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Preface

This Edited Volume is a collection of reviewed and relevant research chapters on
developments in drug delivery systems. The book includes scholarly contributions
from various authors and is edited by a group of experts in the field. Each contribu-
tion comes as a separate chapter complete in itself but directly related to the book’s
topics and objectives.

The book contains five chapters:

1. pH-Sensitive Carbonate Apatite Nanoparticles Facilitate the Delivery of siRNA
in Breast Cancer Cells

2.Albuminasa Drug Delivery System: Mechanisms, Applications, and Innovations

3.Nanoparticle-Loaded In-Situ Gels: A Paradigm Shift in Ophthalmic Drug
Delivery

4.New Potential and Characterization of Andrographis echioides L. Ness Stem
Extract as an Anti-Arthritic Agent

5. Applications of Chitosan Microspheres as Drug Delivery Vehicles

The target audience comprises scholars and specialists in the field.

Brajesh Kumar
TATA College,
Kolhan University,
Chaibasa, India






Chapter 1

pH-Sensitive Carbonate Apatite
Nanoparticles Facilitate the
Delivery of siRNA in Breast
Cancer Cells

Mohammad Borhan Uddin, Abdullah All Mamun Bhuiyan
and Ratin Al Samir

Abstract

Recent advancements in nanotechnology have significantly enhanced the
effectiveness of cancer treatments by enabling the precise targeting of tumour cells
in the body. The integration of biological sciences and nanotechnology is poised to
transform the field of cancer medicine in the coming century. Several therapeu-
tic nanoparticles have already been approved for clinical use, with pH-sensitive
carbonate apatite (CA) nanoparticles emerging as a promising option for cancer
treatment. The use of pH-sensitive carbonate apatite nanoparticles as a delivery sys-
tem for siRNA in cancer therapy has gained significant attention due to their ability
to improve targeted delivery while minimizing off-target effects. Initially, these
nanoparticles were utilized to encapsulate and deliver traditional chemotherapy
drugs such as doxorubicin, cyclophosphamide, and gemcitabine iz vivo, with the
goal of reducing the side effects these drugs cause to healthy tissues. The fusion of
biological sciences and nanotechnology is set to revolutionize cancer treatment in
the coming years. Numerous therapeutic nanoparticles have already been autho-
rized for clinical use, with pH-sensitive carbonate apatite nanoparticles (CA NPs)
standing out as a promising candidate for cancer therapy. These nanoparticles were
first explored for encapsulating and delivering conventional chemotherapy drugs
like doxorubicin, cyclophosphamide, and gemcitabine iz vivo, aiming to minimize
the harmful side effects these drugs typically have on healthy tissues. Significant
efforts have been made to enhance the productivity of CA particles, such as sub-
stituting the calcium component with strontium. These advancements have been
highly successful, opening new possibilities for cancer treatment that move beyond
traditional methods.

Keywords: carbonate apatite, nanoparticles, pH sensitivity, siRNA, breast cancer,
gene therapy
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1. Introduction

The most common type of cancer among women and the second biggest cause of
deaths globally is breast cancer, making it one of the most difficult medical conditions
to treat even in the twenty-first century [1]. Nowadays, adjuvant therapies such as
hormonal, immunological, chemotherapy, or radiation therapies are routinely used
in addition to surgery as part of cancer treatments. The lack of selectivity of these
approaches is a major disadvantage, because medications such as cyclophosphamide,
methotrexate, doxorubicin, cisplatin, 5-fluorouracil, and ionizing radiation have seri-
ous side effects in addition to killing cancer cells. One of the biggest problems with tra-
ditional cancer chemotherapy is still the toxicity of anticancer medications to healthy
tissues [2]. The drug dosage must therefore be changed to a level that the body can
handle without experiencing severe toxicity. Lowering the dosage, however, frequently
makes the medication therapeutically ineffective, increasing the risk of cancer recur-
rence and chemoresistance [2]. The reduced uptake of drug molecules by target cancer
cells and the emergence of drug resistance present additional difficulties for traditional
cancer chemotherapy. The activity of multi-drug transporters that remove internalized
medications from the cells and decrease therapeutic efficacy is frequently the cause of
this resistance [2-4]. Efforts have been directed towards improving the distribution of
medicines into cancer cells and prolonging the blood circulation period of both newly
discovered and current medications. These methods seek to increase the effectiveness
of killing cancer cells, reduce adverse effects, and pinpoint more exact treatment tar-
gets in different kinds of cancer cells [5, 6]. As a result, RNA interference has emerged
as a promising strategy in the search for efficient cancer treatments. An essential RNAi
technology, small-interfering RNA (siRNA), can be engineered to target silence genes
that cause chemotherapeutic resistance and inactivity. Through the simultaneous
suppression of target gene expression and improvement of chemotherapy efficacy,
siRNA in combination with chemotherapeutic drugs provides a means of overcoming
multidrug resistance (MDR). Furthermore, the synergistic or additive effects made
possible by siRNA in combination therapy can greatly increase the therapeutic efficacy
of chemotherapeutic medications. Particularly developed nanocarriers are necessary
for the co-delivery of many chemotherapeutic agents. Although a variety of inorganic
and organic nanomaterials smaller than a few hundred nanometers have lately sur-
faced as viable means of delivering siRNAs and chemotherapeutic drugs together, only
few of these have shown promise. Carbonate apatite (CA) nanoparticles are especially
well-suited for this use because of a number of their outstanding characteristics.

These include good colloidal stability, beneficial pharmacokinetics, effective tumor
absorption, strong ionic interactions with siRNAs and small molecule medicines, and
intracellular disintegration in pH (acidic) of endosomes to release their therapeutic
agent. These characteristics have helped siRNAs and chemotherapeutic medications be
successfully delivered together in cell culture systems and animal models.

2. Nanotechnology in cancer therapy

Nanotechnology, which studies the structure, behavior, and properties of materials
smaller than a few hundred nanometers, has advanced dramatically in recent years,
producing nanoparticles with frequently modifiable characteristics [7-9], to eliminate
the problems with the cancer treatment that is currently available [9], as well as uses in
the additional fields of therapy. Ex. size variety of nanovehicle platforms between 10
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and 200 nm that can be logically designed are ideal for high drug loading, preventing
renal clearance and wide tissue distribution of small drugs, blocking nuclease-mediated
siRNA by more precisely delivering the loaded drugs at the targeted site rather than

at other healthy tissues, and artificially engineered nanoparticles could significantly
increase the therapeutic efficiency of anticancer drugs while lowering non-specific tox-
icity, enabling safe and efficient cancer treatment [7]. To entirely achieve their effects,
nanoparticles must be the right size, and 100 nm is typically thought to be the ideal size
for passively targeting tumours iz vivo [10]. Despite decades of research and develop-
ment, only a small number of nanoparticle types have demonstrated encouraging
therapeutic benefits when taking toxicity and efficacy into account [11], and pH-sensi-
tive inorganic ions CA (Ca**, CO5*" and PO,*") available in our body could be one of the
potential candidates for clinical applications. After systemic administration, microRNA
or doxorubicin is rapidly placed in tumour cells through endocytosis and rapidly dis-
solved in the pH (acidic) of endosomes, making it a pH-sensitive delivery mechanism. It
should be emphasized that after being internalized into cells, drug-containing nanopar-
ticles must quickly escape from increasingly acidic endosomes to prevent the pharma-
ceuticals from becoming further acidified and inactivated into lysosomes [4]. Therefore,
CAss sensitivity to pH is very beneficial for releasing therapeutic cargo into the cytosol.

3. siRNAs in cancer therapy

Because of the overexpression or repression of different oncogenes, cancerisa
disorder marked by aberrant and uncontrollable cell division that is frequently linked
to malignant behaviours including invasion and metastasis [8]. Gene therapy isa
collection of methods used to treat or prevent diseases by introducing exogenous
DNA or RNA, either integrating or non-integrating, into living organisms to change
gene expression. Since cancer is a genetic condition, gene therapy offers a promising
treatment option. With more and more studies showing that RNAI is a promising
gene alteration technology that may be employed either alone or in conjunction with
other treatments, it has become a ground-breaking tool in gene therapy [7-9].

The development of cancer is often linked to the overexpression or suppression
of certain signalling pathways that promote the growth and survival of cancer cells.
One potential approach to make cancer cells more susceptible to chemotherapy is the
targeted delivery of siRNAs, which can disrupt the gene transcripts of these pathways
[12]. While traditional anticancer drugs trigger apoptosis in cancer cells by interfering
with crucial cellular processes, including those involved in cell survival and prolif-
eration, targeting specific genes that encode enzymes in these pathways could both
reduce the proliferation of cancer cells and enhance their sensitivity to chemotherapy.

RNA interference is a technique for inhibiting the expression of particular genes or
mRNA that may be used to create novel medications that target the desired therapeu-
tic genes [6]. There are two ways to think about it: (1) nuclear delivery of gene expres-
sion cassettes that transcribe a short hairpin RNA, which is transformed into siRNA in
the cytoplasm by further cellular machinery processing, and (2) cytoplasmic delivery
of siRNA for consistently breaking down the target mRNA [8].

3.1siRNA delivery challenges

A unique endogenous gene silencing mechanism known as RNA interference
occurs when a small duplex RNA molecule degrades a specific mRNA. In recent years,
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it has been utilized extensively [11, 13], as a proper method for precisely regulating
protein expression, particularly those that are typically thought to be nearly hard to
target with traditional small molecule therapies. Previous studies have successfully
used RNA interference as a technique to examine the consequences of knocking down
certain genes. It has also been discovered that therapeutic administration of siRNA is
effective in treating conditions like cancer [14].

However, because siRNA is unpleasant for distribution, its use as cancer therapies
remains a major challenge. The first biological barrier to siRNA distribution is its vul-
nerability to nucleases, which quickly degrades it once it enters the body. This short-
ens its blood circulation period and restricts its therapeutic potential [11]. Delivering
the siRNA to the right cells for its intended purposes is the next challenge. However,

a weak connection between the siRNA and the cellular membrane occurs because of
the negative charge of the oligonucleotides, which leads to low internalization into the
target cells. As a result, siRNA delivery basically requires a vehicle [14]. Traditionally,
physical techniques like electroporation and microinjection [15] were used to transfer
siRNA into cells. However, these techniques are incompatible with the majority of in
vivo applications. Allowing the internalized siRNA to leave the endosome in order to
prevent its destruction and perform its biological roles in gene silencing is the final
significant hurdle [11].

In order to get over these obstacles, siRNA has been added to a variety of for-
mulations, such as virus-based delivery systems that use the short hairpin RNA
(shRNA) sequence. While they work well for delivering shRNA-coding sequences
to the nucleus, which then produces siRNA in cytosol [8], and due to the undesired
gene mutation effects, the viral vector usage for the effective delivery has generated
controversy [15].

For siRNA-based therapy to effectively deliver siRNA to the target area in vivo, a
reliable and efficient carrier system is essential. One of the main challenges in gene
therapy is developing a non-viral siRNA delivery system that is safe, effective, and
capable of targeting specific cells. An ideal non-viral delivery system should ensure the
release of siRNA in the correct intracellular compartment, have selectivity for specific
tissues and cells, and protect the siRNA from degradation by serum proteins [7].

3.2 Ideal characteristics for siRNA delivery vehicles

The discovery of RNA interference in 1998 by Fire et al. [16], the first gene
knockdown using siRNA in mammalian cells in 2001 [17], and the first clinical trial
of siRNA for age-related macular degeneration in 2004 [18], sparked global interest
in RNAi therapies. These therapies have shown great promise for treating a range of
conditions, including cancer, liver diseases, and immune-related disorders. However,
for the delivery vehicle to successfully transport siRNA and achieve its intended
effects, it must meet several key requirements.

3.2.1 Bloodstream stability

The main objective of a siRNA delivery system is to maintain the stability of siRNA
in the bloodstream after intravenous (IV) injection, as unprotected siRNA is quickly
degraded by endogenous enzymes and aggregated by serum proteins. To prevent deg-
radation or breakdown, the delivery system must be sufficiently stable and cohesive.
Additionally, the carrier should have surface properties that facilitate interaction with
the target cells while minimizing phagocytosis, immune activation, and nonspecific
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opsonization. Since naked siRNA is rapidly cleared from the blood within minutes
of IV injection, prolonging its circulation time is also crucial for ensuring effective
distribution [9].

3.2.2 Transport through the vascular endothelium

The endothelium increases the flow of materials into and out of tissues by acting
as a semi-permeable barrier between the surrounding tissue and the vessel lumen.
There are three forms of normal capillary endothelium: discontinuous capillaries,
fenestrated capillaries, and continuous endothelium (Figure 1) [20]. In order to
easily cross the weakly developed vasculature of solid tumors and inflammatory
areas, where the increased permeability and retention (EPR) effect on drug delivery
has been extensively documented, siRNA delivery methods should be tiny in size. In
“leaky” tumor blood arteries, nanoparticles with less than 500 nm, often 150 nm or
less diameter, demonstrated remarkable EPR effects [21].

3.2.3 The extracellular matrix’s diffusion

For effective siRNA delivery, the carrier must first pass through the vascular endo-
thelium and then diffuse into the extracellular matrix (ECM), which is composed of

A. Continous Capillary

Transpart via transcyosis

B. Fenestrated Capillary Endothelium

Diffusion of fluid & small molecules

C. Discontinous Capillary Endothelium

Free exchange of large & small molecules

Figure 1.
Types of capillary endothelium [19].
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fibrous proteins and polysaccharide gels that provide structural support to animal
cells. In tumor tissue, where the ECM is tightly structured and has limited permeabil-
ity, the diffusion of larger nanoparticles is hindered. Research by Cabral et al. demon-
strated that nanoparticles smaller than 50 nm can penetrate tumor tissue effectively.
For instance, 30-nm micelles were able to reach deep into pancreatic adenocarcinoma
tissue, while 70-nm micelles were largely confined to the vasculature. Additionally,
studies on human melanoma (Mu89) and glioblastoma (U87) showed that the
diffusion of particles in the interstitial space decreases as their size increases. In U87
mouse tumors, the gap between aligned fibrils in the ECM was found to range from
20 to 42 nm, suggesting that smaller nanoparticles are more effective for delivering
siRNA to tissues with limited permeability. Furthermore, research by Stylianopoulos
etal. indicated that neutral particles diffuse faster than charged ones, highlighting the
importance of nanoparticle charge in diffusion rates [22].

3.2.4 Transportation into the cytoplasm

Naked siRNA carries a negative charge. It is difficult to penetrate the cell mem-
brane which is negatively charged. Therefore, siRNA is usually delivered using
nanocarriers that are taken up by cells through endocytic pathways such as caveolae—/
lipid raft-mediated endocytosis, clathrin-mediated endocytosis, or macropinocytosis
[23, 24]. The delivery system of siRNA must first diffuse through the extracellular
matrix, then cross the cell membrane and enter to the cytoplasm, and release the
siRNA. The main mechanisms by which siRNA carriers are internalized into cells are
clathrin-mediated endocytosis (CME) and macropinocytosis. These carriers are usu-
ally transported to endosomes once they are inside, where they finally combine with
lysosomal vesicles. Because of the enzymatic breakdown caused by this association,
endosomal escape techniques are required to guarantee efficient siRNA distribution.
The caveolae—/lipid raft-mediated endocytosis pathway has received less research
attention than macropinocytosis and CME [10]. Nevertheless, it has been shown
that just a few of lipid raft-related delivery methods could directly carry medications
into the cytosol without going via the endosomal pathway [25], opening the way for
improved siRNA delivery in the cytosol. Different viral and nonviral siRNA delivery
vehicles, such as lipid-based NPs, polymers or lipid polymer hybrid NPs, hydrogels,
microbubbles, inorganic NPs, such as silica, gold, quantum dot, iron oxide, and
carbon nanotubes, and other materials, such as oligonucleotide Nps and exosomes,
have been created [26, 27] to overcome the obstacles related to the siRNA systemic
transport.

3.3 Significance of siRNA in the cancer therapy

Cancer has historically been treated with chemotherapy medications as the first
line of treatment. However, the efficiency of many chemotherapeutic medications
that are typically used in clinics has decreased due to the drug resistance development
and tumor heterogeneity [28]. Nucleic acid therapies and anticancer medications
support chemotherapy in a number of ways, including by introducing apoptotic
genes, restoring tumor suppressor genes, and silencing particular genes implicated in
anti-apoptosis mechanisms and drug resistance. Either co-treatment with individual
therapeutic drugs [29] or co-delivery of siRNA and anticancer drugs through a single
carrier [30] can sum up chemotherapeutic drugs with siRNA; the latter is known to be
more effective [31]. NPs carriers, which have the advantage of wrapping and releasing
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specific therapeutic compounds in a controlled manner at the appropriate spot, can
be used to co-deliver several medicines [32]. Only a small number of nanoparticle
carriers including polymer-based NPs, liposomes, and inorganic NPs have shown
effective in co-delivering siRNA and chemotherapeutics. Because siRNA-based target
gene silencing eventually boosts the cytotoxic drug activity, the co-delivery of che-
motherapeutic drugs and siRNA via nanoparticles promotes the therapeutic response.
Significant progress in siRNA-based cancer treatments has been made possible by the
availability of many nanoparticle-based delivery technologies [33]. It has been dis-
covered that delivery strategies based on nanoparticles increase the siRNA systemic
stability, preventing premature degradation and facilitating quick in vivo clearance
while fostering target-specific selectivity [11]. It has been discovered that employing
siRNA in conjunction with other chemotherapeutic medications improves results

by either increasing the cancer sensitivity to a therapeutic method or by acting ina
synergistic or additive manner [34]. Since the development of nanoparticle carriers
that support the integration of anticancer therapies, such as chemotherapeutic drugs,
photodynamic sensitizers, or small molecule inhibitors, with siRNA, nano-drug
delivery systems have increased the distribution of siRNA and other agents [35].

4. Delivery of siRNA in cancer therapy made better by inorganic CA
nanoparticles

Viral and non-viral vehicles are used to transfer medicines based on nucleic acids.
Despite the great gene transfer efficiency of viral delivery systems, their application
has been restricted because of safety issues, mainly related to their immunogenic
response. As a result, a lot of focus is now on developing non-viral vectors with better
safety and effectiveness characteristics. Because of their remarkable performance
in recent years, inorganic nanoparticles have drawn a lot of attention and been
thoroughly researched for gene silencing applications among a variety of non-viral
delivery mechanisms, including polymer-based nanoparticles, liposomes, and
organic-inorganic hybrid materials.

Because of their remarkable physicochemical characteristics, inorganic nanopar-
ticles make dependable vehicles for the co-delivery of siRNA and cancer drugs. These
include stability in biological conditions, a wide surface area that is easily functional-
ized for medicinal compounds or ligands, a compact size, a high surface-area-to-vol-
ume ratio, and special optical or magnetic properties [36]. They are especially useful
for designing RNA-based delivery systems for both iz vive and in vitro applications
because of these characteristics [37, 38]. Through direct conjugation or non-covalent
encapsulation, siRNA can be loaded efficiently into inorganic NPs due to their high
surface area-to-volume ratio. One significant benefit of these NPs is that it is simple
to alter their surface chemistry, which offers a way to get around the issues with
siRNA distribution both iz vitro and in vivo [20]. Moreover, siRNA transport to tissues
or cells can be monitored using the unique optical and physical characteristics of
inorganic NPs [39]. Physical characteristics such as size, elasticity, charge density, col-
loidal stability, and shape are crucial when developing nanoparticles since they dictate
whether or not they are appropriate for a certain purpose [40]. Because of their dis-
tinct electrical and optical characteristics, ease of functionalization, biocompatibility,
and minimal cytotoxicity, inorganic nanomaterials are currently in great demand
[41]. Gold, silver, graphene oxide, calcium phosphate, quantum dots, and magnetic
nanoparticles like iron oxides are a few examples of inorganic nanomaterials.
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Inorganic carbonate apatite (CA) nanoparticles are formed through a chemical
reaction involving Ca®*, PO,*, and HCO;- resulting in a final crystal structure of
Ca10(P0O4)6x(CO3)x(OH), with an diameter of 50-300 nm [4, 42, 43]. The size
and number of CA particles produced depend on reaction such as calcium and
bicarbonate concentrations, pH, and temperature [43]. CA particles deliver drug
molecules through their anion- and cation-binding domains, which facilitate
electrostatic interactions with drugs. Their nanoscale dimensions enhance cellular
uptake of drug-loaded particles. The heterogeneous charge distribution of CA
particles, combined with their ability to limit crystal growth for nanoscale forma-
tion, enables efficient endocytosis. Additionally, their rapid dissolution kinetics
in acidic endosomal compartments allow for effective therapeutic release [42-51].
These characteristics have made CA nanocrystals a potentially useful instrument
for the intracellular administration of different medications. The lower pH of
endosomal vesicles aids in the dissolution of the particles after internalization
through endocytosis, releasing the related medications into the cytoplasm for
therapeutic action [42].

NPs of CA have been engineered to target particular locations, such as cancer
cells or solid tumors. Depending on variables including particle diameter, surface
properties, solubility, and stability, they can either be enclosed within or bonded to
the nanoparticle surface, making them efficient carriers for medications and siRNA.
Over the past few decades, pH-sensitive nanoparticle-based drug delivery systems
have shown remarkable success in cancer treatments because of the substantial pH
fluctuation across various tissues and organs. These systems have a strong affinity
for both nucleic acid therapies and traditional medications. CA nanoparticles com-
plexed with nucleic acids have been demonstrated to enable extremely effective gene
delivery in vitro. This is explained by a number of noteworthy characteristics of CA
nanoparticles, such as their potent affinity for binding DNA, biodegradability, and
biocompatibility, which make them a potentially useful tool for therapeutic applica-
tions [49]. Research has also demonstrated that CA nanoparticles dissolve quickly at
endosomal acidic pH, which causes the bound DNA to be released quickly for high
protein expression levels in a variety of cell types [43]. After being absorbed, carbon-
ate apatite nanoparticles can be quickly broken down in the acidic vesicles of cells due
to their pH sensitivity and nanoscale size without showing any signs of toxicity. Their
distinct characteristic has made them a viable substitute for conventional non-viral
cancer delivery methods. In animal models of solid tumors, including breast cancer,
these nanoparticles have so far been effectively used to deliver molecular therapies
such as siRNA and transgenes as well as traditional anticancer medications such as
methotrexate and doxorubicin.

siRNAs are delivered to specific cancer cells using CA nanoparticles. Effective
siRNA integration into carriers, the stability of siRNA-carrier complexes, biocom-
patibility, targeted administration, biodistribution, and general functionality are
some of the major issues that have prompted the creation of siRNA delivery systems.
A key aspect is stability. While too much stability in nanocarriers can delay siRNA
release, reducing therapeutic efficacy and raising systemic exposure to nanocarriers,
which may result in toxicity, too little stability can cause premature siRNA release
before reaching the targeted therapeutic site. Biodegradable nanoparticles with a
regulated lifespan are ideal for overcoming these obstacles. These nanoparticles can
minimize systemic adverse effects by stabilizing and protecting siRNA until it is
transferred to the target site and guaranteeing prompt destruction once its therapeu-
tic goal has been met.
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5. CA nanoparticles enable the delivery of siRNA to suppress the
expression of the ROS1 gene in malignant cells, thereby enhancing the
cells sensitivity to anticancer treatments

pH-sensitive carbonate apatite nanoparticles (NPs) [52] enable combined delivery
of drugs and nucleic acids via endocytosis, with rapid release in the acidic environ-
ment of endosomes. These nanoparticles have been successfully used in animal
models, including breast cancer, to deliver both molecular therapies and traditional
anticancer drugs. Co-delivering siRNA targeting ROS1 with paclitaxel in MCF-7
breast cancer cells showed synergistic effects, making cells more sensitive to treat-
ment. Carbonate apatite-mediated delivery of ROS1 siRNA significantly reduced
AKT1 phosphorylation in the PI3K pathway and enhanced doxorubicin sensitivity in
4 T1 murine mammary carcinoma cells. However, no increased sensitivity to cisplatin
or paclitaxel was observed with ROS1 silencing in 4 T1 cells.

6. Carbonate apatite (CA) nanoparticles effectively delivered NF-xB
siRNA to modulate the therapeutic effects of conventional anticancer
drugs in human cervical cancer cells

Traditional chemotherapy drugs such as cisplatin, doxorubicin, and paclitaxel effec-
tively treat breast cancer but often cause toxicity to healthy cells, leading to inadequate
dosing, chemoresistance, and tumour recurrence. Carbonate apatite nanoparticles that
are sensitive to pH have demonstrated efficacy in delivering siRNA to inhibit genes such as
cyclin Bl and ABCG2/ABCBI, hence promoting death in cancer cells. Although there was
no synergy with cisplatin or paclitaxel, CA-mediated NF-kB siRNA delivery in HeLa cells
enhanced chemosensitivity to doxorubicin'*'. Significant increases in cell mortality were
observed when HeLa cells were treated with apatite/siRNA complexes in combination
with 0.2 pM cisplatin, doxorubicin, and paclitaxel. Nanoparticle-assisted intra-tumoral
delivery of Bcl-2/IGF-1R siRNAs and the p53 gene effectively synergizes to suppress
tumour growth in immunocompetent mice [19].

