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Preface

Chitosan remains an essential biopolymer within materials science and biomedical engineering,

valued for its distinct physicochemical and biological characteristics, including biocompatibility,

biodegradability, antimicrobial properties, and notable chemical versatility. Its range of applications

encompasses drug delivery, wound healing, tissue engineering, and various environmental

technologies.

Engineering, valued for its distinct physicochemical and biological characteristics, including

biocompatibility, biodegradability, antimicrobial properties, and notable chemical versatility. Its

range of applications encompasses drug delivery, wound healing, tissue engineering, and various

environmental technologies.

This volume presents selected papers from the Special Issue “Chitosan Biomaterials: Advances

and Challenges, 2nd Edition”, published in the International Journal of Molecular Sciences. The

articles in this collection reflect recent progress in chitosan modification, nanoparticle systems, hybrid

composites, injectable hydrogels, and advanced biological evaluation techniques.

The studies included here not only advance our understanding of chitosan-based materials but

also address key challenges such as improving mechanical performance, targeting drug release, and

scaling up production for clinical or industrial translation.

We thank all authors and reviewers for their contributions to this Special Issue. This compilation

is intended to provide information for researchers, clinicians, and engineers who are investigating and

developing the applications of chitosan in science and technology.

Lacramioara Popa, Mihaela Violeta Ghica, and Cristina Elena Dinu-Pirvu

Guest Editors
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Editorial

Chitosan Biomaterials: Advances and Challenges—2nd Edition

Lăcrămioara Popa 1,2, Mihaela Violeta Ghica 1,2,* and Cristina-Elena Dinu-Pîrvu 1,2

1 Department of Physical and Colloidal Chemistry, Faculty of Pharmacy, “Carol Davila” University of Medicine
and Pharmacy, 020956 Bucharest, Romania; lacramioara.popa@umfcd.ro (L.P.);
cristina.dinu@umfcd.ro (C.-E.D.-P.)

2 Innovative Therapeutic Structures Research and Development Centre (InnoTher), “Carol Davila” University
of Medicine and Pharmacy, 020956 Bucharest, Romania

* Correspondence: mihaela.ghica@umfcd.ro

Obtained via the partial deacetylation of chitin, the naturally occurring polysaccharide
chitosan is known for its biodegradability, biocompatibility, bioabsorbability, and non-
toxicity [1–3]. Reactive amino and hydroxyl functional groups mean that it can easily be
chemically functionalised and processed to create a wide range of biomaterials, including
films, sponges, hydrogels, and nanofibres. These qualities have facilitated its extensive use
in many fields, including biomedicine, pharmacology, agriculture, environmental protec-
tion, the food sector, and cosmetics [4–8]. Beyond these basic properties, chitosan shows a
wide spectrum of intrinsic biological activity, including antibacterial, antifungal, antioxi-
dant, haemostatic, immunostimulatory, anti-inflammatory, and anti-cancer action [9–13].
Many chitosan derivatives with improved physicochemical characteristics and therapeu-
tic potential have been developed thanks to the synergy between their broad range of
biological activities and chemical flexibility.

This Special Issue outlines recent developments in chitosan-based biomaterials and
emphasises both the expected results and currently unsolved issues in this and related
fields. These studies show innovation in a range of application fields, and show promise in
helping to overcome current limitations.

In biomedical and pharmaceutical research, chitosan has been intensively investigated
as a fundamental component in drug delivery systems, tissue engineering scaffolds, and
strategies for wound healing and vaccine adjuvants [14,15]. Its capacity to produce hydro-
gels, nanofibres, and membranes has led to creative ideas in skin regeneration, controlled
medication release, and chronic wound care.

Being highly adaptable, chitosan has shown promise in several domains, including
cancer and tissue engineering. Its haemostatic, antibacterial, and mucoadhesive character-
istics allow it to be used in wound dressings, as it can be processed into films, sponges, or
nanofibres that tightly attach to the extracellular matrix and provide a moist environment
ideal for tissue healing [16,17].

Our objective in curating this Special Issue, “Chitosan Biomaterials: Advances and
Challenges—2nd Edition”, was to compile innovative research on the design, synthesis,
characterisation, and use of chitosan-based biomaterials. The published contributions
offer a comprehensive view of current advancements, while highlighting challenges and
suggesting future perspectives.

Several original studies have explored innovative biomedical applications of chitosan.
Chitosan-based hydrogel systems for nasal insulin delivery have demonstrated significant
potential in crossing biological barriers to target the central nervous system [18]. Popescu
et al. designed and characterised novel hydrocolloid systems based on carboxymethyl

Int. J. Mol. Sci. 2025, 26, 4836 https://doi.org/10.3390/ijms26104836
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chitosan and hyaluronan, optimised for insulin delivery via the intranasal route, in an
evaluation of carboxymethyl chitosan–hyaluronan hydrocolloid systems with insulin [18].
Their research demonstrated improved biocompatibility and bioavailability, paving the
way for advancements in non-invasive diabetic therapies.

Regarding chitosan electrospun fibres, one contribution to this Special Issue showed
encouraging results, including the development of chitosan–norfloxacin sheets that showed
rapid and effective wound-healing effects by enhancing antioxidant defences and mod-
ulating inflammation. In a rat burn model, Coman et al. evaluated the biochemical
and immunological effects of electrospun chitosan fibres loaded with the antibiotic nor-
floxacin [19]. Their results showed fast wound healing, decreased oxidative stress, and
improved immunological responses, highlighting the therapeutic possibilities of chitosan–
antibacterial systems.

In terms of cosmetic and dermatological applications, thanks to its moisturising, film-
forming, and antimicrobial properties, chitosan is increasingly being utilised in skin care
formulations, anti-ageing products, and hair treatments [20].

For their research article for this Special Issue, Schröder et al. explored the biological
effects of α-chitosan and β-oligochitosan combinations on melanocyte cells. Their findings
suggest the potential for chitosan-based formulas in regenerative medicine and therapies
targeting skin conditions, including melanoma [21].

In the field of agriculture, chitosan functions as a natural inducer of plant immune
responses and growth promoters. Its capacity to enhance plant resistance to pathogens
while promoting biomass accumulation renders it a valuable tool in sustainable agriculture.
In a study, Poznanski et al. demonstrated that treatment with partially deacetylated
chitosan triggered immune responses and promoted biomass production in barley through
salicylic acid-mediated pathways. This finding supports the use of chitosan as a natural
elicitor in sustainable agriculture [22]. Furthermore, López-Velázquez et al. investigated
how well high-density chitosan might prevent coffee leaf rust. Their study demonstrated
higher disease resistance in Coffea arabica by stimulating a greater activation of defence
enzymes and phytoalexin accumulation [23]. Novel chitosan-based beads that incorporate
inorganic–organic composites effectively remove heavy metal ions from contaminated
waters, demonstrating potential in environmental applications. These findings reinforce
the role of chitosan as a promising green material in environmental remediation.

Chitosan’s important affinity for heavy metals and organic pollutants positions it as an
efficient material for water purification in the field of environmental protection. It has also
been shown that chitosan-based composites can help greatly in removing pollutants from
aqueous solutions, suggesting reasonably priced and sustainable solutions for raising water
quality. Aravind et al. designed stable α-chitin-based composite materials for effective
heavy metal ion adsorption from aqueous solutions through the processing of α-chitin
into stable composite materials for heavy metal adsorption [24]. These composites show
excellent adsorption capabilities and physicochemical stability, suggesting environmentally
benign methods for wastewater treatment. Miron et al. developed chitosan-based beads
using inorganic–organic composites for effective copper ion removal from polluted water
using ecological methods. Their findings suggest a feasible path for environmentally
friendly water treatment [25].

In the food sector, chitosan is employed both as a natural preservative and as a
biodegradable packaging material. Chitosan coatings extend the shelf life of fresh pro-
duce by providing antimicrobial protection, while chitosan-based films offer eco-friendly
alternatives to synthetic plastics [26–28].

All of this research is invaluable in clarifying how best to maximise chitosan materials
for use in many different fields. Still, some important issues still need to be resolved if
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we are to achieve the full potential of chitosan: firstly, especially in relation to molecular
weight and degree of deacetylation, it is imperative that we standardise the description of
chitosan derivatives; secondly, further study is required to improve the mechanical and
biological characteristics of chitosan via creative functionalizing techniques; thirdly, the
development and scaling of environmentally friendly industrial techniques are still of great
importance; and fourthly, informed targeted uses depend on a better knowledge of the
molecular processes behind the biological actions of chitosan. Ultimately, increasing the
acceptance and impact of chitosan depends on the facilitation of the clinical and industrial
transfer of chitosan-based innovations.

The ongoing development and application of chitosan in the scientific and industrial
sectors depend on further explorations of these research topics.

Chitosan innovation could help shape the future and highlight a number of important
topics for further research (Table 1).

Table 1. Priority areas for future research.

Priority Area Research Focus

Advanced Functionalization Design of chitosan derivatives for specific applications
Sustainable Production Green extraction and eco-friendly processing
Mechanistic Insights Elucidation of biological interactions
Standardisation and Regulation Development of international quality standards
Smart Biomaterials Integration into multifunctional systems

Chitosan’s unique characteristics and natural source place it at the forefront of tech-
nological innovation, environmental sustainability, and human health. Chitosan-based
materials will become more and more significant as the world pursues better solutions and
more successful treatments.

The developments reported in this Special Issue highlight the current dynamic changes
in chitosan research. They show not only the extent of development in this field but also
the currently untapped potential.

As a naturally occurring, flexible, widely applicable biomaterial, we believe that
chitosan will keep inspiring creativity in biomedicine, environmental science, and sustain-
able technology.

Although the field of chitosan innovation is one that is still emerging, it shows signifi-
cant potential for transformation and innovation across many fields of science.

Author Contributions: Conceptualization, L.P. and M.V.G.; methodology, C.-E.D.-P.; software, L.P.;
validation, L.P., M.V.G. and C.-E.D.-P.; formal analysis, C.-E.D.-P.; investigation, M.V.G.; resources, C.-
E.D.-P.; data curation, M.V.G.; writing—original draft preparation, L.P.; writing—review and editing,
L.P.; visualization, L.P. and M.V.G.; supervision, C.-E.D.-P.; project administration, L.P.; funding
acquisition, C.-E.D.-P. All authors have read and agreed to the published version of the manuscript.
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Abstract: Chitosan is increasingly utilized in combination with melatonin in novel formu-
lations for a wide range of therapeutic applications. As a biocompatible and biodegradable
polymer, chitosan exhibits notable properties, including antioxidant, antimicrobial, moistur-
izing, and absorption capabilities, in addition to a high potential for chemical modification
due to its functional groups. These characteristics make it a valuable material in biomedical,
pharmaceutical, cosmetic, food packaging, and environmental applications. Melatonin,
an indoleamine primarily synthesized in the pineal gland but also found in various pe-
ripheral organs and in diverse organisms—including plants, bacteria, and fungi—has
been extensively investigated for its antioxidant, anti-apoptotic, and anti-inflammatory
activities, as well as its roles in immunomodulation, mitochondrial function, and melanin
biosynthesis. This review summarizes recent advances in the combined use of chitosan
and melatonin, with emphasis on their synergistic effects in wound healing, anti-cancer
therapies, tissue engineering (i.e., skin and bone regeneration), and drug delivery systems.
Additional potential applications are discussed in the context of cosmetology, aesthetic
medicine, and veterinary practice.

Keywords: chitosan; melatonin; biomaterials; wound healing; anti-cancer therapy; drug
delivery systems

1. Introduction

To reduce our environmental impact and dependence on fossil fuels, efforts are in-
creasingly focused on the use of biodegradable materials, particularly those derived from
natural sources. Among these, biopolymers stand out for their significant biodegradabil-
ity and biocompatibility. In recent years, chitosan—a derivative of chitin composed of
β-(1,4)-D-glucosamine and β-(1,4)-N-acetyl-D-glucosamine units—has gained considerable
popularity [1,2]. Over the past two decades, chitosan has become a widely used raw mate-
rial across numerous fields due to its unique properties. Its primary advantages include
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its proven safety and non-toxicity [3], along with its notable antioxidant and antimicrobial
activities. Additionally, chitosan exhibits excellent moisturizing and adsorption capabili-
ties, and its functional groups allow for versatile chemical modifications [4]. However, its
application is somewhat limited by its poor solubility in neutral and basic solutions [5].
Chitosan is primarily characterized by two key parameters: molecular weight and de-
gree of deacetylation. The latter should be at least 60% for chitosan to exhibit desirable
properties. These parameters significantly influence the physicochemical characteristics
of the biopolymer, including its viscosity and solubility—factors that are crucial for its
bioactivity, antibacterial and antioxidant properties, biodegradability, toxicity, and bio-
compatibility [6–8]. Low-molecular-weight chitosan typically exhibits better solubility
and lower viscosity compared to its high-molecular-weight counterpart. Additionally, it
can form denser structures, which may enhance the mechanical properties of materials.
According to the literature, low-molecular-weight chitosan also demonstrates improved
biodegradability and biocompatibility, lower toxicity, and greater bioactivity than chi-
tosan with a higher molecular weight. Its antioxidant and antimicrobial activities are
likewise more pronounced. Therefore, both molecular weight and degree of deacetylation
should be carefully considered when designing chitosan-based materials for specific ap-
plications [9–11]. This biopolymer is widely used across various fields, including medical
sciences, pharmacy, cosmetology, and the food and food packaging industries, as well as
environmental pollution control [2,12]. It has been approved as a safe substance for use in
food and medicine by the United States Food and Drug Administration (US FDA) [4]. Chi-
tosan is particularly valuable as a drug delivery system due to its mucoadhesive properties
and enhanced absorption, which stem from its polycationic nature. These characteristics
make chitosan an effective matrix for drug encapsulation and delivery [13]. As a carrier,
chitosan protects active substances, such as drugs, from oxidation and other environmental
factors. For substances sensitive to external conditions, a protective delivery system is essen-
tial. Moreover, chitosan-based carriers enable the controlled release of active compounds,
a feature that is highly important in many medical treatments. Chitosan is increasingly
used in combination with melatonin (N-acetyl-5-methoxytryptamine), an indoleamine neu-
rohormone synthesized predominantly in the pineal gland. Melatonin plays a key role in
regulating circadian rhythms and a wide range of physiological functions [14]. Its secretion
peaks at night but naturally declines with age, a change associated with neurodegenera-
tive processes [15]. Beyond the pineal gland, melatonin is also synthesized in peripheral
organs as a protective response against endogenous and exogenous stressors [16,17]. It
regulates numerous physiological processes [17] and is found not only in animals but also
in plants, bacteria, fungi, and other unicellular organisms [18,19], as well as in several
natural products, including honey [20]. Melatonin participates in various cellular processes,
exhibiting antioxidant, anti-apoptotic, and anti-inflammatory activities. It also regulates
immune responses, mitochondrial homeostasis, and pigmentation [21]. Thanks to its am-
phiphilic nature, melatonin can act in both lipid and aqueous environments within cells,
effectively reducing oxidative stress. It influences glutathione synthesis and the activity
of glutathione reductase. Moreover, melatonin has demonstrated potential in anti-cancer
strategies [22], and as a promising agent in anti-aging skincare, particularly in mitigating
the harmful effects of UV radiation [17,23,24]. However, melatonin has a short half-life and
low bioavailability, which limits its therapeutic effectiveness. Encapsulation using biopoly-
meric carriers such as chitosan offers a promising solution to these limitations [25]. In most
applications, chitosan functions as a carrier that protects melatonin until it reaches its target
site. Due to its broad biological activity, melatonin is used far beyond sleep regulation,
with applications spanning medicine, the food industry, and more. This review compiles
and summarizes the scientific findings on the combined use of chitosan and melatonin,
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focusing on their applications in wound healing, cancer therapy, tissue engineering, drug
delivery, and food chemistry, with additional insight into potential uses in cosmetology,
veterinary medicine, and agriculture (Figure 1).

Figure 1. Applications of chitosan and melatonin combinations.

2. Synergistic Applications of Chitosan and Melatonin

2.1. Wound Healing

Human skin is constantly exposed to environmental factors and serves as the primary
self-regulating barrier against such stressors [17,26]. Beyond its protective function, the
skin plays multiple roles, including roles in thermoregulation, vitamin D synthesis, sen-
sory perception, and various secretory functions [27–30]. As such, any disruption to the
skin—such as a wound—can pose a significant threat to human health or, in severe cases,
life. Even minor wounds may lead to undesirable outcomes such as scarring. A wound
is defined as a disruption of tissue continuity and can be classified based on its cause,
type, and treatment duration [27,31]. Wound healing is a complex biological process
aimed at restoring the structural and functional integrity of damaged tissue. It occurs
through four overlapping phases: hemostasis, inflammation, proliferation, and dermal
remodeling [28,32]. This process is tightly regulated and involves dynamic communication
between various cell types [33]. Wound dressings play a critical role in supporting and
guiding the healing process [25]. The characteristics of an ideal wound dressing include
gas permeability, a barrier against external contaminants, absorption and removal of ex-
cess exudate, maintenance of optimal moisture levels, and the controlled release of active
substances [31,34] (Figure 2). Dressings made from biopolymers are especially promising
due to their beneficial properties, including non-toxicity, biodegradability, biocompatibil-
ity, and their structural similarity to macromolecules naturally recognized by the human
body [31,35].
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Figure 2. The potential of a chitosan/melatonin combination as a wound-healing agent.

Modern wound dressings based on biopolymers are designed in various forms, but
their primary goal remains the same: to enhance healing efficiency. In this context, nano-
and microtechnological solutions have gained considerable interest, particularly those
involving microspheres, nanoparticles, and nanofibers. For example, Romic et al. [36]
developed melatonin-loaded chitosan-based microspheres as a dry powder formulation
suitable for wound dressings. Upon contact with wound exudate, the powder rapidly forms
a hydrogel. The encapsulation of melatonin within chitosan/Pluronic F127 microspheres
significantly enhanced the antimicrobial activity of chitosan against Staphylococcus aureus,
including five clinical isolates of methicillin-resistant S. aureus (MRSA) strains. These mi-
crospheres were also shown to be biocompatible with epidermal keratinocytes and dermal
fibroblasts at concentrations relevant to antimicrobial activity against planktonic bacteria.
Additionally, the hydrogel formed from these microspheres maintained a favorable water
vapor transmission rate (WVTR), ranging from 2357 to 2421 g/m2/day, depending on the
pH level. This range falls within the optimal WVTR for maintaining wound moisture with-
out dehydration, typically between 2000 and 2500 g/m2/day [36]. Chronic, non-healing
wounds remain a significant global health challenge. Melatonin has demonstrated potential
in promoting diabetic wound healing and supporting corneal regeneration. In a subsequent
study, Romic et al. [37] evaluated two types of melatonin-loaded chitosan microspheres.
The research included full characterization of the microspheres, stability testing, and as-
sessment of their wound-healing potential. Results showed that the chitosan microspheres
effectively protected melatonin from degradation, even after six months of storage. The
wound-healing properties of the formulations were evaluated using an in vitro scratch
assay with human dermal fibroblasts. While both microsphere systems exhibited good sta-
bility, the inclusion of lipids enhanced their wound-healing efficacy [37]. Romic et al. [38]
developed a hybrid wound-dressing system composed of nanostructured lipid carrier
(NLC)-loaded, chitosan-based microspheres containing melatonin in dry powder form.
This advanced formulation is designed to form a hydrogel layer upon contact with wound
exudate, providing a modern approach to wound care. Nanostructured lipid carriers
serve as an effective matrix for active substances, enabling controlled drug release. The
preparation process involved two key steps: first, melatonin-loaded NLCs were produced
using a hot homogenization technique; second, the final dry powder was obtained through
spray drying. The release profile of melatonin from this hybrid system followed a biphasic
pattern characterized by an initial burst release followed by a sustained-release phase. This
dual-phase release is beneficial for wound healing, as it allows for immediate antimicrobial
action while maintaining therapeutic levels of the drug over an extended period. The
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formulation demonstrated biocompatibility with human keratinocytes and fibroblasts,
indicating its safety for topical use. Moreover, the system exhibited antimicrobial activ-
ity against Staphylococcus aureus and MRSA strains [38,39]. Cytotoxicity studies further
confirmed the safety of the nanoparticle-based system, showing no membrane damage or
reduction in cell viability even at concentrations up to 200 μg/mL.

Melatonin is considered a strong candidate for transdermal delivery due to its low
molecular weight, amphiphilic chemical nature, and short plasma half-life. Topical ap-
plication of melatonin is also desirable because of its anti-inflammatory and antioxidant
properties [39]. In a study by Blazevic et al. [40], an alternative strategy was developed
involving the use of nanocarriers to locally deliver melatonin for wound-healing purposes.
Lecithin/chitosan nanoparticles were prepared using four different types of chitosan, all in
the form of hydrochloride salts with varying molecular weights and degrees of deacety-
lation. Two of the types of chitosan had molecular weights ranging from 50 to 150 kDa,
while the other two ranged from 150 to 400 kDa. The degree of deacetylation was either
between 75 and 90% or greater than 90%. An in vitro scratch assay was used to evaluate the
wound epithelialization potential. Nanoparticles derived from chitosan with a molecular
weight of 50–150 kDa and a deacetylation degree above 90% demonstrated the highest
wound-healing efficacy. However, the differences compared to other samples were not
statistically significant. Therefore, it can be concluded that the various types of chitosan
used in nanoparticle formulation have comparable effects on keratinocyte proliferation and
migration. The key factor enhancing wound epithelialization appears to be the combination
of chitosan and melatonin within the nanoparticle suspension, which may exert a synergis-
tic effect [40]. Kaczmarek-Szczepańska et al. [41] developed biomimetic hybrid scaffolds
based on a biopolymer matrix containing not only chitosan but also collagen—a valuable
material for tissue engineering—enriched with melatonin for potential wound-dressing
applications. The prepared scaffolds significantly enhanced cell viability in reference
melanoma cells, dermal fibroblasts, and epidermal keratinocytes. Materials containing
melatonin demonstrated accelerated re-epithelialization, increased water retention, and
reduced wound-healing duration. Furthermore, the presence of this biologically active
compound did not adversely affect the thermal stability of the scaffolds [41]. As previously
mentioned, wound care in diabetic patients is a critical global health concern, often leading
to amputations and even death. Correa et al. [42] developed an in vivo animal model
to evaluate the wound-healing potential of lecithin/chitosan nanoparticles loaded with
melatonin in the context of diabetes. The nanoparticles exhibited a positive surface charge
due to the presence of chitosan—an important characteristic for wound dressings, as it
facilitates interaction with cells in the wound environment. In a rat wound-healing model,
treatment with melatonin-loaded nanoparticles for three days significantly stimulated
fibroblast proliferation and increased the number of blood vessels, indicating that this for-
mulation promotes healing at the early proliferative phase. Similar results were observed
after seven days of treatment. Additionally, an increase in collagen content was noted
in the rats treated with the melatonin-loaded chitosan nanoparticles. This formulation
effectively protected encapsulated melatonin and ensured its controlled delivery to the
wound site. The nanoparticle structure enabled sustained release of the active biomolecule,
contributing to the angiogenesis process [42].

Burn wounds are a distinct type of skin injury that require targeted treatment to
prevent infections and minimize scarring. Traditional burn treatments often rely on silver-
based formulations due to their antimicrobial properties; however, the cytotoxicity of silver
compounds can delay the healing process. Melatonin, known for its antioxidant and anti-
inflammatory properties, presents a promising alternative for this application. In a study
conducted by Soriano et al. [43], a nanogel formulation based on hyaluronic acid, chitosan,
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and poloxamer, with the addition of melatonin, was developed. This formulation was com-
pared with a commercially available silver-based preparation. Cytotoxicity assays revealed
that the melatonin-containing nanogel was non-toxic and exhibited excellent physicochem-
ical and wound-healing properties while also being biocompatible with healthy skin [43].
A different approach was proposed by Mirmajidi et al. [44], who developed a more complex
multilayered wound dressing using the electrospinning technique. The dressing consisted
of three layers: the outer and inner layers were composed of polycaprolactone/chitosan,
and the middle layer was made of poly(vinyl alcohol) containing melatonin. The resulting
nanofiber dressing was found to be nearly hydrophilic, a characteristic not affected by mela-
tonin concentration. This hydrophilicity is advantageous for maintaining a moist wound
environment, which supports the healing process. The multilayer dressing functioned
as both a reservoir and a matrix for drug release. It exhibited an initial burst release of
melatonin during the first 14 h, followed by a sustained release over time—an ideal profile
for wound patches intended to remain in place for several days. In vivo studies confirmed
the dressing’s positive impact on wound healing, showing enhanced collagen synthesis
and improved regeneration of the epithelial layer [44].

In addition to their proven efficacy in wound healing, systems combining chitosan
and melatonin offer another significant advantage: the protection of melatonin during
storage prior to application. Hafner et al. [45] investigated the stability of lecithin/chitosan
nanoparticles loaded with melatonin following a freeze-drying process. The study evalu-
ated the effects of different types of lecithin and various cryoprotectants, including glucose
and trehalose. The results demonstrated that trehalose was the more effective cryopro-
tectant, enabling the storage of melatonin-loaded chitosan-based nanoparticles for up to
seven months at 4 ◦C without significant changes in appearance, physicochemical prop-
erties, or melatonin content [45]. Melatonin release behavior is a critical factor in many
biomedical applications. Pancescu et al. [46] conducted a detailed analysis of melatonin
release through chitosan/sEPDM (sulfonated ethylene/propylene/diene terpolymer) com-
posite membranes under various conditions. Compared to pure sEPDM membranes, the
composite membranes exhibited a faster melatonin release rate. The authors suggested
that this system may be particularly suitable for sports-related applications, where rapid
drug action is essential [46]. Beyond wound dressings, the combination of chitosan and
melatonin is showing increasing promise in biomedical engineering, particularly in the
development of scaffolds for tissue regeneration and repair.

2.2. Scaffolds and Hydrogels

According to the World Health Organization, only 10% of the global demand for
tissues and organs is currently met, representing a significant public health challenge [47].
Advances in regenerative medicine and tissue engineering offer promising solutions to
address this shortage. The primary goals of tissue engineering include restoring, replacing,
maintaining, or enhancing the function of various types of biological tissues [48]. With the
rapid progress in this field, scaffolds have gained considerable attention, particularly those
made from natural polymers. Chitosan is one such biopolymer widely used in scaffold
construction for applications such as bone regeneration [48–50], oral bone repair [51],
cardiovascular treatments [52,53], and skin regeneration [54,55]. Recently, chitosan-based
scaffolds combined with melatonin have emerged as a novel and promising approach in
tissue engineering. Bone regeneration relies on multiple factors, with bone morphogenetic
proteins (BMPs) playing a crucial role. Among them, BMP-2 is the most well-known and
potent osteoinductive agent. However, the use of high doses of BMP-2 in bone treatment
can lead to undesirable side effects, such as osteoclast activation.
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In a study conducted by Jarrar et al. [56], scaffolds composed of chitosan and hydrox-
yapatite were developed with the addition of BMP-2 and melatonin, with the latter being
used as an osteoclast-inhibiting agent at a concentration of 800 μM. This concentration of
melatonin effectively attenuated osteoclast differentiation induced by a high dose of BMP-
2, suggesting that the designed scaffolds hold significant promise for bone regeneration
therapies [56]. In a subsequent study by the same research group [57], the focus was on
evaluating the osteogenic activity of pre-osteoblastic MC3T3-E1 cells in response to the
prepared scaffolds. The tested material consisted of a chitosan/hydroxyapatite scaffold
loaded with polylactic-co-glycolic acid (PLGA) microparticles encapsulating both mela-
tonin and BMP-2. These microparticles were synthesized using a double emulsion solvent
evaporation method, resulting in a dual-release scaffold system. The study demonstrated
that the synergistic effect of the combined release of melatonin and BMP-2 significantly
enhanced the osteogenic activity of pre-osteoblasts in vitro, compared to single-agent sys-
tems containing either melatonin or BMP-2 alone. The dual system notably increased the
expression of early osteogenic markers and promoted osteoblast formation [57,58].

As previously mentioned, melatonin has demonstrated anti-cancer properties, includ-
ing anti-proliferative effects and the ability to inhibit tumor promotion and progression.
One study investigated the formation of melatonin inclusion complexes by incorporating
melatonin into the hydrophobic cavity of cyclodextrins, a strategy aimed at enhancing
melatonin’s solubility. Cell culture experiments were conducted using three types of
chitosan-based scaffolds: a plain chitosan scaffold, a scaffold loaded with melatonin, and
a scaffold loaded with the melatonin/cyclodextrin inclusion complex. The cumulative
release of melatonin from the inclusion complex was higher than from the scaffold con-
taining pure melatonin. In vitro studies showed that approximately 5.1 mM of melatonin
was released from the melatonin-loaded scaffold, whereas 9.3 mM was released from the
inclusion complex scaffold. A melatonin concentration of 9 mM was sufficient to induce
significant cell growth inhibition, while a 5 mM concentration initially caused some cell
death, but surviving cells resumed proliferation over the remainder of the study period [58].
Another research group proposed a scaffold-based device incorporating melatonin for os-
teosarcoma therapy, evaluating its dual activities. First, a rapid release of melatonin at high
concentration was intended to exert anti-cancer effects, then a sustained low-concentration
release was intended to promote bone regeneration. To investigate the first approach, the
effect of a melatonin/2-hydroxypropyl-β-cyclodextrin (HPβCD) inclusion complex on
MG-63 human osteosarcoma cells was assessed. Melatonin was rapidly released within
5 h, leading to inhibited cell proliferation by arresting cells in the G0/G1 phase. The sec-
ond approach involved incorporating melatonin into poly(lactic-co-glycolic acid) (PLGA)
microparticles. Both delivery systems were then loaded into chitosan/hydroxyapatite
scaffolds, enabling controlled melatonin release characterized by an initial burst within
24 h followed by sustained release over 40 days at concentrations ranging approximately
from 40 to 70 μM. In this sustained-release scenario, melatonin significantly increased the
expression of osteogenic differentiation markers compared to controls. This scaffold system
thus exhibits both anti-cancer and osteoinductive properties, making it a promising ther-
apeutic option for osteosarcoma patients, particularly post-surgery, to eliminate residual
cancer cells and promote new bone formation [59]. In a related study, Huang et al. [60]
aimed to prepare melatonin-loaded chitosan microparticles with osteoinductive and os-
teoconductive potential. Two fabrication methods were employed: ionic cross-linking
and an oil-in-water emulsion technique. The in vitro release profiles of melatonin were
comparable between the two types of microparticles, and mineralization matrix formation
assays were conducted. Results demonstrated that this sustained-release system effectively
induced osteogenic differentiation in vitro. Alkaline phosphatase, an early osteoblast differ-
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entiation marker, was activated through continuous melatonin administration, which also
promoted calcium deposition. This controlled-release platform may thus offer beneficial
effects for bone tissue regeneration [60].

In the study by Kaczmarek-Szczepańska et al. [61], 3D skin scaffolds composed of
chitosan and collagen and loaded with melatonin were developed. Glyoxal was used as
a cross-linking agent to achieve optimal porosity, as well as favorable physicochemical and
mechanical properties. Various biopolymer ratios were prepared, both with and without
glyoxal. The results demonstrated that melatonin enhanced cell proliferation regardless
of whether the cross-linker was present. Increased growth rates were observed in human
keratinocytes, fibroblasts, and melanoma cells. Melatonin contributed to maintaining mito-
chondrial homeostasis, protecting cells against reactive oxygen species, and supporting the
skin’s barrier function by stimulating the expression of involucrin and keratins. The porous
structure of the scaffolds was a critical feature, allowing oxygen flow and thereby accel-
erating tissue repair. Overall, the melatonin-loaded chitosan/collagen scaffolds showed
promise as safe and effective materials for skin restoration applications [61].

2.3. Cosmetology/Dermatology (Hair Treatment)

Melatonin has also been explored for its potential applications in cosmetics and derma-
tology, particularly in the treatment of androgenic alopecia. This genetically predisposed,
chronic condition is characterized by a shortened anagen phase and a prolonged telogen
phase within the hair growth cycle. Hair loss associated with androgenic alopecia can
significantly impact quality of life and self-esteem. Currently, the U.S. Food and Drug
Administration (FDA) has approved two treatments: orally administered finasteride and
topically applied minoxidil [62]. However, both agents are associated with adverse effects
and often demonstrate limited efficacy, prompting the need for alternative therapies. Mela-
tonin emerges as a promising candidate in this context. Human skin and hair follicles
contain melatonin receptors, which play a role in regulating cellular proliferation and
differentiation [16,62]. Moreover, melatonin and its metabolites exert bioregulatory effects
through nuclear receptors such as the aryl hydrocarbon receptor (AhR) and peroxisome
proliferator-activated receptor gamma (PPARγ) [63]. The skin also possesses the enzymatic
machinery required to synthesize melatonin from tryptophan via a series of enzymatic
reactions [16]. Melatonin contributes not only to hair growth regulation but also to hair
pigmentation [64]. Additionally, the skin’s endogenous melatoninergic antioxidant system
offers protection against UV-induced damage [16,65]. A study by Fischer et al. [64] investi-
gated the topical application of melatonin in patients with androgenic alopecia (AGA) or
general hair loss. Results demonstrated a significant reduction in the severity of alopecia
after 30 and 90 days of once-daily application. Importantly, topical melatonin did not affect
endogenous serum melatonin levels. The authors concluded that the melatonin solution
presents a viable treatment option for AGA [62]. Melatonin’s efficacy in treating alopecia is
attributed to its antioxidant properties and biochemical activity at the levels of corneocytes
and hair follicles. However, melatonin is susceptible to photodegradation and oxidation,
which can limit its effectiveness. To address this, Elshall et al. [66] encapsulated melatonin
in Pickering emulsions stabilized with chitosan/dextran sulfate nanoparticles. The formu-
lation was compared with minoxidil, the standard drug used for alopecia treatment. These
chitosan/dextran sulfate-based emulsions enhanced the photostability of melatonin and
preserved its antioxidant activity [66].

Overall, formulations combining chitosan and melatonin offer a promising alternative
for the treatment of androgenic alopecia, with potential advantages in stability, biocompati-
bility, and therapeutic efficacy.
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2.4. Anti-Cancer Therapy

Cancer remains one of the most prevalent diseases worldwide, resulting from un-
controlled cellular proliferation [67,68]. A variety of treatment modalities are currently
employed, including chemotherapy, radiation therapy, immunotherapy, targeted therapies,
and surgical resection [67,68]. While conventional treatments such as chemotherapy can be
effective, cancer-related mortality rates remain high. Major limitations of these therapies
include a lack of specificity, poor drug solubility, and significant cytotoxicity to healthy
tissues [68]. Emerging anti-cancer strategies rooted in precision medicine are increasingly
based on nanotechnology [69]. Nanoparticles offer several advantages over traditional
therapies, including localized activity that reduces systemic side effects. In addition, they
are typically non-toxic, biodegradable, biocompatible, and non-immunogenic, and they
can facilitate the delivery of poorly soluble drugs [69]. Researchers are also actively explor-
ing natural substances as potential anti-cancer agents [70]. Among these, melatonin has
gained significant interest due to its multifaceted biological activity [22]. Although further
studies are needed to fully elucidate its mechanisms of action in cancer treatment [71],
melatonin is recognized for its anti-cancer potential through various pathways. These
include modulation of cell signaling pathways, antioxidant effects, protection of genomic
integrity, inhibition of cancer cell migration, and suppression of the inflammatory processes
associated with carcinogenesis [72–74]. The combination of chitosan nanoparticles and
melatonin is gaining increasing attention in cancer research, as illustrated in Figure 3.

Figure 3. Overview of the properties and benefits of the chitosan/melatonin combination in anti-
cancer therapy.

Breast cancer is the second most common type of cancer among women worldwide.
Although various treatment options are available, resistance to therapy remains a significant
clinical challenge. A novel approach was proposed by Jafari et al. [75], who developed
composite nanoparticles incorporating melatonin for potential use in breast cancer therapy.
The polymer matrix consisted of chitosan and hydroxypropyl methylcellulose, cross-linked
with tripolyphosphate. The release profile of melatonin from the matrix varied depending
on the pH of the environment, with significantly higher cumulative release observed
at pH 5.5 compared to pH 7.5. Both free and encapsulated melatonin demonstrated
cytotoxicity toward MDA-MB-231 breast cancer cells; however, encapsulated melatonin
showed enhanced toxicity. These findings suggest that the proposed composite nanoparticle
system may be more effective in acidic tumor microenvironments [75]. Another research
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group, led by Yadav et al. [76], developed chitosan nanoparticles loaded with melatonin as
a potential anti-cancer therapy. The nanoparticles were prepared using the ionic gelation
method with a tripolyphosphate solution. Cytotoxicity studies were conducted using the
U87MG cell line, a human glioblastoma model. After 24 h of incubation, melatonin-loaded
nanoparticles reduced cell viability to 22%, a significantly better outcome compared to the
control. To assess safety for healthy cells, the HEK293T cell line was used, and the results
indicated very low cytotoxicity. Furthermore, co-culture experiments with both HEK293T
and U87MG cells demonstrated moderate overall cytotoxicity. These findings highlight the
potential of this nanoparticle system for glioblastoma treatment [76].

Melatonin is recognized not only for its anti-cancer properties but also for its role
as an organ protectant during cancer pharmacotherapy [22]. Shokrzadeh et al. [77] con-
ducted studies demonstrating melatonin’s protective effect against genotoxicity induced
by etoposide—a potent chemotherapeutic agent known for its side effects, including vom-
iting, alopecia, and DNA damage in healthy tissues. In this study, the protective effects
of both free melatonin and melatonin in nanoparticle form were evaluated using human
HepG2 hepatoma cells. Melatonin was encapsulated in nanoparticles using chitosan and
sodium tripolyphosphate. The results showed that both forms of melatonin conferred
protection against etoposide-induced genotoxicity, but the nanoparticle formulation was
more effective. A concentration of 100 μmol/L significantly reduced DNA fragmenta-
tion in the treated cells [77]. In another study by the same research group, Shokrzadeh
et al. [25] investigated the protective properties of chitosan/tripolyphosphate nanoparti-
cles loaded with melatonin against the genotoxic effects of doxorubicin, another widely
used chemotherapeutic drug. Melatonin was utilized for its known genoprotective and
antioxidant effects. The results revealed that melatonin significantly reduced doxorubicin-
induced genotoxicity, lowered intracellular reactive oxygen species levels, and increased
glutathione content in HepG2 cells. These findings suggest that melatonin-loaded nanopar-
ticles, prepared via the ionotropic gelation method, offer substantial protective effects
against chemotherapy-induced cellular damage [25].

Overall, numerous studies underscore the broad potential of chitosan-based systems
enriched with melatonin in addressing cancer-related challenges, both as therapeutic agents
and as supportive protective strategies.

2.5. Drug Delivery Systems

Chitosan is a chemically stable compound that is biocompatible with a wide range
of tissues and cells [78]. Owing to its beneficial properties—including its antimicrobial,
antioxidant, anti-inflammatory, and mucoadhesive effects, as well as its ability to facilitate
controlled drug release, in situ gelation, and enhanced permeation—it is considered a
highly suitable biopolymer for use in drug delivery systems. These favorable character-
istics are primarily attributed to the presence of primary amino groups, which confer
chitosan’s cationic nature [79]. Chitosan can be utilized via various delivery routes, includ-
ing nasal, oral, transdermal, pulmonary, ocular, vaginal, and ophthalmic routes, depending
on its formulation [78,80]. Among these, nanoparticles are the most commonly used
form in drug delivery applications. Chitosan nanoparticles are advantageous due to their
effectiveness, ease of preparation, and enhanced stability [80]. Methods for producing chi-
tosan nanoparticles include ionic cross-linking, covalent cross-linking, the reverse micellar
method, precipitation, and the emulsion-droplet coalescence method [80,81]. Importantly,
chitosan nanoparticles are generally considered safe and exhibit low toxicity. However,
some studies have reported that the toxicity of unmodified chitosan may increase with
higher charge density and a greater degree of deacetylation [82,83]. Overall, chitosan
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serves as a versatile drug carrier which is particularly suitable for transporting sensitive
pharmaceutical substances, such as melatonin, that require protection from external factors.

In the study conducted by Hafner et al. [84], two types of nanocarriers were developed
for ocular drug delivery of melatonin. The first formulation consisted of lecithin/chitosan
nanoparticles, while the second involved Pluronic 127/chitosan micelles. The nanoparticles
were larger in size and exhibited a higher surface charge compared to the micelles. The
mucoadhesive properties of the lecithin/chitosan nanoparticles were also evaluated, as
these characteristics are critical for prolonging drug residence time on the ocular surface.
Chitosan-based nanoparticles demonstrated enhanced mucoadhesive capabilities, which
correlated with their higher surface charge. Cytotoxicity was assessed using HCE-T cells
treated with chitosan concentrations ranging from 2.5 to 20 μg/mL. Cell viability assays in-
dicated that the chitosan-based nanosystems were safe, showing no significant toxic effects.
Notably, chitosan incorporated into nanocarriers was less cytotoxic than chitosan in solution
form, highlighting the advantage of nanoparticle formulation. In vitro tests using a corneal
epithelial model showed that lecithin/chitosan nanoparticles provided a prolonged release
of melatonin compared to both the micelle system and melatonin solution. These properties
are promising for ocular applications, offering improved bioavailability and potential for
intraocular pressure reduction [84].

Novel hydrogel materials based on chitosan, incorporating melatonin or propolis as
antioxidant agents along with other active substances, were evaluated for use in stomatol-
ogy by Perchyok et al. [85]. The antioxidants, including melatonin, were microencapsulated.
The stability of these antioxidants within the system was assessed after 24 h and again after
6 months of storage using a cupric ion (Cu2+) reducing strength assay. The results showed
over 95% stability, indicating effective protection by the microcarriers. Additionally, the
presence of chitosan enhanced the antioxidant activity, suggesting a synergistic effect be-
tween the biopolymer and the antioxidants. The proposed hydrogel material also improved
dentin adhesive bond strength and positively influenced drug release behavior [85].

Excessive reactive oxygen species (ROS) can impair oocyte maturation, often due to
insufficient antioxidant defenses. In a study by Tawfik et al. [86], melatonin supplementa-
tion was used in maturation media to investigate its antioxidant effects on the cytoplasmic
and nuclear maturation of porcine oocytes. Melatonin also acted as a cytoprotective agent,
preventing nitrosative damage. However, its clinical application is challenged by its short
half-life and low water solubility. Nanocapsules offer a promising solution for effective
melatonin delivery. The study revealed significant differences in gene expression profiles
among the groups treated with melatonin-loaded chitosan nanoparticles, free melatonin,
and the control. Encapsulated melatonin nanoparticles proved to be the most effective in
enhancing oocyte maturation [86].

Chitosan nanoparticles have been used as carriers for melatonin due to its anti-
inflammatory properties. In a study by Soni et al. [87], melatonin-loaded chitosan nanopar-
ticles were evaluated for their potential in treating inflammatory bowel disease (IBD). The
primary goal was to enhance the drug release profile and assess the therapeutic efficacy of
the formulation. The synthesized nanoparticles demonstrated improved anti-inflammatory
activity in both in vitro and in vivo IBD models, confirming their protective and thera-
peutic effects. Consequently, the therapeutic efficacy of melatonin was enhanced [87]. In
a separate study, Mohanbhai et al. [88] also investigated the use of melatonin and chitosan
for IBD treatment. Given melatonin’s poor water solubility, the researchers developed
chitosan nanoparticles coated with a colon-targeting polymer (Eudragit S-100) to enhance
its delivery. The formulation enabled prolonged and targeted release of melatonin in the
colon, resulting in improved therapeutic effectiveness [88]. Additionally, chitosan was em-
ployed as a nanocarrier for the co-delivery of melatonin and tretinoin using a self-assembly
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method. Aghaz et al. [89] evaluated the antioxidant activity of this dual-drug system in
a mouse oocyte and embryo model. The results indicated that the combination effectively
reduced ROS levels and exhibited synergistic antioxidant effects. Taken together, the exist-
ing literature demonstrates that chitosan is an effective carrier for melatonin, enhancing its
stability, bioavailability, and therapeutic potential across various biomedical applications.

