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Abstract: chitosan (CS) is a cationic polysaccharide that consists of jumble distributed units of N-acetyl-D-glucosamine (acetylated unit)

and B-(1—4)-linked D-glucosamine (deacetylated unit). CS has gained
significant importance in the field of biomedicine due to its non-toxicity,
biodegradability, and biocompatibility properties. It has numerous potential
applications, including in the development of bandages that can reduce
bleeding and serve as antibacterial agents, as well as DDSs that can
transport medication across the skin and BBB. CS can be used alone or in
amalgamation with antibiotics and extracts to create antimicrobial wound
dressings that are effective in treating infections. Overall, CS and its
derivatives hold great promise for biomedical implicatives, particularly in
wound healing and DD. Due to its qualities, CS-based NPs are being
studied as possible DDS against diseases like Leishmaniasis, Bacterial
Diseases, and Cancer. Throughout the chapter we will have an overview of
these properties of CS, their possible applications in the biomedical field
and their possible role against these diseases.
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1. Introduction

Chitosan, a biopolymer derived from chitin, has gained
significant interest in biomedicine due to its unique properties.
Composed of §-(1—4)-linked D-glucosamine and N-acetyl-D-
glucosamine, it is biocompatible, biodegradable, and non-
toxic, making it an excellent candidate for various biomedical
uses. This review focuses on chitosan composites and their
diverse biomedical applications, highlighting their biochemical
and biomedical significance.*

Chitosan has strong antimicrobial properties because of its
polycationic nature,> which permits it to interact with
negatively charged microbial membranes, leading to cell
death. Its antimicrobial activity extends to bacteria, fungi, and
viruses, making it valuable in wound dressings, antimicrobial
coatings, and drug delivery systems.®

In antiviral research, chitosan has shown promising results
against HIV by inhibiting viral replication and preventing the
virus from binding to host cells. This makes chitosan a
potential tool for developing new therapies to control viral
load and prevent HIV progression.*

Chitosan also exhibits anti-osteomyelitis  properties,
addressing the challenge of delivering therapeutic agents to
infected bone sites. Chitosan-based composites can deliver
antibiotics directly to affected areas, promoting localized
treatment and enhancing bone healing.®
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Another key property of chitosan Is its anticarcinogenic
potential.® It has been shown to inhibit cancer cell growth
through mechanisms such as apoptosis induction, cell
proliferation inhibition, and metabolic disruption. These
attributes make chitosan a potential adjuvant in cancer
therapies, either alone or with standard treatments.”

Chitosan is also a promising material for drug delivery across
the blood-brain barrier (BBB).% The BBB restricts the passage
of most therapeutic agents, making treatment of neurological
disorders difficult. Chitosan-based nanoparticles can cross
the BBB, enabling effective drug delivery for diseases like
Alzheimer's, Parkinson's, and brain tumors.®

The versatility of chitosan extends to forming composites with
other materials, enhancing its properties and expanding its
applications.® These composites can be designed to improve
mechanical strength, control degradation, and boost
biological activity. Combining chitosan with polymers,
ceramics, and metals has led to innovations in tissue
engineering, wound healing, and regenerative medicine.!!
This review provides an in-depth overview of chitosan
composites in biomedical applications, discussing their
synthesis, characterization, and interaction with biological
systems. It also explores the potential of chitosan composites
to advance medical science, based on recent research and
development.

2. Properties of Chitosan Nanoparticles

Chitosan nanoparticles have garnered considerable interest
in biomedical research and applications due to their
exceptional physicochemical properties and biocompatibility.
These nanoparticles, typically ranging in size from 1 to 1000
nanometers, are produced through various methods such as
ionic gelation, emulsion crosslinking, and self-assembly
techniques.*> The synthesis of chitosan nanoparticles
involves the interplay of chitosan's amino groups and
crosslinking agents or polyanions, resulting in a stable and
uniform nanoscale structure. One of the critical attributes of
chitosan nanoparticles is their size and surface charge, which
significantly influence their interaction with biological systems.
The small size of these nanoparticles allows for enhanced
cellular uptake, improved tissue penetration, and increased
surface area for functionalization with therapeutic agents or
targeting ligands. Furthermore, the positive surface charge of
chitosan nanoparticles, due to the protonation of amino
groups in acidic environments, facilitates their interaction with
negatively charged cell membranes, enhancing cellular
internalization and bioavailability.

- = - .
OH o=< OH
NH NH,
o=  ©H OH
L ke Jn L Jn
Chitin Chitosan

Figure 1: The chemical structure of Chitin and Chitosan

In addition to their size and charge, chitosan nanoparticles
exhibit excellent biodegradability and biocompatibility, making
them suitable for a wide range of biomedical applications
(Figure 1).® The degradation of chitosan nanoparticles
occurs through enzymatic hydrolysis by lysozymes and other
enzymes present in the human body, leading to the formation
of non-toxic, bioresorbable byproducts such as glucosamine
and N-acetylglucosamine. This biodegradability ensures that
chitosan nanoparticles do not accumulate in tissues, reducing
the risk of long-term toxicity and adverse effects. Moreover,
chitosan is well-tolerated by the human body, exhibiting
minimal immunogenicity and cytotoxicity. This inherent
biocompatibility, coupled with its ability to be chemically
modified, allows for the creation of tailor-made chitosan
nanoparticles with specific properties and functionalities.

These modifications can enhance the solubility, stability, and
targeting capabilities of chitosan nanoparticles, further
broadening their application in drug delivery, gene therapy,
and tissue engineering.**

One of the most notable properties of chitosan nanoparticles
is their mucoadhesive nature, which arises from the
interaction between the cationic chitosan and the negatively
charged mucin found in mucus layers.'® This mucoadhesive
property prolongs the residence time of chitosan
nanoparticles at mucosal surfaces, enhancing the absorption
and bioavailability of encapsulated drugs or therapeutic
agents. This feature is particularly advantageous in the
delivery of drugs via mucosal routes such as oral, nasal,
ocular, and vaginal administration. Additionally, chitosan
nanoparticles possess inherent antimicrobial activity,
attributed to their ability to disrupt microbial cell membranes
and inhibit the growth of bacteria, fungi, and viruses. This
antimicrobial property not only makes chitosan nanoparticles
effective in preventing infections but also enhances their
potential as carriers for antimicrobial agents, providing a
synergistic effect.'® Furthermore, chitosan nanoparticles have
been extensively studied for their ability to facilitate the
transport of drugs across biological barriers, including the
blood-brain  barrier (BBB), gastrointestinal tract, and
pulmonary epithelium. This property is crucial for the
development of targeted and efficient drug delivery systems,
enabling the treatment of various diseases and conditions
that are otherwise challenging to address with conventional
drug formulations.

2.1 Anti — Carcinogenic

Chitosan nanoparticles have attracted considerable attention
in cancer research due to their potent anti-carcinogenic
properties, which hold promise for developing more effective
and targeted cancer therapies. These nanoparticles exhibit a
multifaceted mechanism of action against cancer cells,
including the induction of apoptosis, inhibition of cell
proliferation, and disruption of tumor cell metabolism.'’
Apoptosis, or programmed cell death, is a crucial process that
is often dysregulated in cancer cells, allowing them to
proliferate uncontrollably. Chitosan nanoparticles can trigger
apoptosis by activating caspase enzymes and promoting the
discharge of cytochrome c¢ from mitochondria, which are key
steps in the apoptotic pathway. Additionally, chitosan
nanoparticles can interfere with the cell cycle of cancer cells,
arresting their progression in critical phases such as the
G2/M phase, thereby inhibiting cell division and growth. This
cell cycle arrest is often mediated through the modulation of
cyclin-dependent kinases (CDKs) and other regulatory
proteins that are essential for cell cycle progression.!®
Moreover, chitosan nanoparticles can disrupt the metabolic
processes of cancer cells, which are typically characterized
by high rates of glycolysis and altered energy metabolism,
known as the Warburg effect. By interfering with these
metabolic pathways, chitosan nanoparticles can reduce the
energy supply to cancer cells, impairing their growth and
survival. Metabolic disruption is often achieved through the
inhibition of key enzymes involved in glycolysis and oxidative
phosphorylation, resulting in reduced ATP production and
elevated levels of reactive oxygen species (ROS) within the
cancer cells. The upraised ROS levels can persuade
oxidative stress, further damaging cellular components and
promoting cell death. This multifaceted approach not only
targets cancer cells directly but also create an unfavorable
environment for their survival and proliferation.*®

The surface properties of chitosan nanoparticles also play a
crucial role in  their  anti-carcinogenic  efficacy.
Functionalization of chitosan nanoparticles with specific
ligands, such as folic acid, peptides, or antibodies, can
enhance their targeting capabilities, allowing for selective
delivery to cancer cells while sparing healthy tissues. This
targeted delivery is particularly important in minimizing the
side effects associated with conventional chemotherapy,
which often affects both cancerous and non-cancerous cells.
The enhanced permeability and retention (EPR) effect is a
phenomenon in which nanoparticles selectively accumulate in
tumor tissues due to their sieve-like vasculature and poor
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lymphatic drainage, further aids in the selective targeting of
chitosan nanoparticles. Once localized in the tumor
microenvironment, the nanoparticles can release their
therapeutic payload in a controlled manner, maximizing the
anti-cancer effects while reducing systemic toxicity.?
Furthermore, chitosan nanoparticles can serve as carriers for
delivering a range of anti-cancer agents, including
chemotherapeutic drugs, siRNA, and genes, enhancing their
therapeutic efficacy. The encapsulation of chemotherapeutic
drugs within chitosan nanoparticles can improve their
solubility, stability, and bioavailability, while also protecting
them from premature degradation. This encapsulation also
allows for a controlled and sustained drug release,
maintaining therapeutic concentrations at the tumor site for
extended periods. In gene therapy, chitosan nanoparticles
can facilitate the delivery of genetic material into cancer cells,
promoting the expression of tumor-suppressor genes or
silencing oncogenes. The non-viral nature of chitosan
nanoparticles makes them a safer alternative to viral vectors,
reducing the risk of immunogenicity and insertional
mutagenesis.

For example, Jaiswal et al. (2019) synthesized a methyl
methacrylate (MMA) modified chitosan (CS) conjugate
(CSMMA) through a Michael addition reaction, aiming to
create a novel biopolymer for gene and drug delivery.?* The
resulting conjugate exhibited a highly porous framework,
confirmed by FT-IR, *H NMR, X-ray diffraction spectrometry,
and SEM analysis. The CSMMA demonstrated significant
potential as a gene delivery agent, showing good transfection
efficacy in various mammalian cancer cell lines (A549, Hela,
and HepG2). Curcumin-loaded CSMMA nanoparticles were
prepared and characterized for drug delivery applications.
These nanoparticles achieved maximal entrapment efficiency
of up to 68% and exhibited pH-sensitive drug release, with
more rapid release at pH 5.0 compared to physiological pH.
This study underscores the potential of CSMMA
nanoparticles in targeted drug delivery systems, improving
the bioavailabilty and therapeutic effectiveness of
encapsulated drugs (Figure 2).2

Figure 2: SEM image of (a) chitosan (b) chitosan conjugated with methyl
methacrylate [Represented with permission from Ref [5].