7. Development and intra-cellular delivery of siRNA/CA NPs for efficient
cyclin Bl gene knockdown

Due to the rapid breakdown in acidic endosomes, which facilitates the release of
medicines, and their capacity to inhibit crystal development for nanoscale particle
formation, which improves endocytosis, carbonate apatite nanoparticles are an effec-
tive delivery mechanism [19]. More effective than lipofectamine at silencing gene
expression, these pH-sensitive nanoparticles with a significant affinity for siRNAs
facilitate efficient endocytosis and endosomal escape. Cyclin B1 siRNA delivered
intracellularly dramatically suppresses the development of cancer cells and makes
HeLa cells more sensitive to doxorubicin and cisplatin.

8. Carbonate apatite nanoparticles enabled siRNA delivery to overcome
MDR in cancer treatment

The ATP-binding Cassette (ABC) transporter system plays a crucial role in
multidrug resistance by actively expelling drugs from cancer cells. ABCB1 was the
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first cytotoxic drug efflux pump identified and removes drugs such as anthracyclines,
vinca alkaloids, and taxanes, intracellular drug levels reduction below the threshold
needed for cell death (Figure 2). In breast cancer, poor chemotherapy response is
often linked to ABCB1 gene expression [54]. ABCG2, another ABC transporter, was
later identified in multidrug-resistant breast cancer cells.

Efforts to overcome MDR by modulating ABC transporter activity have faced
challenges. First-generation modulators failed due to toxicity, while second-
generation ones caused undesirable pharmacokinetic interactions, leaving no
clinically approved drug to reverse MDR. A promising alternative is to enhance
chemosensitivity by selectively silencing ABC transporter genes to prevent their
biosynthesis.

Among the 24 FDA-approved breast cancer drugs, doxorubicin, paclitaxel, and
cisplatin are widely used from different drug families. Despite being used in com-
bination therapies for better outcomes, their non-specific distribution and cancer
cells’ ability to acquire MDR through genetic and epigenetic changes diminish their
effectiveness.

Small-interfering RNAs, short double-stranded RNA molecules (21-28 nucleo-
tides), effectively degrade specific mRNAs, blocking the production of targeted
proteins [53]. Recently, siRNAs have been used iz vitro to counteract ABC trans-
porter-mediated drug efflux by targeting ABCG2 and ABCBI transporters (Figure 3).
Combining siRNA-based gene therapy with chemotherapy has shown success in
overcoming MDR by suppressing MDR-related genes, enhancing chemosensitivity,
and improving treatment outcomes [53].

Carbonate apatite, a pH-sensitive nanocarrier, has been shown to be a successful
method for delivering siRNA across cell membranes. When used with anticancer
medications, it effectively inhibits the cyclin B1 gene, which causes cervical cancer
cells to undergo apoptosis. Depending on the drug dosage, CA-facilitated siRNA
delivery that targeted ABCB1 or ABCG2 in MCF-7 cells markedly enhanced che-
mosensitivity to paclitaxel, doxorubicin, and cisplatin. Additionally, co-delivery of
siRNAs that targeted the transcripts of the ABCB1 and ABCG2 genes significantly
increased chemosensitivity in MCF-7 cells, indicating the reversal of multidrug
resistance mediated by the ABC transporter [53].

MDR Phenomenon
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uptake
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Figure 2.
MDR mechanisms in malignant cells [53].
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Co-Delivery of siRNA/drug to overcome MDR
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Figure 3.
Co delivery mechanism of siRNA and anticancer drug to overcome MDR [53].

9. CA NPs deliver siRNA targeting growth factor receptor genes, such as
EGFR1and ERBB2, effectively reducing breast tumor growth in mice

GFRs play a crucial role in cancer progression, and targeting these genes with
siRNAs can reduce cancer cell aggressiveness by inhibiting growth and promoting
cell death. In a study [55], it demonstrates that cells treated with CA NPs-bound
negative control siRNA exhibited 80-90% viability, similar to NPs alone. However,
siRNAs targeting EGFR1, ERBB2, and IGF1R resulted in 75.73%, 86.36%, and 78.11%
viability, respectively. The siRNA targeting EGFR1 led to a significant decrease in
cell viability (p = 0.03), while the siRNA targeting ERBB2 showed a trend towards
reduced viability, though this was not statistically significant. No significant effect
was observed with IGF1R-targeting siRNA [56].

10. Efficient breast cancer cell elimination via carbonate apatite
nanoparticles mediating siRNA delivery to calcium ion channels

Western blot analysis was used to assess the activation of MAPK and AKT
signalling pathways in MCF-7 cells treated with six CA-siRNA complexes, which
showed strong cytotoxic effects. Both phosphorylated and unphosphorylated
forms of MAPK and AKT were analysed, with GAPDH used for normalization.
TRPC6 siRNA was combined with other siRNAs to explore potential synergistic
effects on MAPK and AKT pathways, which are involved in calcium signalling
and regulate cell proliferation and apoptosis. Treatment with siRNAs target-
ing TRPC6, TRPMS, and SLC41A1 showed reduced phospho-AKT levels and
decreased total AKT expression, suggesting potential cross-talk between the AKT
pathway and TRPC6. However, there was no significant change in MAPK activa-
tion. Other therapeutic targets, including TRPC6, TRPM7, and SLC41A1, showed
promise for siRNA-mediated knockdown in breast cancer cells. The combined
delivery of siRNAs targeting these calcium channels via carbonate apatite
nanoparticles demonstrated a synergistic cytotoxic effect, indicating their poten-
tial for IV administration in breast cancer treatment [57].

11



Advanced Drug Delivery Systems — Innovations in Nanoparticles, Biopolymers, and Natural Extracts

11. Breast cancer inhibition via intravenous administration

of PRKCA siRNA- and PTEN tumour inhibitor gene by CA nanoparticlesAccord-
ing to Western blot and cell viability data [58], PRKCA has emerged as a possible
target for siRNA-mediated knockdown, which could lower breast cancer cell survival
and/or proliferation. Furthermore, gene augmentation treatment using CA NPs to
deliver the PTEN tumor suppressor plasmid demonstrated a positive cell survival
profile. Furthermore, by downregulating P-AKT, co-treatment of the plasmid and
siRNA showed a remarkable decrease in breast cancer cell viability and a decreased
level of proliferative signal.

12. A synergistic method for inhibiting the growth and survival of breast
cancer cells: Hyaluronic acid-conjugated CA NPs for targeted delivery
of siRNAs against ion channels and transporter genes

CD44 is a cell-surface multifunctional and multi-structural molecule, which plays
arole in angiogenesis, cell proliferation, differentiation, and migration [59, 60]. Many
cancer cells express CD44 at higher levels than normal cells, marking it an attractive
target for cancer treatment.

Significant accumulations of basic CA nanoparticles were seen in the urinary sys-
tem, RES organs (liver, spleen), and major organs (brain, heart), except for the lungs,
which displayed stronger fluorescence signals. Hybrid hyaluronic acid (HA)-CA
nanoparticles accumulated less in most organs. This might be because the hybrid
particles are smaller, which speeds up renal clearance. By increasing their hydrody-
namic diameter, the HA coating of CA NPs lessens accumulation in other organs.

The EPR effect and the size of the tumours affect the accumulation of nanoparticles;
more effective nanoparticle uptake is possible through tumour vascular holes. By
interacting with CD44 receptors, hyaluronic acid may enhance siRNA-loaded target-
ing of hybrid carbonate apatite nanoparticles (CA NPs) to treat breast cancer. Since
the nanoparticles dissolve rapidly in the acidic environment of the cell’s endosomes
following endocytosis, the biodegradable nature of the carrier aids in the effective
release of the siRNAs. These findings imply that both pure and hybrid CA nanoparti-
cles may be helpful in clinical settings for the delivery of therapeutic siRNAs, provid-
ing a viable strategy to target transporter genes and calcium ion channels to destroy
breast cancer cells specifically [59].

13. Intracellular transport of siRNA via nano-carriers against integrin
subunits to prevent the development of breast cancer cells

The use of CA-NPs to deliver integrin siRNAs led to a reduction in tumour
volume compared to both untreated and CA-NP control groups. Significant tumour
volume reductions (p < 0.05) were observed on days 11, 13, 15, 17, 19, 21, and 23 for
the ITGav + CA and ITGp5 + CA treatments. The ITGa6 + CA treatment showed a
significant decrease in tumour volume on days 11, 13, 15, 17, 19, and 21, while the
ITGP6 + CA treatment showed diminished tumour regression but still significant
differences on days 17, 19, 21, and 23. Table 1 details the tumour volume reduction
compared to the CA-NP treated groups at various time points and demonstrates
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Treatment Day 10 Day11 Day 13 Day 15 Day 17 Day19 Day 21 Day 23

ITGav + CA 212 2.32 212 1.99 210 1.68 1.70 171

ITGa6 + CA 243 240 1.68 244 2.65 242 2.05 1.5

ITGp5 + CA 39 31 37 3.2 3.6 23 1.5 1.6

ITGp6 + CA 1.8 2.51 15 1.6 1.7 1.7 1.7 17
Table 1.

Reduction of tumour in contrast to CA-NP treatment (Adapted with the permission of the author) [61].

Treatment Day 10 Day 12 Day 14 Day16 Day 19 Day 21 Day 23
ITGf1 + CA 6.3 37 5.9 34 38 34 6.3
ITGp + CA 3.84 4.90 411 3.50 4.87 3.54 3.69
ITGp + CA 24 27 24 36 25 28 24
Table 2.

Reduction of tumour in comparison with CA-NP treatment (Adapted with the permission of the author) [61].

reduced tumour volumes using CA with ITGB1, ITGB2, ITGB3, and ITGB4 siRNA
treatments. The untreated group was excluded from further experiments as no
significant difference was observed between the untreated and CA-treated groups.
Treatment with siRNA ITGp1 + CA, ITGB3 + CA, and ITGp4 + CA resulted in a
significant tumour size reduction (p < 0.05) at all time points compared to CA.
Table 2 shows the fold decrease in tumour volume relative to the CA control group
on different days [61].

14. Delivery of siRNA intracellularly by aiming AKT and ERBB2 genes
increases chemo-sensitization of breast cancer cells

Traditional breast cancer treatment includes drugs that are poorly absorbed
and resistance has been developed against them. To improve this, the delivery of
the drug along with siRNA targeting AKT and ERBB2 genes can give a successful
result.

The human epidermal growth factor receptor (HER) family plays a key role in how
breast cancer cells respond to chemotherapy. AKT, a protein kinase involved in cancer
progression, is also critical. AKT activity is influenced by elevated HER signalling,
RAS mutations that activate the PI3K pathway, or PTEN mutations that normally
inhibit AKT. These alterations result in increased AKT activity, which can promote
cancer progression and affect treatment effectiveness, even without an increase in
AKT protein levels [62].

To assess the impact on ERBB2 protein expression levels, the effectiveness of
various combinations of ERBB2 siRNA with paclitaxel or docetaxel was examined.
The most significant knockdown was achieved when CA-bound docetaxel and
ERBB2 siRNA were co-delivered, followed by the CA/paclitaxel/ERBB2 combina-
tion. These results clearly demonstrate a synergistic effect, with the combination
of the drug and siRNA proving much more effective than using either the drug or
siRNA alone [62, 63].
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15. Challenges and future work recommendation

The use of pH-sensitive carbonate apatite nanoparticles for siRNA delivery in
breast cancer cells presents several challenges that need to be overcome to optimize
their therapeutic potential. One of the primary challenges is controlling the release
of siRNA in the acidic environment of tumour cells. While CA is known to dissolve
under acidic conditions, ensuring that the siRNA is released in a controlled and
sustained manner is critical for achieving therapeutic efficacy. Additionally, the
efficient cellular uptake of carbonate apatite nanoparticles is another hurdle, as the
particles must be small enough to enter cells via endocytosis while being large enough
to protect the siRNA from premature degradation. The surface charge and functional-
ization of the nanoparticles must be carefully optimized to improve cellular internal-
ization and to avoid non-specific interactions with healthy tissues, which could lead
to off target effects and toxicity. Biocompatibility is also a significant concern; while
CA is generally considered biocompatible, long-term safety and potential cytotoxicity
need thorough evaluation, especially when used for systemic delivery. Furthermore,
ensuring specific targeting of cancer cells over normal cells remains challenging, as
achieving precise localization and uptake at the tumour site is crucial for minimizing
side effects and enhancing the therapeutic effect. Finally, scaling up the synthesis of
CA nanoparticles in a cost-effective and reproducible manner for clinical applications
remains a significant challenge [64].

Future work should focus on optimizing the surface properties of carbonate
apatite nanoparticles, such as functionalizing them with targeting ligands (e.g.,
antibodies or peptides) to enhance their specificity for breast cancer cells. The
specificity for the nanoparticles is a must cause they can damage normal cells by
generating reactive oxygen species, inflammation, or by interrupting other cellular
mechanisms. Personalized systems customized to various breast cancer subtypes
need to be developed for better therapeutic activity and sophisticated stimuli-
responsive delivery mechanisms should be introduced. Additionally, incorporating
other biocompatible materials into the nanoparticle formulation could improve
stability, facilitate endosomal escape, enhance the delivery of siRNA, and increase
potency as CA nanoparticles can express its cytotoxicity at higher concentrations.
Combining siRNA delivery with other therapies, such as chemotherapy or immu-
notherapy, could lead to synergistic effects, improving the overall therapeutic
outcome. In vivo studies are necessary to assess the pharmacokinetics, biodistri-
bution, and long-term safety of carbonate apatite nanoparticles, ensuring that
they can be translated effectively from preclinical models to clinical applications.
Furthermore, efforts to scale up production and standardize nanoparticle synthesis
processes are essential to ensure consistent quality and reproducibility, which
are critical for clinical trials and eventual commercialization. Addressing these
challenges will help realize the full potential of pH-sensitive carbonate apatite
nanoparticles as a promising delivery system for siRNA in breast cancer therapy
[59, 65, 66].

16. Conclusion

In conclusion, pH-sensitive carbonate apatite nanoparticles (CA NPs) present a
promising platform for the efficient delivery of siRNA in breast cancer therapy and
siRNA therapeutics due to its unique optical and physical properties. Their ability to
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release siRNA selectively in the acidic tumour microenvironment enhances the tar-
geted treatment of cancer cells while minimizing the risk of toxicity and other health
issues. These include enhanced drug stability, endosomal escape, gene silencing,
protection from rapid degradation, prolonged circulation, altered pharmacokinetics,
and improved cellular uptake. CA nanoparticles leverage increased penetration and
retention effects, allowing efficient targeting of tumour sites, higher therapeutic
indices, and greater bioavailability compared to micron-sized particles. Their high
surface area-to-volume ratio enables effective drug loading, and pH sensitivity
ensures targeted delivery [67-69].

Furthermore, the biocompatibility and versatility of CA NPs open new avenues
for combination therapies, where siRNA can be co-delivered with traditional chemo-
therapeutic agents. siRNA and anticancer drug’s co-delivery using CA nanoparticles
enhances therapeutic outcomes by achieving synergistic effects and overcoming
multidrug resistance (MDR) through mechanisms like diverting drug efflux pumps.
This approach allows simultaneous targeting of multiple pathways involved in cancer
progression and resistance. Despite recent advancements, challenges like system
complexity and the need to validate the safety of individual components remain. As
research progresses, CA NPs have the potential to significantly advance the field of
personalized cancer treatment, offering a novel and effective strategy for overcoming
the limitations of current therapies in breast cancer.
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Abstract

Albumin, the most abundant plasma protein, has emerged as a promising carrier
in drug delivery because of its exceptional biocompatibility, stability, and ligand-
binding capacity. This chapter explored the role of albumin-based drug delivery
systems and focused on their mechanism, recent innovations, and applications.
Albumin can bind endogenous and exogenous molecular facilities for transport and
controlled release of therapeutic agents, improve drug bioavailability, and minimize
adverse effects. It has a long circulatory half-life facilitated by the neonatal Fc recep-
tor (FcRn). This ensures a prolonged, systematic exposure, which makes it a viable
option for targeted and sustained drug release. A chapter delves into a multiple drug-
binding mechanism, including covalent and noncovalent interactions, nanoparticle
formulation, and nanoparticles. The albumin nanoparticles (ABNPs) are particularly
significant in modern therapeutics, controlled drug release, enhanced solubility, and
tumor targets through receptor-mediated uptake and enhanced permeability and
retention (EPR) effects. Through preparation techniques, like desolvation, emulsifi-
cation, and high-pressure homogenization (NAB™ technology), they optimized an
albumin nanoparticle for the enhancement of therapeutic efficacy. A clinical applica-
tion of the albumin-based system extended beyond oncology, with notable success
in diabetes, neurodegenerative disorders, and infectious diseases. The engineered
albumin variant and albumin-drug conjugates expand the versatility of precision
medicine. Challenges like stability, manufacturing scalability, and the drug-albumin
interactions required continued refinement of albumin’ role in drug delivery.

Keywords: albumin-based drug delivery, nanocarriers, therapeutic applications, ligand
binding, targeted drug delivery
1. Introduction

Albumin is the most abundant plasma protein and has been extensively studied.
Its presence is crucial for clinical monitoring, physiology, and therapy. It is produced
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in the liver and then present in the circulatory system. This consists of approximately
60% of the total protein content in the human body [1-4]. About 80% of the plasma
oncotic pressure is supplied by it, guaranteeing an adequate fluid distribution
between tissues and blood vessels. This is produced at 10.5 g/day, with a turnover time
of around 25 days. This is eliminated by the kidneys (about 6%), the gastrointestinal
tract (approximately 10%), and this cationization process (approximately 84%) [5].
The human serum albumin (HSA) gene encoded a pre-ovalbumin, a 609 amino acid
translation product with a molecular mass of 69.3 kDa [1]. Albumin is produced in the
liver and undergoes posttranslational modification in the Golgi apparatus. The first 24
amino acids are cleaved before being released into the bloodstream.

Albumin is essential to preserving physiological homeostasis because it plays a
role in molecular binding and colloidal osmotic pressure [3]. There are several types
of albumin, like Bovine Serum Albumin (BSA), human serum albumin (HSA), rat
serum albumin (RSA), and egg white (OVA), and OVA is frequently utilized as a
food source in research [6]. The BSA is commonly employed in laboratory settings
for various biochemical purposes. The RSA has been used in animal studies to study
human albumin activities [3]. The BSA is frequently employed in laboratory settings
for various biochemical issues, and there are some notable similarities in sequence,
structure, and surface charge distribution between HSA and BSA [1]. The HSA and
BSA have 76% sequence-level identity, and serum albumin from different sources
shared more than 62% overall.

The structure of a mature HSA is a monomeric, globular, mostly a-helical protein
composed of 585 amino acids. This forms a heart-shaped protein comprised of three
topologically identical and structure-related domains (I, II, and III), each subdivided
into subdomains (A and B). This is only a free cysteine (Cys34), supported by 17 disulfide
bridges. This has several binding sites: Sudlow’s Site I and II (for drugs), the presence of
nine fatty acid binding sites, as well as four metal-binding sites [1, 4, 7, 8]. Furthermore,
on the binding sites, the N-terminal sequence (Aspl-Ala2-His3) binds a transition metal
like Cu** and Ni**, while a primary metal-binding site (MBS-A) at a domain I/II interface
binds Zn** and Cd** [9]. At the same time, the N-terminal sequence (Aspl-Ala2-His3)
binds a transition metal just like Cu*, Ni**, and Cd** [9]. Fora thorough review of an
albumin’s structural characteristics and its dynamics, refer to [1].

The conformational flexibility of HSA, manipulated by the ligands, specifically
when fatty acids are bound, affects its ability to bind metals and drugs. HSA’ ability
to interact with many biological molecules depends on the presence of both positive
and negative charge regions on a surface [10]. In addition, albumin serves as the car-
rier protein, binding transportation by a range of substances to regulate its metabo-
lism and bioavailability. This includes hormones, fatty acids, zinc, calcium, and
pharmaceuticals [1, 2]. The HSA has been used therapeutically since the 1940s, and
this is the first treatment to burn a patient at Pearl Harbor in the year 1941. This shows
that HSA may be used to treat cirrhosis [11]. A therapeutic application that has been
extended to a variety of clinical contexts, such as hypovolemia and hypoalbuminemia
[12]. HSA holds significant promise in various novel therapeutic areas in addition
to its traditional use [2, 3, 6]. One promising method is drug delivery to generate
albumin-based nanoparticles (NPs). These NPs can bind a wider range of molecules
and have greater features like nontoxicity, biodegradability, and biocompatibility. NPs
are a great carrier for various advanced therapeutics, including small molecules, pro-
teins, and peptides [13]. There are a few methods for generating albumin NPs, such as
self-assembly, nab technology, thermal gelation, desolvation, emulsification, and no
spray drying [6].

24



Albumin as a Drug Delivery System: Mechanisms, Applications, and Innovations
DOI: http://dx.doi.org/10.5772/intechopen.1011323

2. Properties of albumin favorable for drug delivery

For the drug to have a high therapeutic efficacy, it needs to be available at the tar-
get site of action at a certain rate and concentration, which can enhance the effective-
ness and reduce patient adverse effects [4, 14-16]. Nonetheless, challenges associated
with the drug’s nonspecific accumulation, renal clearance, and degradation require
the exploration of innovative and alternative drug delivery systems to tackle these
issues. Among the promising drug carriers, albumin is distinguished as an exceptional
macromolecular vehicle, demonstrating features that render it a compelling option
for drug delivery in clinical and industrial applications [3, 17]. Albumin is a highly
abundant and water-soluble protein involved in naturally transporting a wide range
of molecules because of its extraordinary binding capacity facilitated by multiple
ligand-binding sites [18, 19]. Hence, albumin is a pivotal contender as a molecular
cargo for drug delivery owing to its high solubility, stability, nontoxicity, biodegrad-
ability, natural ligand-binding capacity, long circulatory half-life, biocompatibility,
and nonimmunogenicity [4]. These characteristics render albumin an essential carrier
for drug transport, facilitating improved pharmacokinetics, targeted delivery, and
enhanced drug stability [3, 16, 20, 21]. Leveraging the features of albumin positions it
as an excellent contender for advancing next-generation drug delivery systems.

2.1 High solubility and stability

Albumin, a crucial plasma protein, demonstrates maximum solubility in aqueous
solutions at neutral pH due to its surface’s prevalence of charged amino acids [15].
Albumin comprises 98 acidic amino acids (glutamic acid and aspartic acid) and 83
basic amino acids (lysine and arginine) on its surface, which is gaining interest as a
potential delivery mechanism for sugars, peptides, and poorly water-soluble drugs
[22]. Moreover, its high solubility facilitates delivery via injection, rendering it a
suitable candidate for nanoparticle formulation. Albumin demonstrates substantial
stability against variations in pH, thermal conditions, and denaturing solvents [15].
The molecule comprises 35 cysteine residues, with 34 involved in establishing internal
disulfide bridges in its structure, significantly enhancing the albumin’ stability [22].
It demonstrates stability across a wide pH range of 4-9 and is soluble in 40% ethanol
[20]. It exhibits minimal stability at elevated temperatures, enduring heating at 60°C
for up to 10 hours without negative consequences. The characteristics of carriers,
such as albumin, are essential for maintaining structural integrity under physiologi-
cal conditions, thus preserving the encapsulated or bound therapeutic agents from
premature degradation during transport and storage. These characteristics facilitate
the development of long-acting injectable formulations. Albumin-bound formula-
tions, such as nab-paclitaxel, leverage stability properties to enhance drug solubility
efficacy, extend drug release duration, and decrease dosing frequency.

