate-based Matrix Applications References
Polyelectrolyte Alginate and chitosan—arginine pH responsive releas'e of an‘tl— [37]
cancer drugs in carcinogenic
shell cubosomes
GIT
. . Ca—alginate and GMO based Overcome the release issue of [38]
Clindamycin . . .
matrix clindamycin
MO phase with silk fibroid and Determination of effect of [39]
FTIC dextran . .
alginate dextran release with complex
Microbial nanocellulose pH responsive dual [35]
Colon targeted . . o
. cubosomes coated by sodium controlled and site specific
drug delivery . . L
alginate delivery of bioactive
MQ based valsartan gel by using Enhancement of [36]
Valsartan gel alginate and carbopol, HPMC and . I
bioavailability of valsartan
guar gum.
. GMO based cubosomes by using . . [40]
Sum.atrlptan sodium alginate, Kolliphor 188 and Brain targeting through nasal
succinate route
samanea saman gum
Table 4.

Examples of alginate based drugs loaded in cubosomes and applications.
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[35]. Additionally, several iz situ gel formulations of valsartan, an antihypertensive
agent, were prepared using sodium alginate and carbopol to enhance absorption [36].
Table 4 presents the some examples of the drugs loaded in alginate based nano drug
delivery systems.

4. Theranostic applications of drug loaded cubosomes

Using nanotechnology in medicine can significantly alter the therapeutic and
diagnostic resources used in clinical practice. Nanotechnology provides a special
opportunity to advance medication administration and imaging methods [41]. To
accomplish this, a wide range of soft and hard matter nanocarriers have been designed
and evaluated for their pharmacological, cytotoxic, and physicochemical properties.
Liposome compositions, polymeric, gold, iron oxide nanoparticles, dendrimers, and
quantum dots are pertinent examples [42]. Initially, the purpose of nanoparticles was
to deliver independently active medicinal ingredients or imaging agents to disease
locations for either therapeutic or diagnostic purposes. The recent merger of these two
elements into a single platform gave rise to the developing field of theranostic nano-
medicine, which is the intersection of medicine, chemistry, biology, and pharmacy.
Therefore, theranostic nanoparticles can overcome the differences in bio distribution
and selectivity of these two separate entities and reduce side effects by actively or pas-
sively delivering both medications and imaging probes to the site of disease within the
same dosage. Cubosome nanoparticles have been widely used in theranostic applica-
tions because of their high surface area and paternal use. Monoolein is prone to lipase
enzymes, so to overcome this problem, these nanocubosomes are enclosed by polyeth-
ylene glycol coating. This PEG coating shields the nanostructure from opsonization
and clearance from the blood stream [43]. Theranostic nanoparticles of cubosomes
are also used to enhance the targeting abilities of agents. Researchers have doped the
squarine, an NIR emitting fluorescent probe and an anticancer agent, camptothecin
with cubosomes because of its internal structure. The internal structure of cubosomes
contains nonintersecting water channels and a high surface area that makes cubo-
somes capable of being utilized in imaging [44]. Cubosomes stabilized by pluronic
108 and folate conjugate reveal more stability and affinity toward the tumor site.
Therefore, cubosomes effectively provide the platform for theranostic applications.

Targeted administration of chemotherapeutic agents using cubosomes as a unique
drug delivery method has been successfully done with better bioavailability, phar-
macokinetics, and safety characteristics of the loaded medications. 5-fluorouracil,

a hydrophilic anticancer medication, was delivered via a cubosomal drug delivery
system for liver targeting. The results showed that the 5-FU-loaded cubosomes con-
siderably enhanced the liver concentration, a value that was near five times more than
that found with a 5-FU solution [45]. Reports regarding the successful simultaneous
insertion of a squarin based near-infrared (NIR) fluorescent probe and camptothecin
have been made. Furthermore, combinations of Pluronic F108 and folate-conjugated
Pluronic F108 were used to distribute them in order to demonstrate targeting abili-
ties on cubosomes. The enhanced capacity of these novel nanosystems to target
cancer cells was demonstrated through an examination of the lipid droplet changes
that HeLa cells experienced after being exposed to manufactured cubosomes [44].
Monophosphoryl lipid A, imiquimod, an immune response modulator, and Toll-like
receptor agonists have been introduced to a cubosomes based system. The matrix of
cubosomes was discovered to release the model antigen, ovalbumin, in a regulated
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Therapeutic agent Imaging agent Uses References
Doxorubicin Folateprotein Anticancer [47]
Etoposide Rhodamine B Antiproliferative [48]
Camptothecin Squarainprobe Anticancer [49]
Quercetin Dannsylprobe Anticancer [50]
Danuorubicin NaYE, Anticancer [44]
Paclitaxel Lipid Anticancer [51]
Table 5.

Theranostic applications of drug loaded cubosomes, imaging agents, and uses.

manner both in vitro and in vivo. Furthermore, the cubosomes adjuvant combination
strongly stimulated CD8+ and CD4+ T cell proliferation, interferon-g, and ovalbumin
specific antibody production [46]. Compared to liposome-adjuvant combination and
alum, the immunostimulator typically used in vaccines, cubosomes-adjuvant combi-
nation was more effective in eliciting OVA-specific cellular and humoral responses.
Table 5 has the theranostic examples of cubosomes and elaborating the therapeutic
and diagnostic imaging agents.

In nanomaterial-based cancer theranostic, it is essential to identify biomarkers
expressed in malignant cells but not in normal cells. The formulation’s nanoparticles
also need to be biocompatible, safe, and inactive in a systemic environment. For
instance, Zhang and associates made cubosomes using RYLO and a stabilizer known
as Poloxamer 407. The cubosomes were coated with poly-e-lysine to provide long-
term medication administration and enhanced effectiveness, and they employed
cisplatin and paclitaxel to prevent the drug immediate side effects. Cubosomes drug
delivery might sustainably take place using HepG2 cells. Impedance testing and fluo-
rescence imaging were used in cells to assess the therapeutic potential of cubosomes.
Cubosomes that were loaded with paclitaxel and functionalized with biotin as the
target agent created by Aleandri et al. [52]. A hydrophobic fluorescent lipid was used
to identify their cubosomes so that HeLa cells could track their cellular absorption. To
transport odoranalectin-targeted cubosomes to the brain, Wu et al. tagged them with
the lipophilic fluorescent coumarin-6 to study their brain distribution [53].

5. Conclusions

Bicontinuous cubic phase lyotropic liquid crystals called cubosomes are gain-
ing much attention in drug delivery because of its bio adhesion and biodegradable
properties. Translating the concept of cubosomes from drug delivery to theranostic
nanoparticles requires the development of nontoxic and biocompatible material such
as satbilizers to adjust them according to applications. Cubosomes provide a platform
for therapeutic drug delivery especially alginate-based compounds and diagnostic
applications. Cubosomes are effectively encapsulated anticancer drugs and florescent
agent in combination and represent intriguing delivery for theranostic probes. The
potential of cubosomes nanoparticles to enfold different therapeutics and deliver
them through different routes makes them crucial strategy in healthcare and diagnos-
tic field. Cubosomes have been shown to significantly improve the efficacy and safety
of drug delivery systems as long as research on them continues.
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Future recommendation

According to recent research, cubosome nanoparticles have the potential to
facilitate prolonged drug release and drug delivery. However, additional optimization
is still needed depending on the manner of administration, frequency of dosing, and
mode of drug releases. Many researchers have been focusing on the incorporation of
protein and peptides and gene vector into cubosomes and more work required to do
on these advancements. More studies should be established on the stability of these
particles in biological fluids, interactions with cell membranes, cellular absorption
mechanisms, intracellular trafficking, control of cell death processes, and reactions
connected to infusion. Developing scalable manufacturing processes that ensure the
consistency and stability of theranostic cubosomes is essential for their commercial
viability. This includes ensuring that the integration of diagnostic and therapeutic
agents does not compromise the stability or functionality of the cubosomes. Research
should investigate the use of targeting ligands or antibodies conjugated to alginate-
based cubosomes for specific disease sites, such as tumors or inflamed tissues. This
approach can improve the selectivity and efficiency of drug delivery, reducing off-
target effects and enhancing therapeutic outcomes.
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Chapter 5

Smart Hydrogel Film of
Bionanocellulose/Alginate/
Polyethylene Glycol/
Thermochromic Dye (BNC/ALG/

PEG/TD) with Thermo-Responsive
Behavior
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Abstract

We aim to explore bionanocellulose/alginate/polyethylene glycol/thermochromic dye
(BNC/ALG/PEG/TD) as a thermo-responsive hydrogel film. In this study, BNC was
produced using Pichia kudriavzevii USM-YBP2. Then, the morphology of BNC was
observed using transmission electron microscope (TEM). The formation of hydrogel film
utilized the ionic crosslinking technique by mixing BNC, ALG, PEG, and thermochromic
dye (TD) with Ca2+ ions. Then, the hydrogel film was evaluated for its swelling property,
thermo-responsive behavior, and biodegradability. BNC exhibits aggregated fiber and
clusters of spherical shape. BNC/ALG/PEG/TD formed a gray film, which indicates the
successful integration of TD. Interestingly, it shows acceptable stability in wet and dry
conditions, suggesting its robustness and stability. However, BNC/ALG/PEG/TD demon-
strated low water content (16.6%) as compared to the control probably because of the
increment in crosslink density or improvement of polymer-polymer interaction. The
hydrogel film changes drastically to colorless at temperatures >30°C proving its thermo-
responsive behavior. Interestingly, this hydrogel film also presented a reversible
thermochromism property that enables the hydrogel to reverse back to its original color
and morphology. However, it shows slow degradation and probably needs more than
2 weeks to fully degrade. In conclusion, BNC/ALG/PEG/TD can be potentially explored as
a smart hydrogel film in a wide area of applications.

Keywords: smart hydrogel film, bionanocellulose, alginate, polyethylene glycol,
thermo-responsive

1. Introduction

Hydrogels are fascinating materials made up of chains of hydrophilic polymers
with a three-dimensional (3D) network [1, 2]. Their biocompatibility and
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environmental friendliness allow for extensive application and development of new
hydrogel technology [2]. Smart hydrogels come into view as a result of ongoing
scientific advancements and discoveries [3]. It is in demand due to its wide range of
capabilities since it shows response to either physical, chemical, or biological stimuli.
Research on hydrogel has changed from relatively straightforward, water-swollen
macromolecular networks to hydrogels that may react to environmental stimuli like
pH and temperature [4]. Scientists have shown increasing interest in creating
temperature-responsive hydrogels that are both biodegradable and biocompatible,
largely due to their impressive properties [5]. Thus, hydrogels that show response to
temperature were widely studied and actively developed for various applications. In a
recent study by Ma et al. [6], they elaborated that stimulus-responsive TEMPO-
oxidized cellulose nanofibers/poly(N-isopropylacrylamide) (TOCN/PNIPAM) can be
assembled into a flexible sensor and generate sensing signals when driven by temper-
ature changes to achieve real-time feedback. Another study, [7] reported that poly(2-
hydroxypropyl acrylate-co-acrylamide) (P(HPA-co-AM))/hydroxypropyl cellulose
(HPC)/lithium chloride (LiCl) exhibits excellent thermo-responsiveness and provide
ideas for the next generation of smart multifunctional electronic skin. Also, several
studies reported the feasibility of using thermochromic composite hydrogel film for
the fabrication of energy-saving smart windows [8-11]. A study by He et al. [8]
proposed that a thermochromic composite hydrogel film based on W-doped vana-
dium dioxide (W-V02), poly N-isopropyl acrylamide (PNIPAM), and polyacrylamide
(PAM) provides an effective energy-saving and multifunctional smart window. Fur-
thermore, the introduction of thermochromic hydrogel as smart window materials is
beneficial due to its excellent thermal response, high radiation-blocking efficiency,
cost-effectiveness, biocompatibility, and good uniformity [10].

In recent years, nanocellulose has been extensively used to improve the function-
ality of certain composites. In fact, it has been used widely to form multifunctional
composites since it can be gelatinized to form a three-dimensional porous network
structure due to a high concentration of hydroxyl groups [6]. There are 3 types of
nanocellulose, namely, nanofibrillated cellulose (NFC), cellulose nanocrystals (CNC),
and bacterial nanocellulose/bionanocellulose (BNC), depending on their yield
methods, processing conditions, and properties [12, 13]. BNC has made an entry into
commercial and medical applications upon its extensive utilization. Gluconacetobacter
xylinus, which was previously known as Acetobacter xylinum, is the first bacterial
species producing BNC [14]. Since then, the study of different groups of microorgan-
isms for the biosynthesis of BNC has been widely conducted [15]. BNC has been
produced by cultivating the respective microbial for a few days in an aqueous culture
media containing suitable nutritional parameters which offers an optimum condition
[16]. High elasticity and tensile strength are produced by the fibrillated network of the
BNC, which results in very good mechanical characteristics [17]. Due to their distinc-
tive physicochemical characteristics, such as hydrophilicity, chirality, biocompatibil-
ity, and biodegradability, these nanoparticles are widely regarded as the “green
molecule” of the future [18].