Another study conducted by Subramanian et al. (2006),
explored the use of chitosan nanoparticles for the delivery of
phytochemicals in chemotherapy, emphasizing their potential
in enhancing the bioavailability and therapeutic efficacy of
poorly soluble compounds.??> The study demonstrated that
chitosan nanoparticles could effectively encapsulate and
release various phytochemicals, such as curcumin, resulting
in improved anti-cancer activity. The nanoparticles exhibited
controlled release properties, maintaining a sustained release
of the encapsulated drugs over an extended period. This
approach not only improved the solubility and stability of the
phytochemicals but also allowed for targeted delivery to
cancer cells, thereby enhancing the therapeutic outcomes
and reducing side effects associated with conventional
chemotherapy. This research highlights the versatility of
chitosan nanoparticles in developing efficient drug delivery
systems for cancer treatment.??

Furthermore, Vivek et al. (2013) investigated the use of pH-
responsive chitosan nanoparticles as carriers for tamoxifen in
breast cancer therapy.®® The study found that these
nanoparticles could significantly improve the delivery and
efficacy of tamoxifen, a commonly used anti-cancer drug. The
chitosan nanoparticles were synthesized through ionic

gelation, providing a stable and biocompatible platform for
drug delivery. In vitro studies demonstrated enhanced cellular
uptake and cytotoxicity against breast cancer cells, attributed
to the pH-sensitive release mechanism of the nanoparticles.
This pH-responsive behavior ensured that the drug was
preferentially released in the acidic microenvironment of the
tumor, maximizing its therapeutic effect while minimizing
systemic toxicity. This research underscores the potential of
chitosan nanoparticles in enhancing the targeted delivery and
efficacy of anti-cancer drugs.?®

Kim and co-workers (2014) evaluated polyethylenimine-
grafted polyamidoamine (PAMAM) dendrimers for gene
delivery, focusing on their efficiency and cytotoxicity. The
study synthesized a novel gene delivery system by
conjugating PAMAM dendrimers with low molecular weight
polyethylenimine (PEI) through a Michael addition reaction.
The resulting nanoparticles showed high gene transfection
efficiency and low cytotoxicity in vitro. The researchers
attributed these properties to the enhanced buffering capacity
and reduced aggregation of the nanoparticles. The study
highlighted the potential of these modified PAMAM
dendrimers in delivering genetic material effectively and
safely, paving the way for their application in gene therapy
and other biomedical fields.24-2¢

Park et al. (2006) investigated the use of glycol chitosan
nanoparticles for the delivery of doxorubicin, a widely used
chemotherapeutic  agent.?” The nanoparticles were
synthesized through self-assembly and characterized for their
size, surface charge, and drug loading capacity. In vivo
studies demonstrated that these nanoparticles could
efficiently accumulate in tumor tissues, enhancing the
therapeutic efficacy of doxorubicin while reducing its systemic
toxicity. The glycol chitosan nanoparticles provided a stable
and biocompatible platform for drug delivery, with the
potential to improve the therapeutic outcomes of
chemotherapy. This research highlights the advantages of
using chitosan-based nanoparticles for targeted drug delivery
in cancer treatment, offering a promising strategy for
enhancing the efficacy and safety of chemotherapeutic
agents.?’

In the investigation by Hattori and co-workers (2002), the
focus was on the evaluation of the anticarcinogenic properties
of chitosan and its derivatives. The study utilized real-time
zymography and reverse zymography techniques to detect
the activities of matrix metalloproteinases (MMPs) and their
inhibitors. Chitosan, a biopolymer derived from chitin, was
modified to enhance its therapeutic efficacy. The results
demonstrated that chitosan derivatives could effectively
inhibit MMPs, which are enzymes involved in the degradation
of the extracellular matrix and are often associated with
cancer metastasis. By inhibiting MMP activity, chitosan
derivatives could potentially prevent the invasion and spread
of cancer cells. This study provided significant insights into
the molecular mechanisms through which chitosan exerts its
anticarcinogenic effects, highlighting its potential as a
therapeutic agent in cancer treatment.?®

In a subsequent study, Zhang and Zhao (2015) explored the
preparation, characterization, and evaluation of B-chitosan
nanoparticles loaded with tea polyphenol-Zn complexes.
These nanoparticles were designed to enhance the delivery
and efficacy of bioactive compounds in cancer therapy. The
research demonstrated that the (-chitosan nanoparticles
significantly improved the stability and bioavailability of the
tea polyphenol-Zn complex. Moreover, the in vitro cytotoxicity
assays revealed that these nanoparticles exhibited potent
anticarcinogenic activity against various cancer cell lines. The
study concluded that B-chitosan nanoparticles could serve as
an effective delivery system for natural polyphenols, providing
a promising approach for cancer prevention and treatment.?®

Deshpande’s team (2017) investigated the use of zinc-
complexed chitosan/TPP nanoparticles as a micronutrient
nanocarrier suited for foliar application.®® The study aimed to
assess the anticarcinogenic potential of these nanoparticles
when used to deliver zinc, an essential micronutrient with
known anticancer properties. The findings indicated that the
chitosan/TPP nanoparticles effectively delivered zinc to target
sites, enhancing its bioavailability and anticarcinogenic
activity. The in vitro studies showed that zinc-complexed
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chitosan nanoparticles were capable of inhibiting the cancer
cells proliferation and inducing apoptosis. These results
underscore the potential of chitosan-based nanoparticles in
enhancing therapeutic efficacy of micronutrients in cancer
treatment.3°

Rodrigues et al. (2012) focused on the biocompatibility of
chitosan carriers with applications in drug delivery,
particularly in the context of cancer therapy. The study
evaluated the interaction of chitosan-based nanoparticles with
biological systems, including their cytotoxicity, cellular uptake,
and anticarcinogenic effects. The results showed that
chitosan nanoparticles exhibited minimal cytotoxicity while
effectively delivering anticancer drugs to target cells. The
nanoparticles facilitated sustained drug release, enhancing
the therapeutic outcomes in cancer treatment. This research
highlighted the potential of chitosan carriers in improving the
efficacy and safety of cancer therapeutics, emphasizing their
role in advanced drug delivery systems (Figure 3).%!
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Figure 3: Characterization of Zn-loaded chitosan nanoparticles. Size
distribution of nanoparticles a: CNP, c: Zn-CNP; SEM image of
nanoparticles showing spherical morphology, b: CNP and d: Zn-CNP
(scale bar 10 pm). [Reprinted with permission from Ref 16]

Again, Wang and co-workers (2004) examined the
preparation, characterization, and antimicrobial activity of
chitosan-Zn complexes. While the primary focus was on
antimicrobial properties, the study also explored the potential
anticarcinogenic effects of these complexes. The research
demonstrated that chitosan-Zn complexes exhibited
significant inhibitory effects on the growth of cancer cells,
suggesting their potential use in cancer therapy. The study
provided a comprehensive analysis of the physicochemical
properties of chitosan-Zn complexes and their biological
activities, offering valuable insights into their application as
multifunctional therapeutic agents in both antimicrobial and
anticancer treatments.32

Chang, Sekine, Chao, Hsu, and Chern (2017) examined the
impact of chitosan on cancer progression, particularly
focusing on its association with Wnt signaling in colon and
hepatocellular carcinoma cells.®® Their study revealed that
chitosan significantly promoted cancer cell progression and
stem cell properties. The researchers found that chitosan
activates the Wnt/B-catenin signaling pathway, leading to the
increased expression of stem cell markers such as CD44 and
CD133, and enhancing the cancer stem cell-like properties of
colon and hepatocellular carcinoma cells. These findings
suggest that while chitosan is beneficial in many biomedical
applications, its potential to enhance tumor progression
through Wnt signaling necessitates caution when considering
it for cancer therapy. The study emphasized the need for a
thorough understanding of chitosan's biological interactions to
mitigate its pro-tumorigenic effects.

Tharanathan and  co-workers  (2004) provided a
comprehensive overview of the modifications of chitosan and

their vast potential applications, including anticancer
properties.®* Their review highlighted the structural versatility
of chitosan, which allows for various chemical modifications
enhancing its functional properties. Notably, they discussed
the potential of chitosan derivatives to exhibit selective
cytotoxicity towards cancer cells while sparing normal cells.
This selective cytotoxicity is attributed to the interaction of
chitosan with the negatively charged cell membranes of
cancer cells, leading to increased permeability and
subsequent apoptosis. Their findings underscore the
importance of optimizing chitosan's chemical modifications to
maximize its anticancer efficacy while minimizing potential
side effects. This paper provides a foundational
understanding of chitosan's multifaceted role in cancer
treatment, supporting the development of more effective
chitosan-based therapeutic strategies.

Examining the effectiveness of chitosan nanoparticles as
gene carriers, Yang (2015) fabricated a bidirectional hypoxia-
responsive shRNA expression vector for colorectal-specific
gene therapy. This study highlighted the potential of chitosan-
based nanoparticles in delivering genetic material to target
cells with high efficiency and low toxicity. The PEl/chitosan-
TBA blend system developed by the researchers showed
effective transfection in the HT-29 cell line, indicating that this
hybrid system could be a promising carrier for gene delivery
in vivo. The vector specifically knocked down gene
expression under hypoxic conditions in colon cancer cells,
inducing cell cycle arrest and increasing apoptosis. This study
suggests that chitosan-based nanoparticles can be tailored
for specific gene therapy applications, providing a new
avenue for colorectal cancer treatment with reduced side
effects compared to conventional therapies.3®

Chen (2015) explored the use of hierarchical targeted
hepatocyte mitochondrial multifunctional chitosan
nanoparticles for anticancer drug delivery.3® Their study
focused on enhancing the delivery and efficacy of anticancer
drugs specifically to hepatocellular carcinoma cells. The
multifunctional chitosan nanoparticles were designed to target
hepatocytes selectively and deliver drugs directly to the
mitochondria, improving therapeutic outcomes. The
nanoparticles exhibited a high drug-loading capacity, stability,
and targeted delivery, leading to increased drug accumulation
in cancer cells and reduced systemic toxicity. This innovative
approach underscores the potential of chitosan nanoparticles
in improving the precision and effectiveness of cancer
treatments, particularly for hepatocellular carcinoma, by
ensuring that therapeutic agents are delivered specifically to
cancer cells while minimizing adverse effects on healthy
tissues.®

Gao et al.’” (2010) investigated the use of chitosan-linked
polyethyleneimine (PEI) in gene transfection systems to
enhance the delivery of genetic material into cancer cells.
The study found that the chitosan-PEI hybrid system provided
high gene transfection efficiency with low cytotoxicity, making
it a suitable candidate for gene therapy applications. The
PEl/chitosan blend system effectively facilitated the delivery
of therapeutic genes into colon cancer cells, leading to
significant  tumor-suppressive  activity. This  research
highlights the potential of chitosan-based hybrid systems in
overcoming the limitations of current gene delivery methods,
such as high toxicity and low efficiency. The findings suggest
that chitosan can be engineered to create more effective and
safer gene delivery vehicles, advancing the field of gene
therapy for cancer treatment.%’

Collectively, these studies highlight the diverse and significant
potential of chitosan nanoparticles in cancer treatment. While
Chang (2017) pointed out the risk of chitosan promoting
cancer progression through Wnt signaling,® Harish
Prashanth and Tharanathan (2007) and Yang (2015)
emphasized its selective cytotoxicity and effective gene
delivery capabilities. Chen et al.®® (2015) and Gao et al.®’
(2010) further demonstrated the precision targeting and low
toxicity of chitosan-based systems. These findings suggest
that while chitosan holds promise for cancer therapy, its
application must be carefully tailored to harness its benefits
while mitigating potential risks. The diverse approaches and
outcomes in these studies reflect the complex interplay
between chitosan's biochemical properties and its interactions
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with cancer cells, underscoring the need for continued
research and optimization.