2.2 Natural ligand-binding capacity

Albumin (BSA and HSA) has a remarkable ability to bind to various molecules,
making it an attractive nanoparticle carrier system [7, 16, 23]. It can bind to a wide
range of endogenous and exogenous molecules, including fatty acids (i.e., myristate),
drugs (i.e., ibuprofen or warfarin), hormones (i.e., thyroxine), and metal ions [1].
These compounds can be embedded into the albumin matrix due to the presence of
several binding sites for organic and inorganic molecules across its three domains.
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Depending on the location of the site, different types of molecules can interact,
including ions, water-repelling (hydrophobic) or water-attracting (hydrophilic)
molecules, and the location of the site [24]. This binding capacity not only aids in
transporting essential compounds, drugs, and waste materials within the circulatory
system, but it also improves the absorption of hydrophobic drugs and neutralizes
circulating toxins until the liver or kidneys can eliminate them. Importantly, albumin
serves as a depot, facilitating the gradual release of drugs over time, which enhances
available quantities, improves pharmacokinetics, and reduces dosing frequency [6].
BSA and HSA show distinct affinities for similar ligands, owed to variations in
their amino acid composition that influence the structure and characteristics of their
ligand-binding sites. They have about 76% similarity in their sequence; however,
differences in crucial residues result in variations in their hydrophobic properties,
charge distribution, and ability to form hydrogen bonds, which impact their binding
capabilities [7, 25]. These differences ultimately determine the specificity of their
interactions with ligands. Ligand binding occurs in Sudlow sites (I and II) and other
hydrophobic pockets, where variations in residue composition, structural flexibility,
and tertiary interactions lead to various binding characteristics [26]. For example,
substituting polar or charged amino acids with nonpolar residues can modify the
binding affinities, affecting ligand binding. The isoelectric point (pl) of the HSA is
roughly 4.7, which is slightly acidic compared to BSA, which leads to a pl. of around 5.4
[6]. A difference affects its interaction with charged ligands. Furthermore, post-trans-
lational modifications such as glycosylation and oxidation, which are more common in
HSA than BSA, can further influence binding [24, 27]. The variation in hydrophobic
surface areas contributed significantly, as HSA generally exhibits greater efficiency
in binding fatty acid drugs because of appropriate structured hydrophobic regions
[1, 4, 23]. HSA has demonstrated a higher affinity for warfarin, which is attributed to
the presence of Trp 24 in a Sudlow Site. At the same time, the BSA’s absence of residue
diminishes efficiency [28]. It is essential to recognize species variations to understand
how albumin functions in drug delivery systems, particularly in improving its effi-
ciency in transporting and binding substances for therapeutic use [29].

2.3 Long circulatory half-life

On average, an albumin-extended blood circulatory half-life is 9-21 days in vivo
[4]. In vivo, the characteristics make it a viable carrier for drug delivery, and this
enables the transportation of hydrophobic drugs across different barriers and extends
drug retention [3, 16, 17]. A prolonged half-life is regulated by a megalin/cubilin-
complex rescue from the renal clearance, and this is, most importantly, by a broadly
expressed cellular receptor called a neonatal Fc receptor [3, 27, 30]. This receptor-
mediated recycling helps the albumin evade intracellular degradation. It facilitates
protein recycling to the bloodstream through a strictly pH-dependent recycling
mechanism where albumin binds to the receptor with high-affinity binding at low pH
in the acid endosome and diverts them from a lysosomal pathway, then it returns to
the extracellular compartment, where it is released at physiological pH, thus extend-
ing their half-lives [3]. Therefore, FcRn is essential for the homeostatic regulation of
albumin, ensuring extensive biological distribution throughout the body. This feature
ensures prolonged drug delivery and enhanced therapeutic effectiveness as a drug
carrier. For example, albumin-based nanoparticles employ this technique to prolong
the circulation of therapeutic drugs, hence increasing drug accumulation at target
areas and reducing off-target effects [21].
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Additionally, the chemical coupling of polyethylene glycol (PEG) to a protein,
referred to as PEGylation, is a potential way to improve nanoparticles’ blood circula-
tory half-life by more than 50-fold. Albumin-based nanoparticles present numerous
possibilities for surface modification, attributed to functional groups such as carbox-
ylic and amino groups on their surface [31]. This study by Fahrlidnder et al. confirmed
that modifying HSA NPs covalently with an appropriate PEG derivative enhances
plasma circulation in vivo [32]. It shows that 5-FU-conjugated PEG-HSA-NPs were
developed to improve the pharmacokinetics and therapeutic profiles of 5-FU. The
findings demonstrated that the IC50 value of PEG-modified nanoparticles was con-
siderably lower than that of unmodified nanoparticles, and the half-life was notably
extended. In a similar study, the release of 5-fluorouracil from the PEGylated BSA
nanoparticles was almost slower than from non-PEGylated ones, probably due to the
existence of a PEG layer around PEGylated particles, which makes an extra resistance
in opposition to drug diffusion.

2.4 Biocompatible, biodegradable, and safe: Low immunogenicity and nontoxic
properties

Albumin is a fully biocompatible protein due to its natural presence in the body
and its lack of immune response when utilized in medical applications [17, 20, 33]. It
shows unique properties when interacting with biological systems, ensuring no harm,
toxicity, or negative immune reactions. Hence, it has emerged as an optimal nanopar-
ticle production and drug delivery material. Albumin is a safe and low immunogenic
protein. It exhibits minimal toxicity as a naturally occurring plasma protein, render-
ing it safe for clinical application. Studies show that albumin isolated from pooled
plasma is effective and safe for many medical applications, including plasma volume
expansion, detoxification, imaging and diagnostics, coating of medical devices, and
drug delivery.

Additionally, albumin is a biodegradable substance that can be metabolized in vivo
into nontoxic degradation products, which the body can readily utilize or excrete. In
contrast to synthetic polymers that can produce residual toxic byproducts, albumin’s
natural degradation pathways mitigate bioaccumulation and long-term toxicity
concerns. Hence, albumin-based drug delivery is a promising strategy as it ensures
safety and nontoxicity when administered at elevated doses or with repeated usage
[33]. Lastly, the interaction of drugs with albumin has been shown to increase the
distribution and bioavailability of the drug, influenced by the distinct pharmacoki-
netic characteristics of the drug molecules [18, 23, 26]. Due to its abundance, albumin
strongly impacts the pharmacokinetic behavior of various drugs, including drug
half-life in the bloodstream, drug efficacy regulation, drug toxicity reduction, and
drug targeting specificity enhancement.

3. Mechanisms of albumin-based drug delivery
3.1 Covalent binding

In pharmacokinetic (PK) studies, the covalent bond between the drug and
plasma proteins may lead to poor extraction recovery, resulting in low absorption
(Figure 1A). Drug components can occasionally slowly separate from adducts,
hindering PK and pharmacodynamic (PD) analysis. Covalent conjugation techniques
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Figure 1.

Mfchanisms of albumin-based drug delivery. (A) A drug of interest is covalently conjugated to either the

free SH group on Cys34, lysines, or tyrosines of albumin. (B) Shows a drug binding to albumin through four
different noncovalent interactions: hydrogen bonding, hydrophobic interactions, electrostatic intevactions, and
van der Waals forces. (C) Genetically engineeved fusion protein by inserting a gene encoding a tavget protein at
either terminus of albumin, creating a single drug construct. (D) An albumin nanoparticle with encapsulated
hydrophobic drug molecules and surface-attached hydrophilic drug molecules.

are considered one of the most popular techniques used for drug control release,
which are based on the albumin binding strategy [34]. For direct, covalent conjuga-
tion, the drug is typically bound to either lysines, tyrosines, or the free SH-group on
the albumin residue Cys34 [35]. While albumin has 35 cysteine residues, 34 internally
form disulfide bridges, which explains its exceptional stability. A free cysteine residue
at position 34 for covalent drug attachment is an appealing characteristic for drug
delivery since it has a free thiol group (—SH), as mentioned earlier, which makes up
80% of the thiols in plasma [36]. In addition, Cys34 is situated on the outer surface of
albumin, far from the primary inner drug-binding sites; thus, it has been the focus of
covalent drug conjugation [21].

Certain drugs or endogenous factors bind covalently to albumin under physiologi-
cal conditions, such as acetylation of Lys199 by aspirin or glycosylation of Lys525 by
D-glucose [37]. According to Meng et al. [38], Wang et al. [39], and Liu et al. [40],
almost all Tyrosine Kinase Inhibitors (TKIs) can covalently bind to Lys190 of albu-
min. Nevertheless, Wu et al. proved that both osimertinib and furmonertinib, which
are third-generation Epidermal Growth Factor Receptor (EGFR) TKIs, mainly bind
to albumin through covalent bonds at Lys195 and Lys199 rather than Lys190. Another
example of covalent binding is glucuronidation, a process frequently done on drugs
with carboxylic acid functional groups, transforming them into acid glucuronides
[41]. Acid glucuronides can covalently bond to HSA via two mechanisms. First, the
resulting protein-drug bond is a protein-bound acyl moiety of glucuronide that can be
accessed through nucleophilic attack from the protein’s NH2, OH, or SH groups [34].
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The other mechanism is the movement of the acyl group from position one of the
sugar ring to position two, three, or four, leading to a shift in the tautomerism
equilibrium of the sugar ring. In this case, the aldehyde in the open tautomer struc-
ture interacts with the lysine group inside the protein, resulting in a covalent bond
between the drug and protein, with glucuronic acid binding protein [42]. In general,
covalent binding to albumin will naturally impact the clearance and metabolic fate of
such medications.

3.2 Noncovalent binding

On the other hand, noncovalent binding depends on weaker interactions such as
hydrophobic interactions, hydrogen bonding, electrostatic interactions, and van der
Waals forces (Figure 1B). Drug molecules can reversibly bind to albumin via these
noncovalent interactions [43]. This type of linkage between the drug and albumin
molecules is considered one of the most effective techniques for creating long-lasting
biotherapeutics with enhanced PK characteristics and higher clinical performance
[44]. There are many successful examples of approved medications that depend
on noncovalent albumin binding. Among these are fatty acids and derivatives that
led to the development of drugs like insulin detemir (Levemir®), insulin degludec
(Tresiba®), liraglutide (Victoza® and Saxenda®), and semaglutide (Ozempic®),
which are used to treat type 1 and 2 diabetes mellitus as well as obesity [27]. Warfarin,
azapropazone, phenylbutazone, and other larger heterocyclic compounds, as well
as dicarboxylic acids, are thought to attach to Sudlow Site I. On the other hand,
Sudlow Site II is frequently linked to aromatic carboxylic acids, including tryptophan,
ibuprofen, and diazepam [16, 45]. Ibuprofen is a nonsteroidal anti-inflammatory
drug (NSAID) that has a strong affinity toward HSA. Therefore, higher doses could
be needed when given in their free form to attain and sustain the intended therapeutic
impact. In line with this, albumin acts as a drug reservoir; new medications are freed
from binding with albumin as free drugs are eliminated from the body, extending
the treatment length [46]. Additionally, albumin contains seven fatty acid binding
sites distributed throughout its subdomains, which partially overlap with the two
Sudlow sites previously stated, facilitating the transport of endogenous chemicals
[47]. Liraglutide, for example, is a fatty acid-conjugated derivative of glucagon-like
peptide-1 (GLP-1). Its albumin binding significantly extends the GLP-1 half-life
after delivery from less than 2 minutes to more than 10 hours. Another noncovalent
binding between drugs and albumin is electrostatic interaction, which happens when
negatively charged albumin regions are drawn to positively charged drug molecule
regions or vice versa. Despite being comparatively weak, the interaction aids in the
drugs’ binding to albumin and prolongs their circulation [48]. Lastly, hydrogen bond-
ing occurs when a hydrogen atom in a drug molecule is covalently bound to an oxygen
or nitrogen atom. This will create weak hydrogen bonds with the HSA side chain. Both
the affinity of the complex and the specificity of drug binding can be enhanced by
hydrogen bonding.

3.3 Fusion

Albumin fusion, which entails linking a target protein to a more stable protein, is
another technology used in protein-drug development to enhance their PK proper-
ties (Figure 1C) [49]. Genetic engineering enables the recombinant expression of
a fusion protein by inserting a gene encoding a target protein at either terminus of
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HSA, creating a single drug construct with a controlled albumin-to-drug ratio [50].
Fusion proteins need to maintain their stability throughout synthesis and storage.
Nevertheless, the behavior of fusion proteins cannot be predicted from the behavior
of individual proteins due to their complexity and the additional intramolecular
interactions. Thus, it is essential to comprehend the molecular stability of fusion
proteins to produce biopharmaceuticals [50]. The function of a peptide linker is
crucial for optimizing the fusion technique. A peptide linker’s length and flexibility
significantly impact intermolecular interactions, affecting fused proteins’ in vivo
biological activity. Albumin fusion technology has many advantages, and it has been
proven to increase the catalytic efficiency, activity, stability, and solubility of protein
drugs [51]. Additionally, it prevents rapid renal clearance by linking a target protein
to a protein with a longer half-life. However, because it is difficult to anticipate the
behavior of fusion proteins under different conditions, the formulation process of
the fusion proteins is indeed challenging [51]. Albiglutide and Albutrepenonacog-
alfa (Idelvion®, CSL Behring) are two successful examples of approved drugs

that depend on an albumin-fusion strategy. The first albumin-fusion protein drug
approved by the FDA is Albiglutide, used for treating patients with type 2 diabetes
mellitus. It is constructed by genetically fusing two tandem modified GLP-1 mol-
ecules to the N-terminus of HSA. Albutrepenonacog-alfa (Idelvion®, CSL Behring)
was approved in 2016 for treating patients with severe hemophilia B [50]. It is gener-
ated by fusing a human recombinant coagulation factor IX (rFIX) to HSA, extending
the half-life beyond 100 h, five times longer than the native protein [52].

3.4 Albumin nanoparticle

Nanoparticle delivery systems have received a lot of interest as a medicine delivery
method. It offers several benefits for therapeutic agents with low bioavailability and
dose-limiting toxicity, including unique drug targeting, gradually controlled release
properties, and a protective function, particularly in transferring hydrophobic drugs
[53]. Nanotechnology is defined as a size range of around 1-100 nm, while it can be
expanded to 1000 nm over a broad range (Figure 1D) [54]. Nevertheless, mounting
evidence demonstrates that nanoparticles of sizes greater than 100 nm typically have
difficulties infusing into the tumor microenvironment. Furthermore, heterogeneous
distribution and intratumoral variation often hinder their deeper penetration into
tissues, especially solid tumors [55].

A nanoalbumin-based drug system provides appealing benefits for overcoming
the limits of conventional nanomedicines. Because albumin has many natural drug-
binding sites, it easily incorporates many hydrophobic small compounds [56]. In
addition, natural functional groups in albumin, such as amino and carboxylic groups
and charged amino acids, can be modified with active targeting ligands via a cleavable
linker for regulated release [6]. Furthermore, the active localization of albumin to
tumors and inflammatory regions may effectively improve the penetration of albu-
min-based nanoparticles [57]. Several methods have been used to prepare albumin
nanoparticles, e.g., desolvation, emulsification, nanoparticle albumin-bound (nab)
technology, pH condensation, thermal gelation, nanospray drying, self-assembly, and
microfluidic technology. Each method has its advantages and disadvantages, while the
choice of the preparation technique depends on the nature of the drug, the nanopar-
ticle characteristics needed, and the application requirements. Na Qu et al. compre-
hensively overview each preparation technique [20]. Nab technology is an established
drug delivery platform in which albumin is used for particle stabilization. Thus, no
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solubilizers or emulsifiers are required during the formulation process of poorly
water-soluble drugs [58]. One successful application in clinical nanomedicine based
on nab technology is Abraxane® (nab-paclitaxel) [59]. It is widely used for tumor
treatment, such as metastatic breast cancer [60]. Another nab technology application
is Fyarro® (nab-sirolimus), which was approved for the treatment of unresectable
or metastatic malignant perivascular epithelial cell tumors [58, 61]. Furthermore, in
2022, Nanozora® was approved in Japan for treating rheumatoid arthritis [20].

3.5 Albumin binding to hydrophobic and hydrophilic drugs

The solubility and stability of various drug molecules are enhanced by albumin
because it can adhere to hydrophobic and hydrophilic ligands, thus improving their
PK properties [13]. The characteristics of the albumin surface and drug-binding
sites are particularly intriguing. In addition to having several hydrophobic binding
pockets, the surface of albumin is negatively charged, which makes it highly water-
soluble [4]. The primary drug-binding regions in albumin are located in the subdo-
mains IIA and IIIA, which harbor the hydrophobic pockets Sudlow I and Sudlow II,
respectively [62]. These ligand-binding pockets primarily mediate albumin binding
to hydrophobic drugs [43]. The binding between the ligand and the protein is thought
to involve both hydrophobic and electrostatic interactions. Sudlow I has an affinity
toward warfarin, phenylbutazone, amantadine, azapropazone, azidothymidine,
indomethacin, iodipamide, and oxyphenbutazone [63]. On the other hand, Sudlow
I has been shown to bind with diazepam, digoxin, clofibrate, ibuprofen, benzodiaz-
epine, halothane, propofol, and nonsteroidal anti-inflammatory drugs. When highly
hydrophobic substances attach to albumin, the total solubility of the drug in plasma
increases. Increased drug solubility in plasma is considered advantageous, although a
high affinity for albumin will necessitate greater doses and may be a drawback [7].

3.6 The use of the albumin pathway for enhanced drug delivery

Albumin accumulation in tumors occurs through two primary mechanisms.

First is the enhanced permeability and retention (EPR) effect, and second is
receptor-mediated tumor internalization and catabolism [64]. The EPR effect has
been extensively investigated for passive tumor targeting using macromolecular

and nanoparticle therapies. While normal tissues have a dense, connected vascular
endothelium through which macromolecules, including albumin, cannot easily pass
except if they are transported by transcytosis [64], it has been widely documented
that abnormal tumor vessels have a highly permeable architecture. Therefore, albu-
min and other macromolecules can freely penetrate tumor tissue and remain there for
an extended period, leading to their accumulation in the tumor tissue [64]. The EPR
effect depends on the intrinsic characteristics of the solid tumors, including defective
blood vessels, elevated expression of inflammatory factors, and ineffective lymphatic
clearance. These features enable albumin and other macromolecules to remain in the
tumor tissues for an extended time [65].

In addition to the EPR effect, albumin enables active tumor targeting through
receptor-mediated uptake [66]. Since albumin is a source of amino acids, the high
oxygen and nutritional requirements promote overexpression of albumin-binding
proteins in tumor cells, such as glycoprotein 60 (GP60) and Secreted Protein Acidic
and Rich in Cysteine (SPARC). Albumin can pass through the vascular endothelial cell
layer via binding to the GP60, expressed in the vascular endothelium. SPARC, on the
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other hand, is described in a variety of tumor cell types, including gliomas, liver can-
cer, melanoma, and breast cancer. In addition, the SPARC and Gp60 could effectively
bind albumin and promote drug aggregation in tumor cells [3].

4. Applications in drug delivery

Albumin has established itself as the key carrier in nanomedicine, specifically
in oncology, and this ability enhances drug delivery and its targeting. One of the
successful examples of nab-paclitaxel leverage is the albumin’s natural transport
mechanism by improving the solubility and bioavailability of paclitaxel, a hydropho-
bic chemotherapeutic agent. A design enables a higher drug concentration at tumor
sites while reducing systemic toxicity compared to a conventional formulation [67].
Multiple mechanisms are involved in facilitating a tumor-specific drug accumulation,
including receptor-mediated endocytosis through gp60 receptors and endothelial
cells that enhanced permeability and retention (EPR) effects to tumor tissues and
an albumin’s affinity for the SPARC (secreted protein acidic and rich in cysteine)

[16, 68]. The properties enhance drug penetration across an endothelial barrier

and concentrate paclitaxel in the tumor microenvironment, improving therapeutic
efficacy with fewer side effects. Nab-paclitaxel reduces hypersensitivity reactions.
This allows for the safe administration of higher doses [69]. Clinical applications
included metastatic breast cancer, non-small lung cancer, and pancreatic cancer,
where nab-paclitaxel demonstrates superior outcomes compared to a solvent-based
formulation [68]. Albumin’s natural role in transporting hormones, fatty acids, and
different molecules makes it ideal for carrying therapeutic peptides, proteins, and
small molecules. These agents often suffered limitations like low stability, short
half-lives, and rapid enzymatic degradation. Albumin overcomes those challenges by
forming stable complexes or covalent conjugates, and there is a significant enhance-
ment in therapeutic efficacy [70].

For instance, tumor-targeting pesticides like BB28 and an iRGD have been
combined with albumin for enhanced delivery [71]. The anticancer drug targeting
bombesin receptor expression in the cancer cells was fused to an albumin-binding
domain (ABD) WQRPSSW. A fusion extended a peptide’s half-life in mice from
5 minutes to 2 hours. This enables better targeting of cancer cells by inducing apop-
tosis. Similarly, the iRGD peptide (CRGDKGPDC), which binds to the avf integrin
receptor overexpressed in tumors, was chemically modified with cysteine to enable
disulfide bonding with albumin [71]. Another notable application directly involves
the stimulator of interferon genes (STING) activation, the circular pathway in the
immune response. The albumin was used to create the biodegradable MnO2-albumin
nanoplatforms for delivering tumor antigen peptides in STING-activating peptide
nonvaccine (HAS-MnO2-pep). A system enhances the delivery of the peptides to an
antigen-presenting cell (APC) and boosts an innate and adaptive immune response
against tumors [72]. Albumin has also shown promise to deliver pituitary adenylate
cyclase-activating peptide (PACAP), the neuropeptide involved in glucose regulation
and neuroprotection [73].

For instance, MHDBAY and PACAP-derived peptide with a 7-mer albumin-
binding sequence demonstrated an extended half-life of over 12 hours as compared to
Exendin-4, leading to prolonged glucose control and improved therapeutic outcome
in diabetes [74]. In addition, the albumin’s versatility extended to antiviral applica-
tions like fusion with a CD4 to block an HIV entry into CD4+ cells, cells as the carrier
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for IFN (interferon-p) that enhance immune responses to tumor-draining lymph
nodes [75]. The albumin forms a stable complex with quercetin and copper ions,
enhancing quercetin’s antioxidant properties while preventing oxidative degradation
and its cytotoxicity.

This albumin-quercetin-Cu2+ complex preserves bioactivity, offering a prom-
ising approach for delivering bioactive compounds in medical and nutritional
applications [76]. In diagnostics, albumin acts as an effective carrier for indocyanine
green (ICG), a near-infrared fluorescent dye with phototherapeutic properties.
ICG-albumin nanoparticles enhance tumor-specific accumulation, extend systemic
retention, and reduce off-target toxicity, enabling precise imaging-guided cancer
therapy and synergistic photodynamic/photothermal treatment [77]. Albumin-
based delivery systems have significantly contributed to treating chronic diseases,
including diabetes, cardiovascular diseases, rheumatoid arthritis, Alzheimer’s
disease, and tuberculosis. In diabetes, albumin-binding technologies have been
successfully applied to antidiabetic agents like insulin analogs and glucagon-like
peptide-1 (GLP-1) derivatives, as seen in products like Levemir(®) and Victoza(®)
[78, 79]. Innovations such as albumin-insulin conjugates and albumin fusion pro-
teins, including albumin, offer prolonged glucose control with reduced risk of side
effects [80]. In cardiovascular diseases, albumin’s application extends to improving
drug targeting and delivery. For instance, milrinone, a treatment for heart failure,
is conjugated with albumin to enhance myocardial contractility and cardiac func-
tion [81]. Albumin also plays a role in cardiovascular device biocompatibility by
being conjugated to CD39, which reduces thrombosis risk and inflammation [82]. In
rheumatoid arthritis, Ozaralizumab (Nanozora), a trivalent nanobody combining
anti-TNFo and anti-HSA components, effectively neutralizes TNFo while leveraging
albumin binding to extend half-life and minimize rapid clearance. This albumin-
based therapy, approved in Japan in 2022, offers sustained therapeutic effects with
reduced immunogenicity compared to conventional TNFa inhibitors [83]. For
Alzheimer’s disease, albumin-based systems combined with muco-adhesive polymers
improve drug bioavailability and brain penetration for intranasal delivery, offering
sustained release and enhanced therapeutic effects for drugs like meloxicam [84].
Other conditions include gout treatment with Ag-Uox (urate oxidase conjugated
with albumin) to extend stability and circulation time [85]. Not to forget, albumin’s
potential application in managing severe COVID-19 symptoms by delivering Rg6
and Rgx365 in PEGylated albumin nanoparticles, which reduce inflammation and
platelet aggregation [86]. Albumin’s unique properties position it as a cornerstone
in modern drug delivery and diagnostics, driving innovations that improve patient
outcomes and treatment precision.

