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Introduction

The PhD research was focused on the development of albumin-based drug
nanodelivery systems taking into account the evaluation and the optimisation of
innovative manufacturing technologies for their preparation. In particular, it focuses
on two types of nanostructures: nanoparticles and nanocapsules. Albumin, a
naturally occurring globular protein in blood plasma attracted much research
attention in medicine, supporting both environmental sustainability and human
health safety.

Indeed, it exhibits a number of advantageous properties, including biocompatibility,
biodegradability, non-immunogenicity, and the ability to bind a variety of drugs. In
addition, albumin shows interesting processibility, making the protein easy to
manipulate and adapt for various uses for biomedical applications.

These characteristics render albumin an optimal component for the development of
nanocarriers as drug delivery systems. In this context, Abraxane®, albumin-bound
paclitaxel approved by FDA in the 2005, paved the way for albumin-based
nanomedicines. Various manufacturing methods for the preparation of albumin
nanocarriers have been described in the literature. The research considered two
types of protein: Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA). BSA
is a commonly used research tool due to its availability and cost-effectiveness. In
contrast, HSA is preferred for clinical applications due to its compatibility with human
physiology. The development of improved manufacturing techniques able to assure
the quality of the nano delivery systems is a key factor for industrial production and
safe administration.

Considering this challenging research area the thesis project will investigate new
albumin-based nano formulations as well as the optimization of the manufacturing

process.
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Chapter 1: Albumin: Molecular Structure and Properties

Serum albumin, globular proteins, constitutes approximately 60% of all proteins
present in blood plasma and is highly solubilised in water [1]. There are three types
of albumin including human serum albumin (MW 66 kDa), bovine serum albumin
(MW 66.5 kDa), and ovalbumin (egg white, MW 44.5 kDa) [2]. Factors that affect
albumin coagulation include heating, pH levels close to its isoelectric point, and salt
concentration. In human blood plasma, albumin has an average half-life of 19 days
albumin is synthesised in the liver, with an adult liver producing approximately 12
grams daily. The normal albumin concentration in adult humans is within the range
of 3.4 to 4.7 g/dL, accounting for approximately 60% of the total plasma protein [3].
One of the albumin's principal functions as a plasma protein is to maintain osmotic
pressure, thereby preventing fluid leakage from blood vessels into surrounding
tissues. It maintains plasma osmotic pressure at approximately 70 to 80% [4].
Osmotic pressure is a consequence of varying water concentrations within the body,
which are influenced by the salt content and the presence of other nutrients.
Furthermore, albumin plays a role in maintaining the body's acid-base balance due to
its numerous negative electrical charges [5].

Albumin is a protein composed of a single polypeptide chain consisting of 583 amino
acids for bovine serum albumin and 585 amino acids for human serum albumin.
Approximately 67% of its secondary structure is composed of a-helices, which are a
common structural motif in proteins. The protein contains 17 disulfide bridges, which
are strong covalent bonds formed between two cysteine amino acids through
oxidation. These bridges play a crucial role in stabilising the protein's overall
structure [6]. Albumin's structure is organized into three homologous domains, each

of which contains two subdomains (A and B) as illustrated in Figure 1.1.
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Drug Binding Site 3

Drug Binding Site 2
(Sudlow site 2)

Drug Binding Site 1
(Sudlow site 1)

Figure 1.1. Structure of Albumin [7]

Domain | comprises amino acids 1-195, which are further divided into two
subdomains: 1A (amino acids 1-112) and IB (amino acids 113-195).

Domain Il spans amino acids 196-303 and includes subdomain lIA. Amino acids 196-
303 correspond to Subdomain 1B, while amino acids 304-383 correspond to Domain
lll. Subdomain IlIA encompasses amino acids 384-500, and Subdomain IIIB
encompasses amino acids 501-585. These domains and subdomains contribute to
the overall structure, stability, and function of the protein. The flexibility and
compactness of albumin's structure are key factors in its ability to maintain oncotic
pressure, transport molecules, and regulate pH [8,9].

Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA) are the two most
commonly used types of albumins. The difference in tryptophan content between

BSA and HSA is evident in their structures, as shown in Figure 1.2.

Trp-214

HSA BSA

Figure 1.2. Comparison of Structure of HSA and BSA [10]
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BSA has two tryptophan residues, while HSA has only one. This difference in
tryptophan composition highlights the unique structural differences between the

two albumin variants [10].

Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA) are crucial proteins
with slight differences in their molecular weights and specific applications. BSA has a
molecular weight of approximately 66,430 Daltons (Da) and consists of 583 amino
acids. HSA has a molecular weight of approximately 66,500 Daltons (Da) and is
composed of 585 amino acids [11]. Both BSA and HSA exhibit high solubility in water,
with concentrations typically reaching 40-50 mg/mL at room temperature. The
solubility of these proteins is influenced by a number of factors, including pH and
ionic strength. These properties are of significant importance for numerous
applications in the fields of biochemistry and pharmaceutical sciences, where precise

control of protein solubility is essential for effective usage and formulation [12].

The isoelectric point of a protein is the pH at which the albumin carries no net
electrical charge. The isoelectric point of bovine serum albumin and human serum
albumin is typically situated between pH 4.4 and pH 4.9 [13]. At this pH range,
albumin molecules exhibit an equal number of positive and negative charges,
resulting in a net zero charge. At a pH of 8, which is above the isoelectric point of
albumin, the protein will exhibit a net negative charge. This occurs because, at a pH
higher than its isoelectric point, the amino acid residues in albumin that can lose
protons (such as carboxyl groups) will be deprotonated, resulting in a negatively
charged protein [14]. Consequently, albumin in a solution with a pH of 8 will exhibit a
greater number of negative charges on its surface compared to positive charges. The
pH of the protein solution is one of the most prominent parameters influencing the
particle sizes of protein-based nanoparticles [15]. While protein molecules are
coagulated due to the decrease in the net charge of the protein when the pH of the
protein solution is close to the isoelectric point of the protein, it has been
determined that the particle size decreases as the pH of the solution increases [16].
In the study conducted by Sebak et al., when the pH of the solution dropped below

8.0, the particle size and poly- dispersity index increased [17].

18



11

Biocompatibility of Albumin

Bovine serum albumin (BSA) and human serum albumin (HSA) are widely studied and
used proteins in biomedical and pharmaceutical applications due to their high
biocompatibility. BSA, derived from cows, and HSA, obtained from human blood
plasma, exhibit a high degree of structural similarity, with only minor differences in
their sequences. The biocompatibility of BSA and HSA is derived from their natural
abundance in blood plasma and their crucial roles in maintaining osmotic pressure and
transporting various endogenous and exogenous substances, including drugs,
hormones, and fatty acids. This inherent compatibility with biological systems ensures
minimal immunogenicity and toxicity, rendering them optimal candidates for use in
drug delivery, medical diagnostics, and tissue engineering [7,18]. In the field of drug
delivery, both BSA and HSA can act as carriers for therapeutic agents, enhancing their
solubility, stability, and bioavailability. Their capacity to bind to a diverse range of
pharmaceuticals enables the controlled release and targeted delivery of drugs,
thereby reducing the incidence of adverse effects and enhancing the efficacy of
therapeutic interventions [19]. Furthermore, HSA, a human-derived protein, exhibits
superior biocompatibility compared to BSA in clinical applications due to the reduced
risk of cross-species immunogenic responses. Nevertheless, BSA remains a valuable
and cost-effective [20].

Both proteins are biodegradable, undergoing degradation primarily through enzymatic
and microbial pathways. Key enzymes like trypsin, pepsin, and chymotrypsin are
essential in breaking down these proteins into smaller peptides and amino acids
within biological systems [21,22]. These proteins are rapidly degraded by proteolytic
enzymes, which is vital for regulating protein levels and recycling amino acids in the
body [23]. In vitro, controlled enzymatic digestion is employed to investigate their
behaviour, particularly in drug formulations [11]. The environmental degradation of
both BSA and HSA is contingent upon a number of factors, including pH, temperature,
and microbial activity. The proteins are most stable at neutral pH. Extreme pH levels or
temperatures can result in the denaturation of proteins, rendering them more
susceptible to enzymatic degradation. The use of protease inhibitors can serve to slow
down the aforementioned degradation process, while adsorption to surfaces may

temporarily protect the proteins from breakdown [24].
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1.2

Denaturation of Albumin

Denaturation is a biochemical process that involves any modification in the secondary,
tertiary, or quaternary structure of a protein molecule, which ultimately leads to the
disruption of covalent bonds. In their native states, the majority of known proteins are
folded into well-defined, rigid three-dimensional structures. Changes in a protein's
structure are typically accompanied by alterations in its chemical, physical, and
functional properties. A significant number of studies have demonstrated that certain
proteins or enzymes can lose their activities, either irreversibly or reversibly, when
exposed to a variety of natural or artificial conditions. For example, glyceraldehyde
phosphate dehydrogenase and lactate dehydrogenase are two enzymes that lose their
properties when subjected to lower temperatures [25,26]. Denaturation may involve
the ionisation of carboxylic, amino acid or phenolic groups. Such alterations can result
in the rearrangement of molecular structures, accompanied by the liberation of
sulfhydryl or disulfide groups. Consequently, the protein structure is disrupted,
resulting in denaturation. This can result in a reduction in protein solubility, which may

subsequently lead to the loss of specific biological activities [27].

Denaturation
Losses Activity
(N

b §

Active Protein i
Renaturation enatured Protein
Regains Activity

Figure 1.3. Schematic representation of Denaturation of Protein [25]

Denaturation of albumin usually lead to the following changes [25,26,28]. Protein
denaturation frequently results in a reduction in solubility, with denatured proteins
precipitating upon the addition of small amounts of neutral salts. This reduction in
solubility has been extensively studied and is considered a key indicator of
denaturation. When a protein denatures, it loses its native structure, which leads to
an increase in hydrophobic interactions that cause the proteins to aggregate and

precipitate, particularly in the presence of neutral salts or organic solvents.

20



Denaturation can result in the loss of some of the biochemical activities of proteins
or enzymes. It has been demonstrated that proteolytic enzymes become inactivated
when exposed to heat or treated with alkali. It has been observed that viruses lose
their proteolytic enzymes, which are necessary for the causation of disease, and
certain hormones lose specific regulatory functions are shown in the Figure 1.3. A
significant proportion of globular proteins are capable of forming crystals.
Nevertheless, upon undergoing denaturation, these proteins are unable to form
crystals due to alterations in their structural and morphological characteristics.
Proteins are maintained in their 3-D structure through a variety of non-covalent
interactions, which are crucial for their stability and functionality. Hydrogen bonds
are formed between the amides of the protein backbone and the carbonyl groups, as
well as between certain side chains, providing significant structural support. lonic
bonds, or salt bridges, arise between positively and negatively charged side chains,
thereby further stabilising the protein's conformation [29]. Hydrophobic interactions
occur as non-polar side chains aggregate to avoid contact with water, driving the
folding process. In addition, van der Waals forces, though individually weak,
collectively contribute to the overall stability by acting between all atoms within the
protein. When a protein undergoes denaturation, the non-covalent interactions that
stabilise its structure are disrupted, causing the protein to unfold and lose its
functional conformation. This disruption can be triggered by a number of factors,
including changes in pH, temperature, or the presence of denaturing agents, which
ultimately impair the protein's biological activity [30,31].

Heat/High Temperature

When a protein solution is heated to a temperature close to its isoelectric point, the
protein will coagulate. Increasing the temperature by ten degrees can accelerate this
heat coagulation process by approximately 600 times. Heat is the most commonly
known agent for protein denaturation. Proteins denatured by heat become more
prone to aggregation, which depends on factors such as pH, dielectric constant, and
ionic strength of the medium. Both acids and alkalis can dissolve heat-coagulated
proteins [32]. Furthermore, substances such as urea, guanidine hydrochloride,
detergents, and salicylate can dissolve heat-coagulated proteins even at the

isoelectric point. Heat-denatured proteins can slowly return to their original soluble
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form upon cooling. However, irreversible denaturation occurs when proteins are
heated for extended periods, or heated for shorter periods at their isoelectric point
[25,27]. Daniel et al. have conducted research into the instability of the tertiary
structure of proteins. The researchers examined the stability of enzymes at elevated
temperatures by subjecting the enzyme to a heating process, followed by a rapid
cooling period, and subsequently evaluating its residual activity at a lower
temperature [33].

Pressure

In the presence of high pressure, the hydrophobic interactions within a protein are
weakened, initiating the process of protein denaturation. While moderate pressure
may not fully unfold the protein, it can cause structural changes that result in a loss
of protein activity [34]. Neurath et al. have demonstrated that protein denaturation
can occur at high pressures of approximately 6000 kg/cm?, while protein coagulation
can take place at pressures around 10,000 kg/cm? [27]

Irradiation

Protein molecules exposed to ultraviolet (UV) light undergo coagulation through two
primary methods: proper light denaturation and a photochemical reaction that is
independent of temperature. This is followed by flocculation of the denatured
protein. The UV-induced coagulation has a high temperature coefficient. Irradiation
can alter the aggregation state of protein solutions, potentially leading to a loss of
biological activity. Furthermore, the pH of the solutions tends to shift towards the
isoelectric point of the protein [25].

Sound waves

Protein molecules subjected to high-intensity mechanical vibrations, such as those
produced by ultrasonic or sonic waves, exhibit a loss of enzymatic activity and the
formation of protein coagulate [25].

Denaturation by Chemical Agents

Acid/Low pH

The behaviour of proteins at low pH levels is influenced by a number of factors,
including temperature. Some proteins retain their native conformations at extremely
low pH levels when the temperature is maintained at a low level, whereas others

undergo unfolding. For the latter group, a reduction in pH can result in significant

22



conformational alterations. A significant proportion of proteins exhibit properties
that lie between these two extremes. Lysozyme is an illustrative example of a protein
that remains unperturbed by low pH even at room temperature. Other proteins that
are resistant to acid denaturation include p-lactoglobulin and ribonuclease.
Conversely, yeast glyceraldehyde-3-phosphate dehydrogenase exhibits marked
alterations in enzymatic activity and molecular weight in response to low pH and
low-temperature conditions. This protein exhibits a transition between pH 4 and pH
11, although a highly cooperative transition occurs below pH 4. At this point, the
protein loses enzymatic activity, dissociates into subunits, and the conformation of
these subunits becomes thoroughly disorganized [35].

Alkali/High pH

Some proteins exhibit denaturation at alkaline pH values similar to those observed at
acidic pH values, while others follow a different course during alkaline denaturation.
The stability of haemoglobin and myoglobin is greater at alkaline pH than at acidic
pH. The denaturation of proteins at alkaline pH is particularly complex for those
containing thiol groups or disulfide bonds [36]. In addition to chemical modifications,
the products of alkaline denaturation are as diverse as those resulting from acid
denaturation. At pH levels above 10 or 11, buried tyrosyl residues tend to become
exposed, resulting in a lesser tendency to retain residual structure at very high pH
compared to a very low pH. Nevertheless, it is challenging to conduct meaningful

experimental studies due to the prevalence of chemical instability at high pH [37].

1.3 Applications of Albumin in Drug Delivery
Albumin is a protein with a number of important pharmaceutical applications. Its
properties include the ability to bind and transport various substances, a long half-
life, and biocompatibility. [38]. In Drug Delivery Systems, albumin enhances the
solubility and stability of lipophilic drugs, as exemplified by paclitaxel albumin-bound
nanoparticles (Abraxane), which are used in cancer treatment. A bovine serum
albumin (BSA) nanosuspension was formulated for parenteral delivery with the
objective of targeting delivery to the lung, reducing toxicity and the side effects of
etoposide [39] Zhang et al. have successfully employed the emulsification method to

synthesize BSA nanoparticles loaded with a combination of paclitaxel and sorafenib.
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This approach has resulted in the reduction of myelosuppression, hemolysis, and low

blood pressure issues commonly associated with nanoparticle-based systems [40].

The cellular uptake and cytotoxic effect of paclitaxel-loaded HSA-PEG nanoparticles

have been demonstrated in certain cancer cell lines [41]. Clinically, albumin is utilized

as a plasma volume expander for patients with hypovolemia,

burns,

and

hypoalbuminemia, helping to maintain blood volume and pressure [42]. It also acts

as a stabilizing agent in pharmaceutical formulations, including vaccines, to prevent

aggregation and denaturation of active ingredients. In diagnostics, radiolabelled

albumin assists in imaging for evaluating blood volume and cardiac output, while

serum albumin levels serve as biomarkers for various diseases [43].

The various applications of albumin in drug delivery, focusing on different aspects

such as drug types, mechanisms, and benefits as discussed below in Table 1.1.

Table 1.1. Applications of Albumin in Drug Delivery

Applications Drug Type Mechanism Benefits Reference
Albumin-bound  Anticancer Albumin  binds to Improved [8]
Nanoparticles drugs lipophilic drugs bioavailability and
forming nanoparticles tumor targeting
that enhance drug
solubility and stability
Albumin-based  Anticancer Albumin Enhanced [44]
nanocarriers drugs nanoparticles act as permeability and
carriers, facilitating retention effect in
drug  delivery to tumors
cancer cells
Albumin- Antibiotics, Albumin coating Reduced clearance, [45]
coated Antifungals stabilizes  liposomes improved drug
Liposomes and prolongs accumulation at
circulation time infection sites
Albumin Peptides, Covalent binding of Extended [46]
Conjugates Small drugs to albumin circulation time,
Molecules prolongs their half-life reduced dosing
frequency
Albumin Proteins, Encapsulation of Sustained release, [47]
Microsphere Peptides drugs in albumin improved patient
microspheres for compliance
controlled release
Albumin Hydrophilic Albumin forms Localized delivery, [48]
Hydrogels drugs hydrogels that can reduced systemic
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encapsulate drugs for
local delivery

side effects

Albumin-coated Gene Albumin coating on Improved [49]
Nanogels therapy nanogels enhances transfection
vectors stability and cellular efficiency, targeted
uptake gene delivery
Albumin- Lipophilic Albumin stabilizes Enhanced drug [50]
stabilized drugs emulsions, enhancing absorption,
Emulsions the solubility and reduced irritation
bioavailability of
lipophilic drugs
Albumin-based  Hormones, Albumin acts as a Enhanced stability, [51]
Drug Carriers Vaccines carrier, improving the prolonged release

stability and delivery
of biologics

1.4 Challenges to Prepare Albumin Nanomedicine

Preparing albumin nanomedicine presents several challenges, mainly due to the
complex nature of the albumin protein and the required nanoscale manipulation.
These challenges include [19,52,53].

Stability Issue

To deliver therapeutic agents effectively, albumin nanocarriers must maintain their
structural integrity under physiological conditions. Stability is crucial to prevent
premature drug release and ensure the carrier reaches its target site. Factors such as
pH, temperature, and the presence of enzymes can affect the stability of albumin
nanomedicines.

Controlled Particle Size and Distribution

Achieving a uniform and controlled particle size and distribution is crucial for
predictable pharmacokinetics and biodistribution. Smaller particles may facilitate
deeper tissue penetration and faster clearance, while larger particles may offer
prolonged circulation times. However, creating a consistent particle size distribution
is technically challenging.

Loading Efficiency

Efficient drug loading into albumin nanocarriers is crucial for maximising therapeutic
efficacy. The challenge is to encapsulate a sufficient amount of the lipophilic and

hydrophilic drug without compromising the structural and functional integrity of the
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albumin or the drug itself. This requires optimising the drug-to-carrier ratio and
ensuring that the drug remains stable and bioavailable.

Scalability and Reproducibility

Scaling up the production of albumin nanomedicines from laboratory to industrial
scale while maintaining product quality and efficacy is a significant challenge. This
requires consistent particle size, distribution, and drug loading efficiency, as well as
cost-effectiveness and adherence to regulatory standards. Reproducing the same
quality and characteristics of albumin nanomedicines batch after batch is challenging
due to the complexity of their preparation processes. Minor variations in the
manufacturing process can lead to significant differences in the final product,
affecting its safety, efficacy, and regulatory approval.

Biological Compatibility

Although albumin is typically biocompatible and biodegradable, any changes to its
structure or the inclusion of therapeutic agents can impact its compatibility.
Therefore, it is crucial to ensure that albumin nanomedicines do not cause
unintended immune responses or toxicity to guarantee their safe use in clinical
applications.

Surface Modification

Modifying albumin nanocarriers to target specific tissues or cells, enhance circulation
time, or improve drug release profiles is technically challenging. It requires precise
control over the chemistry and orientation of the molecules attached to the albumin

surface without affecting its biocompatibility or functionality.

Denaturation of Albumin
The manufacturing process of albumin nanocarriers can lead to denaturation, where
the albumin protein loses its native structure. Protein denaturation dynamics are

governed by general physical and chemical parameters, like pH, and temperature.