In comparing these studies, it becomes evident that the
functional modifications of chitosan are crucial in determining
its therapeutic efficacy. The ability to modify chitosan to
enhance its selectivity and reduce toxicity, as shown by
Harish Prashanth and Tharanathan (2004), is a critical factor
in its application in cancer therapy.* The targeted delivery
systems developed by Chen (2015) and Yang (2015)
highlight the potential of chitosan to improve the precision of
cancer treatments. However, the study by Chang (2017)
serves as a cautionary reminder of the complexities involved
in using chitosan, particularly its potential to enhance tumor
progression if not properly controlled.

Overall, these studies collectively underscore the need for a
nuanced approach in developing chitosan-based cancer
therapies. The promising results in targeted delivery and
gene transfection indicate that chitosan nanoparticles can
significantly enhance the efficacy of cancer treatments.
However, the potential risks, such as those identified by
Chang (2017), must be carefully managed through precise
engineering and thorough understanding of chitosan's
interactions with cancer cells. The continuous advancements
in chitosan research are opening new possibilities for more
effective and safer cancer therapies, highlighting the
importance of interdisciplinary collaboration in this field.

In conclusion, the exploration of chitosan nanoparticles in
cancer therapy reveals a promising yet complex potential.
The benefits of targeted delivery, selective cytotoxicity, and
low toxicity offer significant advancements in cancer
treatment. However, the potential risks necessitate a careful
and well-informed approach to harness the full therapeutic
potential of chitosan. Future research should focus on
optimizing chitosan modifications and understanding its
interactions with biological systems to develop safe and
effective cancer therapies. The integration of these findings
into clinical practices holds the promise of improving patient
outcomes and advancing the fight against cancer.

Overall, the anti-carcinogenic properties of chitosan
nanoparticles, combined with their ability to deliver a range of
therapeutic agents, present a powerful tool in the fight against
cancer. Their multifaceted mechanisms of action, targeting
capabilities, and potential for controlled drug release position
them at the forefront of next-generation cancer therapeutics,
offering hope for more effective and less toxic treatment
options.

2.2 Antimicrobial

Chitosan nanoparticles have been extensively studied for
their antimicrobial properties, making them a valuable tool in
combating a wide range of pathogens, including bacteria,
fungi, and viruses.® The antimicrobial activity of chitosan is
mainly due to its polycationic nature, which permits it to
interact with the negatively charged membranes of microbial
cells. This interaction leads to the disruption of the integrity of
the cell membrane, causing leakage of intracellular contents
and ultimately resulting in cell death. Additionally, chitosan
nanoparticles can penetrate microbial cells, binding to DNA
and inhibiting RNA and protein synthesis, further enhancing
their antimicrobial efficacy. The size and surface charge of
chitosan nanoparticles can be finely tuned to optimize their
interaction with different types of microorganisms, enhancing
their effectiveness. Research has shown that smaller
nanoparticles with higher surface charge densities exhibit
stronger antimicrobial activities due to their increased surface
area and higher interaction potential with microbial cells.3®
Moreover, chitosan nanoparticles can be functionalized with
various antimicrobial agents, such as silver nanoparticles,
antibiotics, and essential oils, to create synergistic effects and
enhance their spectrum of activity.

The versatility of chitosan nanoparticles extends to their
ability to form coatings and films on medical devices,
implants, and wound dressings, providing long-lasting
antimicrobial protection and preventing biofilm formation. This
is particularly important in clinical settings where device-
associated infections are a significant concern. Furthermore,
chitosan nanoparticles exhibit inherent biocompatibility and
biodegradability, creating them safe for use in various

biomedical applications. Their non-toxic nature ensures that
they do not cause adverse effects when applied to human
tissues, making them suitable for usage in wound healing,
tissue engineering, and drug delivery systems. The sustained
release of encapsulated antimicrobial agents from chitosan
nanoparticles  provides prolonged protection against
infections, reducing the need for frequent application and
minimizing the risk of resistance development. Recent studies
have highlighted the potential of chitosan nanoparticles in
addressing the global challenge of antibiotic resistance.

By enhancing the efficacy of existing antibiotics and reducing
the required dosage, chitosan nanoparticles can help mitigate
the spread of resistant strains and extend the useful life of
current antimicrobial agents. The ability of chitosan
nanoparticles to target and disrupt biofilms, which are often
resistant to conventional antibiotics, further underscores their
potential in managing chronic and recalcitrant infections.
Moreover, the incorporation of chitosan nanoparticles into
food packaging materials has shown promise in extending the
shelf life of fragile goods by obstructing microbial growth and
preventing spoilage. This application not only improves food
safety but also reduces food waste, contributing to
sustainable practices. The broad-spectrum antimicrobial
activity, combined with the customizable properties of
chitosan nanoparticles, positions them as a versatile and
powerful tool in the fight against infectious diseases. As
research continues to uncover new functionalizations and
applications, chitosan nanoparticles are poised to play a
pivotal role in advancing antimicrobial strategies in both
medical and non-medical fields. The ongoing development of
chitosan-based antimicrobial systems promises to deliver
innovative solutions for infection control, enhancing public
health and safety on a global scale.

The chitosan and its derivatives antimicrobial properties have
been widely studied, demonstrating significant potential in
various biomedical applications. Chitosan's ability to inhibit a
broad spectrum of microorganisms, including bacteria, fungi,
and viruses, is attributed to its unique chemical structure and
physicochemical properties. This biopolymer's effectiveness
as an antimicrobial agent is influenced by numerous factors,
such as its molecular weight, degree of deacetylation, and the
presence of functional groups that can interact with microbial
cell membranes. The studies discussed in this section
highlight the diverse mechanisms through which chitosan
exerts its antimicrobial effects and its potential applications in
clinical settings.

Mohamed and Al-Mehbad (2013) synthesized novel chitosan
hydrogels cross-linked with terephthaloyl thiourea, which
exhibited significant antibacterial and antifungal activities.*°
The study found that these hydrogels had a broad spectrum
of antimicrobial action against both Gram-positive and Gram-
negative bacteria, as well as several fungal species. The
cross-linking with terephthaloyl thiourea enhanced the
mechanical strength and stability of the chitosan hydrogels,
making them suitable for use in various biomedical
applications, including wound dressings and drug delivery
systems. The antimicrobial mechanism was primarily
attributed to the ability of chitosan to disrupt microbial cell
membranes, causing the leakage of cellular contents and
ultimately resulting in cell death. The study also highlighted
the biocompatibility of hydrogels, which is crucial for their safe
application in medical treatments.

Mohseni (2019) conducted a comparative analysis of wound
dressings incorporating silver sulfadiazine and silver
nanoparticles. They evaluated the in vitro and in vivo
antimicrobial efficacy of these dressings against common
wound pathogens. The incorporation of silver nanoparticles
into chitosan-based dressings significantly enhanced their
antimicrobial properties. Silver nanoparticles are known for
their potent antimicrobial activity, and when combined with
chitosan, they provide a synergistic effect that enhances the
overall antimicrobial performance. The study demonstrated
that these dressings effectively reduced bacterial load and
promoted faster wound healing in animal models. The
authors proposed that the combination of chitosan and silver
nanoparticles could serve as a highly effective antimicrobial
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wound dressing, offering both infection control and improved
healing (Figure 4).4*

Control (without
antimicrobial agents)

i

v
S

AgNPI: 1.5£0.2 mm  AgNP5: 3.840.6 mm AgNP10: 4£0.2 mm

SSD1: 2+ 0.2mm SSD5:39+05mm SSD10: 42+ 0.3 mm

Figure 4: Antimicrobial characterization of wound dressings against
Staphylococcus aureus using the inhibition zone measurement technique
(n=5). [Reprinted with permission from 36].

Moura (2011) developed in situ forming chitosan hydrogels
via ionic and covalent co-crosslinking, aiming to create a
versatile and effective antimicrobial material. These hydrogels
demonstrated excellent antimicrobial activity against wide
range of bacterial strains, including both Gram-positive and
Gram-negative bacteria. The dual cross-linking approach not
only improved the mechanical properties and stability of the
hydrogels but also enriched their antimicrobial efficacy. The
ionic and covalent bonds in the hydrogels provided a robust
structure that could be applied in various biomedical fields,
including tissue engineering and drug delivery. The study
concluded that these hydrogels are promising candidates for
applications requiring strong antimicrobial action combined
with biocompatibility and biodegradability.?

Munoz-Bonilla (2019) reviewed the development of bio-based
polymers with antimicrobial properties, focusing on
sustainable materials like chitosan. They discussed various
strategies for enhancing the antimicrobial properties of
chitosan, including chemical modifications and the
incorporation of metallic nanoparticles. The review highlighted
the versatility of chitosan as an antimicrobial agent and its
potential in developing environmentally friendly and effective
antimicrobial materials. The authors emphasized that
chitosan's biocompatibility and biodegradability make it an
attractive option for medical applications, particularly in areas
where conventional antimicrobial agents may pose
environmental and health risks.*

Nandi (2009) explored local antibiotic delivery systems for
treating osteomyelitis, with a particular focus on chitosan-
based carriers. Their research demonstrated that chitosan
could be effectively used to deliver antibiotics directly to the
infection site, thereby enhancing the local concentration of
the drug and reducing systemic side effects. The study found
that chitosan-based delivery systems provided sustained
release of antibiotics, maintaining therapeutic levels over
extended periods. This approach not only improved the
efficacy of the treatment but also minimized the development
of antibiotic resistance by ensuring consistent drug exposure.
The authors concluded that chitosan-based antibiotic delivery
systems hold great promise for the treatment of chronic bone
infections like osteomyelitis.**

Keaton Smith (2010) explored the potential of chitosan films
loaded with antibiotics as a treatment for infections
associated with bone fracture fixation devices. The study
primarily focused on methicillin-resistant Staphylococcus
aureus (MRSA), a significant concern in musculoskeletal
wound treatment. Chitosan films with varying degrees of
deacetylation (DDA) were evaluated for their antibiotic

uptake, elution, and activity. The study found that 80% DDA
chitosan films were most effective for absorbing and releasing
antibiotics, maintaining mechanical integrity and adhesive
strength when applied to fracture fixation devices. The films
effectively eluted antibiotics, which were active against S.
aureus, demonstrating the potential of chitosan fiims as a
complementary clinical treatment to reduce or prevent
infections in musculoskeletal injuries.*

Monteiro (2015) investigated the antibacterial activity of
gentamicin-loaded liposomes immobilized on electrospun
chitosan nanofiber meshes (NFM). The study highlighted the
importance of chitosan as a support structure for binding
liposomes, which provided a sustained release of gentamicin.
Disk diffusion and broth dilution assays demonstrated the
effectiveness of gentamicin release from the liposomes
immobilized on the chitosan NFM in inhibiting the growth of S.
aureus, E. coli, and P. aeruginosa. These results suggest that
the developed nanostructured delivery system could be used
in local applications to eradicate pathogens involved in
infections, showing promising performance for wound
dressing applications.*®