5. Advancements in albumin drug delivery technologies
5.1 Albumin nanoparticles and nanocarriers

Nanomaterials have transformed drug delivery systems, enabling innovative
methods for the precise and controlled release of therapeutic agents [87]. Albumin-
based nanoparticles (ABNPs) are emerging as a highly promising platform due to
their biocompatibility, biodegradability, and multifunctionality [88]. A key advan-
tage of ABNPs is their natural degradability, which lowers toxicity risks and prevents
tissue accumulation [89]. Albumin, a protein naturally present in the human body,
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is an exceptional carrier for drug delivery. Its significant traits include the ability to
bind to a wide array of molecules, such as drugs, peptides, and nucleic acids, thereby
enhancing effective transport to targeted sites in the body [90]. Encapsulating these
drugs within albumin nanoparticles significantly improves their solubility, leading to
enhanced bioavailability and therapeutic efficacy [87]. Albumin nanoparticles serve
as a cornerstone of advanced drug delivery systems due to their biocompatibility,
biodegradability, and ability to enhance therapeutic efficacy [87]. Albumin, a natural
transport protein, forms nanoparticles through techniques such as desolvation, emul-
sification, or self-assembly, enabling the encapsulation of hydrophobic drugs, such as
paclitaxel or sirolimus, for improved solubility and controlled release. These nanopar-
ticles leverage albumin’s intrinsic properties, including its long circulatory half-life
(~19 days), mediated by the FcRn receptor recycling, and its affinity for tumor tissues
via the enhanced permeability and retention (EPR) effect. Recent innovations include
albumin-coated nanocapsules and nanocrystals, such as atovaquone-loaded albumin
nanocrystals (Ato-nCry), which demonstrated superior uptake in immune cells and
melanoma cells, effectively inhibiting STAT3 phosphorylation with reduced toxicity
compared to free drugs [91]. Challenges persist in fabrication methods, particularly
with the use of organic solvents, which can compromise the structural integrity of
albumin. Emerging solvent-free techniques and hybrid systems, such as albumin-
polymer conjugates, aim to address these limitations while enhancing stability and
targeting precision [92]. The functionalization of ABNPs with ligands has revolution-
ized targeted drug delivery, enabling precise interaction with disease-specific recep-
tors. Albumin’s surface chemistry enhances cellular uptake by allowing covalent or
noncovalent modifications, such as aptamers, peptides, or antibodies. For example,
AS1411 aptamer-functionalized albumin nanoparticles demonstrated increased
targeting of nucleolin-overexpressing cancer cells, thereby improving doxorubicin
delivery and apoptosis induction in breast cancer models [93]. In oncology, albumin
nanoparticles, such as Abraxane (albumin-bound paclitaxel), utilize SPARC receptor-
mediated uptake in tumors, while FcRn interactions prolong systemic circulation.
Beyond cancer, these systems are explored for inflammatory diseases and gene
therapy, where albumin’s macropinocytosis-driven uptake in immune cells facili-
tates intracellular delivery of anti-inflammatory agents or CRISPR-Cas9 complexes
[91]. Future directions emphasize multifunctional “theranostic” nanoparticles that
combine imaging agents and therapeutics, alongside scalable fabrication methods, to
accelerate clinical translation.

5.2 Preparation methods of albumin nanoparticles

Albumin nanoparticles are synthesized via well-established methods such as
desolvation, gelation, emulsification, NAB technology, self-assembly, and spray dry-
ing, each tailored to produce specific characteristics for diverse applications in drug
delivery, cancer therapy, and beyond (see Table 1) [104].

5.2.1 Desolvation method

The desolvation method is used for synthesizing albumin nanoparticles due to its
simplicity, scalability, and ability to encapsulate both hydrophilic and hydrophobic
drugs [94]. It involves gradually adding a desolating agent, such as ethanol, acetone,
or methanol, to an aqueous albumin solution while stirring, thereby reducing the
solubility of albumin and inducing protein aggregation into nanoparticles via
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Method Principle Medication examples ~ Advantages Disadvantages Applications Ref.
Desolvation Adding a desolvating agent Abraxane (paclitaxel-  Simple, controllable particle The potential toxicity of Drug delivery, [94, 95]
(e.g., ethanol addition) bound albumin size, high drug loading desolvating agents requires  diagnostics, imaging,
induces protein precipitation ~ nanoparticles) (encapsulation) efficiency stabilization vaccine development,
and albumin nanoparticle Potential for protein theragnostic
formation denaturation, limited
control over size and
morphology
Emulsification Formation of an emulsion Doxorubicin Suitable for hydrophobic Use of organic solvents, Encapsulation of [20]
followed by homogenization (CD44-targeted drugs, control over particle potential for drug loss hydrophobic drugs, drug
formulations) size and morphology, and during processing delivery, imaging, and
high encapsulation efficiency tissue engineering
Thermal gelation Heating to denature and Curcumin Simple, effective for stable Limited to heat-stable Drug delivery, diagnostics  [6, 88]
aggregate albumin (Anticancer/ nanoparticles drugs, potential for protein
Anti-inflammatory) denaturation
Self-assembly Modification to increase Resveratrol (liver No organic solvents, stable Complex modification Drug delivery, [96]
hydrophobicity, promoting tumor targeting) nanoparticles process, limited control T-theranostics
self-assembly over particle size
Nab™ technology High-pressure Paclitaxel (Abraxane)  High drug loading, improved The complex process Cancer therapy (e.g., [67, 97, 98]
homogenization and therapeutic efficacy requires specialized Abraxane)
desolvation equipment
Nanospray drying ~ Atomization and drying of Acyclovir (Antiviral) Suitable for large-scale High energy consumption, ~ Dry powders for [20,
albumin solution production, high drug-loading  the potential for protein reconstitution, drug 99-102]
efficiency degradation delivery
pH coacervation Adjusting pH to induce phase  Quinacrine, Encapsulates both Sensitive to pH and ionic Drug delivery, [95,103]
separation Fluorescent hydrophobic and hydrophilic strength, potential for encapsulation of various
dyes drugs aggregation drugs

Gabapentin
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Method Principle Medication examples  Advantages Disadvantages Applications Ref.
Nanoprecipitation ~ Mixing a protein solution Thymoquinone (lung Control over particle size The potential for protein Drug delivery, imaging, [20]
with a nonsolvent induces cancer therapy) and morphology, high denaturation due to rapid and gene therapy
rapid precipitation and encapsulation efficiency mixing requires specialized
nanoparticle formation equipment

Table 1.
Preparation of albumin nanoparticles.
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coacervation [20, 94]. Key parameters, including pH, ionic strength, and desolva-
tion rate, have a significant influence on particle size, drug loading, and stability.
Methanol produces smaller bovine serum albumin (BSA) nanoparticles (~114 nm)
due to differences in solvent polarity [94]. Post-desolvation cross-linking with
glutaraldehyde or EDC stabilizes the nanoparticles, enhancing the release of the drug.
This technique has successfully loaded chemotherapeutics, such as doxorubicin,
thereby improving solubility and efficacy in cancer treatment. However, residual
solvents pose biocompatibility challenges, prompting ongoing research into solvent
optimization and the development of alternative cross-linkers. Overall, desolation
remains a fundamental and adaptable method for synthesizing albumin nanoparticles
in various therapeutic applications [6, 20].

5.2.2 Emulsification

The emulsification method enables precise control of albumin nanoparticle size
and drug loading by forming water-in-oil emulsions, where albumin is dissolved
in the aqueous phase and organic solvents containing surfactants are used, and the
emulsion is stabilized using cross-linking agents like TDI. High-energy techniques,
such as sonication or pressure homogenization, optimize particle uniformity, stabil-
ity, and circulation time. Meanwhile, surface modifications, including PEGylation or
ligand attachment, enhance tumor targeting and therapeutic efficacy. This scalable
approach yields nanoparticles with high encapsulation efficiency, sustained release,
and reduced systemic toxicity, rendering emulsification a versatile cornerstone for
various biomedical applications [20].

5.2.3 Thermal gelation

Thermal gelation is a solvent-free, tunable method for synthesizing stable albumin
nanoparticles by heating aqueous albumin solutions to induce denaturation and
self-assembly through covalent bonds, such as disulfide and peptide linkages [90].
Parameters such as temperature and heating duration influence particle size, drug
loading, and release profiles, with spectroscopic analyses confirming that reduced
a-helical content facilitates nanoparticle formation. This technique has effectively
encapsulated anticancer drugs, enhancing their efficacy and reducing toxicity in
preclinical models. Despite challenges in optimizing heating protocols and scaling up
production, the recent integration with microfluidic systems has enhanced reproduc-
ibility and control, establishing thermal gelation as a promising approach for future
drug delivery applications [8, 105].

5.2.4 Self-assembly

The self-assembly method provides a solvent-free, biocompatible approach to
synthesizing albumin nanoparticles, leveraging albumin’s natural ability to form
structured nanoparticles in response to environmental triggers such as temperature
or pH, which involve both covalent (disulfide) and noncovalent (hydrophobic, Schiff
base) interactions [6]. Elevated temperatures induce structural shifts in albumin,
reducing the a-helical content and promoting cross-linking, which results in stable
nanoparticles with controlled drug release. This is especially beneficial for hydro-
phobic drugs, such as anticancer agents, which achieve high encapsulation efficiency
and reduced toxicity. These nanoparticles degrade predictably under enzymatic or
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reductive conditions, allowing for customizable release profiles [90, 106]. Albumin’s
innate targeting via gp60 receptors enhances tumor accumulation through the EPR
effect, exemplified by clinical use in nab-paclitaxel (Abraxane). Recent surface modi-
fications, such as PEGylation or ligand attachment, further enhance targeting and
circulation, making self-assembly a scalable and biodegradable platform for advanced
albumin-based nanomedicines [6].

5.2.5 Nab™ technology (high-pressure homogenization)

Nab™ (nanoparticle albumin-bound) technology is an innovative platform for
creating stable, biocompatible albumin nanoparticles that enhance the delivery and
efficacy of hydrophobic drugs like chemotherapeutics without toxic solvents or emulsi-
fiers [67]. It involves dissolving drugs, such as paclitaxel, in organic solvents and emul-
sifying with aqueous albumin under high shear forces, often using a Microfluidizer,
to produce uniform nanoparticles (~130 nm). This is followed by solvent removal,
sterilization, and lyophilization for intravenous use. Albumin’s natural ability to bind
receptors, such as gp60 on endothelial cells, facilitates targeted tumor delivery via the
EPR effect, thereby improving drug solubility, bioavailability, and patient tolerance, as
exemplified by the FDA-approved Abraxane for various cancers [67, 88]. The platform’s
versatility extends to other poorly soluble drugs, such as itraconazole, making Nab™ a
scalable, effective, and safer nanomedicine approach for cancer and beyond [67].

5.2.6 pH coacervation

The pH-coacervation method is an efficient, scalable technique for producing
biocompatible albumin nanoparticles by adjusting pH to induce protein aggregation,
enabling effective drug encapsulation and controlled release [95]. It enables precise
particle size tuning through parameters such as desolvation rate and cross-linker
strength, with applications demonstrated in the sustained delivery of drugs like
quinacrine and gabapentin, which exhibit prolonged release and enhanced brain
targeting. Surface modifications, such as polysorbate 80 coating, further enhance
efficacy, as exemplified by increased drug accumulation in the brain for epilepsy
treatment. This solvent-free approach is suitable for both hydrophilic and hydropho-
bic drugs, making it a versatile and scalable platform for developing albumin-based
nanocarriers for cancer, neurological, and other diseases [95].

5.2.7 Nanoprecipitation

The nanoprecipitation method is a simple and scalable approach for synthesizing
albumin nanoparticles that effectively encapsulate both hydrophilic and hydrophobic
drugs, eliminating the need for toxic solvents. Key parameters, including BSA con-
centration, pH, and solvent ratio, influence particle size, stability, and drug loading
[107]. Recent advances include microfluidic systems that improve control, reduce
particle size by 15-20%, and enhance reproducibility. This technique yields biocom-
patible nanoparticles with high encapsulation efficiency (e.g., ~82% for paclitaxel)
and sustained release, leveraging albumin’s natural affinity for receptors like gp60
to promote tumor targeting via the EPR effect, as seen in FDA-approved Abraxane
[106]. Despite challenges in polydispersity control, ongoing optimization of process
parameters continues to improve its clinical potential, making nanoprecipitation a
versatile and cost-effective strategy for albumin-based nanocarriers [20, 107].
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5.2.8 Spray drying

Spray drying is a scalable, solvent-free technique for producing uniform albumin
nanoparticles with high yields (>70%), ideal for pulmonary delivery and target-
ing applications [108]. It involves atomizing albumin solutions into fine droplets,
rapidly drying them with heated air to create stable, spherical nanoparticles, further
enhanced by PEGylation or lipid conjugation for improved stability and release
profiles [108]. This method effectively encapsulates heat-sensitive therapeutics, such
as acyclovir, achieving high encapsulation efficiencies and deep lung penetration
while avoiding toxic organic solvents and simplifying purification. Albumin’s natural
receptor-mediated targeting, such as gp60 binding, synergizes with spray-dried
formulations to enhance tumor accumulation and localized delivery in infections
and cancer [66, 92]. Despite challenges such as particle aggregation, ongoing process
optimizations and innovative nozzle designs continue to establish spray drying as a
cornerstone for industrial-scale albumin nanomedicine production, enabling versatile
applications ranging from inhalable therapies to targeted drug delivery [66, 92].

5.3 Albumin nanoparticle modification for enhanced drug delivery

Albumin nanoparticles (ABNPs) play a crucial role in nanomedicine due to their
biocompatibility and biodegradability, making them ideal carriers for targeted drug
delivery. Current research has focused on modifying these nanoparticles to optimize
their functional properties, with surface functionalization and conjugation being key
strategies [20]. Derived from sources such as human, bovine, or egg albumin, these
nanocarriers exploit albumin’s natural affinity for specific cell receptors, includ-
ing gp60, thereby promoting tumor targeting through the enhanced permeability
and retention (EPR) effect [106]. To further improve their performance, chemi-
cal modifications such as PEGylation (the attachment of polyethylene glycol) are
employed to increase stability and extend systemic circulation by reducing immune
clearance. Additionally, conjugation with ligands such as folic acid, hyaluronic acid,
or transferrin enables the active targeting of cancer cells that overexpress specific
receptors, thereby addressing challenges such as nonspecific drug distribution and
the limitations of unmodified nanoparticles [109]. These innovations have made
albumin nanoparticles a pivotal component in the development of advanced drug
delivery platforms, with broad therapeutic applications in oncology and beyond.

In parallel, the unique physical properties, controllable structures, and surface
chemistries of metal and inorganic nanoparticles provide significant advantages in
biomedical applications, especially in antimicrobial and antitumor therapies. Metal
nanoparticles such as gold, silver, and copper are widely used to inhibit bacterial
growth and enhance the efficacy of chemotherapy, often complementing radiation
therapy. Magnetic nanoparticles, such as Fe304, facilitate targeted drug delivery,
particularly when combined with albumin to form inorganic-albumin hybrid systems
[110]. Biomineralization combines albumin’s high hydrophilicity, multiple binding
sites, and reduction capabilities with the beneficial properties of inorganic materials,
thereby boosting therapeutic outcomes in photothermal therapy and immunotherapy.
Recent developments in albumin-magnetic nanoparticles (AMNPs) have significantly
enhanced targeted cancer treatment by leveraging albumin’s natural drug-binding
capacity, along with its magnetic properties, to achieve higher delivery efficiency

and specificity [111]. Despite their promise, challenges persist in scalability and

batch consistency; however, innovations such as microfluidic fabrication and spray
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drying are addressing these issues. Future directions focus on multifunctional hybrid
systems, including albumin-metal nanocomposites for combined therapy and imag-
ing, as well as stimuli-responsive nanoparticles designed to release drugs in response
to pH or enzymatic triggers, broadening the horizons for safer, more personalized
treatments in nanomedicine [20, 110].

5.3.1 Engineered albumin variants and albumin-drug conjugates
5.3.1.1 Engineered albumin variants for enhanced targeting

Engineered albumin variants are modified forms of the protein designed to
overcome the limitations of native albumin, such as limited drug-loading capacity,
reliance on passive targeting, and instability in challenging environments [112].
Engineered variants such as Veltis High Binder II (HBII) exhibit an enhanced affin-
ity for the neonatal Fc receptor (FcRn) [112]. This improved binding translates to
alonger circulation time and more significant tumor drug accumulation via FcRn-
mediated recycling. Consequently, this modification enables a consistent release of
drugs within the tumor microenvironment, as shown by studies with conjugates that
release monomethyl auristatin E (MMAE) in vivo [112]. The cysteine-34 residue
of albumin is often targeted for structural modifications due to its accessibility.
Carbonylacrylic (caa) reagents facilitate a stable and reliable attachment of drugs
while preserving FcRn binding, which is essential for maintaining pharmacokinetic
benefits. Additionally, protease-responsive linkers, such as valine-citrulline [VC(S)],
serve as cleavable linkers that utilize tumor-associated proteases, like cathepsin B, to
release cytotoxic agents, such as MMAE. These linkers enable selective drug activa-
tion within tumors, thereby minimizing off—target toxicity. Genetic engineering in
protein production, such as recombinant albumin, is produced using yeast (Pichia
pastoris) or bacterial systems, eliminating batch variability and addressing ethical
concerns related to animal-derived proteins [3]. A notable example is Recombumin,
developed by Novozymes, used in FDA-approved medications like Abraxane (nab-
paclitaxel) [67]. Adding cysteine residues at certain locations, particularly at position
34, enables targeted drug conjugation. This leads to the creation of Cys34-modified
human serum albumin (HSA), which supports the covalent attachment of paclitaxel,
enhancing its tumor accumulation and stability of the payload. Furthermore, muta-
tions within albumin’s FcRn-binding domain significantly extend its circulatory half-
life beyond the native approximately 19 days [112]. These modifications are essential
for prolonged circulation and crucial for effective drug delivery.

5.3.1.2 Albumin-drug conjugation strategies

Albumin-drug conjugation strategies are crucial for improving therapeutic
efficacy by utilizing albumin’s natural traits, such as its extended circulation half-life,
biocompatibility, and ability to target via receptors. Table 2 shows the key methods,
along with their mechanisms and uses.

5.3.2. Innovations in albumin-bound imaging agents for diagnostics

Albumin’s unique structural and functional characteristics, including biocompat-
ibility, a prolonged circulation half-life, and an inherent affinity for tumor-associated
receptors, have driven its use in the development of advanced imaging agents. These
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Strategy Mechanism Examples/uses
Covalent Glutaraldehyde cross-linking (Schiff base), Doxorubicin-albumin for breast
conjugation EDC/NHS (amide bonds), disulfide bonding cancer, methotrexate-albumin for RA,
(thiol groups) camptothecin-albumin for colon cancer
[113-115]
Noncovalent Hydrophobic interactions (Sudlow sites), Abraxane (paclitaxel) for breast/

conjugation

electrostatic interactions (siRNA binding),

lipid binding with ethylene glycol linkers

pancreatic cancer, albumin-siRNA for
TNBC and hepatocellular carcinoma
[116, 117]

Prodrug Fatty acid-mediated conjugation (PEG- Doxorubicin prodrug for tumor
strategies lipid anchors), enzyme-cleavable linkers targeting, gemcitabine-albumin for
(peptide/ester) pancreatic cancer [114]
Hybrid systems Ligand-modified conjugates (folate, Folate-albumin-paclitaxel for ovarian
RGD), dual-drug conjugation (albumin cancer, albumin-cisplatin-gemcitabine
nanoparticles) for lung cancer [118]
Table 2.

Albumin-drug conjugation strategies.

breakthroughs enhance diagnostic accuracy, enable multimodal imaging, and inte-
grate theragnostic features. Below are significant advancements in albumin-bound
imaging agents for diagnostics, categorized by modality and application (Table 3).
Challenges in albumin nanoparticle development include synthesis complexity,
where organic solvents can disrupt albumin structure, and variability in tumor
receptor expression, necessitating personalized profiling [92]. Conjugation chem-
istry significantly impacts toxicity and biodistribution, influencing off-target organ
uptake (e.g., the lungs) and risks such as thrombocytopenia, highlighting the need
for opsonin-resistant designs [118]. Transitioning to clinical use requires formula-
tions with improved stability, scalability, and regulatory approval, exemplified by
FDA-approved drugs like Abraxane [121]. Emerging approaches such as albumin-cell
conjugates for immune evasion and stimuli-responsive nanoparticles for controlled
drug release offer promising avenues to enhance safety and efficacy. Ongoing research
is crucial for optimizing nanoparticle design to achieve safe and effective cancer
diagnostics and therapy [125].

5.4 Strategies to mitigate protein aggregation

There are several ways to mitigate protein aggregation. For example, detergents
and amphiphiles, such as ionic surfactants and anionic surfactants, as well as phos-
pholipid vesicles and surfactants, might affect protein aggregation. Cyclodextrins,
which are circular glucose-based polymers, have shown potential in inhibiting protein
aggregation by binding aromatic residues, stabilizing unfolded states, and slowing
folding rates. They have been used to prevent aggregation in therapeutic proteins and
as chaperones for protein refolding. Lyophilization, or freeze-drying, usually extends
protein shelf life by removing water through vacuum sublimation. While low tem-
peratures generally preserve proteins, multiple freeze cycles can induce aggregation
by creating nucleation sites at ice-water interfaces, altering pH, and causing phase
separation. Hence, it is essential to properly control lyophilization parameters, such
as formulation composition and drying conditions [126]. Other attempts to solve
aggregation issues have been made with the use of computational methods to identify
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Focusarea Key insights and significance Examples and features Ref.
Enhanced relaxivity MRI * Significantly improve MRI * Gadolinium complexes and iron ~ [92]
contrast agents resolution and safety oxide nanoparticles
* Surpass traditional gado- * Exploit the EPR effect for
linium agents passive targeting
Use passive (EPR) and Receptor pathways via GP60 and
active (receptor) targeting SPARC for active targeting
mechanisms
Nuclear imaging probes for ¢ Extend the circulation time * PET and SPECT tracers [119]
tumor targeting of radiotracers + Stable tumor uptake (2.7-3.8% [120]
¢ Increase tumor retention and ID/cm®)
contrast * High tumor/muscle ratios
Enable clearer PET/SPECT (3.2-9.4)
imaging for therapy monitoring e, [68Ga] Ga-L6, [177Lu] Lu-L6,
111In-C4-DTPA
Optical imaging with * Reduce background signals * Cyanine-Albumin with IPBA [121]
programmable probes and photobleaching « NIR-II dyes (IR825) with [122]
* Enable real-time tumor aggregation-induced emission
margin visualization Dual-wavelength imaging (600 nm
Facilitate dual-wavelength and 808 nm) for the separation of
imaging for diagnosis and imaging and therapy
therapy
Theragnostic platforms ¢ Achieve complete tumor * Fluorescence-guided photother-  [122]
for combined imaging and eradication mal ablation (HSA-IR825) [119,
therapy * Combine diagnosis with * Dual-targeting radiotracers 123]
targeted photothermal and (FAPI-RGD) enhance PET/
radiotherapy CT imaging and radionuclide
therapy, especially for lun,
Improve safety through renal canceI;Y P Y &
clearance
Effective in murine models
Receptor-mediated * Exploit tumor receptors * GP60 facilitates crossing endo- [13,111]
targeting mechanisms (GP60, SPARC) for targeted thelial barriers (blood vessels) [124]
delivery » SPARC increases tumor uptake
* Enhance imaging contrast (2-3x)
and treatment efficacy Applications include Abraxane and
* Increase tumor uptake 2-3 cisplatin-loaded nanoparticles
times in high-SPARC tumors
Table 3.

Overview of innovations in albumin-bound imaging agents for diagnostics.

the hotspots in the sequence [127]. Various strategies have been investigated to inhibit
HSA aggregation, encompassing both naturally occurring small molecules and syn-
thetically designed compounds. Natural inhibitors include simple bioactive molecules
that interact with HSA to prevent its aggregation, while synthetic approaches involve
the development of engineered compounds, such as nanoparticles, that can modulate
protein stability and aggregation pathways. Some naturally occurring metabolites have
been demonstrated to be able to inhibit fibrillation; these are sugars such as fructose,
ribose, and sucrose. The ThT binding study, circular dichroism, and turbidity assay
demonstrate that fructose is the most efficient inhibitor of HSA fibrillation [128].
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In another study, they explored the effect of three synthesized amphiphilic sur-

face active ionic liquids (SAILs), namely 1-methyl-3-octyl imidazolium chloride

([C 8 mim] Cl), 1-dodecyl-3-methyllimidazolium chloride ([C 12 mim] Cl), and
1-hexadecyl-3-methyllimidazolium chloride ([C16 mim] CI) on bovine serum
albumin (BSA) and human serum albumin (HSA) fibril. These SAILs have different
alkyl chain lengths attached to the cationic imidazolium headgroups. Interestingly,
it is observed that all three SAILs exhibit fibril inhibition at room temperature [105].
Additionally, nanoparticles have shown promising results in the inhibition of aggre-
gation; for example, the effect of graphene oxide (GO) nanoparticles on serum albu-
min (HSA) was studied, and it is shown that GO interacts strongly with HSA. This is
possible through different nonbonding forces like aromatic interactions, hydrogen
bonding, hydrophobic and electrostatic interactions, and so forth. Such interactions
can prevent the interactions between the HSA molecules upon incubation with GO.
From ThT fluorescence spectroscopy, it was evident that the extent of formation of
fibrillar structures of HSA is decreased [129]. Another study to be mentioned used
specific magnetic nanoparticles (MNP), which are being explored increasingly in
bio-related applications due to their magnetic properties, biocompatibility, and
relative nontoxicity, with modifications that act on the protein assembly. An effective
MNP inhibition of HSA aggregates was found in the presence of aminated magnetic
MnFe,0, nanoparticles, which was demonstrated to be effective by ThT fluorescence
spectroscopy, circular dichroism, and transmission electron microscopy [130].