In this study, we aim to produce hydrogel film using bionanocellulose (BNC),
alginate (ALG), polyethylene glycol (PEG), and thermochromic dye (TD) that can
behave as a thermo-responsive hydrogel. The biosynthesis of BNC was conducted
using a static fermentation of indigenous yeast, Pichia kudriavzevii USM-YBP2, and
further evaluated using TEM analysis. The physical morphology, swelling activity,
thermo-responsive behavior, and biodegradable properties of BNC/ALG/PEG/TD
hydrogel film are reported.
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2. Materials and methods
2.1 Materials

Glycerol 99.5% (MW 92.10 g/mol) and ethanol 95% (MW 46.07 g/mol) were
purchased from R&M Chemicals (UK). Yeast extract (MW 319.193 g/mol), sodium
alginate (MW 120 k-190 k g/mol), polyethylene glycol (6000), disodium phosphate
(MW 141.96 g/mol), and calcium chloride dihydrate (MW 147.02 g/mol) were pur-
chased from Sigma Aldrich (USA). The nutrient broth was purchased from Oxoid
(UK), peptone (RM006) was purchased from HiMedia Laboratories (India), citric
acid monohydrate (MW 210.14 g/mol) was purchased from BDH Laboratory (UK),
molasses (MW 3.5 x 10°-4.3 x 10° g/mol) was purchased from EMRO, Malaysia, and
thermochromic black pigment dye powder (TD) was purchased from Hali Industry
(China). Pichia kudriavzevii USM-YBP2 glycerol stock was obtained from Lab 207,
School of Biological Sciences, Universiti Sains Malaysia, Penang, Malaysia.

2.2 Methods
2.2.1 Production of BNC using Pichia kudriavzevii USM-YBP2

The production of BNC using P. kudriavzevii USM-YBP2 was adapted from Jasme
et al. [19]. Initially, the yeast glycerol stock, P. kudriavzevii USM-YBP2, was thawed
and activated by adding 1 mL of the glycerol stock into 50 mL of nutrient broth and
was agitated at 200 rpm at 30°C for 24 hours. Then, 10 mL of activated yeast was
inoculated into 1 L of Hestrin-Schramm broth (HSB) containing 0.5% (w/v) peptone,
0.5% (w/v) yeast extract, 0.27% (w/v) disodium phosphate, 0.115% (w/v) citric acid,
and 0.5% (w/v) of 95% (v/v) ethanol. Following the inoculation, the flask was left on
a bench for 7 days at room temperature under static fermentation conditions. The
formation of pellicles on the air-liquid interphase was monitored. The morphology of
P. kudriavzevii USM-YBP2 and pellicles was observed under a light microscope. BNC
was centrifuged at 7871 x g for 10 minutes. The supernatant was discarded, and the
remaining cell pellet was washed. This procedure was repeated three times to remove
any excess medium. Then, the cell pellet was immersed and vortexed in 30 mL of 1M
NaOH solution for 15 minutes at 60°C to immobilize the yeast cells before it was
subjected to centrifugation and washing. The obtained cell pellet was sonicated for
15 minutes and was incubated in a dialysis membrane for at least 3-5 days. Finally, the
mixture was centrifuged and the supernatant was discarded. The cell pellet was stored
at —40°C for at least 24 hours before the freeze-drying process. The obtained BNC
powder was kept at room temperature (RT) until use.

2.2.2 Chavacterization of BNC using TEM analysis

BNC was analyzed using TEM at the Electron Microscopy Unit, School of Biolog-
ical Sciences, Universiti Sains Malaysia, Penang, Malaysia. Firstly, a small amount of
BNC powder was suspended in distilled water and was sonicated for 10 minutes.
Then, the diluted aqueous suspension of the treated BNC was dried for a few minutes
on the 400-mesh copper-coated grid. The morphology of BNC was captured using an
FEI TECNAI G2 20 S-twin transmission electron microscope (TEM) operating at
200 kV.
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2.3 Formulation of BNC/ALG/PEG/TD hydrogel film

To make thermo-responsive hydrogel film (BNC/ALG/PEG/TD), 0.17% (w/v)
thermochromic dye (TD) solution was mixed with 4% (w/v) BNC, 8% (w/v) ALG,
and 4% (w/v) PEG. Then, the mixture was added into a beaker containing 30 mL of
distilled water and stirred until the mixture was completely homogenized. After that,
4 mL of the blending solution was slowly poured onto a Petri dish containing 4%
CaCl, solution, and the hydrogel film was allowed to crosslink for 5 minutes. Subse-
quently, the formed hydrogel film was washed and rinsed with dH,0 to remove any
excess of CaCl,. Finally, the formed BNC/ALG/PEG hydrogel film was air-dried for
12-18 hours at room temperature. The formed hydrogel film was stored at 4°C for
further characterization and testing. For control, a hydrogel film without TD solution
was prepared and denoted as BNC/ALG/PEG.

2.3.1 Swelling test

Firstly, the hydrogel film was air-dried at room temperature for 48 hours to obtain
dried hydrogel. Then, it was immersed in 80 mL of distilled water. The swelling test
was conducted for 5 days. The swollen hydrogel was weighed at 24, 48, 72, 96, and
120 hours. The filter paper was used to remove any excess water. The water content
(W,) of the hydrogel films and the equilibrium swelling ratio (eq,,) were calculated
using Egs. (1) and (2) [20].

Ws—W,
Water content (Wr) = STd x 100% 1
s
Wi
=2 2
eqsw W, 2)

where W, denoted the swelling weight and W, denoted the dry weight of the
hydrogel film. The swelling studies were conducted in duplicates.

2.3.2 Testing of thermo-vesponsive behavior at different temperatures

BNC/ALG/PEG/TD hydrogel films were placed into glass Petri dishes and incu-
bated overnight at 4°C, room temperature (RT), 30°C and 60°C. The thermo-
responsive behavior of the respective hydrogel films was observed and recorded. In
order to determine its reversible thermochromic property, the hydrogel film was
initially heated until 100°C before cooling down by immersing the hydrogel film in
dH,O for 5 days at RT. The color and physical morphology of hydrogel films after
heating and cooling conditions were observed and recorded.

2.3.3 Biodegradability test

The biodegradability of hydrogel films was investigated by soil-burial test.
The hydrogel film was introduced to a compost bed in a control environment;
30°C, pH 6.0-8.5, and moisture content of 60%. The biodegradation test
was taken for 2 weeks. The changes in the hydrogel film were observed and
recorded.
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2.3.4 Characterization of hydrogel film using SEM analysis

The selected hydrogel films (before and after the degradation process) were ana-
lyzed using SEM at the Electron Microscopy Unit, School of Biological Sciences,
Universiti Sains Malaysia, Penang, Malaysia. The samples were sputter coated with a
thin layer of palladium or gold alloy to improve surface conductivity and tilted 30° for
better observation. The surface views of the hydrogel films were taken at a magnifi-
cation of 100x-10,000x.

2.4 Statistical analysis

A student’s T-test was calculated to compare means between two treatment
groups. Statistical significance was defined as a p < 0.05. The data are presented as the
mean =+ standard deviation (SD) of multiple replicates.

3. Result and discussion
3.1 Production of Pichia kudvriavzevii USM-YBP2

Pichia kudriavzevii USM-YBP2 presented an oval or elliptical shape under a light
microscope, as seen in Figure 1. Furthermore, the majority of the cells become clus-
tered and in proximity with one another as indicative of budding behavior and is
aligned with our previous study in Low et al. [18]. The formation of pellicles was
observed at the liquid-air interface of the Hestrin-Schramm broth (HSB) and
appeared as an interwoven network of fiber. As reported by Lahiri et al. [21], a visible,
three-dimensional (3D), and interconnected reticular pellicle is seen at the medium
interface during static fermentation of BNC. This physical trait is a strong indication
that the obligate aerobic isolates are generating cellulose [22]. A study by Ul-Islam
et al. [23] reported that the entrapped carbon dioxide (CO,) produced by the bacterial
metabolism causes the BNC biofilm to float on the top of the medium. It was also
speculated that the obligate aerobes, microorganisms embedded within the cellulose
matrix, use oxygen for cell growth while utilizing sugars to build cellulosic biofilms or
pellicles [24]. According to Campano et al. [25], bacteria gather at the surface and

Figure 1.
Morphology observation of P. kudriavzevii USM-YBP2 under a light microscope with 1000X magnification (left
image) and pellicle production on the surface of HSB after 7 days of incubation (right image).
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Fi .

TEg\u/Irfmzage of BNC produced using Pichia kudriavzevii USM-YBP2. A thin and highly aggregated fiber network
of BNC (blue arrow) and clustered spherical shapes of BNC (red arrow) were observed under 40,000X
magnification.

produce BNC in layers as the amount of oxygen drops. This is because microorganisms
producing cellulose predominantly consume dissolved oxygen during microbial cellu-
lose production.

Transmission electron microscopy (TEM) was used to observe the morphology of
BNC produced in static fermentation (Figure 2). It can be noticed that BNC shows a
densely aggregated fiber network and resembles long needles. Likewise, El-Naggar
et al. [26] stated that BNC produced during static culture developed needle-like
particles with sizes ranging from 30 to 40 nm. According to Cai and Kim [27], BNC
differs from plant cellulose in structure due to a different synthesis procedure in
which bacteria synthesize fine sub-elementary cellulose fibrils that are extruded from
terminal enzyme complexes into the culture medium during cultivation. Moreover,
other types of morphology were also observed. A cluster of spherical shapes BNC was
observed in the TEM image and is in agreement with our previous study [18]. Simi-
larly, a study conducted by Zhong et al., Chawla et al., and Trilokesh and Uppuluri
[28-30] also reported the formation of spherical CNC (SCNC), and it is a common
morphology for BNC produced from fruit sources.

3.2 Formulation and characterization of thermo-responsive hydrogel film

In Figure 3, a distinct hydrogel film color can be observed for the control and
thermo-responsive hydrogel. The control hydrogel (BNC/ALG/PEG) formed as a
translucent sheet of film with a hint of brown color that is due to the addition of BNC.
While BNC/ALG/PEG/TD hydrogel formed as a gray film, which indicates the suc-
cessful integration of TD within the BNC/ALG/PEG hydrogel network. Furthermore,
TD was blending well in the BNC/ALG/PEG hydrogel as the gray color was evenly
distributed. Interestingly, both hydrogel films show acceptable stability in both wet
and dry conditions (Figure 3A and B). The formed hydrogel films were not only
capable of absorbing a large amount of water, but they also could withstand high
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Figure 3.
The wet and dry conditions of (A) BNC/PEG/ALG hydrogel film and (B) BNC/PEG/ALG/TD hydrogel film.

temperatures. This property is important since thermo-responsive hydrogel uses tem-
perature as the external stimulus. Thus, it is necessary to ensure that the hydrogel
shows good mechanical strength and is stable at different temperatures, from low to
high temperatures. There is no doubt that the integration of BNC helps to improve the
mechanical properties and form a robust hydrogel film. A study by Wang et al. [31]
reported that nanocellulose-based hydrogels show mechanical stability and create
intertwined molecular chains to stabilize rich composite spaces. In a common condi-
tion, alginate-hydrogel is not stable and easily disintegrates with the presence of
monovalent cations such as Na* [32]. Therefore, the addition of BNC is instrumental
and helps to improve the mechanical properties of alginate-hydrogel.

Based on Figure 4, BNC/ALG/PEG/TD reached swelling equilibrium faster (48 h)
than the control, BNC/ALG/PEG (72 h). However, it exhibits significantly low water
content (16.6%) as compared to the control (22.5%) (p < 0.05). Accordingly, we
suggested that the inclusion of TD might affect the hydrogel network as depicted by
low water content and equilibrium swelling ratio (1.2). When the crosslink density of
the hydrogel increases, swelling decreases, and vice versa [33]. Besides, it is also
speculated that the addition of TD might improve the polymer-polymer interaction
within the hydrogel network. According to Ghosh and Katiyar [20], the combination
of biopolymers has boosted the polymer-polymer contact and further created a
hydrogel material with customized features, with polymer-polymer interaction dom-
inating the water-polymer interaction. They also recommended that the polymer-
polymer interactions between molecules be improved, which the polymers linked
themselves by covalent bonding, hence resulting in disregarding water interactions
between the molecules. This property might be causing lower water absorption due to
a stronger link between the polymer.
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Figure 4.
Comparison of swelling activity between BNC/ALG/PEG/TD and control, BNC/ALG/PEG hydrogel films depict
different water content, W,, and swelling equilibrium ratio, eqs,.

3.3 Thermo-responsive behavior

Figure 5 presents the thermo-responsive behavior of the BNC/ALG/PEG/TD hydro-
gel film after being treated at different temperatures. It can be seen that at 4°C, the color
of the hydrogel film was gray and slightly changed to a lighter gray color at room
temperature (RT). Notably, as the temperature increased to 30°C and 60°C, the hydro-
gel film was colorless and appeared as translucent hydrogel films, similar to the control,
BNC/ALG/PEG, in Figure 3A. In the present study, BNC/ALG/PEG/TD hydrogel film

108



Smart Hydrogel Film of Bionanocellulose/Alginate/Polyethylene Glycol/Thermochromic...
DOI: http://dx.doi.org/10.5772/intechopen.1008224

(A) (B)
60°C
RT
30°C
4°C
Figure 5.