1.5 Food Drug Administration Approved Albumin Based Nanodrugs
The Food Drug Administration approved the albumin-based nanodrugs currently
available on the market. The first is Abraxane, which contains the active ingredient

paclitaxel (Nab technology) The second is FYARRO, which contains the active
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ingredient sirolimus (Coacervation method). FYARRO® (sirolimus protein-bound
particles for injectable suspension) (albumin-bound) is a medication designed to
treat adults with malignant perivascular epithelioid cell tumors (PEComa) that are
either metastatic or locally advanced and cannot be surgically removed [54].

Albumin-bound paclitaxel, commercially known as ABRAXANE® First FDA approved a
novel formulation of paclitaxel, a chemotherapy drug used for the treatment of
various cancers [55,56]. Abraxane®, in clinical use against metastatic breast cancer,
HSA with paclitaxel, and generates an annual revenue of ~1 billion US S [57].
Abraxane® is an albumin-bound form of paclitaxel that is manufactured using Nab
technology. Abraxane is formulated with albumin, a human protein [58]. Fyarro® and
Abraxane® both formulations are designed to enhance the delivery and efficacy of
their respective drugs as shown in Figure 1.4. The particle size for both is around 130

nm.

Abraxane

s, 5
Nab-Paclitaxel i Fyarro

100 mg per via

% Fyarro

P
Tl

Figure 1.4. FDA Approved Albumin Based Nanodrug [53,54]

Abraxane is primarily used in the treatment of metastatic breast cancer, particularly
in scenarios where combination chemotherapy is required or where alternative
treatments have failed. It is also approved for the treatment of non-small cell lung
cancer and advanced pancreatic cancer, typically in combination with other
pharmacological agents. [56,57]. Abraxane is generally thought to take advantage of
albumin’s increased delivery to tumors through receptor-mediated transport via
Gp60, an albumin receptor on the surface of vascular endothelial cells [59,60]. In an
advanced treatment study using an orthotopic breast cancer xenograft mouse
model, Abraxane was found to reduce breast cancer stem cells, whereas Taxol was

observed to increase breast cancer stem cells [61].
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Figure 1.5.Structure of Paclitaxel [62]

Abraxane's innovative nanoparticle formulation significantly enhances the efficiency
of drug delivery to cancer cells, potentially increasing its effectiveness in tumour
reduction [63]. In addition, its unique formulation eliminates the need for solvents
required in the traditional intravenous administration of paclitaxel. This feature
significantly reduces the incidence of severe hypersensitivity reactions and other
solvent-related side effects [64]. In addition, patients typically have a higher
tolerance to Abraxane compared to standard paclitaxel, which could lead to more
favourable outcomes. Another advantage of Abraxane is its administration protocol;
unlike solvent-based paclitaxel, Abraxane generally does not require pre-medication
with steroids and antihistamines, streamlining the treatment process and improving
patient compliance [65].

The main limitations of the use of Abraxane in clinical treatments include several
adverse side effects, despite a reduction in solvent-related issues. Patients may
experience neutropenia, anaemia, thrombocytopenia, nausea, vomiting, diarrhoea,
alopecia, and peripheral neuropathy. Additionally, although less common, some
patients may have allergic reactions to the components of Abraxane. Cost
considerations are significant, as Abraxane tends to be more expensive than
traditional chemotherapy drugs, potentially affecting accessibility and affordability
[66]. The immunosuppressive effects, particularly the reduction of white blood cell
counts, increase the risk of infection. These side effects can also significantly impact
the quality of life during treatment. Furthermore, Abraxane is not suitable for
everyone, as it is not recommended for patients with certain pre-existing medical

conditions or those who have had severe hypersensitivity reactions to albumin [67]
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Chapter 2: Manufacturing Process of Albumin Nanocarriers

The manufacturing of albumin-based nanoparticles for drug delivery systems has
been extensively studied in the literature, with a particular focus on the utilisation of
specialised nanotechnology methods. These methods include coacervation
(desolvation), emulsification, thermal gelation, nano-spray drying, and nanoparticle
albumin-bound (nab) technology as shown in the Figure 2.1. This overview presents
a summary of the various methods discussed in the available research literature.

The preparation of albumin nanoparticles necessitates the achievement of a balance
between the attractive and repulsive forces within the protein. It is widely
acknowledged that enhancing protein unfolding and reducing intramolecular
hydrophobic interactions are key factors in the formation of albumin nanoparticles
[68,69]. During the formation of nanoparticles, proteins undergo conformational
changes, which involve the unfolding of their structures. This process results in the
exposure of interactive sites, such as disulfide bonds, thiol groups, and hydrophobic
regions, to the exterior. The extent of these conformational changes is contingent
upon the protein's composition, concentration, preparation conditions (including pH,
ionic strength, and solvent), and the crosslinking methods employed [69,70]. These
changes result in an increase in intramolecular crosslinking and a decrease in
hydrophobic interactions. Thermal or chemical crosslinking facilitates the formation
of a network, resulting in the manufacturing of cross-linked nanoparticles that can

encapsulate drug molecules [69].

Drug entrapment is typically associated with the manufacturing of albumin
nanoparticles, although it can also be a distinct stage in the overall manufacturing
process. Two principal techniques are employed for the entrapment of drugs: passive
and active trapping. In passive trapping, the drug and carrier are co-dispersed in the
same medium, allowing the simultaneous formation of nanoparticles and drug
loading. This method frequently necessitates the utilisation of organic solvents,
sonication, or elevated temperatures. In contrast, active trapping involves the loading
of the drug after the nanoparticles have been formed, a technique that is

predominantly employed for the encapsulation of hydrophilic drugs [71].
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Figure 2.1 Different Manufacturing Methods of Albumin Nanoparticles

2.1 Coacervation Method (Desolvation method)
The coacervation method is a process that involves preparing an albumin solution
from sources such as BSA or HSA. The albumin solution is then adjusted to alter its
properties by changing its pH. Coacervation, which is the core step, is induced by
methods such as adding salts, changing temperature, or altering pH [70,72]. This
leads to phase separation into a protein-rich coacervate and a supernatant. Within
the coacervate phase, albumin aggregates to form nanoparticles, a process that is
influenced by temperature and stirring conditions. Optionally, cross-linking agents
such as glutaraldehyde may be added to stabilise the nanoparticles, as shown in
Figure 2.2. The study conducted by Li et al. demonstrated that higher concentrations
of glutaraldehyde result in a reduction in the size of albumin nanoparticles due to
enhanced protein cross-linking. Nevertheless, this phenomenon also results in a
reduction in the encapsulation efficiency of hydrophilic active substances due to the
carrier becoming more hydrophobic [73]. The increase in the ionic strength of the
dispersion medium resulted in a reduction in electrostatic repulsion forces between
albumin molecules, which in turn led to an increase in particle size [74]. Doxorubicin-
loaded bovine serum albumin nanoparticles (NPs) were efficiently synthesized via the
desolvation technigue. These nanoparticles were then stabilized through crosslinking
via Schiff base bonds, creating a pH-sensitive system for DOX delivery. The
nanoparticles are then isolated, usually through centrifugation, to remove any
unreacted materials and by-products [75,76]. This is followed by drying and

collection methods, such as lyophilisation [2].
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Figure 2.2. Coacervation Method [70]

Table 2.1. Albumin nanoparticles for cancer treatment prepared by coacervation

method
Drug Prlt\eﬂpeatrha(';:jon Cancer Type Result Reference
The enhanced cellular
internalisation observed in the
Doxorubicin Coacervation Cervical Cancer  present study is in contrast to [77]
that observed in non-targeted
Nanoparticles.
The proliferation of cancer cells
Lung, breast, s .
Coacervation colon and was inhibited in a [78]
Docetaxel ) concentration-dependent
gastric cancer
manner.
The cellular internalization of
. Lung and the nanoparticles was
Coumarin-6  Coacervation breast cancer approximately twice that of 7]
unmodified BSA nanoparticles.
The delivery system is
SiRNA Coacervation ~ Breast cancer . _ rf?faer;?:):':fe:ﬁs:]ﬁ;i?;N A [80]
function, and low cytotoxicity.
The desired surface properties
] C ‘i Prostat in favour of cellular uptake and 81]
Paclitaxel oacervation  Frostate cancer targeting include increased
water solubility.
The objective of this study is to
investigate the efficacy of a
Doxorubicin Coacervation Neuroblastoma novel approach to overcoming [82]

transporter-mediated drug
resistance in drug-adapted
neuroblastoma cells.
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2.2

Emulsification Method

High-energy emulsification techniques employ specialised mechanical equipment to
produce nanometric emulsions. The process commences with the formation of
droplets, which are subsequently deformed and broken down into micrometric
droplets. Finally, surfactants are adsorbed onto the droplet interfaces in order to
ensure steric stabilization [83]. High-pressure homogenisers and ultrasound
generators are high-efficiency devices, with only a very low amount of the
mechanical energy produced being used for emulsification [84]. Low-energy methods
exploit the stored chemical energy within the system, utilising the intrinsic
physicochemical properties of surfactants, co-surfactants, and excipients in the
formulation. This process results in the formation of emulsion droplets within the
nanometric range [85].

The emulsification method starts with preparing an albumin solution. The albumin
protein is dissolved in an aqueous buffer. At the same time, an oil phase is prepared,
often using biocompatible oils like soybean oil [86,87]. The two phases are then
mixed under specific conditions, such as stirring or sonication, to produce an
emulsion in which the albumin molecules aggregate into tiny droplets in the oil
phase [88]. To stabilise these droplets into nanoparticles, a crosslinking agent, such
as glutaraldehyde, is added shown in Figure 2.3. This facilitates bonds between
albumin molecules and solidifies their structure [89]. Subsequently, the nanoparticles
are separated from the oil phase, usually through centrifugation, and then washed to
remove any residual oil and chemicals. The final step involves drying, often through

lyophilisation (freeze-drying), to obtain the nanoparticles in a powder form [23,90].

Albumin
Nanoparticles

Chemical/Physical
crosslinking
e.9. glutaraidehydé \\\ =3
Stabilized Aqueous solution Complex albumin
Albumin Nanoparticles  of biopolymer nanoparticles

Emulsification

)

Single Emulsification Method

Double Emulsification Method

Figure 2.3. Emulsification Method [70]
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2.3 Nab-Technology

Nab (nanoparticle albumin-bound) technology is a sophisticated process used to
manufacture albumin nanoparticles, The process begins with preparing a
concentrated albumin solution using BSA or HSA. The technology is based on binding
therapeutic agents to albumin molecules, which is achieved through high-pressure
homogenization or ultrasonic cavitation shown in Figure 2.4 [19,91]. These methods
create an environment that enables the drug to attach effectively to the albumin
molecules, forming nanoparticles typically ranging from 100-200nm in diameter. The
nanoparticles are stabilized, typically through cross-linking, to maintain their
structure and ensure sustained drug release. Following stabilization, a purification
process removes any unbound drug or albumin [53]. A number of nanoparticle
albumin-bound (nab) drugs are currently in development, including ABI-008 (nab-
docetaxel) and ABI-009 (nab-rapamycin). It is understood that the preparation

procedures can be similarly applied with suitable minor modifications [2,8].
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Figure 2.4. Nab Technology [70]

2.4 Thermal Gelation

The thermal gelation process is initiated by heat-induced conformational changes in
proteins, which cause some polypeptide segments to unfold. This is then followed by
protein-protein interactions, which include hydrogen bonding, electrostatic
interactions, hydrophobic interactions, and disulfide-sulfhydryl interchange reactions
[2,92,93]. First, a solution of albumin, is prepared in an aqueous buffer. The solution
then undergoes thermal gelation, a critical step where it is heated to a specific

temperature that causes the albumin to coagulate, forming a network of
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interconnected nanoparticles is shown in Figure 2.5 [2,94]. The size of the
nanoparticles is carefully controlled by adjusting factors such as albumin
concentration, heating temperature, and the duration of heat exposure. After the
nanoparticles are formed, the solution is cooled to stabilize them and prevent further

growth or aggregation [95].
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Figure 2.5. Thermal gelation [70]

2.5 Nano Spray-Drying

The spray drying process involves the generation of droplets from a solution
containing the protein and the drug. This method is a common practice in the
pharmaceutical industry, whereby a dry powder is produced from a liquid phase
[2,95].

The typical spray drying process comprises four fundamental steps: atomising the
feed into a spray, contacting the spray with air, drying the spray, and separating the
dried product from the drying air. This method offers the advantage of a continuous
and scalable single-step process for both drying and particle formation, as illustrated
in Figure 2.6 [2,87]. The size and properties of the particles can be controlled by
adjusting the drying conditions, such as air temperature, feed rate, nozzle size, and
solution concentration. After spray-drying, the nanoparticles are typically collected
using a cyclone separator or filter and may undergo further processing, such as

sieving for size uniformity or additional drying [70,96].
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Figure 2.6. Nano spray-drying [70]

Table 2.2. Albumin Nanoparticle for cancer treatment prepared by different methods

Drug

Manufacturing
Method

Cancer Type

Result

Reference

Teniposide

Emulsification

Melanoma
and glioma

The compound
demonstrated a reduction
in systemic toxicity and
exhibited enhanced
antitumor activity.

[97]

Hydrophobic
celastrol

Ultrasonication

Emulsification
followed by
high pressure

homogenization

Pancreatic
cancer

The compound has been
shown to facilitate
penetration into deep
tumour tissues, enhance
tumour accumulation,
prolong circulation and
enhance tumour
inhibition. Furthermore, it
has been demonstrated to
downregulate the
immunosuppressive
tumour
microenvironment.

[98]

Curcumin
Doxorubicin

Emulsification

Breast
cancer

The simultaneous
administration of a drug
and the killing of cells
results in a greater
accumulation of the drug
within the cells than
would be achieved by
administering the drug in
a sequential manner.

[99]

Chrysin

Thermal
aggregation

Lung Cancer

The potential application
of thermal-induced self-

[100]
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assembled BSA
nanoparticles in antitumor
therapies

Antisense
oligonucleo-
tide Herpes
Simplex Virus

Heat
denaturation

Breast
cancer

The objective is to achieve
efficient and targeted
delivery to HER2-positive
cancer cells.

[101]

The cellular internalisation
process is dependent on
time. There is no evidence
of cytotoxicity associated
with the carrier.

Prostate and
lung cancer

Heat

Cabazitaxel .
denaturation

The compound exhibits
300 times greater water
solubility than the free
drug, with a 14-fold higher
accumulation in tumour
tissue. It displays
significantly greater
antitumour activity
without toxicity.

Pancreatic
cancer

Albumin bound

Curcumin
technology

2.6 Design and Development of Albumin-Based Nanoplatforms Using Green Route

Nanocarriers are a significant development in nanotechnology, particularly in
pharmaceutical and material science. These carriers, often only a few nano-meter
sizes (10 — 1000 nm) offer numerous possibilities for drug delivery, enhanced
imaging, and improved material properties [19]. Nanocarriers are microscopic
structures that are integral to nanotechnology, primarily used in drug delivery
systems. They encapsulate pharmaceutical drugs, safeguarding them from
degradation and ensuring controlled release [104]. However, the use of nanocarriers
presents challenges due to concerns about their stability, potential toxicity, and the
body's immune response. Ongoing research aims to address these issues and
improve the efficiency and safety of nanocarrier applications. Here this thesis

investigated the two types of nanocarriers, namely nanoparticles and nanocapsule

Nanoparticles (NPs) are key to improving drug delivery and efficacy. Their small-sized

particle improves drug solubility, stability and bioavailability, allowing drug delivery
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to specific cells and minimising side effects and improving therapeutic outcomes
[105]. The nanoparticles have a hydrophobic environment that is perfect for
encapsulating lipophilic drugs due to the densely packed albumin molecules at their
core, shown in Figure 2.7 [23,106]. The surface is composed of albumin, arranged to
expose hydrophilic parts to the surrounding aqueous environment, ensuring
biocompatibility and stability in biological fluids. These NPs are usually spherical and

have particle size around 100 - 300 nm [107,108].

Albumin
matrix

Nanoparticle

Figure 2.7. Structural representation of Aloumin-based Nanoparticles (NPs)

In addition, the NPs can contain drugs by physically encapsulating them in the core or
chemically binding them to the albumin membrane. The drug is released by
degradation of the albumin in the target environment or by diffusion as the drug
concentration gradient changes [109,110]. The NPs also improve the stability of
drugs, particularly those that are unstable or rapidly degraded in the body, resulting

in @ more consistent therapeutic effect [111].

Nanocapsules (NCs) are a significant technological advance in the field of
nanomedicine, offering a range of benefits due to their unique properties [112]. NCs
can safely encapsulate various substances such as drugs, enzymes and other active
ingredients. In addition, the surface of NCs can be modified with different molecules,
such as ligands and antibodies, to enhance their ability to target specific biological
systems, improving their interaction and effectiveness in treatments [113]. Albumin
NCs with an oil core are an innovative application of nanotechnology in drug delivery
and pharmaceutical treatments. These NCs consist of an oil phase core, which can be

made from various biocompatible oils such as mineral or vegetable oil. This core acts
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as a reservoir for lipophilic drugs, allowing for their encapsulation. The core is

encapsulated within a shell made from albumin, as shown in Figure 2.8 [114].

Albumin

/membrane

Drug Oil Core

Figure 2.8. Structural representation of Aloumin-based Nanocapsules (NCs)

The drugs encapsulated within these NCs are released over time, a process that can
be controlled by altering the properties of the albumin shell or oil core [113]. This
release typically involves the gradual breakdown of the albumin shell. A key feature is
their high encapsulation efficiency, which ensures that a significant portion of the

intended drug is successfully contained within the nanocapsule [115].
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Chapter 3: Functionalization Approaches of albumin-based

nanocarriers
Surface engineering of drug delivery systems involves modifying the formulation's
physicochemical characteristics, pharmacokinetic behaviours, and pharmacological
actions through the application of a range of biomaterials. This process involves the
surface modification of the system, whereby it interacts with complementary coating
moieties to create a thermodynamically stable, functionalised system. Surface
modifications can be achieved through the coating of nanocarriers with either
covalent or non-covalent bonds. Such alterations can also be achieved by depositing
additional layers on the surface of the nanocarriers, which changes the properties of
the drug delivery system without forming covalent bonds [116]. Conversely, surface
modification can also be achieved through the formation of covalent bonds via a
variety of grafting and coupling techniques [117]. This section will examine both
covalent and non-covalent techniques that have been employed for the surface

modification of nano-delivery systems.

3.1 Non-Covalent Surface Modifications

Surface modification of nanocarriers through non-covalent bonds has been
demonstrated to result in improvements in their efficacy and enhancements in the
pharmacokinetic properties of the loaded drugs. The association between the
nanoparticle surface and the coating moiety can be facilitated by a number of
different interactions, including hydrogen bonding, hydrophobic effects, electrostatic
interactions, van der Waals forces, and a combination of these interactions as shown
in Figure 3.1 [118,119].

The modification of nanosystems through electrostatic interactions involves the
charge-based adsorption of various materials, such as saccharides and
polyelectrolytes, onto the surface of the nanosystems, thus eliminating the need for
multistep covalent conjugation chemistry [120]. Surface modification through
electrostatic deposition typically involves coating a charged colloidal core, such as
drug-loaded liposomes, niosomes, or nanocrystals, with oppositely charged

polyelectrolytes. The electrostatic attraction between the colloidal core and the
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polyelectrolytes results in the formation of an electrostatic film around the
nanoparticles. This technique can be employed to enhance the stability, plasma half-
life, and loading capacity of bioactive materials such as cell-penetrating peptides, as

well as to introduce targeting moieties to the nanosystems [121].

E

D

Figure 3.1 Non-Covalent Coating Techniques of Nanoparticles [122]

A number of non-covalent coating techniques are employed for nanoparticles,
including (A) Uncoated nanoparticles. (B) nanoparticle surfaces are modified through
supramolecular hydrogen bonding, where complementary interactions between the
nanoparticle surface and the coating biomaterial form host-guest interactions. (C)
nanoparticle surfaces coated via electrostatic attraction between opposite materials,
forming either a single layer or multiple layers in a layer-by-layer fashion. (D) The
deposition of a layer on the nanoparticle surface through hydrophobic interactions
stabilises lipophilic nano systems using amphiphilic wetting agents. In this process,
the lipophilic tails of the wetting agents associate with the nanosystem surface, while
the hydrophilic portions interact with the aqueous environment, thus enhancing
system stability. (E) The coating of nanoparticle surfaces with bilayers of human cells,

such as red blood cells.