Peng (2011) reported on the development of a polycationic
antimicrobial hydrogel derived from dimethyldecylammonium
chitosan grafted with poly(ethylene glycol) methacrylate. This
hydrogel demonstrated excellent antimicrobial efficiency
against P. aeruginosa, E. coli, S. aureus, and Fusarium
solani. The suggested mechanism of antimicrobial activity
involved the attraction and disruption of microbial membranes
by the hydrogel’'s nanopores, leading to microbe death. The
hydrogel was also found to be biocompatible with rabbit
conjunctiva and showed no toxicity to epithelial cells or the
underlying stroma. This study highlighted the potential of
chitosan-based hydrogels for use in preventing infections
associated with medical implants and devices.*”

A study by Shao (2016) explored the antimicrobial properties
of chitosan/silver sulfadiazine (CS/AgSD) composite sponges
designed for wound dressing applications. The composite
sponges exhibited a broad spectrum of antibacterial activity
without significant cytotoxicity, as confirmed by MTT viability
assay and fluorescence staining technique on HEK293 cell
lines. The findings demonstrated the potential application of
CS/AgSD composite sponges in antimicrobial wound
dressing materials, emphasizing the importance of natural
polymers like chitosan in biomedical applications due to their
biocompatibility, biodegradability, and antimicrobial
properties.*®

Again, a study by Zhang (2019) evaluated the antimicrobial
efficacy of chitosan-based composite films incorporating
different types of nanoparticles. The films showed significant
antibacterial activity against various pathogens, with
enhanced mechanical properties and thermal stability. The
incorporation of nanoparticles such as silver, copper, and
titanium dioxide into the chitosan matrix enhanced the
antimicrobial activity and mechanical strength of the films,
making them suitable for use as antimicrobial wound
dressings and other biomedical applications. The study
highlighted the versatility of chitosan in forming composites
with nanoparticles to enhance its inherent antimicrobial
properties.*®

The study conducted by Lal (2016) examined the antibacterial
performance of Schiff base chitosan against various microbial
strains  including Aspergillus niger, Bacillus subtilis,
Staphylococcus aureus, and Escherichia coli. The results
demonstrated a notable inhibitory effect of Schiff base
chitosan on fungi and gram-positive bacteria, whereas its
outcome on gram-negative bacteria was less pronounced.
The study highlighted that the antibacterial properties of
chitosan derivatives are influenced by factors such as
environmental pH and molecular weight (MW) of chitosan.
Specifically, the agar diffusion experiment revealed that the
antibacterial activity against gram-negative bacteria increased
with an increase in MW up to a threshold, beyond which the
activity decreased. This was particularly evident when the
MW reached 30,000, showing a decline in antibacterial
efficacy. The evaluation of antifungal efficacy through food
toxicology testing indicated that the antibacterial efficiency of
Schiff base chitosan could exceed 70%, demonstrating its
potential as an effective antimicrobial agent.>°
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In a study by Piegat (2021), the antibacterial activity of N-O
acylated chitosan derivatives (CH-LA) was evaluated against
Escherichia coli, Helicobacter pylori, and Staphylococcus
aureus using various methods including microdilution, agar
immersion, and disk diffusion. The results indicated that the
environmental pH and concentration of CH-LA significantly
influenced the antibacterial activity. The acylated chitosan
derivatives showed improved antibacterial activity against the
tested bacteria, with the highest concentration and acidic
environment (pH = 5) yielding survival rates of 22%, 23%,
and 8% for Escherichia coli, Helicobacter pylori, and
Staphylococcus aureus, respectively. This confirmed that
gram-positive bacteria, like Staphylococcus aureus, are more
sensitive to CH-LA than gram-negative bacteria such as
Helicobacter pylori and Escherichia coli. These findings
underscore the potential of N—O acylated chitosan derivatives
as effective antimicrobial agents, particularly against gram-
positive bacteria.5!

Considering these papers together, a comprehensive
overview reveals a diverse range of methodologies and
outcomes regarding the antimicrobial properties of chitosan
and its derivatives. The studies collectively demonstrate that
chitosan's antimicrobial activity is affected by its molecular
weight, degree of deacetylation, and the presence of
functional groups. Additionally, environmental factors such as
pH and the type of microorganism significantly impact
chitosan's efficacy. The use of chitosan in combination with
other antimicrobial agents or modifications, such as
quaternization or acylation, generally enhances its
antimicrobial properties, making it a versatile and effective
biopolymer for various applications.

A notable trend across the studies is the higher efficacy of
chitosan derivatives against gram-positive bacteria compared
to gram-negative bacteria. This is endorsed to the differences
in the cell wall structures of these bacteria, with gram-positive
bacteria having a thicker peptidoglycan layer that is more
susceptible to disruption by chitosan. The studies also
highlight the potential of chitosan derivatives in various
applications, including food preservation, medical treatments,
and environmental protection. The antimicrobial activity of
chitosan-coated films, hydrogels, and nanoparticles has been
shown to be effective in controlling microbial growth, thereby
prolonging the shelf life of food products and enhancing the
efficacy of medical treatments.

In conclusion, the collective findings from these studies
underscore the significant prospective of chitosan and its
derivatives as antimicrobial agents. The variations in
antimicrobial activity based on molecular weight, degree of
deacetylation, and functional modifications highlight the
importance of optimizing these parameters for specific
applications. The ability of chitosan to interact synergistically
with other antimicrobial agents further enhances its efficacy,
making it a promising candidate for a extensive range of
applications in food safety, medical treatments, and
environmental protection. Future research should focus on
addressing the challenges related to the stability and practical
applications of chitosan in various industries to fully realize its
potential.

2.3. Blood Brain Barrier (BBB) Drug Carrier

The Blood-Brain Barrier (BBB) is a selectively permeable
barrier that safegurds the brain from potentially harmful
substances in the bloodstream while permitting the passage
of essential nutrients.52 This barrier, formed by endothelial
cells, tight junctions, and astrocyte end-feet, presents a
noteworthy challenge for transporting therapeutic agents to
the brain to treat central nervous system (CNS) disorders.
Traditional drug delivery methods frequently fail to reach
sufficient drug concentration in the brain because of the
restrictive properties of the BBB.5® Chitosan nanoparticles
have emerged as a promising solution for overcoming this
obstacle, owing to their unique physicochemical properties
and ability to be functionalized for targeted delivery. Chitosan,
a biopolymer derived from chitin, exhibits biocompatibility,
biodegradability, and low toxicity, making it suitable for
various biomedical applications. Its polycationic nature allows

for the interaction with the negatively charged components of
the BBB, enhancing its permeability and facilitating drug
transport. The versatility of chitosan nanoparticles lies in their
ability to be modified with ligands, peptides, or antibodies that
can target specific receptors on the BBB, thereby improving
the selectivity and efficiency of drug delivery to the brain.5*
One of the primary benefits of using chitosan nanoparticles
for BBB drug delivery is their competency to encapsulate a
extensive range of therapeutic agents, such as small
molecules, peptides, proteins, and nucleic acids. This
encapsulation protects the therapeutic agents from
degradation and premature clearance, ensuring that a higher
concentration reaches the brain.> Additionally, the surface
modification of chitosan nanoparticles with targeting ligands
including transferrin, lactoferrin, and antibodies against
specific BBB receptors can significantly enhance their uptake
by brain endothelial cells through receptor-mediated
transcytosis. This targeted tactic not only improves the
efficiency of drug delivery but also minimizes potential side
effects by reducing systemic exposure. Furthermore, chitosan
nanoparticles can be engineered to exhibit controlled and
sustained release of the encapsulated drugs, maintaining
therapeutic levels in the brain over extended periods and
reducing the frequency of administration.

Recent studies have demonstrated the efficacy of chitosan
nanoparticles in delivering a variety of therapeutic agents
across the BBB for the treatment of neurological disorders
including Alzheimer's disease, Parkinson's disease, brain
tumors, and stroke. For instance, chitosan nanoparticles
loaded with anti-Alzheimer's drugs have shown improved
drug bioavailability and therapeutic efficacy in animal models,
resulting in enhanced cognitive function and reduced
amyloid-beta plaques in the brain. Similarly, chitosan-based
delivery systems have been successful in transporting
chemotherapeutic agents to brain tumors, increasing drug
accumulation at the tumor site and inhibiting tumor growth.
The ability of chitosan nanoparticles to cross the BBB and
deliver drugs effectively opens new avenues for treating CNS
disorders that are currently difficult to manage with
conventional therapies.>®

The safety profile of chitosan nanoparticles further supports
their potential as BBB drug carriers. Studies have shown that
chitosan and its derivatives exhibit low cytotoxicity and
immunogenicity, making them well-tolerated in both in vitro
and in vivo models. The biodegradability of chitosan ensures
that the nanoparticles are gradually decomposed into non-
toxic byproducts, minimizing the risk of long-term buildup and
harmful effects. Additionally, the ease of production and
scalability of chitosan nanoparticles make them a cost-
effective option for large-scale drug delivery applications.

In the study by Wohlfart (2012), the transport of drugs across
the BBB using nanoparticles was investigated, highlighting
the effectiveness of chitosan nanoparticles in enhancing drug
delivery to the brain. The authors demonstrated that the
mucoadhesive properties of chitosan significantly improve the
retention time of the nanoparticles at the nasal mucosa,
facilitating the transport of encapsulated drugs to the brain via
the olfactory and trigeminal nerve pathways. This non-
invasive delivery route bypasses the BBB, which is a major
obstacle in CNS drug delivery. Additionally, the study found
that the positive charge of chitosan nanoparticles enhances
their interaction with the negatively charged cell membranes,
endorsing cellular uptake and enhancing the drug
concentration in the brain.

These findings underscore the potential of chitosan
nanoparticles in delivering therapeutics for treating
neurological diseases such as gliomas, Alzheimer's disease,
and Parkinson's disease.%®

A study by Freiherr (2013) focused on the nasal delivery of
insulin using chitosan nanoparticles for the treatment of
Alzheimer's disease. The authors explored the potential of
intranasal  administration  of insulin-loaded  chitosan
nanoparticles to improve cognitive function in Alzheimer's
patients. The results exposed that the nanoparticles
significantly increased the bioavailability of insulin in the
brain, leading to improved cognitive performance in animal
models. The study also highlighted the ability of chitosan
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nanoparticles to protect insulin from degradation in the nasal
cavity and enhance its transport across the nasal epithelium
into the brain. These findings suggest that chitosan
nanoparticles could be a viable strategy for delivering
therapeutic proteins to the brain, providing a non-invasive and
effective treatment option for neurodegenerative diseases.%’
Chen (2017) investigated the use of vitamin E succinate-
grafted chitosan oligosaccharide nanoparticles for delivering
paclitaxel to brain tumors. The study demonstrated that the
nanoparticles effectively delivered paclitaxel to glioma cells,
resulting in significant inhibition of tumor growth. The authors
attributed the enhanced delivery and therapeutic efficacy to
the mucoadhesive properties of chitosan, which increased the
retention time of the nanoparticles at the tumor site, and the
antioxidative properties of vitamin E, which provided
additional protection to the encapsulated drug. The findings of
this study underscore the prospective of chitosan-based
nanoparticles in enhancing the delivery and efficacy of
chemotherapeutic agents for treating brain tumors. 58

In another study, Md (2013) developed bromocriptine-loaded
chitosan nanopatrticles for the purpose of treating Parkinson's
disease via the nose-to-brain delivery route. The
pharmacokinetic and pharmacodynamic evaluations indicated
that the nanoparticles provided a sustained release of
bromocriptine, leading to prolonged therapeutic effects and
improved bioavailability in the brain. The study also
demonstrated that the nanopatrticles significantly reduced the
frequency and severity of Parkinsonian symptoms in animal
models. These results highlight the potential of chitosan
nanoparticles in delivering dopamine agonists directly to the
brain, offering a promising approach for managing
Parkinson's disease.*®

Zhao (2017) explored the use of a nano-in-nano polymer-
dendrimer system based on chitosan for the controlled
delivery of multiple drugs to the brain and the system was
designed to encapsulate; co-deliver chemotherapeutic agents
and gene therapy vectors to brain tumors. The study
demonstrated that the chitosan-based nanosystem effectively
delivered therapeutic payloads to glioma cells, resulting in
enhanced apoptosis and reduced tumor growth. The authors
emphasized the importance of the chitosan matrix in
providing stability, controlled release, and targeted delivery of
the encapsulated agents, which collectively improved
therapeutic outcomes. This study highlights the versatility and
efficacy of chitosan nanoparticles in complex drug delivery
systems for treating brain tumors (Refer Figure 5).%0

Figure 5: CLSM images of osteoblasts adhered to (a) native Ti, (b) TNT
and LBL substrates after 2 days culture with staining of actin (red) and
nucleus (blue)[Reprinted with permission from 57].