BNC/ALG/PEG/TD hydrogel film displayed thermo-responsive behavior. At temperatures <30°C; 4°C and RT,
hydrogel films appeared as dark and light gray colors, respectively (A). At temperatures >30°C; 30°C and 60°C,
hydrogel films appeared as translucent hydrogel films similar to the control, BNC/ALG/PEG.

remains its original gray color at temperatures <30°C, while changing drastically to
colorless at temperatures >30°C. This result clearly shows the thermochromism charac
teristic of the BNC/ALG/PEG/TD hydrogel film in response to the temperature change.
A study conducted by Yan et al. [34] elaborated that thermochromic hydrogel film
based on photonic nanochains (TRPCF-PNC) exhibited a distinctive and rapid optical
change behavior in response to temperatures ranging from 26 to 44°C.

While the BNC/ALG/PEG/TD hydrogel film successfully displayed thermo-
responsive behavior, it is important to determine its reversible thermochromic prop-
erties. As expected, the hydrogel film was transformed from its original gray color to
colorless when heated to 100°C (Figure 6). It also can be seen that the film was
dehydrated and showed slight deformation, especially in its peripheral area. It is
known that hydrogel is rich in water content; thus, exposing hydrogel to high tem-
peratures can cause water evaporation, which contributes to hydrogel dehydration
and deformation. Interestingly, the hydrogel film was recovered to its original form
when cooling at RT for five consecutive days. The hydrogel film transformed back to a
gray color and was rehydrated. Nevertheless, the BNC/ALG/PEG/TD hydrogel film
proposed in this study is a promising reversible thermochromic hydrogel, evidenced
by its capability to regulate based on the external stimulus, and is found attractive for
the fabrication of medical devices, sensors, actuators, soft robotics, and smart win-
dows [6, 11]. The hydrogel actuator is related to its actuated behavior that can absorb
and release water. Thus, a thermosensitive hydrogel actuator can be prepared by
manipulating the water movement that can be achieved by changing the temperature
[6]. Ideally, the solar light getting into the building can be manipulated by the utiliza-
tion of thermochromic smart windows since it can respond to the atmospheric tem-
perature automatically without additional energy consumption [11]. In the most
recent study by Zhong et al. [35], they reported that hydroxypropyl cellulose (HPC)
hydrogel smart windows show a significant energy-saving potential compared to
ordinary clear glass windows.
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heating cooling

100 °C RT

Figure 6.
The reversible thermochromic property of BNC/ALG/PEG/TD hydrogel film after heating at 100°C and cooling at
RT for five consecutive days.

Figure 7.
Observation of the physical morphology and the close-up SEM image of BNC/ALG/PEG/TD hydrogel film (A)
before and (B) after 2 weeks of composting.

The biodegradability of BNC/ALG/PEG/TD hydrogel film was investigated under
composting environments [moisture content: 60%, 30°C, pH 6.0-8.5]. As presented
in Figure 7, the physical morphology of the hydrogel film shows minimal damage,
with most of the film remaining intact even after 2 weeks of composting. However,
when observed under SEM, the porous hydrogel film was not visible, and it might be
due to the dissolution of the network chain, and the hydrogel film started to lose its
structure. A study by Wang et al. [36] elaborated that hybrid injectable hydrogels
consisting of alginate, gelatin, and nanocrystalline cellulose (NCC) have superior
mechanical properties resulting from interpenetrated networks with reinforced
nanomaterials and good stability against degradation. In fact, alginate-based hydrogel
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exhibits a remarkably slow degradation rate, as discussed in many studies [36-38]. In
the area of bioprinting and tissue engineering applications, alginate shows limitations
since mammalian cells do not produce enzymes capable of degrading the polymer,
leading to a slow degradation process that is primarily controlled by the outward flux
of ions into the surrounding environment [38]. Therefore, it is sufficient to mention
that the hydrogel film in this study shows slow degradation under the composting
environment, as it probably needs more than 2 weeks to fully degrade and might be
useful in certain areas of applications.

4, Conclusions

In conclusion, BNC was successfully produced from Pichia kudriavzevii USM-YBP2
by the presence of pellicles at the liquid-air interface of the medium. The morphol-
ogies of formed BNC were observed as aggregated fiber and clusters of spherical
shape. The addition of BNC is instrumental in improving the mechanical properties of
hydrogel film since it shows acceptable stability in wet and dry conditions. The
successful integration of thermochromic dye (TD) into the BNC/ALG/PEG network
can be easily seen as it formed a gray color film as compared to the control, BNC/ALG/
PEG, which formed a translucent film. BNC/ALG/PEG/TD hydrogel film exhibits
significantly low water content (16.6%) as compared to the control (22.5%), which is
probably because of the increment in crosslink density or improvement of polymer-
polymer interaction. Most importantly, BNC/ALG/PEG/TD presented as an excellent
thermo-responsive hydrogel as it shows response at different temperatures and
displayed a drastic change from gray to colorless when the temperature was >30°C. It
also exhibits reversible thermochromic properties as it can be recovered to its original
color and morphology when heated to 100°C and cooled at RT. Furthermore, this
thermo-responsive hydrogel film shows slow degradation under the composting envi-
ronment and probably needs more than 2 weeks to fully degrade. Overall, BNC/ALG/
PEG/TD is a robust thermo-responsive hydrogel that can be explored in different
applications, such as for the fabrication of medical devices, sensors, actuators, soft
robotics, and smart windows.
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Chapter 6

Laboratory and Semi-Industrial
Studies on the Application of
Chitosan for Efficient Wastewater
Treatment

Dilyana Zvezdova

Abstract

The limited and progressively diminishing natural water resources necessitate
ongoing research and technological development to identify optimal technical solu-
tions for localized treatment of drinking and wastewater. Local water purification
systems are essential for providing additional treatment of drinking water, thereby
safeguarding human health in the event of accidental contamination due to leaks,
corrosion, deposits, or other issues within the water transport infrastructure leading
to the consumer. The need for designing compact water purification systems is clearly
substantiated. These systems—including process type and choice of water treat-
ment materials—are intended to perform functions such as removal of mechanical
impurities, organic contaminants, and more. This section presents both global and
personal experiences in developing innovative solutions for medium- and small-scale
localized water treatment, focusing on the use of chitosan in producing filtration,
sorption, ion exchange, and other types of media for these compact purification
systems. These systems will gradually contribute to practical applications in daily
life, demonstrating their global relevance and environmental importance. Installing
compact water purification systems for on-site wastewater treatment will highlight
the concept of personal environmental responsibility. The study found that chitosan-
based materials, when incorporated into the composition of composite ion-exchange
sorbents, contribute to a reduction in the percentage of pollutants in wastewater.
These materials outperform conventional options, such as activated carbon, in terms
of cost-effectiveness and environmental impact. In this context, new technological
and structural laboratory and semi-industrial facilities have been developed, offering
an alternative and environmentally significant solution for the future treatment of
domestic and industrial wastewater.

Keywords: chitosan, small water treatment device, local drinking water treatment,
deionization, sorption, ion exchange
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1. Introduction

A significant part of domestic consumers and many industrial sectors (pharma-
ceutical, textile, paper, and plastic manufacturing) consume substantial quantities of
water and reagents during the use, production, and coloring of their products. As a
result, they generate considerable amounts of contaminated wastewater. These toxic
effluents are a primary source of water pollution, causing severe ecological damage
and destruction of aquatic flora in the receiving water bodies if not treated using
appropriate technological methods. The characteristics of these pollutants include
high biological oxygen demand (BOD), chemical oxygen demand (COD), insoluble
suspended solids, unpleasant odors, toxicity, dyes, and other contaminants [1-4].

Coloring is the first and most easily recognizable visual and undesirable pollutant
in wastewater [5, 6]. Over the past several decades, several methods for the treatment
of wastewater streams have been developed and applied. These technologies can be
categorized into conventional methods and methods aimed at the extraction and
reuse of the recovered components. The literature provides numerous studies on the
treatment of colored wastewater streams using these approaches [4].

In practice, no single process can provide comprehensive water treatment.
Therefore, it is often necessary to combine multiple processes to achieve the desired
quality of purified water in the most economically feasible way. This underscores the
need of developing new water treatment methods that are both effective and appli-
cable on local and industrial scales.

In the scientific literature, it is well known that the use of inexpensive sorbents
is an effective and economical method for water purification. A wide variety
of sorption materials have been presented, and their ability to remove dyes has
been extensively studied [2, 3, 7]. However, it should be noted that inexpensive
sorbents with high sorption capacities are currently under development in order
to reduce the dosage of sorbent in the technological process. Recently, significant
attention has been given to various biosorption materials such as biopolymers,
fungal biomass, or bacterial biomass, which can be produced in large quantities
and are environmentally friendly.

Applied scientific research clearly highlights the need for alternative sorbent
materials to replace activated carbon and ion-exchange resins, driven by environ-
mental and economic considerations. This trend arises from the single-use nature
of activated carbon in adsorption processes and its environmental impact during its
composting (or disposal). Additionally, the production technologies of ion-exchange
resins, along with the time and cost associated with reagent-based regeneration, pres-
ent significant financial challenges.

For these reasons, competitive sorbents such as chitosan and its derivative com-
pounds are being sought to reduce and overcome environmental impacts by contrib-
uting to more sustainable and environmentally friendly water purification solutions
in the context of global environmental challenges (e.g., freshwater scarcity, industrial
pollution).

Special emphasis has been placed on a natural amino-polymer with a polysaccha-
ride nature, such as chitosan.

Chitosan has been extensively studied by researchers as a biosorbent for binding
and removing dyes from aqueous solutions. Its advantage as an effective biosorbent is
due to its cost-effectiveness compared to commercially available and frequently used
activated carbon, as well as its chemical affinity for chelate formation, through the
formation of chemical bonds with contaminants and heavy metal ions.
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The aim of the present monographic section is to establish the design of small-
scale water treatment systems and to investigate their technological behavior in terms
of the potential application of these biopolymer materials for water treatment, both
for wastewater and natural waters. One of the applied aspects is the final process for
decolorizing wastewater. The influence of various parameters, such as the character-
istics of chitosan, activation conditions, the diversity of processes, and the experi-
mental conditions used in “batch” systems, on the biosorption process is discussed.
The potential applications of chitosan biosorbent as a final process for softening and
deionizing natural waters are also referred to, with the aim of achieving the required
parameters concerning the content of colloidal and molecularly dispersed substances,
as well as residual free chlorine used for disinfection in drinking water supply
systems.

2. Chitosan as a sorption material

The majority of polymeric sorbents and ion exchange resins available on the
market are petroleum-based products derived from raw materials that, when
used in the chemical industry, have environmentally negative impacts. Recently,
there has been increasing interest in the development and application of natu-
ral, inexpensive alternatives to synthetic polymeric sorbents and ion exchange
resins, derived from natural and economically and environmentally sustain-
able sorbents [7].

As it is well known, chitin is commonly found in the exoskeletons of insects,
the cell walls of fungi, and marine organisms, and it is a widely distributed amino
polysaccharide in nature. It has also been noted that this inexpensive natural material
is a linear homopolymer composed of §-(1-4)-linked N-acetylglucosamine (Figure1).

Chitin is structurally similar to cellulose and is an aminopolymer containing
acetamide groups located at the C-2 position, replacing the hydroxyl groups. The
presence of these groups offers a significant advantage, providing distinctive, char-
acteristic sorption functions, which also lead to possibilities for modifying interac-
tions. As a raw material, the biopolymer is primarily available on the market through
extraction from marine animals with hard coverings [8]. Chitin is extracted from the
shells of shrimp, crabs, and fish through acid treatment to dissolve calcium carbonate,
followed by alkaline extraction to remove proteins, and then undergoes bleaching to
obtain colorless products [9-11].

Since the biodegradation of chitin in the shells of marine waste organisms is a
very slow process, the collection of large quantities of waste has become increas-
ingly important, leading to the need for recycling these materials to produce chitin,
or chitosan. Their use as sorption or other water treatment materials for wastewater

m

Cellulose . Chitin Chitosan

Figure 1.
Chemical structuve of cellulose chitin and chitosan.
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represents another industrial application, which is not only environmentally signifi-
cant for wastewater from various industries but also economically viable.

Chitosan is obtained through N-deacetylation of chitin in a strongly alkaline
environment, where its macromolecules mainly contain 2-amino-2-deoxy-f-
D-glucopyranosyl residues (D-glucosamine — GIcNH,) and, to a lesser extent,
2-acetamido-2-deoxy-p-D-glucopyranosyl residues (N-acetyl-D-glucosamine —
GlcNAc) (Figure1). It is of commercial and technological interest due to its higher
nitrogen content compared to cellulose. Chitosan is soluble in acidic solutions and
is chemically more reactive than chitin and cellulose. The main reason for this is its
exceptional ability to attract various substances to its surface and form different
chemical bonds, as reflected in numerous publications [9, 12].