3.2 Covalent Surface Modifications
Covalent conjugation of materials on the surface of nanocarriers is a technique
employed to modify the surface of nano-drug delivery systems. This method entails

the attachment of biomolecules to the surface of the delivery system via
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physiologically labile covalent bonds. Currently, this technique is a widely employed
and valuable method, offering a powerful and versatile tool for the creation of nano-
delivery systems with various covalently functionalised biomolecules [123]. The
efficacy of covalent functionalisation is contingent upon the bond formed between
the nanomaterial and the functional groups of the reacting molecules. This approach
has facilitated the development of a wide range of nano-drug delivery systems
incorporating both organic and inorganic functional groups [124]. A number of
chemical techniques are employed in order to achieve the surface modification of
nano-delivery systems. The most commonly utilised biodegradable bonds include
amide, ester, polycyclic, disulfide, thiol, carbamate, and Schiff bases each type of
covalent bond has a distinct mechanism of cleavage [125]. Functional groups,
including alkoxy (OR), amino (NH2), amine (NHR), and alkyl (R), can be introduced
onto the surfaces of nanomaterials, including micelles, nanoparticles, and carbon
nanotubes [126]. The surface functional groups of the coating materials engage in
chemical reactions with one another, forming biodegradable covalent bonds that

facilitate the coating of nanoparticles.

3.3 Surface modified Albumin Nanoparticles
The well-defined primary structure of albumin provides numerous opportunities for
surface modification of albumin-based nanoparticles, thanks to the presence of
functional groups such as carboxylic and amino groups on their surfaces [127,128].
The surface modification of albumin nanoparticles is typically achieved through the
conjugation of surface-modifying ligands via covalent bond formation between the
ligands and the functional groups on the albumin surface. Alternatively, surface
coating or electrostatic adsorption techniques may also be employed for
nanoparticle surface modification [128].
In albumin-ligand combinations, albumin serves as a biodegradable carrier for drug
delivery, while the ligands are used to modify pharmacokinetic parameters (e.g.,
surfactants), enhance nano system stability (e.g., Poly-L-lysine, for instance, can
prolong the circulation half-life of drugs, while PEG can slow the release of drugs

from nanoparticles. Cationic polymers can also be used to slow drug release. Finally,
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folate, thermo-sensitive polymers and monoclonal antibodies can act as targeting

agents [101,1238].

3.4 Surfactant
The binding of doxorubicin to human serum albumin nanoparticles, which have a
surface coating of polysorbate 80, can result in a significant reduction in the drug's
haematological, cardiac, and testicular toxicities [129]. The reduced cardiotoxicity is
likely due to the favourable changes in the drug's pharmacokinetics resulting from
the surfactant coating. A number of studies have demonstrated that the coating of
nanoparticles with polysorbate 80 results in an increase in the area under the curve
(AUC) and a reduction in the volume of distribution, clearance, and cardiotoxicity of
doxorubicin [130]. The reduced testicular toxicity of surfactant-coated nanoparticles
may be attributed to the less efficient uptake of these particles by Sertoli cells, which
have a phagocytic function. Consequently, the less opsonised surfactant-coated
particles are less likely to be phagocytosed compared to uncoated particles. The
uncoated particles, being more susceptible to phagocytosis, present a greater hazard
to Sertoli cells. Upon entering the cells, these particles degrade and release the drug,
resulting in significant cytotoxic effects and more pronounced damage to the

epithelium [131].

3.5 Cationic Polymers
Albumin nanoparticles synthesized through coacervation are typically stabilized via
crosslinking with glutaraldehyde. Nevertheless, the use of glutaraldehyde to enhance
nanoparticle stability has been the subject of concern due to its cytotoxicity and
potential adverse interactions with encapsulated therapeutic agents [132]. The
coating of protein nanoparticles with biomaterials may offer a superior method for
protection against enzymatic degradation. This approach, which involves the physical
adsorption of a macromolecule, can obviate the necessity for the use of hazardous
crosslinker agents [132]. Consequently, anionic BSA nanoparticles were surface-
coated with cationic polymers like polyethyleneimine (PEl). Bone morphogenetic
protein-2 (BMP-2) could be encapsulated within these PEIl-coated BSA nanoparticles,

with its release being regulated by the concentration of the PEI coating [133,134].
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The surface charge of the particles underwent a shift from negative to neutral or
slightly positive, which has the potential to reduce plasma protein adsorption on the
particle surfaces and thus enhance their suitability for in vivo applications.
Nevertheless, the osteoinductive activity of BMP-2 encapsulated in these
nanoparticles was not effectively achieved in a rat ectopic model. This unfavourable
outcome was attributed to the toxic effects of PEl on the locally present cells [133]. A
study conducted by Zhang et al. demonstrated that substituting polyethylene glycol
(PEG) for polyethyleneimine (PEI) significantly reduced the latter's toxicity. The BMP-
2 encapsulated in BSA nanoparticles coated with PEI-PEG demonstrated more
effective bone formation in a rat ectopic model compared to those coated solely with
PEI. This improvement was attributed to the enhanced biocompatibility and
physicochemical properties conferred by the PEG substitution [133]. Another cationic
polymer, poly-L-lysine (PLL), was investigated as a potential substitute for PEIl in
coating BSA nanoparticles. siRNA and BMP-2 were encapsulated within PLL-coated
BSA nanoparticles as model drugs [132]. The PLL coating was found to enhance
proteolytic resistance, resulting in more stable nanoparticles. The stability of these
nanoparticles in agueous solutions was found to increase with higher PLL molecular
weight and concentration. This was evidenced by the sustained release of FITC-BSA
from BSA nanoparticles coated with 0.9 kDa PLL in phosphate buffer (pH 7.4), in
contrast to the negligible release observed from nanoparticles coated with 4.2, 13.8,

and 24 kDa PLL after three days. [132,135].

3.6 Chitosan
Chitin is a polymer composed of B-(1,4)-linked 2-acetamido-2-deoxy D-glucopyranose
units, making it one of the most abundant organic materials and marine
polysaccharides. It is readily available from natural sources, including the shells of
crustaceans such as lobsters, shrimp, and crabs, as well as from industrial fungal
process broths. Chitosan, a nitrogenous polysaccharide, is produced in significant
guantities through the N-deacetylation of chitin as shown in the Figure 3.2. This
versatile polymer exhibits a well-defined chemical structure and the capacity for

chemical and enzymatic modifications. It is recognised for its physical and biological
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functionality, biodegradability, and biocompatibility with various organs, tissues, and
cells. Furthermore, chitosan can be processed into a diverse range of products,

including flakes, fine powders, beads, membranes, sponges, cotton, and fibres.

[69,136].
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Figure 3.2. Chemical structure of Chitin and Chitosan [137]

The study of the crystalline structure of chitin/chitosan samples revealed that the
partially deacetylated material was less crystalline and less anhydrous than pure
chitosan. Crystallinity depends on the factors such as secondary treatment
(reprecipitation, drying, and freeze-drying), origin (affects residual crystallinity),
diffusion properties, and deacetylation procedures that may affect the solid-state
structure of chitosan [69,138]. Chitosan obtained from deacetylation of crustacean
chitin may have an MW of over 100,000 Da. The MW of chitosan depends on its
source and deacetylation conditions (time, temperature, and concentration of alkali).
Evaluation of the molecular weight of the polymeric chain is done using Viscometric
and GPC techniques. Chitosan, being a cationic polysaccharide in neutral or basic pH
conditions contains free amino groups hence, is insoluble in water. In acidic pH,
amino groups can undergo protonation thus, making them soluble in water.
Therefore, the solubility of chitosan depends on the distribution of free amino and N-
acetyl groups. Chitosan is soluble in organic acids (formic, lactic, pyruvic, acetic, and
oxalic acids). The extent of solubility also depends on the concentration and type of
acid chosen for dissolution [139]. Higher MW chitosan often renders highly viscous
solutions, which may not be desirable for industrial handling. However, lower

viscosity chitosan may facilitate easy handling. The solution viscosity of chitosan
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depends on its molecular size, cationic character, and concentration as well as the pH

and ionic strength of the solvent [140].
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Figure 3.3. Schematic representation of Surface Modification of nanocapsule with
Chitosan Coating
In order to enhance the ocular delivery of antibiotics through the eye's physiological
and anatomical barriers, researchers have recently reported the utilisation of
chitosan surface-modified, ciprofloxacin-loaded liposomes [141]. Doxorubicin-loaded
human serum albumin (HSA) nanoparticles were stabilized by coating them with a
cationic polymer, polyethyleneimine (PEl). The surface-modified HSA NPs
demonstrated enhanced cellular penetration of the NPs due to the presence of a
positive charge, thereby improving the cytotoxic effects of doxorubicin [142]. It has
been observed that polymers capable of forming brush-like structures on the
surfaces of nanoparticles can reduce van der Waals interactions among the
nanoparticles, thereby enhancing their stability [76]. The objective of this study was
to investigate the effect of chitosan (CS) coating on bovine serum albumin
nanoparticles (BSA NPs) for ocular delivery. The presence of the CS coating was
confirmed by observing changes in zeta potential (ZP). The CS coating was found to
modulate drug release and enhance the mucoadhesion of the nanoparticles [143].
Chitosan is also valuable in wound healing and tissue engineering due to its ability to
promote clotting and natural antibacterial properties. It is especially useful in
dressings and scaffolds for new tissue growth [144,145]. Chitosan's mucoadhesive

properties enable efficient transmucosal drug delivery, enhancing drug absorption
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and bioavailability [146]. Additionally, its inherent antimicrobial qualities make it a
suitable candidate for formulations aimed at infection control, often integrated into

medical coatings and fibres [144,147].

3.7 Thermosensitive polymers
Shen et al. developed a novel thermally-targeted anti-cancer drug carrier by
conjugating thermo-responsive poly (N-isopropyl acrylamide-co-acrylamide)-block-
polyallylamine (PNIPAM-AAm-b-PAA) to the carboxylic groups on the surface of
albumin nanospheres using the carbodiimide (EDC) coupling technique [148]. During
the particle preparation process, the anti-cancer drug adriamycin was encapsulated
within both unconjugated (AN) and conjugated albumin nanospheres (PAN) [77] In
comparison to AN, the release rate of adriamycin from PAN in trypsin solution was
found to be slower, and this further decreased with increasing amounts of
conjugated PNIPAM-AAmM-AA or its molecular weight. This suggests that the steric
hydrophilic barrier on AN impedes its digestion. Furthermore, the release of
adriamycin from PAN was accelerated above the cloud-point temperature of
PNIPAM-AAmM-AA due to the shrinkage of the thermo-sensitive polymer. In
experiments with human hepatocellular carcinoma HepG2 cells, PAN demonstrated
effective targeting of cancer cells above the cloud-point temperature of PNIPAM-
AAmM-AA, but not below this temperature. These findings indicate that PAN has
thermal targetability, which may enable selective accumulation in solid tumours

maintained above physiological temperature through local hyperthermia [77,148].

3.8 Polyethylene glycol (PEG)
The chemical coupling of polyethylene glycol (PEG) to proteins or particles, known as
PEGylation, is a well-established technique that has been shown to significantly
extend the circulation half-life of the coupled entities by more than 50-fold.
Furthermore, PEGylation has been demonstrated to reduce immunogenicity and
enhance tumour accumulation through the enhanced permeability and retention
(EPR) effect [149]. mPEG-Succinimidyl Propionate (mPEG-SPA) was employed for the
conjugation of polyethylene glycol (PEG) to the amino groups of bovine serum

albumin (BSA) nanoparticles [149]. The release of 5-fluorouracil from PEGylated BSA
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nanoparticles was found to be significantly slower than from non-PEGylated
nanoparticles. This phenomenon is likely attributable to the presence of a
polyethylene glycol (PEG) layer surrounding the PEGylated particles, which serves to
impede the diffusion of the encapsulated drug [149]. Surface-modified human serum
albumin (HSA) nanoparticles were prepared using two types of poly(ethylene glycol)—
HSA conjugates: a poly(thioetheramido acid)—poly(ethylene glycol) copolymer-
grafted HSA and a methoxy poly(ethylene glycol)-grafted HSA (HSA-mPEG) [150].
Rose Bengal (RB) was employed as a model drug for encapsulation into the
nanoparticles. The drug loading in HSA—-mPEG nanoparticles was significantly lower
due to the reduced number of drugs—protein binding sites available in the HSA-
mPEG molecules compared to unmodified HSA. In comparison to unmodified
nanoparticles, the slower release of RB from surface-modified HSA nanoparticles in
the presence of enzymes indicated that the steric hydrophilic barrier on the

nanoparticle surface impeded their digestion [150].

3.9 Folicacid
Folic acid is a low-molecular-weight vitamin (441 Da) that has been observed to
frequently overexpress its receptor in human cancer cells. This receptor is recognised
as a tumour marker, particularly in ovarian carcinomas, and is minimally expressed in
most normal tissues. [151,152]. Folic acid offers several advantages as a targeting
agent for tumor cells. Firstly, it is stable, cost-effective, nonimmunogenic, and
compatible with organic solvents used in the preparation process, unlike proteins
such as monoclonal antibodies. Secondly, folic acid binds with high affinity to folate
receptors on cell surfaces and is internalized via receptor-mediated endocytosis
[153]. The carboxylic group of folic acid was covalently conjugated to the amino
groups on the surface of albumin nanoparticles using the 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) coupling technique [77]. The enhanced
uptake of nanoparticles by cancer cells indicates that folate-conjugated albumin
nanoparticles provide a drug delivery system with specificity for cancer cells [128].
Consequently, numerous anticancer drugs have been loaded into folate-conjugated

albumin nanoparticles, including doxorubicin, [77] paclitaxel, [154] cisplatin, [155]
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vinblastine sulfate, [156] mitoxantrone [157]. Folic acid (FA) is employed as a
selective targeting ligand to target the overexpressed folate receptor alpha (FRa) on
the surface of tumour cells. Bexarotene-loaded BSA NPs modified with folic acid
demonstrated enhanced tumour cell growth inhibition in comparison to non-
targeted NPs. (Qi et al., 2014). Nosrati et al. demonstrated that conjugating chrysin-
loaded BSA NPs with FA had the superior potential to overcome the poor solubility of
chrysin, with improved targeting. (Nosrati et al., 2018). The incorporation of
ginsenoside Rg5 into folate-decorated bovine serum albumin nanoparticles (FA-BSA
NPs) resulted in enhanced cytotoxic activity and the accumulation of Rg5 at the
tumour sites. (Dong et al.,, 2019). Folic acid-modified baicalein-loaded BSA NPs
exhibited extensive accumulation in the breast tumour microenvironment with a
prolonged circulation time, thereby enhancing the therapeutic efficiency of baicalein.
(F. Meng et al., 2021). Fluorescein isothiocyanate-labelled folate-conjugated BSA
nanoparticles were internalised by SKOV3 cells, a human ovarian cancer cell line. This
uptake was inhibited by an excess of folic acid, indicating that the binding and/or
uptake were mediated by the folate receptor [158]. Similarly, folate-decorated
paclitaxel-loaded BSA nanoparticles were observed to effectively target a human
prostate cancer cell line [159] Shen et al. reported that folate-conjugated
doxorubicin-loaded BSA nanospheres were incorporated into HelLa tumour cells after
only 2 hours of incubation, whereas Hela cells did not incorporate the unconjugated
nanospheres even after 4 hours of incubation [77]. Furthermore, aortic smooth
muscle cells (AoSMC) exhibited higher viability compared to Hela cells when treated
with folate-conjugated doxorubicin-loaded BSA nanoparticles, suggesting that these
nanoparticles were selective for Hela cells (which express folate receptor alpha, FRa)
and non-selective for AoSMC cells (which do not express FRa). The results
demonstrated that folate-conjugated magnetic HSA nanoparticles loaded with
cisplatin exhibited a significant sustained-release effect, with the half-release time
(t1/2) of cisplatin being 65 minutes from solution and 24 hours from nanoparticles

[128,155,160].

48



3.10 Peptides

The PEGylated human serum albumin (HSA) nano micelles were formed by self-
assembly and subsequently surface-conjugated with cyclic RGD peptides. This was
done in order to facilitate the selective delivery of doxorubicin to cells expressing the
avpB3 integrin. The cyclic RGD peptide was conjugated to the micelles' PEG chains
[161]. When incubated with human melanoma cells (M21+) that express the avp3
integrin, there was a higher uptake and longer retention of doxorubicin. Upon
entering the cells, both covalently linked and noncovalently absorbed doxorubicin
were effectively released from the albumin carrier. This release was facilitated by the
reduction of disulfide bonds by intracellular thiols and proteolytic processes within
endosomes and lysosomes [162]

In the study by Karmali et al.,, tumour-homing peptides, specifically CREKA (a
pentapeptide consisting of cysteine, arginine, glutamic acid, lysine, and alanine) and
LyP-1 (a cyclic nine-amino acid peptide), were employed to target Abraxane (nab-
paclitaxel) to tumors in mice [163]. Peptide Abraxane conjugates were prepared by
coupling peptides to Abraxane via their cysteine sulfhydryl groups using a sulfo-SMCC
(sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-1-carboxylate) cross-linker.
Upon intravenous injection of CREKA-Abraxane into mice bearing MDA-MB-435
human cancer xenografts, the conjugate accumulated in tumour blood vessels,
forming aggregates that included red blood cells and fibrin. The self-assembled
mixed micelles, which carried the homing peptide on different subunits, accumulated
in the same tumour regions as LyP-1-abraxane. This demonstrated that LyP-1 can
deliver intact nanoparticles to extravascular sites. The results demonstrated that LyP-
1-Abraxane resulted in a statistically significant inhibition of tumour growth

compared to untargeted Abraxane [163].

3.11 Monoclonal antibodies
Monoclonal antibodies (mAbs) have emerged as a promising group of ligands for
specific tumour targeting. The human epidermal growth factor receptor-2 (HER2) is a
tumour-targeting marker that is employed in the treatment of metastatic breast
cancer. To exploit this, the surface of HSA nanoparticles was modified with the

humanised anti-HER2 antibody trastuzumab (Herceptin®) using an avidin-biotin
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complex formation. This entailed the attachment of NeutrAvidin, a biotin-binding
protein, to the nanoparticles, followed by the conjugation of the biotinylated
antibody [164]. The attachment of trastuzumab-conjugated HSA nanoparticles to the
surface of HER2-overexpressing cell lines (BT474, MCF7, and SK-BR-3) was found to
be both time and dose dependent. This process facilitated the effective
internalisation of the nanoparticles by these cells through receptor-mediated
endocytosis [164].

Steinhauser et al. employed trastuzumab-modified human serum albumin (HSA)
nanoparticles for the cell-specific targeting of antisense oligonucleotides (ASOs) to
human epidermal growth factor receptor 2 (HER2)-overexpressing breast cancer
cells. The antisense oligonucleotides (ASOs), which were directed against polo-like
kinase 1 (Plk1), demonstrated a significant downregulation of Plk1 mRNA and Plk1
protein following incubation with the nanoparticle formulations [101]. BSA-Nps with
Another ligand, cholesterol, was conjugated with tamoxifen-loaded BSA NPs in order
to develop an indirect tumour-targeting strategy. The NPs demonstrated enhanced
cytotoxicity and specificity on cancer cells overexpressing low-density lipoprotein
(LDL) receptors, compared to non-targeted NPs. (Gharbavi et al., 2020). In another
study, docetaxel-loaded human serum albumin (HSA) conjugates were developed
utilising folate and biotin targeting ligands. The drug-albumin conjugates
demonstrated superiority in terms of cellular uptake and antitumor activity
compared to free docetaxel [165]. Luteinizing hormone-releasing hormone (LHRH)
conjugated methotrexate-loaded human serum albumin (HSA) nanoparticles (NPs)
were developed as active targeting nanocarriers, exhibiting a significant delay in
tumour growth of 4T1 cells compared to non-targeted HSA NPs and free
methotrexate formulations (Taheri et al., 2012). A number of malignant tumours,
including those of the colon, head and neck, non-small cell lung, ovary, breast and
prostate, as well as glioma, display overexpression of the epidermal growth factor
receptor (EGFR) on their surfaces. In 2004, the FDA approved cetuximab, a
humanized IgG1 monoclonal antibody targeting EGFR, for the treatment of colorectal
cancer [166]. Consequently, cetuximab-modified HSA nanoparticles represent a
promising carrier system for drug delivery. It has been demonstrated that EGFR-

expressing colon carcinoma cells accumulate in a specific manner when exposed to
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3.12

cetuximab [166]. DI17E6, a monoclonal antibody directed against av-integrins, was
covalently coupled to human serum albumin (HSA) nanoparticles loaded with
doxorubicin. The thiolated antibody was linked to the nanoparticles via a sulfhydryl-
reactive nanoparticle suspension, thereby establishing a covalent bond between the
antibody and the nanoparticle system [167]. The target-specific nanoparticles
demonstrated selective targeting of avB3 integrin-positive melanoma cells, with

increased cytotoxic activity compared to the free drug [167].