Meng (2016) investigated the use of Pluronic F127 and D-
alpha-Tocopheryl Polyethylene Glycol Succinate (TPGS)
based mixed micelles for targeted drug delivery across the
BBB. Their study focused on the encapsulation of a
hydrophobic drug, docetaxel, within these mixed micelles and
evaluated their stability, drug release profile, and cellular
uptake. The results demonstrated that the mixed micelles had
a high drug loading capacity and could sustain drug release
over an extended period. Additionally, in vitro studies using
brain endothelial cells showed that these micelles significantly
enhanced the cellular uptake of docetaxel compared to free
drug solutions. The authors also reported that the micelles
could reduce the cytotoxicity of docetaxel to non-target cells,
suggesting a more targeted delivery mechanism. There are in
vivo experiments further confirmed that the micelles could
effectively deliver docetaxel to the brain, resulting in improved
therapeutic outcomes in a glioma mouse model.5!

The study by Rip (2014) explored the pharmacokinetics and
brain delivery capabilites of glutathione PEGylated
liposomes. The research aimed to improve the delivery of
antioxidant enzymes to the brain to treat neurodegenerative
diseases. The PEGylation of liposomes with glutathione
allowed for the enhanced crossing of the BBB, leveraging the
natural transport mechanisms of glutathione. Their findings
showed that these modified liposomes had increased stability
in the bloodstream and prolonged circulation times. In vivo
studies in rats demonstrated that the glutathione PEGylated
liposomes could efficiently deliver encapsulated enzymes to
the brain, significantly reducing oxidative stress markers. This
study provided strong evidence for the potential of PEGylated
liposomes as a viable strategy for delivering therapeutic
proteins and enzymes to the brain, offering a promising
approach for treating diseases characterized by oxidative
damage.5?

In the research conducted by Salvalaio (2016), the focus was
on developing targeted polymeric nanoparticles for delivering
high molecular weight molecules to the brain in lysosomal
storage disorders. The study utilized nanoparticles made from
poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone
(PCL) that were functionalized with specific ligands to target
receptors on brain endothelial cells. Their results indicated
that these nanoparticles could cross the BBB efficiently and
deliver therapeutic enzymes directly to the lysosomes of brain
cells. This targeted delivery significantly reduced the
accumulation of storage material in the brain, demonstrating
a potential therapeutic approach for lysosomal storage
disorders. The study also highlighted the role of surface
functionalization in enhancing the specificity and efficiency of
nanoparticle-mediated drug delivery to the brain.®®

Dalpiaz (2012) explored the conjugation of zidovudine and
ursodeoxycholic acid to improve the delivery of antiretroviral
drugs across the BBB. This study aimed to overcome the
limitations of current antiretroviral therapies that have poor
penetration into the CNS, leading to suboptimal treatment of
HIV-associated neurocognitive disorders. The conjugation
strategy utilized the prodrug approach, enhancing the
lipophilicity of zidovudine to facilitate its transport across the
BBB. The in vitro and in vivo studies validated that the
conjugated prodrug could successfully cross the BBB and
release the active drug within the brain tissue. This approach
significantly improved the concentration of zidovudine in the
brain, suggesting a potential method for enhancing the
efficacy of antiretroviral therapies in treating CNS
manifestations of HIV.54

Khan (2024) investigated the potential of chitosan-based
polymeric nanoparticles for gene delivery across the BBB.
The study involved the synthesis of chitosan-GFP
nanoparticles using a complex coacervation method, yielding
particles around 260 nm in size. The in vitro transfection
efficiency was evaluated using HEK293 and U87 MG cell
lines, showing higher (53%) transfection efficiency compared
to the commercially accessible transfection reagent CTR-6
(27%). The in vivo studies on BALB/c mice demonstrated the
nanoparticles' ability to cross the BBB and deliver the GFP
gene effectively, indicating their potential as gene delivery
vehicles for CNS disorders. The study concluded that
chitosan nanoparticles could be promising candidates for
gene therapy, given their biocompatibility, low cytotoxicity,
and efficient transfection capabilities.5®

Banerjee (2002) focused on the preparation, characterization,
and biodistribution of ultrafine chitosan nanoparticles. Using a
modified ionotropic gelation technique, the researchers
synthesized nanoparticles with an average size of 100-200
nm. Biodistribution studies in mice revealed significant
accumulation of nanoparticles in the brain, suggesting
efficient crossing of the BBB. The study also highlighted the
nanoparticles' stability and low cytotoxicity, making them
suitable for long-term therapeutic applications. The results
validated that the chitosan nanoparticles could be efficiently
utilized for targeted drug delivery in brain cancer therapy,
providing a non-invasive alternative to conventional delivery
methods.%®

Li (2021) explored chemo-physical approaches to enhance
the in vivo performance of targeted nanomedicine, focusing
on chitosan nanoparticles. The study emphasized the
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importance of nanoparticle surface modification, such as
PEGylation and ligand attachment, to improve BBB
permeability and target specificity. The researchers
demonstrated that functionalized chitosan nanoparticles
exhibited improved cellular uptake and extended circulation
time, leading to better-quality therapeutic outcomes in brain
tumor models. The findings suggested that such
modifications could significantly enhance the delivery
efficiency and therapeutic efficacy of chitosan nanoparticles
in treating CNS disorders.®”

Carradori (2018) evaluated antibody-functionalized polymer
nanoparticles for promoting memory recovery in a transgenic
mouse model resembling Alzheimer's disease. The study
utilized chitosan nanoparticles conjugated with antibodies
targeting amyloid-beta plaques, a hallmark of Alzheimer's
disease. The in vivo experiments showed that the
functionalized nanoparticles crossed the BBB and reduced
amyloid-beta levels in the brain, leading to significant
improvements in  cognitive  function. These results
underscored the potential of chitosan nanoparticles as a
platform  for  developing targeted therapies  for
neurodegenerative diseases.%8

Caprifico (2020) investigated the use of functionalized
chitosan nanocarriers for overcoming the BBB in the
treatment of glioblastoma. The study synthesized chitosan
nanoparticles modified with various ligands, including
transferrin and lactoferrin, to enhance BBB penetration and
target glioma cells. The in vitro and in vivo analyses
confirmed that the modified nanoparticles showed higher
transfection efficiency and better targeting capabilities
compared to unmodified nanoparticles. The researchers
concluded that functionalized chitosan nanoparticles could
provide a promising approach for delivering therapeutic
agents to treat brain tumors effectively.5®

Comparing these studies, it is evident that chitosan
nanoparticles possess a versatile and adaptable platform for
drug delivery across the BBB. The primary advantage lies in
their biocompatibility and ease of functionalization, allowing
for targeted delivery and improved therapeutic outcomes. For
instance, while Khan et al. demonstrated the basic
transfection capabilities of chitosan nanoparticles, Banerjee
et al. and Li et al. highlighted the importance of nanoparticle
size and surface modifications, respectively, in enhancing
delivery efficiency. Carradori and Caprifico further extended
these findings by demonstrating the potential of functionalized
nanoparticles in treating specific CNS disorders, such as
Alzheimer's disease and glioblastoma.

The studies collectively suggest that the efficiency of chitosan
nanoparticles can be significantly improved through surface
modifications and functionalization. The ability to conjugate
ligands, such as antibodies or proteins, to the nanoparticles
enhances their targeting capabilities, allowing for more
precise delivery of therapeutic agents to the brain. This
targeted strategy improves therapeutic efficacy while
minimizing potential side effects associated to non-specific
drug distribution.

Conclusively, the research reviewed underscores the
promising potential of chitosan-based nanoparticles as drug
carriers across the BBB. Their inherent properties, combined
with the possibility of functionalization, make them fit for a
extensive range of therapeutic applications targeting the
CNS. Future research should concentrate on optimizing the
surface modifications and understanding the long-term effects
of these nanoparticles in clinical settings. The development of
such advanced nanocarriers holds the promise of
revolutionizing the treatment of neurological disorders,
offering safer and more effective therapeutic options.

In conclusion, chitosan nanoparticles represent a promising
platform for overcoming the challenges associated with BBB
drug delivery. Their unique properties, including
biocompatibility, biodegradability, and the ability to be
functionalized for targeted delivery, make them suitable for
transporting a wide range of therapeutic agents to the brain.
As research in this field continues to advance, chitosan
nanoparticles hold great potential for improving the treatment
outcomes of various CNS disorders, offering hope for more
effective and less invasive therapeutic options.

2.4 Anti - HIV

Chitosan nanoparticles have garnered attention as a potential
vehicle for the delivery of anti-HIV drugs, offering several
advantages over traditional drug delivery systems.” The
management and treatment of HIV/AIDS require the
consistent and controlled delivery of antiretroviral drugs to
maintain therapeutic levels, reduce viral load, and prevent
drug resistance. Chitosan, a biopolymer derived from chitin, is
characterized by its biocompatibility, biodegradability, and
non-toxic nature, making it suitable for various biomedical
applications. The cationic nature of chitosan allows it to form
nanoparticles through ionic gelation with anionic cross-
linkers, resulting in stable, biocompatible drug delivery
systems. These chitosan nanoparticles can encapsulate a
extensive range of therapeutic agents, such as hydrophilic
and hydrophobic drugs, peptides, and nucleic acids,
protecting them from degradation and facilitating their
controlled release. The surface of chitosan nanoparticles can
be modified with targeting ligands, enhancing their ability to
selectively deliver drugs to HIV-infected cells and tissues,
such as macrophages and lymphoid organs, where the virus
persists and replicates.

The unique properties of chitosan nanoparticles, including
their mucoadhesive nature, enable them to adhere to
mucosal surfaces, providing a prolonged residence time and
enhancing drug absorption. This characteristic is particularly
beneficial for the delivery of antiretroviral drugs via mucosal
routes, such as intranasal or intravaginal administration,
which are critical entry points for HIV transmission. By
facilitating localized drug delivery, chitosan nanoparticles can
enhance the bioavailability of antiretroviral drugs at the site of
viral entry, potentially preventing the establishment and
spread of infection. Additionally, the ability to engineer
chitosan nanoparticles for sustained and controlled release of
encapsulated drugs ensures a consistent therapeutic effect,
dropping the frequency of drug administration and enhancing
patient adherence. This sustained release mechanism is
crucial in maintaining effective drug concentrations in the
body, thereby reducing the risk of viral rebound and the
development of drug-resistant strains.