Confirming its positive characteristics are its cationic nature, biodegradability,
biocompatibility, ability to form film-like surfaces, bioadhesion, multifunctional-
ity, hydrophilicity, and sorption properties [8]. These diverse advantages (Table 1)
contribute to its classification as a promising raw material for sorption processes,
widely used in the purification of natural and wastewater, serving as coagulants [13],
flocculants, and chelating agents [14].

In general, an ideal sorbent for dye molecules should meet the following criteria:
low cost, availability, sorption capacity, high sorption rate, high selectivity at varying
concentrations, and effectiveness in removing a wide range of contaminants from the
water to be treated.

However, it should be noted that in practice, it is difficult to find a sorbent that
meets all of the requirements for a specific technological case. Therefore, there is
a significant need to search for and develop new sorption materials and systems.
Additionally, it should be emphasized that the sorption process is a promising tech-
nology for water treatment [15], especially if the sorbent has selective properties for
removing anionic, cationic, or non-ionic dyes.

The effectiveness of chitin and chitosan for sorbing dye molecules dissolved in
aqueous solutions has been reported and published by many authors. They conducted
research experiments and found that chitosan and its modified derivatives, with high
affinity and selectivity, could remove significant amounts of dye substances from
aqueous solutions [16, 17].

Physical and chemical properties Poly-electrolyte properties Biological properties
Linear aminopolysaccharide with high Cationic biopolymer with high * Biocompatibility: Non-
nitrogen content, stable D-glucosamine charge density; flocculant toxic, biodegradable.
structure, high crystallinity, agent; interacts with negatively « Bioactivity:
hydrophilicity, capacity to form charged molecules; sorptive, Antimi ¥y ..

. X ) g ntimicrobial activity
intermolecular hydrogen bonds, high filtration, and coagulation . . .

. . 2 R " (against fungi, bacteria,
viscosity, weak alkalinity, protonated properties; film-forming and viruses), anti-acid
amine groups exhibit pronounced properties and adhesiveness; anti-tumor. ;n d anti- ’
nucleophilicity (pKa = 6.3), insoluble material for isolating ’ L
. - Lo . coagulant properties:
in water, soluble in dilute acidic biomolecules.

exhibits hypoepidemic

solutions, contains reactive groups for .. . .
? group activity, bioadhesion.

chemical activation and crosslinking,
forms salts with organic and inorganic
acids, chelating and complex-forming
properties, ion conductivity.

Table 1.
Properties of chitosan.
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The production of sorption products is a key element that needs to be clarified in
order to introduce and define the necessary properties that determine the expansion
of its potential applicability as a starting sorption raw material. Chitosan has three
types of reactive functional groups: one amine group and two hydroxyl groups—pri-
mary and secondary—at positions C-2, C-3, and C-6, respectively (Figure1). Its
advantage over other polysaccharides is that its chemical structure allows for specific
modifications with minimal difficulty, especially at the C-2 position [9]. These func-
tional groups enable substitution reactions, leading to chemical transformations and
the production of a variety of highly useful materials for different targeted applica-
tions. The simplest and most easily performed chemical modification and activation
is through carboxymethylation, acetylation, and grafting. The resulting derivatives of
chitosan can generally be obtained and classified as modified polymers, crosslinked,
and composite materials.

One important class of products are the crosslinked chitosan materials, such as gel
spherical granules (micro-particles, microspheres, and nanoparticles). Gel products
are typically classified into three categories, depending on the nature of their cross-
linking, namely: entangled networks, covalent crosslinking, and networks formed by
physical interactions. Berger et al. [18] proposed the following modified classifica-
tion for chitosan gels, dividing them into chemical and physical gels. Hydrogels and
spherical granules can self-form as covalently crosslinked polymers. In this type of
chemical crosslinking reaction, crosslinking agents are molecules with reactive func-
tional groups that allow the formation of bridges between polymer chains. To date,
the most commonly used crosslinking agents for chitosan are: glyoxal; formaldehyde
and glutaraldehyde (GA); epichlorohydrin (ECH); ethylene glycol diglycidyl ether
(DGDE); and others [12, 18].

In general, the crosslinking procedure is necessary and aims to improve the
mechanical strength of the substance and its resistance to chemical environments,
particularly in acidic solutions. It also modifies the hydrophobicity and ensures stabil-
ity under larger pH fluctuations—properties that are crucial for defining a good sor-
bent. However, this process significantly reduces the number of available free amino
groups in the polymeric structure, and as a result, the ligand density and reactivity
of the biopolymer are decreased. This also reduces the accessibility and uptake of
sorbable substances within the material, leading to a loss of flexibility in the polymer
chains due to crosslinking. This explains the reduction in diffusion access within the
inter-contact volumes of the porosity of the sorption granules. This chemical proce-
dure can lead to a significant decrease in dye removal efficiency and sorption capacity.
Therefore, it is important to understand, characterize, and control the conditions
during crosslinking interactions, as these determine and allow modification of the
crosslinking density, which is the primary parameter influencing practical properties
of the gel sorbent [18].

The choice of a specific method from the available options depends on factors
such as thermal and chemical stability and the requirements regarding particle size.
Modification of chitosan through covalent interactions allows for the reduction of the
influence of sorbent particle size [19]. These changes are expected to be caused by the
magnitude of the specific surface area and the fractional particle size, which influ-
ences the diffusion mechanism. The equilibrium time increases with the increase in
crosslinking agent concentration [20].

In practice, methods are often combined and include various necessary
sequential treatments [21]. The emulsion crosslinking method is widely used for
synthesizing microspheres. With this method, particle sizes can be controlled by

121



Chitosan and Alginate Frontiers — Innovations and Applications in Life Sciences, Food, and Industry

altering the size of the water droplets. Another interesting method is spray-drying
and countercurrent droplet movement in a turbulent drying stream environment,
where temperature and humidity of the environment are varied. Chitosan micro-
spheres obtained by this technique are characterized by high sphericality and large
specific surface area. Along with the formation of complex formations with nega-
tively charged ions or molecules, an interesting property of chitosan is its ability,
as a gel, to interact with specific polyanions. These gel-forming processes occur
due to the formation of intermolecular and intramolecular crosslinking, where the
polyanions serve as the crosslinking medium. Sodium tripolyphosphate (TPP) is
most commonly used for ionotropic gelation of chitosan during constant stirring to
form porous structures of granules (flakes or powder) with distinct inter-contact
porosity [12, 22].

Chiou et al. [22] found that crosslinking as part of the conditioning process for the
chitosan sorbent is necessary to increase mechanical strength and improve the mate-
rial’s stability in acidic and alkaline environments, which also enhances the sorbent’s
sorption technological lifespan. The sorption capacity increases significantly at low
degrees of substitution and decreases as substitution increases [20, 23]. Gordana et al.
[24] published a review of methods for preparing magnetite-chitosan granules and
data regarding their application for wastewater treatment in “batch” processes (i.e.,
under static conditions), as well as suitable methods for loading them into filtration
water treatment systems through dynamic filtration sorption processes.

At the end of the technological lifespan of biosorbents and their disposal, they
degrade in the natural environment into harmless substances such as carbon dioxide,
water, and other environmentally safe, non-toxic products.

3. Experiments under static and dynamic conditions

The establishment of a sorption system of liquid/solid phase requires two types of
studies: sorption tests under static conditions and investigations in dynamic, continu-
ous flow systems. This section discusses research data regarding sorption under static
conditions, as well as some technical and technological solutions for water treatment
facilities for ion exchange and final sorption under dynamic filtration conditions.

Research under static conditions is based on the fact that the sorption phenom-
enon, which occurs at the liquid-solid interface, leads to a change in the concentration
of the solution. Experimental processes are simple and easy to implement, which
makes them frequently preferred for application in medium-sized and small tech-
nological systems, where sorption components (sorbent and sorbate) are mixed in
suitable reservoirs. The advantages of the static method lie in the fact that parameters
such as sorbate concentration, sorbent quantity, pH, ionic strength, temperature, and
so on are easily controllable.

4. Technological design and structural solutions for water treatment
facilities using biopolymeric, synthetic polymer, and ion exchange
materials

Drinking water sources are constantly influenced by processes such as diffu-
sion, point-specific interactions, morphology, and specificity. The trend toward the
appearance of local water treatment systems on the market is becoming increasingly
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relevant, reflecting the demand for new, innovative design and technological
solutions.

A specific area of research in this development is the structural essence of water
treatment facilities and their functional effectiveness when purifying water from
the public drinking water supply system, with corresponding local applications for
domestic drinking, laboratory, and/or small-scale production needs. The main focus
of the research is on exploring the potential for using single-body, multi-chamber,
multiprocess water treatment systems, localized for the further purification of water
for the aforementioned needs.

This combination aims to create technologies and systems for multi-stage biological,
filtration, ion-exchange, and sorptive water treatment, with the objective of simultane-
ously performing final filtration, sorption, and ion-exchange treatments on the biologi-
cally purified water stream, ultimately returning it to a state suitable for reuse [15].

5. Project-technology and experimental research for the creation and
technological behavior of small-scale water treatment systems for local
drinking water treatment

The process of creating small-scale water treatment facilities for processing water
from the public water supply system includes the following ordered project-techno-
logical and experimental investigations:

* Preparation of sorption material and implantation of elementary silver

* Implantation of elementary silver into the physical porous structure or onto

the sorption surface of biopolymer sorbents like chitosan, synthetic polymer
sorbents, activated carbon, and so on

* Microscopic observations of the porous structure

* Observations of the porous structure of non-implanted and silver-implanted
sorbents

* Preparation and investigation of sorbent-ion exchange resin mixtures for natural
water treatment

* Preparation and examination of the behavior of a mixture of implanted sorbent
and ion exchange resin when purifying natural water

¢ Investigation of sorption properties of sorbent-ion resin mixture

 Laboratory experiments to test the sorption properties of the sorbent-ion resin
mixture using model water

* Investigation of properties of magnetite filtration fillers with chitosan additives

* Study of magnetite filtration fillers with an alternative chitosan coagulant for
contact-coagulation treatment of natural water to remove colloidal and dispersed
impurities.
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* Design and technological scheme for small-scale water treatment systems

* Development of technical designs and technological schemes for local water
treatment systems aimed at various technological alternatives:

o Design of a two-chamber system with a conical body.

o Design of a three-chamber multi-stage (multiprocess) system with either a
cylindrical or conical body.

o Technological project calculations for the manufacturing of water treatment
facilities and creating a technological scheme for connection to the drinking
water supply system.

* Experimental investigations on operational parameters and technological
behavior of the systems

* Experimental studies to determine the operational parameters and technological
behavior of the designed water treatment facilities.

* Comparative evaluation of key technological elements and parameters

» Comparative evaluation of the main technological elements and parameters,
such as: type of construction, flow velocity, type of fillers, sorption and/or ion
exchange capacity, purification efficiency of the created systems

* Project-technology and experimental research for the creation and evaluation of
small-scale deionization units for drinking water

* Research on deionizers for producing water in accordance with international
standards such as: BDS ISO 3696-93 “Water for Laboratory Analysis”; ASTM D
1193-99; DIN 38404-52.

5.1 Preparation of sorbent material (activated carbon, granular chitosan)

For the experimental studies, granular chitosan with a heterogeneous granulo-
metric composition has been chosen as the filling material for the small-scale water
treatment system. The sorbent is prepared by sieving through a set of sieves with
sizes: 0.3, 0.6, 0.8, and 1.2 mm to obtain a defined granulometric composition. The
prepared sorption material is then subjected to further conditioning procedures to
ensure its functionality for the intended application.

5.2 Implantation of silver into the physical porous structure of granular chitosan

The prepared sorbent undergoes special treatment to apply elementary silver onto
its sorption surface, that is, into the physical porous structure that forms the “skel-
eton” of the sorbent. The procedure is carried out as follows:

* Samples of chitosan are placed in three glass columns and left in contact with a
5% AgNO; solution for different times (t): 30, 45, and 60 minutes.
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* The AgNO; solutions are drained from the columns at a linear flow rate of
2-4 m/h, and the same volumes of the solution are recirculated by passing it four
times through the packed filling at the aforementioned linear flow rates.

* The fillings in the columns are washed with two relative volumes of deionized
water at flow rates of 2-4 m/h.

* A final wash of the fillings in the columns is performed by passing deionized
water (over 6 relative volumes) until a negative test result is achieved, indicating
the absence of silver ions in the waste washout streams.

¢ The packed granular chitosan in the columns is then evacuated of any residual mois-
ture-laden particles by vacuuming with a laboratory vacuum pump for 15 minutes.

Microscopic observations of the cross-sections of the grains from the samples
before and after the AgNO; treatment are shown in Figures 2 and 3, illustrating the
structural changes in the chitosan granules before and after silver implantation.