Inducible T-Cell Costimulator (ICOS)

It is a crucial component of the immune system, molecular weight of approximately
55~60 kD, specifically in regulating T-cell function [168]. It belongs to the CD28
family of immune costimulatory receptors, which includes CD28, CTLA-4, and PD-1.
ICOS improves all fundamental T cell responses to foreign antigens, such as
proliferation, lymphokine secretion, upregulation of molecules that mediate cell-cell
interactions, and effective support of antibody secretion by B cells [169]. Additionally,
it prevents apoptosis of pre-activated T cells and plays a critical role in CD40-
mediated class switching of immunoglobulin isotypes. CD278/ICOS is a
transmembrane protein that plays a critical role in the adaptive immune response
[170]. It is predominantly expressed on the surface of T cells and is inducible rather
than constant. Upon T cell activation, triggered by recognition of an antigen, ICOS
expression is upregulated. Up-regulation is crucial for fine-tuning the immune system
to amplify the T-cell response when necessary. ICOS primarily functions by binding to
its ligand, ICOSL, which is found on other immune cells, such as antigen-presenting
cells (APCs) [171]. This interaction provides an essential co-stimulatory signal for the
full activation of T cells, increasing their proliferation, survival, and efficacy. 1COS
plays a central role in T cell activation and survival, influencing cytokine production
and shaping the nature and intensity of the immune response. As such, it is an
important target in immunotherapies, including cancer immunotherapy [172,173].

To improve its therapeutic potential, ICOS is often fused with the Fc region of an
antibody, a process known as Fc Fusion. The Fc region, which is the constant part of

an antibody, is known for its stability and prolonged circulation in the blood. This
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fusion aims enhance in the stability and half-life of ICOS, allowing for prolonged
circulation time and potentially increased efficacy in modulating immune responses.
[171,174]. Manipulations like Fc Fusion are particularly relevant in developing
treatments for conditions where modulating the immune response is crucial, such as
certain cancers or autoimmune diseases. The manipulation of ICOS through

techniques like Fc Fusion opens new avenues in immunotherapy [175].

The conjugation of the Fc region of an antibody with ICOS, a member of the CD28
family of T-cell co-stimulators, results in the creation of an ICOS-Fc hybrid molecule
with specific targeting capabilities. This approach has numerous applications in
targeted drug delivery. Drugs conjugated to ICOS-Fc can selectively impact cells
expressing the ICOS ligand, enhancing efficacy while minimizing side effect
Nanoparticles are frequently used in drug delivery the encapsulation of NPs with
ICOS-Fc behaves as an effective antitumor agent by triggering an anticancer immune
response, inhibiting tumor angiogenesis, and possibly altering the behaviour of the
tumor cells [109]. Conjugating them with ICOS-Fc enables precise targeting of
immune cells, which is particularly useful in cancer therapy for targeting the tumor
microenvironment (as shown in Figure 3.4). This technology can also be applied to
other therapeutic agents, such as small molecule inhibitors or genetic material like
siRNA, by conjugating them with ICOS-Fc to direct them specifically to desired

immune cells [176].

Figure 3.4. Schematic Representation of ICOS-Fc conjugated with Nanoparticles
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4.1

4.2

Chapter 4: Development of nanomedicine as per ICH Q8

Guidelines
The ICH Q8 guideline, titled 'Pharmaceutical Development', is part of a set of
International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH) guidelines. These guidelines aim to harmonise
regulatory requirements for pharmaceuticals in Europe, Japan, and the United States.
The key aspects of the ICH Q8 guideline include the development of a pharmaceutical
product's identification of critical quality attributes (CQAs), critical material attributes

(CMAs) and critical process parameters (CPPs) [177,178].

Critical Quality Attributes (CQA)

Critical Quality Attributes refer to the physical, chemical, biological, and
microbiological properties or characteristics of an ingredient or product that must be
controlled within predefined limits to ensure the desired product quality. These
attributes are considered critical because they have an impact on the efficacy, safety,
and stability of the drug product [179].

CQAs start with comprehending the correlation between the drug substance's
attributes, ingredients, and the drug product. This requires an examination of the
drug's therapeutic context, route of administration, dosage form, and the
characteristics of the active pharmaceutical ingredient (API).

CQAs are directly linked to the quality of the drug product. They can influence
important factors such as the drug's bioavailability, stability, and patient acceptability.
Parameters such as particle size, polymorphism, purity, and strength.

CQAs are closely linked to Critical Process Parameters (CPPs). CPPs are the key
variables that affect the production process and must be monitored or controlled to
ensure that the product meets its CQAs. It is essential to comprehend the relationship

between CPPs and CQAs for effective process control [180].

Critical Material Attributes (CMAs)
CMAs are defined in the ICH Q8 (R2) guideline on pharmaceutical development. They

are crucial for ensuring that the raw materials used in pharmaceutical products
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contribute to the final product's quality, safety, and efficacy. The process usually
requires a comprehensive understanding of the effects of material properties on both
the process and the product. This can be achieved through experimental investigation
and prior knowledge [181-184].

CMAs are essential characteristics of materials used in pharmaceutical manufacturing

and they are typically classified into several types...

Physical Attributes

These are the measurable physical characteristics of materials: particle size, shape,
and distribution. These aspects can significantly impact the material's performance in
a formulation.

Chemical Attributes

These relate to the composition and chemical properties of the material. The primary
concern is purity, ensuring that the material is free from unwanted contaminants.
Potency, which measures the strength or effectiveness of the material, is also critical,
especially in pharmaceuticals where dosage accuracy is crucial. It is important to
identify and control specific impurities or contaminants as they can affect the safety
and efficacy of the final product.

Biological Attributes

This category is especially important for materials sourced from biology, such as cell
lines, enzymes, and other bioactive substances. Essential factors include biological
activity, which measures how effectively a material performs its intended biological
function, and immunogenicity, which refers to the potential of the material to provoke
an immune response.

Microbiological Attributes

These aspects are essential for materials used in sterile pharmaceutical products.
Bioburden, which refers to the amount of microbial contamination, must be controlled
to ensure safety and stability. Endotoxin levels, toxins released by bacteria, are a
significant concern in injectable drugs. Sterility is also a critical attribute, ensuring that

no viable microorganisms are present in the final product.
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4.3

4.4

Understanding CMAs is essential for designing robust manufacturing processes and
control strategies. This knowledge is crucial in mitigating risks associated with

variability in material attributes.

Critical Process Parameters (CPPs)

CPPs are process parameters whose variability impacts a Critical Quality Attribute
(CQA) and must be monitored or controlled to ensure the desired quality of the
process. They are crucial in process design and control in pharmaceutical
manufacturing. The parameters required for the manufacturing process can vary
widely but usually include temperature, pressure, pH level, stirring speed, and reaction

time [180,181,185].

Development of Nanomedicine
The development of a pharmaceutical product typically involves a comprehensive and
meticulous process, usually divided into two main steps: Formulation Development

and Process Development.

I.  Formulation Development
This is the first stage in developing the composition of the albumin-based
nanomedicine. The types of albumins to be used, along with other additives and

stabilisers that may be required, are determined.

a) Optimization of Blank Formulations

In this stage, the focus is on developing the albumin-based carrier system without
the active pharmaceutical ingredient (API). The aim is to optimize the formulation's
properties, such as solubility, stability, and biocompatibility. Key factors that are
taken into consideration include the concentration of albumin, pH levels, ionic

strength, and isoelectric point and the presence of any additives or stabilizers [186].

b) Optimization of Drug-Loaded Formulation
Once the blank formulation is optimized, the next step involves incorporating the
hydrophilic and lipophilic drugs into the albumin-based system. This stage requires

careful consideration of the drug's molecular interaction with albumin [187]. The
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critical factors to consider are the drug loading capacity, encapsulation efficiency,
release profile, and stability of the drug-albumin formulation [188,189]. Techniques
such as high-performance liquid chromatography (HPLC) can be used to analyse the
formulation and ensure that the drug is properly incorporated and maintained within

the albumin carrier.

. Process Development
Once the formulation is established, attention turns to scaling up the production
process. This involves establishing manufacturing processes that are consistent,
reliable, and scalable.
a) Optimization of Process Parameters
Optimising process parameters for the production of albumin-based nanomedicine is
a critical aspect of pharmaceutical manufacturing. It requires a careful balance of
various factors to ensure the efficacy and quality of the final formulation.
Temperature is a key parameter because the stability of albumin, a protein, is highly
temperature-sensitive. Therefore, maintaining an optimal temperature is essential to
preserve the albumin's structure and function. The pH level is important for the
structure and functionality of albumin, as it affects its binding properties and
stability. This is crucial for targeted drug delivery. The mixing speed during
formulation affects the size and uniformity of nanomedicine. Precise control is
necessary to ensure consistent quality of nanomedicine [190].
In addition, it is important to optimize the reaction time duration for each
manufacturing step to ensure that albumin is exposed to ideal conditions for an
appropriate amount of time. This will have an impact on drug loading efficiency and
release profiles. It is important to consider the interactions between these
parameters, as optimal pH may vary with temperature changes and mixing speed

may need to be adjusted based on process duration [191].

b) Physico-chemical Characterization
In this final step, the physico-chemical properties of the albumin-based formulation
are comprehensively characterised. This involves determining the particle size, zeta

potential, morphology, and thermal stability of the formulation [192]. Techniques
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such as dynamic light scattering (DLS), scanning electron microscopy (SEM), and
differential scanning calorimetry (DSC) and Fourier-transform infrared spectroscopy
(FTIR) are commonly employed [193,194]. This characterisation is crucial for
predicting how the formulation will behave in biological systems and for regulatory

approval processes.
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Chapter 5: Aim of the work

The aim of the study is to develop new albumin-based nanoformulation tuning
advanced manufacturing technologies, including surfactant-mediated coacervation,
ultrasonication technology (US), microwave-assisted (MW), and a combination of
microwave and ultrasonication (MW/US). The surfactant-mediated coacervation
method uses organic solvents to denature albumin. This process creates a coacervate
of albumin that can encapsulate drug molecules, but the use of solvents and the
need for cross-linking agents are limitations. As a consequence, the thesis will be
evaluated as greener and sustainable. The formulation design and development will
follow the ICH Q8 guidelines for manufacturing methods, such as ultrasonication,
microwave and combined microwave and ultrasonication.

The primary objective will be to achieve the quality target attributes, including
particle size, polydispersity index (PDI), zeta potential, encapsulation efficiency, in
vitro drug release profiles, and shelf life. These attributes are of paramount
importance for ensuring the stability, bioavailability and safety. The research will
begin by optimizing the formulation of BSA nanoparticles and nanocapsules. Various
approaches will be evaluated to achieve the desired quality target attributes. The
optimization of the preparation methods will be adjusting the concentration of
albumin, and the parameters of the manufacturing processes. After extensive
experimentation and analysis, the optimal conditions for producing high-quality BSA
nanomedicine will be tuned.

Once the optimal formulation will be identified with the BSA as a component, HSA
will be used to obtain the nanocarriers. A comparison will be carried out between
the findings and the preparation of HSA nanomedicine. A comprehensive analysis
will be conducted to ensure that the optimal conditions for BSA will be appropriately
adapted for HSA.

The final stage of the PhD research will concern the development of optimised BSA
and HSA nanoparticles and nanocapsules, incorporating a hydrophilic drug,
doxorubicin hydrochloride. This drug is a common therapeutic agent in the treatment

of cancer, serving as a model drug for our study. The objective will be to achieve
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targeted delivery of the Doxorubicin to cancer cells, by modifying the surface of the
albumin nanomedicine with specific coatings and ligands. These modifications will
enhance the targeting capability by recognizing and binding to receptors
overexpressed on cancer cells, thereby improving the therapeutic efficacy and

reducing side effects.

59



Chapter 6: Preparation and Optimization of Blank Bovine Serum

Albumin-Based Nanomedicine by Approaching Advanced

Manufacturing Technologies
In this chapter, the development of various advanced manufacturing technologies for
the optimization and preparation of blank bovine serum albumin-based
nanomedicine delivery systems, with a particular focus on nanoparticles (BSA-NPs)
and nanocapsules (BSA-NCs) formation by using the Coacervation Method,
Ultrasonication Technology (US), Microwave Technology (MW) and Combined
Microwave and Ultrasonication (MW/US). Our objective was to achieve specific
quality target attributes to ensure the effectiveness and physical stability of these
nanomedicines as per the ICH Q8 guidelines for the quality target attributes, which
included particle size, polydispersity index (PDI), zeta potential, encapsulation
efficiency, in-vitro drug release, and physical stability as shown in Table 6.1. These

parameters were essential in guiding the optimization process.

Table 6.1. Parameters of Quality Target Critical Attributes

Critical Attribute Specifications
Particle Size <200 nm
Polydispersity (PDI) <0.25
Zeta Potential Value (mV) 2-20 mV
>50%

Encapsulation Efficiency (EE %)

In-Vitro Drug Release Prolonged release profile

Stability (Shelf Life) 6 months minimum

Here is a detailed explanation of each quality target attribute listed below [195-197].
Particle Size

The particle size must be equal to or less than 200 nm. Smaller particles can enhance
the bioavailability of the incorporated drug, improve its distribution in the body, and
potentially allow for vascular targeted delivery to specific sites.

Polydispersity Index (PDI)
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The Polydispersity Index (PDI) measurement determines the range of particle sizes
present in the nanoparticle population. A PDI less than 0.25 represent a narrow size
distribution, that can affect the stability of the system.

Zeta Potential

The zeta potential of nanoparticles indicates their surface charge. A negative charge
of greater than -20 mV or higher suggests that there is enough surface charge to
prevent nanoparticle aggregation, which improves their physically stability.
Additionally, the surface charge can affect the cellular uptake and distribution of the
nanomedicine in the body.

Encapsulation Efficiency

This parameter indicates the percentage of drug that is successfully encapsulated
within the nanomedicine, in respect to amount used. It is important to achieve an
encapsulation efficiency of at least 50% to ensure effective manufacturing process
drug incorporation.

In-Vitro Drug Release

A prolonged release profile refers to the controlled and constant release of the drug
over an extended period of time. This release profile is designed to maintain
therapeutic drug levels within the body's system, reducing the need for frequent
dosing and thereby enhancing patient compliance.

Physical Stability

The critical attributes of the nanomedicine should remain stable for at least six
months without any significant changes of physicochemical parameter. Physical
stability encompasses maintaining nanoparticle size, polydispersity index, zeta
potential, and encapsulation efficiency over this period. This ensures the efficacy and

safety of the product throughout its intended shelf life.

6.1 Formulation Components of BSA NPs and NCs
In the manufacturing and optimization of bovine serum albumin nanoparticles (BSA-
NPs), Bovine Serum albumin was bought by Sigma-Aldrich as the key component of
the formulation. This ensures that the formulation is biocompatible and
biodegradable. The non-ionic surfactant Polyoxyl 15 hydroxy stearate (Kolliphor®

HS15) from BASF Chemical Company is another essential component to keep the
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stability of BSA-NPs. Sodium phosphate buffer, (Sigma Aldrich), plays a role in
maintaining the pH and ionic balance strength. Ethanol serves as the organic solvent
bought (Sigma Aldrich) and used to denaturated the BSA nanoparticle. Lecithin,
phosphatidylcholine (Epikuron® 200) kind gift from Cargill Company. Finally, a 0.9%
NaCl solution is used in the dialysis step to adjust the solution's osmolarity and
facilitate the removal of excess BSA molecules thus purifying the formulation. A
dialysis membrane with a 14,000 k Dalton cutoff bought from Carl Roth. In the
manufacturing process of bovine serum albumin nanocapsules (BSA-NCs), the
component is used Caprylic/Capric Triglyceride (Miglyol® 829). However, the
incorporation of Miglyol 829, a neutral lipid-based additive from 101 Oleochemical, is
used to form the oily core nanocapsules. Sorbitan Sesquioleate (Span® 83) is a non-

ionic surfactant from (Sigma Aldrich) was used to solubilise the hydrophilic drug.

Kolliphor® HS15 (polyoxyl 15 hydroxy stearate, HS15) is an innovative non-ionic
surfactant. It is composed of polyglycerol esters of 12-hydroxystearic acid (70%) and
free polyethylene glycol (30%) as shown in the Figure 6.1. This surfactant is also
known by other names, including Solutol HS® 15, macrogol 15-hydroxystearate, and
polyoxyethylated 12-hydroxystearic acid. It is recognised in the European, US, and
Japanese Pharmacopoeias. It should also be noted here that Kolliphor® HS15
possesses a hydrophilic-lipophilic balance (HLB) value of 16 and exhibits a critical

micelle concentration (CMC) ranging from 0.005% to 0.02% [198—200]
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Figure 6.1. Chemical Structure of Kolliphor HS15

The chemical structure of lecithin phosphatidylcholine, (Epikuron® 200) shown in the
Figure 6.2 consists of a central glycerol backbone with three carbon atoms. The first
carbon is attached to an unsaturated fatty acid chain, the second carbon is attached

to a saturated fatty acid chain and the third carbon is attached to a phosphate group.
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This phosphate group is further linked to a choline group containing a positively
charged nitrogen atom. Lecithin is used in pharmaceutical preparations as an
emulsifier, solubilizer and stabiliser to improve the delivery and bioavailability of

drugs [201,202].

Figure 6.2. Chemical Structure of Lecithin Phosphatidylcholine (Epikuron® 200)

Caprylic/Capric Triglyceride, more commonly referred to as Miglyol® 829, is a mixed
triester of glycerin and caprylic (C8) and capric (C10) acids. Figure 6.3 illustrates the
chemical structure of a triglyceride molecule, which is composed of a glycerol
backbone esterified with three fatty acid chains. The central portion of the molecule
is glycerol, a three-carbon alcohol with hydroxyl groups (-OH) on each carbon, each
of which is esterified with a fatty acid. The acyl groups attached to the glycerol
backbone are caprylic acid (C8H1602), an 8-carbon fatty acid, and capric acid
(C10H2002), a 10-carbon fatty acid. Caprylic acid is an oily liquid, insoluble in water,
due to its hydrophobic nature and having a slightly unpleasant rancid-like smell.
Caprylic acid exhibits excellent shelf life characteristics due to its high stability and

resistance to oxidation [203,204].
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Figure 6.3. Chemical Structure of Caprylic /Capric Triglyceride (Miglyol® 829)

Sorbitan sesquioleate (Span® 83) is a chemical compound consisting of sorbitan, a
derivative of sorbitol, esterified with oleic acid. Its structure includes a sorbitan

moiety which is a tetrahydrofuran (THF) ring with hydroxyl groups attached to the

63



second, third and fourth carbon atoms and an additional hydroxyl group attached to
the first carbon outside the ring. The oleic acid moiety is an 18-carbon fatty acid with
a cis double bond between the 9th and 10th carbon atoms and a terminal carboxyl
group (COOH) as shown in Figure 6.4. It can play a role in the solubilisation of
hydrophilic drugs in formulations. As an emulsifier, it helps to disperse and stabilise
hydrophilic drugs in oil-based formulations or emulsions, improving their

bioavailability and efficacy.
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Figure 6.4. Chemical Structure of Sorbitan Sesquioleate (Span® 83)

6.2 Preparation of BSA-NPs Using Surfactant-mediated Coacervation Method
To prepare BSA-NPs, the Bovine Serum Albumin (BSA) 8 mg/mL containing Kolliphor
HS15 (0.1% w/v) in sodium phosphate buffer (0.1M) at pH 8.0. The next step is to
induce denaturation of the albumin solution by adding either ethanol or ethanolic
Epikuron® solution 200 (1 % w/v) drop-by-drop under magnetic stirring conditions at
room temperature. Observations revealed that the addition of ethanol alone leads to
the precipitation of big BSA particle sizes, whereas using ethanolic Epikuron® 200
solution results in the successful formation of BSA-NPs. Subsequently, the ethanol
was evaporated using nitrogen purge. Once the ethanol has evaporated, the resulting
BSA-NPs are purified by dialysis against a NaCl 0.9% solution. a schematic

representation is shown in Figure 6.5.