6. Challenges and limitations

While albumin offers numerous advantages in drug application, several challenges
and limitations need to be addressed to optimize its performance. Key issues include
the stability of the albumin-drug complex, the potential of drug-drug interactions,
and scalability and manufacturing. Cellular geometry influences uptake efficiency;
larger cancer cells like MCF-7 and A549 show enhanced micelle uptake, while normal
fibroblasts with greater spreading areas exhibit reduced uptake (Figure 2A) [131].
Albumin’s net negative charge at physiological pH may limit drug loading, though
this can be improved by functionalizing with carboxyl, hydroxyl, or amino groups
[133]. Environmental factors such as pH shifts can induce reversible conformational
change affecting the drug release [132]. Oxidative and reductive modifications,
particularly at the cysteine and methionine residues, along with chemical degradation
(deamination, truncation, and hydrolysis), impair albumin’ stability and binding
capacity (Figure 2B) [134]. The use of cross-linkers to stabilize albumin nanopar-
ticles may introduce toxicity and compromise drug efficacy [135]. Additionally,
the limitations of the EPR effect (heterogeneous vascular hyperpermeability, poor
cellular uptake post-extravasation, and passive targeting) necessitate active target-
ing strategies to enhance specificity and efficacy [136]. For albumin-nucleic acid
complexes, rapid nuclease degradation in serum limits their stability and in vivo use
[137]. On the other hand, albumin’s use in drug delivery is challenged by drug-drug
interactions due to its structural flexibility and multiple binding sites (Figure 2C).
While albumin has two primary drug-binding sites, additional sites may be revealed,
leading to potential competition or interference [138]. Different binding sites allow
simultaneous binding or concurrent interactions that may influence their therapeutic
outcomes. High-affinity drugs may displace others, altering their distribution and
efficacy [63]. This competition can change pharmacokinetics, clearance rates, and
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Figure 2.

Key challenges in albumin-based drug delivery. Schematic representation outlines the major challenges associated
with albumin in drug delivery, categorized into four key areas: (A) Uptake and efficiency, influenced by cell type
and geometry. (B) Factors affecting stability, affected by pH, oxidation/reduction, and chemical degradation.
(C) Drug binding, competitive, and simultaneous drug interactions alter pharmacokinetics. (D) Scalability and
manufacturing challenges include batch variability, sterilization, and regulatory hurdles.

tissue distribution, leading to unexpected therapeutic outcomes or toxicity. Moreover,
coadministered drugs may interact with albumin-bound molecules, causing syner-
gistic or antagonistic effects, complicating their use as a predictable drug [63]. The
scalability and manufacturing of albumin-based drug delivery systems face key
challenges for clinical application (Figure 2D). Batch-to-batch variability affects the
consistency and drug delivery properties, complicating large-scale production [139].
Sterilization methods like heat and radiation can also compromise the albumin-drug
complex, requiring alternatives to preserve its integrity [140]. Additionally, produc-
ing high-quality, pharmaceutical-grade albumin is costly, limiting its widespread use
[2]. Despite some regulatory approvals, extensive clinical trials remain necessary,
delaying manufacturing [88]. Addressing these challenges is critical for clinical
integration and requires continued research in nanomedicine. Another significant
challenge in the development of albumin-based drugs is their inherent instability,
particularly protein aggregation, which raises biopharmaceutical quality concerns
due to its potential to trigger immunogenic responses and antidrug antibodies (ADA)
formation [141]. To mitigate these risks, optimizing protein sequences, formulations,
containers, and storage conditions is essential [142]. Protein aggregation can result
from stresses during manufacturing, transportation, and administration, including
mechanical impacts [143]. The primary factors influencing albumin denaturation
include high temperature and pH, which disrupt noncovalent interactions critical for
stability. Additionally, the presence of alcohol as a cosolvent also promotes protein
aggregation [144]. A recent study showed that HSA incubated at 37°C and pH 2.0
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for 7-9 days formed fibrils and B-structural aggregates (not present in native HSA),
increasing hydrophobicity surrounding Sudlows sites I and II and reducing ligand
binding. Partial exposure of hydrophobic residues initiates cross-linking, impairing
drug transport capacity [145]. BSA aggregation was also found to vary with pH values
between 4.7 and 6.2 and temperatures between 50 and 80°C, forming an amyloid
fibril structure at pH above pl. Mechanistic methods can be used to identify and
differentiate nanoparticle structures in aggregation. Temperature and pH may alter
the size of BSA-based nanoparticles and the rate of aggregation [145]. Electrostatic
interactions influence HSA fibrillation, as shown by spectroscopic studies under
varying pH, temperature, and ionic strength. At physiological pH, up to 50 mM NaCl
promotes fibril formation by electrostatic shielding, while higher concentrations
inhibit it. In contrast, under acidic conditions, increasing salt concentration consis-
tently enhances HSA fibrillation [145].

7. Conclusion

Albumin serves as an effective drug delivery carrier because of biocompatibility,
extended circulatory half-life, and ligand-binding capabilities. This chapter examined
an albumin’s role in the transportation of drugs and emphasized its applications in a
nanoparticle formulation for controlling drug release and targeted therapy. Various
preparation techniques like optimization of albumin nanoparticles, oncology, dia-
betes, and neurogenerative disease. The advances in engineering albumin variants
and albumin drug conjugates further improve drug stability and targeting. Despite
the challenges in stability and larger-scale manufacturing, albumin’s adaptability in
nanomedicine makes it a cornerstone for future pharmaceutical innovation, promis-
ing enhanced treatment precision with reduced toxicity.
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Chapter 3

Nanoparticle-Loaded In-Situ Gels:
A Paradigm Shift in Ophthalmic
Drug Delivery

Anupriya D’Souza and Raghuvir Pissurlenkar

Abstract

Ophthalmic drug delivery is inherently challenging due to rapid precorneal
elimination, poor bioavailability, and frequent dosing requirements. This research
focuses on the design and optimization of nanoparticle-loaded in-situ gel formulations
for the sustained and enhanced ocular delivery of flurbiprofen. An experiment design
was employed to optimize distinct formulations systematically. Nanoparticles were
developed using an optimized method to achieve desirable particle size, polydis-
persity index, zeta potential, and encapsulation efficiency ensuring optimal drug
entrapment and stability. These nanoparticles were incorporated into pH-sensitive
in-situ gel matrices that transition from a solution to a gel upon ocular administration,
prolonging retention time and enhancing drug absorption. Ex-vivo corneal perme-
ation studies demonstrated a significant improvement in drug permeation compared
to conventional formulations. Additionally, histopathological, microscopical, isoto-
nicity, and sterility evaluations confirmed the biocompatibility and ocular safety of
the developed systems. The formulations exhibited sustained drug release profiles,
reducing the need for frequent administration and improving therapeutic efficacy.
The findings of this study establish nanoparticle-loaded in-situ gels as a promising
platform for ophthalmic drug delivery, offering prolonged drug residence time,
enhanced bioavailability, and improved patient compliance. This approach presents a
potential advancement in non-invasive ocular therapeutics for the treatment of ocular
inflammation and allergies.

Keywords: poloxamer-based gels, sustained ocular release, nanoparticle-loaded in-situ
gels, ophthalmic drug delivery, antisolvent precipitation-ultrasonication
1. Introduction
1.1 Ophthalmic drug delivery
Ocular drug delivery has been a major challenge, especially when the drug has to

be delivered to the anterior or posterior segment due to different protective barriers
and elimination mechanisms associated with the unique anatomy and physiology of
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the eye [1]. Conventional ocular drug delivery systems result in poor ocular bioavail-
ability. The eye is a complex and unique part of the human organs. The human eye is
anatomically divided into two main segments: the anterior and posterior segments
[2]. Ocular diseases are typically associated with one of these segments. For instance,
conditions such as conjunctivitis, glaucoma, blepharitis, and cataract primarily affect
the anterior segment, whereas diseases like diabetic retinopathy and age-related
macular degeneration are linked to the posterior segment [3].

Due to the eye’s unique and complex structure, delivering drugs effectively to the
targeted site remains one of the most formidable challenges in ophthalmic formula-
tion development [4]. Currently, over 90% of marketed ophthalmic preparations
are administered topically, yet they suffer from poor ocular bioavailability. Several
physiological and anatomical factors contribute to this limitation, including tear
turnover, nasolacrimal drainage, protein binding, systemic absorption, enzymatic
degradation, and the presence of multiple penetration barriers such as the corneal
barrier (CB), blood-aqueous barrier (BAB), and blood-retinal barrier (BRB) [2].

The main drawback of ocular drug delivery is achieving and retaining an
optimal drug concentration in the eye. Several ophthalmic dosage forms, such as
ointments, eye drop solutions, gels, and ocular inserts, have been investigated in
order to prolong the ocular residence time of drugs after topical application to the
eye [3]. These formulations also increase the corneal contact time, but the blurring
of vision (daytime use) has resulted in poor patient compliance. Drugs adminis-
tered systemically for ophthalmic action also exhibit poor bioavailability to the
ocular tissue [4].

Flurbiprofen is a propionic acid derivative that is an NSAID with antipyretic
and analgesic properties belonging to a BCS class II with excessive permeability and
poor water solubility as it possesses poor aqueous [5]. Flurbiprofen is used topically
prior to ocular surgery to prevent or reduce intraoperative miosis [5]. Flurbiprofen
nanosuspension was prepared to improve solubility and increase the ocular resi-
dence time, thus improving absorption and overall bioavailability [6]. They have
the potential to solve the problem associated with the delivery of poorly water and
lipid-soluble drugs [7].

1.2 Novel drug delivery system

A novel technique that combines innovative development, formulations, new
technology, and a novel methodology for delivering pharmaceutical substances in
the body as necessary to achieve their targeted pharmacological effects safely can
be described as a novel drug delivery system (NDDS) [8]. To minimize drug loss
and degradation, reduce adverse side effects, enhance bioavailability, and increase
drug accumulation at the targeted site, various advanced drug delivery and targeting
systems are currently being developed [9]. The carriers can be designed to slowly
degrade and react to stimuli (e.g., pH or temperature-sensitive) [10].

1.2.1 Nanoparticles

The term “nanoparticle” refers to particles with a diameter between 10 and
1000 nm. By modifying their pharmacologic and pharmacokinetic characteris-
tics, they are used as targeted delivery systems for the distribution of small and
large compounds. Polymeric materials have been employed extensively to create
nanoparticles [11].
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1.2.2 Nanosuspension drug delivery systems

Nanosuspension drug delivery systems involve the formulation of poorly water-
soluble drugs into nanoscale suspensions to enhance their solubility, stability, and
bioavailability [12]. Nanosuspensions are particularly useful for drugs with low
solubility, as they improve the dissolution rate and facilitate better absorption, espe-
cially for oral and ophthalmic drug delivery [13]. Advantages of nanosuspension drug
delivery systems are enhanced solubility, improved bioavailability, targeted delivery,
small particle size, stability, improved drug release, uniform dispersion, controlled
and sustained release, and improved drug penetration [14].

1.3 In-situ gelling system

The term is in-situ (Latin for “on-site” or “in position”) that refers to systems or
processes that undergo a change at the site of application [15]. Ophthalmic in-situ
gelation involves the use of sensitive polymers that get altered structurally with
specific triggers, viz. small changes in the pH, temperature, or ionic strength in the
cul-de-sac [16]. In-situ gel-forming systems are liquids during instillation into the
cul-de-sac, which subsequently undergoes rapid gelation to form viscoelastic gels
triggered by the change in pH, temperature, or the ionic strength in the cul-de-sac,
thereby releasing the drug slowly under physiological conditions [17]. The residential
time of the gel so formed in situ is extended, keeping the drug concentration optimal,
leading to a sustained release and enhanced bioavailability [18]. The systemic absorp-
tion and dosing frequency is minimized, resulting in improved patient compliance.
In the context of drug delivery, in-situ gels are liquid formulations that transform into
a semi-solid or gel-like structure upon encountering physiological conditions at the
site of administration. This transformation is triggered by stimuli such as temperature
changes, pH shifts, or ionic interactions [19].

2. Materials and methods
2.1 Materials

This research was conducted with generous gift samples of active ingredients and
excipients received from FDC LTD, Verna, Goa, Colorcon Asia Pvt. Ltd., Goa, and
Glenmark Pharmaceuticals, Goa, Molychem, Mumbai, Lubrizol Mumbai.

2.2 Design of experiments

A central composite design (CCD) was employed using Design Expert software
(version 13, Stat-Ease Inc., Minneapolis, MN, USA) to optimize the formulation by
evaluating the effect of polymer concentration and stabilizing agent on the formula-
tion characteristics, including percentage entrapment efficiency, particle size, and
in-vitro drug release [20]. A two-factor CCD was applied to investigate the influ-
ence of hydroxypropyl methylcellulose (HPMC E50) (factor A) and Poloxamer 188
(factor B) on three critical response variables: particle size (R1), zeta potential (R2),
and polydispersity index (R3). A total of 13 experimental runs were generated using
CCD, with five center points incorporated to ensure consistency and reproducibility
of the model [21].
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2.3 Formulation of nanosuspension of flurbiprofen

The nanosuspension was prepared using the antisolvent precipitation-ultrasonica-
tion method. A central composite design (CCD) was applied through Design Expert
software (version 13) to propose different combinations of HPMC E50 and Poloxamer
188, resulting in the development of 13 batches (F1-F13) [22]. Flurbiprofen was
dissolved in methanol (5 mL) along with the required quantity of HPMC E50 to form
the organic phase. The inorganic phase was prepared by dissolving Poloxamer 188 in
20 mL of distilled water at room temperature [23].

The organic phase was then slowly added dropwise to the stabilizer solution under
continuous stirring using a magnetic stirrer [24]. After stirring for 1 hour, the solu-
tion was sonicated using an ultrasonic probe (Cole Parmer, CVO 18) with an 8 mm
diameter at 60% intensity for 10 minutes to produce the nanosuspension. To maintain
the temperature between 4 and 8°C during sonication, an ice water bath was used. The
prepared nanosuspension was stored for 24 hours to allow the solvent to evaporate [25].

2.4 Preparation of flurbiprofen nanosuspension-loaded in-situ gel

Six formulations of Carbopol 974P NF were prepared using different grades of
HPMC (E15, E50, and K4M). Carbopol 974P NF was dispersed in varying concentra-
tions along with HPMC in HPLC-grade water under continuous stirring until com-
pletely dissolved, followed by overnight hydration. An isotonic solution was prepared
by incorporating the required amount of boric acid. The flurbiprofen nanosuspension
was then added to the hydrated polymeric solution with continuous stirring to ensure
a uniform mixture. The final formulation was filtered through a 0.2 pm membrane
filter and transferred into 10 mL glass vials sealed with rubber lids.

2.5 Optimization of formulation variables

For the optimization of formulation variables for further analysis, 13 formulations
were synthesized into appropriate HPMC E50 and Poloxamer 188 ratios as suggested
by the Design Expert software [26].

Software predicted the best formulation, which was chosen as the optimized
one and then incorporated into the pH-sensitive Carbopol 934P NF- HPMC in-
situ gel [22].

3. Characterization of nanosuspension
3.1 Particle size, zeta potential, and polydispersity index (PDI)

Particle size, polydispersity index (PDI), and zeta potential were determined
using a dynamic light scattering (DLS) particle size analyzer. The samples were suit-
ably diluted with double-distilled water to achieve an optimal scattering intensity in
the range of 200-400 kcps prior to analysis [27].

3.2 HR-transmission electron microscopy

Surface morphological features of the formulated flurbiprofen nanosuspension
were identified by HR-TEM (JEOL JEM 2100). The nanosuspension was diluted with
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deionized water, and a drop of the diluted sample was placed onto a carbon-coated
copper grid. The sample was then examined at magnifications ranging from 2000x to
1,500,000x under an accelerating voltage of 200 kV [28].

3.3 Entrapment efficiency

The entrapping efficiency was evaluated by accurately weighing a nanosuspension
equivalent to 30 mg of the drug, dissolving it into a 100 ml volumetric flask, and then
titrating it. It was then sonicated in an ultrasonic bath for 10 minutes before being
filtered through a 0.22 pm diameter membrane filter. Percent trap efficiency was
calculated using the following formula [29]:

Experimental drug content

Entrapment Efficiency = x100 (€Y)

Theoretical drug content

3.4 X-ray diffractometry

X-ray diffractometer (Bruker, D8 Advanced TWIN-TWIN, USA) using X-ray
diffractogram was determined. The X-ray diffractometer operated in a 20 configura-
tion with an accelerating voltage of 40 kV. X-ray diffraction (XRD) patterns were
recorded to evaluate changes in the crystallinity of the drug encapsulated within the
nanosuspension and to identify any shifts or deviations from the characteristic peaks

of the pure drug [30].
3.5 Fourier transform infrared spectroscopy (FTIR)

Infrared absorption spectra were obtained by preparing a simple physical
mixture of the drug and excipients. This mixture was placed on the device plat-
form and scanned. The spectrum was scanned over the frequency range from
4000 to 400 cm™ to look for incompatibilities and ensure drug entrapment in
nanosuspension.

3.6 Scanning electron microscopy (SEM)

The particle size and surface morphology of the nanoparticles were examined
using scanning electron microscopy (SEM) (Smart SEM 5.05, Zeiss EVO LS,
Jena, Germany) at various magnifications [31]. The sample was mounted on a
gold-coated stub, followed by a fixation process, and then scanned at an
accelerating voltage of 15 kV to observe individual particles with smooth surface
characteristics [32].

4. Characterization of nanosuspension-loaded in-situ gel
4.1 Physical appearance

The prepared in-situ gel was evaluated for color, clarity, appearance, texture, and
homogeneity [31].
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4.1.1 Determination of pH and viscosity

The viscosity of the formed in-situ gelling system and the formed gel was mea-
sured by using a Brookfield viscometer (Brookfield Engineering Laboratories, Inc.,
USA, DVE) with spindle 62 and 63 at 10, 30, 50 rpm when the gel had stabilized after
30 seconds, and pH of the gel was measured with a pH meter (Genial, Bioera Life
sciences India) [27].

4.1.2 Drug content

Evaluation of drug content was done by sampling nanosuspension, followed by
dissolving and suitably diluting with methanol, which were further analyzed spectro-
photometrically [33].

4.1.3 In-vitro gelation

It was assessed using a glass tube having simulated tear fluid as a gelation solution.
Each formulation was transferred in the vial using a micropipette in a 2 ml gelation
solution. Gelling capacity was observed by visual monitoring and measuring the time
needed for gelation and the time required to dissolve the gel formed [34].

4.1.4 Isotonicity

Isotonicity has to be measured to prevent tissue damage or irritation of the eye. A
drop of blood was suitably diluted with the formulation under test using RBC pipette
and observed under an optical microscope at 45X magnification [35].

4.1.5 In- vitro drug release

Using a modified Franz diffusion cell, study was conducted. A semi-permeable
membrane is used to separate the donor and acceptor compartments. The sample was
placed in the donor compartment, while the receptor compartment was filled with
50 mL of phosphate buffer (pH 7.4) separated by a dialysis membrane. The entire
assembly was maintained on a magnetic stirrer and continuously stirred for 8 hours
to facilitate drug diffusion at 100 rpm and 37 + 5°C. Collected samples were analyzed
spectrophotometrically at 247 nm [36].

4.1.6 Ex-vivo permeation study

Franz diffusion cell was employed for the ex-vivo permeation study of the opti-
mized nanosuspension using goat cornea collected from the slaughterhouse. Phosphate
buffer pH 7.4 was used as a diffusion medium in the receptor compartment. Aliquots
were collected, filtered, and analyzed by a UV visible spectrophotometer [37].

4.1.7 Histopathological study

A pair of eyes of the goat were taken from the slaughterhouse and stored in 7.4
phosphate buffer. One was used as a control. The other eye was treated with 0.03%
of the optimized formulation. The excised corneal tissues were fixed in 10% formalin
for 24 hours, followed by preparation of transverse sections, which were then stained
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with an appropriate dye for histopathological evaluation. The sections under the opti-
cal microscope were photographed at the original magnification of 40 [38].

4.2 Optical microscopy procedure

Goat eyes were collected from a local slaughterhouse and immediately preserved
in freshly prepared 7.4 phosphate buffer solution. The eyes were then exposed to the
formulation containing fluorescein dye for 12 hours. Following exposure, the eyes
were fixed in formalin, and longitudinal sections (LS) were prepared and mounted on
glass slides for further analysis. The fixed sections were subsequently examined using
optical microscopy [38].

4.2.1 Stability studies

The optimized formulation was tested for stability for 3 months at a room tem-
perature of 25 + 2°C [39].

5. Results and discussion
5.1 Design of experiment

The study evaluated particle size, percentage entrapment efficiency, and in-vitro
drug release. Analysis techniques included ANOVA, normal plots, and model equa-
tions. Each response was assigned a contour plot and a three-dimensional surface
plot. The optimal formulation was selected based on software predictions in Table 1.

The contour plot for response 1, i.e., particle size, is shown in Figure 1, which
explains that the increase in concentration of polymer, Poloxamer 188, causes a reduc-
tion in particle size.

5.1.1 Influence of factors on response 1 (particle size)

The polynomial equation for response 1—particle size in terms of coded factors [40]:
Particle size = +885.56 +119.60"A +627.12°B 2)
The final equation for response 1 in terms of actual factors:

Particle size =—659.14631+3.41717 3)

The above equation implies that polymer positively affects the particle size,
implying that enhanced polymer quantity causes a reduction in particle size, which is
advantageous. It was observed that the polymer and stabilizing agent concentrations
had a significant influence on particle size. Specifically, an increase in both polymer
and surfactant concentrations in a fixed ratio led to an increase in particle size.

The model F-value of 115.27 indicates that the model is highly significant, with
only a 0.01% probability that such a large F-value could arise due to random noise.
P-values less than 0.0500 confirm the statistical significance of the corresponding
model terms. In this case, factors A and B are significant contributors to the response.
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Formulation code (F) Particle size (nm) Zeta potential PDI

F1 55.60 -5.96 0.264
F2 191.2 38.8 0.618
F3 1170 -20.1 1.000
F4 81.71 24.2 0.308
F5 1801 175 0.169
F6 72.26 34.0 0.275
F7 9273 10.7 0.947
F8 4591 423 0.559
F9 2736 8.85 1.000
F10 812.2 -1.59 0.303
F11 903.1 -2.62 0472
F12 1090 -3.51 0.402
F13 1076 111 0.303

Bold values indicate the optimized formulation selected for further studies.

Table 1.
Particle size, zeta potential, and polydispersity index of the nanosuspension.

Conversely, P-values greater than 0.1000 suggest that the terms are not significant.
The lack of fit F-value of 1.68 indicates that the lack of fit is not significant when com-
pared to the pure error, which is desirable as it suggests a good fit of the model to the
experimental data. The contour plot and 3D surface plot corresponding to response 1
are presented in Figures 1 and 2, respectively.

Factor Coding: Actual 3D Surface
Response: PS (nm)
Design Points:

@ Above Surface
Q© Below Surface

7226 [ 180

A: HPMC (mg;
B: P188 (mg) Al

Figure 1.
~M surface plot for response 1—particle size.
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Factor Cading: Actual 3D Surface
Response: EE (%)

Design Points:

@ Above Surface
© Below Surface

956 [ 905

EE (%)

B: P188 {mg) 5050

Figure 2.
3D surface plot for response 2—entrapment efficiency.

5.1.2 Influence of factors on response 2 (entrapment efficiency)

The proportion of flurbiprofen trapped in the formed nanosuspension ranges
from 95.6 to 99.85%. Thus, it is assumed that the nanosuspension contains the maxi-
mum amount of drug. The contour plot for response 2 is shown in Figure 2, which
shows that the increase in P188 concentration causes a significant increase in drug
entrapment efficiency. In the following polynomial equation, the (+) sign indicates
a positive effect, while the (—) sign indicates a negative effect on the response. The
polynomial equation for response 2—entrapment efficiency in terms of coded factors:
Entrapment efficiency = + 98.10 + 0.1651 A- 1.26 B. The final equation for response
1—entrapment efficiency in terms of actual factors:

Entrapment efficiency = +100.22326 +0.004718(HPMC) - 0.025249 (P188) (4)

Factor A (amount of polymer) has a positive consequential effect on nanosus-
pension’s entrapment efficiency, which is statistically significant, implying that an
enhanced polymer mass causes an increase in the formulation’s entrapment efficiency,
as seen in Figures 3 and 4 and an overlay plot for experimental design observed in
Figure 5.

The model F-value of 13.38 indicates that the model is statistically significant.
P-values less than 0.0500 suggest that the corresponding model terms have a signifi-
cant effect on the response. In this case, factor B is identified as a significant model
term. When several model terms are found to be insignificant, model reduction can
be considered to enhance the model’s predictive capability. The lack of fit F-value of
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Figure 3.
HR-TEM images of the optimized formulation of flurbiprofen loaded nanosuspension.
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Figure 4.
XRD of optimized flurbiprofen nanosuspension.

1.71 indicates that the lack of fit is not significant relative to the pure error, which is
desirable as it confirms that the model adequately fits the experimental data [40].