2.6. Other Applications

Melatonin has a wide range of applications beyond medicine and dermatology, in-
cluding uses in jet lag treatment, food technology, and agriculture. Jet lag is a condition
characterized by disturbances in the sleep–wake cycle which is often accompanied by fa-
tigue, impaired cognitive performance, daytime sleepiness, and gastrointestinal discomfort.
These symptoms result from rapid transitions across time zones and can persist for several
days, significantly affecting the quality of life of travelers and long-haul flight crews [90].
Melatonin supplementation, taken at times when it would naturally be released by the
body, can facilitate adaptation to new time zones and alleviate jet lag symptoms [91]. In
an effort to address this issue, Razali et al. [92] developed a multi-particulate delivery
system incorporating both melatonin and caffeine. The objective of the study was to de-
sign a dual-release formulation: one that sustains the release of melatonin to promote
sleep and another that delays the release of caffeine to support wakefulness after the
sleep period. Various system configurations were evaluated, including pellets, compact
forms, and a dome-shaped matrix. The most effective melatonin delivery system consisted
of an alginate/chitosan matrix with a cushioning agent—low-viscosity hydroxypropyl
methylcellulose—which enabled complete gastrointestinal release of melatonin within
8 h. For caffeine, the most promising delayed-release system included microcrystalline
cellulose, high-viscosity hydroxypropylcellulose, and high-viscosity ethylcellulose. This
combination successfully delayed caffeine release until approximately 8 h after melatonin
administration, aligning with the desired timing for post-sleep alertness [92]. The ap-
plications of chitosan in food technology stem from its advantageous physicochemical
properties, biological activity, and safety profile. Key areas of its utilization include shelf-life
extension, functional food production, emulsification, and flocculation [1] (Figure 4). The
extension of food shelf life is primarily attributed to chitosan’s antioxidant, antimicrobial,
and film-forming properties. Edible films and coatings made from chitosan represent
a simple and effective packaging method, which can be further enhanced with the addition
of flavorings, colorants, preservatives, and other active ingredients [1,93]. The combination
of chitosan and melatonin in food-related applications offers synergistic effects, particularly
in enhancing antioxidant potential. Melatonin plays a significant role in preserving the
quality of food products by delaying chlorophyll degradation, reducing oxidative damage
in freshly cut fruits, minimizing weight loss, and maintaining firmness in postharvest fruit
products [94]. This combination presents a promising strategy for improving the quality
and extending the shelf life of fresh produce.

Al-Quarashi et al. [95] proposed a postharvest dipping treatment for bananas that used
1% chitosan and 0.5 mM melatonin, applied both individually and in combination. The
treatment delayed ripening by preserving a greener peel and greater firmness compared
to the control group. Additionally, treated bananas exhibited higher total phenolic and
flavonoid content, as well as enhanced antioxidant activity [95]. The same research group
later evaluated the effects of a similar postharvest dipping treatment for mature green
limes over a 20-day storage period. As limes undergo various metabolic changes during
storage—such as color fading—the study investigated the effects of melatonin and chitosan
both separately and together. Results demonstrated that these treatments enhanced the
fruit’s antioxidant system and helped retain quality for up to 16 days of shelf life. The

17



Int. J. Mol. Sci. 2025, 26, 5918

melatonin treatment preserved more vitamin C compared to the control; however, no syner-
gistic benefits were observed when melatonin and chitosan were used in combination [96].
Similarly, Bal et al. [97] studied the effects of chitosan coatings enriched with melatonin on
the storability of sweet cherries. Weekly assessments included assessment of parameters
such as weight loss, firmness, and anthocyanin, phenolic, and antioxidant content. The
results showed that the chitosan/melatonin composite coating reduced respiration rate
and weight loss while preserving higher biochemical content and fruit firmness [97]. Zhao
et al. [94] evaluated a chitosan-based melatonin coating applied to fresh-cut produce, in-
cluding cucumber (Cucumis sativus), broccoli (Brassica oleracea), and melon (Cucumis melo
var. saccharinus). The coating delayed chlorophyll degradation and improved antimicrobial
and antioxidant properties [94].

Figure 4. Summary of the benefits of using a chitosan/melatonin combination in the food industry
and agriculture.

In another study, chitosan and melatonin were used to create a composite coating for
pomegranate aril sacs to delay aging and maintain quality. The sacs were immersed in the
coating solution, air-dried at room temperature, and stored at 5 ◦C for 21 days. The treat-
ment reduced weight loss and respiration rate, and resulted in higher anthocyanin content,
antioxidant activity, and chroma values. Moreover, it helped to minimize surface browning,
indicating its effectiveness in preserving pomegranate aril quality [98]. Ullah et al. [99]
investigated the use of chitosan and melatonin as elicitors in agitated shoot cultures of
Ajuga integrifolia. Elicitors are agents that induce physiological stress to enhance phyto-
chemical biosynthesis. Antioxidant activity was assessed using DPPH, ABTS, and FRAP
assays. Melatonin significantly enhanced antioxidant activity and stimulated the biosyn-
thesis of several phytochemicals, including chlorogenic acid, rosmarinic acid, apigenin,
and quercetin. Chitosan also showed notable effects, particularly on anti-inflammatory
activity [99]. In agriculture, melatonin is recognized for its role in enhancing plant drought
tolerance. To protect melatonin from environmental degradation, Zhou et al. [100] en-
capsulated it in hybrid particles composed of chitosan, sodium tripolyphosphate, and
pectin. These particles, designed to release melatonin gradually, were tested on wheat
seedlings. SEM imaging revealed that the particle surfaces were rougher than pure mela-
tonin, and photodegradation was significantly reduced. While chitosan did not affect
seedling growth, the encapsulated melatonin increased dry weight, root length, and peroxi-
dase activity, demonstrating improved drought resistance [100]. Cadmium accumulation
in crops poses a global agricultural challenge. Chen et al. [101] developed a foliar spray
delivery system using mesoporous silica nanoparticles and chitosan/mesoporous silica
nanoparticles to administer melatonin. Both carriers enabled controlled release, but the
chitosan-modified system performed better in vitro. In rice plants, this nano-delivery
system significantly reduced cadmium accumulation, increased antioxidant enzyme activ-
ity, and enhanced photosynthetic efficiency, outperforming free melatonin and melatonin
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with silica alone [101]. Additionally, Tabassum et al. [102] studied the effects of chitosan
foliar treatment on two accessions of Pisum sativum L. The biopolymer treatment improved
antioxidant activity, plant growth, and inorganic ion accumulation, and also stimulated
endogenous melatonin synthesis in the tested plants [102].

Chitosan and melatonin have also found promising applications in veterinary
medicine. López-Valverde et al. [103] evaluated bone density around dental implants
in canine jaws, comparing standard etched implant surfaces with those coated with chi-
tosan and melatonin. After 12 weeks, no statistically significant differences were found in
bone density between the groups. This lack of difference may be attributed to the mechani-
cal instability of the surface coatings, which might have been lost during implantation due
to low mechanical resistance [103]. A more successful application was demonstrated by Ab-
delrasoul et al. [104], who developed a composite hydrogel composed of alginate, chitosan,
and β-tricalcium phosphate loaded with melatonin. The hydrogel’s regenerative capacity
was tested in six dogs with periodontal defects. After eight weeks, the melatonin-loaded
scaffold enhanced bone formation and supported complete periodontal regeneration. The
newly formed bone showed quality comparable to native compact bone [104]. In a sub-
sequent study, Abdelrasoul et al. [105] further assessed the hydrogel’s systemic toxicity,
physical effects on bone defects, and regenerative performance using a rabbit model. Both
the melatonin-loaded and unloaded scaffolds were found to be biocompatible, with no
signs of systemic toxicity. While both groups showed reductions in defect depth, volume,
and area size, the overall rate of regeneration was similar between scaffolds with and
without melatonin over an 8-week period [105]. Beyond biological and clinical applica-
tions, chitosan has shown potential as a functional material in melatonin detection systems.
Chitosan, in combination with nano-carbon acetylene black, has been used to construct
a sensor capable of the simultaneous detection of melatonin and serotonin in biological
samples [106]. In another study, a screen-printed carbon electrode modified with nano-ceria
and chitosan enhanced electrochemical sensitivity, providing a selective, fast, and sensitive
method for melatonin determination [107]. Similarly, a composite sensor based on a glassy
carbon electrode modified with chitosan and carboxylated multi-walled carbon nanotubes
enabled simultaneous detection of melatonin, serotonin, and dopamine in human saliva
samples [108].

These studies highlight the versatility of chitosan/melatonin-based materials, which
not only serve in wound healing, bone regeneration, and disease treatment in both human
and veterinary medicine but also show promise as components in analytical tools for
hormone detection. The broad spectrum of applications is summarized in Table 1.

Table 1. Chitosan/melatonin-based materials and their applications.

Chitosan/Melatonin Combination

Application Matrix Composition Form/System Year Reference

Wound healing

chitosan/Pluronic® F127 microspheres 2016 [36]

chitosan/Pluronic® F127
microspheres enriched with
nanostructured lipid carriers 2019 [37,38]

lecithin/chitosan nanoparticles 2011 [39]

lecithin/chitosan nanoparticles 2016 [40]

chitosan/collagen scaffold 2021 [41]

lecithin/chitosan nanoparticles 2020 [42]

Poloxamer407/chitosan/
hyaluronic acid nanogel 2020 [43]
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Table 1. Cont.

Chitosan/Melatonin Combination

Application Matrix Composition Form/System Year Reference

Wound healing

chitosan–polycaprolactone/
polyvinyl alcohol–melatonin/

chitosan–polycaprolactone
three-layer nanofiber 2021 [44]

lecithin/chitosan nanoparticles 2011 [45]

chitosan/sulfonated
ethylene-propylene-diene

terpolymer (sEPDM)
membrane 2023 [46]

Scaffolds
and hydrogels

chitosan/hydroxyapatite (HAp) scaffold 2021 [57]

chitosan scaffold 2015 [58]

chitosan/hydroxyapatite (HAp) scaffold 2019 [59]

chitosan microparticles 2020 [60]

collagen/chitosan scaffold 2022 [61]

Cosmetology/
dermatology chitosan/dextran sulphate nanoparticles for Pickering

emulsion stabilization 2023 [66]

Anti-cancer
treatment

chitosan/tripolyphosphate nanoparticles 2020 [25]

chitosan/hydroxypropyl
methylcellulose cross-linked in

the presence of tripolyphosphate
nanoparticles 2021 [75]

chitosan/tripolyphosphate nanoparticles 2017 [76]

chitosan/tripolyphosphate nanoparticles 2018 [77]

Drug delivery
systems

1. lecithin/chitosan;
2. Pluronic® F127/chitosan.

1. nanoparticles;
2. micelles. 2015 [84]

chitosan hydrogel 2013 [85]

chitosan nanoparticles 2023 [86]

chitosan nanoparticles 2021 [87]

chitosan nanoparticles 2022 [88]

chitosan amphiphilic nanocarrier
(ACN) 2021 [89]

Others

Alginate/chitosan pellets 2020 [92]

chitosan/carboxymethyl
chitosan + carboxymethyl

cellulose
film 2020 [94]

chitosan solution/film 2024 [95]

chitosan solution/film 2023 [96]

chitosan solution/film 2023 [97]

chitosan solution/film 2022 [98]

chitosan solution/film 2023 [99]

chitosan/sodium
tripolyphosphate (TPP)/pectin particles 2022 [100]

mesoporous silica nanoparticles
(MSN)/chitosan particles 2022 [101]

20



Int. J. Mol. Sci. 2025, 26, 5918

Table 1. Cont.

Chitosan/Melatonin Combination

Application Matrix Composition Form/System Year Reference

Others

chitosan film-forming solution 2021 [103]

alginate/chitosan/β-tricalcium
phosphate hydrogel 2023 [104]

alginate/chitosan/β-tricalcium
phosphate hydrogel 2020 [105]

3. Conclusions and Perspectives

The health and life sciences sector is constantly evolving, driven by emerging chal-
lenges and the need for innovative therapeutic strategies. A common approach involves
combining well-established bioactive compounds to enhance efficacy and broaden their ap-
plicability. A review of the Scopus database reveals that research on the chitosan/melatonin
combination has been ongoing since the early 2020s. A keyword search for ‘melatonin’
and ‘chitosan’ yields 96 research articles published between 2002 and 2024 (Figure 5).
Although this is not yet a widely explored topic, the growing number of publications
indicates a rising interests in this synergistic pairing, likely due to its diverse range of
potential applications. Melatonin, best known for its role in circadian rhythm regulation via
pineal gland secretion, is also synthesized in peripheral organs where it exerts various local
regulatory functions. Its therapeutic versatility—including antioxidant, anti-inflammatory,
immunomodulatory, and anti-cancer activities—makes it a valuable candidate for treating
neurodegenerative disorders, immune-related conditions, and malignancies. Despite its
biocompatibility and safety, melatonin’s instability and rapid degradation in physiolog-
ical environments necessitate the use of protective delivery systems, particularly at the
nanoscale [109]. Chitosan, a natural polysaccharide derived from chitin, offers multiple
advantages as a carrier for melatonin, including mucoadhesive properties, enzymatic
resistance, and inherent antimicrobial and antioxidant activity. The functional versatil-
ity of chitosan enables the development of innovative delivery platforms that enhance
melatonin’s stability and bioavailability. The scientific evidence reviewed in this article
demonstrates that chitosan can effectively serve as a carrier or enhancer for melatonin,
enabling both systemic and topical therapeutic applications. The integration of melatonin
with chitosan has opened up new possibilities in tissue engineering, wound healing, cancer
treatment, veterinary medicine, food preservation, and cosmetics (Table 1). Although
research on chitosan/melatonin formulations is still in its early stages, preliminary findings
are very promising. This combination represents a compelling frontier in biotechnology,
with significant potential for expansion. The recent increase in related publications suggests
a growing recognition of this pairing’s utility. Future advancements are likely to focus
on surface-functionalized biomaterials and nanotechnology-based delivery platforms. As
the field matures, novel and currently unforeseen applications are expected to emerge,
further solidifying the role of chitosan/melatonin systems in advanced therapeutic and
industrial innovations.
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Figure 5. Publications on the subjects of melatonin and chitosan over the years (search for words
“melatonin” and “chitosan” in the title, abstract, and keywords). The figure is based on data from the
Scopus database [accessed on 12 December 2024].
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approval of the final version of the manuscript, K.K.-K., P.B., M.O., T.I., M.S., R.J.R., A.T.S., K.K.
(Kazuo Kishi), K.S., A.S. and K.K. (Konrad Kleszczyński). All authors have read and agreed to the
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Abstract: Water contamination by heavy metals, including radionuclides, is a major threat
to human health and the environment. New methods for their removal are therefore
needed. Adsorption is currently a common method for wastewater treatment. It depends
on the physical and chemical interactions between heavy metal ions and adsorbents. The
main characteristics of suitable adsorption methods are (i) a high adsorption efficiency
and ability to remove different types of ions, (ii) a high retention time and cycle stability
of adsorbents, and (iii) availability. Chitin is a commercially available biopolymer from
marine waste that has several favourable properties: availability, low cost, high biocom-
patibility, biodegradability, and effective adsorption properties for metal ions. However,
the processing of chitin into stable structures, such as chitin-based composites, is difficult
due to its high chemical stability and extremely low solubility in most solvents. The central
working hypothesis of the present work is that powdered α-chitin can be dissolved in
the ionic liquid 1-butyl-3-methylimidazolium acetate and cross-linked with its monomer,
N-acetyl-D-glucosamine, in a Maillard-like or caramelisation reaction to produce chitin-
based composites. It is further hypothesised that such composites can be used as biosor-
bents for heavy metal ions. Eu(III) is chosen here as a non-radioactive representative and
analogue for other f-elements.

Keywords: α-chitin; N-acetyl-D-glucosamine; ionic liquids; composite; characterisation;
europium adsorption

1. Introduction

Mining activities as well as nuclear energy production lead to the risk of the release
of heavy metals, including radionuclides, into the environment as well as food chains.
Many heavy elements are toxic. Long-living radionuclides (actinides) are of further concern
due to their radioactivity. Given their high toxicity and carcinogenicity, heavy elements
and especially actinides pose severe risks to human health as well as ecosystems. There
are several methods for their removal from aqueous solutions, such as solvent extraction,
ion exchange, coagulation, electrodeposition, and reverse osmosis. Currently, adsorption
attracts increasing attention due to its high efficiency, simplicity, and low cost [1–7]. Ad-
sorption using functional materials has been demonstrated to be an efficient technique for
removing heavy metals/radionuclides from water [8–12]. There is already a market for
low-cost materials with a high adsorption capacity under intense environmental conditions
to remove radionuclides.
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Chitin (C8H13O5N)n is the second most abundant biopolymer after cellulose. In the
chemical sense, it is a polysaccharide consisting of β-1,4-linked N-acetyl-D-glucosamine
(GlcNAc) units [13,14]. It is a primary component of the cell walls in fungi and of the
exoskeletons in various invertebrates such as crustaceans and insects [13], and even in
some marine sponges [15]. Chitin is also produced by several other living organisms in the
lower plant and animal kingdoms, serving many functions like reinforcement/mechanical
strength [16]. Chitin is well-suited for various applications due to its excellent biocompat-
ibility, biodegradability, hydrophilicity, low toxicity, and availability from the aforemen-
tioned renewable resources. Depending on its source, chitin occurs as three allomorphs: the
α, β, and γ forms, which can be differentiated, e.g., by attenuated total reflectance (ATR),
Fourier transform infrared (FTIR), and solid-state nuclear magnetic resonance (NMR) spec-
troscopy, as well as X-ray diffraction [17]. α-chitin is the stable and most abundant form.
It occurs in fungal and yeast cell walls, krill, lobster, crab tendons, shrimp shells, insect
cuticles, and even in the skeletons of some marine sponge species [7]. Hence, α-chitin
is a low-cost and easily available biopolymer. Its use as an eco-friendly material is thus
desirable from the point of view of sustainability.

Chitin is also well-known for its favourable adsorption properties, especially with
respect to various heavy metal ions from solutions, including uranium, cadmium, iron,
nickel, copper, lead, and zinc [18–24]. This is due to suitable functionalities, especially
carbonyl and hydroxyl groups. For example, Lin et al. [20] demonstrated efficient uranyl-
carbonate removal from aqueous solutions by film-like chitin/polyethyleneimine (CH-PEI)
biosorbents. Duan et al. [19] exploited a synergistic effect of chitin in combination with
lignin, thus enabling more efficient adsorption of iron and copper. Boulaiche et al. [22]
evaluated the effective biosorption of heavy metals such as copper, zinc, lead, and cadmium
by chitin. However, the crystalline and stable α-chitin is unable to swell, and most of
these functional groups are thus inaccessible for the metal ions in solution. Using a
special, sponge-like form of α-chitin extracted from a marine sponge with a comparably
high external surface area, very high adsorption capacities for uranyl ions from aqueous
solutions could be obtained [18], which emphasises the need to enhance the external surface
area. However, the primary sources of chitin are crab and shrimp shells. This material is
commercially available as a powder consisting of α-chitin particles. The transformation
of this commercially available material into stable chitin-based composites, sponge-like
structures, or other composites would thus be highly desirable. However, chitin is hardly
soluble by organic solvents or water due to its very stable, strongly hydrogen-bonded
structure [17,25]. Dissolution of chitin is only feasible in very few solvents [17,26–28], which
are, however, toxic, degradable, corrosive, scarce, or mutagenic. Therefore, most current
uses of this natural resource are associated with chitosan, a soluble, partially or completely
deacetylated derivative of chitin.

Recently, ionic liquids (ILs) have been documented to dissolve biopolymers and are
considered as “green” solvents capable of substituting the volatile organic compounds
(VOCs) generally used in different processing and synthesis industries. The pioneering
work on the utilisation of ILs as solvents for polysaccharides was carried out by the group
of Roger [25,29,30]. It was found that ILs could be employed as non-derivatising solvents
for native cellulose. One of the ILs used in this work, 1-butyl-3-methylimidazolium chlo-
ride ([BMIM][Cl]), showed the best solvating capability. Up to 25 wt.% cellulose could be
dissolved under microwave heating. That means, ILs obviously provide efficient access to
this natural biopolymer and subsequently enable an entire product platform based on this
renewable source, a significant step towards sustainability. Wu et al. [31] developed an ap-
proach to dissolve α-chitin in 1-butyl-3-methylimidazolium acetate [BMIM][OAc]. This IL
was used for the dissolution processing of the biopolymer into a microsphere architecture.
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Based on this preliminary work, the central working hypothesis of the present work is
that powdered α-chitin can be dissolved in the ionic liquid 1-butyl-3-methylimidazolium
acetate and can be cross-linked using its monomer, N-acetyl-D-glucosamine, in a Maillard-
like or caramelisation reaction to produce chitin-based composites. It is also hypothesised
that such composites can be used as mechanically stable adsorbents for heavy metal
ions. Europium (Eu) is typically utilised as a non-radioactive analogue for other trivalent
lanthanides and actinides because of its similar physicochemical properties [32]. The
present study investigated the biosorption of trivalent Eu(III) on the processed chitin-
based composites created from the commercially available biopolymer α-chitin. Their
morphology, structure, and surface properties were analysed using FTIR, solid-state NMR
spectroscopy, and SEM analysis methods. The biosorption of Eu(III) was quantified using
inductively coupled plasma optical emission spectroscopy (ICP-OES).

2. Results and Discussion

2.1. Characterisation of Composites

The first step after the preparation and drying of the chitin-based composites
(cf. Figure 1) was the visual inspection of the material (see Figure 2).

Figure 1. Experimental scheme of the synthesis procedure of chitin-based composites.

 

Figure 2. (A) Initial material (commercial α-chitin powder) and (B) prepared chitin-based composite
after washing in EtOH/acetone and oven-drying.
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Figure 2 shows the commercial α-chitin and the synthesised chitin-based composite.
It can already be seen visually that the oven-dried, chitin-based composite has an amber
colour. This is characteristic for the reaction of sugars in non-enzymatic browning reactions
such as caramelisation or the Maillard reaction [33,34]. This principle was used here for the
preparation of the composite, which is a novel contribution of the work presented.

In short, the reaction described by Louis-Camille Maillard in 1912 [35] is an amino-
carbonyl reaction which is particularly important in processed food, such as baking bread
or roasting coffee. Based on the above-mentioned examples, reducing sugars and amino
components such as amino acids or proteins react with each other to produce a variety of
odour- and taste-active products, as well as colouring components such as melanoidins
and other “advanced glycation end products” (AGEs) [34]. The precursors of these end
products include Amadori and Heyns products. Later dicarbonyls, e.g., methylglyoxal,
are formed at different stages of the Maillard reaction. However, they can also be formed
during the classical caramelisation of sugars [34]. The particular focus on such compounds
is due to their potential as possible cross-linking agents. The idea is that the addition of
the monomer GlcNAc can promote cross-linking between the individual polymer chains
of chitin. This should lead to an increased stability but also flexibility of the composites.
It is assumed that the reaction could lead to the formation of dicarbonyls, as well as to a
reaction of the carbonyl group of the monomer with the partially diacetylated residues in
the chitin. The latter would be described as a Maillard self-reaction [36,37]. The hypotheses
for the formation of such cross-links are summarised in Figure 3.

 

Figure 3. Proposed mechanism of interaction and cross-linking between α-chitin and GlcNAc via
Maillard self-reaction and caramelisation processes.
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Scanning electron microscopy was used for the morphological characterisation of the
chitin-based composites. Figure 4 shows the images of commercial α-chitin compared
to the prepared material. The structural difference is evident. While the native chitin
powder has an uneven surface (A), the prepared composite appears to have a smooth and
uniform surface with no visible particles (C). This indicates that chitin has been successfully
dissolved and restructured during the manufacturing process. The lateral image of the
fragments also shows a difference. The α-chitin has an unstructured, fibrous structure
(B), whereas the chitin-based composite appears to have an ordered, layered structure (D).
Similar observations were made by Wu et al. [31] for their composites obtained without the
GlcNAc cross-linking agent.

 

Figure 4. Morphological characterisation of the initial material (α-chitin) and produced chitin-based
composites by SEM: (A) surface and (B) interior structure of dried α-chitin; (C) surface structure and
(D) interior structure of formed and oven-dried, chitin-based composites.

In order to characterise the materials at the molecular level, 13C cross-polarisation (CP)
MAS NMR experiments were performed. Figure 5 shows the 13C CP MAS NMR spectra of
α-chitin, the chitin-based composite, and monomeric GlcNAc. The spectra of the samples
show well-resolved signals from each expected carbon position (see structure inserted
in Figure 5). The signal assignment for α-chitin following the literature [38] is given in
Table S1 (ESI). The spectra measured for the α-chitin reference samples agree very well
with previously published data [38–41]. Kameda et al. [39] demonstrated that the carbonyl
13C NMR signal at room temperature consists of two lines due to different hydrogen bonds
in α-chitin. At elevated temperature, these two signals merge into a single, symmetric
peak, indicating an exchange between the carbonyl carbons involved in different hydrogen-
bonding environments. The spectrum of α-chitin measured here at room temperature also
shows the presence of these two components (Figure 5a). The C=O signal of N-acetyl-D-
glucosamine (Figure 5c) exhibits a small splitting due to the residual dipolar coupling with
the neighbouring quadrupolar 14N nucleus (S = 1). The magnetic dipole–dipole interac-
tion between a spin-1/2 nucleus and a nucleus carrying an electric quadrupole moment
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(i.e., a spin with S > 1/2) can result in a characteristic residual dipolar broadening and
splitting of the MAS NMR signals of the spin-1/2 nucleus [42,43]. The main difference be-
tween α-chitin and the chitin-based composites occurs in the region C=O carbon (see inserts
in Figure 5a,b). The signal from chitin shifts to lower chemical shift values and becomes
narrower. Note that the less intense peak at the higher chemical shift is likely due to the
cross-linking of the monomer unit. This observation confirms the observations described
above in the context of Figure 3: the cross-linking reaction takes place via caramelisation or
the Maillard reaction [33,36,37], whereby the N-acetyl-D-glucosamine moiety seems to be
the interaction site. Further support for this idea comes from the cross-polarisation (CP)
kinetics of 1H-13C CP MAS NMR experiments [44,45]. Depending on the dipolar coupling
strength, the 13C NMR signals build up and decay at different rates. Mobility also affects the
CP efficiency. The intensities of the 13C CP MAS NMR signals were measured at different
contact times ranging from 0.25 ms to 10 ms. The resonance peak intensity follows the
function described in the literature (see, e.g., [46]). The variation in the contact time allows
the determination of both the cross-polarisation build-up time (TCP) and proton spin-lattice
relaxation time in the rotating frame (T1ρ). Figure 6 shows the intensity (peak area) of
the 13C CP MAS NMR signal of C=O as a function of the contact time for α-chitin and the
composite. All the cross-polarisation build-up times TCP and proton spin-lattice relaxation
times T1ρ of α-chitin and the composite are given in Figure S3 (ESI). Significant differences
between α-chitin and the composite occur selectively for the C=O signal, especially for T1ρ.
This observation further indicates that the cross-linking with the monomer mainly occurs
via the GlcNAc moiety of chitin.

 

Figure 5. 13C CP MAS NMR spectra of (a) α-chitin, (b) chitin-based composite, and (c) GlcNAc. CP
contact time: 4 ms. The minor signals indicated by an asterisk in the composite spectrum are due to
residual spurious amounts of the ionic liquid used for the processing. The insert in (a) shows the
decomposition of the C=O signal into the two components discussed in text (green lines).
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Figure 6. CP build-up curves for the C=O signal in α-chitin and the chitin-based composite measured
at variable contact times of 0.25–12 ms. Furthermore, the fitted curves are shown, which allow the
determination of TCP and T1ρ.

The infrared spectra are displayed in Figure 7. The bands are assigned based on the
literature [13,15,47] (see Table S2 (ESI)). IR spectroscopy can distinguish the different chitin
crystal structures (α or β) due to the influence of the different hydrogen bond patterns upon
the spectra [13]. Two amide bands at 1653 and 1619 cm−1 [48] occur due to two different
hydrogen bond states. The component at 1653 cm−1 is assigned to C=O groups hydrogen
bonded only to NH groups, while the component at 1619 cm−1 should be ascribed to the
similar group with another hydrogen bond to the side chain CH2OH [49]. The existence
of these inter-chain hydrogen bonds is responsible for the high chemical stability of the
α-chitin structure [13]. In the chitin-based composites, these two bands are narrower and
have slightly different relative intensities in line with the conclusions drawn above from
the 13C CP MAS NMR spectra.

 

Figure 7. ATR-FTIR spectra of α-chitin (a), chitin-based composite (b), and GlcNAc monomer (c).
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2.2. Characterisation of the Adsorbent After Eu Adsorption

The ICP-OES studies reveal (Figure 8) that the pure α-chitin adsorbed more europium
than the composite for both initial Eu(III) concentrations in solution. With increasing time,
the adsorption capacity increases for both materials.

Figure 8. Characterisation of the europium adsorption on chitin and chitin-based composites
by ICP-OES: (A) adsorbed europium amount after 24 h and 7 d [c(EuCl3·6H2O) = 10−5 M] and
(B) adsorbed europium amount after 24 h and 7 d [c(EuCl3·6H2O) = 10−3 M].

Pure chitin is very efficient in adsorbing the small amount of Eu(III) dissolved in
the solution with a 10−5 M concentration, which corresponds to only 1.52 mg/L. The
composites are less efficient. Their decreased adsorption capacity is probably due to the
partial blocking of adsorption sites by cross-linking with the monomers via the probable
interaction sites, which are the C=O (see above). For the highly concentrated solution
(10−3 M Eu(III) corresponding to 152 mg/L), the trend is similar. The adsorption capacity,
i.e., the amount of Eu(III) adsorbed per gram of adsorbent material, is calculated using
Equation (1). The adsorption capacity of α-chitin after 24 h and seven days and the
10−3 M solution was 33 mg/g (milligram europium per gram material) and 38 mg/g. For
the composite, 11 mg/g and 18 mg/g europium loading are obtained after 24 h and seven
days. The comparison shows that native α-chitin has a higher adsorption capacity for
Eu(III) than the composites at both adsorption times.

To ensure the structural integrity of the adsorbents after europium sorption, we
measured 13C CP MAS NMR and ATR-IR spectra (see ESI, Figures S1 and S2) and compared
them with the spectra of the unloaded samples discussed above (Figures 5 and 7). The
adsorption of europium did not result in significant changes in the spectra apart from
decent line broadening in the NMR spectra, which is likely due to the paramagnetic
europium ions. This indicates that the europium ion is not covalently bound to chitin, as
the formation of bonds should be visible in the NMR spectra in the form of measurable
chemical shifts or signal splitting. The absence of observable changes in the measured spectra
strongly implies that europium caused no chemical modification or destruction of the chitin.
A probable interaction mechanism that may explain all these observations is the coordination
of europium via the C=O groups. This may also involve the formation of hydrogen bonds
between the hydroxyl groups of the different europium complexes and the polymer. Such
weak interactions tend to favour the reversible reaction and the easy desorption of the metal.
That means, the overall configuration of the polymer chain is maintained during the process.

3. Materials and Methods

3.1. Chemicals

The chitin materials used in this study include α-chitin from crab shells purchased
from Carl Roth (Karlsruhe, Germany) of 400,000 g/mol molecular mass, respectively.
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EuCl3·6H2O (99.99%) and N-acetyl-D-glucosamine (≥95%, MW: 221.2 g/mol) were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). The chitin and N-acetyl glucosamine
were used directly without further purification. 1-Butyl-3-methyl-imidazolium acetate
[BMIM][OAc] was purchased from Iolitech (Heilbronn, Germany) at ≥98% purity. Ethanol
(EtOH) and acetone of high-performance liquid chromatography (HPLC) grade were
obtained from Fisher Chemicals (Schwerte, Germany).

3.2. Sample Preparation

The preparation of the chitin-based composites follows a modified procedure inspired
by the previous work of Wu et al. [31]. In contrast to previous studies, the monomer
N-acetyl-D-glucosamine was added to α-chitin for the first time here as a cross-linker. A
10 wt.-% solution of α-chitin and 1 wt.-% of GlcNAc in IL was prepared by dissolving
0.3 g of chitin and 0.03 g of GlcNAc in 3 mL of [BMIM][OAc]. Chitin, GlcNAc, and IL
were mixed and heated in an oil bath at 90 ◦C (±5 ◦C) for 24 h until full dissolution of
the chitin. During heating and stirring, the solution became an amber colour. After 24 h,
the hot solution was poured over a round-shaped Teflon form with an inner diameter of
17 mm and 2.3 mm depth. After shaping and cooling to room temperature, the composite
was cooled overnight at −20 ◦C. Afterwards, the composites were placed in a solution of
ethanol and acetone to remove the IL. After washing, the finished chitin-based composites
were dried at 40 ◦C in a drying oven for 2 days. These treatment steps are schematically
summarised in Figure 1.

3.3. Batch Eu(III) Sorption Experiments

A total of 15.5 mg (±0.3 mg) of the chitin and chitin-based composite was suspended
in 10 mL of solution with either 10−3 mol/L or 10−5 mol/L EuCl3·6H2O in ultrapure water.
Pure α-chitin was loaded with europium for comparison. The suspensions were shaken
in total for 7 days; however, an aliquot was taken after 24 h. Since the central goal of our
present work was to develop a synthesis procedure for stable composites that maintain the
favourable biosorption properties of pure chitin at least partly, it was decided to evaluate
the short-term behaviour after 24 h and the long-term behaviour after 7 days. Afterward
the samples were centrifuged at 5000 rpm for 10 min, the supernatant was separated from
the pellet and used for ICP-OES. The pellet of the sample was dried under air atmosphere,
and the Eu(III) uptake (q) was calculated as follows [20]:

q = (C0 − Ci) ·V/m (1)

where C0 and Ci (mg/L) are the concentrations of Eu(III) before and after adsorption,
respectively; V is the volume of Eu(III) solution; and m is the weight of the adsorbent
(α-chitin or chitin-based composite).

3.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to examine the sample morphologies.
The surface morphology of chitin and chitin-based composites samples was recorded at
room temperature using a scanning electron microscope, Oxford XMaxN 150—150 mm2,
(Oxford Instruments, Abingdon, UK) with an acceleration voltage of 50 kV, accessible
through the Dresden Center for Nanoanalysis (DCN) at TU Dresden.

3.5. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR measurements were performed on a Thermo Scientific Nicolet iS5 spec-
trometer (Waltham, MA, USA) equipped with a broad-band mercury-cadmium-telluride
detector. The spectra were acquired in the attenuated total reflection (ATR) mode using
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single-reflection monolithic durable diamond ATR Specac’s Golden Gate accessory (Orp-
ington, UK). All spectra were acquired from a spot 2 mm in diameter on samples pressed
against the diamond crystal. Spectra (500 scans at 2 cm−1 resolution) were collected in the
4000–400 cm−1 range.

3.6. Nuclear Magnetic Resonance (NMR)

Solid-state 13C nuclear magnetic resonance (NMR) spectra were acquired using a
Bruker Ascend 300 MHz NMR spectrometer at 75.47 MHz for 13C using a commercial
double-resonance 4 mm magic-angle spinning (MAS) NMR probe (Bruker Biospin, Ettlin-
gen, Gemany). Approximately 15 mg of sample was packed into the rotors and spun at
15 kHz. Ramped cross-polarisation (CP) was used for all the samples spun at the magic
angle of 15 kHz. A CP contact time of 4 ms and a recycle delay of 3 s were used. Free induc-
tion decays (FIDs) were accumulated (in total 26,000 scans) with a total acquisition time
of 22 h. The spectral width was 30 kHz. Furthermore, CP build-up curves were acquired
with a contact time variation between 0.25 and 10 ms. Spectra were referenced relative to
tetramethylsilane (TMS) using adamantane with its well-known signals at 29.5 ppm and
18.5 ppm as the secondary standard.

3.7. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

To analyse the sorption properties of the chitin-based composites and the pure chitin,
the supernatant from the batch adsorption tests was measured and compared with the
initial concentration of the Eu(III) solution. Therefore, samples were diluted in HNO3 (5%),
respectively. The resulting liquids were analysed with an Optima 7000DV spectrometer
(Perkin Elmer, Waltham, MA, USA) utilising the following parameters: high frequency
power 1300 W, liquid flow 1.6 L/min, plasma gas flow 15 L/min, auxiliary gas flow
0.2 L/min, and nebuliser gas flow 0.65 L/min. The spectral line was 412.970 nm for the
radial detection of europium.

4. Conclusions

The working hypothesis of the present study was confirmed: we have successfully
established a novel method for processing commercially available powdered α-chitin into
stable composites based on dissolution in the IL 1-butyl-3-methylimidazolium acetate and
cross-linking with the added monomer N-acetyl-D-glucosamine at relatively low tempera-
tures. After cooling these solutions to room temperature, gels remain, and the chitin-based
composites are then obtained by ethanol/acetone coagulation. Cross-linking with GlcNAc
in a Maillard-like or caramelisation reaction gives mechanically stable composites for ap-
plications such as filter materials. FTIR studies the structural integrity of the chitin after
these processing steps. 13C solid-state NMR experiments showed changes in the NMR
parameters of the C=O signal induced by cross-linking with the GlcNAc monomer. This
implies that the N-acetyl moiety of chitin is influenced by the cross-linking. The suitability
of these composites for heavy metal biosorption was demonstrated using europium as an
analogue for f-elements, confirming a second working hypothesis of our present work.
Europium adsorption did not lead to any changes in the spectra indicative of chemical
modifications of the chitin or the composites. The ICP-OES data showed that the original
α-chitin biosorbed more Eu(III) than the chitin-based composites at different concentrations.
It appears that the cross-linking monomer partially blocks the adsorption sites, which are
probably the C=O groups.

In summary, commercially available chitin is successfully processed into mechanically
and chemically stable composites with promising properties. Future work should focus on
further improving the biosorption properties, e.g., by using other cross-linking agents that
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do not block the C=O groups or—ideally—even providing other functional groups that
provide additional interaction sites for metal ions to improve the adsorption properties.
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Abstract: The nasal route of administration can bypass the blood–brain barrier in order to obtain
a higher concentration in the brain, thus offering a feasible alternative route of administration for
diseases associated with the central nervous system. The advantages of the intranasal administration
and the potential favorable therapeutic effects of intranasally administered insulin led to the formula-
tion of carboxymethyl chitosan (CMC) and sodium hyaluronate (NaHA) hydrocolloidal systems with
insulin for nasal administration, targeting nose-to-brain delivery and the initial assessment of these
systems. The influence of the formulation variables on the response parameters defined as surface
properties, rheology, and in vitro release of insulin were analyzed using experimental design and
statistical programs (Modde and Minitab software). The systems recorded good wetting and adhesion
capacity, allowing the spread of the hydrocolloidal systems on the nasal mucosa. The samples had a
pseudoplastic flow and the rapid release of the insulin was according to our objective. According
to the physico-chemical characterization and preliminary assessment, these formulations are appro-
priate for administration on the nasal mucosa, but further studies are necessary to demonstrate the
beneficial therapeutic actions and the safety of using intranasal insulin.

Keywords: carboxymethyl chitosan; intranasal insulin; nose-to-brain delivery

1. Introduction

Among researchers, more interest is shown toward the intranasal route of administra-
tion from the point of view of the management of neurodegenerative diseases and brain
disorders (brain tumors, cerebral ischemic injuries, stroke and others), and for the admin-
istration of substances that act at the brain level, because it avoids the blood–encephalic
barrier (BBB), enzymatic degradation, hepatic metabolism, and gastrointestinal pH is-
sues [1–4]. Nasal administration is not invasive and does not require the presence of
qualified personnel, thus improving the patient’s compliance with the treatment [1,5,6].
The nose-to-brain delivery of the active pharmaceutical ingredient is mostly achieved
through the olfactory and trigeminal nerves, and also by systemic circulation, because the
nasal mucosa is well vascularized [5,7–9].

For more over 100 years, insulin has been widely used for its hypoglycemic effect to
treat diabetes [10,11], and lately the intranasal route has been studied for the administration
of insulin [12]. People with Type 2 Diabetes Mellitus (T2DM) are more vulnerable to devel-
oping cognitive impairment [13,14], Alzheimer disease [15,16], or Parkinson disease [17,18].

To date, based on the information available on the clinicaltrials.gov website, there are
studies that investigate the effectiveness of intranasal insulin administration for metabolic-,
neurodegenerative- and central nervous system-associated diseases [19].
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Currently, insulin is also being researched for its neuroprotective effect after intranasal
administration, in addition to its use in the treatment of diabetes. Studies conducted have re-
vealed the potential beneficial therapeutic action of insulin administered intranasal, by slow-
ing the progression of neurodegenerative diseases, improving the cognitive impairments
associated with T2DM, or stimulating the socio-communicative capacity of patients [20–22]
(Alzheimer disease [23–25], Parkinson disease [26–28], eating disorders [29,30], but addi-
tional studies are still required.

It was shown that insulin can improve cognitive function by reducing amyloid plaques,
influences tau phosphorylation, stabilizes microtubules, and enhances tubulin polymeriza-
tion [1,31].

Even if the risk of hypoglycemia is lower after the administration of insulin intransally,
compared with subcutaneous administration [32], there were some reported side effects
during the clinical trials, such as flu-like symptoms, falls, hypoglycemia, dizziness, di-
arrhea [33], a slow decrease in blood glucose, nasal burning sensation [34], local nasal
rhinitis [35], transient nasal stinging, nasal irritation, and unpleasant odor [36].

It was also observed that insulin may have a favorable impact on the management of
addictions [37] and smoking behavior [38]. Based on a randomized study, 60 IU insulin
was administered nasally daily to people who wanted to quit smoking, which showed a
decrease in the need for nicotine, although the results are not yet conclusive. Also, adverse
events like nasal irritation, sweating, confusion, watering eyes, anxiety, and others were
reported [39,40].

The administration of a high cumulative nasal dose does not lead to an increase in the
systemic concentration of insulin. Most of the studies carried out so far used a daily dose of
0.5–1.5 IU/body kg (or 10–160 IU/day) [41]. Studies conducted on small groups of people
did not lead to serious adverse events, but at a dose higher than 160 IU/day, side effects
may occur [15]. Further investigation needs to be performed to establish the therapeutic
effect of insulin after intranasal administrations and its safety profile.

Carboxymethyl chitosan (CMC) is a derivative of chitosan obtained by introducing
the carboxymethyl group into its structure, which can increase the water solubility of
chitosan [42]. It is a biodegradable, biocompatible, non-toxic polymer [43,44]. Chitosan
is very well studied because it has favorable mucoadhesion on the mucosa [45,46], but
the mucoadhesive property of CMC is superior to chitosan [47] and acts as a permeation-
enhancer adjuvant [48]. CMC has intrinsic actions, such as antibacterial [49], antioxidant,
antifungal, anticancer, and antitumor [43].