Kolliphor HS15 is selected to stabilize albumin nanoparticle. Several experiments
were conducted using surfactant-mediated coacervation methods to form albumin
nanoparticle without using Kolliphor HS15 in formulations utilizing either ethanol or
ethanolic Epikuron® 200, there is no formation of nanoparticle occurred in both
cases. The incorporation of Kolliphor HS15 has been observed to play a significant

role in the formulation and stabilization of BSA-NPs within drug delivery systems.
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Figure 6.5. Schematic representation of the preparation of BSA-NPs By the Optimized

Surfactant-mediated Coacervation Method

6.3 Optimization of BSA-NPs Preparation by Surfactant-mediated Coacervation Method

I.  Size Optimization of BSA-NPs

The relationship between the concentration of BSA against the size of the BSA-NPs
was investigated. Based on the experimental results of the present work, the size of
the BSA-NPs increases as the BSA concentration in the solution increases from 6 to
16 mg/mL, as shown in Figure 6.6. This indicates that adjusting the BSA

concentration in the preparation process can control the size of BSA-NPs.
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Figure 6.6. Size of BSA-NPs against the BSA Concentration.

Il.  Zeta Potential Value Optimization
The zeta potential of the BSA-NPs is dependent on the concentration of BSA in the
solution. All zeta potential values are negative due to the negative charge of BSA at

pH 8.0. The zeta potential values decrease as the concentration of BSA increases,
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ranging from approximately -15 mV to below -30 mV as the concentration of BSA
increases from 6 to 16 mg/mL as shown in Figure 6.7. The nanoparticles are likely to
be stable due to electrostatic repulsion, as indicated by the high zeta potential
values. Additionally, the value of the zeta potential decreases with increasing BSA

concentration.
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Figure 6.7. Zeta Potential of BSA-NPs against the BSA Concentration

Bovine serum albumin-based nanoparticles (BSA-NPs) were prepared by using the
surfactant-mediated coacervation method. To stabilise the BSA-NPs Kolliphor HS15
was used, which helps to reduce aggregation and ensure a uniform size distribution.
Furthermore, Ethanolic Epikuron® 200 solution is used to denaturated the albumin to
facilitate in the formation of stable and uniform BSA-NPs, without the addition of a
crosslinking agent. While this method is suitable for lipophilic molecules, it presents
challenges for hydrophilic molecules.

Limitations of the surfactant-mediated coacervation method are as follows.

Limited Control Over Particle Size Distribution

The ability to precisely control the size of nanoparticles is crucial for their
effectiveness and safety in pharmaceutical applications. However, current methods
often result in a wide range of nanoparticle sizes within a single batch. This variability
can compromise the performance and reliability of the nanoparticles, especially

when uniform size is critical for their intended use.
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Challenges in Scale-Up

Scaling the production of nanoparticles from a laboratory setting to industrial-scale
manufacturing presents several challenges. Maintaining the quality and efficiency of
the nanoparticles when produced in large quantities is a key issue. This is due to the
complexity of managing factors such as temperature, mixing speed, and reactant
concentration at an industrial scale, which are easily controlled in a small-scale
laboratory environment.

Difficulty in Achieving High Drug Loading

Another challenge is achieving high drug loading. Incorporating a sufficient amount
of a therapeutic agent into BSA-NPs is a crucial aspect of drug delivery. However,
there are limitations to the amount of drug that can be loaded into nanoparticles
without compromising their stability, size, and other physical properties. This poses a
significant challenge in developing effective nanoparticle-based drug delivery
systems by surfactant-mediated coacervation.

Potential for Burst Release

Controlled release of the therapeutic agent is often essential in drug delivery.
However, nanoparticles may release the encapsulated drug too quickly, a
phenomenon known as 'burst release.' This is particularly problematic when a
sustained, gradual release is required for therapeutic effectiveness.

Risk of Batch-to-Batch Variability

Consistency in albumin nanoparticle production is critical to avoid batch-to-batch
variability. Minor variations in production parameters, such as temperature, pH, or
stirring speed, can lead to significant differences in the final product's characteristics.
This batch-to-batch variability can affect particle size, drug loading capacity, and
release properties, which can impact the overall efficacy and safety of the

nanoparticles.

6.4 Preparation of BSA-NPs Using Ultrasonication Technology (US)
Ultrasonication is a process whereby ultrasound waves, typically in the frequency
range of 20 kHz to 100 kHz, are applied to a liquid medium. US technology uses high-

frequency sound waves to induce cavitation, which involves the formation, growth,
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and collapse of bubbles in a medium. These bubbles, created by alternating pressure
waves, generate intense thermal effects that lead to the denaturation of albumin.
The manufacturing of the BSA-NP requires the preparation of a solution of BSA at a
concentration of 8 mg/mL, which contains Kolliphor HS15 (0.1% w/v) in sodium
phosphate buffer (0.1M) at a pH of 8.0. Subsequently, to induce the thermal
denaturation of albumin, was employed ultrasonication technology at a frequency of
100 kHz for 90 seconds to form BSA-NPs.

However, our observations indicated that the use of ultrasonication technology did
not result in the formation of BSA-NPs. A schematic representation is shown in Figure

6.8.
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Figure 6.8. Schematic representation of the preparation of BSA-NPs by using

Ultrasonication Technology

6.5 Microwave Assisted Technology (MW)

Instrumentation

The Microwave-assisted technology is a sophisticated device designed for conducting
controlled chemical reactions using microwave energy. The detailed instrumentation
of an microwave technology typically includes the following components [205].
Microwave Generator

This is the core component that produces microwave radiation. The generator is
usually a magnetron that creates microwaves at a specific frequency, commonly 2.45

GHz.
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Reaction Chamber
The chamber is made of microwave-transparent materials, like quartz and is
designed to contain the reaction mixture. It is where the actual chemical reaction

occurs under the influence of microwave radiation.

Figure 6.9. Microwave Single Reaction Chamber

Temperature Control System

This system monitors and regulates the temperature within the chamber. It often
includes sensors like thermocouples sensor and may have a cooling system to
prevent overheating.

Pressure Control System

Many microwave-assisted reactions occur under pressure. This system includes
pressure sensors and a relief mechanism to maintain a safe pressure level inside the
chamber.

Stirring Mechanism

To ensure uniform heating and reaction consistency, a magnetic stirrer or mechanical
agitator is often included.

Control Unit

This is the interface for the operator, consisting of a display and input controls. It
allows for the programming of microwave power, preparation time, temperature,

and other parameters.
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Safety Features

These include interlocks to prevent operation when the chamber is open, and
shielding to prevent microwave leakage.

Gas Inlet/Outlet Ports

For reactions involving gases, the SRC includes ports for gas introduction and
exhaust.

Cooling System

SRCs are equipped with a cooling system to manage the heat generated during

reactions, which can be crucial for temperature-sensitive processes.

6.6 Mechanisms of Microwave-Assisted Technology
Microwave-assisted technology for the formulation of albumin-based nanoparticles
employs a number of mechanisms to enhance the formation of nanoparticles. Firstly,
microwaves generate heat by interacting with polar molecules such as water and
functional groups present in albumin, ensuring rapidly and uniform heating
throughout the reaction mixture. The introduction of stabilisers into the reaction
mixture results in accelerated reactions due to microwave temperature, which in
turn leads to the efficient formation of stable nanoparticles. Furthermore, the
controlled heating permits precise control over preparation kinetics, thereby
facilitating the design of nanoparticles with tailored properties. This encompasses
the adjustment of power, irradiation time, and composition in order to regulate the
processes of nucleation, growth, and stabilization. Furthermore, the efficient heat
transfer and rapid kinetics associated with microwave-assisted technology can
facilitate good drug loading and encapsulation within albumin-based nanoparticles

[206,207].
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6.7 Microwave Process Design
The process steps involved in operating a microwave single reaction chamber are as

follows:

Loading the Reaction Chamber

7

Setting Reaction Parameters

7

Microwave Irradiation

7

Real-time Monitoring

7

Pressure Release and Safety
Measures

7

BSA-NPs Formation
|}

Cooling and Collection

Figure 6.10. Process Steps Involved in Microwave Technology

The first step in the process is to load the albumin solution into the reaction
chamber, which is commonly known as 'Loading the Reaction Chamber.' Following
this, the reaction parameters are set, which involves programming specific conditions
such as temperature, pressure, preparation time, and stirring potency, cooling
temperature based on the process requirements. The chamber is then subjected to
'microwave irradiation'. Microwaves provide the energy to drive the preparation,
resulting in faster preparation times and higher yields compared to conventional
heating methods. The next step is 'Real-time Monitoring,’ which is crucial for
observing the progress of the preparation to ensure that it proceeds as expected.
This monitoring may involve measuring temperature, ramp time, pressure, and
preparation time. During the final stages of the process, safety measures are taken
into account, including the release of excess pressure and the implementation of

various safety protocols to prevent potential hazards. Finally, the BSA-NPs was
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formed then the process concludes with 'Cooling and Collection of the formulation is
cooled to a at room temperature, and the desired BSA-NPs are collected. Purification
steps were carried out. This systematic approach ensures safe and efficient
preparation of BSA-NPs.

The use of a microwave technology for the manufacture of BSA-NPs offers several
significant advantages that improve the production process. Microwave heating
temperature helps to denaturation of albumin and the rapid preparation times are a
result of the direct interaction of the microwaves with the molecular components,
which accelerates the kinetic energy of the molecules and speeds up the preparation
of BSA-NPs [207]. Additionally, the precision of microwave-assisted technology
enables controlled temperature settings, which is critical ensuring the formulation of

the BSA-NPs [208].

6.8 Preparation of BSA-NPs Using Microwave-Assisted Technology
The tuned manufacturing process to obtain, BSA-NPs involves the preparation of a
solution of BSA 8 mg/mL with Kolliphor HS15 (0.1% w/v) in a sodium phosphate
buffer (0.1M) at a pH of 8.0, The thermal denaturation of albumin by employing a
microwave technology is used under optimized conditions. The preparation of BSA-
NPs was identified as maintaining a temperature of 80 °C, setting the ramp time 90
seconds to reach the set temperature and the preparation time was 12 minutes with
100 % the stirring potency. The microwave step facilitates the thermal denaturation
of albumin and reduction of particle size of albumin nanoparticles. Finally, the BSA-

NPs are purified by dialysis against 0.9% NaCl. A schematic representation is shown in

Figure 6.11.
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Figure 6.11. Schematic representation of the tuned preparation of BSA-NPs

By Microwave-assisted Technology

72



6.9 Optimization of BSA-NPs Prepare by Microwave-Assisted Technology
I.  Optimization of Ramp time
The ramp time is a vital parameter in the microwave technology, this parameter
determines the time required to reach a set temperature. During process
optimization, the relationship between ramp time (in seconds) and temperature is
investigated. As shown in Figure 6.12, it is necessary to set an appropriate ramp time
to reach the optimum temperature. In simple terms, increasing the ramp time will
increase the temperature. It is important to carefully note the desired temperature

and the corresponding ramp time set to achieve it.

Temperature °C

Ramp Time (Sec)

Figure 6.12. Optimization of Temperature (°C) against the Ramp Time (Sec)

II.  Optimization Condition of Microwave Technology according to BSA

Concentration

The optimization of microwave technology was started by varying the concentration
of BSA. Two concentrations were chosen: 8 and 10 mg/ml. These concentrations
were tested at three different temperatures: 60, 70 and 80 °C. The process was done
for the different preparations 2, 5, 7, 10, 12 and 16 minutes. The aim was to prepare
the formation of BSA-NPs, with good physical stability. This approach was designed to
identify the optimal conditions of microwave technology for bovine serum albumin.

The experimental data indicates that at 60°C, BSA concentrations of 8 and 10 mg/mL
in a sodium phosphate buffer (0.1 M) at pH 8.0 did not result in the formation of
stable BSA nanoparticles (BSA-NPs) throughout the entire preparation time. It was

observed that the thermal denaturation of albumin necessitates a higher
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temperature for the formation of BSA-NPs. Consequently, the temperature was
elevated to 70°C for both BSA concentrations in the PBS buffer. It was demonstrated
that increasing both the temperature and the preparation time resulted in the
formation of BSA-NPs. At 10 and 12 minutes of preparation time, the formation of
BSA-NPs was observed. Further increasing the temperature to 80°C for both BSA
concentrations demonstrated a similar pattern to that observed at 70°C. The size of
the BSA-NPs was found to range from 50 to 60 nm. At 16 minutes of preparation
time, was found that the particles were sediment after the colling of the formulation.
In addition, the zeta potential was found to be consistently stable at a range of -28 to
-32 mV for both BSA concentrations (8 and 10 mg/mL) and preparation times as
shown in Figure 6.13. This indicates that the BSA-NPs are stable under these
conditions. In conclusion the 70 °C and 80 °C at preparation times of 10 and 12
minutes show the stable BSA-NPs and are less likely to aggregate due to sufficient

electrostatic repulsion between them, resulting in a stable colloidal system.
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Figure 6.13. BSA Concentration Across Various Temperatures and Preparation Times

lll.  Optimization Condition of Microwave according to BSA Concentration

containing Kolliphor HS15

Kolliphor HS15 is a crucial excipient in pharmaceutical formulations, particularly

when combined with bovine serum albumin (BSA). It functions as a non-ionic
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surfactant and emulsifier, enhancing the solubility of lipophilic drugs and increasing
their bioavailability. Bovine serum albumin (BSA) acts as a carrier protein, stabilising
the formulation by preventing drug aggregation and degradation. The combination of
Kolliphor HS15 and bovine serum albumin (BSA) improves the stability of
formulations. To optimise the BSA concentration with Kolliphor HS15 at 0.1% w/v as
a stabilising agent was followed a methodology similar to that shown in Figure 6.11.
Our aim was to study the formation of spherical BSA-Kolliphor nanoparticles, to
assess of their surface charge and denaturation of the BSA structure.

The objective of this study was to investigate the stability of bovine serum albumin
(BSA) in the presence of Kolliphor (0.1 w/v) in phosphate-buffered saline (PBS) buffer
(0.1 M) at pH 8.0. The same methodology was employed as in the previous study.
Two different concentrations of BSA (8 and 10 mg/mL) were employed to assess the
thermal denaturation of BSA at various preparation times and temperatures. The
study found that BSA-Kolliphor began forming nanoparticles at 70 °C, with the BSA-
NPs exhibiting a size range of 60 to 70 nm after 10 and 12 minutes of preparation
time. At 80 °C, after 10 and 12 minutes, the size of the BSA-NPs ranged from 85 to 95
nm. At both temperatures of 70 °C and 80 °C, with a preparation time of 16 minutes,
the average particle size of the BSA-NPs exceeded 100 nm. In this instance, the
nanoparticles exhibited sedimentation behaviour upon cooling. Furthermore, the
zeta potential of BSA-Kolliphor NPs at a concentration of 8 and 10 mg/mL of BSA at
various preparation times is shown in Figure 6.10. It can be observed that the zeta

potential values remain relatively constant within the range of -28 to -32 mV.

The final conclusion of the optimisation process for developing a BSA-NPs
formulation by microwave technology has been established. The results of the
optimisation process indicate that the preparation time of 10 and 12 minutes at
temperatures of 70 °C and 80 °C, respectively, resulted in the formation of BSA-NPs
with good stability. In this instance, the thermal denaturation of albumin is employed
to facilitate the formation of BSA-NPs. The results demonstrate that an 80 °C
temperature at a 12-minute preparation time yields a more stable formulation over

an extended period.
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Figure 6.14. BSA Containing Kolliphor HS15 Across Various Temperatures and

Preparation Times

It can be concluded that the optimal conditions for the preparation of BSA-NPs have
been identified as maintaining a temperature of 80 °C, setting the ramp time to 90
seconds to reach the set temperature, and the optimised preparation time is 12

minutes with 100% stirring potency, as shown in Table 6.2.

Table 6.2. Optimise the Process Parameters of BSA-NPs Obtained by MW Technology

Process Parameters Condition
Temperature 80°C
Ramp Time 90 Second
10 mL

Sample volume

Preparation Time 12 Minutes

Stirring Potency 100
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6.10 Preparation of BSA-NPs Using Combined Microwave and Ultrasonication Technology
The manufacturing of the BSA-NP involves the preparation of a solution of BSA 8
mg/mL containing Kolliphor H515 (0.1% w/v) in sodium phosphate buffer (0.1M) at a
pH of 8.0. Subsequently, to induce the thermal denaturation of albumin temperature
is necessary. Begin by employing microwave technology with a ramp time of 90
seconds to heat the mixture to 76°C. Simultaneously, apply ultrasonication

technology at 20.52 KHz with a power of 15W for 12 minutes.

However, our observations indicated that the use of combined microwave and
ultrasonication technology did not result in the formation of BSA-NPs. A schematic

representation is shown in Figure 6.15

nk'
(573 M‘é

Albumin solution at 8 pH No Formation of NPs

containing Kolliphor HS15

Combined Microwave and
Ultrasonication Technology

Figure 6.15. Schematic representation of the preparation of BSA-NPs by using

Combined Microwave and Ultrasonication Technology (MW/US)

6.11 Physicochemical characterization of BSA-NPs
In our research, investigated the optimisation of blank albumin-based nanoparticles
(BSA-NPs) using various manufacturing process. Initially, was employed the
surfactant-mediated coacervation method, ultrasonication (US) technology, and
microwave-assisted technology (MW) and combined microwave and ultrasonication
technology (MW/US) to produce BSA-NPs. In the surfactant-mediated coacervation
method, albumin is undergoing solvent denaturation using ethanolic Epikuron® 200
solution. Our observations indicated that the addition ethanolic Epikuron® 200
resulted in the formation of stable BSA-NPs, which were stabilized by the interface
between the aqueous phase and albumin nanoparticles. The thermal denaturation of

albumin is achieved through the ultrasonication (US), which induces temperature
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and high-pressure changes within the solution, resulting in the formation of particles.
Nevertheless, our observations indicated that this method did not result in the
formation of BSA-NPs with small size. Microwave technology was employed to
denature the albumin at a constant temperature and other parameter of microwave.
This method was found to be effective for the formation of stable BSA-NPs. When
the MW/US technology were combined to prepare BSA-NPs, the resulting particles
precipitated, indicating no formation of BSA-NPs but only aggregates. In conclusion,
the combination of the surfactant-mediated coacervation method, denaturation with
organic solvent, and microwave technology by temperature denaturation provides an

optimal approach for the preparation of BSA nanoparticles (BSA-NPs).

To determine the average diameter and polydispersity index of NPs formulations, the
photon correlation spectroscopy was used in conjunction with the measurement of
zeta potential through electrophoretic mobility. The analyses were conducted using
the 90 Plus instrument (Brookhaven, NY, USA) with a fixed angle of 90 degrees and a
temperature of 25°C. Before analysis, the samples were diluted with filtered water.
The diluted samples were then placed into an electrophoretic cell, and a rounded 15
V/cm electric field was applied to determine the zeta potential.

In the surfactant-mediated coacervation method BSA is denaturated with ethanolic
Epikuron® 200 (1% w/v) solution for the formation of BSA-NPs was optimized the BSA
concentration of 8 mg/mL containing Kolliphor HS15 (0.1% w/v). The Blank-BSA NPs
prepared using the surfactant-mediated coacervation method have a size of 180 nm.
When prepared using microwave technology, they exhibit a size in between 85 to 95
nm, with a polydispersity index ranging from 0.26 to 0.28. Additionally, they show a

negative zeta potential between -18 and -30, as presented in Table 6.3.
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Table 6.3. Physicochemical Characteristics of BSA-NPs Obtained by Different

Manufacturing Technologies

Average .
Zeta Potential
Diameter PDI
Methods I +5D (mv)
+SD (hm)
Surfactant-mediated
Coacervation 180.90+6.85  0.280.02 -18.80 £ 5.53

Method

Ultrasonication (US) No Formation of nanoparticles

Mi technol
CTOWAUetechnolosY 97691254  026%001 ~ -30.56+3.91

(MW)

Combined Microwave and

Ultrasonication Technology No Formation of nanoparticles

(MW/US)

Both the surfactant-mediated coacervation method and microwave technology

effectively achieve the quality target attributes for the preparation of BSA-NPs.

6.12 Yield of Bovine Serum Albumin Nanoparticles (BSA-NPs)

To accurately calculate the yield of BSA NPs each empty vial was weight using an
analytical balance and record the weights. Add exactly 1 mL of the BSA-NPs into each
pre-weighed vial, ensuring precise measurement with a calibrated pipette. Seal the
vials with parafin to prevent contamination. Freeze the vials overnight at -20°C or use
liquid nitrogen for instant freezing. After freezing, transfer the vials to a lyophilizer
and freeze-dried the samples until all water content is removed, resulting in a dry
powder of BSA NPs.