Research has demonstrated the potential of chitosan
nanoparticles in enhancing the efficacy of various
antiretroviral drugs, such as reverse transcriptase inhibitors,
protease inhibitors, and integrase inhibitors. These
nanoparticles can boost the solubility and stability of poorly
soluble drugs, improve their penetration across biological
barriers, and provide targeted delivery to HIV reservoirs. The
versatility of chitosan nanoparticles also permits for the co-
delivery of multiple therapeutic agents, offering a synergistic
effect that can enhance overall treatment efficacy. For
instance, the co-encapsulation of antiretroviral drugs with
anti-inflammatory agents or immune modulators can address
both viral suppression and immune restoration, providing a
comprehensive approach to HIV treatment. The ability to
deliver siRNA or CRISPR/Cas9 components using chitosan
nanoparticles further expands their potential in gene therapy
applications aimed at targeting and eliminating HIV proviral
DNA from infected cells.

Moreover, the safety profile of chitosan nanoparticles
supports their potential use in long-term HIV therapy. Studies
have shown that chitosan and its derivatives exhibit minimal
cytotoxicity and immunogenicity, making them well-tolerated
equally in vitro and in vivo models. The biodegradability of
chitosan ensures that the nanoparticles are gradually broken
down into non-toxic byproducts, minimizing the risk of long-
term buildup and adverse effects. The scalable and cost-
effective production of chitosan nanoparticles also makes
them an attractive option for widespread use in HIV
treatment, particularly in resource-limited settings where
access to advanced therapies is often restricted.

Chitosan nanoparticles (CNPs) have been investigated
extensively for their potential applications in anti-HIV
therapies. One notable study by Ashish Dev and colleagues
at the Amrita Centre for Nanosciences and Molecular
Medicine  explored the preparation of poly(lactic
acid)/chitosan (PLA/CS) nanoparticles for delivering the
antiretroviral drug Lamivudine. The study highlighted the
nanoparticles’-controlled drug release behavior, which is
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critical for maintaining therapeutic drug levels over an
extended period. The researchers characterized the
nanoparticles using dynamic light scattering (DLS), scanning
electron microscopy (SEM), and Fourier transform infrared
spectroscopy (FTIR). They found that the drug release rate
was inferior in acidic pH related to alkaline pH, and this is
attributed to the repulsion between hydrogen ions and
cationic groups in the polymeric nanoparticles. Furthermore,
cytotoxicity assays demonstrated that the PLA/CS
nanoparticles were biocompatible, with no significant toxicity
observed in fibroblast cell lines, thus presenting them as a
promising carrier system for controlled anti-HIV drug
delivery.”

Another significant study by Ji Sun Park and Yong Woo Cho
focused on the cellular uptake and cytotoxicity of paclitaxel-
loaded glycol chitosan (GC) self-assembled nanoparticles.
These nanoparticles demonstrated efficient drug delivery
capabilities due to their ability to form stable self-assembled
structures in aqueous solutions. The study utilized flow
cytometry and confocal microscopy to investigate the
endocytosis and exocytosis of fluorescein isothiocyanate
(FITC)-conjugated GC nanoparticles. It was observed that the
nanoparticles were internalized through adsorptive
endocytosis and distributed in the cytoplasm, but not the
nucleus. The paclitaxel-loaded nanoparticles effectively
arrested cancer cell growth by causing cell cycle arrest in the
G2-M phase. These findings underscore the potential of GC
nanoparticles in delivering hydrophobic drugs like paclitaxel
with high efficiency and minimal cytotoxicity.”

The third study, conducted by L.N. Ramana, examined the
protein adsorption properties of saquinavir-loaded chitosan
nanoparticles. This research is crucial as it addresses the
issue of immune recognition of nanoparticles in vivo, which
can affect their therapeutic efficacy. The study found that
saquinavir-loaded chitosan nanoparticles exhibited lower
protein adsorption compared to blank chitosan nanopatrticles,
attributed to the reduced surface charge after drug loading.
This reduction in protein adsorption is beneficial as it can
potentially decrease the immune system's recognition and
clearance of the nanoparticles, enhancing their circulation
time and effectiveness in delivering antiretroviral drugs.
Additionally, confocal microscopy and flow cytometry
analyses confirmed the high cellular uptake and efficient
intracellular delivery of the drug-loaded nanoparticles.”

A study by H.Y. Nam investigated the mechanism of cellular
uptake and intracellular behaviour of hydrophobically
modified glycol chitosan nanoparticles. The research focused
on the interactions between glycol chitosan and cell
membranes, emphasizing the nanoparticles' ability to enter
cells via adsorptive endocytosis. The study revealed that a
significant portion of the endocytosed nanoparticles were
exocytosed, especially during the early stages of endocytosis,
indicating that exocytosis is a critical barrier for intracellular
drug delivery. The in vitro cytotoxicity assays confirmed that
paclitaxel-incorporated GC nanoparticles were poweful in
arresting cancer cell growth, suggesting their potential as a
delivery system for anticancer drugs with controlled release
properties.”™

Another comprehensive study by J.H. Park evaluated the use
of glycol chitosan nanoparticles for gene delivery, specifically
targeting brain tumors. The research utilized GFP-conjugated
chitosan nanoparticles to transfect U-87 MG (human
glioblastoma) cell lines, assessing the efficiency of
transfection through in vitro and in vivo assays. The study
demonstrated successful transfection and minimal cytotoxicity
compared to conventional gene delivery vehicles. The
findings indicated that glycol chitosan nanoparticles could
serve as effective carriers for gene therapy, particularly in
overcoming the blood-brain barrier, which is a significant
challenge in treating brain tumors.”™

Efavirenz-loaded chitosan nanoparticles (EFV-CNP) have
been studied extensively for their potential in enhancing the
delivery and bioavailability of anti-HIV drugs. Rozana (2020)
synthesized EFV-CNP using an ionotropic gelation method,
achieving particle sizes around 104 nm with a zeta potential
of -30.7 mV, which indicates good colloidal stability. The
entrapment efficiency and loading capacity of EFV in the
chitosan nanoparticles were 91.09% and 38.71%,

respectively. In vitro release studies showed a sustained
release of EFV, with 69.05% of the drug released over 24
hours in phosphate buffer at pH 7.4. This controlled release
profile suggests that EFV-CNP could significantly improve the
bioavailability and therapeutic efficacy of EFV, particularly by
maintaining drug levels within the therapeutic window for
extended periods.”®

Mallikarjuna (2013) explored the preparation of chitosan-
based biodegradable hydrogel microspheres for the
controlled release of Valganciclovir hydrochloride (VHCI),
another anti-HIV drug. Using an emulsion-crosslinking
method, the study achieved microspheres with smooth
surfaces and average particle sizes ranging from 297 um to
412 pm. The encapsulation efficiency varied between 67.03%
and 80.13%, depending on the formulation parameters. In
vitro release studies showed non-Fickian or anomalous
release behavior, indicating that the drug release from the
microspheres is governed by a combination of diffusion and
polymer relaxation mechanisms. The study highlighted the
potential of chitosan microspheres for sustained drug
delivery, which could diminish dosing frequency and develop
patient compliance.””

Another study by Dev (2010) investigated the encapsulation
of Lamivudine, an anti-HIV drug, within chitosan/poly(lactic
acid) (PLA) nanoparticles using an emulsion solvent
evaporation technique. The resulting nanoparticles had a
mean size of around 200 nm and exhibited a high
encapsulation efficiency. In vitro drug release analyses
indicated that the nanoparticles delivered a sustained release
of Lamivudine over several hours. The study suggested that
the use of chitosan in combination with PLA could enhance
the stability and control the release profile of hydrophilic
drugs, making them suitable for HIV treatment applications.®
Chitosan-based nanoparticles have also been evaluated for
their potential to improve the delivery of Tenofovir
alafenamide (TAF). Narayanan (2017) developed spray-dried
chitosan nanoparticles loaded with TAF, achieving smooth,
spherical particles with optimal size and stability. The in vitro
release analyses in phosphate buffer at pH 7.4 demonstrated
a sustained release of TAF over 16 days, with the
nanoparticles showing a higher release rate compared to the
drug alone. This study underscores the potential of chitosan
nanoparticles to enhance the bioavailability and therapeutic
effect of TAF, particularly in the context of long-term HIV
treatment.”®

The study by Mallikarjuna (2004) further confirmed the utility
of chitosan microspheres for the controlled release of anti-
HIV drugs. The researchers used Fourier transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD) to confirm
the chemical stability of VHCI in the microspheres and the
absence of drug-polymer interactions. Scanning electron
microscopy (SEM) revealed smooth and spherical
microspheres, while in vitro release studies showed a
prolonged release of VHCI over 12 hours. The microspheres'
ability to maintain a steady drug release rate highlights their
potential for improving the pharmacokinetic profiles of anti-
HIV drugs.8°

Dang explored the synthesis of betulinic acid congeners as
entry inhibitors against HIV-1 and bevirimat-resistant HIV-1
variants. Their study revealed that the synthesized derivatives
exhibited potent anti-HIV-1 activity by directing the viral entry
stage. These derivatives were found to interact specifically
with the HIV-1 envelope glycoprotein gpl120, which is
essential for the virus to attach and enter host cells. The
interaction disrupted the binding of gpl20 to the CD4
receptors on host cells, effectively preventing the virus from
establishing infection. The research demonstrated the
importance of targeting the entry process in developing new
therapeutic strategies for HIV-1, particularly for drug-resistant
strains.8!

The study by Ramana focused on the anti-HIV activity of
chitosan nanoparticles conjugated with siRNA. They
developed a novel chitosan-based nanocarrier system
designed to deliver anti-HIV siRNA to infected cells. The
chitosan nanoparticles were found to efficiently encapsulate
the siRNA, protect it from degradation, and facilitate its
delivery into target cells. This delivery system significantly
enhanced the gene silencing efficacy of the siRNA, resulting
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in a marked reduction in HIV-1 replication in vitro. The
researchers concluded that chitosan nanoparticles are a
promising vehicle for siRNA delivery, offering a new avenue
for HIV-1 gene therapy (Figure 6).82
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Figure 6: Cell-targeting efficiency of the Alexa Fluor647-loaded chitosan
nanoparticles in Jurkat T-cells. A )Flow cytometry : cells were treated with
plain or dye-loaded (300 or 600 pg) nano particles. The gray - filled
histogram represents the cells unstained, the dashed line represents the
cells stained with plain chitosan particles (PC) and the solid black line
represents the cells stained with Alexa fluorophore-loaded (AFL) particles.
The percentage of cells stained for the fluorophore is depicted above the
marker. [B] Confocal images showing delivery of Alexa Fluor 647-loaded
chitosan to Jurka T-cells. Nuclear staining by Hoechst has been depicted
in color blue and the red color represents Alexa Fluor 647 [C] cellular
uptake of saquinavir loaded chitosan and plain saquinavir using Jurkat cell
line. The dark bar represents the chitosan nanoparticles loaded with
saquinavir (SQVNP) and white bar represents the plain saquinavir (SQV).
[Reprinted with permission from 89].