Sodium hyaluronate (NaHA) (also known as hyaluronan) is the sodium salt of
hyaluronic acid, a natural anionic polysaccharide and soluble in water. This substance
possesses mucoadhesive properties, increases the viscosity of formulations, prolongs the
contact time, and potentiates the absorption of proteins through the nasal mucosa [50,51].
It has the capacity to hydrate and protects against irritation [52] and also lubricates tis-
sues [51].

It is necessary to consider the tight junction of the epithelium, the mucociliary clear-
ance, and the optimal nasal pH for the formulation of the intranasal delivery systems. The
factors that influence the release of the ingredient at the level of the olfactory area in the
nasal cavity are surface tension, mucoadhesion, and viscosity [1].

Inspired by the potential therapeutic benefits of insulin administered intranasal, the
aim of this study was the development and physico-chemical characterization of nasal
systems based on CMC and NaHA with insulin, which would combine the mucoadhesive
properties of the polymers and stimulate insulin absorption. We assessed the influence of
formulation factors on surface properties, rheology, and in vitro release of insulin comple-
mentary using Design of Experiments strategies.
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2. Results

2.1. Physico-Chemical Characterization of Hydrocolloidal Systems
2.1.1. Visual Aspect and pH

The hydrocolloidal systems were clear, transparent, and homogeneous, without any
suspended particles or other instabilities. The pH of the formulations was between 6.57
and 6.72, as shown in Table 1, which is in the range of the nasal tolerability.

Table 1. Table of formulations and results for pH, contact angle, and surface tension.

System
X1

CMC (% w/v)
X2

CMC/NaHA Ratio
X3

Insulin (IU/mL)
pH

Contact Angle
(◦)

Surface Tension
(mN/m)

S1 1 1/1 20 6.65 66.35 ± 0.64 57.19 ± 0.24

S2 2 1/1 20 6.57 65.48 ± 2.06 60.51 ± 0.05

S3 1 1/2 20 6.68 68.79 ± 1.56 58.85 ± 0.77

S4 2 1/2 20 6.64 64.68 ± 0.73 62.07 ± 0.71

S5 1 1/1 30 6.68 61.73 ± 0.75 60.91 ± 0.49

S6 2 1/1 30 6.62 64.10 ± 0.65 59.01 ± 0.32

S7 1 1/2 30 6.72 50.47 ± 0.26 59.65 ± 0.72

S8 2 1/2 30 6.65 58.43 ± 0.52 62.46 ± 0.30

where CMC is carboxymethyl chitosan and NaHA is sodium hyaluronate.

The pH values were similar, and we can conclude that the formulation parameters do
not have an impact on the pH.

2.1.2. Contact Angle

The wetting capacity of the hydrocolloidal systems was characterized based on the
contact angle (CA) determination. The average CA values were obtained from the left and
right angle of the drop, at the contact with the solid surface. All the systems had the CA
under 90◦. The lowest contact angle was obtained for S7, 50.47 ± 0.26◦, and the highest
value was for S3, 68.79 ± 1.56◦.

For the systems with a higher amount of insulin and the same CMC concentration and
CMC/NaHA ratio, the CA is lower, especially for samples S3 and S7, where there is the
most significant difference (18.32◦), followed by the S4–S8 difference (6.25◦).

2.1.3. Surface Tension

The values obtained for the ST parameter varied between 57.19 ± 0.24 mN/m for
S1 and 62.46 ± 0.29 mN/m for S8. The concentration of the CMC had a slight influence
on the ST parameter; the values were slightly lower for the systems with CMC 1% w/v,
except for samples S5 and S6, where the S5 had the highest value, but the difference was
non-significant (1.9 mN/m).

To have good system tolerability by the nasal mucosa, the surface tension of the
products should be appropriate to the nasal mucosa superficial tension. Systems S1, S3, S6,
and S7 demonstrated this requirement, but samples S2 and S5 were also close.

2.1.4. Work of Adhesion, Work of Cohesion, and Spreading Coefficient Based on
Superficial Properties

The three parameters should be analyzed together because they are interconnected
and offer information regarding the display and the adherence of the system on the nasal
mucosa, indicated by a p value of 0.014. A high value of work of adhesion (Wa) combined
with a lower work of cohesion (Wc) provide an optimal spreading coefficient (S).

For all the systems, the work of adhesion calculated based on the CA and ST was
over 80 mN/m. The maximum value was for S7 (97.62 ± 1.1 mN/m), followed by S8
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(95.17 ± 0.45 mN/m). The lowest value was determined for S3 (80.14 ± 2.75 mN/m),
followed by S1 (82.84 ± 0.27 mN/m).

The weakest cohesion forces were recorded for S1 (114.38 ± 0.48 mN/m) and the
strongest bonding was for S4 (124.14 ± 1.43 mN/m) and S8 (124.93 ± 0.23 mN/m).

Based on the results from Table 2, it can be stated that the formulations that have a
better displaying capacity are the ones that have a spreading coefficient closer to zero: S7
(−21.68 ± 0.23 mN/m), S8 (−29.76 ± 0.21 mN/m), and S1 (−31.54 ± 0.7 mN/m).

Table 2. Work of adhesion, work of cohesion and spreading coefficient results.

System Wa Wc S

S1 82.84 ± 0.27 114.38 ± 0.48 −31.54 ± 0.7

S2 85.62 ± 1.95 121.02 ± 0.1 −35.40 ± 2.02

S3 80.14 ± 2.75 117.7 ± 2.72 −37.56 ± 1.45

S4 88.62 ± 1.16 124.14 ± 1.43 −35.52 ± 0.88

S5 89.76 ± 0.26 121.83 ± 0.98 −32.06 ± 0.96

S6 84.79 ± 0.8 118.03 ± 1.31 −33.24 ± 0.57

S7 97.62 ± 1.1 119.3 ± 1.44 −21.68 ± 0.23

S8 95.17 ± 0.45 124.93 ± 0.23 −29.76 ± 0.21
where Wa is the work of adhesion (mN/m); Wc is the work of cohesion (mN/m), and S is the spreading
coefficient (mN/m).

For the superficial parameters determined for the eight hydrocolloidal systems, we
can emphasize that all systems have a good adhesion capacity and a satisfactory spreading
capacity.

2.2. Rheology Analysis

The power law model is suitable to evaluate the polymeric material and was applied to
analyze the rheological flow of the systems. This model describes the relationship between
the shear stress, shear rate, and viscosity [53]. According to Table 3, the determination
coefficient values were between 0.9926 and 0.9980. The power law model adequately and
correctly fit the rheological analysis, since all the values were higher than 0.9900. The
flow index values were less than 1, which means that all the systems had non-Newtonian
pseudoplastic behavior.

Table 3. Power law model parameters for all eight systems.

Sample S1 S2 S3 S4 S5 S6 S7 S8

K 0.261 0.841 1.054 1.187 0.393 0.475 0.897 1.095

n 0.611 0.539 0.526 0.549 0.670 0.620 0.576 0.546

R2 0.9980 0.9926 0.9960 0.9952 0.9969 0.9953 0.9958 0.9954

where K is the consistency index (Pa·sn); n is the flow index, and R2 is the determination coefficient.

The higher consistency index values were recorded for the hydrocolloid systems that
had the higher CMC concentration for the same amount of insulin, and the same tendency
was noticed at the same concentration of CMC and insulin with the CMC/NaHA ratio
(S1 < S3 and S2 < S4 for the lower amount of insulin, respectively, S5 < S7 and S6 < S8).

The ascending flow curves of shear stress versus shear rate for all the systems are
plotted in Figure 1, where the shear rate varies between 0.36 s−1 and 73.38 s−1.
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Figure 1. The flow curves representing the shear stress as function of shear rate.

All the formulations presented shear-thinning characteristics; the viscosity decreased
when the shear rate increased. The rheogram viscosity as function of shear rate is presented
in Figure 2 for each hydrocolloidal system.

 
Figure 2. The influence of shear rate on the viscosity.

2.3. In Vitro Drug Release

The rapid release of the active pharmaceutical ingredient from the systems should be
in accordance with the nasal characteristics. Different release kinetics models were applied
(Higuchi, zero-order, and power law kinetic models), and the determination coefficients
along with the kinetics parameters and the cumulative percentage of insulin release after
3 h are shown in Table 4. From the comparison of R2, the mathematical model that fit the
experimental data best for the S1, S4, S7, and S8 formulations was the zero-order model,
with a determination coefficient greater than 0.9934, and the values of the release rate of
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the insulin were between 0.342 min−1 and 0.538 min−1. The power law model fit the other
systems better, where R2 was higher than 0.9958.

Table 4. Comparison of determination coefficients (R) for the Higuchi, zero-order, and power
law kinetic models; kinetic parameters specific to the zero-order and power law models; and the
cumulative drug-release percentage.

System

Determination Coefficient (R2) Kinetic Parameters

Drug
Released (%)Higuchi

Model
Zero-Order

Model

Power Law
Model

Zero-Order
Model

Power Law Model

Kinetic
Constant
(1/min)

Kinetic
Constant
(1/minn)

Release
Exponent (n)

1 0.9248 0.9959 0.9934 0.538 0.891 0.896 95.91

2 0.9710 0.9819 0.9962 0.445 1.885 0.703 74.35

3 0.9790 0.9771 0.9972 0.427 2.146 0.668 69.86

4 0.9128 0.9934 0.9852 0.342 0.522 0.913 62.53

5 0.9515 0.9913 0.9958 0.534 1.419 0.799 91.53

6 0.9585 0.9899 0.9980 0.517 1.554 0.774 88.06

7 0.9026 0.9962 0.9905 0.444 0.482 0.983 82.18

8 0.8857 0.9978 0.9968 0.412 0.282 1.076 76.65

All the samples had over 60% diffusion through the membrane. System S1 released
the highest amount of insulin, 95.91%, which was followed by S5 at 91.53%.

Based on these results, we can conclude that for the same amount of insulin, the
highest cumulative drug release was for the systems with CMC 1% w/v. We can also
compare for the same amount of insulin and the same concentration of CMC; for this
situation, the samples with the CMC/NaHA ratio 1/1 had a better release versus the
1/2 ratio.

In the first interval (Figure 3), all the samples had a good release, which is the most
important, because the release should be quick in order to avoid a wash-out of the systems
by mucociliary clearance.

 

Figure 3. Cumulative release profiles of insulin from the hydrocolloidal systems.
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2.4. Experimental Design Screening

The partial least squares (PLS) linear model was applied to evaluate the influence of the
quantitative individual parameters (X1, X2, and X3) on the response parameters: work of
adhesion (Y1), consistency index (Y2), and drug release (Y3). The statistical parameters that
were used to evaluate the experiment were generated with Modde software, version 13; R2
was assessed as a statistical parameter to evaluate the goodness of fit for the experimental
model and Q2 to estimate the goodness of prediction.

Taking into consideration that R2 was higher than 0.8 and Q2 > 0.5 for the response’s
consistency index and drug release, and the response work of adhesion was R2 > 0.6 and
Q2 > 0.2, the values fulfilled the expectations (Figure 4); thus, the model fits well and has
predictive power.

Figure 4. Graphical representation of statistical parameters R2 and Q2.

Modde software was used to design the experimental plan and provide the 3D re-
sponse surface and contour plots, which were used to observe the tendency of the response
variables based on the changes in the formulation parameter.

In Figure 5a–f, the tridimensional response surface plot is represented for each re-
sponse parameter, varying X1—CMC concentration and X2—CMC/NaHA ratio, and
maintaining the amount of insulin (X3) constant for the lower (−1) and upper (1) limits.
At the lower amount of insulin, the work of adhesion varies proportionally with the con-
centration of CMC (Figure 5a), unlike the systems where the loading of insulin is at the
upper level (Figure 5b). The consistency index is influenced proportionally by X1 and X2 in
both situations (X3 = −1 and X3 = 1) (Figure 5c,d). On the other hand, the percentage of the
drug release is influenced inversely proportionally by the concentration of CMC, and the
ratio of the polymers impact negatively the release when the ratio is 1/2 for both amounts
of insulin (Figure 5e,f).

The contour plot gives an overview of the experimental design, and based on Figure 6a–f,
depicts the tendency of changing for each response parameter according to independent
variables X1 and X2.

For all the responses analyzed, an ANOVA test was performed as a function of F
and p values. The models were considered statistically significant when the p values were
below 0.5.
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(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 5. Three-dimensional surface plots representing the three responses when X3 is constant,
(a) work of adhesion when X3 = −1, (b) work of adhesion when X3 = 1, (c) consistency index when
X3 = −1, (d) consistency index when X3 = 1, (e) drug release when X3 = −1, (f) drug release when
X3 = 1.

Minitab statistical software was used to analyze the data and to complete the screening
provided by the Modde program, by generating the regression equations and the Pareto
charts for each response factor.

The work of adhesion (Y1) was negatively influenced by X2—the ratio between CMC
and NaHA based on the regression equation (Equation (1)), where the p value is higher
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than 0.05 and the F value equals 2.25, although according to the statistical parameters, the
model is not significant.

Y1 = 74.8 + 0.96X1 − 9.27X2 + 0.753X3 (1)

  
(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 6. Contour plot for each response parameter, when X3 is constant, (a) work of adhesion when
X3 = −1, (b) work of adhesion when X3 = 1, (c) consistency index when X3 = −1, (d) consistency
index when X3 = 1, (e) drug release when X3 = −1, (f) drug release when X3 = 1.

Using a Pareto chart, the standardized effect for the response work of adhesion,
explained previously by the linear regression equation, is presented in Figure 7. According
to the graph, the main effect on the work of adhesion was given by the amount of insulin
loaded in the systems.
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Figure 7. Pareto chart showing the standardized effect of the work of adhesion, where C (X3) is the
amount of insulin, B (X2) is the CMC/NaHA ratio, and A (X1) is the CMC concentration.

Regarding the second response, the consistency index (Y2) regression model repre-
sented by Equation (2) was significant with a p value of 0.016 and F value of 12.76. As it
was for Y1, the CMC/NaHA ratio had a negative impact on the consistency index response.

Y2 = 1.576 + 0.226X1 − 1.177X2 − 0.0098X3 (2)

Figure 8 represents the standardized effect for the consistency index using the Pareto
chart, which shows the impact of the formulation variables on the response parame-
ter. It confirms that the ratio between the two polymers had the main impact on the
consistency index.

 

Figure 8. Pareto chart showing the standardized effect of the consistency index, where B (X2) is the
CMC/NaHA ratio, A (X1) is the CMC concentration, and C (X3) is the amount of insulin.
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Following the mathematical modeling (Equation (3)), the drug-release response (Y3)
was significantly influenced by X2—the CMC/NaHA ratio, and negatively influenced by
X1—the concentration of CMC. The model analyzed was considered significant, with the p
value = 0.041 and F value = 7.45.

Y3 = 50.0 − 9.47X1 + 29.31X2 + 0.894X3 (3)

The impact of the independent variable X2 (CMC/NaHA ratio) on the last response
analyzed, Y3—drug release, is confirmed by the Pareto chart (Figure 9), where the stan-
dardized effect of the parameters is plotted.

 

Figure 9. Pareto chart showing the standardized effect of drug release, where B (X2) is the
CMC/NaHA ratio, A (X1) is the CMC concentration, and C (X3) is the amount of insulin.

Combining all the interpretations previously mentioned, the importance of each
parameter on each response variable can be seen. Based on the variable importance in
the projection (Figure 10), it can be concluded that the work of adhesion was influenced
by the amount of insulin (X3) and by the CMC/NaHA ratio (X2). For the consistency
index response, the ratio between the polymers had a high significance. The CMC/NaHA
ratio also had a pronounced meaning regarding the insulin drug release and the other two
formulation parameters had similar significance. As noted before, the higher amount of
NaHA influenced negatively the release of the active ingredient from the systems.

The use of Design of Experiments (DoE), as part of Quality by Design (QbD) principles,
provides an overview of the experiment and performs a screening of the importance of the
formulation parameters on the response parameters [54].

The predictive analysis was made with Modde and the optimal setpoint is presented
in Table 5, with a probability of failure of 0.23%. Corroborating with the experimental
results, samples S5, S7, and S8 scored close to the predicted system regarding the work
of adhesion. The value for S7 fit the predicted value best regarding the consistency index.
Systems S1, S5, S6, and S7 exceeded the cumulative release percentage compared to the
optimal setpoint predicted. In conclusion, S7 is the most eloquent system when compared
with the predictive setpoint.

51



Int. J. Mol. Sci. 2024, 25, 10452

Figure 10. Variable importance in the projection (VIP) of the independent parameters, where X1 is
the CMC concentration, X2 is the CMC/NaHA ratio, and X3 is the amount of insulin.

Table 5. Optimal setpoint generated by Modde software.

Response Optimal Setpoint

Work of adhesion (mN/m) 92.55

Consistency index (Pa·sn) 0.89

Drug release (%) 81.64

The experimental plan was designed using Modde software, while Minitab software was
employed to evaluate the relationship between the formulation variables and the response
factors, highlighting the complementary strengths of both tools in the research process.

3. Discussion

The aim of this research was the formulation and the initial evaluation of hydro-
colloidal systems containing insulin for intranasal administration, based on the intrinsic
properties of CMC and NaHA. The in vitro study was based on the analysis of the influence
of the formulation factors and the relationships between them on the work of adhesion
and spreading at the level of the nasal mucosa, the flow behavior profiles, and on the
cumulative quantity of the released drug.

The samples obtained were homogeneous, with a clear appearance and without
impurities. The pH values of the hydrocolloid systems were at the tolerance limit of nasal
mucosa [55]; pH lower than 4 would lead to nasal discomfort and damage to the nasal
epithelium [56]. Both polymers, CMC and NaHA, are biocompatible with the mucosa and
are not toxic [57].

The evaluation of the contact angle provides information about the ability of a liquid
to wet a solid surface and its tendency to adhere to the solid. A contact angle lower
than 90◦ indicates a high wetting capacity (wetting fluid) [58,59]. All the studied samples
had recorded values of the contact angle lower than 90◦, and thus we can state that the
formulations obtained have the ability to wet the nasal mucosa.

The surface tension of liquid systems is an important parameter in the development
of pharmaceutical products and can provide information about the quality of formula-
tions, the bioavailability, and the absorption of substances [60,61]. The average surface
tension of pharmaceutical preparations with intranasal administration is 30.3 mN/m to
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44.9 mN/m [61,62]. The determinations made in this experiment showed that S1 had the
closest value to the physiological surface tension of nasal mucosa, followed by S3, S6, and
S7. However, all the samples had a higher surface tension compared with the average ST
of the products with nasal administration.

The formulation of intranasal systems requires the use of tight junction modulators [1]
and modulators of viscosity that have mucoadhesive properties [56]. As previously men-
tioned, both polymers have mucoadhesive properties; they have the ability to enhance
the absorption of the active pharmaceutical ingredient through the tight junction of the
epithelial mucosa.

Thus, the values obtained for the contact angle and the surface tension were used
to calculate the work of adhesion and the work of cohesion, thereby determining the
spreading capacity of the liquid formulations, based on the difference between the work
of adhesion and the work of cohesion. All of these determinations referred to above are
interconnected and help to evaluate the mucoadhesive properties of the hydrocolloidal
systems based on adhesion and cohesion forces [63]. Mucoadhesion is defined as the
intermolecular interactions between the formulations and the mucosa, quantified in this
case by the work of adhesion. The work of cohesion indicates the interactions formed
inside the systems, between the components of the product. Regarding the current study,
both parameters recorded high values, but analysis from the point of view of the spreading
coefficient, in the case of the series with a lower loading of insulin, S1 had a value of the
spreading coefficient closer to 0, and for the series with an upper amount of insulin, S7 and
S8. According to the literature, a liquid can be classified as spreadable when the contact
angle is equal to 0◦ [64].

The same method was used by Spindler et al. to determine the spreading capacity of
10–30 mg/mL hyaluronate solution for nasal administration. The results indicated that
contact angle values were below 90◦ and the surface tension was 46.82 mN m−1, with a
high work of adhesion (over 80 mN m−1), and the spreading capacity was close to zero
(−3.5 mN m−1 for the lowest concentration and −12.5 mN m−1 for the highest) [65].

Additionally, adhesion and cohesion forces can influence the flow behavior and
viscosity of the formulations. The flow behavior of the eight systems was pseudoplastic,
in accordance with the individual behavior of the polymers involved in the formulation
of the hydrocolloidal systems and with other nasal products [66–68], and also with other
formulations based on Carbopol, methyl cellulose, and glycerin, which were studied for
the intranasal administration of insulin, according to the research of Ostrozka-Cieslik and
collaborators [69].

Khodaverdi et al. also reported pseudoplastic behavior in casein-based hydrogel
loaded with insulin, in which the viscosity of the systems showed a reduction when the
shear rate was increased [70].

Viscosity is an important parameter that influences both the quality of the products
and the bioavailability of the active pharmaceutical ingredient [52,71–73]. That is why
systems with medium viscosity are preferred, which have an optimal contact time with
the nasal mucosa but do not interfere with the physiological mucociliary clearance [74–76].
A high viscosity of solutions can lead to local adverse effects, such as nasal congestion or
edema [77].

From the point of view of drug release, the expectation is that it should release rapidly
to avoid the wash-out effect from mucociliary movements. The zero-order release kinetics
has the advantage that the concentration of the drug is constant during a period of time [78].
All systems had an optimal release during the initial time interval; subsequently, S1 and S5
recorded the highest percentage of cumulative-released insulin, over 90%.

Mohamad et al. recorded a fast insulin release of 15–25% after 10 min and 65–90% after
30 min from hydroxypropyl methyl cellulose and polyvinyl alcohol films that contained
insulin for nasal administration [79].
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The data reported by Nazar and collaborators describe the in vitro release of insulin
from a thermo-responsive gel based on N-trimethyl chitosan chloride, where a burst release
was recorded during the first 12 min, with circa 70% insulin release [80].

The study conducted by Muntu et al. showed rapid release of insulin from a nasal
powder, using trehalose as a stabilizer, in the first 30 min (49–60%) and a cumulative release
of 79–88% after 1 h [81].

According to de Von Zuben et al., who investigated the controlled release of insulin
from the liposomes after intranasal administration, in the first 2 h there was immediate
release of the insulin, and a rapid effect was obtained [82]. The same researchers reported
that the same burst effect was obtained in the first 2 h, based on their study of the com-
parative release of insulin from insulin solution, hydroxyethylcellulose-based hydrogels
with insulin, or HEC-based hydrogel containing insulin-loaded liposomes after nasal
administration [68].

In another study, Sharma and collaborators reported that nanoparticles based on
chitosan and loaded with insulin for intranasal administration had a cumulative drug
release of 93.32%, with a significant burst effect of 22.25% during approximately the first
30 min [83].

Regarding the research performed by other authors, Li et al. described a rapid release
of insulin in the first 1 h from deep eutectic solvents for nasal delivery, which combined
malic acid and choline chloride, and a total release of 75% after 5 h of experiments [84].

Using the 3D-response surface-plot representation and the contour plot for each
response parameter generated by Modde software, combined with the regression equations
and Pareto charts generated by Minitab software, the results help show the impact of
each parameter on the hydrocolloidal systems. The screening of the experimental design,
especially in the initial assessment, provides valuable information regarding the significance
of each formulation’s factors, the reproducibility, and the validity of the model, and can
predict the future experiments. Corroborating all the results obtained with the predicted
analysis, the systems with 1% chitosan and CMC/NaHA 1/1 ratio were the most effective,
regardless the loading of insulin. Even if the percentage of cumulative release of the active
ingredient was high for S1 and S5, the system S7 fit better in the predictive analysis and
can be included in future research.

Further studies can be carried out on the hydrocolloidal liquid formulations regarding
the administration devices that have advanced from sprays, nebulizers, nasal pumps, or
single-dose vials, to innovative systems with precise release at the level of the olfactory
region in the nasal cavity (precision olfactory delivery devices) [1,5,55,77,85].

4. Materials and Methods

4.1. Materials

Carboxymethyl chitosan with viscosity 200–300 cPs (1% water) and Sodium Hyaluronate
purchased from Sigma Aldrich (Saint Louis, MO, USA). Human insulin (Humulin R 100
UI/mL, Lilly France, Fegersheim, France) was bought from a local pharmacy. Ultrapure
distilled water was provided by a Milli-Q water purification system (Merck Millipore,
Bedford, MA, USA) and was used as solvent for the preparation of the formulations.

4.2. Preparation of the Hydrocolloidal Systems and Experimental Design

CMC was dissolved in ultrapure distilled water under continuous stirring at room
temperature. Solutions of CMC 1% w/v and 2% w/v were obtained. The solution of NaHA
1% w/v was obtained by dissolving the NaHA in ultrapure water. After overnight storage
of all the solutions in a refrigerator, the final samples were mixed according to the appro-
priate ratio, and then the insulin solution was added under continuous homogenization. A
23 fractional factorial plan was developed, in which there are three independent variables
at two levels of variation: X1—concentration of the CMC, X2—the ratio between CMC
and NaHA, and X3—the amount of insulin. The design of the experiment is presented in
Table 6.
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Table 6. Experimental design.

Factors
Independent

Variables

Levels of Variation

Lower (−1) Upper (+1)

X1 Carboxymethyl
chitosan (% w/v) 1 2

X2 CMC/NaHA ratio 1/1 1/2

X3 Insulin (IU/mL) 20 30

The objective of this research was to develop and characterize the hydrocolloidal
systems based on CMC and NaHA for nasal administration of insulin.

4.3. Physico-Chemical Characterization of Hydrocolloidal Systems
4.3.1. Visual Aspect and pH Determination

The formulations obtained were visually examined to observe the aspect, color, and
instability (precipitation, separation or other changes), if any, that may have occurred
during the preparation.

The pH was determined using a Mettler-Toledo pH meter (Mettler-Toledo GmbH, Im
Langacher 44, 8606 Greifensee, Switzerland) at room temperature. Before the determina-
tions, the pH meter was calibrated with buffer solutions at pH 4 and 7. The accuracy of the
measurement was ±0.01 pH.

4.3.2. Contact Angle Determination

The contact angle measurements were performed with CAM 101 (KSV Instruments
Ltd., Espoo, Finland) equipped with a Hamilton syringe, at room temperature. The sessile
drop method was used. The drops at the contact with the solid surface were analyzed using
a digital video camera. Based on the images, the CA was automatically calculated using
the Young–Laplace method with the software supplied by the producer of the goniometer.

4.3.3. Surface Tension Determination

The surface tension measurement was made following the same technique as presented
for CA, but the pedant drop method was used for this parameter. The ST was calculated based
on the images of the drops that were captured just before detachment from the needle.

4.3.4. Work of Adhesion, Work of Cohesion, and Spreading Coefficient Determinations
Based on Superficial Properties

The adhesion properties of the systems were evaluated using the work of adhesion,
which was calculated based on the CA and ST values using the Young–Dupré Equation (4):

Wa = ST(1 + cosCA) (4)

where Wa is work of adhesion (mN/m), ST is surface tension (mN/m), and CA is contact
angle (rad).

The work of cohesion represents the intermolecular bonding between the formulation
parameters and can influence the spreading capacity and the viscosity of the systems. It is
determined based on Equation (5):

Wc = 2ST (5)

where Wc is work of cohesion (mN/m) and ST is surface tension (mN/m).
The system display of on the nasal mucosa was assessed using the spreading coefficient.

Equation (6) was used to obtain the spreading coefficient.

S = Wa–Wc (6)
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where S is spreading coefficient (mN/m), Wa is work of adhesion (mN/m), and Wc is work
of cohesion (mN/m).

4.3.5. Rheology Analysis

The rheological analysis was performed at 35 ± 0.5 ◦C with a Lamy RM100 rheometer
(Lamy Rheology Instruments, Champagne au Mont d’Or, France) equipped with CP2000
Plus thermostat. A cone-plate CP6020 (2◦, 60 mm diameter) was used, and the rotational
speed applied was between 0.3 rpm and 60 rpm. The mathematical power law model was
applied (Equation (7)), which shows the relation between the shear stress and shear rate, in
order to analyze the flow behavior:

τ = K · .
γ

n (7)

where τ is shear stress (Pa), K is consistency index (Pa·sn),
.
γ is shear rate (s−1), and n is

flow index.

4.4. In Vitro Drug Release

In vitro release rates were evaluated using a Franz-diffusion cell system (Teledyne
Hanson Research, Hanson, MA, USA). The experiment was performed at 35 ± 0.5 ◦C in
phosphate-buffered saline (PBS) at pH 7.4. PBS was added in the receptor compartments
(7 mL) and stirred with magnetic bars at 300 rpm. The receptor and donor compartments
were separated by cellulose acetate membrane diffusion (area 1.77 cm2). The donor phase
contained 20 IU/mL or 30 IU/mL insulin. At predefined times during a period of 2 h,
samples were taken from the receptor compartments and were replaced with fresh PBS. The
amount of insulin diffused was determined spectrophotometrically at 271 nm. The insulin-
release kinetics followed the Higuchi model (Equation (8)), zero-order model (Equation (9))
and power law model (Equation (10)) [72,86], and the cumulative percentage was plotted
as a function of time.

Higuchi model:
mt

m ∞
= k·t0.5 (8)

Zero-order model: mt

m ∞
= k·t (9)

Power law model: mt

m ∞
= k·tn (10)

where mt
m ∞ is the fraction of drug released at time t, k is the kinetic constant, and n is the

release exponent.

4.5. Experimental Design Screening

The influence of the experimental factors on the response parameters was evaluated
using Modde statistical software (Version 13.1, Sartorius, Goettingen, Germany) [87]. The
partial least squares (PLS) linear method was used to fit the experimental data. The
responses were defined as work of adhesion (Y1), consistency index (Y2), and cumulative
drug release (Y3). An ANOVA statistical evaluation was performed. A linear regression
equation was generated for each response parameter with Minitab software [88] to analyze
the influence of the independent factors (X1, X2, and X3) and to generate the Pareto charts,
which show the impact of the independent variable on the responses [89].

5. Conclusions

The presented research offers preliminary information regarding the potential use of
hydrocolloidal systems in the nasal administration targeting nose-to-brain delivery. The
two polymers, CMC and NaHA, were chosen based on their mucoadhesive characteristics,
which are sustained by their biocompatibility, biodegradability, and non-toxic properties.
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The pH was in the physiological tolerability limit for all eight systems. The wetting
capacity of the formulations was confirmed by the CA evaluation, where the values for
all the systems were below 90◦. The ST values were near the value of the nasal mucosa,
especially for S1. The mucoadhesion properties were confirmed by the work of adhesion
results for all the formulations. The pseudoplastic behavior obtained for the hydrocolloidal
systems is adequate for the products with nasal administration.

The initial assessment also included the in vitro cumulative release of insulin, where
S1 and S5 exhibited a high percentage of cumulative release and all the systems had a rapid
release of the pharmaceutical active ingredient, which was according to our expectations,
but further investigations should be conducted.

According to the results from the two programs used in this research, for the two
responses, consistency index and drug release, where the model had statistical significance,
the ratio between CMC and NaHA had the main impact on the response variables, and
was followed by the concentration of CMC.

The topic addressed in this study, insulin administered intranasally for diseases
associated with the central nervous system, is still very broad. Additional studies are still
needed to investigate its effects and transport from the nose to the brain. The formulations
in this research were preliminarily analyzed in vitro from the point of view of the influence
of the formulation factors on their superficial, rheological, and release properties. In order to
evaluate the permeation, bioavailability, and toxicology on the systems, these formulations
are suitable for further animal and human research.
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Abstract: In recent years, there has been a challenging interest in developing low-cost biopolymeric
materials for wastewater treatment. In the present work, new adsorbents, based on different types
of chitosan (commercial, commercial chitin-derived chitosan and chitosan synthesized from shrimp
shell waste) and inorganic–organic composites have been evaluated for copper ions removal. The
efficacy of the synthesis of chitosan-based composite beads has been determined by studying various
characteristics using several techniques, including FTIR spectroscopy, X-ray diffraction, porosimetry
(N2 adsorption), and scanning electron microscopy (SEM). Adsorption kinetics was performed using
different adsorption models to determine the adsorption behavior of the materials in the aqueous
media. For all composite beads, regardless of the type of chitosan used, good capacity to remove
copper ions from simulated waters was observed (up to 17 mg/g), which proves that the new
materials hold potential for heavy metal retention. However, the adsorption efficiency was influenced
by the type of chitosan used. Thus, for the series where commercial chitosan (CC) was used, the
removal efficiency was approximately 29%; for the series with chitosan obtained from commercial
chitin (SC), the removal efficiency was approximately 34%; for the series with chitosan enriched with
CaCO3 (SH), the removal efficiency was approximately 52%.

Keywords: chitosan; inorganic–organic composites; polymeric beads adsorbents; water treatment;
Cu2+ removal

1. Introduction

Pollution, in general terms, is a process of introducing toxic substances into the
environment, causing devastating effects on ecosystems. In general, pollutants can be
classified into several categories—chemical, biological, and natural chemical—and are
derived from several sources such as anthropogenic activities, hazardous waste generation,
or industrial emissions. Pollution is a factor that has a negative impact on the quality
of water sources as well as air and soil. Water is an extremely important resource for
sustaining life on Earth [1,2]. Due to increasing population density, industrial development
and technology, water pollution has become a serious global problem. In this context,
the rapid expansion of communities and industrial development near waterways has led
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to increased environmental hazards, especially due to heavy metal pollution. Therefore,
contamination of water sources, with concentrations above the maximum limits allowed
under the legislation, is mainly due to agricultural activities but also industrial activities
(mining, metallurgy, refineries, etc.). Among the most harmful heavy metals, Cd2+, Zn2+,
Cr3+, Ni2+, Pb2+ and Mn2+ can be mentioned [2,3]. The legislation lays down maximum
limits for the discharge of wastewater into the aquatic environment, but these limits are
often exceeded due to inefficient treatment of water from industrial activities [4]. In
addition to anthropogenic activities (industry, mining, agriculture, etc.), natural processes
such as volcanic eruptions, grinding of rocks with metal content, and forest fires are also
responsible for contaminating the aquatic and terrestrial ecosystem with heavy metals [5].
The major problem of heavy metal contamination is the multiple routes through which
such pollutants enter the human body, i.e., direct ingestion, skin absorption, and inhalation
through the mouth and nose [6]. From water, heavy metals most often enter the human
body through ingestion or dermal absorption [7].

Among the main techniques used to remove heavy metal ions from wastewater,
we can mention ion exchange [8], membrane filtration techniques [9], chemical precipita-
tion [10], electrochemical treatment technology, biological treatment, and adsorption [11,12].
Nevertheless, all these techniques have advantages and disadvantages; the most notable
disadvantages are high production costs, generation of potentially hazardous waste, and
high energy costs [11]. Adsorption using adsorbent materials can overtake some of those
drawbacks. Adsorption is one of the most common treatments widely applied in indus-
try to remove heavy metals from water. Recent studies have shown a great interest of
researchers in the production of inexpensive and environmentally friendly adsorbent mate-
rials. Several classes of adsorbents are presented in the literature that are effectively used to
remove heavy metals from water [13,14]. Among them, commercially available adsorbents
such as graphene and carbon nanotubes can be mentioned [15]. Yet, their high adsorption
properties do not seem to balance their high price. Thus, farther research was directed
towards the production of more cost-effective adsorbent materials ranging from natural
adsorbents such as zeolites, titanium dioxide, or silica, to waste-derived adsorbents (using
eggshells, fruit/vegetable peels, shellfish carcasses but also industrial waste such as red
mud and ash [16]).

Inorganic structures such as silica, zeolites, titania, alumina, and carbon derivatives
(carbon nanotubes, activated carbon, graphene oxide) have also been used as adsorbents
due to their properties such as thermal and mechanical stability, porosity, the orderly
structure that inorganic structures generally possess and the relatively easy to adjust size
and shape [17]. In addition, their abundance in nature together with the recent industrial
development has led to the wide use of these inorganic structures as adsorbents [18]. On the
other hand, the major problem with the use of inorganic materials is the disposal of waste,
generally requiring the use of chemicals and generating hazardous waste that is dangerous
to the environment [19]. Yet, recent studies have shown that the use of composites instead
of the inorganic material alone is more efficient and may reduce the amount of waste after
treatment, especially because the waste materials can be collected and reconditioned for
reuse [20–23]. Other notable advantages of using composites are given by the increased
surface area, resulting in higher affinity or selectivity for a target ion, and improved textural
characteristics and mechanical properties, such as elasticity [24].

In recent years, chitosan (CC), a chitin-derived polysaccharide, has been reported as
a promising biopolymer for the development of adsorbents due to its properties such as
biodegradability, low price and abundance in nature [25,26]. Chitosan is obtained most
often by the chemical deacetylation of chitin, this being found in the exoskeleton of marine
crustaceans such as shrimps, crayfish, lobsters, and crabs. Therefore, the cheapest way
to obtain chitosan is by recovering waste carcasses from the food industry. This action
can have a double environmental effect: (1) reuse of waste to obtain new materials; and
(2) use of the materials to treat wastewater [27]. Furthermore, the literature has provided
information about the ability of chitosan alone to remove a wide variety of heavy metals
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such as cadmium, nickel, copper, and chromium [28]. This is mainly due to hydroxyl and
amino groups occurring in the chitosan structure, available to form strong coordination
bonds with metal ions. However, biopolymers such as chitosan have their limitations
in terms of thermal and mechanical resistance. Therefore, it is mandatory to combine
biopolymers with other materials that can improve the targeted properties of the final
adsorbent [29,30]. In this respect, inorganic materials are some of the most used reinforcing
components for improving the features of thus formed composites [24]. For instance, Hasan
et al. [31] obtained polymer composite beads based on chitosan and perlite for the removal
of Cu2+ from wastewater. Their study has demonstrated that the adsorption capacity for
Cu2+ was approximately 104 mg/g, at pH 4.5.

The interest in developing new materials capable of absorbing copper has been driven
by the fact that copper is a valuable and widely used metal [16,32], but, at the same time,
when present in the environment in excessive amounts, it can have harmful effects on
ecosystems and human health [33]. Long-term exposure of the human body to high concen-
trations of copper has been associated with adverse health effects including gastrointestinal
disorders, tachycardia, respiratory problems, insomnia [34]. As a result, the European
Union, through the World Health Organization (WHO), has enforced the maximum ac-
ceptable limit of copper in drinking water at 2 mg/L. Thus, industries should explore new
and efficient methods of treating the effluents resulting from their activities in order to
meet these legislative requirements [2,16]. In this context, the goal of the present paper
was to develop polymeric beads based on chitosan and inorganic–organic composites
for advanced treatment of waters containing heavy metal ions, with particular focus on
Cu2+ removal. In an original attempt, the beads prepared in this study were obtained
with a titanium oxide–polyacrylonitrile inorganic–organic composite, prepared by a host–
guest method [35] for obtaining intermediates for titanium nitride. The use of this type
of filler material for preparing chitosan-based beads as adsorbent materials for Cu2+ is
described herein for the first time. The samples were first characterized to determine
the influence of the chitosan type and the filler percentage on the structure, morphology,
specific surface area, pore size and volume. However, the following adsorption assays
helped clarify the mechanism for Cu2+ retention by fitting the data to several kinetic
adsorption models.

2. Results and Discussion

2.1. Synthesis of Composite Beads

For a better understanding of the influence of chitosan type and filler percentage
on bead properties, studies were performed using three types of chitosan (commercial
chitosan—CC, chitosan obtained from commercial chitin—SC and chitosan obtained from
shrimp carcasses waste containing native minerals—SH) with different inorganic–organic
composite ratios (10% and 33%, respectively). The samples are designated as X-Ti_PAN Y%
where X represents the type of chitosan used (CC, SC, or SH) and Y the percentage of the
titanium oxide–polyacrylonitrile composite filler.

2.1.1. Structure Evaluation of Composite Beads

To emphasize the distinct groups in the chitosan-based beads, Figure 1a compares
the FTIR spectra of the three series of beads with that of titanium oxide- polyacrylonitrile
filler alone. Studies involving beads with different filler ratios were carried out and several
similarities between the beads were observed.

According to the literature, the typical bands for the functional groups of chitosan
are observed at 2924–2874 cm−1, associated with the stretching vibration of the -CH bond,
which is a characteristic bond in polysaccharides including other species such as xylan
and glucan [20]. The bands at 1320 cm−1, assigned to the C=O tensile vibration in amide
III, and at 1652 cm−1, for the C=O bond stretching vibration in amide I, are characteristic
and distinct for residual N-acetyl groups [36]. The low intensity of the band at 1556 cm−1,
which is characteristic of the N-H group bending vibration in amide II, may be justified
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by the higher deacetylation degrees of all chitosan samples used in this study [37]. In
addition, chitosan exhibits bands at 1420 cm−1 and 1376 cm−1, characteristic of symmetric
deformations of the -CH2 and -CH3 groups, respectively, while the characteristic bands of
-NH oscillations and C-O-C extension (indicates the saccharide structure of chitosan) are
present in the spectra at 1153 cm−1 and 1028 cm−1, respectively [38].

Figure 1. Structure evaluation by FTIR (A) and XRD (B), for the chitosan-based polymeric (CC-
Ti_PAN 10%, CC-Ti_PAN 33%, SC-Ti_PAN 10%, SC-Ti_PAN 33%, SH-Ti_PAN 10% and SH-Ti_PAN
33%) beads compared to Ti_PAN composite reference.

C-H vibrations may be observed at 1246, 1353, and 1452 cm−1 in the Ti_PAN composite
reference spectrum, as well as in all the spectra of beads. A band at 1455 cm−1 suggests
CH2 deformation, while the methylene group’s stretching vibrations are displayed at
2860 and 2934 cm−1. At the same time, the stretching vibration of the C≡N group, charac-
teristic of polyacrylonitrile, can be observed at 2242 cm−1, which confirms the presence of
the composite filler in the polymeric beads [35,39].

XRD patterns of the all-polymeric beads and the composite (Figure 1b) show strong
diffraction peaks at 2θ values of 25.3◦, 37.8◦ and 48.1◦, indicating TiO2 in the anatase
phase corresponding to planes 101, 103 and 004 [31]. In addition, the composite shows
a characteristic peak of acrylonitrile approximately 17.0◦ attributed to the (100) plane
of pure polymer [40]. In the case of polymeric beads this peak most likely disappears
due to the high peak intensity at 20◦. At the same time, other peaks, with lower inten-
sity, confirm the presence of the anatase phase at 2θ values of 53.9◦, 55.2◦, 62.8◦ corre-
sponding to the planes 105, 211 and 118 [41]. Thus, the success of the composite filler
incorporation into the chitosan-based beads is confirmed. In agreement with the pre-
vious work [42], chitosan shows two characteristic peaks at 2θ values of 9.8◦ and 20◦
corresponding to the 020 and 110 planes observed in all types of chitosan-based beads,
which indicate the presence of ordered crystalline structure of chitosan. In the SH-Ti_PAN
10% sample, the characteristic peaks for CaCO3 can be observed at 2θ values of 29◦ and
40◦ attesting its presence from the initial synthesis of chitosan [43]. Their absence in the
SH-Ti_PAN 33% beads may be attributed to its lower ratio in the composite as a result
to the increased amount of the inorganic–organic composite, particularly of TiO2. Other
differences may be observed, such as disappearance of the chitosan peak at 9.8◦ in SH-
Ti_PAN 10% and similar peak intensities of TiO2 regardless of Ti_PAN content for SC-based
systems, which may be due to the heterogenous distribution of chitosan and TiO2 in
the material.
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2.1.2. N2 Adsorption/Desorption Measurements and Morphology of Composite Beads

The measurement of N2 adsorption/desorption was carried out to reveal the specific
surface area and porosity of the composite beads. Figure 2 shows the isotherms and pore
size distribution for each type of composite beads. In agreement with the IUPAC nomen-
clature, which classifies BET isotherms into six types [44], the polymer beads presented
herein reveal a type IV curve alignment, specific to mesoporous materials. The hysteresis
loop presented in each case is H-4 type, with an almost horizontal and parallel aspect over
a wide pressure (P/P0) range. This type of hysteresis loop is often associated with narrow
pores [42].