5.3 Preparation of a mixture of sorbent (activated carbon, chitosan, and ion
exchanger) suitable for drinking water purification

For the simultaneous implementation of the process of local sorptive and ion-
exchange post-treatment of drinking water, a mixture has been prepared consisting

Figure 2.
Scanning electron microscopy (SEM) image of a sample before treatment with AgNO;.

Figure 3.
Scanning electron microscopy (SEM) image of a sample after treatment with AgNO,,
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of: a mixture of conditioned sorbent (activated carbon, chitosan) with a weakly
acidic cation exchanger (carboxyl type) in hydrogen ion form, a mixture of sorbent
(activated carbon and chitosan) with a strongly acidic cation exchanger in sodium ion
form, and a strongly basic anion exchanger in chloride ion form.

The essence of the idea for creating the mixture is to add a certain amount of
weakly acidic cation exchanger in hydrogen ion form to the sorbent, which, upon
contact with the treated water, exchanges hardness cations (Ca*; Mg2+) from bicar-
bonate compounds, that is, the so-called temporary hardness. Activated carbon or
chitosan with silver implanted in its structure prevents the formation and growth
of microorganisms throughout the entire operational period of the filtration media.
Through the sorption process, the sorbent also removes harmful impurities from
the water, such as organic humic substances, ammonia halogen derivatives, iron and
manganese-containing compounds, active chlorine, and others.

For the preparation of the mixed sorptive-ion exchange media described above,
it is important to investigate the porous structure of the components (Figures 2-4),
as well as the conditioning of the weakly acidic, strongly acidic, and strongly basic
ion exchangers to convert them into the aforementioned ionic forms (i.e., H-form,
Na-form, and Cl-form) according to established methodologies [25].

With the two pre-conditioned components (sorbent and cation exchanger)
present in a 2:1 ratio for their joint functionality, the next step is their homogeneous
mixing through mechanical stirring. Based on preliminary predictive information
regarding the qualitative and quantitative characteristics of the water to be post-
treated, this ratio should be adjusted as follows:

* For waters with very high total hardness, the proportion of the cation exchanger
component should be increased.

* For water with high concentrations of contaminants above the maximum per-
missible concentration (MPC), which can be removed via the sorption process,
the proportion of the sorbent should be increased.

The ionites from the second sorption—ionite mixture, used for the removal of
nitrates from water, were not subjected to structural-porosimetric studies, as they

Figure 4.
Structural porosimetry results: Electron microscope photograph of the polyreticular weakly acidic cation
exchanger Dowex CCR-2 after the working period.
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Figure 5.
Differential pore size curves of the polyreticular weakly acidic cation exchanger Dowex CCR-2: Curve 1 — before
the working period; curve 2 — after the working period.

0.07
0.06
0.05
0.04

0.03

dv/d[lg(R)]

0.02

0.01

0 B
10 100 1000

Average pore radius R, nm

Figure 6.
Differential pore size distribution curves of granulated chitosan: Curve 1 — before the operating period; curve 2 —

after the operating period.

are of the so-called monoreticular [15] (gel) structural type, and their “pseudo-
porosity,” in terms of dimensionality, is beyond the minimum boundary range of
possible usable methods.

From the structural-porosimetric results shown in Figures 5 and 6, it can be
observed that the physical porosity of the components in the water purification
mixture changes. The pore size distribution curves indicate a narrowing of the pore
radius due to their blockage with colloidal impurities (organic humus substances,
etc.) sorbed during the operational cycle, a process known as fouling.

The ionites from the second sorption-ionite mixture, used for the removal of
nitrates from water, were not subjected to structural-porosimetric studies, as they are
of the so-called monoreticular (gel) structural type, and their “pseudo-porosity,” in
terms of dimensionality, is beyond the minimum boundary range of possible usable
methods [15].

6. Studies of the filtration-purification properties of sorbent-ion-
exchange compositions through laboratory and pilot experiments
After preparing the mixture of the components mentioned above, the sorption-

ion-exchange properties of the sorbent-ion-exchange mixture are studied through
laboratory experiments with model water. To carry out the experiment, model
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water was prepared with approximately 0.600 mg/dm? of iron and manganese and
55-75 mg/dm’ of nitrates. The exact concentrations were measured for each newly
prepared volume of model water using an analytical method from the commonly
accepted standardized methods (BDS 3425-85, OH-9, Drinking Water, 1986; BDS
15149-80, Drinking Water, 1981) suitable for the respective purification. The model
water is filtered through the filler made of the appropriately prepared homogeneous
mixture, which is packed into a column with a diameter of D = 20 mm, cross-sectional
area F = 0.0314 dm?, and height H = 1000 mm (layer height Hsl = 580-600 mm).
The filtration experiment is carried out by passing the model water with a flow rate
of Qavg = 3 dm’/h, or a linear velocity W = 79 m/h. The total volume of the homoge-
neous mixture filler in the column is V = 0.190 dm”. During the experiment, samples
are taken from the filtrate at every 51 relative volumes. Analyzes were conducted for
the content of: Fe, Mn; organic substances (permanganate oxidizability); turbidity;
pH; specific electrical conductivity; total hardness; chlorides; alkalinity according to
methyl orange. The results obtained from the laboratory experiments with the mix-
ture, including activated carbon, chitosan with implanted silver, and weakly acidic
cationite Dowex CCR-2, are reflected in Table 2.

Through the process combination studied by us, laboratory and pilot experiments
were conducted with model natural waters having different concentrations of salts.
The synthetic polymeric ion-exchangers used in these experiments were Dowex
HCR-S and Dowex SBR with a monoreticular (gel) physical structure.

The ion exchangers were conditioned using conventional, most commonly used
methods [26]. Their reagent regeneration was carried out with a 10% sodium chloride
solution at a specific regenerant consumption of 160 g/dm’. The specific load during
the operating period was 12 dm*/dm’ h.

The model water solutions had varying contents of: nitrates, sulfates, and bicar-
bonates (Am.o). The experiments were conducted with the model waters listed in
Table 3 using the ion-exchange pilot installation shown in Figure 7. The ion-exchange
modules F1 and F2 were loaded with strong acid cationite and strong base anionite,
respectively, converted into sodium and chloride ion forms. The results from the
laboratory experiments with a mixture that includes activated carbon with implanted
silver or chitosan, strong acid cationite in sodium ion form Dowex HCR-S, and strong
base anionite Dowex SBR in chloride form are shown in Tables 3 and 4.

The technological experience in water treatment shows that very often the func-
tionality of synthetic polymeric, biopolymeric sorption and ion-exchange materials
used for the treatment of natural waters is compromised due to the presence of
natural organic colloidal dispersed impurities (humic substances) in them [27, 28].

The most commonly applied technological approach for eliminating their harmful
impact is the coagulation treatment of natural waters using the volume coagulation
method, with the dosing of appropriate coagulant doses [28]. However, the efficiency
of these processes largely depends on the type and dose of the chosen coagulant.
They are very inconvenient for use in small-scale technological devices for local water
purification. This work investigates the possibility of implementing a reagent-free
contact-coagulation process by filtering natural water through a mechanical filter
loaded with magnetite black sand with an appropriate grain size composition, that is,
the so-called “Siroflock” process in dynamic filtration conditions. The design of the
technological system also allows for the dosing of chitosan as a coagulant/flocculant.

Constructive technical solutions for mechanical filters have been sought, which
are most suitable for the contact-coagulation process and the magnetite filler loaded
into the filtration vessel (the so-called “immedium” filters). Some publications and
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Ratio Measured parameters for the raw and treated water - filtrate

volume Turbidity, P.O. Ho Specificel Mn> Fe total
number mg/dm’ mg0,/dm’ meq/dm’ condactivity mg/dm’ mg/dm’

pS/cm
R.W.* F* R.W. F* R.W. F* RW. F* RW F* RW. F*

51 1,8 0,48 2,39 0,57 3,4 1,71 284 29 0,60 0,03 0,54 0,11
102 1,6 0,47 2,39 0,54 3,4 1,69 282 291 0,60 0,04 0,57 0,10
153 1,5 0,39 2,20 0,57 3,4 1,68 281 300 0,62 0,04 0,56 0,09
204 1,6 0,39 2,39 0,53 3,4 1,69 283 294 0,63 0,05 0,51 0,10
255 1,4 0,38 2,20 0,55 3,4 1,65 285 29 0,62 0,05 0,5 0,12
306 1,7 0,34 2,21 0,56 3,4 1,70 283 298 0,65 0,06 0,58 0,13
357 1,6 0,31 1,90 0,58 3,4 1,67 286 292 0,61 0,06 0,52 0,13
408 1,5 0,29 1,84 0,59 3,4 1,69 284 297 0,64 0,07 0,53 0,15
459 1,6 0,30 2,45 0,61 3,4 1,68 282 300 0,61 0,07 0,57 0,14
510 1,5 0,26 2,45 0,63 3,4 1,75 281 270 0,62 0,08 0,55 0,16
561 1,4 0,26 2,31 0,5 3,4 1,91 285 28 0,58 0,08 0,5 0,15
612 1,3 0,24 1,95 0,58 3,4 1,98 284 286 0,57 0,08 0,56 0,19
663 1,5 0,24 2,42 0,60 3,4 2,7 285 285 0,58 0,09 0,51 0,18
714 1,6 0,22 1,98 0,62 3,4 2,8 281 281 0,55 0,14 0,52 0,20
765 1,4 0,22 2,44 0,61 3,4 2,8 283 28 0,57 0,18 0,51 0,23

*RW — raw untreated model water.
**F — treated model water (filtrate).

Table 2.

Experimental results from the filtration experiment with filler in a column with D = 20 mm; filler height
H = 600 mmj; filler volume V = 190 cn?; flow vate Q = 3 dn’/h.

Ne Parameter Raw water Ne1 Ne2 Ne3 Ne4 Ne5

1 turbidity 16 0,85(46%)  03(81%)  0,3(81%)  0,2(86%) 0,4 (62%)
2 mg/dm’ 14 0,2(86%)  0,3(79%)  0,2(86%)  02(86%) 0,3 (79%)
3 14 02(86%)  0,2(86%)  072(86%)  02(86%) 0,3 (79%)
1 Hardness 32 14 (56%)  17(47%) 32 (0%) 32(00%) 1,5 (53%)
2 m eq/dm’ 32 1,8 (44%) 1,8 (44%) 32 (0%) 32(00%) 1,7 (47%)
3 32 2,0(38%)  22(G1%)  32(0%) 32(00%) 1,9 (41%)
1 Mn* 49 26 (47%)  3,0(94%)  55(89%)  26(95%) 2,2 (95%)
2 g/dm’ 40 27 (32%) 16 (96%)  4,5(88%)  25(94%)  2,5(94%)
3 43 3226%)  22(95%)  52(88%)  22(95%) 2,4 (94%)
1 Fe total 181 54(70%)  36(80%)  S51(72%) 40 (78%) 36 (80%)
2 hg/dm’ 154 22(86%)  26(83%) 40 (74%)  31(80%) 29 (81%)
3 152 30 (80%) 30 (80%) 46 (70%)  35(77%) 33 (78%)
1 P.O. 21 0,6(71%)  04(81%)  0,3(86%)  0,1(95%)  0,1(95%)
2 mgOdm’ 2,0 0,5(75%) 03 (85%)  0,1(95%)  0,1(95%)  0,1(95%)
3 1,9 0,5(74%)  05(74%)  01(95%)  01(95%)  0,1(95%)
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Ne Parameter Raw water Ne1 Ne2 Ne3 Ne4 Neo5

1 cr 02 0,2 (0%) 0,2 (0%) 18 21 0,2 (0%)
2 m eq/dm’ 0,3 0,3 (0%) 0,3 (0%) 16 23 0,3 (0%)
3 02 0,2 (0%) 0,2 (0%) 1,5 22 0,2 (0%)
1 pH 76 76 (0%) 76 (0%) 76 (0%) 76 (0%) 76 (0%)
2 78 78 (0%) 7.8 (0%) 78 (0%) 7.8 (0%) 78 (0%)
3 75 75 (0%) 7,5 (0%) 75 (0%) 7,5 (0%) 7,5 (0%)
1 Amo, 19 0,6(68%)  04(37%) 0,3 (84%) nom 1,9 (0%)
2 m eq/dm’ 2,0 0,6 (70%)  06(35%) 0,7 (65%) oM 2,0 (0%)
3 2,0 06(70%)  1,0(30%) 0,7 (65%) nom 2,0 (0%)

Note: In Table 3, the columns labeled from Ne1 to Ne5 represent the following: Ne1 - a filling of weakly acidic cationic
resin Dowex CCR-2 and activated carbon, conditioned in the laboratory; Ne2 — a filler from the company “Brita”
(Germany); N3 — a filling of strongly basic anion resin “Duolite A101D” in chloride ion form and chitosan (sample
after the first stage); N4 — a filling of strongly basic anion resin “Duolite A101D” in chloride ion form and activated
carbon (sample after the second stage); No5 — a filling from a factory module purchased from the company “Deplan;”
B.D.M — below the detectable minimum.