Weigh the vials containing the dried powder using an analytical balance and record
the weights. Determine the exact weight of the BSA-NPs powder by subtracting the
weight of the empty vial from the weight of the vial with the dried powder. Calculate

the initial weight of BSA used in the nanoparticle formulation process, which should
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be calculated during the preparation stage. Finally, calculate the yield percentage of
BSA-NPs was calculated using the formula:

Yield (%) = (Weight of BSA NPs Powder / Initial Weight of BSA Used) X 100

Table 6.4. Yield of BSA NPs Obtained by Different Manufacturing Technology

BSA-NPs Powder Theoretical

Manufacturi
anufacturing weight after weight of BSA-  Yield %

Technologies

dialysis (mg) NPs (mg)
Surfactant-mediated
Coacervation 13.2 14 94.28
Method
Microwave-assisted
7.7 8.8 83.50

Technology

The percentage yield of BSA-NPs using the surfactant-mediated coacervation method
was found to be 94.28 %, while the yield using the MW technology was found to be
83.50 %.

6.13 Anova test of BSA-NPs

An ordinary two-way ANOVA test was used in Graph Pad Prism to assess the effect of
two different preparation techniques surfactant-coacervation (CO) and microwave
(MW) on the physicochemical properties of BSA NPs, including size, polydispersity
index (PDI) and zeta potential (mV).

The results, as illustrated in Figure 6.16, use asterisks to indicate statistical
significance levels.

Four asterisks ("****") represent a p-value less than 0.0001, which is considered to
be extremely high statistical significance. Three asterisks ("***") indicate a p-value

less than 0.01, which is indicative of very significant results.
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Figure 6.16. Physicochemical Characteristics Variation of BSA-NPs Obtained by

Surfactant-mediated Coacervation Method (CO) and Microwave Technology (MW)

Particle Size

The surfactant-mediated coacervation method (CO) results in significantly larger
albumin nanoparticles compared to the MW method. The mean particle size for CO
NPs is approximately 200 nm, whereas for Microwave (MW) NPs it is about 92 nm.

This difference is highly significant (****, p < 0.0001).

Polydispersity Index (PDI)

The CO method albumin nanoparticles with a higher PDI compared to the MW
method. The PDI for CO NPs is around 0.29, while for MW NPs it is approximately
0.26. This difference is also highly significant (****, p < 0.0001).

Zeta Potential

The CO method results in nanoparticles with a more negative zeta potential
compared to the MW method. The zeta potential for CO NPs is about -30 mV,
whereas for MW NPs it is around -22 mV. This difference is significant (***, p <

0.001).

6.14 Scanning Electron Microscopy of BSA-NPs
Scanning Electron Microscopy (SEM) is a powerful imaging technique used to view
the surface of samples at high magnifications. A focused beam of electrons is

scanned across the specimen's surface, producing signals that contain information
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about the sample's surface topography and composition. Here are the main
components of SEM [209].

A SEM uses an electron gun to generate electrons that scan a sample, producing
highly detailed images of its surface structure and composition. The core
components that facilitate this process include electron lenses, a scanning system,
detectors, and a display/computer system. The electron lenses are responsible for
focusing the electron beam onto the sample with precision. The quality of the image
resolution is significantly influenced by the lenses' ability to narrow the electrons into
a fine beam. The focused beam is then systematically swept across the sample in a
raster pattern by the scanning system, similar to the electron scanning method of a
television screen, covering the sample's surface systematically. When the sample is
exposed to the electron beam, it produces secondary electrons, backscattered
electrons, and X-rays. These signals are essential for mapping the sample's
topography, determining its atomic composition, and conducting elemental analysis.
The SEM detectors are optimized to capture these signals effectively. Finally, the
display and computer system play a crucial role in converting the detected signals
into a clear image. This image clearly shows the surface structure and composition of
the sample, allowing researchers and scientists to analyse materials with exceptional
detail and accuracy. SEMs are powerful tools in material science, biology, and
beyond. They offer microscopic views that are fundamental for scientific and
industrial applications. The integrated operation of these components makes SEMs

highly effective.

Figure 6.17. BSA-NPs Shape Determination by SEM
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6.15 Fourier-Transform Infrared Spectroscopy of BSA-NPs

Fourier-Transform Infrared Spectroscopy is a technique used to obtain an infrared
absorption or emission spectrum of a solid, liquid, or gas. It identifies chemical bonds
in @ molecule. Infrared (IR) spectroscopy is an analytical technique that uses light
absorption to identify and quantify substances. The method involves passing light
emitted from an infrared source through a sample to be analysed. The interaction
between the light and the sample provides valuable information about the sample's
chemical composition and structure [210].

The Michelson interferometer is a vital component of modern IR spectroscopy,
especially in FTIR spectroscopy. It comprises a fixed mirror and a moving mirror that
modify the path lengths of beams of IR radiation, resulting in an interference pattern.
The pattern of light and dark bands, or fringes, encodes the spectral information of
the light after it interacts with the sample. The Michelson interferometer generates
an interference pattern that is recorded by a detector as the path difference between
the two beams changes. This recorded signal does not immediately appear as a
spectrum, but instead represents the interaction of light with the sample at different
path differences. To convert this interference pattern into a usable absorption
spectrum, a mathematical operation called the Fourier Transform is used. The
process of transformation involves extracting spectral information, which reveals
peaks corresponding to the vibrational frequencies of the molecules in the sample
[211].

To achieve this, the sample is placed in a holder that is positioned in the path of the
IR light, allowing the light to pass through the sample. The interaction between the
sample and the IR light results in absorption at specific wavelengths, which is related
to the molecular structure of the sample. Finally, the operation of FTIR spectroscopy
is reliant on a computer. The computer controls the instrument, ensuring precise
movement of the moving mirror and accurate collection of data by the detector.
Additionally, it performs the complex Fourier Transform calculations required to
interpret the interference pattern. The outcome is a detailed absorption spectrum
that can be analysed to deduce the molecular composition and structure of the

sample [210].
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Bovine serum albumin: The spectrum shows a peak at around 3300 cm-1, which is
indicative of an amide bond stretch. There are also peaks at around 1650 cm-1 and
1550 cm-1, which are indicative of carbonyl and amide groups, respectively.

The characteristic peaks of DPPC at 2857 and 2919 cm-1 corresponding to the CH2
symmetric and asymmetric stretching vibrations respectively, and at 1735 cm-1
attributed to C-O stretching are clearly detected in the spectrum of albumin
nanoparticles, indicating the presence of phospholipids on the outer surface as

shown in the Figure 6.18.
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Figure 6.18 FTIR Spectra of BSA-NPs with Surfactant-mediated coacervation method

The characteristic peaks of Kolliphor HS15 spectrum shows a broad peak at around
2800 cm™, which is indicative of an O-H stretch. There is also a peak at around 1740
cm-1, which is indicative of a C=0 stretch. The FTIR spectra for the nanoparticles
prepared using microwave technology (MW-BSA NPs) demonstrate the successful

interactions between BSA, Kolliphor HS15 as shown in the Figure 6.19.
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Figure 6.19 FTIR Spectra of BSA-NPs with Microwave-assisted technology
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6.16 Release study of BSA fragments from Nanoparticles

In order to gain insight into the fragments of albumin within nanoparticle
formulations was conducted release studies utilising the BCA Protein Assay Kit from
Thermo Scientific and prepared an all type of BSA-NPs and placed them in a multi-
compartment system designed for release studies. This system consisted of two
phases: the donor phase and the receiving phase, separated by a dialysis membrane
with a molecular weight cut-off of 14 kDa. In the donor phase, 1 mL of the blank
nanoparticle formulation was added, while the receiving phase contained 1 mL of 0.1
M sodium phosphate buffer at 7.4 pH, at specific time intervals (0.5, 1, 1.5, 2, 3, 4, 5,
and 6 hours), 1 mL of the receiving phase was withdrawn and replaced with fresh
buffer.

All collected samples were initially treating by using the BCA Protein Assay Kit in
order to quantify the released albumin. Subsequently, UV analysis was performed at
562 nm in order to further assess the extent of aloumin fragments. The preparation
of BSA standards should be initiated by diluting the standard solution into clean vials.
It is recommended that the same diluent be used as that employed for the samples.
The table below provides a guide to the creation of a series of BSA standards. Each 1
mL of BSA standard is sufficient to prepare a set of diluted standards for the range of

concentrations indicated in the Table 6.5.

Table 6.5. BSA standard dilution scheme for the solution preparation

Vials  Volume of  Volume and source of BSA Final BSA
diluent concentration
A 700 pL 100 pL of stock 250 pg/mL
B 400 pL 400 pL of vial A dilution 125 pg/mL
C 450 pL 300 pL of vial B dilution 50 pg/mL
D 400 pL 400 pL of vial C dilution 25 pg/mL
E 400 pL 100 pL of vial D dilution 5 ug/mL
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To Prepare BCA working reagent (WR), The total volume of WR required for the assay

can be determined by applying the following formula

(standards + unknowns) x (replicates) x (volume of WR per sample) = total volume
The preparation of WR requires the mixing of 50 parts of BCA reagent A with one
part of BCA reagent B (50:1, Reagent A: B). In the aforementioned example, a

solution comprising 50 mL of reagent A and 1 mL of reagent B should be prepared.

It should be noted that upon the initial addition of reagent B to reagent A, a turbidity
is observed that Surfactant mediately dissipates upon mixing, yielding a clear, green
WR. It is recommended that a sufficient volume of the WR be prepared based on the
number of samples to be assayed. The WR is stable for several days when stored in a

closed container at room temperature.

100 pL of each standard added in the 1 ml of the reagent and vortex for 2 minutes
and incubation for at 37 °C for 30 minutes this reaction takes place in the dark
environment (light protection) and analysis the samples on UV at 562 nm and sample
F used as blank. Analysis of the all-release sample with the same procedure.

The release of BSA fragments from the nanoparticle’s formulation was analysed. It
was found that the surfactant-mediated coacervation method nanoparticles (CO-
NPs) and microwave-assisted nanoparticles (MW-NPs) had small release of BSA
fragments. The release of BSA was observed to be below 4% over a six-hour period,

as shown in Figure 6.20.
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Figure 6.20 Release study of BSA Fragments from Surfactant-mediated Coacervation

and Microwave Nanoparticles

6.17 Stability Study of BSA-NPs

The stability study results of BSA NPs prepared by the Surfactant-mediated
Coacervation Method and Microwave Technology over a period of 90 days show
significant differences. BSA-NPs prepared by the surfactant-mediated Coacervation
Method start at a particle size of around 180 nm and gradually increase to around
205 nm, (12%) whereas those prepared by the Microwave Technology start at around
90 nm and remain stable around 110 nm in change of (18%).

In terms of Polydispersity Index (PDI), the surfactant-mediated Coacervation Method
shows a slight decrease from 0.29 to 0.27, whereas the Microwave Technology
maintains a more consistent PDI around 0.26, indicating a uniform particle size
distribution.

In addition, the =zeta potential for particles from the Surfactant-mediated
Coacervation Method decreases slightly from -18 mV to -20 mV, while those from the
Microwave Technology remain stable around -29 mV. Overall, BSA NPs prepared by
surfactant-mediated coacervation method exhibit stability, lower PDI and stable zeta

potential compared to those prepared by the microwave technology.
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Figure 6.21. BSA-NPs Stability Study in Two Different Methods up to 90 Days at 4 °C

6.18 Preparation of Bovine serum albumin Nanocapsules (BSA-NCs)
Taking into the account challenge of loading hydrophilic molecules in albumin-based
nanoparticles, the surfactant-mediated coacervation method and microwave-
assisted technology, manufacturing methods are effective in encapsulating and
stabilising lipophilic molecules, but it has limitations when dealing with hydrophilic
molecules. To address this issue, a novel approach involving the use of Nanocapsules
(NCs) has been developed. The NCs are designed to improve the encapsulation and
stability of both lipophilic and hydrophilic molecules, overcoming the challenges of

the surfactant-mediated coacervation method in handling such molecules.

In the manufacturing and optimization of bovine serum albumin nanocapsules,
surfactant-mediated coacervation is not suitable for obtaining nanocapsules.
Consequently, our research has focused on investigating advanced, green and
sustainable manufacturing technologies namely the Ultrasonication technology (US),
Microwave technology (MW) and Combined Microwave and Ultrasonication
technology (MW/US). Our target is to prepare BSA-NCs and achieve the quality target

attributes as discussed in Table 6.1.

88



6.19 Ultrasonication Technology (US)
The instrumentation of an ultrasonication technology involves several key
components. Herein, they present a brief overview of the components of an

ultrasound-based technology [212,213]

Figure 6.22. Instrument of Ultrasonication technology

Ultrasonic Generator/Power Supply

This component converts AC power from the mains to high-frequency electrical
energy, typically in the ultrasonic range (20 kHz to 1 MHz), providing the electrical
energy required for ultrasonication.

Transducer

The transducer is a crucial component that converts electrical energy into mechanical
vibrations. It typically contains piezoelectric materials that vibrate at ultrasonic
frequencies when an electric current is passed through them.

Horn or Sonotrode

The transducer is attached to the horn, also known as a sonotrode. produced by the
transducer. It is designed to resonate at a specific frequency and can be made from
various materials depending on the application's needs. The shape of the horn is
often tapered to focus the ultrasonic energy.

Probe or Tip

The probe or tip is the component of the instrument that makes direct contact with
the sample. It transmits ultrasonic energy into the material being processed. The

design of the probe can vary depending on the application.
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Control System

This includes the user interface and controls for adjusting the ultrasonic parameters
like power, frequency, and duration of sonication.

Safety Features

This includes the equipment used to hold the ultrasound unit and ensure safety

during operation, such as acoustic enclosures to reduce noise levels.

6.20 Process Characterization of Ultrasonication Technology
The technique of ultrasonic cavitation is widely used to reduce microscale emulsions
to nano-size particles. Nanosized particles are produced using an ultrasonicator
equipped with a piezoelectric probe. The probe emits high-frequency ultrasonic
waves into the liquid, forming cavitation bubbles that grow until they become
unstable and implode. This implosion generates intense local heat and pressure,
creating jet streams of liquid that produce shear forces. These forces break down the
larger particles in the emulsion into nanosized particles. Figure 6.23 depicts the
sequence of events from bubble formation to implosion and subsequent particle size

reduction.

Ultra sonicator Implosion of cavitation bubble sets up jet stream of surrounding liquid

LY

\

Implosion of cavitation bubble sets up jet stream of surrounding liquid

Piezoelectric probe supplies sound energy which gives rise to unstable
growth of cavitation bubbles until they implode and cause size reduction.

Microscale emulsion to
be nanosize

Figure 6.23. Schematic representation of the US technology

6.21 Mechanisms of Ultrasonication Technology
The utilisation of ultrasonication technology is of vital importance in the formation of

oil-in-water (o/w) emulsification albumin nanocapsules. This is achieved by the
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generation of high-intensity acoustic fields through the application of ultrasonic
waves, which induces cavitation. This process results in the formation of
microbubbles that implode, thereby producing high temperatures and pressures.
This, in turn, gives rise to intense shear forces and microturbulence. These shear
forces disrupt the oil phase into fine droplets, which are dispersed into the water
phase. This process reduces droplet size to the nanoscale and promotes the
formation of stable albumin nanocapsules. The introduction of microturbulence
serves to enhance the mixing and homogenisation of the oil and water phases,
thereby ensuring an even distribution of surfactants or stabilisers, which are
responsible for stabilising the nanodroplets and preventing coalescence. The
elevated temperatures and pressures facilitate the interaction between the oil phase
and surfactants, enhancing their adsorption at the oil-water interface and stabilising
the emulsified droplets, thereby enabling the formation of albumin nanocapsules
with a well-defined core-shell structure.

Ultrasonication technology is used to prepare BSA-NCs, that offers several
advantages for applications requiring precise nanocapsules manufacturing, such as
drug delivery systems [214]. One of its primary benefits is the production of a
homogeneous particle size distribution. This feature ensures that particles are
consistently sized throughout a sample, which is critical for applications where
uniformity directly impacts effectiveness, such as targeted pharmaceutical delivery.
Furthermore, US enables precise control over particle size. This accuracy in
determining particle dimensions is crucial in situations where BSA-NCs size can
greatly affect the behaviour and effectiveness of the material, particularly in drug
delivery systems. In the administration US technology can reduce agglomeration and
it can be effective for drug loading, as it can encapsulate drugs within carrier [215]. In
addition US technology enhances the physical stability and performance of colloidal
suspensions by preventing particle agglomeration, making it particularly
advantageous for designing more efficient in drug delivery systems [216]. This is a
crucial aspect in maintaining the quality and consistency of pharmaceutical
preparations. The process also offers significant scalability benefits. Its ability to be
easily scaled up from small-scale laboratory settings to large-scale industrial

production makes it an ideal technique for commercial applications, ensuring that
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the benefits of precise particle measuring can be widely applied in the
pharmaceutical industry [217,218].

Ultrasonication is a process that uses high-frequency sound waves to agitate BSA-NCs
in a medium. However, it poses several challenges. Firstly, it requires a significant
amount of energy, which can make the process costly and less energy-efficient.
Additionally, the high energy input, combined with the heat generated. Achieving the
desired results with US requires careful optimization of parameters such as

frequency and duration, which adds to the complexity and time consumption [214].

reparation of BSA-NCs by using Ultrasonication Technology

The process of BSA-NCs formulation begins with the preparation of BSA 8mg/mL in a
sodium phosphate-buffer solution 0.1M at pH 8.0 containing Kolliphor HS15 (0.1%
w/v). 500 pL of Miglyol 829 is added dropwise to this solution under magnetic
stirring to form an oil-in-water (o/w) nanoemulsion. The o/w nanoemulsion was then
subjected to ultrasonication at 100 kHz for 90 seconds facilitating the reduction of
droplet size. NCs formulation was dialysis against the NaCl 0.9 % w/v to obtain

purified BSA-NCs as shown below in Figure 6.24.

Miglyol Albumin solution g jon ' > BSA-NCs Purify the BSA-NCs
at 8-pH containing Ultrasonication by dialysios against
Kolllphor HS15 TeChnOlOgy 100kHz NaCl 0.9 %

Figure 6.24. Schematic representation of the involved steps in BSA-NCs preparation

by using Ultrasonication Technology

ondition Optimization of Ultrasonication Technology (US)
I.  Optimization of Frequency Against BSA-NCs Size
The relationship between ultrasonication frequency (kHz) and the size of BSA-NCs

(nm) is shown in Figure 6.25. It suggests that increasing the frequency of
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ultrasonication from 10 kHz to 100 kHz results in a decrease in the average particle
size of BSA-NCs. This indicates that higher frequencies of ultrasonication may be
more effective at producing smaller nanocapsules. However, at 100 kHz, the average
particle size is below 250 nm. Observed that when the frequency exceeds 100 kHz

and the temperature rises above 80 °C, it is not suitable for the formation of BSA-

NCs.
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Figure 6.25. BSA-NCs Size versus the used US Technology Frequency
II.  Optimization of Time Against Temperature

The thermal dynamics of the ultrasonication technology are mainly related to the
rise in temperature as a function of time. In Figure 6.26 x-axis displays the
independent variable, time, measured in seconds with intervals of 20, 30, 40, 60, 80,
and 100 seconds. The y-axis represents the dependent variable, temperature (°C). To
maintain the integrity of the BSA-NCs, it is crucial to keep the temperature within a
specific threshold between 60°C to 85°C. This will favour the denaturation of albumin
by temperature within the formulation. According to the optimal duration of
ultrasonication, up to 90 seconds is recommended to maintain a temperature for
albumin. For the albumin, caution must be taken when using ultrasonication beyond

this time to avoid exceeding the critical temperature of 80°C.
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II.  Optimization of BSA-NCs Size by using Ultrasonication Technology
The relationship between the concentration of bovine serum albumin (BSA) and the
size of BSA-NCs is investigated. As the concentration of BSA increases from 6 to 16
mg/mL, the size of the BSA-NCs also increases, indicating a direct correlation
between BSA concentration and BSA-NC size. The use of a BSA concentration of 6
mg/mL in the nanocapsules formulation resulted in a size below 230 nm with a
polydispersity index (PDI) of 0.21. At concentrations of 8 mg/mL, the BSA-NCs
exhibited a size below 250 nm with 0.22 PDI. At 10 mg/mL, the BSA-NCs approached
a size of 300 nm with 0.22 PDI. As the concentration increases to 12 mg/mL and 16
mg/mL, the size of the BSA-NCs approaches 320 to 420 nm with 0.20 PDI, indicating
that they are large-size nanocapsules as shown in Figure 6.27. It was observed that
for applications requiring smaller BSA-NCs in drug delivery systems, where a size
below 260 nm might be desirable for improved cellular uptake and biodistribution,
the optimal BSA concentration was 8 mg/mL. The optimal BSA concentrations were
found to be 8 mg/mL, achieved through the use of ultrasonication technology. The
concentrations of BSA-NCs produced by this method are consistently in the range of

240 to 260 nm with a 0.22 PDI.
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Figure 6.27. Size of BSA-NCs against the BSA Concentration

lll. Zeta potential values
In this study, was employed a systematic approach to optimise the BSA concentration
with respect to the zeta potential of the BSA-NCs. The observations indicate a clear
trend: as the BSA concentration increases from 6 mg/mL to 16 mg/mL, there is a
corresponding shift in the zeta potential towards more negative values. A
corresponding change in zeta potential is observed, with values becoming
increasingly negative, reaching -18 to -38 mV as illustrated in Figure 6.28. This
correlation indicates that elevated BSA concentrations result in increased negative
charge on nanocapsule surfaces. The hypothesis is that the enhanced negative
charge leads to improved stability of the BSA-NCs due to increased electrostatic

repulsion among the nanocapsules.
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Figure 6.28. Changes in the Zeta Potential of BSA-NCs against the BSA

Concentration
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In conclusion, at a BSA concentration of 6 mg/mL, the formulation exhibits smaller
nanocapsules in comparison to concentrations of 8 and 10 mg/mL. Nevertheless, the
formulation with a BSA concentration of 6 mg/mL exhibited a lower zeta potential
and was found to be unstable over an extended period. To address this issue, opted
to use a concentration of 8 mg/mL, which provides greater physical stability for the
formulation over time. The final optimization of the process for manufacturing BSA-

NCs using the US technology has been established as shown in Table 6.6.