Figure 2. Adsorption/desorption isotherms and pore size distribution for series of chitosan-based
polymer (CC-Ti_PAN 10% (a); CC-Ti_PAN 33% (b); SC-Ti_PAN 10% (c); SC-Ti_PAN 33% (d); SH-
Ti_PAN 10% (e); SH-Ti_PAN 33% (f)) samples.

Furthermore, the BET surface area and pore surface area for each type of polymeric
beads, as resumed in Table 1, present important variations with the change in chitosan
type or with the increase in filler. Interestingly, all the beads have presented little variation
in pore diameter and volume, which means that the filler has a very low influence on the
porosity of the composite beads, regardless of the amount used. The largest BET surface
area (3.334 m2g−1) was recorded for SH-Ti_PAN 10%, which also revealed the largest pore
surface area (9.443 m2g−1) and micropore volume (0.011 cm3g−1). The obtained data from
BET were also confirmed by the morphology analysis in Figure 3, which in the case of
SH-based beads, meaning SH-Ti_PAN 10% and SH-Ti_PAN 33%, Figure 3e,f, respectively,
displays the presence of large pores on the surface of the beads. Meanwhile, CC-Ti_PAN
33% and SC-Ti_PAN 33% beads (Figure 3b,d, respectively) present a homogeneous but
rough surface with no visible pore structures. Yet, the presence of the titanium oxide–
polyacrylonitrile filler is visible on the surface of all beads, as granular microstructures of
different sizes dispersed relatively homogeneously.
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Table 1. BET surface area and pore analysis of the polymeric beads.

Sample
BET Surface

Area
(m2 g−1)

Pore Surface
Area

(m2 g−1)

Maximum Pore
Diameter 1 (nm)

Micropore
Volume 2

(cm3 g−1)

CC-Ti_PAN 33% 1.108 1.880 4.343 0.002
CC-Ti_PAN 10% 1.260 1.911 4.543 0.002
SC-Ti_PAN 33% 0.357 2.415 4.343 0.002
SC-Ti_PAN 10% 0.977 1.725 4.152 0.002
SH-Ti_PAN 33% 2.401 2.994 4.543 0.004
SH-Ti_PAN 10% 3.334 9.443 4.543 0.011

1 Calculated by BJH method. 2 Measured at P/P0 = 0.99.

 

Figure 3. SEM micrographs for the composite beads series based on commercial chitosan (CC-Ti_PAN
10%; CC-Ti_PAN 33%, commercial chitin-derived chitosan (SC-Ti_PAN 10%; SC-Ti_PAN 33%) and
chitosan obtained from shrimp wastes (SH-Ti_PAN 10%; SH-Ti_PAN 33%) at 100 μm and 300 μm.

2.2. Adsorption Kinetics of Cu2+ Ions

In this section, three important factors that characterize the adsorption processes (in
terms of adsorption capacity, efficiency, and adsorption mechanism) were investigated
and described.

In this respect, Cu2+ adsorption at pH = 5 and 25 ◦C was measured as a function of
contact time starting from a solution of 100 mg/L, and RS/L = 1.5 mg mg/L, as shown in
Figure 4. Adsorption studies using chitosan-based composite beads were performed over a
time range from 90 min (1.5 h) to 1440 min (24 h). The adsorption rate was quite fast in
the first 420 min, when attaining equilibrium and forming a plateau. It can be observed
that both the percentage of titanium oxide–polyacrylonitrile filler and the type of chitosan
influence the Cu2+ retention properties onto polymeric beads. A clear difference can be
noticed for the series of beads with SH (Figure 4c and Table 2—adsorption capacities), in
which case the polymeric beads with lower amount of composite, i.e., SH-Ti_PAN 10%,
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retain higher amounts of Cu2+ than the counterpart with 33% composite (up to 17.03 mg/g
vs. 15.52 mg/g, respectively). However, for the series with CC and SC, lower adsorption
capacities were registered at 10% composite amount vs. 33%. It can also be noted that the
highest adsorption capacity was attained by the SH-Ti_PAN 10% system. The removal
efficiency (%) of the polymeric beads for Cu2+ was also calculated and summarized in
Table 2, in which case it can be observed that the highest Cu2+ retention efficiency is again
recorded for the system SH-Ti_PAN 10% (51.7%). It can also be observed that removal
efficiency depends on the type of chitosan used and the percentage of inorganic–organic
composite present in the structure of the polymer composite beads, and ranges from 29.5%
and 51.6%. Thus, for commercial chitosan-based beads, the removal efficiency (Figure 4) is
similar for both filler percentages (approximately 30%); for beads obtained from commercial
chitin-derived chitosan, it is approximately 33% and for samples with chitosan obtained
from shrimp shell waste, it is 49.6% for 33% filler and 51.6% for 10% filler, respectively.

Figure 4. Effect of time on the removal efficiency and adsorption capacity on Cu2+ adsorption at
25 ◦C, for the CC series (a,b); SC series (c,d) and SH series (e,f) (in this experiment RS/L = 1.5 mg/mL;
pH = 5 and initial concentration of 100 mg/L).

Table 2. Comparison of maximum adsorption capacities of various adsorbents for Cu2+.

Sample

Adsorption
Capacity,
q (mg/g)
after 24 h

Retention
Efficiency

after 24 h (%)

Cu2+ Initial
Concentration

Ref.

CC-Ti_PAN 33% 10.7 29.9 100 This study
CC-Ti_PAN 10% 10.1 29.5 100 This study
SC-Ti_PAN 33% 10.7 32.5 100 This study
SC-Ti_PAN 10% 11.1 34.0 100 This study
SH-Ti_PAN 33% 15.5 49.6 100 This study
SH-Ti_PAN 10% 17.0 51.7 100 This study
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Table 2. Cont.

Sample

Adsorption
Capacity,
q (mg/g)
after 24 h

Retention
Efficiency

after 24 h (%)

Cu2+ Initial
Concentration

Ref.

Chitosan-coated
sand

(CCS)
1.2 99.77 100 [44]

Modified chitosan
transparent thin

membrane
(MCTTM)

8.5 - 25 [45]

Pine sawdust 1.7 - 300 [46]

To evaluate the improvement for Cu2+ adsorption properties recorded for the polymer
beads; the data obtained herein were compared with other literature records for several
types of adsorbents. Table 2 provides a comparison between the adsorption capacity of
polymer beads and adsorbent materials obtained by other authors [45–47], where it can
be observed that the adsorption capacity of the polymeric beads is significantly higher
compared to references [46,47]. However, in the study of Wan et al. [44], the high removal
efficiency of 99.77% is also due to a high RS/L value, of approximately 83.33 mg/mL (2.5 g
of sample in 30 mL of solution) compared to the present study, in which case the RS/L
was 1.5 mg/mL (meaning 15 mg of sample to 10 mL of Cu2+ ion solution). For the other
two studies [46,47], the removal efficiency was not reported.

Further on, the assessment of adsorption kinetics has been used to ascertain the
reaction rate and the adsorption mechanism. The mechanism of adsorption kinetics is
an important parameter, as it describes the adsorption rate of the adsorbent and controls
the residual time of the whole process. To better understand the adsorption process, the
pseudo-second-order kinetic (PSO), Elovich and intraparticle diffusion (ID) (Figure 5)
models were fitted to the existing experimental data and the parameters are summarized in
Table 3. The determination coefficient (R2) for PSO ranged from 0.898 to 0.989, for Elovich
values ranging from 0.910 to 0.975 and for ID between 0.772 and 0.958.

Table 3. Kinetic parameters for Cu2+ adsorption for chitosan-based polymer beads, at
RS/L = 1.5 mg/mL, pH = 5, initial Cu2+ concentration of 100 mg/L, and time range 0–1440 min.

Kinetic
Model

Parameters
CC-Ti_PAN

33%
CC-Ti_PAN

10%
SC-Ti_PAN

33%
SC-Ti_PAN

10%
SH-Ti_PAN

33%
SH-Ti_PAN

10%

Experimental
data qe, exp (mg/g) 10.714 10.128 10.687 11.124 15.521 17.039

PSO
qe2

2/(mg/g)
k2/(g/(mg·min)

R2

12.053
3.889
0.973

13.202
2.788
0.951

18.232
5.545
0.995

16.385
8.053
0.947

18.575
1.068
0.898

19.180
5.284
0.989

Elovich
α (mg/(g·min)

β (g/mg)
R2

0.114
0.385
0.970

0.074
0.307
0.921

0.021
0.167
0.959

0.025
0.190
0.949

0.049
0.192
0.910

1.196
0.345
0.975

ID

kd
(mg/g·min1/2)

C (mg/g)
R2

0.275
1.351
0.902

0.298
0.925
0.847

0.275
9.900
0.958

0.282
9.890
0.931

0.373
2.284
0.922

0.437
4.488
0.772
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Figure 5. Kinetic models PSO (A), Elovich (B) and ID (C) for Cu2+ ion adsorption for chitosan-based
polymer beads at RS/L = 1.5 mg/mL, pH = 5, initial Cu2+ concentration of 100 mg/L, time range
0–1440 min, and error bars of 5% relative to the measured raw data, for the CC series (a,d,g); SC
series (b,e,h) and SH series (c,f,i).

The best representation of the results overall came from the PSO model, followed by
Elovich and ID. The PSO model suggests surface-limited adsorption, which is explained
by the formation of metal–ligand bonds [48,49]. It can also be mentioned that SC-Ti_PAN
10% and SH-Ti_PAN 33% samples were better fitted by the Elovich model, indicating
that, for these two types of materials, the adsorbing surfaces are more heterogeneous and
this influences the chemisorption mechanism in a higher extent [50]. Moreover, it seems
that all beads’ systems are limited by a chemisorption mechanism, since the ID model
(that describes adsorption processes through diffusional mechanisms) was not very well
adjusted on the experimental data.

Therefore, the PSO kinetic model revealed that CC-Ti_PAN 33% beads show a mod-
erate equilibrium adsorption (qe) and a moderate adsorption rate (k2). However, for the
CC-Ti_PAN 10%, the qe value is slightly higher and the adsorption rate slightly slower.
Polymeric beads SC-Ti_PAN 33% and SC-Ti_PAN 10% also show good qe values while k2
indicates a relatively fast adsorption rate compared to the other studied samples. For the
shrimp waste-derived chitosan samples (SH-Ti_PAN) the behavior is relatively similar. In
the case of the SH-Ti_PAN 10%, the qe value is high and the velocity, represented by the k2
value shows a slower adsorption rate. However, the R2 value is the lowest, suggesting a
lower accuracy of the PSO kinetic model compared to the other studied models. On the
other hand, the SH-Ti_PAN 10% sample shows the highest equilibrium concentration value
and a moderate to high k2 rate, with a good fitting of the pseudo second-order kinetic model.
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For the Elovich kinetic model, the R2 values in the range of 0.910–975 suggest a fairly
good fit of the model to all the experimental data. The desorption constant β values range
from 0.167 to 0.385, suggesting that the interaction between the adsorbent molecules and the
adsorbent surface is relatively similar regardless of the sample, while α (initial adsorption
rate) has a significant variation between samples. The 1.196 maximum value of α was
found for the SH-Ti_PAN 10% sample, indicating a higher adsorption rate and a higher
affinity of the beads for Cu2+. At the same time, the lowest α value was determined for the
SC-Ti_PAN 33% sample, indicating a lower affinity of the beads for Cu2+ [51–53].

The intraparticle diffusion kinetic model reveals kdif values in the range
0.275–0.437 mg/g min1/2, indicating that the diffusion velocity has the same order of
magnitude. However, the value of C has a significant variation between the samples, i.e.,
0.925–9.900 mg/g, suggesting major differences in the variation in the boundary layer. The
highest values of C recorded for the SC series, meaning 9.900 mg/g for SC-Ti_PAN 33%
and 9.890 mg/g SC-Ti_PAN 10%, indicate a faster rate of intraparticle diffusion compared
to the other chitosan types [54–56].

In conclusion, the kinetic study indicated that the adsorption properties are more
linked to the porous structure of beads. Nevertheless, the higher deacetylation degree of
SH (which means more -NH2 groups that bind Cu2+) may also be responsible for the higher
adsorption capacities registered for the SH series of composite beads [54].

Furthermore, using SEM microscopy, elemental mapping and EDX spectra were
collected for all series of chitosan-based composite beads after Cu2+ ion adsorption. As
shown in Figure 6, EDX spectra confirm the presence of the major constituents of chitosan,
carbon and oxygen. In addition, significant amounts of copper were found on the surface
of polymeric beads, with percentages ranging between 3.5 and 16%. The percentage of
Cu2+ on the surface of the polymeric beads varies according to both the type of chitosan
used and the percentage of composite in the sample. The lowest percentage on the surface
of 3.5% is found in the case of SH-Ti_PAN 33%. The percentages for commercial chitosan
samples are similar (5.9%); for samples based on commercial chitin-derived chitosan, the
ratios are 4.1% for SC-Ti_PAN 33% and 7% for SC-Ti_PAN 10%. Interestingly, the highest
percentage of 16% was recorded for the system SH-Ti_PAN 10% beads, which seems to
confirm the results obtained previously by the adsorption kinetics study.

 

Figure 6. EDX micrographs and distribution map of adsorbed Cu2+ ions on the surface of the series
of commercial chitosan (CC-Ti_PAN 10%, CC-Ti_PAN 33%), commercial chitin-derived chitosan
(SC-Ti_PAN 10%, SC-Ti_PAN 33%) and chitosan obtained from shrimp wastes (SH-Ti_PAN 10%,
SH-Ti_PAN 33%) beads.
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3. Materials and Methods

3.1. Materials

Commercial chitosan with a degree of deacetylation ≥75% (CC, Sigma Aldrich-St
Louis, MO, USA) was used without further purification. Commercial chitin-derived
chitosan with a degree of deacetylation ≥78 (SC), and chitosan obtained from shrimp shell
(SH) with a degree of deacetylation ≥75 were synthesized in the laboratory by a previously
reported method [42]. Glacial acetic acid (CHIMREACTIV SRL-Bucharest, Romania) was
used to prepare 1%, 3% and 10% solutions in distilled water. A coagulation bath of
5% NaOH solution was prepared by dissolving NaOH (CHIMREACTIV SRL-Bucharest,
Romania) in distilled water).

Inorganic–organic polymer composites were synthesized by the host–guest method,
starting from mesoporous titania (TiO2) and acrylonitrile (AN), by a previously reported
process [22]. The two steps of the process included the ultrasound-assisted impregna-
tion/adsorption of AN into TiO2 pores in the first phase and the ultrasound-assisted
polymerization of AN in the second phase [22].

Copper (II) acetate monohydrate (≥98%), purchased from J.T. Baker (Center Vally, PA,
USA), was used for adsorption tests. All reagents, described further, used for the quanti-
tative determination of copper were of analytical purity. Standard solutions of Certipur,
1000 mg/L and 100 mg/L, respectively, from Merk (Darmstadt, Germany) were used to
draw a calibration curve 65% solution (w/w) of nitric acid from Scharlau and ultrapure
water produced by Milli-Q, Integral System (Merk) with a resistivity of 18.2 MΩ/cm to
prepare the standard solutions and samples. The purge gas for the ICP-OES was Argon 5.0
of 99.999% purity (Messer Romania Gaz SRL).

3.2. Synthesis of Composite Beads

To prepare chitosan-based polymer composite beads with inorganic–organic content,
several steps were necessary. Firstly, 2% chitosan was dissolved in acetic acid solution
under magnetic stirring (800 rpm) at a temperature of 60 ◦C for 5 h. Depending on the
type of chitosan used, the concentration of acetic acid solution was 1% in the case of
commercial chitosan (CC), 3% in the case of commercial chitin-derived chitosan (SC) and
10% in the case of chitosan obtained from shrimp shell wastes (SH). In the second step, after
complete dissolution of the biopolymer and the formation of the gel, a 33% (wt. relative
to the chitosan mass) or 10% (wt. relative to the chitosan mass) ratio of inorganic–organic
composite based on mesoporous titanium dioxide and acrylonitrile was added. After
complete homogenization, the warm solution was added into a syringe and dripped from
80 cm into a coagulation bath containing the 5% NaOH solution, under gentle magnetic
stirring (50 rpm). The composite beads were left in the coagulation bath for 12 h for
complete bead formation. After coagulation, the beads were washed several times with
distilled water to neutral pH. The diameter of the beads was in the range of 4–5 mm. The
last step of the process was freezing the samples at −20 ◦C followed by freeze-drying (at
−70 ◦C). The notation of samples based on the three types of chitosan, and the percentage
of inorganic–organic composite used in bead synthesis is summarized in Table 4.

Table 4. Sample preparation.

Sample Code
Chitosan Type
(Abbreviation)

Inorganic–Organic
Composite, Ti_PAN (wt. %)

CC-Ti_PAN 33% Commercial chitosan (CC) 33
CC-Ti_PAN 10% Commercial chitosan (CC) 10
SC-Ti_PAN 33% Chitosan from commercial chitin (SC) 33
SC-Ti_PAN 10% Chitosan from commercial chitin (SC) 10
SH-Ti_PAN 33% Chitosan from shrimp shell (SH) 33
SH-Ti_PAN 10% Chitosan from shrimp shell (SH) 10
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3.3. Characterization Techniques

Fourier-Transform Infrared (FTIR) spectra of the samples were recorded on a Nico-
let™ Summit PRO FTIR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) by
acquiring 16 scans with a 4 cm−1 resolution in the 4000–500 cm−1 region.

X-ray diffraction (XRD) patterns were collected with a SmartLab (Rigaku Wilmington,
MA, USA) equipment, operated at 45 kV and 200 mA, with Cu Kα radiation (wavelength
λ = 0.1541 nm) in a parallel-beam configuration (2θ/θ scan mode). The scanned range was
2θ = 2–70◦, with a scan rate of 8◦/min.

The Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) Methods. BET
surface area and pore measurements for raw and obtained materials were carried out by ni-
trogen adsorption using a NOVA 2200 analyzer (Quantachrome Instruments, Odelzhausen,
Germany). Nitrogen sorption isotherms at −196 ◦C were recorded after all the samples
were outgassed at 40 ◦C for 4 h under vacuum prior to N2 adsorption.

Scanning electron microscopy (SEM) images of the polymeric composite beads were
obtained using a TM4000 plus II product by (Hitachi, Krefeld, Germany) scanning electron
microscope equipped with a secondary electron (SE) detector at an acceleration voltage
of 15 kV. Energy-dispersive X-ray spectroscopy (EDS) was used for spectrum recording
and elemental mapping of samples with an Oxford Instruments (High Wycombe, UK)
equipment. SEM images were recorded on wet beads after rigorous washing while mapping
and EDX analysis were recorded on freeze-dried beads after the adsorption process.

3.4. Adsorption Study

In order to determine the heavy metal ion (Cu2+) concentrations, the Optima 2100
DV ICP-OES System (Perkin Elmer, Waltham, MA, USA) was used, a dual-view optical
system with axial and radial views of the plasma in a single working sequence, operating
with an independent transistorized radio frequency generator (40 MHz), used to determine
Cu2+ ion traces. The nebulizer system is equipped with a PEEK Mira Mist® (Perkin Elmer,
Waltham, MA, USA) nebulizer coupled with a spray chamber—Baffled Cyclonic. The
spectrometer consists of an optical module comprising an Echelle monochromator with a
two-dimensional charged coupled device (CCD) detector, and a spectral range 165–800 nm.
For the determination of copper in liquid samples (aqueous solutions) on the calibration
slide with a concentration range of 1–10 mg/L, the dilution factor used was 1:25. Samples
thus diluted were acidified with 0.5 mL of 65% nitric acid solution.

To evaluate the adsorption kinetics of the polymer composite beads, the following
process was considered. The Cu2+ solution was prepared in distilled water (100 mg/L) and
the solution was brought to pH 5. The experiments were carried out in 15 mL tubes, in
which solutions were prepared with a liquid solid ratio, RS/L = 1.5 mg/mL. The term RS/L
refers to the amount of material used in relation to the amount of solution, expressed in
mg sample/mL solution. The tubes were closed to minimize evaporation of the solution
and placed in a shaker (BENCHMARK SCIENTIFIC H5000-HC Multitherm Shake) at a
stirring speed of 200 rpm. The beads were left in contact with the Cu2+ solution for a very
specific period (2 h, 4 h, 6 h, 8 h, 16 h, and 24 h). After the time had elapsed, the solution
was filtered and placed in a bottle with a silicon cap for and the following analysis.

Quantification of the equilibrium adsorption process was performed by calculating the
removal efficiency (%) (Equation (1)) and the adsorption capacity for metal ions (q, mg/g)
(Equation (2)), knowing the initial (C0, mg/L) and the final (Cf, mg/L) concentrations of
metal ions, the solution volume (V, L) and the adsorbent mass (m, g).

Removal E f f iciency (%) =
(C0 − Cf )

C0
× 100 (1)

q =
(C 0 − Cf

)
× V

m
(2)
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The obtained adsorption data were evaluated based on three distinct kinetic models,
pseudo-second-order (PSO) kinetic model, the Elovich kinetic model and the intraparticle
diffusion model. To fit the kinetic models, the adsorption capacity after 1440 min was used
as the equilibrium adsorption capacity, qe. The equations of the kinetic models used are
shown below:

The pseudo-second-order (PSO) kinetic model:

qt =
k2q2

e t
1 + k2q2

e t
(3)

where qe (mg/g) is the adsorbate amount adsorbed at equilibrium, t (min) is time and k2
(g/mg·min) is the rate constant.

The Elovich kinetic model:
qt = βln(αβt) (4)

where β (g/mg) is the desorption constant of Elovich and α (mg/g min) is the rate constant.
The intraparticle diffusion (ID) model:

qt = kdi f f × t
1
2 + C (5)

where kdiff (mg/g min1/2) is the rate constant and C is the parameter related to the layer
thickness of the boundary.

4. Conclusions

The present study was carried out to evaluate the efficacy of new types of composite
adsorbents, based on different chitosan and inorganic–organic composite fillers for the
efficient removal of Cu2+ ions from simulated waters. Comprehensive research on the
adsorption capacity of the materials was undertaken, and composite polymer beads based
on three types of chitosan were developed: commercial chitosan, commercial chitin-derived
chitosan and chitosan obtained from shrimp wastes enhanced with CaCO3, and a titanium
oxide–polyacrylonitrile composite at different percentages. Polymer composite beads were
evaluated in terms of morphology, physicochemical characteristics, and adsorption capac-
ity.

FTIR spectroscopy confirmed that the TiO2–polyacrilonitrile composite was incorpo-
rated into the biopolymer matrix; the presence of the composite in the structure of the
materials being attested by the band at 2242 cm−1, characteristic of the C-N group in the
polyacrylonitrile structure. XRD patterns showed an anatase-type crystal structure of TiO2
and an ordered crystal structure of chitosan. BET analysis revealed a higher porosity, with
a larger surface area and pore volume for the SH-Ti_PAN 10% beads compared to the other
studied samples, which was confirmed by SEM analysis, indicating a roughness due to the
presence of the composite in granular form on the entire surface of the beads.

The adsorption capacity of the beads was tested at pH 5 in a simulated solution
with Cu2+ ions at a concentration of 100 mg/L, and the adsorption kinetic parameters
(90–1440 min) were studied over time using three kinetic models (PSO, Elovich and ID). The
results showed that the kinetic model that best fitted the obtained experimental data was
the PSO model, suggesting limited surface adsorption and metal–ligand bond formation.
Furthermore, the adsorption study showed that the type of chitosan used and the filler
percentage significantly influence the adsorption capacity of the beads, the maximum
capacity of 19.2 mg/g being registered for the SHC-Ti_PAN 10% sample. The adsorption
properties of composite beads were mostly influenced by the type of chitosan used, judging
from the small variations in the adsorption capacity and the retention efficiency between
samples with the same type of chitosan. For instance, the removal efficiency for commercial
chitosan-based composites varied between 29.5 and 29.9%; for commercial chitin derived-
chitosan, the variation was between 32.5 and 34.0%; for chitosan obtained from shrimp
shell waste, the variation fluctuated was between 49.6 and 51.7%. In support of these
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adsorption results, EDX mapping highlighted the presence of increased Cu2+ ions on the
surface of the beads, particularly for SHC-Ti_PAN 10%.

As a concluding remark, the composite beads obtained in this study can serve as
potential adsorbents of Cu2+ in wastewater treatment. Unlike powder adsorbents, the
composite beads can be easily recovered after treatment by simple filtration procedures.
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Abstract: Chitosan is a natural polymer with numerous biomedical applications. The cellular activity
of chitosan has been studied in various types of cancer, including melanoma, and indicates that these
molecules can open new perspectives on antiproliferative action and anticancer therapy. This study
analyzes how different chitosan conformations, such as α-chitosan (CH) or β-oligochitosan (CO),
with various degrees of deacetylation (DDA) and molar mass (MM), both in different concentrations
and in CH–CO mixtures, influence the cellular processes of SK-MEL-28 melanocytes, to estimate the
reactivity of these cells to the applied treatments. The in vitro evaluation was carried out, aiming at
the cellular metabolism (MTT assay), cellular morphology, and chitinase-like glycoprotein YKL-40
expression. The in vitro effect of the CH–CO mixture application on melanocytes is obvious at low
concentrations of α-chitosan/β-oligochitosan (1:2 ratio), with the cell’s response supporting the
hypothesis that β-oligo-chitosan amplifies the effect. This oligochitosan mixture, favored by the β

conformation and its small size, penetrates faster into the cells, being more reactive when interacting
with some cellular components. Morphological effects expressed by the loss of cell adhesion and the
depletion of YKL-40 synthesis are significant responses of melanocytes. β-oligochitosan (1.5 kDa)
induces an extension of cytophysiological effects and limits the cell viability compared to α-chitosan
(400–900 kDa). Statistical analysis using multivariate techniques showed differences between the CH
samples and CH–CO mixtures.

Keywords: α-chitosan; β-oligochitosan; SK-MEL-28 melanocytes; YKL-40

1. Introduction

Melanoma is one of the cancers with increasing incidence worldwide [1]. The mech-
anisms that induce phenotypic plasticity of tumor cells [2,3], as well as the methods of
therapy [1,4,5], are topics of great interest. Chemotherapy is less effective in this type of
cancer [6], and resistance to therapy is a frequent issue. Therefore, alternative options are
being sought to improve therapeutic outcomes and patient survival rates [5,7,8]. Using
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molecules of polymeric nature [1,4] or nanoparticles [1,5,9] targeting cancer cells or different
intracellular components is a promising alternative.

Chitosan, obtained by deacetylation of chitin, is a potential drug delivery molecule
used in targeted melanoma therapy [4,5,9]. Chitin (CT) and chitosan (CH) are among the
most important biopolymers obtained from natural sources, including recycled waste, and
are considered prospective molecules due to the diversity of applications [10,11]. Chitin
is a homopolymer of N-acetyl-β-glucosamine (GlcNAc) and is the second most abundant
polymer in nature. In vivo structural characteristics indicate that chitin is among the most
resistant organic materials; this property is based on the molecular arrangement and the
ability to combine with proteins or other components to form hybrid materials. In the
evolved forms of eukaryotes and human cells, chitin structural units (chitobioses) are
present at the level of glycoproteins or chitotriosidases, with a role in immune mechanisms
in macrophages [12].

Chitosan is one of the biopolymers with applications in different fields, such as
medicine, biotechnology, drug delivery, etc. [13–16]. Chitosan derives from various natural
sources such as shellfish waste, molluscs, insect sloughs (exuviae), etc. The emerging
modern research trends are identifying new sources, such as mollusc egg capsules [17,18],
or developing methods to increase the efficiency of obtaining these materials [19,20]. De-
pending on the natural source and the processing methods of both the source and the chitin,
chitosan acquires molecular versatility [21–23]. Thus, in acidic solutions, the amino groups
of chitosan can be protonated, giving a polycationic behavior (at pH less than 6). At an
increasing pH of around 6.6, the amino groups are unprotonated and form interpolymeric
bonds that could induce polymer remodeling and interaction with proteins [24].

This behavior gives chitosan capabilities related to solubility in slightly acidic aqueous
media and active bioadhesivity to build bonds with negatively charged substances, which
are important features for understanding biological action. These particularities are related
to the possibility of making forms of chitosan carriers with applications in the medical field,
like drug delivery [25,26]. With breaking or swelling capabilities, the chitosan molecular
network can be optimized for the coordinated release of active substances in the aqueous
environment [27]. This biomaterial’s positive surface charge and biocompatibility allow
it to effectively support cell growth, while its hydrophilic surface facilitates cell adhesion,
proliferation, and differentiation [24,26,28].

Although these abilities make chitosan one of the polymers with the most studied
applications, from a biological point of view, some phenomena limit the use of chitosan
or low-deacetylating chitin-type polymers. The limitations of biological actions for these
molecules relate to physicochemical characteristics such as solubility, viscosity, or molar
mass of chitosan (CH) and chitin (CT).

The biological actions of chitosan (polymer or oligomer) can also be influenced by
polymorphic forms. The conformation of the chains is modulated by temperature, ions,
and pH so that cellular components (membranes, endosomes, lysosomes) can be targeted.
Chitin polysaccharides can be of several types, α, β, and γ, differing in the arrangement of
chains in the crystalline region [29].

Specific forms of chitosan or chitin from marine organisms are contingent upon the
level of evolution [29]. Therefore, less-developed forms that have not yet been calcified
could be significant sources of β-oligochitosan. On the other hand, evolutionary forms
contain α-chitin, which, in its complex crystalline state, provides sea creatures with support
and strength, found as mineralized shells [30]. Thus, based on the evolved forms of
organisms, the different sources of chitin are represented by α-chitin, found mainly in the
exoskeleton of crustaceans or insects; β-chitin, which has been identified in molluscs (squid)
and algae (diatoms); while γ-chitin is found in fungi and yeasts [31–33]. After deacetylation,
α- and β-chitosan can be used for developing biological applications. However, few studies
can be found on the uses of β-chitosan due to its relatively limited availability, especially
from squid species. Still, this compound is notable for its structural changes influencing
solubility, swelling capacity, and biocompatibility [33].

79



Int. J. Mol. Sci. 2024, 25, 6768

Chitooligosaccharides (COS) have recently gained attention due to their synthesis
through the degradation of chitin and chitosan. These include 2–20 units (β-(1-4)-N-acetyl-
D-glucosamine and predominantly D-glucosamine residues) characterized by a low molar
mass (less than 3900 Da). These compounds have been gaining much interest due to their
increased solubility in water compared to chitin and chitosan [34,35].

The biological activity of these chitooligosaccharides is yet insufficiently established, as
it depends on several parameters, such as polymerization degree, molar mass, deacetylation
degree, acetylation fractions, and the origin of acetylation [19].

The β-(1-4)-glycosidic bonds between the N-acetylglucosamine and glucosamine units
of chitin and chitooligosaccharides [23] are degraded by chitinase hydrolysis enzymes,
which exist in different organisms, from viral forms, archaebacteria, bacteria, fungi, protists,
and arthropods to plants and mammals. They are involved in many physiological processes,
such as nutrition, parasitism, morphogenesis, and immunity.

Additionally, several inactive chitinases (chitinase-like lectins) are present in organ-
isms. However, these lectins have no catalytic activity but a functional regulatory role. The
best-known lectins belong to the 18 and 19 glycosyl hydrolase families of chitinases, and
few belong to the 23 and 48 families, as identified in the last few years [36,37].

Hollak et al. detected the first human chitinase, which was found to have high
chitinolytic activity in the serum of patients with Gaucher disease. Due to its ability
to hydrolyze chitotriobase, it has been named chitotriosidase. Activated macrophages
specifically express this protein and have a pH optimum of 6 [38].

Boot et al. discovered another chitinase with a catalytic capacity at pH 2, hence its
name—acidic mammalian chitinase (AMCase). Genes for these enzymes have activity
in the gastric epithelium, in lung macrophages, and in the lung epithelium on asthmatic
inflammation [37,39].

These aspects suggest the existence of both chitooligosaccharide and chitin compo-
nents in the extracellular and intracellular space, AMCase being active in lysosomes. The
substrate probably reaches the cellular system in the form of chitooligosaccharides. Human
chitinase-like proteins (CLPs) include YKL-40, YKL-39, and SI-CLP, molecules that are
secreted by cancer cells, macrophages, neutrophils, synovial cells, and chondrocytes; of
these, YKL-40 is the most investigated in cancer. This YKL-40 molecule is correlated with
an inferior prognosis in breast, lung, prostate, liver, colon, and other cancers and is used as
a predictive biomarker for tumorigenesis [40–43].

YKL-40 is also associated with an inflammatory effect in the intestine, for which a
series of inhibitors, such as caffeine, theophylline, and pentoxifylline, may reduce the
inflammatory process, thus showing promise in therapy. No selective small drug-like
molecules that bind to the YKL-40 have been identified [37].

This study aims to evaluate how the polymorphic chitosan could modify the cell
proliferation of a melanoma tumor culture (SK-MEL-28) by using α-and β-chitosan forms
(polymer and oligomer) with different characteristics (deacetylation degree, DDA, mo-
lar mass, MM) and from different natural sources. For antiproliferative assay effects, in
our study, α-chitosan from shrimp exoskeletons and β-oligochitosan from R. venosa egg
capsule [17] mixtures were used. Our study hypothesized that the polymer mixture (α-
chitosan–β-oligochitosan) induces various or synergistic interactions of biological activities.
The intermolecular forces of β-chitosan are weaker than in α-chitosan, with these particular-
ities making β-chitosan more soluble, reactive, and permeable [44]. Chitosan blending is a
commonly employed technique for modifying polymers in terms of their functionality [29].

The present study also aims to identify the correlations between the chitosan forms
and their influence on the expression of the chitinase-like protein YKL-40 on a melanoma
cell line SK-MEL-28 (ATCC HTB-72). Studies have identified the affinity of YKL-40 for chi-
tooligosaccharides [45], and experimental induction of these intracellular interactions could
increase protein blockage. Taking into account the involvement of YKL-40 as a proinflamma-
tory factor [46,47], its role in tumorigenesis [46,48,49], or in amplifying cancer progression
(metastasis) [49–51], the alternative of inhibiting these proteins is a prospective direction.
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2. Results

2.1. Physicochemical Characteristics of α-Chitosan and β-Chitosan
2.1.1. Scanning Electron Microscopy of the Powders

Chitosan powders analyzed by scanning electron microscopy (FEI Company, Hillsboro,
OR, USA) reveal particles with different appearances. Thus, β-oligochitosan is granular
(Figure 1a,b), with rounded shapes and delicate overlapping layers. It has a semicrystalline
appearance and rounded edges that can be distinguished in Figure 1b. The α-polymer
particles (Figure 1c,d) have a compact, semicrystalline disposition but with very sharp
edges. The data can be correlated with the results of our previous study, which indicated
that X-ray diffraction (XRD) measurements of chitosan samples showed a reduction in the
crystallinity index with DD increasing [52]. These details suggest the size and, respectively,
the morphology of the particles generated by the bonds between the oligomeric β-chitosan
matrix and the polymeric α-chitosan. Particle size and morphology are characteristics of
particular interest in drug delivery and pharmacokinetics polymer applications [53,54].

 

Figure 1. Details of powders analyzed by scanning electron microscopy (SEM); (a) β-oligochitosan
magnification 500×; (b) β-oligochitosan magnification 2000×; (c) α-chitosan magnification 500×;
(d) α-chitosan magnification 2000×.

Previous studies have shown that this chitosan has a β-type structure, semicrystalline
with parallel polymer chains, characterized by a crystallinity index (33.53%) much lower
than an α-type chitosan (40–80%) [55].

2.1.2. Biopolymer Solutions

To identify the optimal formula for in vitro cell assays, the chitosan and oligochitosan
powders extracted from marine wastes were characterized by DDA and MM. The data
obtained are presented in Table 1.
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Table 1. Physicochemical characteristics of tested samples.

Sample Code DDA (%) MM (kDa)
Chitosan

Conformation

CHP1 96.27 819.99 α-chitosan
CHP2 86.65 804.33 α-chitosan
CHP3 88.50 475.43 α-chitosan
COP4 70.00 1.50 β-oligochitosan

MIX1(mixture CHP1 + COP4) * 78.76 2.25
α-chitosan and

β-oligochitosan (1:2)MIX2 (mixture CHP2 + COP4) * 75.55 2.25
MIX3 (mixture CHP3 + COP4) * 76.17 2.25

* Calculated with Equations (1) and (2), respectively.

For the first time, this study uses mixtures of α-chitosan and β-oligochitosan solubi-
lized in 1% acetic acid solutions to obtain the optimal formula for cell growth with broad
applications. Given their versatility and their chemical structure and different charac-
teristics (DDA and MM), these blended biopolymers were developed to confer various
applications, especially in the medical and pharmaceutical fields [56].

The chitosan mixtures used in this study were formed using the blending technique.
This process of blending α-chitosan with β-oligochitosan involves the mix of two biopoly-
mers that, despite their chemical similarity, exhibit different physical and chemical char-
acteristics because of variations in their molar mass and degree of deacetylation. Re-
garding the chemical characteristics of the blending process, several interactions and
modifications that could enhance or modify the characteristics of the new formulation have
been considered.

The novel combination of α-and β-chitosan used in this study is based on the inter-
actions between their molecular chains, favored by the following key parameters: molar
mass, deacetylation degree, and structural arrangement. It is well known that the molar
mass value influences the solubility of each type of chitosan. Thus, the combination based
on mixing α-chitosan with β-chitosan provides an equilibrium between the strength and
flexibility of the new formulations.

2.1.3. Antioxidant Activity Assay

The antioxidant activity is reduced in the mixture compared to the nonblended
samples, except for CHP1, where the mixture (MIX1) induces a minor change (from
13.28 ± 1.59% to 14.27 ± 1.81%) (Table 2). The polymer–oligomer interaction can explain
the modification of the antioxidant activity; thus, a molecular remodeling occurs via the
-OH or -NH2 groups, initially unavailable for the anti-free radical’s effect. The results
indicate lower antioxidant activity of the tested samples.

Table 2. Evaluation of antioxidant activity (%) for samples used in SK-MEL-28 cell culture assay
(CHP1, CHP2, CHP3, COP4, MIX1, MIX2, MIX3); DPPH assays were evaluated at 37 ◦C.

Samples
Antioxidant

Activity (%), ± SD

CHP1 13.28 ± 1.59
CHP2 18.79 ± 1.04
CHP3 15.15 ± 0.05
COP4 11.57 ± 0.11
MIX1 14.27 ± 1.81
MIX2 10.52 ± 0.16
MIX3 11.63 ± 1.37
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2.2. Biological Effects
2.2.1. Evaluation of the Effects on Cell Viability by the MTT Method

The MTT viability assay revealed a decrease in the viability of SK-MEL-28 melanoma
cells with the increase in the tested doses and in the treatment duration. Thus, at the
minimum tested concentration (4.375 μg/mL), cell viability after 24 h of treatment varied
from 99.08% in the presence of the oligomer (MIX1) to 92.57% when the CHP2 polymer
was added. The viability of SK-MEL-28 cells at 48 h, under the action of the minimum
tested dose, ranged between 96.60% (MIX2) and 75.04% (MIX3), proving an increase in the
cytotoxic effect. A more pronounced interference with cell viability was observed as the
dose increased at the maximum concentration (35 μg/mL) with values ranging from 85.62%
(CHP1) to 74.58% (CHP2) after 24 h of treatment. Significant decreases in cell viability were
observed after 48 h of contact of SK-MEL-28 cells with the studied solutions, with values of
72.03% (CHP3) and 61.85% (CHP2). All these aspects are illustrated in Figure 2a,b.

 

 

Figure 2. SK-MEL-28 cell viability after 24 h and 48 h treatment with different chitosan
polymers—CHP1, CHP2, CHP3—(a) and mixtures—MIX1, MIX2, MIX3—(b); as well as acetic acid
(AcOH) and oligomer (COP4) (mean values and SD).

Pursuant to the cell viability test, it was found that the formulations with oligochitosan
showed a significant cytotoxic effect after 48 h of treatment and at the maximum dose. In
the case of the MIX2 combination, a slightly higher viability value was recorded (67.46%),
compared to 61.85% determined in the case of the CHP2 polymer. The most bioactive

83



Int. J. Mol. Sci. 2024, 25, 6768

sample was MIX1, with cell viability of 67.11%, compared to the 70.83% value found in the
case of polymer CHP1. The solvent used, 1% acetic acid, did not have a negative effect on
cell viability (91.36%), thus proving its nontoxic nature. The degree of cytotoxicity of the
oligomer (COP4) was insignificant, registering a cell viability value of 85.20% compared to
the untreated control (100%).

The IC50 values indicate slight changes in the effect at 24 h of exposure to the CHP1
compound (88.74 μg/mL) compared to CHP2 (78.45 μg/mL) and CHP3 (73.98 μg/mL).
Similar values were obtained in the case of mixtures, varying between 73.40 μg/mL (MIX2)
and 75.01 μg/mL (MIX1 and MIX3). After 48 h of exposure, differences between the
samples are noticeable without showing a clear relationship with sample type (Table 3).

Table 3. Inhibition concentrations (IC50) values after treatment application with various formulas of
chitosan evaluated.

Samples IC50 24 h (μg/mL) IC50 48 h (μg/mL)

CHP1 88.74 62.91
CHP2 78.45 47.01
CHP3 73.98 64.58
MIX1 75.01 59.21
MIX2 73.40 53.06
MIX3 75.01 64.22

2.2.2. The Cell Morphology Test

Evaluation of the interaction of different chitosan formulas with the morphology of
SK-MEL-28 cells revealed that the main changes at the cytomorphological level consisted
of the reduction in the ability to adhere and to form a cell monolayer.

The loss of the intercellular connections that ensured the unity of the monolayer
leading to the reduction in the number of confluent cells and the appearance of isolated
cells, more or less spherical floating in the culture medium, was much more intense at the
maximum tested concentration (35 μg/mL) and after 48 h of treatment (Figures 3–8).