Table 3.
Experimental results from laboratory experiments of the studied fillings for comparison (as a degree of reduction
[%]) for small-scale water treatment systems.

Figure7.
Schematic diagram of a pilot installation for conducting experiments on the purification of natural waters from
nitrates (filtration modules with a doubled filtration flow path).

previous studies [26, 29] have shown that the so-called “Siroflock” process is con-
venient and applicable for further purification of natural waters from the drinking
water supply system through local small-scale devices.

A development of a mechanical immedium filter for the so-called “Siroflock”
process in dynamic conditions is presented, implemented through a mechanical filter
with a specific constructive essence, where, in addition to the contact-coagulation
interactions being governed by the positive charge of the magnetite particles and
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Type of anions Sample numbering with different water compositions

I I mx v
HCO;", mg/dm® 140,3 = 158,6 671+91,5 MDL* 152,5 + 164,7
SO,*, mg/dm’ 180,0 = 192,1 80,1+ 956 264,2 + 301,7 MDL
CrI, mg/clm3 14,4 + 18,0 14,4 + 18,0 14,4 + 18,0 14,4 + 18,0
NO;", mg/dm® 56,8 + 68,9 59,6 + 65,3 58,6 + 73,9 55,5 + 68,1

*MDL — Minimum Detectable Limit.

Table 4.
Anion composition of the studied model water solutions.

the dosed coagulant (chitosan), they are also influenced by the applied surrounding
magnetic field (Figure 7). The reason is that the wider spectrum of the grain size of
the filtration material, when stratified, creates a suitable inter-contact porosity of

the bed, allowing the so-called “volume adhesion” filtration mechanism to occur,
which results in a greater capacity of the bed compared to the conventional “surface”
filtration mechanism. This also allows for higher linear filtration speeds and therefore
a higher flow rate of the produced filtrate.

For comparison in both qualitative and quantitative aspects, laboratory experi-
ments for coagulation treatment of water were conducted under volume coagula-
tion conditions (through the so-called “Jar test”) and under dynamic filtration
conditions in a non-conventional filter with a conical body and surrounding
magnetic field [15].

The body of the filtration device has the shape of an inverted cone. This design
allows the processed water flow to enter from the side with the smaller diameter,
while the filtrate (product) exits from the wider part. In this way, the device oper-
ates with permissible linear filtration speeds, higher flow rates, and lower hydraulic
resistances. The construction includes a surrounding electromagnet (solenoid) that
generates a solenoidal magnetic field, which envelops the top layer of the filtering fer-
romagnetic layer with the finest grain composition. This imparts magnetic properties
to the magnetite particles, effectively ensuring better compaction of the filtration bed
and thus a higher-quality filtrate at relatively high flow rates.

The advantage of this immedium filter is its ability to filter water at higher flow
rates compared to conventional cylindrical immedium filters. This is possible because,
as the water passes through the bed from the narrower part to the wider section of the
device, its linear speed progressively decreases as it flows through the progressively
expanding cross-section. Since the linear speed, and thus the force that tends to fluid-
ize the upper layer of the filtering magnetite layer, progressively decreases along the
direction of the outflowing stream, and due to the presence of the solenoidal field, the
filtering layer remains compacted.

During the operation, the electrical power is supplied, and consequently, the
surrounding electromagnetic field is present. Some of the coarse and colloidally
dispersed impurities in the water are initially trapped in the first filtering layer along
the path, which does not have ferromagnetic properties. The retention occurs based
on adhesive, cohesive, and electrostatic interactions, with only the smaller colloidal
impurities passing through the layer. These impurities are retained to a certain extent
in the upper ferromagnetic layer, where the electromagnetic field facilitates magnetic
coagulation. After a certain period of operation, due to the accumulation of retained
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impurities and the narrowing of the inter-contact spaces in the bed, the linear veloc-
ity of the water flow becomes greater than the forces holding the impurities onto the
filtering grains. As a result, the filtration “front” shifts to the next filtering layer along
the flow path. Simultaneously, the retained impurities in the respective lower filtra-
tion layer cause the fine colloidal impurities that were not trapped to grow through
the so-called magnetic flocculation process and be retained in the final ferromagnetic
magneto-structured layers of the filtration bed. This occurs due to the magnetic
orientation of the impurities and their agglomeration through adhesion and cohesion
processes.

After filtering a certain amount of treated water, due to the progressive movement
of the main filtration “front” along the direction of the outflowing filtrate, the front
reaches the final magnetically structured layer at the end of the flow path. Once the
capacity of this layer is exhausted, a breakthrough greater than the initial (back-
ground) breakthrough established at the beginning of the filtration cycle appears in
the filtrate flow. The system then enters the so-called recovery period of the filter,
that is, it is introduced into a loosening process through intensive fluidization of the
filtering material. This is achieved by removing the solenoidal magnetic field through
interrupting the power supply. Part of the water in the filter body is drained, so that
the bed remains submerged (with 30-40 cm of liquid above it). Air is supplied at an
appropriate pressure, and the filtering layer is bubbled for about 5-6 minutes. The
air flow is then stopped, and a flow of treated water is introduced from the bottom
upward. In the absence of the magnetic field, the filtering material is fluidized for
a certain period of time until the turbidity of the loosening flow equals that of the
incoming flow. After completing the recovery loosening period, the flow is stopped
for a few minutes. The filtering material is then gravitationally stratified based on
particle size, the solenoidal magnetic field is reintroduced, and the filter returns to
the working filtration period.

The results of comparative experimental studies for treating the same water using
volume coagulation and lime decarbonation (“Jar test” via a laboratory apparatus)
and using the above-mentioned mechanical filter with a conical body filled with mag-
netite sand are presented in Figures 8-11. The changes in the treated water quality are
compared based on the following parameters: permanganate index (P.O.); humic acid
concentration; turbidity; total hardness; and bicarbonate concentration (Am.o).

The reduction levels of the baseline parameters depicted in the figures range from
45 to 50%. Figure 9, which illustrates the variation of these same parameters during
the operational period of the contact-coagulation filtration apparatus, demonstrates
similar trends. With a suitable grain-size composition of the filtration medium, the
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Figure 8.

Purification efficiency (%) evaluated based on: Permanganate index (RO.), humic substances, and suspended
solids over the course of the operational period, as determined by the “Jar test” using the aforementioned optimal
doses of coagulant and pH correction reagent or lime decarbonation.
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Figure 9.
Variation in purification efficiency (%) during coagulation “Jar test,” evaluated based on: Permanganate
oxidizability (PO.), humic substances, and suspended solids, as a function of the coagulant dose (chitosan).
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Figure 10.
Purification efficiency (%) during the “Jar test” for lime decarbonization, evaluated based on total havdness,
humic substances, and suspended solids, as a function of the reagent dose for pH adjustment.
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Figure 11.

Variation in purification efficiency (%) during the contact-coagulation process, based on permanganate
oxidizability (PO.), humic substances, and suspended solids, over the operational period of a mechanical filter
filled with black magnetite sand (the “Siroflock process”).

so-called adhesion-volume contact-coagulation filtration mechanism effectively
removes colloidal and coarse-dispersed impurities from the water. The generated
circumferential magnetic field prevents fluidization of the final sand-magnetite
layers along the flow path, maintaining appropriate interstitial pore spaces. The pore
dimensions, combined with magnetic flocculation processes, determine the quality of
the treated water (filtrate).

It is concluded that this technological approach is more suitable and practical for
small-scale water treatment facilities designed for localized additional purification
of natural water for domestic use. The reason lies in the use of a compact filtration
module that does not require reagent-based treatment. The presumed volumetric-
adhesion contact-coagulation mechanism underlying the implemented “Siroflock”
filtration process under dynamic filtration conditions is based on the attraction and
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adhesion/cohesion retention of colloidal humic substances on the magnetite sand
grains due to their opposite electrostatic charges (natural humic organic matter
carries a negative charge, while magnetite particles carry a positive charge). This
adhesion/cohesion retention occurs throughout the entire volume of the magnetite
filtration filling when an appropriately selected grain size composition of the filling is
used.

6.1 Alternative option 1: Single-body three-chamber cylindrical filtration unit for
local treatment of natural water for drinking purposes

The outer chamber is filled with quartz sand with a grain size of 0.5-1.5 mm and
alayer height of H = 1000 mm. The first central chamber is filled with a mixture of
weakly acidic cation exchange resin Vofatite CA-20 in hydrogen ion form and acti-
vated carbon. The ratio of these two components is 1:1 but can vary depending on the
quality of the natural water treated in the specific region and the target requirements
for the treated water product delivered to consumers. The second chamber, located
in the core center, is filled with activated carbon impregnated with elemental silver
within its porous structure.

The construction allows the treated water flow to undergo mechanical filtration
as it passes through the compressed sand layer and drainage nozzles. Via internal
communication pipes, the flow continues downward through the compressed layers
of the subsequent two chambers. Along its path, the water undergoes mechanical
filtration and interacts via sorption with the activated carbon and weakly acidic
cation exchange resin (enabling sorption and partial softening), and in the final
central chamber, it undergoes additional purification and sterilization due to contact
with activated carbon impregnated with elemental silver. The purified water is then
discharged as a final product for the consumer (Figure 12).

During this treatment process, as the water passes through the described layers in
the three consecutive chambers, the raw natural water undergoes significant improve-
ments: its turbidity and permanganate oxidizability (representing coarse and col-
loidal organic impurities) are reduced,; it is partially softened and decarbonized; and
harmful impurities such as total iron (Fe total Mn?*, halides) and others are reduced
through sorption. Simultaneously, the treated water gains bactericidal properties.

The obtained results are presented by monitoring the changes in the concentra-
tions of the aforementioned impurities, as shown in Figure 13.

It is evident from the data in Figure 13 that the treated water reduces the content
of certain impurities as follows: turbidity (83%), permanganate oxidizability (61%),
total hardness (88%), manganese (92%), total iron (87%), and specific electrical
conductivity (62%). The measured parameters meet the requirements specified in
BDS 2823-83 and Ordinance No. 9/2001.

6.2 Alternative option 2: Single-body cylindrical three-chamber filtration system
for simultaneous mechanical filtration and deep softening of water

The surrounding chamber is filled with quartz sand with a grain size distribution
of 0.5-1.5 mm and a layer height of H = 1000 mm. The first and second central cham-
bers along the water flow contain strong acid cation exchange resin Dowex HCR-S in
sodium ion form, each with a layer height of H = 1000 mm. The treated water flow
first passes through a sand layer for mechanical filtration and clarification. Then it
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Figure 12.

Schematic diagram of a compact cylindrical single-body, three-chamber filter (for drinking water): 1 — outer
casing; 2 — first inner cylinder; 3 — second inner cylinder; 4 — top cover; 5 — bottom cover; 6 — nozzles; 7, 8, 9 —
internal connecting pipes; 10, 11, 12, 13, 14 — nozzles; 15, 16, 17 — valves; 18, 19, 20 — supporting stands [15].
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Figure 13.

Degree of reduction of various parameters of the treated water through a filtration experiment for local treatment
of natural water with a pilot single-body, three-chamber filter.

flows through drainage nozzles and connecting pipes before being sequentially fil-
tered top-down through the compressed Dowex HCR-S layers. During this two-stage
cation exchange process, Ca’* and Mg’* ions are replaced with Na* ions, resulting in
deeply softened water. The treated water is then directed through a connecting pipe to
the consumer (Figure 14).
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Schematic diagram of the design of a compact cylindrical system.

Once breakthrough of the hardness cations above the pre-set permissible concen-
tration occurs, the filtration system is switched to a regeneration mode to restore its
technological functionality.

The different filtration media used in the two distinct chambers (sand and strong
acid cation exchange resin) require a specific procedural approach to restore their
working functionality. The following operational procedures are carried out:

1. Simultaneous loosening of the cationic and sand layers.

2.Reagent-regenerative process to restore the ion-exchange capacity (IEC) of the
cationic media: When the quality of the effluent water at the end of the sec-
ond (rapid) final backwash meets the required consumer standards (residual
hardness), a new operational period begins. From this point, the filter exits the
regeneration-restoration phase and enters the functional period, and the treated
water is ready for consumption [28].