Narashimhan conducted a comprehensive assessment of
chitosan nanoformulations as effective anti-HIV therapeutic
systems. Their research focused on the development and
characterization of chitosan nanoparticles loaded with
saquinavir, a protease inhibitor. The study showed that the
chitosan  nanoparticles  significantly  enhanced the
bioavailability and stability of saquinavir, leading to improved
antiviral efficacy. Transmission electron microscopy and
differential scanning calorimetry analyses confirmed the
efficient encapsulation and stability of the drug within the
nanoparticles. The antiviral efficacy tests demonstrated that
the saquinavir-loaded chitosan nanoparticles inhibited HIV-1
proliferation more effectively than free saquinavir, highlighting
their potential as a superior drug delivery system for HIV-1
treatment.%3

Karadeniz investigated the in vitro anti-HIV-1 activity of
chitosan oligomers (COS) N-conjugated with asparagine and
glutamine.® Their study aimed to enhance the antiviral
properties of COS by conjugating them with amino acids that
contain amide groups. The results indicated that the
conjugated COS exhibited superior anti-HIV-1 activity
compared to unmodified COS. The enhanced activity was
attributed to the improved solubility and interaction with the
HIV-1 envelope glycoprotein gp120, which is crucial for viral
entry into host cells. The study suggested that further
modification of COS with different amino acids could yield
even more effective anti-HIV agents, providing a basis for
future research in this area.

Jaber et al. studied the antiviral prospective of various
chitosan derivatives, including those conjugated with

arginine.®@ Their comprehensive analysis highlighted the
broad-spectrum antiviral activities of chitosan-arginine
derivatives, which showed efficacy against multiple viruses,
including HIV-1. The review emphasized the importance of
chemical modifications in enhancing the antiviral properties of
chitosan, particularly through the addition of amino acids and
other bioactive molecules. The findings underscored the
potential of chitosan derivatives as multifunctional antiviral
agents, capable of inhibiting viral entry and replication
through multiple mechanisms.8%

When comparing all twelve studies on the anti-HIV properties
of chitosan and its derivatives, several key themes emerge.
Firstly, the modification of chitosan with various bioactive
compounds, such as amino acids and siRNA, consistently
enhances its antiviral efficacy. These modifications improve
the solubility, stability, and cellular uptake of chitosan, making
it a more effective therapeutic agent. Secondly, the
mechanism of action for these chitosan derivatives primarily
involves the inhibition of viral entry by disrupting the
interaction between HIV-1 gp120 and the host cell CD4
receptors.® This mode of action is crucial for preventing the
virus from establishing infection and highlights the potential of
chitosan derivatives as entry inhibitors.

Moreover, the studies demonstrate the versatility of chitosan
as a drug delivery system. Chitosan nanoparticles show great
promise in encapsulating and delivering various antiviral
agents, including protease inhibitors and siRNA. This ability
to enhance the bioavailability and efficacy of encapsulated
drugs positions chitosan nanoparticles as a valuable tool in
the fight against HIV-1. Additionally, the research
underscores the importance of continued exploration into
different chemical modifications of chitosan to unlock new
therapeutic potentials and overcome existing challenges in
HIV-1 treatment.

In conclusion, the body of research on chitosan and its
derivatives provides a compelling case for their use as
antiviral agents against HIV-1. The studies collectively
highlight the significant improvements in antiviral efficacy
achieved through chemical modifications and the
development of advanced delivery systems. These findings
not only advance our understanding of chitosan's potential
but also pave the way for future research aimed at optimizing
and expanding its use in antiviral therapies. The continuous
innovation in chitosan-based formulations holds promise for
developing more effective and targeted treatments for HIV-1
and other viral infections.

In summary, chitosan nanoparticles offer an encouraging
platform for the delivery of anti-HIV drugs, providing
enhanced bioavailability, targeted delivery, and sustained
release of therapeutic agents. Their unique properties,
combined with the potential for surface modification and co-
delivery of multiple agents, position chitosan nanoparticles as
a versatile and effective tool in the fight against HIV/AIDS.
Ongoing research and development in this area have the
potential to improve the efficacy of HIV treatments, reduce
the burden of drug resistance, and ultimately contribute to the
global efforts to end the HIV/AIDS epidemic.

2.5 Anti - Osteomyelitis

Osteomyelitis, a severe bone infection caused predominantly
by Staphylococcus aureus, poses significant treatment
challenges due to its recalcitrant nature and the difficulty of
delivering antibiotics to infected bone tissues.®” Chitosan, a
natural polysaccharide derived from chitin, has emerged as a
promising candidate for developing effective anti-
osteomyelitis treatments. Its biocompatibility, biodegradability,
and ability to form nanoparticles make it an ideal carrier for
antibiotics and other therapeutic agents.® Chitosan's inherent
antimicrobial properties, along with its capacity to promote
wound healing and bone regeneration, further enhance its
potential in treating osteomyelitis. The positively charged
chitosan molecules can bind to the negatively charged
microbial cell membranes, disturbing their integrity and
leading to cell death. Moreover, chitosan can be chemically
modified to improve its solubility and functional properties,
permitting for the precised and sustained release of
encapsulated drugs at the site of infection.
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Nanoparticle formulations of chitosan have been extensively
studied for their ability to enhance the delivery of antibiotics to
bone tissues. These nanoparticles can penetrate biofilms,
which are complex microbial communities that protect
bacteria from antibiotics and immune responses, thereby
enhancing the efficacy of the encapsulated drugs. The large
surface area to volume ratio of nanoparticles enables for
increased drug loading and improved pharmacokinetics.
Moreover, chitosan nanoparticles can be engineered to
release antibiotics in a controlled manner, sustaining
therapeutic drug levels over an extended period and reducing
the frequency of administration. This controlled release is
particularly important in treating chronic infections like
osteomyelitis, where maintaining consistent drug levels is
crucial for eradicating infection and preventing relapse.
Research has shown that chitosan nanoparticles can be
effectively loaded with a variety of antibiotics, including
vancomycin, gentamicin, and ciprofloxacin, which are
commonly used in the treatment of osteomyelitis. In vitro and
in vivo studies have shown that these chitosan-based
formulations can enhance the antibacterial activity of the
antibiotics, reduce biofilm formation, and promote bone
healing. For instance, chitosan nanoparticles loaded with
vancomycin have been shown to eradicate Staphylococcus
aureus biofiims more effectively than free vancomycin,
highlighting the potential of this delivery system in
overcoming antibiotic resistance. Furthermore, chitosan's
ability to stimulate osteoblast proliferation and differentiation
supports its use in bone regeneration, which is critical in
repairing the bone damage caused by osteomyelitis.

In addition to their antimicrobial and bone regenerative
properties, chitosan nanoparticles can be functionalized with
various targeting ligands to enhance their specificity for
infected bone tissues. By attaching ligands that bind to
receptors overexpressed on osteoclasts or infected cells,
chitosan nanoparticles can achieve targeted drug delivery,
minimizing off-target effects and improving therapeutic
outcomes. The use of biodegradable and biocompatible
materials in these formulations ensures that the nanoparticles
are safely metabolized and excreted, reducing the risk of
long-term toxicity.

The antibacterial efficacy of chitosan and its composites
against osteomyelitis has been a focal point in recent
research. Noha H. Radwan and colleagues (2020) developed
chitosan-calcium phosphate composites loaded with
moxifloxacin hydrochloride for preventing postoperative
osteomyelitis.®® Their study demonstrated the composites'
ability to provide complete drug release over three days,
inducing osteoblast differentiation and proliferation, while also
reducing bacterial count, inflammation, and intramedullary
fibrosis in a bone tissue specimen from an osteomyelitis-
induced animal model. The in-situ generation of calcium
phosphates within the composite was verified using Fourier
transform infra-red spectroscopy, X-ray powder diffraction,
and scanning electron microscopy. The results indicated that
these composites are promising in preventing postoperative
osteomyelitis, making them worthy of clinical experimentation.
Muzzarelli (2009) explored the stimulatory effect of modified
chitosan on bone formation.?° Their findings revealed that the
modified chitosan significantly enhanced osteoblast activity
and bone regeneration. This study emphasized the
importance of chitosan's biochemical properties, particularly
its ability to form complexes with various biomolecules,
thereby promoting cellular adhesion and proliferation. The
modified chitosan exhibited superior biocompatibility and
biodegradability, creating it an ideal candidate for bone tissue
engineering applications. The results demonstrated a marked
improvement in bone healing, suggesting that modified
chitosan could be a valuable tool in treating osteomyelitis and
other bone-related infections.%!

Beenken (2014) investigated the therapeutic efficacy of
calcium sulfate pellets coated with deacetylated chitosan in
treating chronic osteomyelitis. The study demonstrated that
chitosan coatings significantly enhanced the elution profile of
daptomycin, reducing the initial burst release and maintaining

high antibiotic concentrations for extended periods.
Bacteriological analysis confirmed a significant reduction in
bacterial load in the treated groups compared to controls.
Histopathological analysis also showed improved bone
regeneration and reduced inflammation in the chitosan-
coated groups. These findings suggest that chitosan coatings
can improve the efficacy of localized antibiotic delivery
systems, making them a promising approach for treating
chronic osteomyelitis.®?

Another study by Uskokovic and Desai (2013) focused on the
in vitro exploration of nanoparticulate hydroxyapatite/chitosan
composites as budding drug delivery podiums for
osteomyelitis treatment. Their research highlighted the
composites' ability to sustain antibiotic release over three
weeks, promoting osteoblastic cell proliferation and
differentiation while exhibiting antibacterial efficacy against
Staphylococcus aureus. Despite some reduction in
antibacterial activity due to chitosan addition, the overall
therapeutic potential of the composites was evident. The
study concluded that hydroxyapatite/chitosan composites
could effectively control drug release and support bone
regeneration, making them suitable for osteomyelitis
treatment.®®

Chitosan nanoparticles have appeared as a hopeful
therapeutic strategy for osteomyelitis due to their inherent
biocompatibility, biodegradability, and capability to enhance
drug delivery efficiency. In one study, Pawar and Srivastava
(2019) developed chitosan-polycaprolactone blend sponges
and evaluated their potential in managing chronic
osteomyelitis. The study focused on the sponges' structural
properties, drug release kinetics, and antimicrobial efficacy.
The chitosan-polycaprolactone blend demonstrated a porous
structure conducive to tissue growth and effective drug
release. When loaded with antibiotics, these sponges showed
sustained drug release over several days, significantly
inhibiting bacterial growth in vitro. Additionally, the study
highlighted the sponges' biocompatibility, with cell
proliferation assays indicating minimal cytotoxicity. The
blend's mechanical properties were also deemed suitable for
bone tissue engineering applications, providing the necessary
support while allowing for gradual degradation and
replacement by new bone tissue.%

Another significant contribution to the field was made by
Uskokovic and Desai (2014), who investigated the potential of
hydroxyapatite (HAp) and chitosan nanoparticulate
composites for the controlled release of antibiotics in
osteomyelitis treatment.®® The researchers synthesized the
composites via ultrasound-assisted sequential precipitation,
which resulted in the formation of HAp nanoparticles
embedded within a chitosan matrix. This combination aimed
to balance the rapid drug release typically associated with
HAp and the controlled release properties of chitosan. The
study found that the composites could sustain the release of
antibiotics over several weeks, effectively reducing the initial
burst release. However, while the composite's drug delivery
profile was promising, its antibacterial efficacy against
Staphylococcus aureus was somewhat compromised, and
higher concentrations of the composite adversely affected
osteoblast proliferation and differentiation. These findings
suggest a need for optimization to enhance both antibacterial
and osteogenic outcomes.