2.2.3. Determination of YKL-40 Protein Expression

YKL-40 is a glycoprotein synthesized by cells in response to microenvironmental
factors, which induces the modeling of cellular activity [16]. In the present study, the
evaluation of YKL-40 activity led to the recording of some quantitative variations in the
level of this protein. After lipopolysaccharide (LPS) stimulation, SK-MEL-28 cells increased
glycoprotein synthesis by 9.27 pg/mL, representing an increase of 3.17%, compared to
the unstimulated cells. According to the results after the application of the mixtures
(Figure 9), the level of YKL-40 decreases in the case of the tested solutions by 7% for MIX2,
18% for MIX1, and 28% when administering the MIX3 mixture compared to the control
sample. The inhibition effects of YKL-40 synthesis are related to the presence of chitosan
oligomers. In the samples without oligochitosan, increases in the level of YKL-40 by 9%
(CHP2, LPS stimulated) and 12% (CHP3, LPS stimulated), respectively, were found. No
changes were noted that correlate with the particularities of the polymer, which denotes
similar mechanisms of molecular stimulation in the cell.
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Figure 3. Morphological aspects of SK-MEL-28 human melanoma cells after CHP1 treatment for 24
and 48 h.
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Figure 4. Morphological aspects of SK-MEL-28 human melanoma cells after CHP2 treatment for 24
and 48 h.
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Figure 5. Morphological aspects of SK-MEL-28 human melanoma cells after CHP3 treatment for 24
and 48 h.
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Figure 6. Morphological aspects of SK-MEL-28 human melanoma cells after treatment with MIX1 for
24 and 48 h.
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Figure 7. Morphological aspects of SK-MEL-28 human melanoma cells after treatment with MIX2 for
24 and 48 h.
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Figure 8. Morphological aspects of SK-MEL-28 human melanoma cells after treatment with MIX3 for
24 and 48 h.
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Figure 9. YKL-40 levels (pg/mL) samples interpolated from the standard curve and percentage
expression of samples compared with control; SK-MEL-28 human melanoma cells LPS stimulated
and α-chitosan (CHP1, CHP2, CHP3) and α-chitosan–β-oligochitosan (1:2) (MIX1, MIX2, MIX3)
samples treatment (mean values); qualitative expression percentages among the samples and the
control (LPS stimulated).

YKL-40 expression is identified at the cytoplasmic level, or, in the case of tumors, in
the extracellular matrix, which denotes its exocytosis while maintaining the negative cell
membrane [17]. The study on several types of tumor cells highlighted the in vitro low
expression of this protein, which is also pointed out in our studies, the evaluations being of
the order of pg/mL.

2.3. Statistical Analysis of Experimental Data

The results obtained using chitosan and oligochitosan mixtures were statistically
analyzed using principal component analysis (PCA) and ANOVA.

A global view aiming to emphasize the differences between the six different experi-
mental conditions according to the use of three chitosan samples (CHP1, CHP2, and CHP3)
and their mixtures with oligochitosan, denoted by MIX1, MIX2, and MIX3, respectively, was
carried out using PCA. These pure chitosans and blended biopolymers were characterized
by six variables linked to their main characteristics (DDA and MM) and by the effects
in biological tests: the enhancement of glycoprotein YKL-40 and the IC50 indexes for a
contact time of 24 h (IC50-24) and 48 h (IC50-48) during the treatment of SK-MEL-28 cells as
well as the antioxidant capacity (DPPH). The DDA value of the mixtures was calculated
(Equation (1)) considering the mass ratios chitosan/oligochitosan (1/2) used and the DDAs
of chitosan and oligochitosan, taking into consideration that the basic chitin–chitosan dimer
is the same in all structures.

DDAmix =
(

DDAchitosan + 2 · DDAoligochitosan

)
/3 (1)

The mean molar mass of the mixtures was calculated using mol base, considering
the molar mass of chitosan and oligo-chitosan and the mass ratio in the mix, which is 1/2
(Equation (2)).

MMmix = 3/
(

1/MMchitosan + 2/MMoligochitosan

)
(2)

According to PCA, the six variables implied were grouped in principal components
(PCs), which encompasses the variability in the dataset in decreasing order and also shows
a possible grouping of the samples. The first three PCs reflect about 90% of the variability
(PC1—49%, PC2—22%, PC3—21%), and the representation of the samples in PC1–PC2
coordinates (Figure 10) shows that the chitosan samples are clearly separated from the
mixture samples.
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Figure 10. Samples representation in the first two PCA components.

Analyzing the variable loadings on PC1 and PC2 as expected, the highest loading in
PC1 corresponds to the MM, which drastically varied between the samples, followed by the
loading of DPPH (91% from the loading of MM) and DDA and YKL40, about 80% from the
loading of MM. IC50-24 h and IC50-48 h have high loadings in PC2 and PC3, respectively.
This analysis demonstrates that the sample differentiation is made by modifying MM
and DDA due to mixing and, to a considerable extent, due to the different effects in the
biological system (YKL-40 synthesis and antioxidant capacity).

Figure 11 depicts the relative importance of variable loadings and proves the positive
correlation between MM and YKL-40, MM and DPPH, with DDA and DPPH standing for
the decrease in protein YKL-40 when the molar mass is lower and increase in antioxidant
capacity at higher deacetylation degrees. Therefore, the mixture chitosan–oligochitosan
can improve both the antioxidant capacity and the DDA of the mixture, which is enhanced
by the presence of chitosan. At the same time, the molar mass is mainly influenced by the
oligomer, which leads to an important decrease in the YKL-40 generation.

Figure 11. Variable loadings on the first two components.

The experimental viability of SK-MEL-28 cells treated with various solutions contain-
ing chitosan and chitosan–oligochitosan mixture was further analyzed using the factor
analysis technique. The factors examined are the biopolymer type, the solution concentra-
tion (4.375, 8.75, 17.5, and 35 μg/mL), and contact duration (24 and 48 h). The three-way
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ANOVA performed in the frame of Matlab2023 (Table 4) shows p-values for all three factors
lower than 0.05, which stands for their significance in the variation of the cells’ viability.

Table 4. Analysis of variance in three-way ANOVA.

Source of Variation SS df MS F p-Value

Time 685.58 1 685.58 51.58 0
Concentration 2927.71 3 975.90 73.43 0

Polymer 238.21 5 47.64 3.58 0.0248
Time × Concentration 28.18 3 9.39 0.71 0.5628

Time × Polymer 305.56 5 61.11 4.60 0.0096
Concentration × Polymer 299.70 15 19.98 1.50 0.2195

Within 199.37 15 13.29
Total 4684.31 47

The interaction between time and polymer type is also important (p = 0.0096), which
means that not all polymers have the same influence when the duration of the treatment
varies (also reflected in Figure 2). Consequently, a two-way ANOVA was performed
considering the influence of polymer type and concentration separately for the two process
durations (24 and 48 h). For the samples analyzed after 24 h, the two-way ANOVA test
(Table 5) shows the significance of both concentration and polymer type, and there is no
interaction between the two factors.

Table 5. Analysis of variance for samples at 24 h contact time.

Source of Variation SS df MS F p-Value

Polymers 284.46 5 56.89 3.69 0.0066
Concentration 3065.01 3 1021.67 66.31 0.0000

Interaction 389.28 15 25.95 1.68 0.0867
Within 739.55 48 15.41
Total 4478.30 71

The post hoc Tukey test allows us to highlight more critical differences between
the means of all possible pairs using a studentized range distribution. Figure 12 shows
a graphical representation of the differentiations between groups and shows that the
lowest SK-MEL-28 cell viability is registered for high concentration (35 μg/mL) using
polymer CHP2, the thicker blue line. The blue lines represent groups with similar results
and correspond to other chitosan polymers at a high concentration (35 μg/mL) and the
chitosan–oligochitosan mixtures at lower concentrations (17.5 and 8.75 μg/mL). The red
lines represent all other samples that are significantly different. This may support the
assumption that for a contact time of 24 h, the mixtures of chitosan and oligochitosan may
have better results.

For the experimental data obtained at 48 h contact time, two-way ANOVA proved
significant effects for both main factors and interaction, imposing a further analysis focused
on evaluating the polymer type effect at each concentration.

This study proved that at low concentrations (4.75 and 8.45 μg/mL), the biopolymer
type has an important influence on the measured viability. In contrast, at higher concen-
trations (17.5 and 35 μg/mL), the changes in the biopolymer used made no significant
differences in the viability of melanoma cells (Table 6).
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Figure 12. Marginals for sample reflecting melanoma cells’ viability for different oligopolymers and
solution concentrations.

Table 6. ANOVA results for melanoma cells’ viability using the investigated biopolymers for a
contact time of 48 h and solution concentration 4.375 μg/mL (a), solution concentration 8.75 μg/mL
(b), solution concentration 17.5 μg/mL (c), and solution concentration 35 μg/mL (d).

(a)

Source of Variation SS df MS F p-Value

Between Groups 936.24 5 187.2 7.91 0.00167
Within Groups 284.03 12 23.67

Total 1220.26 17

(b)

Source of Variation SS df MS F p-Value

Between Groups 616.52 5 123.3 6.52 0.00375
Within Groups 226.89 12 18.91

Total 843.41 17

(c)

Source of Variation SS df MS F p-Value

Between Groups 198.82 5 39.76 2.15 0.12908
Within Groups 222.20 12 18.52

Total 421.03 17

(d)

Source of Variation SS df MS F p-Value

Between Groups 226.83 5 45.37 2.17 0.12598
Within Groups 250.80 12 20.9

Total 477.63 17

This result may lead to the conclusion that all biopolymers can have comparable
effects at high solution concentrations and prolonged contact time. In contrast, at shorter
contact time and/or low solution concentrations, the nature of the biopolymer has a
significant effect, with the chitosan–oligochitosan mixture being more effective in treating
melanoma cells.

Analyzing the mean viability of SK-MEL-28 cells using a concentrated solution of
35 μg/mL of chitosan, a chitosan–oligochitosan mixture, and oligochitosan, it can be easily
noticed that the mixture gives better results than both chitosan and oligochitosan, which
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stands for the synergetic effect of the oligomer–biopolymer compounds in defining the
biological properties (Figure 13).

Figure 13. Mean viability of SK-MEL-28 cells after 24 h of treatment with 35 μg/mL solutions of
oligochitosan (COP4), chitosan (CHP1, CHP2, CHP3), and the corresponding composite (MIX1,
MIX2, MIX3).

As Figure 13 shows, oligochitosan alone is the least efficient, but combining it with
chitosan can enhance its potency.

3. Discussion

Using chitosan with different characteristics modeled by the obtaining methods (DDA
and MM) emphasizes that the molecules behave differently due to the presence of amino
and acetyl groups. The degree of deacetylation influences the density of amino groups
available for ion-bonding interactions, either with other chitosan molecules or within
chitosan chains. Using chitosan with different deacetylation degrees (DDA) could improve
the newly formed material’s solubility, charge density, and bioactivity. The structural
arrangement of the new formulation, through changes brought about by the presence of β-
chitosan, such as differences in chain flexibility or the presence of branching, could explain
how these polymer molecules interact with chitosan matrices or gels. In this way, the
different interactions and biological effects purchased with pure chitosan can be explained.

This is due to reactive functional groups in the glycosidic ring structure: the primary
hydroxyl group at C3, the secondary hydroxyl group at C6, and the reactive amino group
at C2, which are involved in inter- and intramolecular bonding. Data in the literature show
that these reactive functional groups provide the basis for enhancing chitosan function-
alization by modifying the chemical structure of chitosan through alkylation, acylation,
esterification, oxidation reactions, etc. The resulting functionalized chitosan-type products
exhibit higher selectivity than their nonfunctionalized counterparts and, thus, can be used
in a broader range of applications [29,57].

Chitosan is studied for its various biological properties: antitumor, antimicrobial,
antioxidant, and anti-inflammatory. The polymer’s physicochemical characteristics, such
as molar mass, DDA, concentration, or solubility, are the main intrinsic factors influencing
effects in biological systems. Intracellular oxidative stress causes necrosis and cell degrada-
tion, but the cell is equally adapted to maintain a redox balance. Understanding how these
intracellular relationships can be manipulated may provide an advantage in preventing
and treating diseases [58].

The antioxidant activity of chitosan is related to its ability to bind free radicals, an
activity that depends on active hydroxyl and amino groups in their polymer [59,60]. Various
methods used to analyze scavenger capacity show that the level of antioxidant activity
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depends on the concentration level of chitosan or oligochitosan as well as molecular
weight [10,59,60].

The maximum concentration tested of chitosan (35 μg/mL) showed that scaveng-
ing activity is below 20%. Other studies looking at chitosan, chitosan oligomers, or its
derivatives at concentrations below 1 mg/mL have demonstrated similar results [59,61,62].
Chitosan oligomers can have a scavenging effect of only 7% at MM of about 15 kDa [59].

Although the level of antioxidant activity is low, for our study, it represents an advan-
tageous response in the sense that at the tested concentrations and in the combinations
used in this experiment, the antioxidant activity indicated in vitro preserves the conditions
of cell availability, favoring the desired cytotoxic and antitumor effects.

Chitosan of different origins and characteristics, with MM ranging from 1.5 KDa
(COP4) to 2.25 KDa in mixtures (MIX 1, MIX2, MIX3) to 819.99 KDa (CHP1), 804.33 KDa
(CHP2), and 475.43 KDa (CHP3), induces similar mechanisms at the same concentration,
which changes the perspective of understanding the level of versatility of chitosan. Numer-
ous studies are searching for solutions to limit melanoma cell proliferation by targeting
some matrix components or intracellular structures. Also, combined therapies such as
chemotherapy, radiotherapy, or immunotherapy are explored [7]. Our studies have proven
a decrease in cell viability after 24 and 48 h for all the experimental variants compared to the
untreated control. Mixtures with oligochitosan favor changes that attract attention through
significant differences regarding cell viability. There are several possibilities by which
these changes are accomplished: either the oligochitosan interacts with other membrane or
intracytoplasmic components, or there are molecular changes of the oligomer by organizing
into micelles, along with the change in intracellular pH [12,63].

The mechanisms of action of chitosan and oligochitosan or mixtures occur in successive
stages. In the first stage, we appreciate that interaction with cancer cell membranes occurs.
These interactions induce changes in the morphology and adhesion of cells (Figures 3–8),
observed in our experimental conditions.

Chitosan is a polymer with amino groups, which are positively charged and will
react with the negative charges of membrane surfaces. These interactions may explain
the differences in the response of different cell lines in contact with chitosan molecules or
oligochitosan [64].

The mentioned electrostatic interactions can be correlated with the higher negative
charges on the membranes of cancer cells compared to normal cells, hence the variability
of chitosan cytotoxicity on different cell lines [65]. A study on the influence of chitosan
on melanoma revealed a decrease in the proliferation of primary melanoma cells, the
SK-MEL-28 line, as well as cells derived from metastatic lymph nodes, the RPMI-7951 line,
by activating the proapoptotic pathways. In the same study, another cell line, A-375, also a
primary melanoma, skin-derived cells, does not show the same proliferative changes as
SK-MEL-28, without the exposure time being correlated with the change in the proliferation
of these cells [66].

The effects of these chitosan molecules are correlated with the regulation of prolifera-
tive processes, more precisely intervening in cell signaling through the phosphatidylinositol
3-kinase (PI3K)-AKT pathway, one of the most important signaling pathways associated
with tumorigenesis and cancer treatment. According to other studies in this direction, there
are controversial opinions. Amirani et al. highlighted the anticancer role of chitosan and
oligochitosan by affecting PI3K-AKT [67].

Another study points out the intracellular manifestation of chitosan with the role
of stimulating the PI3K/AKT1/mTOR pathway. The amplified expression of proteins
that increase cell proliferation in the presence of chitosan nanoparticles (DDA = 75–80%)
in liver cancer cells, CCL 13 and HepG2, can conclude that the use of the polymer with
75–85% deacetylation and low molar mass presents a risk regarding the use of chitosan in
antitumor applications on these cells [14]. Another study reveals the anticancer activity of
oligochitosan by inducing some electrical changes [68].
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The observations from our study denote the correlation between the particularities
of chitosan molecules and the amplification of cytotoxic effects. Thus, chitosan with high
DDA (CHP1) has an impact of inhibiting cell viability. Still, the decrease in MM leads
to the acceleration and maintenance of the effect (CHP3), a phenomenon explained by
the increase in the rate of penetration and possible accumulation at the endosomal level.
Cancer cells use different adaptations in the malignancy process, including inhibiting
some antiapoptotic or antioxidant pathways induced by various chemical substances used
in therapy. Activation of these cellular signaling pathways leads to drug resistance and
stimulation of proliferation. Chitosan acts as a scavenger through the hydrogen ion of NH3
from the C2 position. The mechanism of the antioxidant activity induced by chitosan is
influenced by the physical–chemical characteristics (DDA or MM). Still, these effects are
also related to the concentration of the polymer molecules [69,70].

Many studies have tried to elucidate the mechanisms of chitosan’s action. However,
it has been concluded that this polymer and its derivatives produce different responses
in different cell types [65]. The quantified effects (IC50) and concentrations used are also
very varied. Thus, Zou et al. [64] report, in their studies, that the IC50 value of oligochi-
tosan was observed for different cell lines: IC50 = 1329.9 ± 93.4 μg/mL for HCT-116,
IC50 = 48.6 ± 7.0 μg/mL MCF-7, respectively [65], IC50 = 800 ± 131.45 μg/mL on Ca9-22,
but not HaCaT cells [71]. Srinivasan et al. reported the lowest concentration of chitosan
(10 μg/mL) used in vitro ovarian cell testing (ovarian cancer cell line—PA-1) with an
antitumor effect of 100% [72]. Another study showed that the highest concentration of
oligochitosan tested was 40 mg/mL [73] on HeLA cells, with morphological effects. As a re-
sult, chitosan concentration is another variable parameter that is not very well understood.

The decrease in SK-MEL-28 cell viability after applying different chitosan-based poly-
mers was correlated with cytomorphological changes, such as reduced cell adhesion, the
appearance of floating cells in the culture medium, thinning of pseudopods, and widening
intercellular spaces.

Cultivation of some colon cancer cell lines and hepatocellular carcinoma cells on
chitosan and hyaluronan grafted chitosan membranes determined alterations of the normal
morphology (monolayer formation) materialized by the formation of spheroids or colonies
as a result of 72 h treatment with chitosan-based membranes [74].

The YKL-40 (Chitinase-3-like protein 1) molecule, under experimental conditions,
initiates cell proliferation through the ERK1/2-MAPK pathway and supports angiogen-
esis through the interaction of syndecan-1 (SDc-1/αVβ3) and with receptors (IL-13Rα2)
at the level of endothelial cells. It also stimulates metastasis by activating proinflamma-
tory cytokine-type factors (TNF-alpha, interleukin-1beta, interleukin-6, interferon-gamma)
and proinvasive factors (MMP9, CCL2, CXCL2) [75,76]. YKL-40 is a lectin that binds
carbohydrates with a preference for chitin, heparin, and hyaluronic acid. YKL-40 is synthe-
sized and secreted by many cells (macrophages, neutrophils, synoviocytes, chondrocytes,
fibroblast-like cells, smooth muscle cells, and tumor cells). It plays an important role in the
cellular response to environmental changes (tissue damage, inflammation, tissue repair).
YKL-40 has been shown to be overexpressed in a variety of human and animal cancer mod-
els with roles in cancer cell growth, proliferation, invasion and metastasis, angiogenesis,
activation of tumor-associated macrophages, and Th2 polarization of CD4+ T cells [77].
That is why YKL-40-based targeted therapy is increasingly being approached in cancer
pathologies [50,51].

The in vitro stimulation of YKL-40 synthesis in samples with LPS and samples with
α-chitosan and LPS indicates that SK-MEL-28 melanocytes react to the introduction of
β-oligochitosan in the mixture. According to other studies, these molecules may show an
affinity for YKL-40, which blocks the release into the extracellular space. It should also be
mentioned that chitosan–oligochitosan concentrations that induced a significant decrease
in cell viability (IC50) were used for this test, which means that cytotoxic effects can be
considered. The SK-MEL-28 melanoma line is characterized by a low expression level of
YKL-40 [44]. Regarding skin cancers, the SK-MEL-28 line is among those with a low value
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of nTPM values (representing the number of RNA transcripts per million) of 0.6 for the
gene responsible for transcribing the YKL-40 protein [78].

Through these observations and statistical analysis of the results, the action of chitosan
can be anticipated and correlated with doses and combinations that favor the desired
processes. Statistical analysis showed significant changes in melanoma cells at low concen-
trations of chitosan in the first 24 h (Table 6), while high concentrations did not correlate
with chitosan types.

It is possible that chitosan might have a sensibilization activity on the cells and
could, thus, through controlled molecular characteristics, become a therapeutic agent in
combination therapies [79] targeting cellular components.

A number of experiments highlight the versatility of chitosan and its use in various
anticancer applications, either as codelivery of oxaliplatin and rapamycin for synergistic
chemotherapy [80] or by triggering other mechanisms, such as inhibition of the permeation-
glycoprotein (P-gp), a protein with an important role in the management of cancer [81].

Our study showed that mixing (alpha and beta forms) of chitosan can induce changes
in cellular responses (metabolic, morphologic, and protein synthesis). Further to cytotoxic-
ity, the presence of oligomer leads to the synthesis of YKL-40 (Figure 9), a protein involved
in various cellular processes and angiogenesis. Inhibition of angiogenesis is the focus of
modern antitumor studies [82]. Our study, thus, allows the observation of a correlated
process between chitosan and melanoma cell response, while the mathematical modeling
(Figures 10–13, Table 6) is useful to classify quantified processes and differentiate them
based on statistical significance and the dynamics of their appearance in the cells.

4. Materials and Methods

4.1. Materials

According to Dinculescu et al. [83], chitosan powders (CHP1, CHP2, CHP3) were
obtained by optimizing shrimp waste through a recovery process. The oligochitosan
powder (COP4) was chemically extracted from Rapana venosa capsule waste, aligning with
the previous study’s methodology [30].

The other chemical reagents employed were as follows: HCl (Chemical Company S.A.,
Iasi, Romania), NaOH pellets (ChimReactiv SRL, Bucharest, Romania), ethyl alcohol (Sigma
Aldrich, Taufkirchen, Germany), acetone (p.a.) (Sigma Aldrich, Taufkirchen, Germany), acetic
acid solution (Sigma Aldrich, Taufkirchen, Germany), methanol (Merck KGaA, Darmstadt,
Germany), dimethyl sulfoxide (DMSO) (Merck KGaA, Darmstadt, Germany), trypsin/EDTA
(Biowest, Nuaillé, France), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Merck KGaA, Darmstadt, Germany), 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH)
(Aldrich Chemistry, MM:394.32, Steinheim, Germany), melanoma cell line SK-MEL-28
(ATCC HTB-72), Eagle’s Minimum Essential Medium (PAN-Biotech GmbH, Aidenbach,
Germany), fetal bovine serum (SFB, Euroclone S.p.A., Milan, Italy), antibiotic solution (mix-
ture of penicillin 100 μg/mL and streptomycin 100 IU/mL—Capricorn Scientific GmbH,
Ebsdorfergrund, Germany), lipopolysaccharide from Escherichia coli O55:B5 (MedChem-
Express, Monmouth Junction, NJ, USA), CHI3L1 ELISA Kit (antibodies-online GmbH,
Aachen, Germany).

4.2. Synthesis and Characterization of Chitosan Samples

The extraction procedure of chitosan powders [84,85] involved a demineralization step,
using 4% HCl solution in the ratio of shrimp waste powder to HCl solution of 1:13 (m/v)
at room temperature for 50 min. The deproteinization step involved a 5% NaOH solution
in the mixture ratio of demineralized powder to NaOH solution of 1:16 (m/v), at 65 ◦C,
under continuous stirring for two hours. Prior to the deacetylation stage, the obtained
chitin powder was subjected to a decolorization process using a mixture of ethyl alcohol
and acetone in a volumetric ratio of 1:1 (v/v) at room temperature. The deacetylation
procedure of the obtained chitin samples was carried out with 45% NaOH solution for
120 min under continuous medium agitation and in a solid-to-liquid ratio of 1:18 for CHP1
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and CHP2 and in a solid-to-liquid ratio of 1:9.5 for CHP3. Following each stage of the
above-specified procedure, the material was rinsed with distilled water until achieving a
neutral pH. Subsequently, the material was dried to a constant weight. By using different
solid–liquid ratios (mchitin:volNaOH sol) under the same temperature conditions (95 ◦C),
contact time (120 min), and the same NaOH concentration, it was desired to obtain chitosan
samples with high values for DD, but with different values for molar mass. Thus, at ratios
of mchitin:volNaOH sol =1:9.5, in the case of the CHP3 sample, the measured molar mass was
almost half that of CHP1 and CHP2, which were obtained at ratios of 1:18 (solid–liquid).

According to our previous study [30], the oligochitosan powder (COP4) was obtained
by chemical extraction of R. venosa capsule waste using a 6.5% NaOH solution in a capsule
mass: NaOH solution ratio of 1:40 (m/v) at 90 ◦C, under medium agitation, for 120 min.
The obtained alkaline suspension underwent centrifugation at 3500 rpm. After supernatant
removal, the chitosan pellets were washed repeatedly with distilled water until a neutral
pH was reached. To eliminate potential traces of lipids, proteins, or pigments, the chitosan
pellets were washed with a 1:1 mixture of ethyl alcohol and acetone, using a ratio of 1:10
(m/v) between the wet chitosan pellets mass and the solvent mixture volume. The organic
solvents were then removed through centrifugation and multiple washings with distilled
water. Finally, the resulting wet chitosan pellets were dried in an oven at 105 ◦C. All the
chitosan powders obtained were stored in a desiccator at room temperature, readying them
for physicochemical characterization and the preparation of test solutions.

MM and DDA of polymer molecules are the essential features that influence most
structure–function relationships. Therefore, the DDA characterization was carried out
using potentiometric pH measurements [30,74], in triplicate. Equations (3) and (4) were
used for the determination of DDA values:

DDA (%) =
203 · Q

1 + 42 · Q
(3)

Q =
CM · ΔV

m
(4)

where CM is the molar concentration of the NaOH solution used for titration (mol/L); ΔV
represents the difference volume between the two inflexion points (L); m is the mass of
chitosan analyzed (g); 203 is a coefficient that represents the molar mass of chitin (g/mol);
and 42 is a coefficient that represents the molar mass of acetyl group (g/mol).

The molar mass (MM) was determined by measuring the intrinsic viscosity of diluted
acid solutions of chitosan prepared in 2% acetic acid with 0.1 M KCl [86] using an Ostwald-
type capillary viscometer (model 518 10, SI Analytics GmbHTM, Mainz, Germany, capillary
tube inner diameter Øi = 0.43 mm) [30,83]. The measurements were carried out at 25 ± 1 ◦C,
in triplicate. The approach employed in this study relies on the correlation between the
viscosimetric-average molar mass, MM (g/mol), and the intrinsic viscosity, [η] (mL/g), as
described by Mark–Houwink–Sakurada [30,83] and illustrated by Equation (5).

[η] = K · Mα
v (5)

In this equation, the constants K and α are influenced by factors such as the solvent’s
characteristics, temperature, and the chemical arrangement of the polymer
(K = 13.8 × 10−3 mL/g, α = 0.85) [52,86].

For testing, chitosan powder samples (CHP1, CHP2, CHP3) were mixed with oligo-
chitosan powder in mass ratios of 1:2 (m/m) and then solubilized in dilute 1% acetic acid
solutions. The powders of α-chitosan, β-oligochitosan, and their mixtures were solubilized
on a hotplate under continuous medium stirring (500 rpm) at 40 ◦C for 24 h.

The characterization was performed using a scanning electronic microscope (SEM)
(FEI QUANTA 250) with an energy-dispersive spectrometer. Images with a magnitude of
500× and 2000× and details of the microparticle disposition were photomicrographed.
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4.3. Antioxidant Activity

The antioxidant activity of the samples was determined by the DPPH (2,2-diphenyl-1-
picryl-hydrazyl-hydrate) method. DPPH (Sigma Aldrich) in methanol solutions (100 mL)
were prepared before performing the test (fresh solution). Fresh chitosan solutions in
1% acetic acid were prepared. The samples were stirred for two hours before assay and
after that, they were kept warm at 37 ◦C. A volume of 100 μL of the sample (35 μg/mL
concentration), including chitosan solutions (CHP1, CHP2, CHP3) and mixtures (MIX1,
MIX2, MIX3), were mixed with 1 mL of DPPH. The solutions were stirred for 10 s and kept
at the thermostat (37 ◦C) in the dark for 30 min. The evaluation was carried out with a
UV/VIS Nanospectrophotometer, NABI (MicroDigital Co., Ltd., Seongnam-si, Republic
of Korea), and the reading was carried out at 517 nm. The DPPH solution was used as
control, and methanol was used as a blank. The free radical’s scavenger activity of chitosan
solutions was calculated as follows (Equation (6)):

DPPH (%) =
Acontrol − Asample

Acontrol
· 100 (6)

where Acontrol and Asample represent the absorbance values at 517 nm [61].
All variants were completed in triplicate. The results are presented as an average

value with standard deviation (±SD).

4.4. Cell Culturing Conditions

Eagle’s Minimum Essential Medium (Eagle’s Minimum Essential Medium, PAN-
Biotech GmbH, Aidenbach, Germany) was used for the SK-MEL-28 cell line, with both
types of nutrient media supplemented with 10% fetal bovine serum (Euroclone S.p.A.,
Milan, Italy) and 1% antibiotic solution (mixture of penicillin 100 μg/mL and streptomycin
100 IU/mL—Capricorn Scientific GmbH, Ebsdorfer-grund, Germany). Cells were grown in
culture plates in an incubator (Binder GmbH, Tuttlingen, Germany) at 37 ◦C in a humid
atmosphere with 5% CO2 [87].

SK-MEL-28 cells were cultured in the presence of chitosan solutions (CHP1, CHP2,
CHP3) of different concentrations (4.375, 8.75, 17.5, and 35 μg/mL) and mixtures of chitosan–
oligochitosan MIX1 (CHP1 + COP4), MIX2 (CHP2 + COP4), and MIX3 (CHP3 + COP4).

4.5. MTT Assay

The MTT assay, which allows the evaluation of the percentage of cell viability, was
used in order to determine optimal doses to express the biological effect of the tested
compounds, based on which the IC50 value was calculated. The 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetric method was used, adapted
from Mosmann [88], Laville et al. [89], and van Meerloo et al. [90]. This is based on the
ability of living cells to convert the yellow water-soluble substrate of MTT, with the help of
mitochondrial dehydrogenases, into dark, blue-colored formazan. Briefly, 10 μL of DMSO
in each well was added in order to solubilize formazan crystals and to stop the reaction. The
amount of formazan produced is hypothesized to be directly proportional to the number
of living cells [91].

Initially, SK-MEL-28 cells were grown in 75 cm2 culture flasks and, after monolayer
formation, were detached with trypsin/EDTA, counted, and resuspended in 96-well mi-
croplates at a density of 1 × 104 cells/well. After forming the monolayer (approximately
24 h), the cells were treated with the formulas of α-chitosan and β-oligochitosan in the
following doses: 4.375, 8.75, 17.5, and 35 μg/mL, with the duration of treatment being 24
and 48 h. A 1% acetic acid solution was used to solubilize the powdered chitosan.

At the end of the treatment, the cells were processed following the protocol of the MTT
test, and the extinctions were measured at 570 nm using the automatic microplate reader
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Biochrom EZ Read 400 (Biochrom Ltd., Cambridge, UK). Cell viability was calculated
according to Equation (7).

Cell viability (%) =
(

Esample/Econtrol

)
· 100 (7)

where Esample is the extinction of the sample and Econtrol is the extinction of the untreated control.
The IC50 values of the tested chitosan formulations were calculated using polynomial

dose–response curve plots for each concentration used in the MTT assay.

4.6. Cell Morphology Test

The interaction of different chitosan formulas with cellular structures was also evalu-
ated regarding the morphological changes they induced after 24 and 48 h of treatment. Cell
morphology was visualized using a Nikon Eclipse TS100 inverted microscope equipped
with a MshOt MS60 (Nikon, Tokyo, Japan) digital camera, with photographs taken with a
10× objective.

4.7. Determination of YKL-40 Protein Expression

The melanoma cell line SK-MEL-28 was used to evaluate the expression of the
chitinase-like YKL-40 protein. Eagle growth medium (Eagle’s Minimum Essential Medium)
was supplemented with 10% fetal bovine serum and 1% antibiotic solution. Cells were
grown in culture flasks in an incubator (Binder GmbH, Tuttlingen, Germany) at 37 ◦C in a
humid atmosphere with 5% CO2 [87].

The evaluation of the expression levels of chitinase-like proteins, especially YKL-
40, was performed by the ELISA test. The test was initiated by culturing SK-MEL-28
cells in 150 cm2 plates to obtain cellular mass, after which the cells were trypsinized with
trypsin/EDTA, counted, and distributed in 12-well plates at a density of 3.6 × 104 cells/well.
After the formation of the monolayer (24 h), the growth medium was removed and replaced
with fresh medium; the cells were stimulated with 50 ng/mL of lipopolysaccharide (LPS,
MedChemExpress, Monmouth Junction, NJ, USA) for one hour, after which they were
treated for 24 h with chitosan and chitosan–oligochitosan mixtures. The concentrations
used are for each compound tested, concentrations that induce similar effects (IC50). After
the treatment ended, the supernatant was collected and processed according to the specific
instructions of the ELISA kit. To calculate the results expressed in pg/mL, a standard curve
consisting of 8 samples with known protein concentration was drawn up. The results were
expressed in percentages (%), and the alterations in the chitosan-exposed samples (mean
values) were compared with the control sample (LPS stimulated control).

4.8. Statistical Analysis

Results of in vitro tests were expressed as mean ± standard error (SE). The difference
between mean values for each index was expressed using Student’s t-test [92]. Statistical
significance was established at p < 0.05; each test was performed in triplicate. All the
registered data were analyzed using multi-ANOVA implemented in Matlab 2023, checking
the influence of the three factors implied: duration of the treatment; concentration; and
polymer type.

5. Conclusions

The results obtained provide promising information on modeling the efficiency of
antitumor action. Thus, α-chitosan, with different degrees of deacetylation (DDA) and
molar mass (MM), in combination with β-oligochitosan, can form mixtures with favorable
effects on the cell processes, activating antitumor mechanisms by disrupting cellular activity
and maintaining the nonproliferative status. Our study showed decreased tumor cell
viability and YKL-40 expression in the association conditions of α-chitosan–β-oligochitosan
mixtures after cell stimulation. These results highlight the importance of obtaining carefully
controlled solutions from a molecular point of view that correlate with the targeted cellular
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processes. We appreciate that DDA is a critical factor in relation to the extent of the effects,
while MM influences the conditions of the chitosan penetration and, implicitly, the rate of
the induced reactions.

The results support the conclusion that the chitosan mixtures determined a dose- and
duration-dependent cellular reactivity. The intensity of the response was correlated with
the degree of damage to cell viability. The morphological changes highlighted the decrease
in the ability to adhere and, implicitly, to form the cell monolayer.

Our future studies aim to investigate the mechanisms by which these mixtures of an-
other α-chitosan–β-oligochitosan combination ratio can better amplify the antiproliferative
effect in melanocytes and other tumoral cell lines.
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Identification of Chitinous Wall Structures in Rapana Venosa (Gastropoda, Mollusca) Egg Capsules. Sci. Rep. 2020, 10, 14550.
[CrossRef] [PubMed]
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Abstract: Chitosan (CS), derived from the partial deacetylation and hydrolysis of chitin, varies in the
degree of deacetylation, molecular weight, and origin, influencing its biological effects, including
antifungal properties. In plants, CS triggers immune responses and stimulates biomass growth.
Previously, we found that the antifungal activity of CS was strongly dependent on its physicochemical
properties. This study revealed that the chitosan batch CS_10 with the strongest antifungal activity
also effectively activated plant immune responses and promoted biomass growth. Barley treated with
CS_10 exhibited systemic acquired resistance (SAR), characterized by micronecrotic reactions upon
Puccinia hordei (Ph) inoculation and reduced symptoms following Fusarium graminearum (Fg) infection,
representing biotrophic and necrotrophic pathogens, respectively. CS_10 treatment (concentration
200 ppm) also enhanced plant biomass growth (by 11% to 15%) and promoted the accumulation of
salicylic acid (SA), a hormone that regulates both plant immune responses and growth. Low levels of
exogenous SA applied to plants mirrored the stimulation observed with CS_10 treatment, suggesting
SA as a key regulator of CS_10-induced responses. Transcriptomic analysis identified SA-regulated
genes as drivers of enhanced immunity and biomass stimulation. Thus, CS_10 not only fortifies plant
defenses against pathogens like Ph and Fg but also boosts growth through SA-dependent pathways.

Keywords: barley transcriptome; cereal crops; deacetylation degree; Fusarium graminearum; Hordeum vulgare;
necrotic reactions; pathogenesis related (PR) proteins; Puccinia hordei; reactive oxygen species (ROS);
systemic acquired resistance (SAR)

1. Introduction

Chitin, the second most abundant natural polysaccharide after cellulose, is a key
component of crustacean and insect exoskeletons, fungal cell walls, and cephalopod beaks.
It is a linear polymer composed of β-1,4-linked N-acetyl-D-glucosamine (GlcNAc) [1]. As
the main component of fungal cell walls, chitin oligomers released during pathogenesis
act as plant immune elicitors. Chitosan (CS), derived from the partial deacetylation and
hydrolysis of chitin, is a copolymer of N-acetyl-D-glucosamine (GlcNAc) and deacetylated
D-glucosamine (GlcN). Each CS batch varies in its degree of deacetylation (DD), average
molecular weight (MW), and biological origin [2]. CS is soluble in water at acidic pH (at
pH < 6), when most amino groups are protonated. Depending on their molecular character-
istics, the CS molecules can influence biological processes in diverse organisms with strong
antifungal properties that restricts the growth of pathogenic fungi [3] and significantly re-
duce mycotoxin levels in plant material [4,5]. Chitosan serves as an effective elicitor of plant
immunity, enhancing plants’ defenses against a wide range of pathogens, including bacte-
ria, fungi, and viruses. In addition to its protective role, chitosan application promotes plant
growth, boosts yield, and stimulates the production of diverse secondary metabolites [6].
These beneficial characteristics, along with biocompatibility and biodegradation, make
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CS a suitable candidate for various applications, including sustainable agriculture [7–10].
Its strong antifungal effects against Fusarium species, inhibition of mycotoxin accumula-
tion [4], and enhancement of plant immunity position makes CS a promising compound
for mitigating Fusarium-related diseases. However, the precise biological mechanisms by
which CS affects both fungal and plant processes are only partially understood and warrant
further investigation.

Barley (Hordeum vulgare L.) is a major cereal crop globally, but it is highly suscep-
tible to Fusarium head blight (FHB), a severe disease affecting various cereals. FHB is
primarily caused by the Fusarium oxysporum species complex (FOSC), a soil-borne pathogen
that includes Fusarium graminearum (Fg). FOSC ranks fifth among the top economically
damaging pathogens, impacting over 100 crop species. FHB not only reduces crop yields
but also degrades grain quality due to the accumulation of harmful mycotoxins, which
can render the harvest unsuitable for food and feed use [11–13]. Fg exhibits a biotrophic
growth phase early in infection, followed by a necrotrophic phase during active pathogene-
sis, during which it produces mycotoxins, including deoxynivalenol (DON). The Golden
Promise cultivar was selected for this study due to its widespread use as a model in cereal
genetics and breeding research. It is particularly valuable because its entire genome has
been sequenced and fully annotated, providing a comprehensive resource for genetic and
functional studies.

Plant immunity activated by pathogen-associated molecular patterns (PAMPs) in-
volves the reprogramming of host cellular processes to resist pathogen attacks. Chitin- and
chitosan-derived elicitors serve as fungal PAMPs, triggering defense responses in plants [14].
These responses include the rapid accumulation of reactive oxygen species (ROS) at the
infection site, which act as signaling molecules that activate the plant immune response
and local necrotic reactions. ROS-dependent necroses directly impact pathogens, with vary-
ing effects based on their life strategies and pathogenesis types. For instance, biotrophic
pathogens, like Ph, are quickly and strongly countered by ROS and local micronecrotic
reactions [15–17]. In contrast, necrotrophic pathogens such as Fg can exploit host necrosis
to enhance their pathogenesis. However, low to moderate ROS levels serve as signaling
molecules that activate additional defense mechanisms in both pathogenesis systems. The
plant immune system is highly sophisticated, with pathogen recognition being the critical
initial step in preventing disease progression [18].

Salicylic acid (SA) is a plant hormone that regulates immune responses by controlling
numerous crucial genes involved in defense [19,20]. Beyond its role in immunity, SA is
also involved in stress response [21] and growth regulation [22,23]. Plants synthesize
SA through two main pathways: the ICS (isochorismate synthase)-dependent and the
PAL (phenylalanine ammonia-lyase)-dependent pathways [20,24]. The predominance
of one pathway over the other varies by species and is influenced by environmental
or biotrophic factors; in some cases, both pathways can operate simultaneously. For
instance, rice primarily relies on the PAL-dependent pathway [25], while in Arabidopsis,
the ICS-dependent pathway is dominant [26]. In soybeans, both PAL- and ICS-dependent
pathways are equally important [27]. The involvement of each pathway can vary depending
on the type of immune response or environmental condition. In barley, there are seven PAL
paralogs and a single ICS gene [28], but their roles in SA biosynthesis are still under debate.
Hao et al. [29] reported that the single ICS gene plays a major role in SA biosynthesis and
the development of SA-dependent basal resistance to Fg. In their system, none of the known
PAL paralogs influenced SA levels or resistance to Fg. Conversely, Qin et al. [30] found that
knocking out the ICS gene did not affect basal SA levels, suggesting that the PAL-dependent
pathway is responsible for maintaining them. These findings suggest that SA biosynthesis
in barley is complex, likely involving both pathways. The PAL-dependent pathway may
maintain basal SA levels, while ICS-dependent synthesis is triggered by external signals.
In a previous article [4], we explored the antifungal effect of CS application, focusing on
its ability to mitigate pathogenesis and inhibit mycotoxin synthesis. We found that only a
specific batch of chitosan_10 (CS_10), characterized by a low molecular weight (MW) of
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30 kDa and a high degree of deacetylation (DD) of ≥90, exhibited the desired antifungal
properties in a concentration of 200 ppm [4]. CS oligomers showed no significant antifungal
activity, while high MW CS batches were relatively ineffective.

In the current experiments, we discovered that the CS_10 sample with the strongest an-
tifungal properties was among those which most effectively stimulated barley growth and
immune responses. Therefore, the objective of this article was to investigate Hordeum vulgare
cv Golden Promise response to CS_10 application, aiming to identify the factors responsible
for: (i) enhanced immune response and resistance and (ii) increased plant biomass growth.

2. Results

2.1. CS_10 Treatment Activates Plant Immune Response in Barley Leaves Detectable as Smaller
Necrotic Symptoms and Stronger Micronecroses After Fg and Ph Inoculations

Addressing the first hypothesis that CS_10 treatment activates the immune response,
the two plant pathogens, which represented two different lifestyles, i.e., necrotrophic Fg and
biotrophic Ph, were used. The Fg infection symptoms on the third leaves of mock-treated
control plants showed medium to large dark-colored necrotic areas. The large chlorotic
sections indicated widespread infection. The infection symptoms on the third leaves of
CS_10-treated plants were smaller compared to the control. The dark necrotic spots were
restricted to the inoculation sites, and they were surrounded by relatively small chlorotic
areas. In mock-treated plants, necrotic sites and chlorotic areas were visibly larger compared
to the control (Figure 1A). The rate of Fg infection in both variants was further quantified
by qPCR using primers designed for Fg (Fg_TRI5) and barley (Hv_EFG1) genes (Table S1)
and gDNA from the infected leaves as a template. In mock-treated plants, the ratio of
Fg-specific TRI5 gene per one copy of barley-specific EFG1 varied from 0.11 to 0.21, with the
average value of 0.15 (SD ± 0.04). In CS_10-treated plants, the ratio of Fg_TRI5/Hv_EFG1
varied from 0.03 to 0.09, with an average of 0.06 (SD ± 0.02) (Figure 1B).