Table 6.6. Optimise Process Parameters of BSA-NCs Obtained by US technology

Process Parameters Condition
Temperature 80°C
Preparation time 90 Second

4.5 mL
Sample volume
100 kHz

Frequency

The US technology has been shown to be effective for the preparation of BSA-NCs
under the optimized conditions was successfully achieved a desirable BSA-NC size of
253 nm at 8 mg/mL concentration accompanied by a low polydispersity index of 0.22
and the BSA-NCs exhibited an excellent zeta potential of -29 mV. The use of the US
technology for manufacturing drug delivery systems is reliable for the BSA-NCs
formulation but it does not meet our quality targets attributes as shown in Table 6.1.
As a result, were continue to explore alternative manufacturing methods, with a
focus on microwave technology (MW) to thermally denaturated the albumin by

constant temperature.

6.24 Preparation of BSA-NCs by using Microwave Technology (MW)
Prepare a solution of BSA 8 mg/mL in a phosphate buffer 0.1M at pH 8.0 containing
Kolliphor HS15 (0.1% w/v) to stabilize the BSA. Subsequently, Miglyol 829 is added

dropwise under magnetic stirring condition to BSA solution to form an oil-in-water
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emulsion. Then use of microwave technology with a proper optimized condition was
identified as maintain a temperature 80 °C, setting the ramp time 90 second to
reaching the set temperature and the preparation time was 12 minutes with 100 %
the stirring potency. The addition of the microwave step facilitates the reduction of
albumin nanoparticle size.

In our observations, the preparation of BSA-NC by using microwave technology, was
found that an oil layer formed in the formulation. Based on our practical observation,
was concluded that microwave technology is not suitable for the manufacturing of

BSA-NCs.

Dropwise added
in albumin
solution

Albumin solution at

No Formation of
NCs

i Emulsion
Miglyol 8 pH containing

Kolliphor HS15 Microwave-assisted
Technology

Figure 6.29. Schematic representation of the involved steps in BSA-NCs preparation
by using Microwave-assisted Technology
As a results of microwave technology, the exploration of manufacturing technology
that combined microwave and ultrasonication (MW/US) technology. This combined
MW/US approach is a novel tool in drug manufacturing processes. Its application is
expected to improve particle size control, efficiency and uniformity of BSA NCs. This
strategy is not only beneficial for improving manufacturing processes, but also plays

a crucial role in the continuous advancement of drug delivery methods.

6.25 Combined Microwave and Ultrasonication Technology (MW/US)
Instrumentation
The combined microwave and ultrasonication (MW/US) technology are a challenging
instrumentation setup typically used for advanced materials processing [219]. This
setup integrates two key components as shown in Figure 6.30.
Microwave (MW) technology
Microwave technology generates microwave radiation to heat materials. It consists of

a magnetron to generate the microwaves, a waveguide to direct the microwaves, and
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a microwave cavity or chamber in which the sample is placed. The system is designed
to provide controlled and uniform heating.

Ultrasonication (US) technology

The US technology involves an ultrasonic generator that produces an electrical signal,
a transducer that converts the electrical signal into mechanical vibrations, and
sometimes an ultrasound chamber or probe to deliver ultrasonic waves to the
sample. US is a highly effective technology that utilizes high frequency sound waves
(ultrasound) to achieve various processes such as emulsification, dispersion, and cell

disruption.
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Figure 6.30. Combined Microwave and Ultrasonication Technology (MW/US)

The combination of microwaves and ultrasound provides enhanced processing
capabilities to prepare albumin nanocapsules. Microwaves uniformly and
volumetrically heat the sample, while ultrasound improves mass transfer, mixing and
homogenizing. In a combined MW/US, these components are integrated to allow
simultaneous or sequential application of microwaves and ultrasonication. To achieve
this, use a chamber specifically designed to accommodate both microwave
irradiation and ultrasound waves. The chamber must have controls that allow for the
independent or combined adjustment of the parameters of each technology [220].

The principles and effects of two distinct technologies used to enhance preparation
processes: MW and US. Microwave technology utilizes electromagnetic radiation

with frequencies up to 300 GHz, which affects microwave-absorbing materials,
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typically polar molecules or those in solvent-free preparation, through dielectric

heating and specific thermal effects [221]. Ultrasonication employs sound waves in

the frequency range of 20-500 kHz in aqueous media to facilitate preparation of BSA-

NCs through cavitation and mechanical effects [222]. The flowchart below converges

to show in Figure 6.31, that both technologies result in multiple beneficial effects

such as increased reaction rates, improved conversions, and enhanced heat and mass

transfer, making them valuable in various applications for their efficiency and

effectiveness.
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Figure 6.31. Flow Chart of Main Properties of MWUS
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6.26 Process of Combined MW/US technology

The process steps involved in operating a MWUS are as per the Figure 6.32.

Preparation of Albumin
O/W Emulsion
I

Combined MWUS Treatment
l
BSA-NCs Formation
I
Cooling
I

Dialysis and Purification

I

Characterization of
Nanocapsule

Figure 6.32. Process Steps involved in combined MW/US
The manufacture of BSA-NCs is a multi-step process. First, a BSA in a PBS buffer
solution containing Kolliphor HS15 is prepared, then add Miglyol 829 to form an o/w
emulsion under magnetic stirring condition. The emulsion is then simultaneously
treated with a combined microwave and ultrasonication (MWUS) technology to form
the formation of BSA-NC. Exploring thermal denaturation of albumin to form
Nanocapsules. After this treatment, the BSA-NCs are cooled to allow to stabilise. The
next step involved dialysis and purification, by using a dialysis membrane to remove
any unencapsulated substances and impurities to ensure the purity of the
Nanocapsules. Finally, the BSA-NCs are characterised by various analyses to
determine their physical properties, such as size, surface charge and encapsulation
efficiency. This comprehensive process is critical to the successful manufacturing of

high quality BSA-NCs.

The use of the combined MW/US for preparing BSA-NCs offers several advantages.
that improve pharmaceutical manufacturing processes. This innovative approach
enhances production efficiency, ensuring effective encapsulation of drug within the
BSA-NCs. One of the main advantages of this method is the precise control over

nanocapsules size, which is crucial for the consistent delivery of therapeutics. The
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controlled temperature during preparation process to thermally denaturated of BSA
and contributes to the improved homogeneity of the final product, ensuring uniform
distribution of the active ingredients. Additionally, the combine MW/US technology
enables the scalability and its application to large-scale manufacturing without
compromising quality, making it a practical option for commercial pharmaceutical
applications.

The preparation of BSA-NCs using a combined MW/US presents several key
limitations.

Complexity of Equipment

The preparation of BSA-NCs using a combined microwave-ultrasound (MW/US)
system necessitates the utilisation of highly specialised equipment. The complexity of
the process arises from the integration of microwave and ultrasonication technology.
Optimization Challenges

The process of optimising the parameters for the formation of BSA-NCs represents a
significant challenge. The process entails the adjustment of a multitude of variables,
including microwave power, ultrasound frequency, temperature, and preparation
time, in order to achieve the desired characteristics of BSA-NCs. It is evident that
each parameter can influence the outcome, and thus, the identification of the
optimal combination necessitates a profound comprehension of the underlying
process and a multitude of trial-and-error experiments. The intricate and time-
consuming nature of this optimisation process represents a substantial barrier to
practical implementation.

Non-Uniform Heating

A significant technical challenge associated with the combined MW/US process is the
non-uniform heating of the system, which can result in an uneven temperature
distribution within the BSA-NC formulation. This inconsistency can result in the
formation of BSA-NCs with variable sizes and shapes, which may subsequently affect
their quality, efficacy, and physical stability.

Design and Cost Equipment

The equipment required for the combined MW/US process is often custom built or
involves sophisticated components, which drives up the initial investment and

ongoing maintenance costs. Such financial constraints can potentially restrict the
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accessibility of this technology, particularly for smaller research institutions with
limited budgets. The high cost of the equipment, in addition to the necessity for
specialised facilities to operate it, can be a significant barrier to the widespread

adoption of the technique.

6.27 Preparation of BSA-NCs by using combined MW/US Technology

Prepare a solution of a BSA 8 mg/mL containing Kolliphor HS15 (0.1% w/v) in
phosphate buffer (0.1M) at pH 8.0. Subsequently, add Miglyol 829 dropwise to the
BSA solution under stirring conditions to form an oil-in-water nanoemulsion. To
denaturation of albumin by thermal, begin by employing microwave technology with
a ramp time of 90 seconds to heat the mixture to 76°C. Simultaneously, apply
ultrasonication technology at 20.52 KHz with a power of 15W. Allow the preparation
to proceed for 12 minutes to obtain BSA-NCs. Finally, purify the BSA-NCs by dialysis
against 0.9% NacCl for 1 hour.

Albumin solution
Miglyol at 8 pH containing
Kolliphor HS15

BSA-NCs Purify the BSA-NCs
by dialysis against
NaCl 0.9 %

Combined Microwave and
Ultrasonication Technology

Figure 6.33. Schematic representation of the involved steps in BSA-NCs preparation

by using MW/US

6.28 Condition Optimization of MW/US
I.  Optimization of Ramp Time
The ramp time is a crucial factor in the combined MW/US as it specifies the duration
needed to attain a set temperature. Optimization processes require a thorough
examination of the correlation between ramp time and temperature. The ramp time

optimization is similar to the MW as previously discussed in Figure 6.12.
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II.  Optimization of Nanocapsule Size by using MW/US
A direct correlation can be observed between the concentration of BSA and the size
of BSA-NCs. As the concentration of BSA is increased from 6 to 20 mg/mL, there is a
corresponding increase in the size of the BSA-NCs. Specifically, at concentrations
between 6 and 10 mg/mL, the BSA-NCs are relatively small nanocapsules, with sizes
under 200 nm and a PDI of 0.21. However, as the concentration reaches 12 mg/mL,
the size increases to approximately 220 nm with 0.20 PDI. It is noteworthy that at
higher concentrations of BSA 16 to 20 mg/mL, the BSA-NCs exhibit a size range of
380 to 450 nm with a 0.21 PDI. This trend indicates that higher BSA concentrations

result in the formation of larger-sized BSA-NCs, as illustrated in Figure 6.34.
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Figure 6.34. Size of BSA-NCs against the BSA Concentration

[ll.  Optimization of Zeta Potential Values
This study systematically optimised the concentration of BSA to determine its effect
on the zeta potential of BSA-NCs. The results show a clear trend, as the BSA
concentration increases from 6 mg/mL to 20 mg/mL, the zeta potential becomes
more negative, ranging from -18 to -40 mV. This correlation suggests that higher BSA
concentrations lead to an increased negative charge on the nanocapsule surfaces. It
is hypothesized that the enhanced negative charge contributes to the improved
stability of the BSA-NCs. This is due to increased electrostatic repulsion between
particles. This finding is significant as it provides insights into the mechanisms that

govern in the stability of these systems. It can guide the development of more
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efficient and stable BSA-NCs. It is concluded that a BSA concentration between 8 and

10 mg/mL is optimal for the preparation of BSA-NCs, as demonstrated in Figure 6.35.
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Figure 6.35. Changes in the Zeta Potential of BSA-NCs against the BSA
Concentration
In conclusion, at 8 and 10 mg/mL, the BSA-NCs exhibited sizes below 200 nm and
demonstrated stable zeta potentials greater than -27 mV. Conversely, while a
concentration of 6 mg/mL also resulted in sizes below 200 nm, the zeta potential is

below -18 mV and it’s not achieved our quality target attributes.

IV.  Optimization of Preparation Time
The relationship between the preparation time are two key properties of BSA-NCs,
size and zeta potential. The graph was discussed such as into two distinct segments.
The size of the BSA-NCs is plotted on the left y-axis as a function of the preparation
time, indicated in minutes (min), on the x-axis. The right-hand part of the graph
shows the zeta potential of these BSA-NCs, expressed in millivolts (mV), also plotted
against preparation time. This clear and concise dual-part of figure 6.36, effectively
demonstrates the changes in both size and zeta potential of the BSA-NCs over time.
Optimal conditions for the formation of stable BSA-NCs are achieved when the
preparation time is increased from 2, 5, 8, 10 and 12 minutes, the observed that the
12 minutes preparation time is decreases the BSA-NCs size below 200 nm and a more
negative zeta potential -28 mV. Preparation time shorter than 12 minutes lead to
larger nanocapsule size and lower negative zeta potential, which may not be optimal
for the desired application of these BSA-NCs. At 16 minutes of preparation time of

BSA-NCs shows the precipitation. Indicating an overtime preparation condition that
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leads to nanocapsule aggregation. The size and zeta potential value of BSA-NCs can
have a critical impact on their behaviour in biological systems, including their

stability, distribution, and interaction with target cells or tissues.
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Figure 6.36. Size and Zeta Potential of BSA-NCs against the Preparation Time

The final optimized process for the manufacturing of BSA-NCs using the combined
microwave and ultrasonication (MW/US) technology has been successfully
developed. Through this process, the optimal conditions for the preparation of BSA-
NCs have been precisely identified. These conditions include maintaining a
temperature of 76°C, a ramp time of 90 seconds is to reach the set temperature in
the MW. While simultaneously applying an US. The specific settings for ultrasound
are a frequency of 20.52 kHz and a power of 15 watts. In addition, the optimised
preparation time for this process was also determined to be 12 minutes. The
parameters as shown in the Table 6.6. This careful maintaining of temperature, US
frequency and power, ramp time and preparation time ensures the efficient and

effective formation of BSA-NCs using the MW/US method.

Table 6.6. Optimize Process Parameters of BSA-NCs Obtained by Combined MW/US

Parameters Condition

Temperature 76°C

Ramp Time 90 Second
30 mL

Sample volume
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Preparation Time 12 Minutes

Ultrasound frequency 20.52 kHz

Watts LW

The combined MW/US technology has proven to be highly effective in the
preparation of BSA-NCs particularly under the optimized conditions outlined in this
study. The BSA-NCs with a desirable size of 182 nm. Additionally, these NCs exhibited
a good polydispersity index of 0.23, indicating a narrow size distribution and
uniformity in the size of the NCs. Notation, the zeta potential of these BSA-NCs was

-27 mV value also indicates a good degree of stability in the NCs formulation. The
combination of MW/US technology provides a synergistic effect, resulting in
improved control over the formation process of BSA-NCs. This method is highly
reliable and suitable to prepare nanocapsules stable over an extended period,
offering optimal characteristics in terms of particle size, polydispersity (PDI), zeta
potential (mv), and stability. These attributes are critical for manufacturing an
efficient drug delivery system. The MW/US technology meets our quality target
attributes successfully. The integration of MW/US technologies has significantly
improved the precision and effectiveness of preparing BSA-NCs. This combination

allows for a more controlled and efficient manufacturing process.

In our investigation of various manufacturing technologies for the preparation of
bovine serum albumin nanocapsules (BSA-NCs), was initially employed a surfactant-
mediated coacervation method that is not suitable for the BSA-NCs. The results
demonstrated that both US technology and the combined MW/US technology
manufactured the stable and well-formed BSA-NCs over time. In contrast, MW
technology was found to be ineffective, as it resulted in the formation of an oily layer.
This discussion will present the results and insights gained from these experiments,

as detailed below.
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6.29 Physicochemical Characterization of BSA-NCs
Based on our experimental data, the optimization of various manufacturing
processes of albumin nanocapsule, as illustrated in Table 6.7. Our findings indicate
that ultrasonication is a relatively reliable method for preparing BSA-NCs. This
technique shows excellent polydispersity, consistently below 0.22 and maintains a
stable zeta potential -29 mV over time. The particle size produced by this method
ranges from 220 to 250 nm. Although these dimensions did not meet our initial
quality target attributes. Consequently, exploration of a combined technology of
MW/US. This technology demonstrated significant potential and reliability for drug
delivery systems. It consistently produced particles smaller than 200 nm, exhibited
good polydispersity 0.23, and maintained a negative zeta potential -27 mV.
Therefore, that the MW/US technology successfully meets our quality target

attributes.

Table 6.7. Physicochemical Characterization Of BSA-NCs Obtained by Different

Manufacturing Process

Manufacturing Process Average PDI Zeta Potential
of BSA-NCs Diameter + SD + SD (mv)
(nm)
Ultrasonication Technology 238.20+4.12 0.22 £0.02 -29.32+£2.85
(US)
182.51+2.80 0.23+0.01 -27.85+5.41

Combined Microwave and

Ultrasonication (MWUS)

6.30 Yield of Bovine Serum Albumin Nanocapsule (BSA-NCs)
To accurately calculate the yield of BSA NCs begin by weighing each empty vial using
an analytical balance and record the weights. For the preparation of BSA-NCs in vials,
add 10 mg of trehalose to the vials before lyophilization to protect and stabilize the
BSA-NCs. Due to the oil content in the NCs formulation, a cryoprotectant is needed

for effective lyophilization. Add exactly 1 mL of the BSA-NCs into each pre-weighed
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vial, ensuring precise measurement with a calibrated pipette. Seal the vials with

paraffin to prevent contamination. Freeze the vials overnight at -20°C or use liquid

nitrogen for instant freezing. After freezing, transfer the vials to a lyophilizer and

freeze-dried the samples until all water content is removed, resulting in a dry powder

of BSA NCs, The Procedure as already discussed in section 6.11

Table 6.8. Yield of BSA NCs Obtained by Different Manufacturing Technologies

Final Powder Theoretical
Manufacturin
& weight after  weight of BSA- Yield %
Technologies
8 dialysis (mg) NPs (mg)
Ultrasonication
15.8 19.11 82.67
Technology
Combined Microwave
and Ultrasonication 18.0 19.11 95.18

Technology

The percentage yield of BSA-NCs using the ultrasonication (US) technology was found

to be 82.67 %, while the yield using the combined microwave and ultrasonication

(MW/US) technology was found to be 96.18 %.

6.31 ANOVA Test of BSA-NCs

An ordinary two-way ANOVA test performed by Graph Pad Prism to comparing the

effects of two different manufacturing methods (Ultrasonication, Combined MWUS)

on the physicochemical characteristics of BSA-NCs. These characteristics are Size,

Polydispersity Index (PDI), and Zeta Potential(mV). The statistical significance is

indicated by asterisks as indicated in the Figure 6.37.
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Figure 6.37. Physicochemical Characteristics Variation of BSA-NCs Obtained by Using

the Different Manufacturing Methods

Particle Size

All comparisons between the manufacturing methods (US vs. Combined MW/US)
show extremely statistically significant differences with p < 0.0001.

Polydispersity (PDI)

The comparison between US technology and Combined MW/US methods shows an
extremely statistically significant difference not significant. (ns)

Zeta Potential value

The comparison between US technology and MW/US methods shows a very

statistically significant difference with p < 0.0069.

6.32 Scanning Electron Microscopy (SEM) of BSA NCs
The scanning electron microscopy (SEM) analysis shows that the BSA-NCs have a
spherical shape and it can be manufactured at the nanoscale to improve delivery
efficiency and targeting. Figure 6.38 includes annotations indicating particle size

measurements in nanometre.
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Figure 6.38. BSA-NCs Particle Shape Determination by SEM

The ultrasonication nanocapsules (US NCs) and combined microwave and
ultrasonication nanocapsule (MW/US NCs) are analysis by scanning electron
microscopy (SEM), elucidated specific dimensional parameters, with a notable
dimension measured at 204 and 284 nm, which serves to emphasise the nanoscale
magnitude of the particles. The SEM image provides essential insights into the
physical characteristics of the BSA-NCs, which are crucial for understanding their
interactions within biological environments and for ensuring in-process quality

control measures throughout their manufacturing.