5.2 Characterization of nanosuspension
5.2.1 Particle size, zeta potential, and polydispersity index (PDI)

The mean particle size for the drug-loaded formulation varied from 55.60 to
1801 nm. The PDI is in the range of 0.169-1.000, indicating that the dispersion is
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Figure 5.
FTIR of flurbiprofen and excipients physical mixture.

monodisperse. Optimized F2 formulation showed positive zeta potential, and posi-
tively charged nanoparticles can aid in successful adherence to the ocular surface and
explain significant interaction with the negatively charged mucosa of the conjunctiva
and anionic mucin found in the tear film.

5.2.2 High vesolution: Transmission electron microscopy of optimized nanosuspension

The morphology of flurbiprofen nanosuspension was studied and shown in
Figure 3. Microscopic examination of the nanosuspension revealed almost spherical
drug nanoparticles with no signs of aggregation.

5.2.3 X-ray diffraction analysis

Figure 4 shows an unprocessed flurbiprofen diffractogram with intense 26
between 3 and 45°, suggesting its crystalline nature. Flurbiprofen nanosuspension
lost its characteristic crystalline peaks, resulting in a halo and dispersed pattern
along with a significant broadening of the remaining observed peaks, indicating
that the drug’s crystallinity was reduced when formulated into nanosuspension.
Flurbiprofen nanoparticles’ distinctive peak deviates from pure drug spectra,
indicating drug encapsulation in the polymeric nanoparticle possessing superior
aqueous solubility.

5.2.4 Fourier transform infrared spectroscopy

FTIR of drug-excipient spectra observed in Figure 5 was compared and analyzed.
FTIR analysis validated drug encapsulation in the produced nanosuspension. A
significant divergence in the fingerprint region (1400-800 cm™") was observed,
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Figure 6.
FTIR of flurbiprofen nanosuspension.

suggesting the formation of new interactions or potential bonding between the drug
and the excipients (Figure 6).

5.2.5 Scanning electron microscopy (SEM)

As seen in Figure 7, the SEM image of the pure drug [A] revealed the presence of
drug in the form of irregular shaped crystals indicating the highly crystalline nature
of the pure drug flurbiprofen, which owes to its poor aqueous solubility, and [B]
shows the SEM image of an optimized nanosuspension which depicted the presence
of flurbiprofen dispersed on the carrier surface indicating complex formation sug-
gesting the conversion of flurbiprofen from highly crystalline insoluble form to an
amorphous form possessing superior aqueous solubility. This result is in agreement
with the XRD pattern of the liquid dispersion of flurbiprofen, confirming the conver-
sion of the crystalline form of the drug to the amorphous form.

Figure7.
SEM image of (A) Pure flurbiprofen and (B) Optimized nanosuspension-loaded in-situ gel formulation.
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5.2.6 In- vitro release study

The in-vitro drug release of the marketed formulation showed a more rapid release
profile than optimized FB-NS in-situ gel. The cumulative release amount from FB-NS in-
situ gel approached 70.36% at 8 h in a slow and sustained manner, whereas the marketed
formulation showed 90% release at 4 h. It was found that in-situ gel has better retention of
drug nanoparticles and makes this formulation effective in treating. The drug release from
in-situ gel was fitted to various mathematical model to describe the drug diffusion mecha-
nism. The R* value of zero-order kinetic model was close to 1, and the drug release gave
a good fit to the zero-order kinetic model suggesting that rate of erosion and subsequent
dissolution of polymer gel in a time-dependent manner were responsible for prolongation
of drug release. Additionally, when analyzed according to the Hixon—Crowell model, the
drug release mechanism from the formulations described changes in the surface area of
the gel matrix with progressive dissolution of the matrix as a function of time [40].

5.2.7 Ex-vivo permeation study

Ex-vivo permeation of the optimized formulation of flurbiprofen through the corneal
membrane was found to be 94.23% at the end of 8 hours, which indicated good tissue
permeability. This provides confirmatory evidence that a significant amount of flurbi-
profen from the optimized nanosuspension-loaded in-situ gel is permeated through the
corneal membrane, which suggests sustained and enhanced release (Figure 8).

5.3 Evaluation of gels
5.3.1 Clarity and appearance

The clarity and appearance were evaluated by visual observation against a white
and black background. In the liquid form, upon observation, all the formulations were
found to be free from any solid foreign particles and opalescent in appearance. Upon
gelation, the formulations gave a clear gel with no precipitation or phase separation.

5.3.2 Viscosity and rheology

The dynamic viscosity of formulations F1-F6 was measured against the change of
shear rate of gels to investigate the rheology. Upon gelation, the viscosity increased

Figure 8.
Appearance of the excised goat eye corneal membrane before and after 8 hours of application of flurbiprofen
nanosuspension-loaded in-situ gel.
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with an increase in polymer concentration. The formulation with 0.8 and 1%w/v
Carbopol 974PNF in combination with low viscosity grade HPMC E15 showed low vis-
cosity when compared to HPMC E50, which showed intermediate viscosity. Whereas
formulation with HPMC K4M showed high viscosity owing to a higher grade when
compared to the latter two. All the formulations exhibited pseudoplastic rheology.

5.3.3 Isotonicity study

All the formulations were evaluated for isotonicity. It was observed that all
samples passed the isotonicity test, as no shrinkage or hemolysis (bursting) of red
blood cells (RBCs) was observed upon microscopic examination following exposure
to the formulations (Figure 9).

5.3.4 Sterility test

A total of four test tubes were incubated—two each containing Soybean Casein
Digest Medium (SCDM) and Fluid Thioglycollate Medium (FTM). One tube from

Figure 9.
Isotonicity evaluation of (a) 0.2% NaCl (hypotonic solution), (b) 3% NaCl (hypertonic solution), (c) 0.9% NaCl
solution, and (d) FB-NS-loaded in-situ gel.

Figure 10.
Results of sterility test on optimized formulation.
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each medium contained the test sample, while the corresponding tubes served as
controls. After the incubation period, no microbial growth was observed in either the
test or control tubes, as shown in Figure 10. These results confirm that both samples
successfully passed the sterility test.

5.3.5 Histopathological study

A histopathological study of the excised goat cornea was conducted by exposing
the eye to the formulation, and no irritation was observed in the image seen through
an optical microscope (Figure 11).
5.3.6 Optical microscopy

Uneven staining or dark patches indicate damage caused to the corneal tissue. The
formulation-loaded cornea had even staining, and no patches were observed. Hence,
it is proven to be safe (Figure 12).

5.3.7 Short-term stability study

No significant changes were witnessed, and hence, the formulation was considered
stable during the testing period.

Figure 11.
Histopathology of excised goat cornea (a) Negative control; (b) Positive control—HCI, (c) Positive control—
NaOH, (d) FB-NS.

Figure 12.
Optical microscopy of excised goat cornea (a) Negative control, (b) FB-NS, (c) Positive control.
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6. Conclusion

Eye drops are commonly used for topical administration due to their ease of use
and cost-effectiveness. Effective treatment using ocular delivery of flurbiprofen is
a formidable challenge because of poor solubility and short residence time of the
corneal barrier, and precorneal variables cause less than 5% of the given drugs to
reach the aqueous humor. To address the aforementioned issues, the drug’s solubility
was improved by creating a nanosuspension and increasing its residence time on the
cornea by formulating an in-situ gel, which will overcome drawbacks of the conven-
tional dosage form, like rapid nasolachrymal drainage, short contact time onto the
corneal surface, etc. Currently, pharmaceutical companies are adjusting their strate-
gies to that of disease management. Novel medication administration has significant
benefits, including extended drug action and improved patient compliance by elimi-
nating numerous dosage regimens. Nanotechnology represents an attractive approach
for drug delivery. To address these limitations we used two complementary strategies:
(1) preparation of a flurbiprofen nanosuspension to improve aqueous solubility and
(2) incorporation of that nanosuspension into a pH-sensitive in-situ gel to prolong
ocular residence time and provide sustained release. This formulation offers a possible
alternative to traditional ophthalmic eye drops by improving bioavailability through
the use of in-situ gel. Nanosuspensions enhance drug solubility and bioavailability. To
extend the ocular residence period of the nanosuspension, it was transformed into an
in-situ gel. The main advantages of nanosuspensions are their increase in saturation
solubility and improvement in the bioavailability of drugs. To further prolong the
ocular residence time of the nanosuspension, the nanosuspension was formulated
into an in-situ gel. The in-situ gel-forming technique is patient-friendly due to its ease
of administration and progressive breakdown. This formulation aims to reduce dose
intake, increase cost-effectiveness and frequency of dosing, and improve therapeutic
efficiency. The in-situ ocular gelling system is a viable option for treating ocular
inflammation, replacing eye drops.
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Chapter 4

New Potential and Characterization
of Andrographis echioides L. Ness
Stem Extract as an Anti-Arthritic
Agent

I. Helen Diana and Vanathi Sundarapandiyan

Abstract

This chapter explored the phytochemical composition and anti-arthritic potential
of Andrographis echioides stem extract. Qualitative and quantitative analyses revealed
a diverse array of phytochemicals, with saponins emerging as the most abundant
compound. The extract exhibited concentration-dependent anti-arthritic activity
through two primary mechanisms: protein denaturation inhibition and red blood
cell membrane stabilization. The extract’s effectiveness was comparable to diclofenac
sodium, a widely used non-steroidal anti-inflammatory drug. These findings sug-
gest that the phytoconstituents present in the extract significantly contribute to its
anti-arthritic properties. The study’s results indicate that Andrographis echioides stem
extract may hold promise as a natural alternative for arthritis treatment.

Keywords: anti-arthritic, phytochemical, secondary metabolites, protein denaturation,
cell membrane

1. Introduction

Plants have been used in synthetic drug development and non-pharmacological
applications due to their medicinal components. Traditional medicine has used herbal
remedies to combat fungal and insect threats since prehistoric times [1]. Despite
the widespread use of medicinal plants, their value remains unrecognized in many
countries. Phytochemicals, found in plants, play a crucial role in human health by
reducing platelet aggregation, activating detoxifying enzymes, exerting antioxidant
effects, stimulating the immune system, and demonstrating antibacterial properties
[2]. These compounds, including alkaloids, carotenoids, saponins, tannins, phenols,
steroids, and flavonoids, have disease prevention capabilities, including antiparasitic,
anticancer, antidiabetic, antiaging, antidepressant, and antimicrobial effects [3].
They also contribute to wound healing, accumulate bioactive substances in fruits
and vegetables, and enhance stress tolerance [4]. Flavonoids are predominant in
plants, with many fruits and vegetables containing anticarcinogenic varieties [5].
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Anthocyanins, carotenoids, and lycopene are natural antioxidants found in various
fruits and vegetables.

The therapeutic use of natural products, especially those derived from plants,
has seen a resurgence in popularity in recent years. These products, depending on
their specific attributes, can be categorized as pharmaceuticals, cosmetics, medical
devices, nutritional supplements, or traditional foods [6]. Over the past two decades,
a significant number of newly approved chemical entities have been small-molecule
natural products (SMNPs) or SMNP-based compounds [7]. As a result, governments,
international organizations, and businesses are actively exploring medicinal herbs
and natural products as a valuable source for new drug compounds. This renewed
interest in plant derivatives is partly due to the increased adverse effects associated
with conventional medicines. However, plant-based products face several challenges,
such as an unpleasant taste and strong odor, which can negatively impact patient
compliance. Additionally, their limited solubility, slow dissolution rate, and insta-
bility at high pH levels restrict their therapeutic application, often requiring large
dosages to achieve the desired effect [8]. Moreover, rapid oxidation and degradation
during storage can reduce the concentration of active ingredients in plant derivatives,
thereby diminishing their nutritional value.

Rheumatoid arthritis is an inflammation of the joints, primarily caused by a weak
autoimmune system and swelling. Symptoms include weight loss, low fever, poor
appetite, feeling unwell, and irritation around joints. The disease is not congenital
and can be caused by environmental influences or infection [9]. Autoimmune dis-
eases, such as lumps, atherosclerosis, and cancer, can be treated with antioxidants
and a healthy diet. Citrus fruits, which contain essential nutrients like carotenoids,
selenium, folic acid, potassium, and vitamin C, can also help protect against human
malignancies [10]. Arthritis is a chronic condition that causes irregular function,
inflammation, and pain. There are 100 types of arthritis, including rheumatoid
arthritis, osteoarthritis, and infectious arthritis. Rheumatoid arthritis results from the
immune system attacking joints, while osteoarthritis occurs when cartilage becomes
tired or less movable [11]. Infectious arthritis is caused by bacteria and viruses,
and antibiotics are used to cure it. Synovitis, a type of arthritis, is directly linked to
rheumatoid arthritis. Treatment depends on the type and suitability of the individual,
with the initial step being a general examination by a doctor. Herbal and nutritional
supplements have become important in therapeutic practice and research for rheuma-
tology and orthopedics [12].

Andrographis echioides is an herbaceous plant found in dry areas of southern Asian
countries, with a flowering season from March to June and October to December. The
plant has elongated leaves with glandular hairs, a slightly quadrangular stem, and a
raceme-type inflorescence [13]. The flower’ calyx is lanceolate with glandular hairs,
and the capsules are ovoid, sparsely hairy, pointed above, and narrowed below. The
plant has an average number of capsules per plant and four seeds per capsule. The
plant’s anatomy includes a well-defined epidermis with epidermal hairs, a well-
defined hypodermis, and a chlorenchymatous cortex. The root is composed of a single
layer of barrel-shaped epidermal cells, lacking stomata and cuticle, and a compactly
arranged parenchymatous cortex [14]. Andrographis echioides has been found to have
various pharmacological activities. It has been found to have diuretic activity, anti-
microbial activity, anthelmintic activity, hepatoprotective and antioxidant effects,
anti-inflammatory, analgesic, and antipyretic activity, and anti-ulcer activity. The
plant’s ethanol extract has shown potential anti-ulcer activity in all tested models
[15]. Additionally, the plant’s leaves have been subjected to Soxhlet extraction using
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ethanol as a solvent, showing potential for controlling A. aegypti larvae. These
findings suggest that Andrographis echioides may be a valuable tool for treating various
diseases and infections. Further research is needed to isolate the active principles
responsible for these promising properties.

2. Materials and methods
2.1 Plant collection and extraction

This investigation focused on the stem of Andrographis echioides, with specimens
obtained from Trichy. The collected stems underwent cleaning and shade-drying
processes. Subsequently, the dried stems were ground into a powder using a mechani-
cal device and sieved through a 20-mesh screen. A hot percolation technique was
employed to extract the ethanolic component from 500 grams of the powdered mate-
rial. The mixture was maintained at ambient temperature for 24 hours with minimal
agitation. Following filtration, the extract was subjected to further analysis at 35°C.
Phytochemical screening of the Andrographis echioides stem was performed using
anhydrous ethanol, chloroform, and aqueous solutions [16].

2.2 Preliminary analysis

Qualitative screening of 18 metabolites was performed using designated solvents
to identify the presence of chemical constituents in the root extracts. Quantitative
analyses were conducted to evaluate the quantity and concentration of phytonutrients
in the extract. These quantitative screenings employed specific methodologies for
each bioactive compound, encompassing flavonoids, tannins23, saponins, alkaloids,
and phenols [17, 18].

2.3 Preparation of ethanolic extraction

Ethanol extracts were obtained by subjecting 500 g of dried, powdered plant
material to continuous extraction with 1 L of ethanol in a Soxhlet apparatus for
10 hours. The resulting extracts underwent filtration using Whatman No. 42 filter
paper (125 mm). Subsequently, the filtrate was concentrated and desiccated utiliz-
ing a rotary evaporator under reduced pressure conditions. The final dried samples,
weighing 50 g, were transferred to labeled sterile containers and stored at a tempera-
ture of —20°C [19].

2.4 Protein denaturation model

The control solution was prepared using 1 ml of egg albumin, 2.8 ml of phosphate
buffer, and 1000 pg/ml of distilled water and subsequently labeled. Andrographis
echioides extracts were prepared at various concentrations (100, 200, 300, 400, and
500 pg/ml) and combined with corresponding solvent concentrations (900, 800,
700, 600, and 500 pg/ml), then labeled appropriately. The test solution consisted of
1 ml egg albumin, 2.8 ml phosphate buffer, and ethanol extract at concentrations of
100, 200, 300, 400, and 500 pg/ml.

A single drop of concentrated HCI was introduced to the test solution, which was
then incubated at 37°C for 5 minutes. Following incubation, the solution was cooled.
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Absorbance measurements for all solutions were obtained using a UV-visible spectro-
photometer at 660 nm.

The extent of protein denaturation inhibition was quantified using the following
equation:

Percentage inhibition =[VC -V / Vc]x 100

In this formula, Vt denotes the absorbance of the test sample, while Vc represents
the absorbance of the control sample [20, 21].

2.5 Anti-arthritic analysis

The Human Red Blood Cells (HRBC) technique was employed to assess in vitro
anti-arthritic activity. Blood specimens obtained from healthy volunteers were
combined with an equivalent volume of sterilized Alsever’s solution. All experimental
samples underwent incubation at 37°C for a duration of 30 minutes, followed by
centrifugation at 3000 rpm [22, 23].

Percentage protection =100 - (OD sample/OD control) x100

3. Results
3.1 Phytochemical analysis

The examination delineates the active biomolecules identified within the stem
extract. In light of this finding, the stem of A. echioides has been deemed a focal point
for the biosynthesis of bioactive compounds. The identified compounds include
terpenoids, flavonoids, steroids, alkaloids, saponins, tannins, cardiac glucosides,
phlorotannins, proteins, coumarin, emodin, anthraquinone, anthocyanin, carbo-
hydrates, leucoanthocyanin, phenols, alkaloids, and xanthoproteins. Among these
constituents, with the exception of leucoanthocyanins and phlobatannins, all others
exhibited the anticipated results (Figure 1, Table 1). The quantitative assessment of
flavonoids, tannins, saponins, phenols, alkaloids, and terpenoids indicates potential
outcomes. Notably, with the exception of tannins, the remaining phytonutrients,
particularly saponins, displayed significant results (Figure 2, Table 2).

3.2 Protein denaturation model

The results show that Andrographis echioides stem extract inhibits protein denatur-
ation in a dose-dependent manner, similar to diclofenac sodium. At 100 pg/mL, the
extract (0.37%) is slightly less effective than diclofenac (0.27%), indicating notable
anti-inflammatory potential (Figures 3 and 4, Table 3). The findings suggest that
Andrographis echioides may serve as a natural anti-arthritic agent, supporting its
traditional medicine use.

3.3 Anti-arthritic activity

The HRBC membrane stabilization assay demonstrates a dose-dependent anti-
inflammatory effect of Andrographis echioides, comparable to diclofenac sodium.
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Figure 1.
A, B, and C. Qualitative analysis of ethanolic extract of Andrographis echioides stem.

S.No Phytochemical constituents Andrographis echioides
1 Terpenoids et
2 Flavanoids e
3 Saponin e+
4 Tannin 4
5 Alkaloids e
6 Steroids St
7 Glycosides et
8 Phlobotannins —
9 Protein s
10 Coumarin +H+
11 Emodin 4+

e}
(U8}
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S.No Phytochemical constituents Andrographis echioides
12 Anthroquinone St

13 Anthocyanin S

14 Carbohydrate 4+

15 Leucoanthocyanin —

16 Cardiac glycosides ot

17 Xanthoproteins S

18 Phenol +

(+ = slightly present, ++ = moderately present, +++ = strongly present, — = absence)

Table 1.
Qualitative analysis of the ethanolic extract of Andrographis echioides stem.

Figure 2.
Quantitative analysis of the ethanolic extract of Andrographis echioides stem.

S.No Phytochemical constituents Empty Value (mg/g) Yield value (mg/g) Final Value
(mg/g)

1 Phenol 18.830 18.846 0.016

2. Flavonoid 20.656 20.669 0.013

3. Tannin 20.286 20.326 0.04

4. Saponin 21.046 21.088 042

5. Alkaloids 19.325 19.595 0.27

6. Terpenoids 18.771 18.785 0.014

Table 2.

Quantitative analysis of ethanolic extract of Andrographis echioides.

As the concentration increases, the membrane stabilization percentage improves,
indicating its ability to prevent hemolysis and protect cell membranes from dam-
age. At 100 pg/mL, the extract shows 0.22% stabilization, while diclofenac sodium
exhibits 0.50%, with an overall 81.3% stabilization effect (Figures 5 and 6, Table 4).
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Figure 3.
Protein denatuvation assay.

Protein Denaturation Assay

80
70
60
50
40
30
20
10
0 —— e
Andgraphis echioides Diclofenac sodium Percentage
®120(ug/ml) m240(ug/ml) m360(ug/ml) 4 80(ug/ml) m5100(pg/ml)
Figure 4.

Graph representation of protein denaturation assay.

S.No Concentration Protein denaturation (%)
Andrographis echioides Diclofenac sodium
1 20 (pg/ml) 0.68 0.55
2 40 (pg/ml) 0.54 0.47
3 60 (pg/ml) 0.50 0.39
4 80 (pg /ml) 043 0.33
5 100 (pg /ml) 0.37 0.27
Table 3.

Protein denaturation assay of Andrographis echioides stem.
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— (el |

Figures.
HRBC membrane stabilization assay.
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® HRBC MEMBRANE STABILIZATION ASSAY (%)

Figure 6.
Graph representation of HRBC membrane stabilization assay.

SI.No Concentrations HRBC Membrane Stabilization
Assay (%)
Andgraphis echioides Diclofenac sodium Percentage %
1 20(pg /ml) 0.58 0.72 50.8%
2 40(pg /ml) 0.51 0.65 56.7%
3 60 (jig/ml) 0.44 0.62 62.7%
4 80 (ug/ml) 0.38 0.55 67.7%
5 100 (pg/ml) 0.22 0.50 81.3%
Table 4.

In vitro anti-arthritic activity of the stem of Andrographis echioides using HRBC.
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Although slightly less effective than diclofenac, Andrographis echioides still exhibits
significant anti-arthritic potential, supporting its traditional use in inflammation
management and suggesting its role as a natural alternative for arthritis treatment.

4. Discussion

Research conducted by Gurupriya and Cathrine in 2022 revealed that the stem of
Andrographis echoides contains a variety of biologically active compounds, including
steroids, terpenoids, saponins, tannins, alkaloids, and flavonoids. These compounds
exhibit efficacy against microorganisms, liver toxins, inflammation, tumors, and free
radicals [24]. An investigation focused on the phytochemical composition of Ocimum
species ethanolic extract. Their analysis identified the presence of phenols, glyco-
sides, flavonoids, terpenoids, and saponins in the extract [25]. Likely, further studies
by Pavithra Kumari corroborated the presence of various phytochemicals in Ocimum
species, specifically phenols, flavonoids, saponins, tannins, and alkaloids. Notably,
this species exhibited a particularly high concentration of saponins compared to other
phytochemicals [26].

A study reported on the quantitative analysis of moisture content, including
volatile components, in the tested drug. Their findings emphasized the importance of
the final drying process and the rate of moisture removal from secondary metabolites
in determining the drug’s therapeutic efficacy. Additionally, they highlighted the
significance of saponin compounds for isolating diosgenin and their potential in anti-
arthritic applications [27].

Barleria lupulina has demonstrated anti-inflammatory activity through the inhibi-
tion of protein denaturation. An ethanolic leaf extract of the plant was tested, and the
results showed inhibition percentages of 53.78%, 55.25%, and 60.6% at different con-
centrations in the protein denaturation test. Diclofenac sodium, used as a standard,
showed inhibition percentages of 63.3%, 75%, and 79%. The study finally suggested
that B. lupulina has potential as a remedy for oxidative stress [28].

Another study evaluated the anti-inflammatory activity of ethanol extract and
fractions of B. sapida stem bark using in vitro methods, specifically albumin dena-
turation and membrane stabilization assays. The results showed that the extract and
fractions exhibited anti-inflammatory activity by inhibiting heat-induced albumin
denaturation and stabilizing red blood cell membranes at concentrations of 200—
1000 pg/mL and 50-250 pg/mL, respectively. The ethyl acetate fraction, which had
the highest phenolic and flavonoid content, was a key contributor to this activity [29].