Figure 1. Representative picture of infection symptoms on the third barley leaves inoculated with
Fusarium graminearum (Fg) in plants where the second leaves were mock (Hv-mock)- or chitosan_10
(CS)-treated (Hv_CS) (A). Relative number of Fg TRI4 gene copies (Fg_TRI5) per one copy of barley
EFG1 gene (Hv_EFG1) is shown. The results are from five independent biological repetitions and the
average values of genes’ quantification are shown (B). Asterisks indicate significance level (based on
one-way ANOVA and Tukey’s post hoc test) ** p ≤ 0.01.
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Six days post-inoculation with Ph, the third leaves of the CS_10-sprayed plants exhib-
ited fewer necrotic spots and weaker infection symptoms compared to the mock-treated
plants (Figure 2A). Calcofluor white (CW) staining followed by the microscopic visual-
ization of the infection sites showed the development of Ph infection structures and the
presence of micronecrotic reactions of plant cells on different time days (Figure 2B).

Figure 2. Plant–pathogen interaction of barley plants treated with mock (Hv-mock) or with
chitosan_10 solution (Hv-CS) followed by inoculation with Puccinia hordei (Ph) urediniospores. The
CS_10 or mock treatments were applied to the second leaves of the plants, and the third leaves
of the same plants were inoculated with Ph urediniospores. This approach allowed us to detect
the results of plant immune response induced by the CS-10 and not a direct inhibitory effect of
the CS-10 on the pathogen. Representative pictures of infection symptoms on the third leaves
of mock- and CS_10-treated plants scored six days post-inoculation (A). Representative pictures
of microscopic observation of infection sites of calcofluor white stained leaf samples scored from
1 to 5 days post-inoculation. Scale bars = 100 μm (B). Representative pictures of leaf samples stained
with DAB. Scale bars = 100 μm (C). The rates of micronecrotic reactions in Ph infection units on barley
leaves. The mean values and standard deviation were calculated based on scoring one entire leaf
from each time point and three biological replicates (D).

The germination of Ph urediniospores was observed already at 1-day post-inoculation
(dpi) in mock-treated control, while in the CS_10-treated plants, a similar stage was ob-
served a day later at 2 dpi. The subsequent stages of Ph development were delayed
by about one day in CS_10-treated plants compared to the control (Figure 2B). The first
micronecrotic reactions representing plant response, which further restricted Ph patho-
genesis, were observed 2 dpi in CS_10-treated plants and 3 dpi in the control plants
(Figure 2B). The CW-stained samples allowed for the quantitative scoring of infection sites
with micronecroses. In mock-treated control plants, micronecroses were not detectable at
1 and 2 dpi. The infection rate of micronecroses at 3 dpi was 7.8%, and it increased to 11.5%
and 15.8% at 4 and 5 dpi, respectively. In CS_10-treated plants, the micronecrotic responses
were observed one day earlier compared to mock at 2 dpi, and the rate was 4.8%. On subse-
quent days, the rates were 17.7, 26.2, and 36.2% at 3, 4, and 5 dpi, respectively (Figure 2C).
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Moreover, the samples of Ph-inoculated leaves collected from mock- and CS_10-treated
plants were stained with DAB followed by microscopic observations. Brown precipitate,
the result of DAB oxidization by hydrogen peroxide, indicated sites of hydrogen peroxide
accumulation in plant tissues. The intensity of the DAB staining also allowed for the
semi-quantitative analysis of H2O2 accumulation. A higher accumulation of H2O2 was
observed in the CS_10-treated plants during the early days of infection, particularly at
3 and 4 dpi. In contrast, H2O2 accumulation was higher in the mock-treated plants after
5 dpi. Additionally, we noted that the number of infections was higher on the third leaf of
the mock-treated plants compared to the CS_10-treated plants, which may be due to the
early accumulation of H2O2 in the CS_10-treated plants (Figure 2D).

2.2. CS_10 Treatment of Barley Plants Leads to Elevated Levels of Salicylic Acid in the Leaves

SA concentration was quantified in the pooled second and third leaves of 14-day-old
plants. The leaves were mock treated (Hv_mock), sprayed with CS_10 200 ppm solu-
tion (Hv_CS), and inoculated with Fg macrospores (Hv_Fg). The SA concentration were
measured for all treatments in two timepoints: one day after treatment and three days
after treatment. One day after mock treatment, the level of SA in mock-treated, CS_10-
treated, and Fg-inoculated plants were 975 μg/kg, 967 μg/kg, and 1471 μg/kg, respectively.
Three days after treatment, SA concentrations in mock-treated, CS_10-treated, and Fg-
inoculated plants were 785 μg/kg, 1298 μg/kg, and 1646 μg/kg, respectively (Figure 3).

 
Figure 3. Concentration of total salicylic acid (SA) in barley leaves collected one day (1 d) and
three days (3 d) after mock (Hv-mock) or chitosan_10 treatment (Hv-CS), or inoculation with
F. graminearum (Fg) (Hv_Fg). Asterisks indicate significance level (based on one-way ANOVA and
LSD post hoc test) * p ≤ 0.05 and ** p ≤ 0.01.

2.3. Treatments with CS_10 and SA Stimulates the Biomass Growth of Barley Seedlings

To investigate the stimulation of plant growth by different samples of CS (Table 1),
barley seedlings were grown in a semi-hydroponic system in Hoagland medium. First, we
investigated how different CS samples (Table 1), characterized by different deacetylation
degrees (DDs), molecular weights (MWs), and biological origins, affected the growth of
barley seedlings (Figure 4A). The relative biomass gains of the barley seedlings treated
with different CS samples ranged from 0.93 to 1.16. Treatment with CS_5 and CS_100-300
showed a slight inhibition of growth by factors 0.93 and 0.96, respectively. Treatment
with CS_8-15, CS_10, CS_10-120, CS_30-100, and CS_300-1k enhanced biomass growth
by factors of 1.16, 1.11, 1.07, 1.06, and 1.13, respectively (Figure 4A). Although biomass
enhancement was relatively modest, it was statistically significant for CS samples CS_8-15,
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CS-10, CS_10-20, and CS_300-1k. For subsequent experiments, CS_10 was chosen due to its
superior antifungal activity against Fg.

Table 1. Characteristics of the selected chitosan (CS) samples used in the experiments.

No. Name of the Sample Viscosity [cps] Molecular Weight [kDa] Deacetylation Degree [%] Origin

1 CS_5 5 20 ≥90 Shrimp
2 CS_10 10 30 ≥90 Shrimp
3 CS_8-15 8–15 20–100 87.6–92.5 Shrimp
4 CS_10-120 10–120 NP * ≥85 Aspergillus niger
5 CS_30-100 30–100 250 ≥90 Shrimp
6 CS_100-300 100–300 890 ≥90 Shrimp
7 CS_300-1k 300–1000 1250 ≥90 Shrimp

* NP—characteristic not provided by the distributor.

Figure 4. Relative biomass gain of barley seedlings after 19 days of cultivation in Hoagland medium
after treatment with seven chitosan batches (200 ppm): CS_5, CS_8-15, CS_10, CS_10-120, CS_30-100,
CS_100-300, and CS_300-1000. For each sample, 40 separate plants have been tested (A). Relative
biomass gain of barley seedlings after 19 days of cultivation in Hoagland medium after chitosan
(CS_10, 200 ppm) and after salicylic acid (SA, 50 μM and 400 μM) treatment (B). Each box represents
the percentile in range 25–75; the whiskers represent the 10 and 90 percentiles. Asterisks indicate
significance level (based on one-way ANOVA and Tukey’s post hoc test) * p ≤ 0.05, ** p ≤ 0.01, and
*** p ≤ 0.001.

In another set of experiments, the relative biomass gain after treatment with CS_10
200 ppm was 1.15 (SD ± 0.17) (Figure 4B). The relative biomass gain after treatment with
SA 50 μM was 1.10 (SD ± 0.21) and SA 400 μM was 1.00 ± 0.20) (Figure 4B).

2.4. Transcriptomic Analysis of Barley Response to CS_10 Treatment and Fg Inoculation

Barley transcriptome was analyzed in the following variants: barley inoculated with
Fg (Hv_Fg), treated with CS_10 and inoculated with Fg (Hv_Fg_CS), barley treated with
CS_10 (Hv_CS) and the control, mock-treated (Hv_mock) plants used as reference (Figure 5).
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Figure 5. Representative picture of leaf samples used for RNA-seq analysis. Hv_mock—leaves treated
with mock solution containing 0.05% acetic acid; Hv_CS—leaves treated with CS_10 (solutions
of CS_10 also contained 0.05% acetic acid); Hv_Fg—leaves inoculated with F. graminearum (Fg);
Hv_Fg_CS—leaves inoculated with Fg and treated with CS.

Initial variations between different variants were analyzed using hierarchical clus-
tering distance (Pearson average distance on top 3000 genes) (Figure 6A). The correlation
matrix represents the global relation between all variants. The average correlation co-
efficients (R2) of gene expression between biological replicates of each treatment were
high, ranging between 0.94 and 1. Treatment wise, Hv_mock and Hv_CS were closest,
followed by Hv_Fg_CS and Hv_Fg (Figure 6B). All 12 samples (3 for each of the 4 variants)
were analyzed with the use of principal component analysis (PCA). The treatments were
separated by the first principal component (PC1), which accounted for 82.5% of the varia-
tion. The biological replicates grouped closest were based on their respective treatment
(Figure 6C). Globally, the biggest difference was observed between Fg-inoculated (Hv_Fg
and Hv_Fg_CS) and Fg-non-inoculated samples (Hv_mock and Hv_CS), indicating that
inoculation with Fg had a significantly stronger effect than treatment with CS_10 (Figure 6).

Figure 6. Hierarchical clustering heatmap of tested variants: leaf control samples (Hv_mock), leaves
treated with CS_10 (Hv_CS), inoculated with F. graminearum (Fg) (Hv_Fg), and treated with CS_10
and inoculated with Fg (Hv_Fg_CS). The three columns in each variant represent the three biological
replicates (A). Correlation matrix of all three biological replicates of each tested variant (B). Principal
component analysis of all tested variants (C).
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Genes with a false discovery rate (FDR) < 0.05 and genes with log2fold change > 2
were considered as differentially expressed genes (DEGs) between the variants (Hv_CS,
Hv_Fg, and Hv_Fg_CS) in relation to the control (Hv_mock). The highest number of DEGs,
6652 downregulated and 6736 upregulated genes, was found in plants inoculated with
Fg (Hv_Fg). Fg inoculation and CS_10 treatment (Hv_Fg_CS) led to 4715 upregulated and
3796 downregulated genes. CS_10 treatment (Hv_CS) led to downregulated 514 genes
and upregulated 1198 genes (Figure 7A). The CS_10-treated sample (Hv_CS) showed
122 unique upregulated and 182 downregulated genes. An additional 91 upregulated
and 39 downregulated genes were commonly found in the CS_10 treatment (Hv_CS) and
CS_10 treatment and Fg inoculation (Hv_Fg_CS) variants. In the group of total 1198 genes
upregulated after CS_10 treatment (Hv_CS), 985 (972 + 13) genes were also upregulated
after Fg inoculation (Hv_Fg), and out of 514 downregulated genes, 293 (279 + 14) of these
genes also overlapped with Hv_Fg downregulated genes (Figure 7B).

Figure 7. Numbers of differentially expressed genes (DEGs) in analyzed samples in relation to
the control (Hv_mock). The tested variants include leaves treated with CS_10 (Hv-CS), leaves
inoculated with F. graminearum (Fg) (Hv-Fg), and leaves treated with CS_10 and inoculated with
Fg (Hv_Fg_CS) (A). Venn diagrams showing number of differentially expressed genes (DEGs) in each
the three tested variants in relation to mock-treated control samples. Variants: leaves treated with
CS_10 (Hv-CS), leaves inoculated with Fg (Hv-Fg), and leaves treated with CS_10 and inoculated
with Fg (Hv_Fg_CS) (B). Presented genes are based on a cutoff value of FDR < 0.05 and log2fold
change > 2.
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2.5. The Top Five Terms of Biological Processes (BPs), Molecular Functions (MFs), and Cellular
Components (CCs) Are More Strongly Affected by CS_10 Treatment than Fg Inoculation

Gene set enrichment analysis (GSEA) provides information on pathway enrichment
across analyzed samples. It allows researchers to identify enriched or depleted sets of genes
and describe them by respective Gene Ontology terms. This approach gives an overview of
the main barley transcriptome responses differing in CS_10 treatment and Fg inoculation
(Figure 8). In the two tested variants (Hv_CS and Hv_Fg), the biggest fold enrichment
of biological processes (BPs) was in the “L-phenylalanine catabolic process”. Similarly,
“Aromatic amino acid family catabolic process” and “L-phenylalanine metabolic process”
were among the most upregulated.

Figure 8. Top five Gene Ontology terms sorted by fold enrichment across chitosan_10 treated barley
(Hv_CS) and F. graminearum inoculated barley (Hv_Fg) categorized into BPs (biological processes),
MF (molecular function) and CC (cellular component) gene sets.

In Hv_CS, the top five downregulated GO terms were associated with the cell wall,
lignin metabolic process, and plant cell wall organization. Differently, in Hv_Fg, the terms
related to chloroplasts and photosynthesis were downregulated. In molecular functions
(MFs), “Ammonia-lyase activity” and “Chitinase activity” were upregulated in both vari-
ants, Hv_CS and Hv_Fg. Large, downregulated differences between the variants were
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related to oxidoreductase activities. In cellular components (CCs), the upregulated terms
in Hv_CS were related to cell wall, plasma membrane, plasmodesma, and cell–cell junction.
In Hv_Fg, the terms related to proton transport, and extracellular space were upregulated,
while the terms related to photosynthesis were downregulated (Figure 8).

2.6. CS_10 Treatment and Inoculation with Fg Activates PAL-Dependent SA Synthesis and Strong
Upregulation of PR-Encoding Immunity-Related Genes

SA functions as an important regulator of immune responses. Here, the genes related
to SA synthesis and the SA-dependent signaling pathway were manually selected from the
pool of genes with FDR > 0.05 and marked green if upregulated and red downregulated.
This approach indicates a set of genes up- or downregulated in association with a particular
variant. It is worth noting that out of the two PAL- and ICS-dependent SA biosynthesis
pathways, the genes participating in the PAL-dependent pathway (PAL1, PAL2, PAL3) were
upregulated in all variants, while the ICS gene was downregulated in all variants (Figure 9).
The NPR1 protein functions as the main regulator of SA-dependent signaling pathways. In
CS_10-treated variants, the NPR1-encoding gene was upregulated, while in the variant of
only Fg inoculation, the expression of NPR1 was on the same level as the control (Figure 9).

Figure 9. Regulation pattern of PAL- and ICS-encoding genes in variants of chitosan_10-treated
(Hv_CS), F. graminearum (Fg)-inoculated (Hv_Fg), and CS_10-treated and Fg-inoculated barley.

NPR1 was upregulated in CS_10-treated barley (Hv_CS and Hv_Fg_CS), while no
change in expression was observed in barley inoculated only with Fg (Hv_Fg). Among other
genes considered as receptors and regulators of the SA-mediated immune response, NPR3
was upregulated across all treatments. In contrast, NPR4 showed increased expression
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in Fg-inoculated barley (Hv_Fg) and CS_10-treated barley (Hv_CS) but not in barley si-
multaneously treated with both Fg and CS_10 (Hv_Fg_CS) (Figure 10). The expression
of NPR1-activated genes encoding pathogenesis-related (PR) proteins displayed similar
patterns of up- and downregulation across treatments. PR1 to PR5 genes had higher expres-
sion in Hv_Fg and Hv_Fg_CS than in Hv_CS. For example, PR1 was highly expressed in
Hv_Fg (7.9) and Hv_Fg_CS (6.5) compared to Hv_CS (2.1). Conversely, PR6, PR7, and PR14
showed negative or low expression in Hv_Fg and Hv_Fg_CS, while they had moderate to
low expression in Hv_CS. Genes such as PR9, PR10, PR15, and PR16 were more highly
expressed in Hv_Fg and Hv_Fg_CS than in Hv_CS (Figure 10).

Figure 10. Regulation pattern of genes encoding NPR1, NPR3, and NPR4 regulators, selected
WRKY transcription factors and pathogenesis-related (PR) proteins in variants of chitosan_10-treated
(Hv_CS), F. graminearum (Fg)-inoculated (Hv_Fg), and chitosan_10-treated and Fg-inoculated barley
plants. The blue color indicates the SA-related genes and pathways.

Selected WRKY transcription factors (WRKY6, WRKY33, WRKY70) were consistently
upregulated across all variants (Figure 10). WRKY6 showed the highest expression in the
Fg-inoculated and CS_10-treated variant (Hv_Fg_CS) (3.8) compared to only CS_10-treated
(Hv_CS) (2.5) and only Fg-inoculated barley (Hv_Fg) (2.2). In contrast, WRKY33 had the
highest expression in the Fg-inoculated variant (Hv_Fg) (3.9), compared to the CS_10-treated
(Hv_CS) and Fg-inoculated barley (Hv_Fg). WRKY70 showed consistent, moderate upregu-
lation across all treatments (Figure 10). Genes’ names and IDs are shown in Table S2.

2.7. RT-qPCR Analysis of Selected Barley Genes Confirms the Reliability of RNA-Seq Data

The four genes, NPR1, PR9, PR4, and PR14, each with a known role in plant immune
response, were selected and used for the RT-qPCR verification of RNA-seq analysis. The
results of RT-qPCR transcript quantification of the four genes were highly correlated
(R2 = 0.9329) with RNA-seq quantification (Figure 11). The results confirm the reliability of
the RNA-seq results.
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Figure 11. Validation of RNA-seq differentially expressed genes (DEGs) using RT-qPCR of four genes
NPR1, PR9, PR4, and PR14. The log2-fold change values (A) and the linear regression between the
log2-fold change of RNA-seq and RT-qPCR quantification are shown. The points represent individual
results for each gene and the three variants (B).

3. Discussion

Pathogens remain the main threat to global food security despite advancement in
resistance breeding and the widespread use of agrochemicals. One reason for this persis-
tent threat is the rapid evolution of new virulent strains of pathogens, which overcomes
both genetic resistance and the active ingredients of plant protection chemicals. Natural
antifungal agents, like CS, tend to target multiple and complex pathways, as opposed to
agrochemicals, which typically focus on single well-defined targets. This broader targeting
reduces the likelihood of pathogens developing resistance to natural compounds. Although
CS’s antifungal activity is relatively modest, it can, when combined with partial genetic
resistance, limit the progress of pathogenesis and potentially prevent field epidemics. In
our previous research, we identified CS_10 as a batch of CS with significant antifungal
activity, particularly in restricting Fg growth [4]. Using the same batch of CS_10, we treated
barley plants to examine its effect on plant immune response, specifically looking for its
ability to enhance resistance against pathogens with different modes of pathogenesis: the
necrotrophic Fg and the biotrophic Ph. In our experimental setup, CS_10 was applied to
the second leaves, while pathogen inoculation was conducted on the third leaves. This
spatial separation allowed us to focus on the systemic immune response induced by CS_10
in plants rather than the direct antifungal action of CS_10.

The results showed that the CS_10 treatment reduced symptoms of Fg infection in the
third leaves of plants treated with CS_10 compared to the mock-treated control (Figure 1B).
This was confirmed by quantifying Fg gDNA in infected leaves. Plants treated with CS_10
exhibited a significant lower ration of Fg gDNA to barley gDNA—less than half of the
level observed in mock-treated plants (Figure 1B). In barley (cv. Golden Promise), which is
susceptible to the Ph strain used in the experiments, we measured micronecrotic reactions
in response to Ph infection. This type of response is a hallmark of partial resistance to
biotrophic Puccinia sp. first described by Niks [31]. It slows the rate of disease and restricts
the field of epidemics [32]. In mock-treated plants, micronecrotic reactions were first de-
tected at 3 days post-inoculation (dpi) in 7.8% of infection sites, increasing to 17.8% by
5 dpi. In CS_10-treated plants, this reaction occurred one day earlier, at 2 dpi, and reached
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a ratio of 36.2% by 5 dpi (Figure 2). The results confirmed that CS_10 treatment triggered
a systemic immune response in the leaves adjacent to those directly treated with CS_10,
resulting in a faster and more widespread immune activation. The necroses induced in
response to Ph infection in CS_10-treated plants resembled cell death patterns typically seen
in prehaustorial non-host resistance or adult plant resistance against Puccinia sp. pathogens
in barley and other Triticeae crops [33–35]. Both sets of experiments, i.e., with Fg and Ph,
provided results that are consistent with those previously reported on CS_10-triggered
immunity (CTI) against Fg in chickpea [36]. The authors observed coordinated metabolic
and physiological changes after the application of CS_10, including the fortification of the
extra-cellular matrix (ECM), elevated ROS, and ROS-dependent signaling. Li, et al. [37]
reported a similar range of systemic acquired resistance (SAR)-like responses after CS_10
priming, followed by Fusarium zanthoxyli inoculation of prickly ash. It included the upregu-
lation of twelve key genes related to SAR, increased levels of H2O2, elevated activities of
peroxidase and catalase enzymes, and enhanced accumulation of lignin and flavonoids.
In all plants, a significant reduction of the lesions from 46.8% to 75.1% was observed [38].
Elsharkawy, et al. [39] found the same set of physiological changes in wheat plants treated
with CS_10 and inoculated with Puccinia urediniospores. This mode of response in which
the CS_10-primed plant shows an oxidative burst and elevated activities of redox enzymes
is the prerequisite of micronecroses and remains in line with the results presented in
this manuscript.

We can conclude that CS_10 treatment activates a systemic-like immune response,
which, in turn, delays pathogenesis and lowers the infection symptoms of Fg or, in another
Ph pathosystem, initiates a faster and more widespread micronecrotic response.

Further analysis revealed elevated levels of salicylic acid (SA) in Fg-inoculated and
CS_10-treated plants. SA accumulation occurred as early as 1-day post-inoculation with Fg,
while CS_10 treatment induced a similar rise 3 days after treatment (Figure 3). The results
confirmed that SA synthesis and accumulation were part of the plant response to both
factors in the pathogen inoculation and the application of CS_10 with the former perceived
by host cells as a fungal elicitor. Fg infection, as a stronger biotic stressor, activated SA
accumulation on the first day of pathogenesis compared to the CS_10 treatment, which
activated a very similar response two days later. The results are consistent with current
knowledge on SA-dependent regulation in response to molecular elicitors of biotic stressors.
In plant cells, SA can be synthesized through either the ICS- or PAL-dependent pathways,
depending on the plant species. For example, the ICS-dependent SA synthesis was reported
in Arabidopsis [40] and in barley [29], while PAL-dependent SA synthesis was found
in rice [25,41]. In soybean, the cooperative PAL- and ICS-dependent SA synthesis was
reported [27]. The authors highlighted the importance of PAL in the pathogen-induced
synthesis of SA. Furthermore, they found that pathogen infection suppressed the expression
of the ICS-encoding gene. In our system, only PAL-encoding genes were upregulated in
CS_10-treated and Fg-inoculated plants. The levels of upregulation differed in the tested
variants, indicating that all three paralogs shared their roles and participated in the SA
biosynthesis pathway. Conversely, the ICS-encoding gene was repressed in all variants
tested (Figure 9), mirroring similar findings in soybean inoculated with pathogens [27]. In
tomatoes treated with CS_10, as reported by van Aubel, et al. [42], the genes regulated by
SA-dependent pathways were activated and enhanced immunity against powdery mildew.
The authors found a significant upregulation of pathogenesis-related (PR) proteins and
SA-related genes.

The results gathered in our system showed that SA was involved in response to CS_10
treatment and Fg inoculation, and the PAL-dependent pathway is the predominant route
for SA synthesis in response to CS_10 and Fg.

Although numerous studies have reported growth stimulation following CS_10 treat-
ment, systemic investigations under controlled conditions are rare. In our study, we
expected that CS_10-induced biomass gains would be relatively small and that the gains
would be masked by biomass variation between individual plants. Considering this, we
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adopted a semi-hydroponic system, which allowed us to track the biomass gains of indi-
vidual plants and compared it with a mock-treated control. This approach confirmed that
under controlled conditions, CS_10 treatment stimulated growth, and the relative biomass
gain was 1.15 vs. 1.0 of the control. It should be noted that, despite a relatively small
gain value, the significance of the results is high because of the large number of plants
tested in five independent biological replications. Parallel experiments were performed
to test whether SA treatment would affect plant growth. The results indicated that the
SA application (50 μM) stimulated plant growth, and the relative gain in biomass was
1.10 vs. 1.00 of the control. The higher SA concentration (400 μM) had no effect. SA is a key
regulator of immune reactions and plant growth, and the final outcome, i.e., growth stimu-
lation or suppression, depends on SA concentrations and differs in different plant species.
Shakirova, et al. [43] reported that 50 μM SA stimulated the growth of wheat seedlings
by increasing the mitotic index in the root meristem and cell enlargement in the root ex-
tension zone. A similar effect was reported in Arabidopsis and Matricaria chamomilla. In
Arabidopsis, Pasternak, et al. [44] showed that 50 μM SA treatment stimulated adventitious
root formation and affected the apical meristem while concentrations greater than 50 μM
inhibited the processes. The authors, in elucidating the mechanism, found that exogenous
SA treatment led to changes in auxin synthesis and transport. In Matricaria chamomilla,
50 μM SA promoted growth, while 250 μM delayed it [45]. Generally, for a particular
plant species, lower SA doses showed a stimulating effect, while larger doses restricted
growth [46]. In our system, CS_10 treatment led to SA increase and simultaneously stim-
ulated plant growth. We propose that plant growth stimulation observed after CS_10
treatment is dependent on SA.

The RNA sequencing of leaves treated with CS_10, inoculated with Fg, or treated
with both revealed that Fg inoculation had the most significant impact on gene expres-
sion (Figure 7). Gene Ontology (GO) terms sorted by fold enrichment revealed that the
top biological processes (BPs) were ‘L-phenylalanine catabolic process’, ‘L-phenylalanine
metabolic process’, and ‘Systemic acquired resistance (SAR)’ (Figure 8). The first two cate-
gories are mutually related due to the PAL-dependent synthesis of SA, and this hormone is
the main regulator of immune reactions, including SAR, which represents the third category.
The most enriched categories of molecular functions (MFs) included ‘Ammonia-lyase activ-
ity’, ‘Chitinase activity’, and ‘phenylalanine lyase activity’ (Figure 8). They also represented
functions directly related to PAL-dependent metabolic pathways, SA biosynthesis, and
SA-regulated immune response. The cumulative analysis of the variants tested (Figure 9)
indicated that the PAL-dependent pathway is the active pathway in our experimental
system and each of the three PAL paralogs had its share in SA biosynthesis. Notably, NPR1
(NON-EXPRESSOR OF PR GENES1), a key regulator of SA-mediated SAR, showed diverse
expression patterns, confirming its active role in barley’s immune response to both CS_10
and Fg inoculation (Figure 9).

The transduction of SA-dependent signaling is coordinated by NPR1 and leads to
the activation of genes encoding pathogenesis-related (PR) proteins. The transcriptomic
results showed the upregulation of ten PR-encoding genes, the downregulation of one, and
a mixed regulation pattern of two other genes (Figure 10). PR3, PR8, and PR11 represent
diverse classes of chitinases, which hydrolyze chitin, the structural component of the
fungal cell wall, and restrict fungal pathogenesis [47]. In our system, PR3 showed the
strongest upregulation in all variants tested (Figure 10), and this may account for restricted
symptoms of Fg pathogenesis. Along with PR3 and PR2, the (1-3)-β-glucanase encoding
gene showed very strong upregulation. Both proteins have antifungal activities that
effectively restrict Fusarium pathogenesis in wheat, as reported by [48]. In another article,
Simkovicova, et al. [49] tested the genetic resistance of tomato against Fusarium and found
that the accumulation of PR2 (1-3)-β-glucanase and glucan endo-1,3-β-D-glucosidases
limited Fusarium colonization.

WRKY transcription factors (TFs) are key regulators in signaling pathways in plant
defense [50]. They participate in SA biosynthesis and the SA signaling network that in-
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cludes the activation of NPR1/3 and PR1 [51]. In our system, at least three genes, WRKY6,
WRKY33, and WRKY70, were upregulated in tested variants (Figure 10), which was consis-
tent with the elevated levels of SA and the upregulation of PR- and NPR1-encoding genes.
The results are in line with the findings that the ectopic expression of WRKY6 in wheat
improved broad-spectrum resistance to Puccinia triticina and Fusarium crown rot [52], and
the overexpression of WRKY33 resulted in improved immunity against two necrotrophic
fungal pathogens in an SA-dependent pattern [53]. The third protein, WRKY70, functioned
as a coordinator of the SA and JA signaling pathways. Its expression, regulated by NPR1,
improved plant resistance through the SA-induced pathogenesis-related (PR) proteins [37].
As discussed above, the results of the transcriptome analysis revealed a complex pattern
of changes and coordinated regulation in selected groups of barley genes responding to
CS_10 treatment and Fg inoculation.

4. Materials and Methods

Materials. CS samples are specified in Table 1. All CS samples were supplied by
Pol-Aura (Warsaw, Poland).

Acetic acid (99.5–99.9%) and sodium hydroxide (NaOH) were from POCH (Warsaw, Poland).
Potato Dextrose Broth (PDB) was supplied by ROTH (Karlsruhe, Germany). Hoagland
medium (Hoagland Modified Basal Salt Mixture) was provided by PhytoTech LABS
(Lenexa, KS, USA). Salicylic acid (SA) was provided by Sigma-Aldrich (Saint Louis, MO, USA).
Salicylic acid-d4 (SA-d4) was from Toronto Research Chemicals Inc. (North York, ON, Canada).
3,3-diaminobenzidine tetrahydrochloride (DAB) supplied from Pol-Aura (Warsaw, Poland).

Barley cultivation. Barley seeds, Hordeum vulgare cv Golden Promise, were imbibed
for 24 h (4 ◦C in the dark) on Petri plates with glass beads and tap water followed by
germination (48 h, 21 ◦C, in the dark) and planted in pots with substrate soil (Aura-Hollas®,
Paslek, Poland) for all inoculation experiments. For biomass measurements, plants were
grown in a semi-hydroponic system. Briefly, germinated seeds were placed on sterilized
filter paper (20 cm × 50 cm) soaked in Hoagland medium, covered with another filter paper,
and, after rolling up, placed in the glass jars with a 2 cm layer of Hoagland medium [54].
Plants in soil or semi-hydroponics were grown at 21 ◦C, 70–95% relative humidity, and a
16 h photoperiod with an illumination intensity of 250–300 μmol m−2 s−1.

The CS mock solution 4000 ppm was prepared by stirring 0.4 g of CS in 100 mL
of 1% acetic acid (pH 3.0) overnight. The final solution, pH 5.6 (NaOH), was sterilized
with a 0.22 μm pore diameter filter and stored at room temperature. The working CS
200 ppm solution was used for all plant treatments. The CS mock solution contained 0.05%
acetic acid in water, pH 5.6 (NaOH). The second leaves of 14-day-old plants grown in
soil were treated with CS solution or CS mock solution using a soft brush in experiments
where CS-treated plants were used for further inoculation of third leaves with Fg and
Ph. In experiments for biomass measurements, the upper part of the plants grown in
semi-hydroponics were sprayed with either a CS solution (200 ppm) or CS mock solution.

Fg and Ph inoculation. Fg macroconidia were prepared as described [4]. Briefly, the
V8-adapted liquid medium was inoculated with Fg mycelium, isolate BW5 (collection of
Plant Breeding and Acclimatization Institute, Radzikow, Poland). After 2 weeks of culture
(25 ◦C, continuous UV light (λmax = 365 nm), shaker 20 rpm), macroconidia were filtered
through a sterile Miracloth. Suspension at a density of 106 conidia mL−1 was aliquoted
and stored at −80 ◦C until further use. For plant inoculation, 1 mL of Fg macroconidia
suspension in ddH2O at a final density of 105 conidia·mL−1 was infiltrated into barley
third leaf with a syringe. The plants were kept in the dark for 24 h and further cultivated
before infiltration. The control plants were treated with ddH2O. After inoculation, the
plants were covered with a cellophane dome to ensure high humidity and kept in the
dark for 24 h at 20 ◦C. After the cellophane dome was removed, the plants were treated
with CS_10 200 ppm solution or mock solution (0.05% acetic acid). The inoculated plants
were further cultured before additional inoculation. Inoculation with Ph urediniospores
is based on the procedure outlined in [17]. Briefly, Ph urediniospores were suspended in
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mineral oil (Novec™ 7100 fluid) at a density of 0.5−1 mg spores·mL−1. The third leaves
were inoculated by spraying suspended spores to obtain 40–150 spores cm−2 of the leaf
surface. The inoculated plants were grown under 100% humidity for 24 h at 20 ◦C in the
dark followed by cultivation under the same growth conditions as before inoculation.

To analyze barley immune response, the second barley leaves were sprayed with the
mock or CS_10 solution, and the third leaves of the same plants were inoculated with
macrospores of Fg or with Ph spores. The spatially separated CS_10 treatment (second leaf
of the plant) and pathogen inoculation (the third leaf) allowed for the detection of plant
immune response of the plant, not the direct antifungal effect of CS_10. The symptoms of
pathogenesis were evaluated 5 days after inoculation with Fg and six days after inoculation
with Ph.

DAB (3,3-diaminobenzidine tetrahydrochloride) staining. To evaluate the Ph–barley
interaction, the third leaves, harvested 1, 2, 3, 4, 5, and 6 days post-inoculation (dpi) were
stained with DAB. The leaf samples were placed in the DAB water solution (1 mg·mL−1,
pH 3.8 in the dark) for 4 h and destained overnight in the mixture of ethanol–chloroform
(3:1 v/v) with 0.15% trichloroacetic acid (TCA). The brown precipitate formed by the
reaction of DAB with H2O2 was examined under a light microscope.

Calcofluor white (CW) staining. The third leaves inoculated with Ph spores were
harvested and placed overnight in the mixture of ethanol–chloroform (3:1) with 0.15% TCA.
After this, the samples were washed twice with 50% ethanol, 15 min each, twice with 0.05 M
NaOH, 15 min each, and three times with water. Then, the samples were stained with
CW 35 μg·mL−1 in 0.1 M Tris-HCl (pH 9.0, in the dark), washed once with 0.1 M Tris-HCl
(pH 8.5), once with water, and stored in 25% glycerol with 0.1% lactophenol. The samples,
observed under a fluorescence microscope (Nikon Diaphot, Aizu, Japan, epifluorescence
optics with excitation at 340–380 nm, barrier filter at 420 nm, and dichroic mirror at 400 nm),
were scored for the number of infection sites, appressoria, haustoria mother cells (HMCs),
and micronecrotic reactions. For each time point, three biological replicates containing
one entire leaf were used, and the percentage was calculated by dividing the total infection
sites per leaf by the number of different kinds of infection symptoms and multiplying by
100. For DAB staining, the oxidative burst on the infected leaf was observed under the
fluorescence microscope.

Salicylic acid quantification. To determine SA in the analyzed leaf tissues, a modified
extraction procedure described by Verberne, et al. [55] was used. The tissues, collected
from the second and third leaves of 14-day-old soil grown plants were ground in liquid
N2, weighed, transferred to a 2 mL Eppendorf tube, mixed with 1 mL of MetOH:H2O
(9:1 v/v), and extracted using a Retsch MM400 mill (2 × 5 min, 50 Hz) (Retsch, Haan,
Germany). The whole homogenate, transferred to a 15 mL Falcon tube, was supplemented
with MetOH–H2O (9:1 v/v) to a final ratio of 100 μL per 100 mg of fresh weight and the
SA internal standard, SA-d4 at a final concentration of 100 μg per 100 mg of fresh weight.
After extraction, the homogenate was filtered with a nylon membrane (pore diameter
0.45 μm) into Eppendorf tubes. The 2 mL of the filtrate was vacuum-dried under the
stream of nitrogen in a water bath (60 ◦C). The dried samples, resuspended in 300 μL of
8M hydrochloric acid, were heated in closed tubes in a heating block at 80 ◦C for 1 h. As a
result of hydrolysis, bound forms of SA were released, and they were extracted from the
solution with a 1.5 mL mixture of ethyl acetate–cyclohexane (1:1 v/v). The extraction was
repeated two more times in a similar manner. After each extraction, the upper layer was
collected and combined in a 5 mL reaction vial. The solvent was evaporated under a stream
of nitrogen in a heating block. The dried samples were dissolved in 0.5 mL of a mixture of
methanol–water (9:1 v/v), sonicated, and filtered through a nylon syringe filter with a pore
size of 0.22 μm and an outer diameter of 13 mm. These prepared filtered samples were
analyzed using the LC-HRMS technique.

An ACQUITY H-Class high-performance liquid chromatography coupled to an LCT
Premier XE high-resolution mass spectrometer (Waters, Milford, MA, USA) was used to an-
alyze SA in the samples. Analytes were separated on a UPLC C18 Cortecs chromatography
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column (2.1 × 100 mm, 1.6 μm; Waters, Milford, MA, USA). The mobile phases consisted
of methanol and water, i.e., 10:90 v/v (phase A) and 90:10 v/v (phase B). Both phases
contained 0.1% formic acid and 5 mM ammonium formate. The flow rate was 0.3 mL/min.
The following gradients were used: 100% phase A from 0 to 2 min; 50% phase A from
3 to 6 min; 10% phase A from 10 to 13 min; 100% phase A from 14 to 16 min. Five micro-
liters of the sample were injected onto the column. The mass spectrometer was operated in
negative polarization with electrospray ionization (ESI). The ion source and desolvation
temperatures were 125 and 370 ◦C, respectively. The flow rate of the spray gas (nitrogen)
was 650 L/min, and the flow rate of the drying gas was 20 L/min. The voltage on the
capillary was 2200 V. Mode V of ion optics was used. The mass spectrometer was calibrated
using a standard leucine-enkephalin solution. Test compounds (SA and SA-d4) in barley
leaves were identified by comparing their molecular weights and retention times with stan-
dards of these substances. The following molecular ions (m/z) were used for quantitative
analysis: SA–137.110 (M-H)-; SA-d4–141.113 (M-H)-.

To determine the reliability of the method, a validation experiment was performed
to determine the recovery (R) and repeatability of the method (expressed as the mean
standard deviation RSD). The limit of quantification (LOQ) and the limit of detection
(LOD) were determined, as well as the linearity range. The recovery of the method
was determined by adding the SA standard to the leaf tissue sample at three levels of
addition, that is, 1, 2, and 3 mg/kg, and the addition of SA-d4 at the level described
above. SA concentrations were determined using internal calibration. The calibration
method was based on isotopic dilutions using SA-containing stable isotopes. The extraction
procedure was used as described in the previous section. Recovery was determined from
the difference in SA content in the fortified and blank samples used in the experiment.
The average recovery was determined from at least three independent determinations. To
determine the LOQ value, the SA concentration was assumed, at which the signal-to-noise
ratio was at least 10 and, in the case of LOD, at least 3. Calibration solutions were prepared
at seven different concentrations ranging from 0.025 to 1.6 mg/kg. SA-d4 was added to
each solution in an amount corresponding to SA-d4 in the tested samples. The conducted
validation experiment allowed us to determine the effectiveness of the analytical method.
The recovery obtained for SA was 97% at the 1 mg/kg level: 93% for 2 mg/kg and 101%
for 3 mg/kg. The repeatability of the method (RSD) was 7, 11, and 6%, respectively, while
LOQ and LOD were 0.100 and 0.03 mg/kg. The value of the determination coefficient (R2)
for the determined calibration curve is at least 0.99.

RNA extraction and mRNA sequencing. Total RNA was extracted from 100 mg of
barley leaves representing four tested variants, Fv_mock, Hv_CS, Hv_Fg_CS, and Hv_Fg
(Figure 12), using an RNA isolation kit (Zymo-R2072, Irvine, CA, USA), RNA extraction
buffer (Tris-HCl 50 mM pH = 8.0, LiCl 150 mM, EDTA 5 mM pH = 8.0, SDS 1%), Tri-
zol reagent, phenol–chloroform (1:1 v/v) mixture, and 80% ethanol, according to the
manufacturer’s protocol. The isolated RNA was quantified using a NanoDrop spectropho-
tometer (NanoDrop Technologies®, Wilmington, DE, USA). The quality of RNA prepa-
rations was assessed on BioAnalyzer 2100 using 1% agarose gel (Agilent Technologies®,
Santa Clara, CA, USA). Samples with a ration A260/A280 over 2.0, RIN number over 8, and
concentration over 50 ng μL−1 were selected for downstream applications. Approximately
2 μg of high-quality RNA was sent to a biotech company (GENEWIZ®, Leipzig, Germany)
to prepare the Illumina standard RNA library with polyA selection. The company per-
formed Illumina NovaSeq sequencing with an estimated data output of ~20 M paired-end
reads with a quality score of Q30. The company provided FASTQ format data that were
used for further analysis.
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Figure 12. Schematic representation of experimental variants for transcriptome sequencing. Briefly,
14-day-old plants were inoculated with F. graminearum (Fg), followed by chitosan_10 (CS) treat-
ment two days later and a collection of samples 5 days later. Description of tested variants:
Hv_mock—barley treated with mock solution; Hv_CS—barley treated with chitosan 200 ppm;
Hv_Fg_CS—barley inoculated with Fg and treated with chitosan 200 ppm; and Hv_Fg—barley
inoculated with Fg.

The quality control and mapping sequence reads. FastQC toolkit version 0.12.0
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed on 15 June 2024)
was used to perform a quality check on the FastQ raw data, and default commands were
used [56]. For alignment, the reference genome of Hordeum vulgare L. Golden Promise
(Assembly: GCA_902500625.1, obtained from https://www.ebi.ac.uk/ena/browser/home,
accessed on 15 June 2024) was used in Bowtie version 2.5.0 for the alignment of previously
trimmed reads [57]. SAM tools were used to convert output alignment files into .bam files.
Converted files were used for transcript reads analysis with the use of FeatureCounts and
further analyzed with DESeq2 for differentially expressed genes. The cut-off values for
DEG (differentially expressed genes) were false discovery rate (FDR) < 0.05 and log2-fold
change > 2.

Analyzing RNA-Seq outputs. To determine variation between samples, principal com-
ponent analysis (PCA) Bioconductor R PGSEA package (https://www.bioconductor.org/
packages//2.10/bioc/html/PGSEA.html, accessed on 21 June 2024) with default settings
was used. Hierarchical clustering heatmap and correlation matrix of biological replicates of
each treatment were prepared using iDEP web application (http://bioinformatics.sdstate.
edu/idep/, accessed on 21 June 2024). For functional enrichment analysis, the iDEP web
application was used to interpret previously processed data with a false discovery rate
(FDR) cutoff of <0.05 and a log2-fold change > 2.0. Gene Ontology (GO) terms were
used to analyze pathways that underwent significant changes in their regulation based on
biological processes (BPs), molecular functions (MFs), and cellular components (CCs) [58].

RT-qPCR of selected H. vulgare genes. Total RNA was extracted as stated in RNA
extraction iboLock RNase inhibitor and 2 U of DNase1 (Roche Diagnostics®, Munich,
Germany). Complete DNA degradation was confirmed by using 100 ng DNase-treated
RNA as a template in a PCR reaction with ARF (ADP-Ribosylation factor, AJ508228) gene
primers. Extracted RNA was used as the template for cDNA synthesis using the Revert Aid
First Strand cDNA Synthesis Kit (ThermoFisher Scientific®, Waltham, MA, USA) along the
manufacturers protocol (with use of oligo-dt primers). Obtained cDNA, 5-fold diluted, was
used as a template for quantitative PCR. The qPCR reaction mix contained 2 μL of 5× HOT
FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Biodyne®, Tartu, Estonia), 0.3 μL of primer
F (10 μM), 0.3 μL of primer R (10 μM), 15 ng of template cDNA, and 10 μL of water.
BioRad CFX384 Real-Time PCR System (BioRad, Hercules, CA, USA) was used for qPCR
reaction The relative expression of selected barley genes was based on the 2−ΔΔCt method,
as previously described [59]. Values for the relative number of transcripts represent a
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medium with a minimum of three biological replicates and three technical replicates. The
geometric mean of two housekeeping genes AJ508228 [56] and AK362208.1 [57] was used
as reference for RT-qPCR of selected barley genes. All the primers used for qPCR are listed
in Table S1.