The work by Radwan (2020) further explored the potential of
chitosan-based scaffolds for localized osteomyelitis
treatment. They developed a chitosan-calcium phosphate
composite loaded with moxifloxacin hydrochloride and
evaluated it’s in vitro and in vivo performance. The composite
demonstrated efficient drug release, complete within three
days, and promoted osteoblast differentiation and
proliferation while reducing bacterial load and inflammation in
an osteomyelitis-induced animal model. The study concluded
that the chitosan-calcium phosphate composite is a promising
candidate for preventing post-operative osteomyelitis,
warranting further clinical investigation (Figure 7).%
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Figure 7: Histopathological sections of animals bone tissues (x200 H&E
stain): (a), (b), (c) and (d) collected from group A (positive control). I:
inflammation, F: fibrosis, S: focus of sequestrum, SP: separated spicules,
N: necrotic tissue, MBV: marrow blood vessels [Reprinted with permission
from Ref 93].

Cevher (2006) focused on the encapsulation efficiency and
sustained release properties of vancomycin-loaded chitosan
microspheres. The microspheres were prepared using a
spray drying method and evaluated for their potential in
treating methicillin-resistant Staphylococcus aureus (MRSA)-
induced osteomyelitis. The results showed high
encapsulation efficiency and a sustained release profile, with
drug release influenced by the polymer-to-drug ratio. In vivo
studies in a rat model demonstrated that the microspheres
effectively reduced bacterial load in bone tissue compared to
intramuscular injection of vancomycin, highlighting the
microspheres' potential for localized antibiotic delivery in
osteomyelitis treatment.®’

In another study, Shi (2010) developed gentamicin-
impregnated  chitosan/nanohydroxyapatite/ethyl  cellulose
microsphere granules for chronic osteomyelitis therapy.
These granules aimed to provide a dual-function approach by
combining antibiotic delivery with bone regeneration. The
composite material exhibited sustained drug release and
significant antibacterial activity against Staphylococcus
aureus. In vitro studies showed enhanced osteoblast
proliferation and differentiation, suggesting that the composite
could support bone healing while preventing infection. The
study emphasized the importance of optimizing the
composite's formulation to achieve a balance between
antibacterial efficacy and osteogenic support.®®

Pawar and Srivastava explored the biocompatibility and
antimicrobial activity of chitosan/polycaprolactone (CH/PCL)
blend sponges loaded with antibiotics for osteomyelitis
treatment. Their hemocompatibility studies showed that the
blend sponges caused less than 5% hemolysis, indicating
good compatibility with red blood cells. The cell viability
assays with L929 fibroblast and MG 63 osteosarcoma cell
lines revealed that the sponges maintained high cell viability,
ranging from 75 to 90%, which is essential for their potential
use in biomedical applications. Additionally, the in vitro
antibacterial tests against MRSA and Pseudomonas
aeruginosa showed significant reductions in bacterial growth,
with  the blend sponges demonstrating prolonged
antimicrobial activity. This study highlighted the importance of
using biocompatible and effective antimicrobial sponges in
managing osteomyelitis, especially in preventing infection
recurrence post-surgery.®®

Ma focused on developing a chitosan-based scaffold loaded
with clindamycin to treat osteomyelitis. The scaffold's
characterization showed that it possessed a porous structure,
which is conducive for bone tissue regeneration. The drug
release studies indicated that the scaffold could release
clindamycin in a sustained manner over several weeks,

maintaining  therapeutic  concentrations essential  for
eradicating bone infections. The in vivo studies in a rabbit
model demonstrated significant reductions in bacterial counts
and inflammation in the treated groups compared to controls.
Moreover, the scaffold facilitated new bone formation,
highlighting its dual role in providing antimicrobial action and
supporting bone regeneration. This dual functionality makes
chitosan-based scaffolds a promising candidate for
osteomyelitis treatment.1°

Hashad investigated the osteogenic and antimicrobial
properties of metformin-loaded human serum albumin
(HSA)/chitosan  nanoparticles (MHCNPs). The study
demonstrated that MHCNPs significantly enhanced the
osteogenic differentiation of bone marrow mesenchymal stem
cells (BMSCs) in vitro, as evidenced by increased alkaline
phosphatase activity and upregulation of osteogenic genes
like osteocalcin and osteoprotegerin. The nanoparticles also
exhibited potent antimicrobial activity against S. aureus and
E. coli, making them suitable for treating osteomyelitis where
bone regeneration and infection control are crucial. The
results indicated that MHCNPs could effectively promote
bone healing while simultaneously preventing bacterial
infections, thereby offering a comprehensive treatment
approach for osteomyelitis.**

Considering all twelve studies, a comprehensive comparison
reveals several common themes and distinctive findings.
Firstly, the sustained release of antibiotics from chitosan-
based formulations consistently showed prolonged
therapeutic levels necessary for treating chronic
osteomyelitis. This sustained release is crucial in maintaining
effective drug concentrations at the infection site, thereby
reducing the frequency of drug administration and improving
patient compliance. Secondly, the biocompatibility of chitosan
and its derivatives across various studies underscores its
suitability for biomedical applications, especially in
formulations requiring prolonged contact with biological
tissues.

Moreover, the studies collectively highlight the dual
functionality of chitosan-based materials in osteomyelitis
treatment, combining antimicrobial efficacy with support for
bone regeneration. This dual role is particularly advantageous
in treating bone infections, where eliminating the infection and
promoting bone healing are equally important. The ability of
chitosan scaffolds to support new bone formation while
delivering antimicrobial agents provides a synergistic
approach to managing osteomyelitis, reducing the need for
additional surgical interventions.

However, there are variations in the formulations and their
specific applications. For instance, the choice of antibiotics
(vancomycin, daptomycin, clindamycin) and the incorporation
of additional agents like metformin reflect tailored approaches
to different infection scenarios and patient needs.
Additionally, the methods of drug encapsulation and scaffold
preparation, such as microspheres, nanoparticles, and
composite scaffolds, offer diverse options for clinicians to
select the most appropriate treatment based on the specific
clinical context.

In  conclusion, extensive research on chitosan-based
formulations for osteomyelitis treatment provides a robust
foundation for developing effective and versatile therapeutic
strategies. These studies collectively demonstrate that
chitosan not only enhances the antimicrobial efficacy of
loaded drugs but also supports bone tissue regeneration,
making it an invaluable material in managing complex bone
infections. Future research should focus on optimizing these
formulations for clinical use, ensuring their safety, efficacy,
and patient-specific customization to address the diverse
challenges posed by osteomyelitis.

3. Conclusion

The extensive review of composites of chitosan for
biomedical applications highlights the remarkable versatility
and efficacy of chitosan and its composites across various
biomedical domains. This review meticulously covers the
properties and applications of chitosan nanoparticles, with a
particular focus on their anti-carcinogenic, antimicrobial,
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blood-brain  barrier drug carrier, anti-HIV, and anti-
osteomyelitis properties.

The anti-carcinogenic properties of chitosan nanoparticles are
evidenced through multiple studies. These nanoparticles
have shown significant potential in inhibiting the proliferation
of cancer cells and inducing apoptosis. Chitosan's ability to
be functionalized with various molecules enhances its
targeting capabilities, thereby improving its efficacy as an
anti-cancer agent. Studies have demonstrated that chitosan
nanoparticles can effectively deliver anti-cancer drugs to the
tumor site, minimizing systemic toxicity and maximizing
therapeutic outcomes. For instance, chitosan nanoparticles
loaded with doxorubicin have shown enhanced cytotoxicity
against cancer cells compared to free doxorubicin, indicating
their potential in cancer therapy.

In the realm of antimicrobial applications, chitosan's intrinsic
antimicrobial properties are well-documented. Chitosan
nanoparticles display broad-spectrum antimicrobial activity
against various pathogens, such as bacteria, fungi, and
viruses. The positive charge on chitosan interacts with the
negatively charged microbial cell membranes, leading to
membrane disruption and cell death. Studies have highlighted
the effectiveness of chitosan nanoparticles in inhibiting biofilm
formation and eradicating established biofilms, which are
often resistant to conventional antibiotics. This property is
particularly valuable in medical device coatings and wound
healing applications, where biofilm-associated infections are
prevalent.

Chitosan's role as a drug carrier across the blood-brain
barrier (BBB) is another critical application. The BBB
pretenses a substantial challenge for drug delivery to the
brain due to its selective permeability. Chitosan nanoparticles
can be engineered to enhance drug transport across the
BBB, facilitating the delivery of therapeutic agents for the
treatment of neurological complaints. Investigations have
exposed that chitosan nanoparticles can successfully deliver
drugs like rivastigmine and doxorubicin to the brain,
improving their therapeutic efficacy in treating Alzheimer's
disease and brain tumors, respectively.

The anti-HIV properties of chitosan nanoparticles are
attributed to their ability to inhibit viral entry and replication.
Functionalization of chitosan with antiviral agents enhances
its efficacy against HIV. Research has demonstrated that
chitosan nanoparticles can effectively deliver antiretroviral
drugs, reducing viral load and improving patient outcomes.
Additionally, the mucoadhesive properties of chitosan make it
suitable for developing vaginal microbicides to prevent HIV
transmission.

Chitosan's application in treating osteomyelitis, a severe bone
infection, is facilitated by its ability to deliver antibiotics
directly to the infection site. Chitosan-based scaffolds and
hydrogels loaded with antibiotics like vancomycin have shown
sustained release profiles and enhanced antimicrobial activity
against biofilm-forming bacteria. This targeted delivery
system not only improves the efficacy of the treatment but
also reduces the risk of systemic side effects. Studies have
demonstrated the effectiveness of chitosan-based drug
delivery systems in eradicating biofilms and promoting bone
regeneration.

When comparing the findings from the various studies
reviewed, it is evident that chitosan nanoparticles exhibit a
broad spectrum of biomedical applications due to their unique
properties. Their biocompatibility, biodegradability, and ease
functionalization make them excellent candidates for drug
delivery systems. The anti-carcinogenic studies consistently
show enhanced drug delivery and tumor suppression,
highlighting the potential of chitosan nanoparticles in
oncology. The antimicrobial studies reinforce the broad-
spectrum activity of chitosan, emphasizing its potential in
combating resistant infections. The BBB studies illustrate the
capacity of chitosan nanoparticles to overcome significant
biological barriers, expanding their utility in treating central
nervous system disorders.

Furthermore, the anti-HIV studies underscore the versatility of
chitosan in antiviral applications, particularly in developing
countries where cost-effective and efficient treatment options
are crucial. The anti-osteomyelitis studies demonstrate the
synergistic effects of chitosan in drug delivery and bone

regeneration, presenting a comprehensive solution for
treating complex infections. The collective findings from these
studies provide a robust framework for future research and
development of chitosan-based biomedical applications.

In conclusion, chitosan and its composites present a
promising frontier in biomedical applications, offering
innovative solutions for drug delivery, antimicrobial therapy,
cancer treatment, neurological disorders, and bone infections.
The versatility, biocompatibility, and functionalization potential
of chitosan nanoparticles make them invaluable in developing
next-generation therapeutic strategies. Future research
should aim at optimizing the formulation and delivery
mechanisms of chitosan-based systems to enhance their
clinical efficacy and safety. The integration of chitosan
nanoparticles into clinical practice holds the potential to
revolutionize the treatment paradigms for various diseases,
improving patient outcomes and quality of life.
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