The study investigates the anti-inflammatory and anti-arthritic activities of
Martynia annua ethanolic fruit extract. The extract was extracted using ethanol and
phytochemically investigated. The results showed antioxidant activity of 49.1 and
anti-hyaluronidase activity of 84.60, indicating its potential for anti-arthritic and anti-
inflammatory properties. The extract’s potential is significant for treating inflam-
mation and rheumatoid arthritis [30]. Another study assessed the anti-arthritic and
anti-inflammatory activities of the methanolic extract of Peganum harmala leaves
in vitro and in vivo. The extract showed significant antioxidant, anti-inflammatory,
and anti-arthritic activities primarily due to alkaloids, flavonoids, and phenols. It also
attenuated polyarthritis, weight loss, anemia, and paw edema in polyarthritic rats.
The results suggest that P, harmala extract has potential therapeutic benefits [31].
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5. Summary and conclusion

This investigation demonstrates that the phytochemical screening of the ethanolic
extract of A. echioides revealed an abundant presence of terpenoids, flavonoids, saponins,
tannins, alkaloids, steroids, glycosides, proteins, coumarins, anthraquinones, anthocya-
nins, cardial glycosides, and xanthoproteins. Phenols, carbohydrates, and emodine were
detected in moderate quantities, while phlobatannins and leucoanthocyanins were not
observed. Quantitative assessment of the ethanolic extract indicated high saponin content
(0.042 mg/g), low tannin levels (0.04 mg/g), and intermediate concentrations of alka-
loids (0.27 mg/g), terpenoids (0.014 mg/g), and flavonoids (0.13 mg/g). The ethanolic
extract of A. echioides demonstrated inhibition of protein (egg albumin) denaturation at
concentrations ranging from 20 to 100 pg/ml. Diclofenac sodium, utilized as a reference
drug, stabilized the HRBC membrane across the same concentration range. Similarly, the
ethanolic stem extract of A. echioides exhibited HRBC membrane stabilization at equiva-
lent doses. Both protein denaturation and HRBC membrane assays revealed maximal
efficacy for stem extracts and diclofenac sodium at 100 pg/ml. These findings suggest that
the phytoconstituents present in the ethanolic stem extract of A. echioides contribute to its
anti-arthritic activity.
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Abstract

The main goal of pharmacotherapy for any condition is to achieve and maintain
the intended curative quantity of the therapeutic agent in the bloodstream or at the
desired site during the whole course of treatment. Conventional drug dosage forms
frequently cause inescapable changes in drug concentration, which have the negative
effects of insufficient or excessive dose, frequent administration, and poor patient
adherence. In this regard, various medication delivery and targeting methods are
being developed to address these issues and improve overall drug bioavailability.
Polymers, micelles, microcapsules, liposomes, and lipoproteins are a few examples
of such drug carrier systems. The delivery of drugs is affected differently by each
polymer carrier. Typically, synthetic polymers are expensive, persistent, and non-bio-
compatible. Natural polymers like chitin and chitosan do not present these problems.
A naturally occurring polymer called chitosan (CS) is frequently used in medicinal
applications because of its affordability, biodegradability, biocompatibility, non-toxic
makeup, and capacity to cling to mucosal surfaces. Because of its cationic character-
istics, CS can interact with polyanions to produce polyelectrolyte complexes. CS has
thus shown to be particularly useful in improving the dissolving of insoluble medi-
cines and in multiparticulate drug delivery. Chitosan has emerged as a prospective
natural polymer for the formulation of microspheres and microcapsules. Ionotropic
gelation, spray drying, emulsion phase separation, simple coacervation, and complex
coacervation are some of the techniques used in chitosan microencapsulation. This
chapter will primarily concentrate on the synthesis and characterization of chitosan
microspheres, as well as their use in novel drug delivery systems.

Keywords: chitosan, microspheres, nanoparticles, drug delivery, micelles

1. Introduction

Drug delivery seeks to maximize the amount of medications that are available at
particular sites in the body for a predetermined amount of time. Reaching the targeted
site of action is a common factor that reduces the potency of many medications [1]. In
traditional forms of administration, the majority of the medication spreads throughout
the body depending on its physicochemical and biochemical properties, with justa
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tiny percentage of the supplied dose often reaching the target site. Therefore, design-
ing a drug delivery system that maximizes a drug’ curative efficacy while reducing its
hazardous side effects in vivo presents a difficult task. Utilizing colloidal drug carriers,
which enable targeted or site-specific drug delivery combined with ideal drug release
patterns, is one strategy to overcome this challenge. Paul Ehrlich’s idea of minuscule
medication-loaded “magic bullets” more than a century ago was the inspiration for the
idea of using submicron drug delivery systems for targeted drug delivery. Liposomes
and micro/nanoparticles have been widely researched among these carriers. Liposomes
do, however, have some technological drawbacks, such as poor repeatability, instabil-
ity, and ineffective drug entrapment. However, a number of low molecular weight
medications on the market now use liposomal technology. Alternative drug carriers
that get around many of these problems include polymeric nanoparticles, which are
more reproducible and stable than liposomes. The use of nano- and microparticles in
the particulate drug delivery system is a physical method of modifying the pharma-
cokinetic and pharmacodynamic characteristics of active pharmaceutical ingredients
(APIs) [2]. Because of their capacity to target certain tissues, get to molecular targets,
and regulate medication release, these nanoparticles have attracted a lot of interest

in the pharmaceutical industry. Nanoparticles are solid colloidal drug carriers with
diameters between 10 and 1000 nm that are constructed from synthetic, natural, or
semi-artificial polymers that enclose the drug molecules of interest [3]. Chitosan offers
benefits over alternative polymeric carriers for nanoparticulate drug administration
due to its biodegradability, biocompatibility, simplicity of formulation, variety in
application, and low toxicity [4, 5]. When the active ingredient is dissolved, entrapped,
encapsulated, adsorbed, or chemically linked to these nanoparticles, they can be
employed therapeutically as vaccine adjuvants or drug carriers. Both synthetic and
natural polymers can be utilized to produce nanoparticles. There are two distinct
kinds of nanoparticles: nanospheres and nanocapsules, which differ in how they are
synthesized [6]. Nanocapsules have a membrane-wall construction that traps phar-
maceuticals in the interior or adsorbs them to the outside, while nanospheres have a
monolithic structure that disperses or adsorbs drugs onto their surfaces. Due to the dif-
ficulty in distinguishing between these particles’ matrix and membrane types, the term
“nanoparticles” is usually used. In addition to having the ability to deliver drugs via
non-invasive channels including the oral, nasal, and ocular routes, nanoparticles have
also been shown to be efficient as adjuvants in vaccines. There is currently no perfect
nanoparticle system, despite these benefits. Heat, organic solvents, or high shear forces
are frequently used to create nanoparticles from water-insoluble polymers, which can
compromise the stability of medications. In addition, time and resources are expended
in the several processes needed for complicated preparation techniques including
solvent evaporation and emulsion polymerization [6, 7]. However, water-soluble poly-
mers offer softer and easier preparation techniques without the requirement for strong
shear forces or organic solvents. Chitosan has thus received the most attention among
water-soluble polymers because of its advantageous characteristics as a polymeric
carrier for nanoparticles, including biocompatibility, biodegradability, non-toxicity, as
well as cost-effectiveness. Additionally, chitosan has a positive charge and has actions
that improve absorption, making it a desirable substance for drug administration.
Chitosan microspheres have undergone substantial development and study for medici-
nal uses during the past 20 years. Chitosan microspheres are used in drug delivery
systems due to their unique features as they allow for controlled drug release, increase
the bioavailability of compounds that degrade, and increase membrane permeability.
Several studies have been done on the nasal medication delivery of proteins, peptides,
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and vaccinations using chitosan microspheres [8-10]. Different chemical modifica-
tions have been used to increase the bioavailability and membrane permeability of
chitosan microspheres and produce sustained drug release. Chitosan can be modified
in this way by being thiolated using 2-iminothiolane [11]. Hyaluronan or pluronic
F127® have also been added to chitosan microsphere formulations to further enhance
their characteristics [12] or pluronic F127® [13]. Through their synergistic impact, the
combination of chitosan microspheres and the powerful immunostimulatory adjuvant
LTK63 is a successful method for enhancing the potency of nasal vaccines [14]. The
techniques used to prepare chitosan microspheres, as well as their uses and method of
entry into cells, are the main topics to be discussed in this chapter.

2. Chitosan (CS)

A polysaccharide made of glucosamine and N-acetylglucosamine, chitosan is a
naturally occurring substance that is produced by partially deacetylating chitin, the
main building block of crab exoskeletons [15]. Chitin from the shells of crabs, shrimp,
and krill, which are plentiful waste byproducts of the shellfish processing industry, is
deacetylated in order to produce chitosan [16]. The word “chitosan” signifies a variety
of polymers with differential molecular masses, viscosities, and levels of deacetylation,
pKa values, and other characteristics. One amino group and two hydroxyl groups,
which may interact with acidic environments, are present in the chitosan molecule.
The removal of the acetate moiety from chitin results in the formation of chitosan,
which is thought to be the most significant chitin derivative as depicted in the follow-
ing Figure 1. The pKa value of the amino group in chitosan is roughly 6.5; chitosan thus
has a positive charge and is soluble in acidic liquids. This pH and the level of deacety-
lation effect the size of its charge density. Chitosan’s amino group makes it possible
for it to interact chemically with anionic systems, thus changing the physicochemical
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Figure 1.
Deacetylation of chitin to chitosan. Figure was adopted and vedesigned from the work of Mohammed et al. [15].
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characteristics of these mixtures [15]. Additionally, chitosan’s free amino group is eas-
ily accessible and exhibits interaction with various anionic polymers.

Chitosan is regarded as a very potential polymer owing to its non-hazardous
polycationic, biologically compatible, and biodegradable properties. Its mucoadhesive
and permeation-enhancing attributes are especially noteworthy. Chitosan’s potent
mucoadhesive ability is essential for medication administration through mucosal
channels [10, 15]. Chitosan’s positive charge also enables it to interact with mucin
layers and tight junctions, which opens up the tight junctions of mucosal barriers and
promotes the paracellular transit of hydrophilic macromolecules [17, 18]. Chitosan has
thus the potential to improve mucosal medication penetration because of its powerful
mucoadhesive characteristics. Studies on medication delivery via the nasal and oral
routes have demonstrated that co-administration of chitosan with macromolecules
considerably increases their ability to pass the mucosal barrier [4, 19]. The improved
mucoadhesion between the formulation and the nasal tissues and the temporary
action of chitosan on the paracellular pathways have both been demonstrated to con-
tribute to the chitosan’s ability to increase absorption. Furthermore, chitosan has been
shown by Dodane et al. to alter interstitial permeation [18]. The following sections
highlight numerous significant properties of chitosan.

2.1 Properties of chitosan

Due to the existence of free amino groups, the cationic polysaccharide chitosan
(CS) is insoluble in water at neutral or basic pH levels. However, the amino groups
may undergo protonation in an acidic pH, which causes water solubility. The dis-
semination of unbound amino and N-acetyl groups affects how soluble CS is. Usually,
1-3% concentrations of aqueous acetic acid are used to dissolve CS [3, 16]. Moreover,
CS does not cause allergic reactions or tissue rejection because it is biocompatible with
living tissues. It slowly degrades into harmless byproducts (amino sugars) that the
body can fully absorb. Furthermore, CS has antibacterial qualities and has the capac-
ity to absorb hazardous metals like lead, cadmium, and mercury.

It also has strong adhesion, coagulation, and immunostimulating properties. The
polymer CS, which comes in diverse configurations including powder, paste, film,
and fiber, is relatively reactive. The average molecular weight of commercial CS
products ranges from 3800 to 20,000 Daltons, and they are 66-95% deacetylated [3].
Due to variations in the manufacturing process, the quality and properties of CS can
vary greatly. These factors can have an impact on qualities including purity, viscosity,
deacetylation, molecular weight, and polymorphous structure. Particle size, density,
viscosity, degree of deacetylation, and molecular weight are crucial properties of
medicinal formulations based on CS.

When included in CS formulations, CS also exhibits good bioadhesive properties
that lower the rate of medication removal from the nasal cavity and consequently
increase drug bioavailability [20]. The ability of CS to chelate allows for the selective
binding of substances including cholesterol, lipids, metal ions, proteins, and cancer
cells. A good cationic polymer for membrane production is CS. For particular uses,
Chitosan polymers can be chemically transformed to change their properties such
as solubility, mucoadhesion, and persistence. The —NH2 and —OH groups are the
alteration sites that are most active in CS. Modified chitosan polymers are typically
created through graft copolymerization, curing, and blending. Graft copolymeriza-
tion entails the covalent linking of polymers and curing entails the creation of three-
dimensional linkages within the polymer mass through thermal, electrochemical, or
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UV radiation processing. Blending entails the straightforward mixing of two or more
polymers. Physical or chemical methods can be used to make these alterations [20].

2.1.1 Physical modifications

Chitosan can be physically transformed by blending, which entails the amalgama-
tion of several polymers. A simple and affordable method for changing the character-
istics of polymers is blending. The characteristics and effectiveness of the mix can be
customized to meet particular application needs by varying the ratios of the polymers
being combined. When combining various polymers to create desired properties and
functionalities, blending enables adaptability. With the use of this method, the prop-
erties of chitosan can be improved or changed without the need of significant chemi-
cal alterations. To get the intended result, it is crucial to carefully choose compatible
polymers and optimize the blending procedure [20].

A promising method for oral medication delivery involves mixing chitosan
with hydrophilic polymers like poly(vinyl alcohol), poly(vinyl pyrrolidone), and
poly(ethylene oxide). The mechanical qualities, notably the tensile strength, of
chitosan films can be improved by adding PVA, PVP, or PEO to them. Additionally,
combining chitosan with PVA can enhance the barrier qualities of chitosan films,
particularly their water vapor permeability. With the use of this blending process, the
positive traits of PVA and the beneficial features of chitosan—such as biocompatibil-
ity and mucoadhesive capabilities—are combined to produce improved performance
for applications involving oral medication delivery [21]. Chitosan films for controlled
drug delivery have increased mechanical qualities (tensile strength), thanks to the
chemical affinities between chitosan and PVA [22]. Amoxicillin, which is manu-
factured using a cross-linked chitosan/PVP blend with glutaraldehyde to generate
a semi-interpenetrating polymer (semi-IPN), serves as an illustration of physical
alteration in controlled drug delivery [23]. Fourier transform infrared spectroscopy
(FTIR) has demonstrated that the protonation of chitosan’s amino group results in the
formation of the semi-IPN. In addition to FTIR, other techniques for characterizing
chitosan blends include differential scanning calorimetry (DSC) [24], X-ray diffrac-
tion (XRD) [25], FTIR spectroscopy, and rheology [26], facilitating comprehension
of how processing affects bonding and flow qualities.

2.1.2 Chemical modifications

Chemical modification entails modifying a compound’s functional groups using a
variety of techniques. These techniques include chemical reactions, enzymatic graft-
ing, photochemical modifications, plasma-induced modifications, radiation-induced
modifications, and radiation-induced modifications. To acquire desired traits and
functions, each approach enables precise modifications to the compound’s structure
and functional groups [27]. Chemical chitosan modification may result in a number
of derivatives like quaternized chitosan, thiolated chitosan, carboxylated chitosan,
amphiphilic chitosan, chitosan with chelating agents, PEGylated chitosan, and
lactose-modified chitosan. Because chitosan contains primary amine (—NH2) groups,
which act as reactive sites for changing its chemical structure, chemical modification
thus makes use of these groups. These alterations allow for the creation of chitosan
derivatives with a variety of characteristics and functions, making them appropriate
for use in a variety of medicinal applications [27], such as reacting them with sulfates,
citrates, and phosphates [28], to enhance their stability as well as drug encapsulation
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efficiency [29]. N-trimethyl chitosan chloride (TMC), a quaternized chitosan, has
been created, for instance, to increase the solubility of chitosan in intestinal fluid [30].
The intestinal penetration of hydrophilic macromolecular medicines is thus improved
by the two versions of TMC, TMC 40 and TMC 60. By combining NP with chitosan
that has been thiolated, the mucoadhesiveness of chitosan is further improved [31].
Trimethyl chitosan (TMC), dimethylethyl chitosan (DMEC), diethylmethyl chitosan
(DEMC), and triethyl chitosan (TEC) are only a few of the derivatives that can be
produced by quaternizing chitosan. By making tight connections easier to open,
chitosan’s quaternization increases the permeability of molecules like insulin. This
characteristic has been discovered in research utilizing Caco-2 cells, where quater-
nized chitosan derivatives have exhibited better insulin permeability [32]. Currently,
chitosan-thioglycolic acid, chitosan-cysteine, chitosan-glutathione, and chitosan-
thioethylamidine are among the thiolated chitosan derivatives used. When compared
to TMC nanoparticles, TMC-cysteine-based nanoparticles have shown considerable
gains in mucoadhesion and penetration. The addition of cysteine as a thiol group in
TMC thus improves the mucoadhesion and penetration capacities of the nanoparticles
by strengthening their adhesive qualities to mucosal surfaces [33]. To acquire pH-
sensitive characteristics, poly (methyl methacrylate) is grafted with carboxylated
chitosan. In simulated stomach fluid and simulated intestinal fluid, the NPs produced
with the grafted polymer and insulin showed very limited drug release and instanta-
neous release, respectively [34]. For their application in the administration of drugs
to various parts of the gastrointestinal tract (GIT), d,l-lactic acid and chitosan can be
chemically linked to create a pH-sensitive polymer gel [35]. Through polyionic inter-
actions, the lactose alteration of the chitosan backbone (1-deoxylactit-1-yl chitosan)
is being used to create colloidal coacervates that are highly uniform and tiny (200 nm)
nanoparticles [36, 37]. Chitosan microspheres are synthesized by various techniques.
Some of these widely used methods are discussed below.

2.2 Methods of chitosan microsphere preparation

To increase drug bioavailability and control release, particularly for biodegradable
compounds like proteins, chitosan microspheres, and nanoparticles are widely used.
Additionally, they help hydrophilic molecules pass through epithelial layers more eas-
ily. Chitosan molecules are cross-linked during the creation of chitosan microspheres
by interactions with particular concentrations of multivalent anions. Depending on
the procedures used, the cross-linking process can take place in acidic, neutral, or
basic conditions. Chitosan microspheres or nanoparticles can be produced through a
variety of techniques, including modified emulsification, ionotropic gelation, glutar-
aldehyde cross-linking, thermal cross-linking, and precipitation-chemical cross-link-
ing [4, 5]. A number of factors, including the target particle size, the drug’s chemical
and thermal stability, the reproducibility of release profiles, the stability of the
finished product, and any potential toxicity, must be taken into consideration when
choosing a specific process for making chitosan microspheres. The type of delivery
device being utilized and the makeup of the active drug molecule also significantly
influence which approach is the best among the available possibilities [5].

2.2.1 Emulsion cross-linking

In this method, the reactive amine groups of chitosan are used for making chi-
tosan microspheres by a chemical cross-linking process, together with cross-linking
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chemicals like glutaraldehyde. The process involves the emulsification of an aque-
ous chitosan solution to make a water-in-oil (w/o) emulsion. A surfactant is used

to stabilize the emulsion, and the cross-linking agent is added to make the droplets
harder. The resultant microspheres are filtered, and then dried after being rinsed
with n-hexane and alcohol. By altering the extent of chemical bonding and the rate
of stirring during the process of emulsification, the size of the microspheres may be
managed. Despite being often used to create chitosan microspheres, the emulsion
cross-linking approach has a number of drawbacks such as the time-consuming
process, the use of strong cross-linking chemicals that might interfere with the active
drug molecule, and difficulties in properly clearing the unreacted cross-linking
agents. Likewise, this method usually produces small-sized nanoparticles [38]. Other
limitations associated with this technique include the need for organic solvents, a
drawn-out procedure, and a difficult washing stage [39]. In this process, cross-linking
chemicals like glutaraldehyde, sulfuric acid, and heat treatment are frequently used.
The preparation and functionality of the microspheres can also be impacted by the
chitosan and stabilizing solution concentrations. The method has been effectively
used to encapsulate a number of medications, including diclofenac sodium, phe-
nobarbital, nifedipine, theophylline, griseofulvin, pentazocine, progesterone, and
others, despite these limitations.

2.2.2 Ionotropic gelation method

Because of the limitations of emulsion cross-linking procedures, there has been
increased interest in the formation of complexes of macromolecules characterized
by opposite charges to produce chitosan microspheres. This method, known as ionic
gelation, provides a simple and gentle technique that eliminates the need for harsh
cross-linking chemicals. Through electrostatic forces, tripolyphosphate (TPP), a
polyanion, interacts with the cationic chitosan. The chitosan is dispersed in an acidic
solution to get the cationic form. This solution is then dropped into a TPP solution
while being stirred. Ionic gelation occurs as a result of the complexation of oppo-
sitely charged species, resulting in the creation of spherical particles. TPP/chitosan
microparticles, on the other hand, have low mechanical strength, limiting their
applicability in drug delivery applications. The ionotropic gelation method has several
advantages, including gentle processing conditions, the utilization of an aqueous
medium, low toxicity, and minimum drug chemical modification. However, it has
limitations such as low acidic stability and difficulty in encapsulating high molecular
weight drugs [39, 40].

For the production of protein-loaded CS, an altered ionotropic gelation process
utilizing a high voltage electrostatic field was developed. As a model protein, bovine
serum albumin (BSA) was used [41]. When a solution of sodium tripolyphosphate
(TPP) and ethanol was utilized as the coagulation solution, the microspheres showed
good sphericity and dispersity. For BSA-to-chitosan weight ratios less than 5%,
encapsulation efficiency was greater than 90%. The amount of BSA liberated from
the microspheres varied according to the coagulation solution and pH. At pH 8.8,
around 35% of BSA was relinquished from microspheres cured in a 3% coagulation
solution, while over 50% was liberated from microspheres cured in a 1% coagulation
solution. In a 1% coagulation solution at pH 4, only 15% of the BSA was released. The
findings show that combining ionotropic gelation with a high voltage electrostatic
field is an efficient way for producing chitosan microspheres for long-term protein
administration. Furthermore, chitosan microspheres produced via tripolyphosphate
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cross-linking and emulsification ionotropic gelation have been demonstrated to be an
efficient mucoadhesive delivery strategy [5].

2.2.3 Coacervation/precipitation approach

This approach is based on the distinct physicochemical features of chitosan.
Because chitosan is insoluble in alkaline solutions, upon exposure to them, it pro-
duces precipitates or coacervates. Using a compressed air nozzle, a chitosan solution
is sprayed into an alkali solution, such as sodium hydroxide, NaOH-methanol, or
ethanediamine. The particles are then separated by filtration or centrifugation and
rinsed with heated and chilled water. Particle size may be regulated by altering com-
pressed air pressure or spray-nozzle diameter, while drug release can be controlled
by utilizing cross-linking agents. DNA-chitosan nanoparticles can be created via the
coacervation of positively charged chitosan amine groups and negatively charged
DNA phosphate groups [42, 43]. This approach has some limitations, such as poor
nanoparticle stability, limited drug loading, and the requirement for complex cross-
linking using chemical agents such as toxic glutaraldehyde [44, 45].

The Polyelectrolyte Complex (PEC) approach, on the contrary, includes
mechanically swirling at room temperature of an anionic solution such as dextran
sulfate DNA solution into a cationic polymer solution like chitosan solution dis-
solved in acetic acid, gelatin, or polyethylenimine. As a result, charge neutralization
occurs, and nanoparticles are formed. The PEC approach has various advantages,
including its simplicity, moderate conditions, and the creation of spontaneous
nanoparticles [39, 44]. For example, insulin-loaded chitosan nanoparticles having
a mean diameter of around 200 nm and a sustained iz vitro release profile were cre-
ated utilizing the PEC approach with low molecular weight water-soluble chitosan
(LMWSC) nanoparticles [44]. This process of chitosan microspheres is further
demonstrated in Figure 2.
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Figure 2.

Representing the preparation of chitosan microspheres by coacervation/precipitation. In this method, a chitosan
solution is sprayed into an alkaline solution through a nozzle that uses compressed air, which vesults in the
formation of tiny droplets known as coacervates. Afterward, these particles are collected and cleaned through
methods such as filtration or centrifugation. This is followed by a series of washes with both hot and cold water to
ensure thorough purification. Figure was adopted and redesigned from the work of Garg et al. [46].
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2.2.4 Emulsion-droplet coalescence method

Tokumitsu et al. created a novel emulsion-droplet coalescence technique that
combines both emulsion cross-linking and precipitation principles [47]. Instead
of cross-linking stable droplets, this approach initiates precipitation by combining
chitosan and NaOH droplets. The procedure includes the formation of two stable
emulsions: one having an aqueous solution of chitosan and the medication, and the
other containing an aqueous solution of chitosan and NaOH. When these emulsions
are aggressively combined, the droplets from each emulsion collide and fuse, caus-
ing chitosan droplets to precipitate, and tiny particles are formed. This method was
employed to create gadopentetic acid-loaded chitosan nanoparticles for gadolinium
neutron-capture therapy. Notably, no cross-linking agent is used in this approach,
which may block the unbound amino groups of chitosan; instead, the connection
between gadopentetic acid (a bivalent anionic molecule) and the amino groups of chi-
tosan is based on electrostatic forces. Nanomaterials with an average particle size of
452 nm and a drug loading capacity of 45% were successfully synthesized using 100%
deacetylated chitosan under the emulsion-droplet coalescence process. This method
permitted increased gadopentetic acid loading in comparison to the simple emulsion
cross-linking method [5]. This method of preparation of chitosan microparticles is
further demonstrated in Figure 3.

2.2.5 Reverse micellar approach

In this approach, the surfactant is disseminated in an organic solvent resulting in the
formation of reverse micelles, which are liquid mixes of water, oil, as well as surfactant.