Fg genomic DNA quantification by qPCR. The inoculated third leaves of the CS_10- and
mock-treated plants were harvested and ground in liquid N2. Genomic DNA (gDNA) was
extracted from the leaves using the CTAB method. Briefly, 0.5 g of the N2 ground sample
was extracted with 800 μL of CTAB solution containing β-ME (2 μL mL−1 CTAB). The
samples were incubated at 60 ◦C for 30–40 min, followed by extraction with 800 μL of
chloroform–isoamyl alcohol (24:1 v/v) and centrifugation (10,000 rpm, 20 min) at room tem-
perature. Subsequently, 600 μL of the supernatant was transferred into a new Eppendorf
tube supplemented with 5 μL of RNase and incubated for 10–15 min at 37 ◦C. gDNA was
precipitated by adding isopropanol (3/4 of the supernatant volume), freezing for 30 min,
and centrifuging for 10,000 rpm, 10 min at room temperature. The precipitate was washed
with 70% ethanol, and the pellet was dissolved in 200 μL of the TE buffer. The quality and
quantity of DNA were checked using a Nanodrop, followed by 1% agarose gel electrophore-
sis. Fusarium DNA was quantified in total DNA isolated from infected leaves using qPCR,
total DNA as a template and primers to barley Hv_EFG1 (translation elongation factor G1,
AY836205.1 [56]), and Fg gene Fg_TRI5 (trichodiene synthase5, [60]). The qPCR reaction mix
consisted of 2 μL of HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Biodyne®, Tartu,
Estonia), 50 ng of gDNA extracted from the respective sample, 0.3 μL of forward primer
(10 μM), and 0.3 μL of reverse primer (10 μM) for each target gene. The quantification
was based on three biological replicates and four technical replicates for each sample. The
results were shown as the relative number of Fg_TRI5 gene copies per Hv_EFG1 gene copy.
The primers used for qPCR are listed in Table S1.

Measurement of barley biomass. The leaves of semi-hydroponically grown barley
seedlings were subjected to two separate applications of CS at a concentration of 200 ppm,
the first one 3 days after imbibition and the second one 10 days after imbibition. The
biomass was weighed twice for each plant after careful removal from the paper filter
(Figure 13).

Figure 13. Schematic timeline of biomass measurements and chitosan (CS) or salicylic acid (SA)
treatments (A). Representative picture of barley plants grown in semi-hydroponics (B).

The effects of CS and SA on plant growth were evaluated in two independent exper-
iments. To account for biological variation among individual plants, biomass gain data
were collected for individual plants from five independent experiments involving over
300 plants treated with CS and five experiments with over 300 plants treated with SA.
Biomass measurements were recorded for 5-day-old (M5) and 24-day-old (M24) seedlings.
These measurements were used to calculate the individual biomass gain (BG) for each
seedling across the tested variants using Equation (1).

BG = M24 − M9 (1)
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To compare the biomass gains (BGs) of seedlings treated with CS and SA, the relative
biomass gain (RBG) was calculated. For mock-treated plants, the RBG was set as 1.0. The
RBG values for both treatments (CS and SA) were determined using Equation (2).

RBG = BGtreatment/BGmock (2)

The resulting data were then analyzed using one-way ANOVA, followed by Tukey’s
post hoc test for statistical comparisons.

Statistical analysis. All quantitative data are presented as the mean value and standard
error. The data were processed by one-way analysis of variance (ANOVA) and post hoc
least significant difference (LSD) or Tukey’s test using Statistica 13 (StatSoft Polska, Kraków,
Poland). Statistically significant results were marked with the following values: * p < 0.05,
** p < 0.01, and *** p < 0.001.

5. Conclusions

1. The batch of CS_10 with the strongest antifungal activity against Fg was also effective
in activating plant immune responses and enhancing the growth of plant biomass.

2. The immune response induced by the application of CS_10 led to increased resistance
against two pathogenic fungi, Ph and Fg, representing biotrophic and necrotrophic
types of pathogenesis, respectively.

3. The two observed effects of CS_10 treatment in plants, i.e., enhanced immunity
and biomass growth enhancement, were mediated by SA-dependent regulation,
highlighting the dual role of CS in plant immunity and growth regulation. Barley
transcriptome analysis confirmed that the activation of the immune response involved
SA-regulated genes.
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Abstract: This study investigates the impact of chitosan-based nanofibers on burn wound healing in
a rat model. Two formulations of chitosan nanofibers were prepared through electrospinning. The
formulations were then incorporated with different amounts of norfloxacin and underwent surface
modifications with 2-formylphenylboronic acid. The burn model was applied to Wistar male rats
by the contact method, using a heated steel rod attached to a thermocouple. The effectiveness of
the nanofibers was tested against a negative control group and a standard commercial dressing
(Atrauman Ag) on the described model and evaluated by wound diameter, histological analysis
and biochemical profiling of systemic inflammatory markers. The results showed that chitosan-
based dressings significantly accelerated burn healing compared to the control treatments. The
high-concentration norfloxacin-infused chitosan coated with 2-formylphenylboronic acid’ groups
exhibited significant improvements in wound closure and reduced inflammation compared to the
other groups; antioxidant enzymes SOD and GPx expression was significantly higher, p < 0.05,
whereas pro-oxidative markers such as cortisol were lower (p < 0.05). Macroscopically, the wound
area itself was significantly diminished in the chitosan-treated groups (p < 0.05). Furthermore, a
histological evaluation indicated enhanced epithelialization and granulation tissue formation within
the experiment time frame, while the biochemical panel revealed lower levels of inflammatory
cytokines and lower leukocyte counts in the treated groups. These findings highlight the potential of
the studied chitosan nanofibers as novel nanosystems for next-generation wound therapies, as well
as the clinical utility of the novel chitosan fibers obtained by electrospinning technique.

Keywords: chitosan; electrospinning; nanofibers; burn model; norfloxacin; inflammation; wistar rats

1. Introduction

Chitosan is a biopolymer of natural origin which has long proved its excellent capacity
for wound healing [1–5]. This is due to its intrinsic properties, such as its hemostatic effect,
antimicrobial activity preventing wound infection, and its ability to promote the growth of
granulation tissue, thereby accelerating skin regeneration, along with its biocompatibility, low
toxicity, biodegradability and mucoadhesion. The chemical structure of chitosan is rich in
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amine and hydroxyl functional units that allow groups functionalized with other components
to enhance certain biological functions. Furthermore, chitosan can be processed into a large
realm of biomaterials suitable for application on wounds, such as thin films, membranes,
sponges, hydrogels, foams, nanobeads or nanofibers [6]. Vast research on chitosan-based
dressings has shown promising results but also disadvantages, leaving room for future
development for clinical applications [1,4,5,7–21]. Recent review papers have brought to
researchers’ attention the necessity of an in-depth investigation of the effect of chitosan on the
wound healing process, an aspect which has rarely been addressed in the past [22].

Among chitosan biomaterials, nanofibers appear as a very promising choice due to their
easy manipulation, great conformability, semi-permeability for liquid/gas exchange, excellent
swelling ability favoring exudate drainage, and good similarity with the extracellular matrix of
skin, which facilitates the stimulation of tissue growth [17,18,23]. A plethora of studies dedicated
to the investigation of different chitosan-based nanofibers has confirmed the value of chitosan
nanofibers, with some reaching the performance required for marketable products for the control
of hemorrhages [24–26]. The main barrier which needs to be overcome is the processing of neat
chitosan nanofibers, a problematic task due to the difficulty of chitosan electrospinning, which
necessitates the use of co-spinning agents, i.e., usually synthetic polymers such as poly (ethylene
glycol) and poly (vinyl alcohol) of high molecular weight [4]. In using electrospinning with
chitosan to yield defect-free nanofibers, the use of high molecular weight synthetic polymers
raises suspicions regarding biodegradability, a negative impact on cells and, ultimately, on
tissue regeneration [27,28]. Recent studies have evidenced that by using synthetic polymers as
sacrificial matrices, it is possible to obtain neat chitosan nanofibers with excellent mechanical
properties, making them more suitable for wound healing [17,18,29–31].

The scope of the present study was to investigate the impact of neat chitosan nanofibers
and their composites with different fillers on a series of parameters which are indicators for
wound healing processes. To this end, a series of chitosan-based nanofibers were used as
wound dressings in burn wound models on rats and their impact on relevant parameters
for wound healing was statistically analyzed.

2. Results

2.1. Fiber Characterization

Neat chitosan nanofibers were prepared by electrospinning chitosan/PEO blend fibers,
followed by the selective removal of PEO in water. Then, norfloxacin, known for its broad-
spectrum antibiotic properties, was loaded into fibers by immersing in ethanol or water
to in order to obtain two different degrees of loading, i.e., 4.35% (‘high concentration
norfloxacin’) and 0.94% (‘low concentration norfloxacin’) (Figure 1). Further, the neat
chitosan fibers and NFX loaded ones were reacted at the surface with a bioactive aldehyde
B via dynamic imine units to reach an imination degree of 10% which proved a good
balance between antimicrobial activity and biocompatibility [17,29].

Figure 1. FTIR spectra of the studied fibers.
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2.2. Structural Analysis

The FTIR spectra revealed the presence of norfloxacin and the successful imination
of the fibers. Furthermore, POM images of the fibers displayed strong birefringence with
iridescent colors, characteristic of norfloxacin (Figure 2).

When NFX is dissolved in ethanol, it undergoes crystallization to form unique and
strongly birefringent spherulites, which are characterized by their distinct optical prop-
erties. These spherulites exhibit a specific appearance under polarized light, making
them easily identifiable. However, in the case of the examined fibers, no such spherulite
structures were found on their surfaces. This observation indicates that the drug was not
crystallizing on the fibers but was instead likely being encapsulated within the interior of
the fiber matrix. This encapsulation process suggests a more intimate interaction between
the NFX and the fibers, implying that the fibers served as a carrier for the drug, potentially
influencing its release and overall bioavailability. Its ultrastructure can be observed in
Figure 3.

Figure 2. Microphotographs of fibers under polarized light compared with norfloxacin.
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Figure 3. SEM images of the studied fibers.

2.3. Burn Wound Lesion Healing

Immediately after causing the burns, the wounds appeared round (due to the shape of
the steel bar used), slightly deepened and of uniform white color, with an area of moderate
erythema and oedema. No blistering was observed, and the boundary between the wound
and normal skin was clear. One day after inflicting the burn, in the control group, the
occurrence of oedema, marginal erythema and a thin crust in the surrounding area was
obvious (Figure 4). This crust became thicker and darker afterwards and developed into an
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eschar by the 7th day. A substantial increase (* p < 0.05) in the area of the burn zone was
observed on day 3, followed by contraction of the wound in a time-dependent manner.

Figure 4. Images of burn wounds collected during the first 7 days after application of the dressing.

2.4. Macroscopical Analysis of the Burn Wound

The application of a commercial dressing (Atrauman® Ag, Hartmann, Heidenheim an
der Brenz, Germany) led to a slight increase in wound area up to the fifth day, followed
by a decrease to its original diameter by the seventh day. Compared to the control group,
the reduction in wound size in the positive control burn group was statistically significant
(� p < 0.05), particularly after five days (Table 1). For the tested fibers, the wounds showed
no signs of suppuration and appeared rosy, with well-defined edges. By day seven, small
shiny areas, indicative of new epithelial cell formation, were visible, suggesting the onset
of tissue regeneration, although the lesions had not yet undergone complete healing.

Table 1. Evolution of wound diameter (cm) during 7 days after dressing application.

Day/Code Control Control+ NCeB NCaB

0 0.968 ± 0.03 0.975 ± 0.01 0.969 ± 0.03 0.976 ± 0.01

3 1.348 ± 0.05 * 1.016 ± 0.03 � 1.076 ± 0.01 � 1.088 ± 0.01 �
5 1.335 ± 0.05 * 0.993 ± 0.01 � 1.060 ± 0.03 � 1.074 ± 0.01 �
7 1.308 ± 0.03 * 0.981 ± 0.01 � 1.035 ± 0.01 � 1.052 ± 0.03 �

* p < 0.05 vs. initial moment; � p < 0.05 vs. Control.

133



Int. J. Mol. Sci. 2024, 25, 12709

It is important to note that the fibers treated with aldehyde B affected the progression
of burn size similarly to the commercial Atrauman dressing, resulting in a statistically
significant reduction in wound size (� p < 0.05) compared to the control group. This
effect was particularly pronounced on day 3 of the experiment, with measurements of
1.035 ± 0.01 mm for NCeB and 1.052 ± 0.03 mm for NCaB, as shown in Table 1.

Table 2 depicts the leucocyte changes by subpopulation and day, in all groups. The
studied chitosan formulation were statistically significantly lower than the control + group
(p < 0.05).

Table 2. Leucocyte count in rats.

Code

Moment of
Determination

(Day)

Leucocyte Count

%

PMN Ly E M B

Control

0 26.6 ± 8.13 69.2 ± 12.37 0.5 ± 0.03 3.5 ± 0.1 0.2 ± 0.03

3 16.0 ± 6.19 * 79.6 ± 13.25 * 0.4 ± 0.01 3.8 ± 0.05 0.2 ± 0.03

5 16.8 ± 7.43 * 78.9 ± 11.69 * 0.4 ± 0.01 3.7 ± 0.1 0.2 ± 0.01

7 18.2 ± 6.38 * 77.3 ± 11.47 * 0.6 ± 0.03 3.7 ± 0.1 0.2 ± 0.01

Control+

0 26.8 ± 6.45 69.0 ± 11.53 0.4 ± 0.03 3.6 ± 0.05 0.2 ± 0.03

3 26.3 ± 7.37 � 69.5 ± 13.19 � 0.5 ± 0.03 3.7 ± 0.05 0.2 ± 0.01

5 26.1 ± 6.29 � 69.6 ± 12.55 � 0.6 ± 0.01 3.6 ± 0.05 0.2 ± 0.03

7 26.5 ± 6.11 � 68.8 ± 12.43 � 0.5 ± 0.03 3.6 ± 0.1 0.2 ± 0.01

NCeB

0 26.8 ± 6.29 68.8 ± 11.35 0.5 ± 0.03 3.7 ± 0.1 0.2 ± 0.03

3 23.2 ± 6.33 72.5 ± 11.29 0.6 ± 0.01 3.5 ± 0.05 0.2 ± 0.01

5 23.7 ± 5.51 72.2 ± 11.53 0.4 ± 0.01 3.5 ± 0.05 0.2 ± 0.03

7 23.7 ± 7.13 72.0 ± 12.41 0.5 ± 0.03 3.6 ± 0.05 0.2 ± 0.01

NCaB

0 26.7 ± 6.67 69.1 ± 10.67 0.5 ± 0.03 3.5 ± 0.1 0.2 ± 0.03

3 23.0 ± 6.29 72.6 ± 11.55 0.5 ± 0.03 3.7 ± 0.05 0.2 ± 0.01

5 23.9 ± 6.11 72.0 ± 11.45 0.4 ± 0.03 3.5 ± 0.05 0.2 ± 0.03

7 24.1 ± 6.39 71.8 ± 11.27 0.4 ± 0.01 3.5 ± 0.05 0.2 ± 0.01

PMN—polymorphonucleates neutrophils, Ly—lymphocytes, E—eosinophils, B—basophils, M—macrophages.
* p < 0.05 vs. initial moment; � p < 0.05 vs. control.

Rat serum cortisol was significantly lower in chitosan groups than in the control group,
as seen in Table 3 (p < 0.05).

Table 3. The influence of norfloxacin nanofibers administration on serum cortisol levels in rats.

Cortisol (μg/dL)

Moment C C+ NCeB NCaB

0 26.83 ± 2.48 26.67 ± 3.61 26.17 ± 1.60 26.33 ± 2.58

3 54.33 ± 1.51 ** 30.50 ± 1.38 � 35.67 ± 1.51 � 35.33 ± 1.03 �
5 53.33 ± 1.86 ** 29.17 ± 0.75 � 35.17 ± 1.17 � 34.67 ± 1.37 �
7 52.83 ± 2.14 ** 27.83 ± 1.17 � 34.83 ± 1.60 � 34.33 ± 1.21 �

** p < 0.01 vs. initial moment; � p < 0.05 vs. control group.

SOD enzyme activity is statistically higher in the chitosan groups, as shown in Table 4
(p < 0.05).
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Table 4. The influence of nanofiber application on SOD activity.

SOD (U/mg Protein)

Moment C C+ NCeB NCaB

0 19.33 ± 1.41 19.33 ± 1.06 19.33 ± 1.33 19.67 ± 0.95

3 11.17 ± 0.68 * 16.5 ± 1.41 � 15.50 ± 1.41 � 15.50 ± 0.68 �
5 10.83 ± 1.06 * 16.33 ± 0.68 � 14.33 ± 0.68 � 14.67 ± 0.71 �
7 10.67 ± 0.68 * 16.17 ± 0.71 � 14.17 ± 0.71 � 14.17 ± 0.68 �

* p < 0.05 vs. initial moment; � p < 0.05 vs. control.

The impact of the experimental fibers varied based on their composition. The use
of chitosan fibers was associated with a rise in cortisol, peaking on day 3 (48.83 ± 2.14 *
and 48.83 ± 2.14 *, respectively). Although these values were intermediate between the
control and Atrauman groups, they were still statistically significant compared to the
control. The slight regulation of cortisol levels by the studied fibers can be attributed to the
antioxidant properties of chitosan [32]. In contrast, the nanofibers modified with boronic
aldehyde B induced a significant decrease in cortisol levels (34.83 ± 2.04 �, 35.33 ± 1.03 �,
35.67 ± 1.51 �). This was attributed to the strong antioxidant effect induced by the alde-
hyde B in addition to that of chitosan [33].

In the same trend as SOD, GPx activity is significantly higher in the studied groups
than in the control group Table 5 (p < 0.05).

Table 5. The influence of nanofibers application on the GPx activity.

GPX (mU/mg Protein)

Moment C C+ NCeB NCaB

0 111.83 ± 20.58 111.67 ± 21.93 112.17 ± 25.58 111.5 ± 25.33

3 87.50 ± 27.53 * 98.50 ± 25.62 � 101.67 ± 26.67 � 101.50 ± 26.41 �
5 87.50 ± 26.82 * 98.17 ± 26.33 � 101.83 ± 26.33 � 101.50 ± 29.93 �
7 87.33 ± 27.17 * 97.67 ± 27.17 � 101.50 ± 26.82 � 101.33 ± 26.62 �

* p < 0.05 vs. initial moment; � p < 0.05 vs. control.

Lipid peroxidase is another enzyme whose production is triggered by ROS. This
enzyme catalyzes the oxidation of fatty acids in cells, leading to the formation of malon-
dialdehyde (MDA), a substance that can be easily measured in blood and is commonly
used as a biomarker for oxidative stress [34,35]. Increased free radicals, typical of acute
lesions, result in elevated MDA levels. As expected, the control groups exhibited a statis-
tically significant rise in plasma MDA (p < 0.05) compared to baseline, peaking on day 3
(43.5 ± 7.27 vs. 32.33 ± 6.21) (Table 6).

Table 6. The influence of fibers application on the MDA activity.

MDA (nmol/g)

Moment C C+ NCeB NCaB

0 32.33 ± 6.21 32.17 ± 7.17 32.5 ± 6.95 32.33 ± 6.62

3 43.5 ± 7.27 * 34.67 ± 5.93 � 38.50 ± 6.37 � 38.17 ± 6.43 �
5 43.17 ± 6.33 * 34.50 ± 6.45 � 38.17 ± 7.43 � 37.17 ± 6.58 �
7 42.83 ± 6.62 * 34.17 ± 6.58 � 37.33 ± 6.17 � 36.83 ± 5.82 �

* p < 0.05 vs. initial moment; � p < 0.05 vs. control.

In the positive control group, the MDA increase was significantly lower compared to
the control group (34.17 ± 6.58 � vs. 42.83 ± 6.62, � p < 0.05), with the peak occurring on
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day 7, although this increase was not statistically significant compared to the baseline. The
fibers’ effects varied based on their composition: fibers without B had lower MDA levels
compared to the control but still higher than those in the positive control group. In contrast,
fibers containing B showed MDA levels like those of the positive control (Table 6).

The complement serum levels were higher in all treated groups than in the control
group, as portrayed in Table 7.

Table 7. The influence of fiber application on serum complement activity.

Complement (UCH50)

Moment C C+ NCeB NCaB

0 53.33 ± 8.62 53.67 ± 9.06 53.50 ± 8.45 53.33 ± 8.29

3 39.17 ± 8.21 * 52.17 ± 8.58 � 50.50 ± 8.27 � 50.67 ± 7.33 �
5 39.67 ± 7.39 * 52.50 ± 8.33 � 50.57 ± 8.39 � 50.50 ± 7.67 �
7 39.50 ± 8.42 * 52.67 ± 8.45 � 50.83 ± 8.95 � 51.17 ± 8.58 �

* p < 0.05 vs. initial moment; � p < 0.05 vs. control.

The capacity of PMN cells to degranulate lytic enzymes that protect against foreign
organisms is a critical first line defense feature of the immune system. The recruited
macrophages clear wounds of bacterial infections, dead cells and other foreign materials
through phagocytosis, which helps control inflammation and initiate tissue remodeling.
NBT % serves as an important measure of this capability. In our study, the burns caused
a significant increase in NBT % (p < 0.05) compared to baseline (14.67 ± 3.42); this was
particularly noticeable after 5 days (20.17 ± 4.22) (Table 8).

Table 8. The influence of nanofiber application on NBT %.

NBT (%)

Moment C C+ NCeB NCaB

0 14.67 ± 3.42 14.83 ± 3.39 14.83 ± 3.37 15.17 ± 4.17

3 19.33 ± 4.06 * 15.50 ± 3.44 � 17.67 ± 4.33 17.50 ± 3.67

5 20.17 ± 4.22 * 15.50 ± 3.82 � 17.67 ± 3.42 17.67 ± 3.58

7 18.67 ± 3.58 * 15.33 ± 3.67 � 17.83 ± 3.27 16.50 ± 3.45
* p < 0.05 vs. initial moment; � p < 0.05 vs. control.

The use of commercial patches led to a minor and statistically insignificant reduction
in NBT % compared to baseline but resulted in a significant decrease compared to the
control group (� p < 0.05), especially on day 5 (15.50 ± 3.82 � vs. 20.17 ± 4.22). The studied
fibers provided intermediate reductions in this parameter, with values approaching those
of the positive control, particularly with the NCaB fibers after 7 days (Table 8).

2.5. Histopathological Evaluation

Two rats from each group were euthanized at 3-, 5- and 7-days post-burn induction to
assess the microscopic morphology of the wounds. Following euthanasia, the burn sites
along with adjacent healthy skin were excised, processed and examined using a digital his-
tological camera. The examination included all skin layers and evaluated burn depth. Local
changes in the burn lesion were analyzed, including the presence of inflammatory reactions,
vascular damage, necrosis, granulation tissue, connective tissue and re-epithelialization.
The findings are detailed in Table 9 and calculated as a modular score in Table 10, with
representative images provided in Figure 5. The data indicate that modifying the fiber
surface with boronic aldehyde B significantly improved the adverse effects caused by the
burn within the first 3 days compared to both the C and C+ model controls. Additionally,
NCeB fibers resulted in nearly complete resolution of these effects by day 7.
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Table 9. Histopathologic evaluation of the burns.

3 Days

Evaluation Criteria
Code

Control Control+ NCeB NCaB

Intensity of Inflammation

Congestion 2 2 2 3
Inflammatory oedema 3 2 2 2
Fibrinous exudation 0 0 0 0

Leukocyte infiltrate (neutrophils, macrophages, lymphocytes, histiocytes) 3 4 4 4
Cleansing of the necrosis zone and resorption of the fibrinous matrix 1 2 2 2

Cell differentiation in the wound (endothelial cells, fibroblasts) 1 1 1 1
Fibrillar neogenesis (collagen fibers) and formation of new blood vessels 0 0 0 0

Re-epithelization 0 0 0 0
5 days

Intensity of Inflammation

Congestion 3 2 2 2
Inflammatory oedema 2 1 2 2
Fibrinous exudation 1 1 1 1

Leukocyte infiltrate (neutrophils, macrophages, lymphocytes, histiocytes) 4 3 3 3
Cleansing of the necrosis zone and resorption of the fibrinous matrix 1 2 1 1

Cell differentiation in the wound (endothelial cells, fibroblasts) 1 3 1 1
Fibrillar neogenesis (collagen fibers) and formation of new blood vessels. 1 1 1 1

Re-epithelization 0 0 0 0
7 days

Intensity of Inflammation

Congestion 1 2 1 1
Inflammatory oedema 0 0 0 0
Fibrinous exudation 0 0 0 0

Leukocyte infiltrate (neutrophils, macrophages, lymphocytes, histiocytes) 2 2 2 3
Cleansing of the necrosis zone and resorption of the fibrinous matrix 0 0 1 1

Cell differentiation in the wound (endothelial cells, fibroblasts) 1 2 2 4
Fibrillar neogenesis (collagen fibers) and formation of new blood vessels. 0 2 1 2

Re-epithelization 0 0 1 1
0—absent 1—very low intensity, 2—low intensity, 3—medium intensity, 4—high intensity Orange: inflammatory
phase of healing; Green: proliferative phase; Blue: Remodeling phase.

Table 10. Histological analysis revealed significant differences in tissue regeneration parameters
across treatment groups.

Group
Epithelialization

Score
(0–3)

Inflammation Score
(0–3)

Granulation Tissue
Score
(0–3)

Control 1.0 ± 0.2 2.5 ± 0.3 1.0 ± 0.2

Control+ 1.5 ± 0.2 2.0 ± 0.2 1.5 ± 0.3

NCeB 2.5 ± 0.1 1.0 ± 0.1 2.5 ± 0.2

NCaB 2.7 ± 0.1 0.8 ± 0.1 2.7 ± 0.1
ANOVA results indicated significant differences (p < 0.05) between treatment groups, highlighting the superior
performance of NCeB and NCaB in promoting epithelialization and reducing inflammation.
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Figure 5. Representative histologic images of burns at 3, 5 and 7 days after the application of the
fibers. The sections were prepared at a thickness of 200 μm. The inflammatory cell population is
higher in control and control+ groups at all times. NCaB shows a superior cell differentiation at
Day 7.

3. Discussions

3.1. Fiber Analysis

Modification of the fiber surface with aldehyde B was intended to endow the fibers
with antifungal activity [36,37], complementary to the antibacterial activity of drug, as well
as to fix the drug on/into fibers and to achieve a prolonged release effect. The success of
this strategy was demonstrated by spectroscopic and microscopic methods, which proved
the co-existence of the chitosan, NFX and B in the studied fibers (Figure 1).

3.2. Structural Analysis

However, spherulites, which are characteristic of norfloxacin crystalized from ethanol,
were not observed, pointing to an encapsulation into the fibers, most likely in the pores,
resulting from PEO removal. The SEM images also pointed to this conclusion, revealing
entangled fibers with diameters of ~170 nm and pores ~4 μm, with no crystals on their
surface (Figure 3). Thus, FTIR, POM and SEM images confirmed the presence of norfloxacin
in the fibers and their imination with aldehyde B. The FTIR spectra of the studied fibers
revealed the encapsulation of NFX by the presence of distinctive bands, i.e., carbonyl
stretching vibrations at 1636 cm−1 and NH quinolone bending at 1618 cm−1 [38], and the
reaction of aldehyde B with glucosamine of chitosan by the presence of an absorption
band at around 1625 cm−1, characteristic of imine bonds, and bands at 1564 cm−1 and
760 cm−1, which are specific to vibrations of C=C and B-OH groups [29]. All the bands
characteristic of chitosan were present in the spectra of composite chitosan fibers, albeit at
slightly shifted to lower/higher wavelengths, suggesting physical interactions between the
various components (Figure 1) [39].
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3.3. Biochemical Analysis
3.3.1. Inflammatory Studies

For a deeper understanding of the effect of chitosan-based dressings on the wound
healing process, a series of relevant parameters were measured at baseline (day 0) and
on days 3–7 after dressing application to assess the impact on the hematological profile,
immune system and oxidative stress.

The infliction of the wound resulted in a statistically significant (* p < 0.05) in-
crease in the percentage of Ly in peripheral blood compared to the moment before in-
jury (69.2 ± 12.37). This was persistent over 7 days, with a maximum on the third day
(79.6 ± 13.25 *) (Table 2). This is in line with the inflammation phase of wound healing [40].
Similarly, an increase of the PMN level with a peak of maximum intensity on the third
day (26.6 ± 8.13 vs. 16.0 ± 6.19) (* p < 0.05) was noticed. PMNs are considered the first
line of defense of the innate immune system, with the role of attacking foreign intruders
in the body; these followed the known curve of wound healing. Their local and systemic
chemotactic action help recruit other immune cells and trigger the healing processes [41].

Clinical studies revealed that for normal wound healing, a robust PMN response must
be limited to the acute wound setting [42]. The application of an Atrauman Ag dressing
did not produce significant changes in the level of Ly and PMN compared to the initial
moment, having statistically significant changes compared to control M (� p < 0.05) only
on day 3.

A comparison of the samples revealed that the alteration of these two parameters was
minimal in the case of the samples containing both NFX and B, indicating a synergistic effect.
It can be envisaged that the combined antimicrobial activity of NFX and B improved the
anti-pathogen barrier properties of the chitosan nanofibers, with the effect of modulating
the PMN activity and consequently reducing their oxidative effect on burnt tissues.

Throughout the experiment, no significant differences were observed in the percent-
ages of eosinophils, monocytes or basophils between the chitosan fiber groups and the
controls (Table 2). This indicated that the tested dressings did not induce allergic reactions
or other pathological conditions [43,44]. This can be also interpreted as a typical wound
healing reaction. Furthermore, consistent with previous research, it can be concluded that
the application of these dressings did not impair the normal roles of (i) eosinophils in
epithelial remodeling [45,46], (ii) monocytes in regulating wound healing through appetite-
related hormones [46] or (iii) the restorative functions of basophils [44].

Cortisol levels are a sensitive indicator of wound healing progress, with elevated
cortisol associated with increased oxidative stress and slower healing rates [47]. The
analysis of cortisol levels throughout the healing process revealed notable trends (Table 3).
As expected, the wound caused a statistically significant rise in cortisol compared to
baseline (p < 0.01), peaking on day 3 (54.33 ± 1.51 vs. 26.83 ± 2.48). The application of
the commercial dressing resulted in only a slight increase in cortisol, with a significant
reduction compared to the control group (� p < 0.05), reaching its peak effect on day 7
(27.83 ± 1.17 �).

3.3.2. Oxidative Stress Markers

It is well established that redox signaling and oxidative stress are critical regula-
tors of normal wound healing, supporting processes such as haemostasias, inflammation,
angiogenesis, granulation tissue formation, wound closure and extracellular matrix matu-
ration [48]. Reactive oxygen species (ROS) play a vital role throughout these phases, with
low concentrations promoting cell survival while inhibiting invasive pathogens. However,
injuries lead to increased oxidative stress, which depletes enzymatic antioxidants like SOD
and GPx, as they are consumed while neutralizing the elevated ROS levels. Consequently,
antioxidant supplementation can prevent cellular oxidative damage and enhance recovery.

SOD, an isoenzyme, scavenges superoxide and increases nitric oxide bioavailability,
thereby maintaining vascular homeostasis and contractility [48]. SOD also promotes
neovascularization, which aids in the repair of the epidermis and dermis. Dysfunction
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or reduced levels of SOD can result in severe morphological and cellular defects during
wound healing, particularly in older individuals [49]. In acute wounds, SOD activity
declines, as it is used to detoxify ROS during the healing process. Thus, SOD levels serve
as a key indicator of antioxidant enzyme activity and a measure of the wound healing
process.

In the present study, wound formation was accompanied by a significant reduction in
SOD levels (p < 0.05), falling to almost half of the baseline value (10.67 ± 0.68 vs. 19.33 ± 1.41),
with levels progressively decreasing throughout the study (Table 4). The application of
the commercial dressing slightly mitigated the decline in SOD, although levels remained
significantly lower compared to the initial measurement (* p < 0.05) and the control group
(� p < 0.05) at all time points, with the lowest values observed on days 5 (16.33 ± 0.68 � vs.
10.83 ± 1.06) and 7 (16.17 ± 0.71 � vs. 10.67 ± 0.68).

Similarly, the evaluated fibers exhibited nearly identical effects, with those contain-
ing boronic aldehyde B showing the closest results to those of the commercial dressing.
Nonetheless, the fibers had a less pronounced effect on SOD compared to cortisol, suggest-
ing that while chitosan was more effective at inhibiting ROS, boronic aldehyde B primarily
reduced cortisol levels.

GPx is an antioxidant enzyme crucial for maintaining oxidative balance, cellular repair
and wound healing across all layers of the epidermis [50]. Since GPx relies on glutathione as an
electron donor, reduced glutathione levels in wound lesions inhibit GPx activity. Consequently,
monitoring GPx levels is a valuable indicator of wound healing progress. As anticipated, the
GPx levels in the control rats decreased significantly over the study period compared to the
baseline (p < 0.05), reaching their lowest point after 7 days (87.33 ± 27.17 vs. 111.83 ± 20.58).

The use of a commercial dressing notably reduced this decrease (� p < 0.05), with the
lowest value being recorded after 3 days (98.50 ± 25.62). The studied fibers also contributed
to reducing the GPx level differences, although the effect varied depending on the com-
position. Chitosan fibers (especially NCeB) offered only a modest reduction in GPx levels
compared to the control, without statistical significance (90.83 ± 26.33 vs. 87.33 ± 27.17
on day 7). However, the presence of B resulted in a significant statistical improvement
over the control (101.33 ± 26.62 � vs. 87.33 ± 27.17 on day 7), surpassing the effect of the
commercial dressing (Table 5). This underscores the importance of the antioxidant B in
supporting effective wound healing.

Normal skin healing involves a complex and delicate interaction between the immune
system, keratinocytes and dermal cells [51]. The serum complement system (UCH50) is
a crucial component of the immune response [52] and plays a significant role in tissue
repair. However, inappropriate activation of this system can lead to impaired wound
healing [53,54]. Developing wound dressings that can reduce complement activation is
seen as an innovative approach to wound care.

In the control group, a statistically significant decrease in UCH50 was observed
compared to baseline, with the most notable drop occurring on day 3 (39.17 ± 8.21 * vs.
53.33 ± 8.62, * p < 0.05), indicating inappropriate immune system activity (Table 7). The
commercial dressing led to a less pronounced and statistically insignificant reduction. In
comparison, fibers without B also reduced UCH50, but their effect was similar to that of
the control group. Conversely, fibers containing B achieved UCH50 values comparable to
those of the positive group (Table 7).

3.3.3. Limitations

While the preliminary results look promising, there are issues to be addressed in
subsequent studies. The short duration of our study was optimal for studying the in-
flammatory profile, but for long-term effects, we can only extrapolate from the data. A
medium term (3 weeks) and long terms (3–6 months) study could have provided a plethora
of information regarding the burn scar evolution and its contraction. However, these goals
were beyond the scope of the current study. Another limitation was that the animal model,
which is a hallmark of burn research, does not translate results directly to the human body.

140



Int. J. Mol. Sci. 2024, 25, 12709

Rats have loose skin with a dermal muscle (‘panniculus carnosus’), similar to the facial
muscles in human, that increases wound contraction. Furthermore, they have an innate
enzyme to synthesize vitamin C, an essential element in collagen synthesis [55,56]. Thirdly,
rats’ burns are more resilient to infections than humans. Further study on a different model
(pig, monkey) could resemble with more precision a human healing response. However,
this pilot study has provided the first stepping-stone for advancing our understanding of
the potential of the novel chitosan formulation.

Building on these results, we aim to further our research toward determining the
medium-term effects of electrospun chitosan and its encapsulation capabilities. These
results would add more clarity to the mechanisms involved in its beneficial effects and
could pave the way for superior burn wound dressings.

4. Materials and Methods

4.1. Substances

Chitosan (126 kDa, DD = 97%) was prepared by alkaline hydrolysis of low molecular
weight chitosan (Aldrich, St. Louis, MO, USA). Norfloxacin (98%), poly (ethylene oxide)
(1000 kDa), 2-formylphenylboronic acid (97%), acetic acid (99.89%), ethanol (Aldrich,
98.89%) and sodium hydroxide (95%) were purchased from Aldrich and used as received.

4.2. Chitosan Dressings Preparation

Chitosan/poly (ethylene oxide) (CS/PEO) nanofibers were prepared by electrospin-
ning a CS/PEO (2/1, w/w) blend solution in 80% acetic acid with an Inovenso NanoSpinner
StarterKit, applying the following conditions: 7 kV, 0.4 mL/h; needle-collector distance:
10 cm; inner diameter of needle: 0.8 mm; collector speed: 800 rpm; 27–28◦. Next, the PEO
was selectively removed by washing in aqueous solutions and the neat chitosan nanofibers
were treated to obtain dressings of various compositions, as follows: (1) The fibers were
immersed in a saturated solution of norfloxacin (NFX) in ethanol or water for 24 h before
being removed and allowed to dry in a normal atmosphere. (2) The fibers encapsulating
NFX and neat chitosan nanofibers were sprayed with a solution of 2-formylphenylboronic
acid (B) to reach a 10/1 ratio of glucosamine and aldehyde (aldehyde B). The composition
of nanofibers is given in Figure 6. It should be highlighted that the content of aldehyde B
was determined by UV-vis [17].

Figure 6. Graphical representation of the fiber composition and the corresponding codes.
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4.3. Equipment and Analysis

FTIR spectra of the samples were obtained using a VERTEX 70 FT-IR spectrophotome-
ter (Brucker, Karlsruhe, Germany) in ATR mode. The spectra were measured over the
range of 4000 to 600 cm−1, with 32 scans and a resolution of 4 cm−1. Data processing was
performed using OPUS 6.5 software. The fiber morphology was monitored with a field
emission scanning electron microscope (SEM) EDAX-Quanta 200 (Thermo Fischer Scientific,
Waltham, MA, USA), operated at an acceleration voltage of 20 keV and a polarized optical
microscope Axio Imager M2 (Zeiss, Jena, Germany) using cross polarizers. The loading
degree of norfloxacin into the fibers was monitored by UV-vis spectroscopy on a Cary 60
UV-Vis (Agilent, Santa Clara, CA, USA) by fitting the maximum absorbance at 272 nm on a
previously drawn calibration curve, applying the Lambert-Beer law.

4.4. Wound Healing Experiment

The rats were placed in an aseptic medium, anesthetized with isoflurane. Next, the
dorsal part was shaved on a surface of approx. 4 cm2 and then depilated to remove any
residual hair which may have hindered the occurrence of a uniform burn wound. The skin
was disinfected with 70% ethylic alcohol and allowed to dry and reach room temperature
for 3 min. Then, a metal rod with a diameter of 1 cm2, connected with a thermocouple,
was heated at 80 ◦C in boiling water and then placed on the shaved skin without exerting
pressure, supported on its own weight, for 10 s (Figure 7).

  

Figure 7. The infliction of burn wound on rats. Left: metal contact rods. Middle: thermocouple used
to confirm the temperature. Right: fixing wound dressing on rat burn model skin.

After that, the rats were divided into four groups of six rats each, and each group
received the nanofibers mats as follows:

• Group 1 (Control): negative reference, bare wound
• Group 2 (Control+): positive reference, covering the wound with a commercial patch

(Atrauman Ag®, Heidenheim, Germany—polyamide fibers impregnated in triglyc-
erides and silver particles)

• Group 3 (NCeB): wound covered with NCeB nanofibers (high concentration nor-
floxacin, 4.35%)

• Group 4 (NCaB): wound covered with NCaB nanofibers (low concentration nor-
floxacin, 0.94%)

The dressing was fixed in place as depicted in Figure 8. The rats were monitored for
weight fluctuations and any behavioral signs of discomfort or pain, such as scratching,
biting, facial expressions or posture, based on the rat grimace scale [36]. After creating
the wound, measurements of its diameter were taken with a ruler on days 0, 3, 5 and
7, alongside observations of local morphological features including general appearance,
color, consistency, edges, crust formation and detachment, redness, swelling, discharge,
bleeding, granulation and any tissue scarring or infections. Photographs were taken after
each assessment for comparative analysis. Visual tracking of wound size was conducted by
photographing the wound area from a consistent distance of 35 cm using a digital camera
with the same lighting and settings on days 0, 3, 5 and 7. A ruler placed beside the wound
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provided a reference scale in pixels, allowing wound area calculations through ImageJ
software, version 1.8.0.

  

  

Figure 8. Upper-left: Synthesized electrospun chitosan fiber sheet. Upper-right: close-up image of
chitosan dressing cut, placed in situ before fixation (surgical marker used to trace wound contour for
precise area calculation). Lower left: cotton gauze folded to the right size. Lower right: Same cotton
gauze fixed in four points with surgical staples.

4.5. Blood Markers Examination

Blood samples (0.3–0.5 mL) were collected from the lateral tail vein at two time points:
24 h and 7 days. These samples were analyzed to evaluate the hemodynamic, immune and
biochemical profiles. For inflammation studies, the following parameters were measured:
number of red blood cells, leukocyte count, cortisol levels, serum complement activity, phago-
cytic activity of peripheral blood neutrophils (via the NBT test), malondialdehyde (MDA)
activity, glutathione peroxidase (GPx) and superoxide dismutase (SOD). Laboratory analyses
were performed with the Automated Hematology Analyzer HemaVet 950FS (Drew Scientific,
Inc., Boston, MA, USA) and the VITROS 750 XRC analyzer (Alphasoft, Bochum, Germany),
using specialized reagents provided by Johnson & Johnson (New Haven, CT, USA).

4.6. Histological Examination

At the end of the experiment, the rats were euthanized with 3% isoflurane anesthesia,
and tissues from the implant site were collected. These samples were fixed in Bouin’s
solution for 24 h and then gradually dehydrated using ethanol baths of increasing concen-

143



Int. J. Mol. Sci. 2024, 25, 12709

trations (70%, 75%, 80%, 85%, 90%, 96% and absolute ethanol), with each step lasting three
hours [33]. Next, samples were clarified in three successive xylene baths, one hour each,
and embedded in paraffin through three paraffin baths at 60 ◦C.

The samples were sectioned at a thickness of 5 μm and stained with hematoxylin-
eosin (H&E) following standard procedures: xylene deparaffinization, ethanol hydration,
hematoxylin staining, eosin counterstaining, alcohol dehydration, xylene clearing and
mounting with Canada balsam [38]. Images were captured using a Nikon E600 Eclipse
Ti-E Inverted Microscope (Tokyo, Japan), equipped with NIS Elements Basic Research soft-
ware (https://www.microscope.healthcare.nikon.com/products/software/nis-elements/
nis-elements-basic-research, version June 2023) and a Coolpix 950 digital camera (Nikon,
Tokyo, Japan). Figure 9 illustrates the in vivo experimental protocol.