The results obtained from the experiments are presented in Table 5. The results
shown in Table 5 indicate that the three-chamber single-body filtration system,
shown in Figure 14, can carry out two consecutive technological processes: mechani-
cal filtration and ion-exchange softening. The first process clarifies the water to an
acceptable residual turbidity, ensuring that the subsequent two filtration layers of
cation exchange resin are protected from blocking their functional ion-exchange
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Relative Debit Total hardness, Turbidity, mg/dm3 P.O., Chlorides
volume dm*h mg—eq/dm’ mg0,/dm’ mg/dm?
Raw Water Raw Water Raw Water Raw ‘Water

water  product  water  product water product water  product

35 360 3,5 MDL" 4.4 1,0 2,3 0,6 10 10
70 360 34 MDL 4,2 0,9 2,1 0,7 12 12
105 360 3,6 MDL 4,5 0,9 2,0 0,5 10 10
140 360 3,5 MDL 4.4 0,9 2,4 0,5 9 9

175 360 35 MDL 4,3 1,0 2,1 0,4 10 10
210 360 34 MDL 4,1 0,9 2,3 0,5 12 12
245 360 35 MDL 4,3 0,8 2,2 0,4 11 11
280 360 34 MDL 4,5 0,8 2,3 0,4 9 9

315 360 33 MDL 4,2 0,8 2,5 0,3 10 10
350 360 3,5 MDL 4,3 0,8 2,1 0,4 12 12
385 360 3,2 MDL 4,1 0,8 2,4 0,3 11 11
420 360 3,5 MDL 4,5 0,8 2,1 0,4 10 10
455 360 3,6 0,01 4,2 0,8 2,2 0,4 10 10
490 360 33 0,02 4,3 0,8 2,3 0,3 9 9

525 360 3,5 0,03 4,1 0,8 2,1 0,3 10 10
560 360 34 0,10 4.4 0,8 2,5 0,4 11 11
595 360 35 0,25 4,3 0,8 2,0 0,3 10 10

*MDL. — Minimum Detectable Limit (MDL).

Tables.
Results vegarding the quality of the product water during the treatment of raw natural water in alternative
experiment 2; Veat = 14 dm?.

properties. Up to the treatment of about 420 relative volumes of water, the total
hardness of the treated water is below the detectable minimum (MDL) with the
Eriochrome Black-T indicator. Upon reaching the maximum permissible concentra-
tion (MPC) set by the consumer, the filter enters a regeneration period to restore its
ion-exchange functionality. It is recommended to perform a loosening process for
both the cation exchange resin and the quartz sand layer before this. The system’s
design is such that this process can be carried out sequentially by the same loosening
flow.

In conclusion, regarding the reagent-regeneration restoration processes, it should
be noted that such processes are not provided or carried out for the experiments in
Alternative Option 1. In this case, the sorption-cationic mixture is replaced after the
treatment of a certain volume of water. The size of this volume between two changes
depends on the characteristics of the raw water being treated, that is, the degree of
contamination, the frequency of accidental emergency infiltrations in the drinking
water, repairs to the pipeline system, the region of the drinking water source, and so
on. If there is a need for cascading (sequential) implementation of the same techno-
logical water treatment option (i.e., multiple treatment cycles for drinking purposes
or repeated softening), the design developed by us allows for the connection of two or
more filtration modules.
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The aim of this type of fillings as mixed compositions is to remove sorption-toxic,
harmful pollutants and to achieve a reduction in the content of hardness ions in the
water to a certain extent. This results in clearer water with improved organoleptic
qualities, a certain degree of softening, and ensured bacterial purity. The technologi-
cal relationships and behavior in the process of usability have been studied using
pilot small-scale water treatment installations. The obtained results are reflected in
Table 5.

It is well known that the most commonly used sorption-filtration fillers include
granular sorbents based on activated carbon, zeolites, ion-exchange resins, and poly-
meric or biopolymeric sorbents. The granules typically have a grain size characteristic
of 1 + 3 mm and are obtained by granulating a powdered starting product (chitosan,
charcoal, zeolite, etc.) in the presence of a binding additive. In all cases, granular
sorbents with so-called bidisperse porosity are formed [15].

The intercontact volumes between individual micro-particles with non-physical
microporosity actually generate a secondary porosity (macroreticulation) with true
physical porosity, referred to by the author as polyreticular.

The experimental results show that the mixture of sorbent (chitosan, activated
carbon) and weakly acidic cationite in hydrogen ion form has a high purification
capacity. It can treat approximately 1070 relative volumes of model water with iron
and manganese concentrations 3—4 times above the maximum permissible limit
(MPC) under BDS 2823-83. The results of the analyzes regarding the microbial count
(M.C., number of bacteria/cm®) show a minimal number of saprophytic bacteria in
1 ml of water. This is evidently due to the filtration contact of the treated water with
the filler made of activated carbon implanted with elementary silver and/or chitosan.

Within the volume of the respective bodies, vertical pipes are placed to facilitate
communication of the treated water and reagent-regeneration flows by allowing the
passage of the reagent solution. The device can perform various alternative functions
depending on the technological fillings in its chambers and their specific reagent
treatment. Figure 14 illustrates the fillings for the deionization functionality of the
device.

6.3 Design-technological schemes for manufacturing small-scale water treatment
devices

The third application alternative for the small-scale devices developed by us is
the capability to deionize water through processes of ion exchange and final sorp-
tion. The resulting water (deionized water) must meet the requirements outlined in
BDS ISO 3696 “Water for Laboratory Analysis,” 1993; DIN 38404, 1952; and ASTM
Designation: D 1193-99, 1999. The basic principle of the designed single-body three-
chamber filter (as a deionizer) is shown in Figures 15 and 16. The filter consists of
three nested cylindrical bodies (1, 2, and 3), forming three separate vertical filtration
chambers, enclosed with upper and lower caps. The chambers are filled with filtration
materials suitable for the technological purpose, forming compressed layers with a
height of H = 1000 mm.

The design and technological solutions for developing treatment facilities for
local pollutants from household, laboratory water flows, and wastewater from
small-scale productions use two distinct chemical phenomena—ion exchange and
adsorption. These processes are applied sequentially, starting with ion exchange
capacity and then using the biopolymer chitosan as an adsorption material to
facilitate adsorption processes and chemical transformations at the interface with
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Figure 15.

Schematic design of a small-scale single-body three-chamber filter device (deionizer): 1 — outer body; 2 —
first inner cylinder; 3 — second inner cylinder; 4 — upper cap; 5 — lower cap; 6 — nozzles; 7, 8, 9 — internal
communication pipes; 10, 11, 12, 13, 14 — nozzles; 15, 16, 17 — valves; 18, 19, 20 — support stands [15].
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Figure 16.
Schematic design for a multi-chamber, multiprocess water treatment medium-scale or small-scale device

with a conical body (alternative variant 1 — for additional purification of drinking water): 1 — outer body;
2 — intermediate body; 3 — inner body; 4 — upper cap; 5 — lower cap; 6, 10, 11, 12, 13, 14 — nozzles; 7, 8, 9 —
communication pipes; 15, 16, 17 — valves [15].
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the adsorbent. In this way, the treated water undergoes additional purification
from organic and colored impurities. The incorporation of silver into the chito-
san structure enhances the process by providing bactericidal protection for the
treated water intended for household use.

All experimental data were processed using MATLAB statistical analysis
meta-routine.

7. Conclusions

Compact multi-chamber and single-chamber deionization devices have been
developed. At the end of their technological scheme, a sorption filler made of the
biopolymer chitosan or a synthetic polymer sorbent is included. Their technological
behavior has been studied in terms of the specific electrical conductivity of the prod-
uct (via built-in flow-through conductometers) and the permissible concentrations of
coarse-dispersed, colloidal-dispersed, molecular-dispersed, and other non-ionically
dispersed impurities.

The developed constructions can have either cylindrical or conical shapes.
Research indicates that the conical shape is preferable due to its advantages in process
kinetics. Depending on the type of filtration material used, the device can perform
various water purification functions:

* Mechanical filtration (three-stage, if designed solely as a mechanical filter);

* lon-exchange softening, decarbonization (Na-R/R-Cl ionization), sorption with
chitosan;

* Mechanical filtration, partial ion-exchange softening, and sorption with
chitosan;

* Jon-exchange desalination, where the design allows for the inclusion of an
additional filtration unit (in the case of a single-chamber, dual-chamber filter).
Depending on the filler loaded into this additional unit, it can serve as a mixed-
action filter for ion-exchange final water treatment, aiming to produce highly
desalinated water with a specific electrical conductivity of less than 1 ms/cm
according to BDS ISO 3696.

It is also possible for this additional filtration unit to function as a sorption treat-
ment module, if it is filled with chitosan, activated carbon, or another polymer
sorbent.

Attempts have been made to technologically design, construct, and fabricate
prototype models of compact filtration-ion exchange deionization devices (consisting
of multiple modules) for the production of deionized water intended for laboratory
purposes or small-scale operations requiring such consumption. Depending on the
required level of deionization and the quality parameters (e.g., salinity, turbid-
ity) of the raw feedwater, installations with two or more filtration modules can be
constructed. This is directly related to and significantly influences the technical and
economic considerations when investing in the production of compact water treat-
ment installations for deionized water.
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Multihull deionizers facilitate the relatively straightforward implementation
of all functional operation phases (working, loosening, reagent regeneration, slow
rinsing, and rapid final rinsing). The reagent-regeneration filtration (dynamic)
contact between the ion exchange media and the reagent solutions of appropriate
concentration and volume is achieved through gravitational interaction, eliminating
the mandatory need for a technician-operator’s presence. These designs do not require
pumps or other energy-consuming technical components. The necessary pressure
for the treated feedwater flow is provided by the potable water supply system. A flow
sensor for a digital conductivity meter is integrated at the outlet to monitor the qual-
ity of the produced water.

The proposed new design solutions for compact local water treatment, the study
of material properties, and the development of new technological approaches for
producing filtration, sorption, ion-exchange, and other types of media for small-scale
water purification systems will increasingly contribute positively to their practical
implementation in daily life. They will further demonstrate their applicability and
ecological importance on a global scale. This, in turn, will help mitigate the serious
environmental impacts on the quality of water in reservoirs used for drinking water
supply. Combined with the availability of compact, multi-step, multiprocess filtra-
tion-sorption systems installed in homes, hospitals, kindergartens, resort complexes,
and other facilities, these advancements will ensure access to healthy drinking water
with good taste and quality.

To improve technological processes and schemes for local treatment of contami-
nated water using small-scale facilities, future scientific research could expand the
scope of chitin and chitosan applications in two directions.

In the preliminary technological treatments of finely and coarsely dispersed
impurities in water, studies incorporating chitin could contribute to enhancing the
filtration process. One potential research area is exploring the ratio of different chitin
fractions and quartz sand used in mechanical filtration. Knowing the broad spectrum
of chitosan’s properties, its potential applications could also be further expanded.

The protonation of various functional groups in the chitosan molecule at pH val-
ues in both acidic and alkaline ranges could expand its sorption capacity. This research
area could contribute to designing and developing new multi-chamber structural
solutions with an adaptive nature, depending on the composition of contaminants
in the treated water. In this direction, conditions will be created for treating water
with a diverse polyionic composition through chemical transformations. As a result,
economic costs and the time required for the chemical treatment of water flows will
be reduced.

Future research directions are related to investigating the long-term performance
of chitosan under semi-industrial conditions when tested with a wider range of
wastewater compositions. Extending the scope of research will contribute to improv-
ing wastewater treatment technologies and maintaining environmental sustainability.

Acknowledgements

I dedicate this chapter of the monograph to my husband and teacher Assoc. Prof.
Eng. Angel Zvezdov, PhD.

141



Chitosan and Alginate Frontiers — Innovations and Applications in Life Sciences, Food, and Industry

Author details

Dilyana Zvezdova

Department of Pre-clinical and Therapeutic Studies, Faculty of Public Health and
Health Care, Prof. Dr. Assen Zlatarov University, Burgas, Bulgaria

*Address all correspondence to: zvezdova@abv.bg

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.
142


mailto:zvezdova@abv.bg
http://creativecommons.org/licenses/by/4.0

Laboratory and Semi-Industrial Studies on the Application of Chitosan for Efficient Wastewater...

DOI: http://dx.doi.org/10.5772/intechopen.1010090

References

[1] Muna AM, Sreekrishnan TR.
Aquatic toxicity from pulp and

paper mill effluents: A review.
Advances in Environmental Research.
2001;5(2):175-196. DOI: 10.1016/
$1093-0191(00)00055-1

[2] Banat I, Nigam P, Singh D,
Marchant R. Microbial decolourization
of textile-dye-containing effluents:

A review. Bioresource Technology.
1996;58(3):217-227. DOL: 10.1016/
S0960-8524(96)00113-7

(3] Giles CH, Mc Kay RB. The
lightfastness of dyes: A review. Textile
Research Journal. 1973;33:528-577. DOI:
10.1177/004051756303300707

[4] Pokhrel D, Viraraghavan T. Treatment
of pulp and paper mill wastewater—A
review. Science of the Total Environment.

2004;333:37-58

[5] Robinson T, McMullan G,

Marchant R, Nigam P. Remediation of
dyes in textile effluent: A critical review
on current treatment technologies with
a proposed alternative. Bio/Technology.
2001;77:274-255. DOI: 10.1016/
$0960-8524(00)00080-8

(6] Thompson G, Swain J, Kay M,

Forster CF. The treatment of pulp and
paper mill effluent: A review. Bioresource
Technology. 2001;77:275-286.