Chitosan NaOH
Emulsion Emulsion

High Speed
Stirring

Solidification of
chitosan

Centrifugation and
Washing

[Separation of particles ]

Figure 3.
Diagrammatic representation of preparation of chitosan nanoparticles by emulsion-droplet coalescence method.
Figure was adopted and redesigned from the work of Garg et al. [46].

101



Advanced Drug Delivery Systems — Innovations in Nanoparticles, Biopolymers, and Natural Extracts

Aqueous solutions consisting of chitosan and the drug are delivered into the reverse
micelles with continuous vortexing to retain optical clarity and generate a microemul-
sion. Controlling the water concentration in the aqueous phase precisely is critical to
ensuring that the entire combination stays optically clear. More water can be added if
bigger nanoparticles are needed. After achieving a clear solution, a cross-linking agent
is introduced with consistent mixing, and the cross-linking reaction is then allowed

to occur overnight. The utmost quantity of the drug that can be disseminated in the
reverse micelles is ascertained by steadily increasing the drug concentration until

the clear microemulsion turns into a translucent solution. The organic solvent subse-
quently evaporates, leaving an apparent dry material. When a suitable amount of salt is
included to this substance, it causes the surfactant to precipitate from the solution. The
mixture is centrifuged, and the supernatant solution that results includes the drug-
loaded nanoparticles. To remove impurities and unbound pharmaceuticals, the aqueous
dispersion is dialyzed for roughly 1 h using a dialysis membrane. Finally, the residual
liquid is lyophilized, yielding chitosan nanoparticles in dry powder form. The approach
leverages reverse micelles and microemulsion systems to create chitosan nanoparticles,
allowing for regulated drug encapsulation inside nanoparticles and thus offering

a diverse strategy for drug delivery applications [5, 48]. This process of preparing chito-
san microparticles is diagrammatically shown in Figure 4.

2.2.6 Sieving method

Agnihotri and Aminabhavi described a simple and emerging approach for generat-
ing CMs carrying the drug clozapine [49]. The procedure begins with the dissolution of
a certain amount of chitosan in a 4% acetic acid solution, which results in the produc-
tion of a thick, gel-like material. This mass is then subsequently cross-linked using
glutaraldehyde, changing it into a non-adhesive, cross-linked substance. This substance
is then put through a sieve with a suitable mesh size to yield microparticles. Following
that, the microparticles are then washed with 0.1 N NaOH solutions to eliminate any
leftover glutaraldehyde before drying overnight in a 40°C oven. Prior to cross-linking,
the drug clozapine is incorporated into chitosan, resulting in an impressive encap-
sulation efficacy of up to 98.9%. This approach has the benefit of being simple and

1. Add chitosan, Solvent

drug Evaporation
— e
2. Add cross-linking
agent with
continuous stirring
Surfactant Dry mass Nanoparticles
dissoleved in in Buffer

organic solvent
® Nanoparticles
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Figure 4.
Diagrammatic vepresentation of chitosan nanoparticles preparation by reverse micellar method. Figure was
adopted and redesigned from the work of Garg et al. [46].
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scalable, as it eliminates the need for sophisticated operations. The generated mic-
roparticles, however, were of various forms, with average particle sizes ranging from
543 to 698 pm. In vitro studies revealed that clozapine may be released over a 12-hour
period, however, in vivo studies revealed a slower drug release profile [5].

2.2.7 Solvent evaporation approach

This approach is based on the formation of an emulsion from a polymer solution
with either a nonaqueous (water-in-oil) or an aqueous (oil-in-water) continuous
phase. A solvent, such as liquid paraffin or acetone, is utilized in this procedure.

The requisite molecule is first dissolved in acetone and then disseminated in a
chitosan solution. This combination is emulsified into liquid paraffin with constant
agitation. The resultant microsphere suspension is filtered, washed, and dried to
produce the desired particle size. To prevent clumping, magnesium stearate is fre-
quently introduced during the preparation process as an anti-agglomeration agent.
Interestingly, increasing the amount of magnesium stearate employed in the proce-
dure tends to reduce the average particle size [50].

2.2.8 Spray drying approach

Spray drying is another well-known method for producing chitosan microspheres
(CMs). In this method, a chitosan solution is aerosolized and subjected to air-drying,
then a cross-linking agent is introduced. He et al. used various emulsions, notably oil-
in-water-in-oil or water-in-oil-in-water emulsions, to generate CMs for spray drying
cimetidine and famotidine encapsulation. When compared to microspheres produced
via standard spray drying or the oil-in-water emulsion approach, the resultant micro-
spheres demonstrated a comparatively sustained and regulated drug release [50, 51].
Using this approach, the chitosan microspheres can be manufactured in a variety of
forms to improve their specific features and ensure optimal drug delivery. Below, we
shall discuss some of the types of chitosan microspheres and their potential applica-
tions in drug delivery.

2.2.8.1 Mucoadhesive microspheres

Mucoadhesive property pertains to a substance’s capacity, in this context, micro-
spheres or other drug delivery systems, to cling or stick to the mucosal surfaces of
biological tissues, which include those found in the respiratory, gastrointestinal,
or nasal tracts. This characteristic enables the material to remain in touch with the
mucosal barrier for a prolonged length of time, improving its efficacy for deliver-
ing drug or vaccine administration. Microspheres with mucoadhesive qualities have
significant advantages, including the ability to extend residence duration and increase
vaccination absorption when added to them. Mucoadhesive drug delivery methods
have been shown to improve drug bioavailability, increase macromolecule absorption,
and extend residence duration at the application site [52].

One of the most important aspects of microparticles in vaccine delivery is their
capacity to acquire an appropriate size for effective trafficking inside the body and
uptake by antigen-presenting cells (APCs). Drug-loaded microspheres of suitable size
have been shown in studies to be absorbed by APCs, enabling vaccine delivery across
cell membranes [53]. The size of microparticles is a crucial factor in immunogenicity,
with smaller particles (<10 pm) typically more immune-stimulating than bigger ones
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(>10 pm) [54, 55]. Microspheres also have the advantage of extending the residence
period of vaccinations at mucosal surfaces as compared to solutions. Microspheres
have been shown to have an immediate impact on nasal mucosa by dehydrating
epithelial cells, inducing tight junctions to separate imbibing water from mucus and
swell [56]. The extended habitation period of microspheres at mucosal surfaces can
improve the uptake of vaccine formulations encapsulated with microspheres because
of the extended contact between the vaccine and the mucosal membrane. Chitosan
is the most frequently utilized natural polymer with possible applications in mucosal
vaccination administration, among other mucoadhesive agents. Research is done to
assess the role of chitosan microspheres in oral vaccination. In one study, Tian et al.
found that fish vaccinated with chitosan microspheres containing plasmid DNA
(pDNA) encoding the major capsid protein (MCP) gene of lymphocystis disease virus
(LCDV) had significantly higher systemic immune responses than those vaccinated
simply with pDNA [57].

2.2.8.2 Chitosan microspheres with Pluronics® F127

Chitosan microspheres, employed for regulated drug release and enhanced adju-
vanticity, were developed in combination with Pluronic F127® (also referred to as
F127), which acted as both a stabilizing as well as an immunomodulating agent [13].
Pluronics, also referred to as Poloxamers, are copolymers composed of poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) (PEO-b-PPO-b-PEO), and are widely
used in pharmaceutical applications. These compounds function as flexible pharma-
cological excipients, enhancing drugs solubility and stability in aqueous conditions
[58]. F127 has received extensive interest as a temperature-responsive material owing
to its remarkable thermo-reversible gelation capabilities. It exhibits water solubility
as well as excellent drug-release properties making it a good choice for drug delivery
systems [59]. Numerous studies have looked at the usage of CS and F127 together
as a vaccine delivery system. Intranasal vaccination with an antigen in F127/CS, for
example, significantly elevated systemic and mucosal immune responses in comparison
to control groups [60]. This improvement in immune responses was attributed to F127’s
capacity to stabilize the protein antigen, implying a synergistic impact between the
two components. Another study found that intraperitoneal or subcutaneous injection
of F127/CpG and F127/CS mixtures significantly increased antigen-specific systemic
antibody responses in comparison to antigens combined with CpGs or chitosan alone
[61]. The evidence suggests that F127 can work in tandem with chitosan and other
immunomodulating drugs to increase the adjuvant effect. Adjuvants blend and drug
delivery methods with distinct mechanisms of action have the potential to maximize
immune responses.

2.2.8.3 Mannosylated chitosan microspheres

Antigen mannosylation is another potential approach to increase antigen immu-
nogenicity via mannose receptor (MR) targeting present on professional antigen-pre-
senting cells (APCs). Membrane-bound C-type lectin receptors, such as macrophage
MRs (MMR, CD206), dendritic cell-specific intracellular adhesion molecule-3-grab-
bing nonintegrin (DC-SIGN, CD209), dectin-1, and langerin, have cytoplasmic tails
with sorting motifs causing immediate uptake into clathrin-coated vesicles [62].

As a result, mannosylated antigens are absorbed by cells expressing these recep-
tors, endocytosed, and transported to the acidic environment of early endosomes.

104



Applications of Chitosan Microspheres as Drug Delivery Vehicles
DOI: http://dx.doi.org/10.5772/intechopen.1010284

Mannosylation of antigens can dramatically improve T cell stimulation, with studies
demonstrating a 100-fold increase in T cell-stimulating efficacy via mannose-binding
receptors [63]. Mannose-mediated antigen absorption, in particular, results in 100- to
10,000-fold increased efficacy in activating MHC class II-restricted T lymphocytes
[62, 63]. Mannosylated antigens are effectively internalized through the Dendritic
Cells (DCs) which are subsequently positioned within MHC class II-specific compart-
ments and lysosomes, which results in significantly greater efficacy in activating
particular MHC class II-restricted T lymphocytes. Moreover, mannosylated drug
delivery systems, such as mannosylated liposomes [64] and niosomes [65], demon-
strate enhanced immunogenicity by targeting MRs in APCs.

Mannosylated chitosan or chitosan nano/microparticles are also being studied as
receptor-mediated gene delivery methods [66, 67]. Hashimoto et al., for example,
found that mannosylated chitosan is an effective gene delivery strategy with greater
transfection potential and minimal cytotoxicity in macrophages. This approach
includes the identification of mannose residues and associated receptors in the
recognition of plasmid DNA/mannosylated chitosan complexes [66]. Another study
found that mannosylated chitosan nanoparticles successfully delivered the IL-12 gene
to dendritic cells within tumors, increasing anticancer immune responses [68]. This
method, which involved intratumoral injection of mannosylated chitosan nanopar-
ticle/plasmid encoding murine IL-12 complexes, resulted in considerable inhibition
of tumor development, angiogenesis, cell cycle arrest, and apoptosis.

2.3 Drug delivery mechanism in chitosan microspheres

Several factors influence the release of therapeutic agents from CMs, including
the degree of cross-linking, the structure, dimensions, and density of the particle
framework, the physicochemical characteristics of the pharmaceutical compound,
and the presence of adjunct agents. In addition, the in vitro release pattern is affected
by pH, polarity, and enzyme availability in the dissolution medium [69]. The drug
discharge from CMs occurs via three distinct pathways: (a) the release of drug from
the particle exterior, (b) the diffusion of drug molecules traversing the engorged
elastic matrix, and (c) the discharge of the drug due to polymer attrition. In instances
where drug liberation occurs from the surface, the absorbed drug entities disintegrate
quickly upon contact with the release media. A similar process directs the release of
drugs trapped in the particle surface layer. This method of releasing drugs produces
a noticeable burst effect. He et al. discovered that chitosan microspheres contain-
ing cimetidine exhibit this burst action during the earliest phases of disintegration
[51]. When microspheres are formed using the spray drying approach, a significant
portion of the medication is liberated within a few minutes. However, increasing the
density of cross-linking can help reduce the burst release. The drug is released by
diffusion in three stages. To begin with, water permeates the particle system, causing
the matrix to inflate. Following that, the glassy polymer transforms into a rubbery
matrix, and the third step involves drug diffusion from the swelling rubbery matrix.
As aresult, the drug is released gradually at first, then at a faster pace. This process
is more visible, especially in the context of hydrogels. Kweon and Kang developed a
chitosan-polyvinyl alcohol (PVA) matrix to study prednisolone release under various
situations [70]. The relationship between drug release magnitude and square root
of time was linear, showing diffusional release control. The degree of PVA grafting,
heat treatment, or cross-link density was shown to impact drug release, while the
effect of pH was less significant when compared to unmodified chitosan. Agnihotri
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Drug loaded polymeric
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with chitosan

Positively charged
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Negatively charge
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Drug release from microsphere
for absorption through
paracellular and transcellular
route

Epithelial cells

Figure 5.
Process of drug release from the chitosan microspheres. Figure was adopted and modified from the work of
Mohammed et al. [15].

and Aminabhavi used the water absorption patterns of microparticles cross-linked
with glutaraldehyde to examine the temporal changes in CMs swelling as a technique
to predict drug release [49]. Notably, increased amounts of cross-linking resulted in
less swelling of chitosan microparticles. Ameela et al. [12] discovered an association
between cumulative drug liberation and the square root of time, confirming that drug
release from the microsphere matrix is regulated by diffusion and follows the Higuchi
equation [71]. Furthermore, the rate of liberation was determined to be dependent
on the size of the microspheres. Orienti et al. investigated the relationship between
matrix degradation and drug release kinetics in indomethacin-loaded chitosan
microspheres [72]. The chitosan content within the microspheres and the pH of the
release media were shown to be interdependent in the release kinetics. Notably, at
high chitosan concentrations and at a pH of 7.4, deviations from Fick’s law to zero-
order kinetics were observed. Figure 5 demonstrates the process of drug release from
chitosan microspheres and absorption of the released drug through the paracellular
and transcellular route. In the following few sections, we will explore some of the
most important uses of CMs in drug delivery.

3. Applications of chitosan microspheres in drug delivery

Chitosan microspheres have a wide range of uses in novel drug delivery systems.
Several of these applications are discussed below.

3.1 Applications of chitosan microspheres in nasal vaccines

Numerous studies have been conducted to investigate the use of chitosan micro-
spheres as a delivery system for nasal vaccination. Van der Lubben et al. revealed that
combining diphtheria toxoid with chitosan microparticles resulted in a considerable
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increase in IgG production following intranasal (IN) treatment. The rise in IgA
responses, however, did not show a significant distinction from the control group
[73]. Another notable observation was that bovine serum albumin (BSA) encap-
sulated inside chitosan microspheres caused higher antigen-specific IgG responses
following IN vaccination compared to free BSA in solution [8]. Another study evalu-
ated chitosan microspheres as a delivery mechanism for nasal immunization using
mice and pigs [74]. Following IN injection of the antigen-loaded CMs, IgA antibody
levels against the Bordetella bronchiseptica antigens in inoculated mice nasal washes
elevated in a time- and dose-dependent manner [74]. Furthermore, antigen-specific
IgA titers in nasal washes as well as saliva of pigs given the vaccine formulation

via nasal vaccination showed a steady rise over time. Interestingly, the increased
mucosal immune-stimulating effects of Bordetella bronchiseptica-loaded chitosan
microspheres in both mice and pigs were accompanied by the induction of antigen-
specific IgG antibody reactions in sera following identical vaccination regimens.
Some studies have shown simultaneous use of a vaccine delivery technology and a
mucosal adjuvant to synergistically improve immune responses in order to facilitate
the development of more efficient mucosal vaccines. Following IN administration
to mice, Baudner et al. found that a vaccine developed with chitosan microparticles
along with a non-toxic LTK63 mutant of the heat-labile toxin (LT) caused higher
levels of antigen-specific IgG in sera and antigen-specific IgA in nasal washes [14].
Using the same vaccination strategy, the researchers also explored another delivery
system incorporating N-trimethyl chitosan microparticles. Mice inoculated intrana-
sally with the vaccine containing N-trimethyl chitosan microparticles along with the
LTK63 mutant exhibited higher levels of antigen-specific antibodies in their nasal
washes, vaginal washes, and sera [14].

3.2 Applications of chitosan microspheres in oral delivery

Oral vaccine delivery has several advantages over traditional needle injections and
is widely acknowledged as a reliable technique of immunization. However, injection-
based vaccine administration still remains the most common method, owing to the
lack of an adequate delivery route capable of reaching the target site of induction and
increasing effector responses. Regardless of its likely preference as an alternative for
vaccine administration, particularly in pediatric patients, oral delivery is hampered
by antigen degradation within the gastrointestinal tract as well as displays inefficient
localization at the intended site of action once administered in an unformulated state
[50, 75]. As aresult, the development of an effective delivery mechanism has been
designated as the primary need in the field of oral vaccination. To elicit significant
immune responses after oral administration, the vaccine must successfully reach
M-cells in the Peyer’s patches of the intestinal tract while avoiding the severe acidic
pH environment of the stomach and enzymatic breakdown. Even when the vaccine
comes extremely close to the Peyer’s patches, immunological responses are not always
triggered. This is mostly owing to the antigen access constraints to the Peyer’s patches
and ineffective absorption at the induction site. Researchers have found that incor-
porating vaccines with chitosan microspheres (CMs) significantly increases M-cell
uptake and acts as a protective barrier against protein and peptide vaccine breakdown
in the gastrointestinal tract [76-80]. Chitosan has thus been identified as a highly
promising technique for oral vaccination due to its non-toxic nature and strong anti-
gen-binding characteristics. Van der Lubben and colleagues [79, 80] have persistently
conducted in-depth studies on CMs for mucosal vaccine administration, especially
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their absorption inside murine Peyer’s patches, both in vitro and in vivo. A human
intestinal M-cell model was methodically established by co-cultivating Caco-2 and
Raji cells, allowing for a thorough analysis into CM uptake. This model, in particular,
demonstrated no obvious structural alterations in the cellular monolayer and was use-
ful in examining in vitro CM absorption for oral vaccine administration. The results
proved unequivocally that CMs may be internalized by the epithelial lining of Peyer’s
patches [80]. Additionally, it has been determined that microparticles should prefer-
ably have diameters less than 10 pm in order to allow effective absorption by M-cells
and access to the dome of Peyer’s patches [81]. The CMs used in this study were much
smaller than 10 pm, making them susceptible to M-cell absorption. Furthermore, due
to chitosan’s intrinsic biodegradability, van der Lubben et al. proposed that antigens
get released from CMs following their absorption by M-cells [75, 80].

3.3 Applications of chitosan microspheres in GI delivery systems

Floating systems are distinguished by having a density lower than that of gastric
juice. As a result, they increase the gastric residence time, consequently enhancing
the bioavailability of drugs absorbed through the upper GI tract. Chitosan granules
as well as chitosan-laminated preparations both have shown promising potential for
the development of drug delivery methods that aim to reduce the influence of gas-
trointestinal transit time. Notably, the development of floating hollow microcapsules
containing melatonin has resulted in an exciting gastroretentive controlled-release
delivery method for drugs [50].

3.4 Chitosan microspheres in colonic and intestinal drug delivery

Chitosan microspheres are important in drug delivery to the colon and intestines.
Chitosan is susceptible to breakdown by colonic bacteria, making it an attractive
option for colon-specific medication delivery systems. Notably, chitosan esters like
chitosan succinate and chitosan phthalate are shown to be useful as matrices for
the colon-specific oral administration of drugs such as diclofenac sodium. With
intriguing findings, researchers have also investigated systems for colon administra-
tion of drugs like paracetamol, mesalazine, and insulin. Establishing prolonged
intestinal drug delivery for substances such as 5-fluorouracil (a treatment option for
colon cancer) and insulin (a treatment option for diabetes mellitus) looks to serve
as a viable substitute for injection therapy. To achieve this objective, formulations
that avoid the acidic environment of the stomach and liberate the loaded drug over
longer periods of time within the intestine have been developed. The bioadhesive
characteristics of polyacrylic acid, alginate, and chitosan are mostly used in these
formulations [5, 82, 83].

3.5 Chitosan microspheres in opthalmic drug delivery

In the realm of developing delivery systems for ocular drug administration, chito-
san stands out as a special material. Ophthalmic chitosan gels demonstrate outstand-
ing adhesion qualities to mucin, which creates a protective coating on the conjunctiva
and corneal surface of the eye due to their remarkable elasticity.

Colloidal systems based on chitosan have shown to be excellent drug carriers via
the mucosal route. These systems, such as chitosan-coated colloidal systems contain-
ing indomethacin, improve drug delivery to the inner eye. Furthermore, as revealed
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by chitosan nanoparticulate formulations containing cyclosporin, they allow drug
accumulation within the corneal and conjunctival epithelia. Likewise, micropar-
ticulate drug carriers, especially microspheres, offer a potential strategy for topical
acyclovir delivery to the eye [5, 84].

3.6 Chitosan microspheres in vaginal drug delivery

Vaginal pills incorporating chitosan, metronidazole, acriflavine, and other
medications have shown efficient drug release, therapeutic effectiveness, and
strong adhesion qualities. The addition of thiol groups to the polymer significantly
improved its mucoadhesive characteristics, resulting in longer drug residency inside
the vaginal mucosal tissue. This advancement provides regulated drug release, which
is especially important in the treatment of mycotic infections, and improves thera-
peutic results [5, 49].

3.7 Chitosan microspheres in gene delivery system

Gene delivery has the potential to treat a wide range of hereditary disorders and
multi-genetic diseases. Viral vectors, cationic liposomes, polycation complexes,
as well as microencapsulated systems are examples of gene delivery systems. In
these gene delivery applications, chitosan has emerged as a DNA carrier [5, 85].
Furthermore, because of its adhesive qualities and ability to facilitate gene transport
across the gastrointestinal system, chitosan has the potential to be used as an oral gene
carrier. Using chitosan and depolymerized chitosan oligomers, MacLaughlin et al.
revealed in vivo the transport of plasmid DNA containing a cytomegalovirus (CMV)
promoter sequence as well as a luciferase reporter gene, causing luciferase gene
expression within the intestinal tract [86].

4, Limitations of CMs

Despite the various benefits of chitosan microspheres (CMs), such as biodegrad-
ability, non-toxicity, the ability to increase permeability, and the ability to crack
tight junctions between epithelial cells, certain limitations do exist to their use.
Various researchers have used CMs for vaccine delivery, and they discovered that
vaccine-loaded CMs self-aggregated about 2 weeks following production [13, 87-90].
However, following nasal administration, these CMs remained efficient in generating
immunological responses, including cytokine production iz vitro and antigen-specific
IgG and IgA responses in vivo [60, 88]. To avoid self-aggregation and improve stabil-
ity, they included Pluronic F127 (F127) into the formulation to develop F127/CMs.
These F127/CMs had a spherical shape with no aggregation for a long length of time,
which was attributed to F127’s hydrophilic polyethylene oxide chains, which hindered
CM self-aggregation. When compared to CMs alone, F127/CMs demonstrated consid-
erably better immunological activity iz vitro and in vivo, as well as possible protection
against infection [60].

Other investigations have found that CMs are unstable in acidic conditions,
particularly when developed via precipitation method. The acidic stability of CMs
produced by sodium sulfate precipitation was found to be low. The introduction of
sodium sulfate to chitosan acetic acid solution resulted in ionic neutralization of the
positively charged amine groups of chitosan, leading to chitosan derivatives with
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low solubility [91]. Similarly, the subsequent addition of acid (which increased the
proton concentration) shifted the equilibrium favoring chitosan solubilization and
resulting in the dissolution of CMs [92]. In another case, tripolyphosphate was used
to make chitosan beads laden with sulfadiazine, however, the beads lacked mechani-
cal strength [93]. In summary, CMs do have limitations that may be addressed by
improvements. Incorporating F127, for example, is a useful method for increasing CM
stability and mechanical strength. Furthermore, structural chitosan changes, such as
the usage of thiolated chitosan, may improve the stability and usefulness of CMs.

5. Conclusion

Chitosan microspheres (CMs) are a highly promising mechanism for vaccine
administration, both orally and nasally. This study provides a thorough evaluation
of several ways to develop CMs, providing insights into the development of more
sophisticated and functionalized chitosan-based carrier systems. The study empha-
sizes the importance of establishing appropriate particle sizes when producing
vaccine-loaded CMs, as this aspect has a significant impact on the effective transport
of vaccines to mucosa-associated lymphoid tissue, permitting optimal immune acti-
vation. Moreover, the chapter explored that vaccine-loaded CMs can trigger systemic
and local immune responses in a dose- and time-dependent manner. Chitosan and its
particulate form have intrinsic properties such as non-toxicity, high bioavailability,
mucoadhesiveness, and biodegradability, making it a viable contender for efficient
vaccine delivery in the near future. Furthermore, the enhanced features of modified
CMs like elevated mucoadhesivity, membrane permeability, stability, and controlled
or extended release of encapsulated vaccines (e.g., TCMs) indicate that they have the
potential to be effective vaccine carrier systems. Continued study and the capacity
to alter chitosan offer the possibility of improving its structural and physicochemi-
cal characteristics, hence increasing the applications of CM systems in vaccine
administration.
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