Figure 9. Graphical representation of the in vivo protocol.

4.7. Statistical Processing of Data

Data are presented as the arithmetic mean ± standard deviation (S.D.) for each pa-
rameter and substance studied. Statistical analysis was performed using SPSS version 17.0
for Windows, employing one-way ANOVA to assess the significance of differences within
each animal group and between the test groups and the control. A p-value (probability) of
less than 0.05 was considered statistically significant.

4.8. Ethical Aspects of the Research

The experimental protocol was approved by the Research Ethics Committee of UMF
“Grigore T. Popa” in Iaşi (Ethical Approval No. 160/04.03.2022) and authorized by the
Veterinary Health Directorate (Project Authorization No. 56/19.02.2022). The research
methodology adhered fully to the ARRIVE guidelines and to the European legislation on
animal welfare (Directive 2010/63/EU of the European Parliament and of the Council of
22 September 2010, on the protection of animals used for scientific purposes).

5. Conclusions

A series of chitosan-based nanofibers were produced by electrospinning using a co-
spinning agent as a sacrificial matrix. Norfloxacin antibiotic was embedded into them and
their surface was modified with an antioxidant, antifungal aldehyde B. Burn wounds were
created on rats with a heated steel rod of 1 cm2 diameter. The application of the studied
dressings produced a statistically significant diminishing of the wound size. This correlated
well with a significant a significant increase in MDA and SOD parameters, suggesting that
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the antioxidant activity of aldehyde B reduced oxidative stress, favoring wound healing, a
result that is consistent with those observed for chitosan-derived compounds.

The statistical insights derived from this study underscore the effectiveness of chitosan-
based nanofibers in enhancing wound healing compared to conventional treatments and
controls, demonstrating their potential as advanced therapeutic materials for clinical appli-
cations in wound management.
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Abstract: The coffee industry faces coffee leaf rust caused by Hemileia vastratix, which is considered
the most devastating disease of the crop, as it reduces the photosynthetic rate and limits productivity.
The use of plant resistance inducers, such as chitosan, is an alternative for the control of the disease
by inducing the synthesis of phytoalexins, as well as the activation of resistance genes. Previously,
the effect of chitosan from different sources and physicochemical properties was studied; however,
its mechanisms of action have not been fully elucidated. In this work, the ability of food-grade high-
density chitosan (0.01% and 0.05%) to control the infection caused by the pathogen was evaluated.
Subsequently, the effect of high-density chitosan (0.05%) on the induction of pathogenesis-related
gene expression (GLUC, POX, PAL, NPR1, and CAT), the enzymatic activity of pathogenesis-related
proteins (GLUC, POX, SOD, PPO, and APX), and phytoalexin production were evaluated. The
results showed that 0.05% chitosan increased the activity and gene expression of ß-1,3 glucanases
and induced a differentiated response in enzymes related to the antioxidant system of plants. In
addition, a correlation was observed between the activities of polyphenol oxidase and the production
of phytoalexin, which allowed an effective defense response in coffee plants.

Keywords: Hemileia vastatrix; Coffea arabica; chitosan; NPR1; coffee rust

1. Introduction

Coffee is classified as one of the agricultural products with the highest economic value
worldwide [1]. In Mexico, coffee growing is an important economic activity, positioning
it as the eleventh largest producer country in the world, with an estimated production
of 900,215 tons in 2020 [2]. However, there are increasing threats to coffee production
due to pests, diseases, and adverse climatic conditions. Among these limitations in coffee
production, the most devastating disease is coffee leaf rust caused by Hemileia vastatrix.
Under favorable conditions for the pathogen, it can cause defoliation of up to 50% and
losses between 30 and 50% in production yield [3]. Resistant varieties and the application
of agrochemicals, mainly copper-based, are used to control the disease [4]. Despite the
release of some resistant cultivars in recent years, the rust continues to negatively affect
production and undermine the income of producers due to the appearance of new strains
and new outbreaks of the disease [5]. The use of agrochemicals continues to be the most
widely used option for its control, although their use has several drawbacks, including
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their cost, toxicity, harmful effect on the environment, and the development of resistance,
which makes their use difficult in urban areas and traditional low-scale crops. This makes
it necessary and a priority to search for ecological and safe alternatives in the agricultural
sector [6]. Among these alternatives, the use of elicitors has been explored, whose purpose
is to activate the defense response of plants with the application of low concentrations and
are characterized by being of natural or synthetic origin [7]; in coffee plants, the use of
these molecules has been documented with positive effects [8–10].

Recently, research has been reported on the role of chitosan as a plant defense inducer
in Coffea arabica for the control of coffee rust [11]. The mechanism of action of chitosan as an
elicitor has been described for some plants, although not completely in coffee. Chitosan is
recognized by plasma membrane receptors and induces the transcription of defense-related
genes, which is reflected in the synthesis of proteins and metabolites of interest. It has been
documented that chitosan increases transcriptional levels of β-1,3 glucanases, chitinases,
PR1, Pti5, and WRKY26, phenylalanine ammonium lyase (PAL), resveratrol synthase, as
well as the antioxidant enzyme system. In addition, it regulates stomata opening and
stimulates the generation of reactive oxygen species (ROS) and energy production [12,13].
However, there are different chitosans on the market that vary in price, purity, source, and
process of obtaining them, which leads to different physicochemical properties, and the
response in plants can also vary.

In a study conducted by López-Velázquez et al. [11], the effect of the physicochemical
properties of commercial chitosans of low and medium molecular weight, as well as
practical (Sigma-Aldrich) and high density (food grade) chitosan was used. The results
of this work showed that the viscosity of chitosan is an important parameter due to
adherence to the plant, whereas molecular weight and degree of acetylation did not show
differential effects. In addition, it was observed that chitosan influences the plant defense
system, increasing the activity levels of β-1,3 glucanases and peroxidases. The biological
effectiveness of coffee rust of chitosans from different methods of production, such as
conventional chemical (practical grade) and biotechnological (enzymatic process), has also
been evaluated [14]. The best protection response was observed with the chitosan obtained
by the chemical method, presenting a higher level of PR enzyme activity (β-1,3 glucanases
and peroxidases) in plants treated with chitosan and the pathogen. Both practical-grade
chitosan and high-density chitosan showed higher protection against coffee rust [11].
However, practical grade chitosan has been extensively studied and is characterized by
higher purity but also higher cost, which could discourage its use. However, high-density
chitosan, although of lower purity, can be purchased at a lower price and is readily available,
facilitating its use in agriculture.

The defense response induced by practical-grade chitosan has already been reported
for coffee [11], although the biochemical and molecular response of this induced resistance
remains to be described in more detail. In addition, it is necessary to verify whether the
effect of defense induction in other chitosans is maintained or equivalent to that induced
by practical grade chitosan. In this work, the biological effectiveness of two concentrations
of high-density (food-grade) chitosan as an elicitor in the protection against coffee rust was
evaluated. The concentration that induced the highest protection against rust was selected
to identify the biochemically and molecularly induced defense mechanism triggered in
coffee plants susceptible to H. vastatrix.

2. Results

2.1. Biological Effectiveness Test

The disease occurred in all treatments inoculated with H. vastatrix. However, the
severity of the infection was different for each treatment. Plants in the control treatment
(C) showed no signs of the disease, no defoliation occurred during the experiment, and
no colonization of the pathogen was verified by microscopy (Figure 1). The treatment
inoculated with the pathogen (H) showed 100% disease incidence, and the area under the
disease progress curve (AUDPC) value was 102 (Table 1). In all cases where the disease was
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observed, the plants showed the characteristic symptoms of coffee rust, defoliation, leaves
with chlorosis, and the appearance of yellow or orange spots on the leaves (Figure 1a,b). On
the other hand, in the treatments that were inoculated with the pathogen and treated with
high-density chitosan 0.01% (Q1) and 0.05% (Q5), although they presented 100% disease
incidence, the severity of infection was lower in treatment Q5 (Table 1). Microscopy tests
showed that the mycelium of the pathogen was present in both treatments, although, in
the Q5 treatment, cell death was also observed in the infected tissue (Figure 1c).

Figure 1. Biological effectiveness test 90 days after inoculation. (a) Biological effectiveness test,
(b) disease leaves, and (c) presence of pathogen. (C) Plants without treatment, (H) plants inoculated
with Hemileia vastatrix, (Q1) plants sprayed with 0.01% high-density chitosan and inoculated with
H. vastatrix, and (Q5) plants sprayed with 0.05% high-density chitosan and inoculated with H. vastatrix.
The red circles indicate the area of the leaf where the pathogen was observed.

Table 1. Disease parameters evaluated.

Treatment Disease Incidence (%) AUDPC (au)

C 0 0.0 ± 0.0 c
H 100 102 ± 14.3 a
Q1 100 40.0 ± 20.6 b
Q5 100 25.0 ± 11.66 b

The treatments correspond to: (C) plants without treatment, (H) plants inoculated with Hemileia vastatrix,
(Q1) plants sprayed with 0.01% high-density chitosan and inoculated with H. vastatrix, and (Q5) plants sprayed
with 0.05% high-density chitosan and inoculated with H. vastatrix. Values presented are means with standard
deviation. Values with different letters show statistically significant differences at the 95% LSD confidence level
(p < 0.05). au: Arbitrary units.
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2.2. PR-Protein Activity and Phytoalexin Accumulation

For the evaluation of the defense mechanisms induced by chitosan, a concentration of
0.05% was chosen. The activity of enzymes related to pathogenesis (PR) and plant defense,
such as β-1,3 glucanases, peroxidases, superoxide dismutase, ascorbate peroxidase, and
polyphenol oxidase, was evaluated, as well as the accumulation of phytoalexins through
the content of total phenolic compounds. For β-1,3-glucanase activity, it was observed that
plants inoculated with the pathogen (H) presented a significant decrease in activity starting
at 12 h after inoculation with the pathogen that was maintained until 24 h (Figure 2a). An
increase in the level of the control was observed at 48 h and a significant decrease at 72 h.

(a (b

(c (d

(e (f

Figure 2. PR protein activity of (a) β-1,3 glucanase, (b) peroxidase, (c) ascorbate peroxidase,
(d) superoxide dismutase, and (e) polyphenol oxidase. Phytoalexin accumulation of (f) total phenolics
compounds. (C) Plants without treatment, (H) plants inoculated with Hemileia vastatrix, (Q) plants
sprayed with 0.05% food chitosan, and (QH) plants sprayed with 0.05% food chitosan and inoculated
with H. vastatrix. Values presented are means with standard deviation. Values with asterisks show
statistically significant differences at the 95% LSD confidence level (p < 0.05).
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For plants inoculated with the pathogen and treated with chitosan (QH), a significantly
differentiated response to infected plants was observed; at 12 h, a significant increase in
activity was observed, decreasing to the level of the control at 24 h. After 48 h, a significant
increase in activity was observed and then a decrease to the level of the control at 72 h.
The response induced by chitosan in coffee plants for β-1,3-glucanase activity was always
higher than that present in infected plants (H) (Figure 2a).

Regarding the group of enzymes with peroxidase activity, plants inoculated with the
pathogen (H) did not show a significant difference with the control at times evaluated
(Figure 2b). For plants inoculated with the pathogen and treated with chitosan (QH),
a significantly different response to infected plants was only observed up to 48 h after
inoculation with the pathogen. A decrease in activity was observed at 48 h and returned to
the level of the control at 72 h (Figure 2b).

For ascorbate peroxidase activity, it was observed that plants inoculated with the
pathogen (H) did not show a significant difference with the control at the times evaluated
(Figure 2c). For plants inoculated with the pathogen and treated with chitosan (QH), only a
significantly different response to infected plants was observed up to 72 h after inoculation
with the pathogen, with a decrease in activity (Figure 2c).

On the other hand, for superoxide dismutase activity, it was observed that plants
inoculated with the pathogen (H) presented a significant decrease in activity at 48 h after
pathogen inoculation, although there was an increase in activity to the level of the control at
72 h (Figure 2d). For plants inoculated with the pathogen and treated with chitosan (QH),
a significantly different response to infected plants was observed; at 24 h, a significant
decrease in activity was observed, which increased to the level of the control at 48 h. At
72 h, a significant decrease in activity was again observed (Figure 2d).

Regarding the activity of the polyphenol oxidase enzyme (Figure 2e), it was observed
that plants inoculated with the pathogen (H) showed a significant decrease in activity at
24 h after pathogen inoculation, although there was an increase in activity at the pathogen
level at 48 h and a significant increase at 72 h (Figure 2e). For plants inoculated with
the pathogen and treated with chitosan (QH), a significantly differentiated response to
infected plants was observed; at 12 h, a significant decrease in activity was observed, which
increased to the level of the control at 24 h and was maintained at 48 h. At 72 h, a significant
increase in activity was again observed at the level of the pathogen (Figure 2e). At 72 h,
a significant increase in activity was again observed (Figure 2d). The chitosan-induced
response in coffee plants for polyphenol oxidase activity was early and higher than that
observed in infected plants (H) (Figure 2e).

Finally, the accumulation of phytoalexins was evaluated with the quantification of
total phenolic compounds, which are related to the capacity of the plant to stop infection
against pathogens. It was observed that plants inoculated with the pathogen (H) showed a
significant decrease from 12 h after pathogen inoculation, although there was an increase in
activity at the pathogen level at 24 h. A significant decrease was observed at 48 h and again
an increase to the level of the control at 72 h (Figure 2f). For the plants inoculated with the
pathogen and treated with chitosan (QH), there were no significant differences with the
control at 12 and 24 h. It was not until 48 h that the content decreased, although to a lesser
extent than in infected plants, and an increase in the level of the control was observed at 72
h (Figure 2d). The response induced by chitosan in coffee plants for the content of total
phenolic compounds was greater than that observed in infected plants (H) (Figure 2f).

2.3. Quantitative Analysis of Defense-Related Gene Expression by Real-Time PCR

Normalization of the reference genes used showed the following values: GADPH:
0.1726; actin: 0.1000, 14.3.3, and 0.1219, and the actin gene was chosen as the internal
control gene. Gene expression of genes encoding proteins related to plant pathogenesis
and protection was also determined. In the relative expression of the β-1,3-glucanase gene
(Figure 3a), it was observed that plants inoculated with the pathogen (H) presented a
significant increase in expression 12 h after inoculation with the pathogen and subsequently
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a significant decrease in its expression at 24 h that was maintained at 48 h. For plants
inoculated with the pathogen and treated with chitosan (QH), a lower level of expression
was observed than in infected plants at 12 h. However, after 24 h, a significant increase in
the level of expression was observed, which decreased significantly, although in a greater
proportion than the other treatments up to 48 h, and was maintained up to 48 h.

(a (b

(c (d

(e

Figure 3. Relative expression of genes (a) β-1,3 glucanase, (b) peroxidase, (c) catalase, (d) NPR1,
(e) and phenilalanine ammonia lyase. (H) Plants inoculated with Hemileia vastatrix, (Q) plants sprayed
with 0.05% food chitosan, and (QH) plants sprayed with 0.05% food chitosan and inoculated with
H. vastatrix. Values presented are means with standard deviation. Values with asterisks show
statistically significant differences at the 95% LSD confidence level (p < 0.05). Plants without treatment
were used as a baseline.

Peroxidase gene expression (Figure 3b) did not show significant differences with
respect to the control at the times evaluated in plants inoculated with the pathogen (H).
For plants inoculated with the pathogen and treated with chitosan (QH), a high level of
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expression was observed with respect to infected plants from 12 h, although it decreased at
24 h (seven-fold) and reached the same level of expression as the control at 48 h.

Regarding catalase gene expression (Figure 3c), it was observed that plants inoculated
with the pathogen (H) showed a significant increase at 12 h after pathogen inoculation.
Expression levels decreased at 24 h and remained at the level of the control at 48 h. For
plants inoculated with the pathogen and treated with chitosan (QH), a level of expression
was observed at the level of the control at 12 h, increasing at 24 h and a higher level of
expression at 48 h with respect to infected plants (Figure 3c).

Likewise, the expression coding for NPR1 was evaluated (Figure 3d), and it was
observed that plants inoculated with the pathogen (H) presented a significant increase at
12 h after pathogen inoculation (15-fold). However, expression levels decreased significantly
to the level of the control at 24 h and remained at this level at 48 h. For plants inoculated
with the pathogen and treated with chitosan (QH), a level of expression was observed at
the level of the control at 12 h, increasing at 24 h (12-fold) and a higher level of expression
at 48 h (52-fold) with respect to infected plants (Figure 3d).

Finally, in the evaluation of phenylalanine ammonium lyase (PAL) expression
(Figure 3e), it was observed that plants inoculated with the pathogen (H) showed a sig-
nificant increase at 12 h (40-fold) after pathogen inoculation. However, expression levels
decreased significantly to the level of the control at 24 h and remained at this level at 48 h.
For plants inoculated with the pathogen and treated with chitosan (QH), expression levels
were observed at the control level at 12 h, increasing at 24 h (4-fold) and returning to the
control level at 48 h (Figure 3d).

3. Discussion

There is a great diversity of chitosans on the market, with different origins and methods
of obtaining them, from conventional chemical processes for the deacetylation of chitin to
enzymatic and green transformation processes. This diversity has been found to confer
differentiated properties, and in the case of its effect as a plant defense inducer, it may
be greater or lesser depending on its physicochemical characteristics [11] or method of
obtaining [14]. However, an important point to consider is that, depending on its nature
and purity, the costs of chitosan can be variable. In this work, we chose to use high-density
food-grade chitosan that has a lower cost with respect to other chitosans, which could
facilitate its adoption as a control product for coffee rust, with a lower impact on the cost
of production. In this study, it was observed that the food-grade chitosan maintained its
control effect for coffee rust and plant defense induction, equivalent to that previously
described with a practical-grade chitosan, the most widely used and described.

The effectiveness of chitosan in the present study is evident by demonstrating that
the amount of disease estimated in terms of severity was lower for treatments Q1 and Q5,
compared to the control treatment with an amount of disease of 25, 40, and 102, respec-
tively. In addition, a notorious vegetative development proves the protective ability of
chitosan to induce the immune system of plants as an effective agent in activating plant
defense [15]. Chitosan has been shown to stimulate plant growth and defense hormones,
such as jasmonic acid and salicylic acid, at low concentrations [16]. In this work, it was also
possible to observe the induction of cell death in leaves infected with H. vastatrix at the
highest concentration of chitosan (Q5).

There are similar studies in Coffea arabica, with Soares-Leal et al. [17] using copper and
silver nanoparticles. In turn, Fajardo-Franco et al. [18] used biofungicides against yellow
rust and Plaza-Pérez et al. [19] applied boron, zinc, and manganese for the same purpose.

In this work, the changes related to the induction of plant defense at the biochemical
and molecular level were investigated. The function of a plant defense inducer was
facilitated through a phenomenon called priming, where molecules are used that act as
response modifiers that can lead to a more intense, faster, earlier, or more sensitive defense
response compared to plants that are exposed to the same stress condition, as mentioned
by Tugizimana et al. [20].
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During the induction of the effective defense response, specialized defense mecha-
nisms are triggered that have the function of preventing the establishment of the pathogen
in the plant tissue. Pathogenesis-related proteins (PRs) are overexpressed under stress
conditions or following pathogen attack. These responses are controlled by two signaling
pathways, jasmonic acid (JA) and salicylic acid (SA), which have specific protein groups;
for JA, one can cite plant defensin, thionin, and chitinase B. For the SA pathway, it is NPR1
which is considered the central regulator of defense responses in a large number of plants
and involves both systemic acquired resistance (SAR) and induced systemic resistance
(ISR) [15]. Chitosan is recognized to activate the transcription of the gene encoding NPR1.
In a study carried out by Gangireddygari et al. [21], it was found that gene expression levels
by foliar application of chitosan on pepper increased, and, in turn, upregulated genes such
as PAL, polyphenol oxidase (PPO), and superoxide dismutase (SOD), keeping infection caused
by a virus (CMV) limited. These results correlate with the results obtained in this work,
where an increase in the transcriptional levels of NPR1 was observed. With the application
of chitosan (HQ), higher levels of expression were observed compared to other treatments
at 48 and 72 h. It is worth mentioning that the NPR1 protein is found at basal levels in the
nucleus and cytoplasm [12]. Prior to pathogen infection, the SA concentration is low, and
NPR1 is inactivated through disulfide bonds. However, upon infection, the SA content
increases and NPR1 switches to an active state and is transferred to the nucleus to regulate
gene expression [12].

On the other hand, when a fungal infection occurs in plants and when chitosan is
applied, genes related to the defense response are activated, among which are the enzymes
β-1,3 glucanases and chitinases of the GH19 family (classes I, II, IV, VI, and VII) [14]. A
correlation was observed with the results obtained between gene expression and enzyme
activity of β-1,3 glucanases, where an increase in enzyme activities was observed at 12,
48, and 72 h in plants treated with chitosan and inoculated with H. vastatrix (QH); this
response was observed more than 100 times in comparison with infected plants (H). For
the gene expression assay, it was observed that chitosan had an increase from 12 h and
remained elevated until 48 h, when it reached its maximum expression. In turn, this
behavior is similar to that observed by Jogaiah et al. [15], who observed that cucumber
plants increased the activity of these enzymes from 6 to 48 h after being inoculated with
Erysiphe cichoracearuma. Additionally, Liu et al. [22] reported that chitosan induced glucanase
gene expression in potatoes against Alternaria tenuissima and maintained their high levels
compared to their controls. It is worth mentioning that β-1,3 glucanases are considered
the best characterized pathogenesis-related proteins, which could directly hydrolyze the
cell walls of phytopathogenic fungi, thus releasing β-1,3 glucan compounds and chitin
oligosaccharides that stimulate host defense responses [23]. Therefore, it was suggested
that the induction of this enzyme activity had an effect during the invasion of the pathogen
in coffee plants since an increase in the activity of these enzymes and a decrease in the
severity of the infection were observed, which would indicate that the enzymes were able
to hydrolyze cellular parts of the pathogen [24].

During the pathogenesis process of different fungi, the production and accumulation of
molecules that have different functions in the response process of the plant to the pathogen
attack are triggered. Among these molecules, ROS have different functions in the plant
defense response process, and they can act as second messengers that generate a response
locally, including cell wall strengthening, protein cross-linking, and the hypersensitive
response (HR), which can include the induction of programmed cell death (PCD) [25].
However, these molecules can also damage proteins and lipids and cause alterations in host
DNA, necessitating the induction of enzymatic and non-enzymatic control mechanisms
to prevent this damage [26]. Within all this cellular machinery are peroxidases which are
enzymes that play a role in a wide range of physiological and developmental processes;
they are involved in the generation and detoxification of hydrogen peroxide (H2O2), being
antioxidants, and they are an important initial defense adapted by plants to cope with the
effects of biotic and abiotic stresses [27]. The variation in the level of peroxidase activity is
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related to the type of elicitor, as not all resistance inducers increase the level of peroxidases
compared to other levels of protection. It was reported by Fischer [28] that in some cases,
peroxidase activity levels remained low or null, a behavior like that obtained in this study,
where it was observed that peroxidase gene expression levels initially remained high during
the first days of infection by the pathogen. However, both expression levels and enzyme
activity decreased as time progressed (Figures 2c and 3b). A similar behavior was obtained
in the study by Luján-Hidalgo et al. [29] in coffee, where peroxidase activity decreased
after infection, which was associated with a beneficial response to avoid infection and
was related to its responsibility in reinforcing the cell wall of the plant. In the study by
Varghese et al. [30], they observed the same trend in ginger, where chitosan did not present
an increase in peroxidase activity; however, the accumulation of lignin, one of the polymers
associated with cell wall strengthening, was observed.

In addition, there are specific peroxidases that face pathogen invasion and can be
induced by chitosan, including SOD, which is the first enzyme in the ROS detoxification
process, reacting with O2

−2 superoxide radicals to produce H2O2 [31]. In this work, this
group of enzymes had similar kinetics to peroxidases; they remained stable during the
first evaluation times, and at 72 h, there was a decrease in activity (Figure 2d). In the same
sense, APX, which catalyzes the reaction to convert H2O2 into H2O and O2, showed a
similar response, although at 12 h, it had high activity, which decreased as time passed. For
CAT, a tetrameric enzyme for ROS detoxification that converts H2O2 to H2O and is the first
enzyme to act in the presence of oxidative stress [31], the results showed increased gene
expression throughout the times evaluated. These results agree with those reported by
López-Velázquez et al. [14], where CAT activity increased with the application of chitosan,
and SOD remained without significant changes. The study conducted by Zhang et al. [32]
reported that chitosan had an important effect on the activation of the antioxidant system
of plants since enzyme activity was favored, suggesting that chitosan regulates in favor of
the plant defense system and its metabolic activation for metabolite synthesis.

However, the decrease in peroxidase activity may be related to redirection to other
defense mechanisms, e.g., the induction of PCD and oxidative burst, and effective defense
mechanisms against biotrophic pathogens such as coffee rust [25]. Biotrophic fungi, as part
of their basic pathogenesis mechanisms, present fungal effectors that inhibit PCD induction,
including inducers of antioxidant mechanisms aimed at cutting the role as signal molecules
of ROS and defensive processes associated with their proliferation [33]. Although not
explored in this work, it raises the prospect for future work to explore the role of cell wall
strengthening, PCD induction, and ROS accumulation in resistance to rust infection in the
coffee plant.

On the other hand, phenolic compounds contribute to maintaining overall plant health
by regulating a wide range of functions, such as protection against pathogens, chelation of
heavy metals, and prevention against oxidative stress. They provide mechanical strength to
the cell, forming lignin and suberin, two important constituents of the cell wall [34]. In this
study, the content of phenolic compounds had a better effect compared to plants infected
with H. vastatrix (H), which, unlike the other treatments evaluated, decreased. In the work
carried out by Guo et al. [35], it was observed that chitosan induced the accumulation of
total phenolic compounds; however, the content of these compounds was lower compared
to the control, as in this case. Peian et al. [35] reported an increase in the content of total
phenolic compounds in strawberry and grape berries that were treated with chitosan when
exposed to Botrytis cinerea.

Phenolic compounds are generated from the shikimic acid pathway and are precur-
sors of phenylpropanoids through the activity of the PAL enzyme, where phenylalanine
undergoes deamination and becomes a precursor of flavonoids, lignin, and other defense
compounds [36]. In this work, PAL gene expression was monitored with respect to infected
plants (H); the expression increased 5-fold at 12 h and almost 45-fold at 24 h, reaching its
maximum expression at 48 h, which was related to what was observed in the content of
total phenolic compounds. Comparing the results with Godana et al. [36], PAL activity
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was favored at 2 days when the grapes were treated with chitosan and inoculated with
Pichia anomala, after which the activity decreased, suggesting that there would be a pro-
duction of total phenolic compounds. Another important aspect is the relationship with
polyphenol oxidase activity, which is an enzyme that catalyzes the oxidation of phenolic
compounds into highly reactive quinones, which help plants defend themselves against
pathogens [22]. The results showed that enzyme activity was favored with chitosan appli-
cation (QH) compared to infected plants (H), and a directly proportional relationship was
found with the accumulation of total phenolic compounds. Chitosan also plays a funda-
mental role in the induction of enzymatic activity, as observed in the work of Liu et al. [22],
where it increased the levels of this activity in potatoes. In addition, it also plays a role
in the thickening of the plant cell wall, which serves as a physical barrier to prevent colo-
nization by pathogens [28]. A similar effect was found in the study by Ahmad et al. [37],
where PPO activity was induced by chitosan and was associated with a beneficial re-
sponse in the control of citrus diseases, and the amount of total phenolic compounds
was increased.

In this study, it was observed that food-grade chitosan was able to induce effective
protection against H. vastatrix infection in coffee of an intensity equivalent to that of
practical-grade chitosan. Chitosan was able to induce a differentiated defense response
with respect to rust-infected plants. It significantly increased the activity of β-1,3 glucanases.
Antioxidant enzyme activity was also different from that observed in rust-infected coffee
plants. However, it was observed that most of them presented lower activity than that
observed in infected plants, which could be related to the role acquired by ROS in triggering
an effective defense response against coffee rust or by directing these molecules to the
strengthening of the cell wall. It was able to induce the production and accumulation
of phytoalexins by inducing the expression of PAL and PPO genes and the content of
total phenolic compounds. However, the nature of these compounds and their role in the
effective defense mechanism against rust remains to be defined. Finally, chitosan was able
to induce NPR1 gene expression, indicating its role in the SA signaling pathway and in
the dissemination of an effective systemic defense response. From these results, a better
understanding of the effective defense mechanisms induced by chitosan in the protection
against H. vastatrix infection in coffee plants was obtained. It is important to consider
the evaluation of the role of chitosan in cell wall strengthening, PCD induction, and ROS
accumulation in resistance to rust infection in coffee plants.

4. Materials and Methods

4.1. Plant Material

Coffee fruits (Coffea arabica var. Typica) were collected in the locality of Tlajomulco de
Zúñiga, Jalisco, Mexico. The fruits were pulped, and the seeds were recovered. The seeds
were washed with water and disinfected with 3% (v/v) sodium hypochlorite for 20 min.
They were then placed in a drying oven (Drying, DH6-9145A, Xi’an, China) at 30 ◦C ± 2 ◦C
for 48 h. Subsequently, seeds were germinated in a mixture of peat moss with vermiculite
(5:2) in germination trays, which were placed in an incubation room at 26 ◦C ± 2 ◦C, with
a photoperiod of 16 h light/8 h dark. Plants were fertilized every week with macro- and
micronutrients and were used for experiments at the age of 6 months [38].

4.2. Biological Material

Uredinospores of the phytopathogenic fungus H. vastatrix were collected from plants
with rust symptoms in the municipality of Ejutla, Jalisco, Mexico. The spores were re-
covered and resuspended in distilled water with 0.05% (v/v) tween 20 (Sigma-Aldrich,
Poole, UK). The solution was adjusted to a concentration of 1 × 105 uredinospores/mL
and sprayed on the underside of the leaves. The plants were watered, covered with a
polyethylene bag, and kept in darkness for 72 h in an incubation room at 26 ◦C ± 2 ◦C [39].
After 72 h, the plants were kept in a 16/8 light/dark photoperiod at 26 ◦C ± 2 ◦C.
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4.3. High-Density Chitosan Solution

A 1% (w/v) solution of high-density food-grade chitosan (America Alimentos,
Guadalajara, Jalisco, Mexico) was prepared. The chitosan was dissolved in a 0.4 M acetic
acid solution (Fermont, Guadalajara, Jalisco, Mexico) with 2 M sodium acetate (Sigma-
Aldrich, St. Louis, MO, USA). Finally, a 0.01% and 0.05% dilution of chitosan was performed
with distilled water.

4.4. Biological Effectiveness Test with Food-Grade Chitosan

The plants were distributed in four treatments with ten plants each: control plants
treated with distilled water (C), plants inoculated with H. vastatrix (H), plants treated with
0.01% food-grade chitosan and inoculated with the pathogen (Q1), and plants treated with
0.05% food grade chitosan and inoculated with the pathogen (Q5). Treatments C and H
were sprayed with an atomizer with 3 mL of distilled water, and treatments Q1 and Q5 with
3 mL of food-grade chitosan on all leaves. Seven days after water and chitosan application,
plants were inoculated with 3 mL of H. vastatrix urediniospore suspension. The plants were
kept in an incubation room at 26 ◦C ± 2 ◦C and were monitored for 90 days (40, 60, and
90 days after inoculation) to observe the development of the disease, taking as a reference
Technical Data Sheet 40, Coffee Rust, SENASICA [40]. The experiment was carried out in
December 2021 and March 2022.

4.4.1. Disease Incidence

The plants were observed at 40, 60, and 90 days after inoculation, and disease incidence
was calculated according to Equation (1). Each treatment had 10 plants [41].

Disease incidence (%) =
NIP
TIP

(100), (1)

where NIP corresponds to the number of infected plants, and TIP corresponds to the total
number of infected plants assessed.

4.4.2. Area under the Disease Progress Curve (AUDPC)

Data were collected on the severity of infection at 40, 60, and 90 days after inoculation, and
the area under the disease progress curve was determined according to Equation (2) [42].

AUDPC = ∑n
i=1

[
yi + yi+1

2

]
(xi − xi−1) (2)

where AUDPC is the area under disease progress curve, yi is the percentage of visible
infectes area (yi/100) at the i-th observation, xi—day of the i-th observation, and n the total
number of observations.

4.4.3. Observation of the Presence of Pathogen in the Plant Tissue

Leaf samples were taken 90 days after inoculation with the pathogen. Leaves were
washed with distilled water to remove particles prior to staining and placed in 50 mL conical
tubes. The samples were bleached with 1.7 M KOH at 50 ◦C for 30 min. Subsequently, they
were washed with sterile distilled water twice and 0.5 M hydrogen peroxide at 50 ◦C for
15 min. Finally, they were stained with 0. 05% (w/v) in lactoglycerol (lactic acid: glycerol:
water; 1:1:1:1, v/v) at 50 ◦C for 30 min. Excess dye was removed with lactoglycerol and
observed under an optical microscope (Olympus model BH-2, Tokyo, Japan) [43].

4.5. Enzymatic Activity Evaluation Related to the Pathogenesis and Accumulation of Phytoalexins

Leaves were sampled before inoculation (0 h) and 12, 24, 48, and 72 h after inocu-
lation with the pathogen. Leaves were frozen in liquid nitrogen and stored at −80 ◦C
until processing. In total, 200 mg of fresh tissue was weighed and macerated in liquid
nitrogen in a mortar with 1% polyvinylpyrrolidone. For the determination of enzymes with
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superoxide dismutase and ascorbate peroxidase activity, the pulverized tissue was mixed
with potassium phosphate buffer pH 7.8, 0.1 mM EDTA, and 10 mM ascorbic acid, and
then centrifuged at 13,000× g for 25 min at 4 ◦C. For the determination of β-1,3 glucanase,
peroxidase, and polyphenol oxidase activity, the tissue was resuspended in potassium
phosphate buffer pH 7.0 and 0.1 mM EDTA, then centrifuged at 13,000× g for 25 min at
4 ◦C [8]. To determine phytoalexins, 0.1 g of tissue was resuspended in 500 μL of 80%
methanol [11]. On each sampling day, 3 plants were taken for the corresponding evaluation,
and each test was performed in triplicate. For all assays, 200 uL of sample were used and
read in a 96-well microplate.

4.5.1. β-1,3 Glucanase Activity

β-1,3 glucanase activity was determined with the colorimetric method for the detection
of reducing sugars DNS (3,5-Dinitrosalicylic acid), quantification was determined with
a calibration curve with glucose, and activity was reported in nkat per g of total protein
(nkat·g−1·g−1 PT) [11]. The read was carried out in a spectrophotometer (Thermo Fisher
Scientific, Multiskan Go FI-01620, Vantaa, Finland).

4.5.2. Peroxidase Activity

Perioxidase activity determination was carried out with the guaiacol oxidation method.
The variation of one absorbance unit per minute was defined as one unit of peroxidase
activity (1 AU) and was expressed per gram of total protein (UA·g−1 PT) [11]. The read
was carried out in a spectrophotometer (Thermo Fisher Scientific, Multiskan Go FI-01620,
Vantaa, Finland).

4.5.3. Superoxide Dismutase Activity

Superoxide dismutase activity was evaluated by the ability of the SOD enzyme
to inhibit the photoreduction of nitro blue tetrazolium (NBT) prepared in an incuba-
tion medium composed of 50 mM potassium phosphate, pH 7.8, 14 mM methionine,
0.1 μM EDTA, 75 μM NBT, 2 μM riboflavin, and plant extract, then incubated for 7 min
with a 30 W fluorescent lamp and read at 560 nm in a spectrophotometer (Thermo Fisher
Scientific, Multiskan Go FI-01620, Vantaa, Finland). One unit of SOD is considered the
amount of enzyme capable of being inhibited by 50% NBT photoreduction under assay
conditions. The units were reported in U−1·min−1·mg−1·TP [8].

4.5.4. Ascorbate Peroxidase Activity

Twenty μL of the plant extract were added to 200 μL of 100 mM potassium phosphate
solution at pH 7.0, 0.5 mM ascorbic acid, 0.1 mM hydrogen peroxide, and water. The activity
was determined by consuming H2O2 at 290 nm for 1 min at 25 ◦C in a spectrophotometer
(Thermo Fisher Scientific, Multiskan Go FI-01620, Vantaa, Finland). The molar extinction
coefficient of 1.4 mM·cm−1 was used to calculate APX activity, and the units were reported
in μM−1·min−1·mg−1·TP [8].

4.5.5. Polyphenol Oxidase Activity

Twenty μL of the plant extract were added to 200 μL of 70 mM potassium phosphate so-
lution at pH 7.0 and 20 mM catechol. Then, it was incubated at 30 ◦C for 10 min. Absorbance
was measured at 410 nm in a spectrophotometer (Thermo Fisher Scientific, Multiskan Go
FI-01620, Vantaa, Finland). The molar extinction coefficient of 1.235 mM·cm−1 was used to
calculate the PPO activity, and the units were reported in mM−1·min−1·mg−1·TP [8].

4.5.6. Protein Quantification

Protein quantification was performed using the Bradford method described by
Kruger [44], using bovine albumin for the calibration curve. The read was carried out in a
spectrophotometer (Thermo Fisher Scientific, Multiskan Go FI-01620, Vantaa, Finland).
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4.5.7. Phytoalexin Accumulation

Phytoalexin accumulation was performed by quantification of total phenolic com-
pounds by Folin–Ciocalteu’s method and a catechol curve was used at known concentra-
tions. The accumulation of phenolic compounds was reported in nM catecol·mg−1 FW [11].
The read was carried out in a spectrophotometer (Thermo Fisher Scientific, Multiskan Go
FI-01620, Vantaa, Finland).

4.6. Quantitative Analysis of Defense-Related Gene Expression by Real-Time PCR

The plants were distributed in four treatments: control plants treated with distilled
water (C), plants inoculated with H. vastatrix (H), plants treated with 0.05% high-density
chitosan (Q), and plants treated with 0.05% high-density chitosan and inoculated with the
pathogen (QH). Three mL of distilled water were sprayed in treatments C and H, and 3 mL
of high-density chitosan in treatments Q and QH. Seven days after the application of water
or chitosan, 3 mL were inoculated with the suspension of urediniospores of H. vastatrix.
Plants were kept in an incubation room at 26 ◦C ± 2 ◦C, and leaf samples were taken at
12, 24, and 48 h after inoculation with the pathogen [9]. On each sampling day, 3 plants
were taken for the corresponding evaluation, and each test was performed in duplicate.

4.6.1. Primers Design

Primers coding for the genes peroxidase (POX), catalase (CAT), ß-1,3-glucanase (GLU),
and phenylalanine ammonia lyase (PAL) were designed. The genomic sequences were obtained
from the Phytozome repository. Subsequently, the OligoAnalyzer Tool from IDT and
Primer-BLAST from NCBI were used. Additionally, glyceraldehyde-3-phosphate dehydrogenase
(GADPH), actin 8, and 14-3-3 primers were designed as constitutive controls. Table 2
shows the characteristics of each pair of oligonucleotides. The stability of the primers
was determined according to the method of Vandesompele et al. [45].

Table 2. Oligonucleotides.

Genes Oligonucleotide Sequences (5′-3′) Size (pb) Accession Number

Peroxidase (POX) FW: GTGGATGCGGAGTACCTGAA
RV: AACCGTTTGGACCTCCAGTT 153 evm.TU.Scaffold_618.242

Catalase (CAT) FW: GATGCACCCAATTCCTTCTGC
RV: CCCAGCGACAGATAAAGCG 140 evm.TU.Scaffold_2256.195

ß-1,3 glucanase FW: GGGTGACCCTACAAAAGCCA
RV: GGCCTGGAGGAAAGGTTCAT 121 evm.TU.Scaffold_517.1

Phenylalanine ammonia lyase (PAL) FW: CTTGTGAGGGGAGAGTTGGG
RV: GGTAGGTGGCTCTTGTCAGC 112 evm.TU.Scaffold_618.1114

NPR1 FW: TTGGTTATGAGGCTGCTGCT
RV: GGCTTTAGATGCTGCAAGGC 138 evm.model.Scaffold_523.152

GAPDH FW: CCCTTGGGGTGAAACTGGAG
RV: AACATGGGTGCATCCTTGCT 138 evm.model.Scaffold_608.230

Actin 8 FW: ATTAGCTCGACAAGACGCCC
RV: CTCACGTTCCATGTGTTGCG 142 evm.model.Scaffold_315.601

14-3-3 FW: GCTGAGTTCAAAACTGGGGCTG
RV: ATTGGGTGTGTTGGAGCCAG 110 evm.model.Scaffold_2421.275

4.6.2. RNA Extraction and cDNA Synthesis

The TRIzol extraction protocol (Invitrogen, Carlsbad, CA, USA) was used with some
modifications) [46]. In total, 200 mg of sample were macerated with liquid nitrogen, and
1 mL of TRIzol was added for 5 min. The samples were centrifuged at 11,000× g for
15 min at 4 ◦C, the supernatant was removed, and 500 μL chloroform (Sigma-Aldrich,
Dorset, UK) were added, shaken for 20 min at −20 ◦C, then centrifuged at 11,000× g
for 15 min at 4 ◦C. the supernatant was removed, 500 μL chloroform (Sigma-Aldrich,
Dorset, UK). Subsequently, the supernatant was recovered, and 500 μL of isopropanol
(Sigma-Aldrich, Dorset, UK) were added, left to stand for 2 h at −80 ◦C, and centrifuged
at 11,000× g for 15 min at 4 ◦C, after which the supernatant was removed. Three washes
were performed with 75% ethanol (Sigma-Aldrich, St. Louis, MO, USA), and the pel-
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let was dried and resuspended in 20 μL of RNAse-free water. RNA was quantified at
260 nm and migrated on 0.8% agarose gel. For cDNA synthesis, the Maxima H Minus First
Strand cDNA Synthesis kit (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) was
used. Synthesis was performed according to the manufacturer’s instructions, starting from
100 ng of total RNA.

4.6.3. RT qPCR

RT qPCR analyses were performed on a Step-One Real-Time PCR System thermal
cycler (Applied Biosystems, Life Technologies, San Francisco, CA, USA) using SYBR Green
as the detection system. The reaction conditions were 2 min at 50 ◦C, 10 min at 60 ◦C,
followed by 40 cycles of 15 s at 95 ◦C, and 1 min at 60 ◦C, ending the cycle with 15 s at
95 ◦C. The reaction was carried out with 50 ng of cDNA, 0.2 μL of each primer, and 7.5 μL
of SYBR green PCR Master Mix (Invitrogen, St. Louis, MO, USA) and RNAse-free water.
For the evaluation of each gene, three biological samples with two technical replicates were
performed. Relative quantification (RQ) was performed using the ddCT method [47].

RQ = 2−ddCT; ddCT = [(CT gene of interest − CT constitutive gene) treated
plant − (CT gene of interest − CT constitutive gene) untreated control plant].

(3)

4.7. Statistical Analysis

One-way analysis of variance (ANOVA) was performed using Minitab 19.2020.2.0
software, followed by a separation of means through the LSD test, with a significance level
of 95%.

5. Conclusions

The application of 0.05% high-density food-grade chitosan significantly reduced
the severity of H. vastatrix infection by increasing the activity and gene expression of
β-1,3 glucanases. In addition, a differentiated response was found in enzymes related to the
antioxidant system of plants. Additionally, a correlation was observed between the activi-
ties of the enzyme polyphenol oxidase and the production of total phenolic compounds
that allowed an effective defense response in coffee plants.
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