DOI: 10.1016/S0960-8524(00)00060-2

[7]1 Crini G. Non-conventional low-
cost adsorbents for dye removal:

A review. Bioresource Technology.
2006;97:1061-1085. DOI: 10.1016/j.
biortech.2005.05.001

(8] Synowiecki J, Al-Khateeb NA.
Production, properties, and some
new applications of chitin and its

143

derivatives. Critical Reviews in Food
Science and Nutrition. 2003;43:145-171.
DOI: 10.1080/10408690390826473

[9] Rinaudo M. Chitin and chitosan:
Properties and applications.
Progress in Polymer Science.
2006;31:603-632. DOI: 10.1016/j.
progpolymsci.2006.06.001

[10] Struszczyk MH. Chitin and chitosan.
Part II. Applications of chitosan.
Polimery. 2002;47(6):396-403

[11] Zvezdova D. Application of biopolymer
and synthetic polymer products. In:
Atanasov A, Dimitrov G, editors. Burgas:
Librascorp House; 2020. 420 p

[12] Zvezdova D. Production and
characteristics of biopolymer and
synthetic polymer products. In:
Atanasov A, Dimitrov G, editors. Burgas:
Librascorp House; 2021. 343 p

[13] Cheng Y, Wong R, Soo YOY,

Wong WS, Lee CK, Ng MHL, et al. Use
of convalescent plasma therapy in SARS
patients in Hong Kong. European Journal
of Clinical Microbiology & Infectious
Diseases. 2005;24:44-46. DOI: 10.1007/
s10096-004-1271-9

[14] Varma A, Deshpande SV, Kennedy JF.
Metal complexation by chitosan and

its derivatives: A review. Carbohydrate
Polymers. 2004;55:77-93. DOI: 10.1016/j.
carbpol.2003.08.005

[15] Zvezdova D, Zvezdov A. Organic
biopolymer sorbent materials: Structural
characteristics and their significance in
various engineering technologies. In:
Pavlova S, editor. Burgas: Librascorp
House; 2014. 284 p

[16] No HK, Meyers SP. Application
of chitosan for treatment of


https://www.sciencedirect.com/journal/carbohydrate-polymers
https://www.sciencedirect.com/journal/carbohydrate-polymers

Chitosan and Alginate Frontiers — Innovations and Applications in Life Sciences, Food, and Industry

wastewaters. In: Ware GW,

editor. Reviews of Environmental
Contamination and Toxicology.
Berlin: Springer; 2000. pp. 1-27.
DOI: 10.1007/978-1-4757-6429-1_1

[17] Ravi Kumar MNV. A review

of chitin and chitosan applications.
Reactive and Functional Polymers.
2000;46:1-27. DOI: 10.1016/
S1381-5148(00)00038-9

[18] Berger J, Reist M, Mayer JM, Felt O,
Peppas NA, Gurny R. Structure and
interactions in covalently and ionically
crosslinked chitosan hydrogels for
biomedical applications. European
Journal of Pharmaceutics and
Biopharmaceutics. 2004;57:19-34.

DOI: 10.1016/s0939-6411(03) 00161-9

[19] Crini G, Martel B, Torri G.
Adsorption of C. I. basic blue 9 on
chitosan-based materials. International
Journal of Environment and

Pollution. 2008;33:1-4. DOI: 10.1504/
IJEP.2008.020809

[20] Cestari AR, Vieira EFS, dos

Santos AGP, Mota JA, de Almeida VP.
Adsorption of anionic dyes on chitosan
beads. 1. The influence of the chemical
structures of dyes and temperature

on the adsorption kinetics. Journal

of Colloid and Interface Science.
2004;280:380-386. DOI: 10.1016/j.
jcis.2004.08.007

[21] Krajewska B. Membrane-based
processes performed with use of chitin/
chitosan materials. Separation and
Purification Technology. 2005;41(3):305-
312. DOI: 10.1016/j.seppur.2004.03.019

[22] Chiou MS, Li HY. Adsorption
behavior of reactive dye in aqueous
solution on chemical cross-linked
chitosan beads. Chemosphere.
2003;50:1095-1105. DOI: 10.1016/
S0045-6535(02)00636-7

144

[23] Hebeish A, El-Shafei A, Sharaf S,
Zaghloul S. Development of improved
nanosilver-based antibacterial textiles
via synthesis of versatile chemically
modified cotton fabrics. Carbohydrate
Polymers. 2014;113:455-462.

DOI: 10.1016/j.carbpol.2014.06.015

[24] Gordana H, Knez Z, Leitgeb M.
Different preparation methods and
characterization of magnetic maghemite
coated with chitosan. Journal of
Nanoparticle Research. 2013;15:6.

DOI: 10.1007/s11051-013-1751-x

[25] Dobrevski I, Zvezdov A.
Therminology and classification of ion-
exchange resins and polymeric sorbents.
In: Proceeding of the 23th International
Symposium on Selectctive Polymeric
Sorbents. Prague; 1982. pp. 18-25

[26] No HK, Meyers SP. Application
of chitosan for treatment of
wastewaters. In: Ware GW,

editor. Reviews of Environmental
Contamination and Toxicology.
Berlin: Springer; 2000. pp. 1-27.
DOI: 10.1007/978-1-4757-6429-1_1

[27] Demirbas A. Biodiesel from
vegetable oils via transesterification
in supercritical methanol. Energy
Conversion and Management.
2002;43:2349-2356. DOI: 10.1016/
S0196-8904(01)00170-4

[28] Dobrevski I. Technology of water -
Part I. In: Yovchev M, editor. Sofia:
Technique House; 1991. 308 p

[29] Petkov KT, Zvezdov A, Pavlova S,
Zvezdova D. Siroflock process as a
pretreatment technological method for
a small ion-exchange desalination water
deionizer. Journal of Environmental
Protection and Ecology. 2007;8(1):43-49



L

Edited by Lacvamioara Popa, Md. Abul Kalam Azad,
Mihaela Violeta Ghica, Cristina Elena Dinu-Pirvu,
Ariana Hudita and Mireia Mallandrich Miret

Chitosan and Alginate Frontiers — Innovations and Applications in Life Sciences, Food, and Industry provides
a concise overview of chitosan as a sustainable, multifunctional biopolymer. Moving beyond its role as a
biodegradable material, chitosan is now recognized as a frontier resource in medicine, biotechnology, food
science, and industry. The volume highlights its potential across drug delivery, regenerative materials,
smart biomaterials, and environmental technologies, demonstrating both scientific progress and societal
relevance. With its unique combination of biocompatibility, biodegradability, and antimicrobial activity,
chitosan offers innovative solutions that connect healthcare, sustainability, and industrial development.
This book provides an accessible yet rigorous reference for researchers, clinicians, engineers, and
professionals seeking to understand and apply this natural polymer as a sustainable, transformative
material for modern applications. Alongside chitosan, alginate stands at the forefront of modern
biomaterials, offering an exceptional combination of biocompatibility, structural versatility, and functional
responsiveness. Extracted primarily from brown seaweed, this naturally occurring polysaccharide
has evolved from a simple thickening agent into a transformative platform for advanced scientific and
industrial innovation. Its unique ability to form ionically cross-linked hydrogels enables precise modulation
of mechanical strength, porosity, and degradation behavior, properties that have positioned alginate asa
cornerstone in regenerative medicine, drug delivery, tissue engineering, and cell encapsulation. Beyond
biomedical frontiers, alginate is driving advancements in food preservation, nano-encapsulation, wound
care, and environmentally sustainable packaging. With its remarkable chemical tunability, low toxicity,
and compatibility with emerging technologies such as 3D bioprinting and smart materials design, alginate
continues to redefine what is possible across life sciences and applied industries. This book highlights its
evolving capabilities and highlights the innovations shaping alginate’s future impact. Chitosan and alginate
emerge as versatile, sustainable biopolymers driving innovation across medicine, biotechnology, food
science, and industry. Their biocompatibility, tunability, and functional properties enable breakthroughs in
drug delivery, regenerative materials, smart biomaterials, and sustainable packaging. This volume offers a
concise, authoritative guide to their transformative roles in modern applications.

ISBN 978-0-85466-263-0

Published in London, UK |
© 2026 IntechOpen

© Love Employee / iStock InteChOpen 9 |7|8‘CI|8||54| 66|!‘630




	Chitosan and Alginate Frontiers - Innovations and Applications in Life Sciences, Food, and Industry
	Contents
	Preface
	Chapter 1 - Biomedical Potential of Chitosan Nanoparticles: Advances in Drug Delivery and Disease Management 
	Abstract
	1. Introduction 
	2. Properties of chitosan
	2.1 Sources of chitosan
	2.2 Biomedical properties of chitosan
	2.3 Structural and chemical properties
	2.4 Chemical modification and applications

	3. Therapeutic applications of chitosan nanoparticles
	3.1 Targeted drug delivery
	3.2 Anticancer drug delivery
	3.3 Vaccine delivery
	3.4 Gene therapy delivery
	3.5 Anti-diabetes drug delivery
	3.6 Antimicrobial drug delivery
	3.7 Miscellaneous

	4. Current clinical investigations and challenges
	5. Conclusion
	Conflict of interest
	Author details
	References

	Chapter 2 - Chitosan-Based Materials for Effective Wound Healing 
	Abstract
	1. Introduction
	2. Chitosan-based biomaterial for wound healing and tissue engineering
	2.1 Chitosan-based hydrogels
	2.2 Chitosan-based nanocomposite matrix
	2.3 Chitosan-based membranes
	2.4 Chitosan-based films
	2.5 Chitosan-based sponge
	2.6 Innovative chitosan formulations for diabetic wounds
	2.7 Other chitosan-based hybrid materials used for wound dressing

	3. Conclusions
	Author details
	References

	Chapter 3 - Chitosan-Pectin Composite Biomaterials: Types, Interactions, Formulations, and Biomedical Applications 
	Abstract
	1. Introduction
	2. Types of pectin used and their roles with chitosan
	3. Interaction mechanisms between pectin and chitosan
	4. Formulation strategies for pectin: Chitosan systems
	5. Biomedical and biotechnological applications
	5.1 Drug delivery systems
	5.2 Tissue engineering and regenerative medicine
	5.3 Encapsulation of bioactives and biotechnological uses
	5.4 Antimicrobial and biofilm materials

	6. Other biopolymer systems
	6.1 Advantages of pectin-chitosan systems
	6.2 Challenges and considerations

	7. Conclusion
	Acknowledgements
	Conflict of interest
	Author details
	References

	Chapter 4 - Cubosomes; a Promising Carrier for Encapsulation of Drugs, Alginate-Based Compounds and Theranostic Applications 
	Abstract
	1. Introduction
	1.1 Different morphology of cubic phases

	2. Cubosomes in drug delivery
	2.1 Oral drug delivery
	2.2 Dermatological applications
	2.3 Ocular drug delivery
	2.4 Intravenous drug delivery

	3. Alginate-based drug loaded cubosomes
	4. Theranostic applications of drug loaded cubosomes
	5. Conclusions
	Future recommendation

	Conflict of interest
	Author details
	References

	Chapter 5 - Smart Hydrogel Film of Bionanocellulose/Alginate/ Polyethylene Glycol/ Thermochromic Dye (BNC/ALG/ PEG/TD) with Thermo-Responsive Behavior 
	Abstract 
	1. Introduction 
	2. Materials and methods 
	2.1 Materials 
	2.2 Methods 
	2.2.1 Production of BNC using Pichia kudriavzevii USM-YBP2 
	2.2.2 Characterization of BNC using TEM analysis 
	2.3 Formulation of BNC/ALG/PEG/TD hydrogel film 
	2.3.1 Swelling test 
	2.3.2 Testing of thermo-responsive behavior at different temperatures 
	2.3.3 Biodegradability test 
	2.3.4 Characterization of hydrogel film using SEM analysis 
	2.4 Statistical analysis 
	3. Result and discussion 
	3.1 Production of Pichia kudriavzevii USM-YBP2 
	3.2 Formulation and characterization of thermo-responsive hydrogel film 
	3.3 Thermo-responsive behavior 
	4. Conclusions 
	References 


	Chapter 6 - Laboratory and Semi-Industrial Studies on the Application of Chitosan for Efficient Wastewater Treatment 
	Abstract
	1. Introduction
	2. Chitosan as a sorption material
	3. Experiments under static and dynamic conditions
	4. Technological design and structural solutions for water treatment facilities using biopolymeric, synthetic polymer, and ion exchange materials
	5. Project-technology and experimental research for the creation and technological behavior of small-scale water treatment systems for local drinking water treatment
	5.1 Preparation of sorbent material (activated carbon, granular chitosan)
	5.2 Implantation of silver into the physical porous structure of granular chitosan
	5.3 Preparation of a mixture of sorbent (activated carbon, chitosan, and ion exchanger) suitable for drinking water purification

	6. Studies of the filtration-purification properties of sorbent-ion-exchange compositions through laboratory and pilot experiments
	6.1 Alternative option 1: Single-body three-chamber cylindrical filtration unit for local treatment of natural water for drinking purposes
	6.2 Alternative option 2: Single-body cylindrical three-chamber filtration system for simultaneous mechanical filtration and deep softening of water
	6.3 Design-technological schemes for manufacturing small-scale water treatment devices

	7. Conclusions
	Acknowledgements
	Author details
	References