6.33 Fourier-Transform Infrared Spectroscopy (FTIR) of BSA-NCs
The Fourier transform infrared (FTIR) spectra display the absorption spectra of
bovine serum albumin (BSA), Kolliphor HS15, and BSA nanocapsules (BSA-NCs)
prepared using ultrasonication technology (US-BSA NCs) and combined microwave
and ultrasonication (MW/US-BSA NCs). The characteristic peaks of Kolliphor HS15
spectrum shows a broad peak at around 2800 cm-1, which is indicative of an O-H
stretch. There is also a peak at around 1740 cm-1, which is indicative of a C=0
stretch. The FTIR spectra for the nanocapsules prepared using both technologies
demonstrate the successful detection of the BSA and Kolliphor HS15 as shown in the

Figure 6.39.
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Figure 6.39. FTIR Spectra of BSA-NCs with Ultrasonication Technology (US)
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Figure 6.40. FTIR Spectra of BSA-NCs with Combined Microwave Ultrasonication
(MW/US)

6.34 Release study of BSA Fragments from Nanocapsule
The release of BSA fragments from the nanocapsule was analysed, and it was found
that both the Ultrasonication technology nanoparticle (US-NC) and combined
microwave and ultrasound nanocapsule (MW/US) had a release of BSA fragment.
The release of BSA fragment was release to be below 2.60% over a six-hour period,

as illustrated in Figure 6.41.
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Figure 6.41 Release study of albumin from different types of Nanocapsules

6.35 Stability Study
This study integrates two methods to prepare BSA-NCs. Ultrasonication technology
and combined MW/US, Over a period of 90 days. In contrast, BSA-NCs produced
through US technology showed a negligible increase in size, while those prepared
using a combined MW/US method demonstrated almost no change in particle size,

indicating stability up to 90 days.
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Figure 6.42. BSA-NCs Stability Study in Two Different Methods up to 90 Days at 4 °C

In term of polydispersity index, the US technology shows a 0.20 to 0.21, whereas the
Combined MW/US technology maintains the PDI around 0.22 to 0.23. In addition,
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the zeta potential for particle from US technology decreases slightly -29 to -31 and
also in Combined MW/US technology more negative zeta potential value -28 to -30
up to 90 days. However, the persistent negative charge indicates that the
nanocarriers remain stable against aggregation. It was observed that the BSA-NCs

maintain stability for up to 90 days when stored at 4 °C as shown in Figure 6.42.

6.36 Chitosan Coating of Bovine Serum Albumin Nanoparticles and Nanocapsules
In this chapter, was prepared the formulation of bovine serum albumin (BSA)
nanoparticles (NPs) and nanocapsules (NCs) with different manufacturing
technologies such as surfactant-mediated Coacervation method BSA-NPs, Microwave
Technology BSA-NPs, Ultrasonication Technique BSA-NCs and Combined Microwave
and Ultrasonication BSA-NCs. To enhance their targeting capabilities, these BSA-
based nanomedicines are further coated with chitosan (2.2 % w/v), a natural
polysaccharide renowned for its biocompatibility and bio adhesive properties. The
combination of chitosan's mucoadhesive properties with the biocompatibility of BSA

results in a robust delivery system.

In our experimental investigations, the optimised various manufacturing processes,
In the surfactant-mediated coacervation method BSA-NPs coated with chitosan (2.2%
w/v) shows the particle size in the range to 195 to 205 nm with 0.27 PDI and +18 mV
zeta potential.

In the microwave technology BSA-NPs has been shown to produce chitosan (2.2 %
w/V) coatings with a size range of 150 to 170 nm, a PDI of 0.26, and a zeta potential
of +19 mV.

In Ultrasonication technology BSA-NCs was observed that subsequent coating with
chitosan (2.2% w/v) resulted in an increase in the size of the BSA-NCs to dimensions
exceeding 300 nm. his enlargement is due to the high concentration of the
nanocapsules. Despite the increase in size, the method consistently yields a good
polydispersity index, registering below 0.22. Additionally, it ensures a stable and

positive zeta potential over time.
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Additionally, was explored a combined technique of MW/US followed by coating with
chitosan (2.2% w/v). In particular, it consistently produced BSA-CS-NCs with particle
was 200 nm, exhibited good 0.22 PDI and maintained a stable and positive zeta

potential +21 as shown in Table 6.10.

Table 6.10. Physicochemical Characterization of BSA NPs and NCs Coated with

Chitosan Obtained by Different Manufacturing Technologies

Average ‘
Manufacturing Zeta Potential
Diameter PDI
Process 1 SD (mv)
1 SD (nm)
Surfactant-mediated
Coacervation Method 203.6+4.11 0.27 £0.02 +18.78 £ 4.91

(BSA-CS NPs)

Mi Technol
icrowave Technology 168.2 + 2.81 0.26 + 0.01 +19.64 +3.71

(BSA-CS NPs)

Ultrasonication Technique
et au 323.5+6.31 0.20 £+ 0.02 +21.85+5.81

(BSA-CS NCs)

Combined Microwave and
Ultrasonication 200.6 6.7 0.22+0.012  +t24.85%54

(BSA-CS NCs)

6.37 Conclusion

In conclusion, the surfactant-mediated coacervation method, utilising ethanolic
Epikuron® 200, was found to be an effective approach for the formation of BSA-NPs
with desirable properties. The organic solvent ethanol is employed for the
denaturation of albumin. The size and zeta potential of the BSA-NPs were optimised
by varying the concentration of BSA, resulting in BSA-NPs with sizes below 200 nm
and stable zeta potentials.

Despite initial attempts, ultrasonication (US) did not result in the formation of BSA-

NPs. Nevertheless, it proved to be an effective method for preparing BSA-NCs. The
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optimization process involved adjusting the ultrasonication frequency, time, and BSA
concentration while maintaining the temperature, resulting in BSA-NCs with sizes
below 250 nm, 0.21 polydispersity index (PDI) and negative zeta potential values -29.
Microwave-assisted technology was employed to thermal denaturation of albumin,
resulting in the successful fabrication of stable BSA nanoparticles (BSA-NPs) with a
size distribution of 85 to 95 nm, with a 0.26 PDI, and a highly negative zeta potential
-30 mV. The optimal conditions were identified as a temperature of 80°C, a ramp
time of 90 seconds, and a preparation time of 12 minutes. Nevertheless, several
experimental trials indicated that the preparation of BSA-NCs by using microwave
technology resulted in the formation of an oil layer on the surface of the formulation.
The combination of microwave and ultrasonication technologies did not result in the
formation of BSA-NPs, but was effective for the preparation of BSA-NCs. The
optimization process involved the setting of specific parameters for temperature,
ramp time, ultrasonication frequency, and preparation time, with the objective of
inducing the thermal albumin denaturation. This resulted in the formation of BSA-
NCs with an average diameter of approximately 182 nm, a polydispersity index (PDI)
within an acceptable range, and a stable zeta potential.

The physicochemical characterization of BSA-NPs demonstrated that the surfactant-
mediated coacervation method and microwave technology produced stable
nanoparticles below 200 nm. BSA-NCs produced by the combined MW/US method
met our quality targets attributes. The combined MW/US technology was particularly
effective, offering a synergistic approach that enhanced control over particle
formation, stability, and drug encapsulation efficiency. The ultrasonication
technology achieved all quality target parameters except size. The ANOVA test
confirmed significant differences in particle size, PDI, and zeta potential between the
different manufacturing technologies. Scanning Electron Microscopy (SEM) and
Fourier-Transform Infrared Spectroscopy (FTIR) provided further insights into the
structural integrity and successful formulation of the nanoparticles and
nanocapsules. Stability studies demonstrated that BSA-NPs produced by the
surfactant-mediated coacervation method and microwave technology, as well as

BSA-NCs produced by ultrasonication and combined MW/US technology, retained
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their physicochemical properties for a period of 90 days. This indicates their
suitability for long-term storage at 4°C and utilisation.

The chitosan coating, added at a concentration of 2.2% w/v to the BSA nanoparticles
(NPs) and nanocapsules (NCs) produced via optimised manufacturing processes,
produced notable effects on their physicochemical properties. The coating resulted
in a consistent increase in zeta potential, indicative of enhanced stability and reduced
aggregation potential. Furthermore, the chitosan coating conferred mucoadhesive
properties, rendering the BSA-NPs and NCs more suitable for pharmaceutical
applications, particularly those requiring targeted delivery and prolonged circulation

times.
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Chapter 7: Preparation of Blank Human Serum Albumin-based

Nanomedicine by Approaching Advanced Manufacturing

Technologies
In this chapter, was employed human serum albumin (HSA) in the development of
two nanomedicine: nanoparticles (NPs) and nanocapsules (NCs) already studied with
BSA. The methods investigated include the coacervation method, ultrasonication
technology (US), microwave technology (MW), and a combination of microwave and
ultrasonication (MWUS) to achieve specific quality target attributes to ensure the
effectiveness and physical stability of these nanomedicines as shown in Chapter 6
Table 6.1. For the manufacturing of the HSA formulations, the components

previously employed to obtain BSA nanomedicine.

7.1 Preparation of HSA-NPs Using Surfactant-mediated Coacervation Method

To prepare HSA-NPs, a Human Serum Albumin (HSA) solution of 8 mg/mL containing
Kolliphor HS15 (0.1% w/v) in sodium phosphate buffer (0.1M) at pH 8.0 was prepared
to Induce denaturation of the albumin solution by ethanolic Epikuron® solution 200
(1% w/v) was added drop-by-drop under magnetic stirring conditions at room
temperature. Subsequently, the ethanol was evaporated using nitrogen purge. Once
the ethanol has evaporated, the resulting HSA-NPs are purified by dialysis against a
NaCl 0.9% solution.

7.2  Preparation of HSA-NPs Using Microwave-Assisted Technology
The tuned manufacturing process to obtain, BSA nanoparticles was used. A solution
of HSA 8 mg/mL with Kolliphor HS15 (0.1% w/v) in a sodium phosphate buffer (0.1M)
at a pH of 8.0 was prepared. Microwave-assisted technology was employed. For the
preparation of HSA-NPs was identified maintaining a temperature 80 °C, setting the
ramp time to 90 seconds to reach the set temperature and the preparation time was
12 minutes with 100 % stirring potency. The microwave step facilitates the thermal
denaturation of albumin and the reduction of particle size of albumin nanoparticles.

Finally, the HSA-NPs are purified by dialysis against 0.9% NaCl.
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7.3

7.4

7.5

Preparation of HSA-NCs by using Ultrasonication Technology (US)
The manufacturing process to obtain HSA-NCs formulation begins with the
preparation of HSA solution 8 mg/mL in a sodium phosphate-buffer solution 0.1M at
pH 8.0 containing Kolliphor HS15 (0.1% w/v). Miglyol 829 is added dropwise to this
solution under magnetic stirring to form an oil-in-water (o/w) nanoemulsion. The
o/w nanoemulsion was then subjected to ultrasonication at 100 kHz for 90 seconds
facilitating the reduction of droplet size. NCs formulation was dialysis against the

NaCl 0.9 % w/v to obtain purified HSA-NCs.

Preparation of HSA-NCs by using combined MW/US Technology

To obtain nanocapsules a solution of HSA 8 mg/mL containing Kolliphor HS15 (0.1%
w/v) in phosphate buffer (0.1M) at pH 8.0 was prepared. Miglyol 829 was dropwise
added to the HSA solution under stirring conditions to form an oil-in-water
nanoemulsion. To obtain thermal denaturation of albumin the microwave technology
with a ramp time of 90 seconds to heat the mixture to 76°C was employed.
Simultaneously, apply ultrasound at 20.52 KHz with a power of 15W. The process
was for 12 minutes to obtain HSA-NCs. Finally, the HSA-NCs were purified by dialysis
against 0.9% NaCl for 1 hour.

Physicochemical characterisation of HSA NPs and NCs
The results demonstrate that it is possible to produce nanomedicine with HSA. The
average diameter, polydispersity index (PDI), and zeta potential of the HSA
nanoparticles and nanocapsules exhibited variability dependent on the
manufacturing technologies. The nanoparticles prepared using the surfactant-
mediated coacervation method exhibited an average diameter of about 192 nm, with
a polydispersity index (PDI) of 0.29 and a zeta potential of -16 mV. Therefore, did not
meet the quality attribute because of high PDI and zeta potential is lower than -20
mV. In contrast, the formulation developed with microwave-assisted technology
exhibited the smallest nanoparticle size of 95 nm, with a PDI of 0.27 and more
negative zeta potential of -27 mV, which did not meet our quality target attribute due

to high PDI as shown in the Table 7.1.
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Table 7.1. Physicochemical Characteristics of Blank-HSA NPs Obtained by Surfactant-

mediated Coacervation Method and Microwave-assisted Technology

Average PDI Zeta Potential
Manufacturin
uracturing Diameter +SD (mv)
Methods
+SD (hm)

Surfactant-mediated
urtactant-mediate 1925+2.62 029%001  -16.35+4.50

Coacervation Method

v ssicted
crowave-assiste 98.6+5.11 027002  -27.54%3.22

technology

The nanocapsules developed through ultrasonication technology exhibited a
diameter of 228 nm, yet exhibited the most negative zeta potential of -29 mV with a
PDI of 0.22. These NCs are good but the size is more than 200 nm. The combination
of microwave and ultrasonication technology resulted in the smallest HSA
nanocapsules 173 nm with the lowest polydispersity index of 0.21 and a highly
negative zeta potential of -29 mV, indicating a more uniform and stable colloidal
formulation. The HSA-NCs manufactured by a combined MW/US manufacturing

process meet our targeted quality attributes as per Table 7.2.

Table 7.2. Physicochemical Characteristics of Blank-HSA NCs Obtained by

Ultrasonication Technology and Combined Microwave and Ultrasonication

Technology
Average PDI Zeta Potential
Methods Diameter +SD (mv)
+SD (nm)

Ultrasonication Technology 228.5+3.26  0.22+£0.02 ~29.88 +4.64

Combined Mi d
ombined MICowate ah® 17311641 021001  -2854+4.62

Ultrasonication Technology
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The Blank human serum albumin nanocapsules prepared using, combined microwave

and ultrasonication technology meet our targeted quality attributes.

7.6 Yield of HSA Nanoparticles and Nanocapsules
To accurately calculate the yield of HSA NPs and NCs begin by weighing each empty
vial using an analytical balance and record the weights. Add exactly 1 mL of the HSA-
NPs into each pre-weighed vial, ensuring precise measurement with a calibrated
pipette. Seal the vials with parafin to prevent contamination. Freeze the vials
overnight at -20°C or use liquid nitrogen for instant freezing. After freezing, transfer
the vials to a lyophilizer and freeze-dried the samples until all water content is
removed, resulting in a dry powder of HSA nanoparticles.
For the preparation of HSA-NCs in vials, add 1 % w/v of trehalose to the vials before
lyophilization to protect and stabilize the HSA-NCs. Due to the oil content in the NCs
formulation, a cryoprotectant is needed for effective lyophilization. Weigh the vials
containing the dried powder using an analytical balance and record the weights.
Determine the exact weight of the HSA nanoparticles/nanocapsules powder by
subtracting the weight of the empty vial from the weight of the vial with the dried
powder. Calculate the initial weight of HSA used in the nanoparticle/nanocapsule
formulation process, which should be calculated during the preparation stage.
Finally, calculate the yield percentage of HSA nanoparticles/nanocapsules using the
formula: Yield (%) = (Weight of HSA NPs/NCs Powder / Initial Weight of HSA Used) X
100.
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Table 7.3. Yield of HSA NPs Obtained by Surfactant-mediated Coacervation Method

and Microwave-assisted Technology

HSA NPs
Theoretical
Manufacturing Powder weight Yield
weight of
Technologies after dialysis %
HSA-NPs (mg)
(mg)
Surfactant-mediated
Coacervation Method 13.3 14 95.0
(HSA-NPs)
MW technology
7.2 8.8 81.8
(HSA-NPs)

The percentage yield of HSA-NPs using the surfactant-mediated coacervation method
was found to be 95 %, while the percentage yield using the MW technology was

found to be 81.80 %.

Table 7.4. Yield of HSA-NCs Obtained by Ultrasonication Technology and Combined

Microwave and Ultrasonication Technology

HSA NCs
Theoretical
Manufacturing Powder Yield
weight of
Technologies weight after %
HSA-NCs (mg)
dialysis (mg)
Ultrasonication Technology
17.5 19.1 91.6
(HSA-NCs)
Combined Microwave and
Ultrasonication Technology 17.9 19.1 93.6

(HSA-NCs)
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The percentage yield of HSA-NCs using the ultrasonication technology was found to

be 91.6 %, and by using the combined MW/US technology was found to be 93.6 %.

7.7 Comparison of ANOVA test of Bovine Serum Albumin (BSA) and Human Serum
Albumin (HSA) Nanoparticles and Nanocapsules

A two-way ANOVA test was employed in GraphPad Prism to assess the comparative
analysis of BSA and HSA nanomedicine manufactured by different preparation
technologies on the physicochemical properties, including size, polydispersity index
(PDI), and zeta potential (mV). The following manufacturing technologies were
employed: surfactant-mediated coacervation (CO), microwave-assisted technology
(MW NPs), ultrasonication (US NCs) and combined microwave and ultrasonication

(MW-US NCs).

The comparison of BSA and HSA nanoparticles and nanocapsules prepared by
different manufacturing technologies revealed that the formulations were not
statistically significant (p > 0.05). Therefore, it can be concluded that if the optimised
formulations are prepared with either BSA or HSA, the outcomes will be similar. This
demonstrates the suitability of our formulations for both BSA and HSA as shown in

Figures 7.1, 7.2, 7.3 and 7.4.
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Figure 7.1. Comparison of Physicochemical Characteristics Variation of Surfactant-

mediated Coacervation BSA and HSA Nanoparticles
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Figure 7.4. Comparison of Physicochemical Characteristics Variation of

Combined Microwave and Ultrasonication BSA and HSA Nanocapsules
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7.8 Comparison of Release Study of HSA Fragments and BSA Fragments from NPs and NCs
The preparation of the standard working solution and the BCA working reagent (WR)
was discussed in Chapter 6.

The release of BSA and HSA fragments from nanoparticles and nanocapsules
formulation was analysed using the bicinchoninic acid (BCA) protein assay. It was
observed that both the surfactant-mediated coacervation nanoparticles (CO-NPs)
and microwave-assisted technology (MW NPs) exhibited a BSA and HSA fragment
release of 5 to 7% within 6 hours as shown in Figure 7.5.

In contrast, the ultrasonication nanocapsules (US-NCs) and the nanocapsules formed
by combining microwave and ultrasonication (MW/US-NCs) demonstrated a low
release of BSA and HSA fragments. The nanocapsules released 1.5 to 2.8 % of BSA
and HSA over the six hours, as illustrated in Figure 7.6. It can be concluded that the
comparisons of the formulations prepared by using both BSA and HSA have good

stability in the nanoparticles and nanocapsules.

10 -e- CO-BSA NPs
e ) S Dg
3 g = CO-HSA NPs
<
3
AN .
o ,
= 4 ;/*
E !
H 2 | 2
&} ’ ?
0"".! T T T 1
0 2 4 6 8
Time (Hours)
10—
- -0~ MW-BSA NPs
P
'? 8- ® MW-HSA NPs
z
2
2 67
©
k- 4 i;
= r 2
JFEas
0 1 1 1 1
0 2 4 6 8
Time (Hours)

Figure 7.5. Comparison of Release study of BSA and HSA Fragment from different

types of Nanoparticles
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Figure 7.6. Comparison of Release study of BSA and HSA Fragment from different

types of Nanocapsules

The comparisons of development between human serum albumin (HSA) and bovine
serum albumin (BSA) nanoparticles and nanocapsule using different manufacturing
technologies. Based on the physicochemical characterization, percentage yield, and
BSA and HSA fragments release from both BSA and HSA nanoparticles and
nanocapsules formulations found that the similar result were concluded that the
HSA-NCs manufactured by combined MW/US technology achieved our quality target
attributes and provides better physical stability, and reliability for targeted drug

delivery, with smaller nanocapsule size for both lipophilic and hydrophilic drugs.
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Chapter 8: Development and Optimization of Doxorubicin
Albumin-based Nanocapsules by Approaching Advanced
Manufacturing Technologies
In this chapter, the development and the optimization of doxorubicin-loaded albumin
nanocapsules by using ultrasonication technology (US) and a combination of
microwave and ultrasonication (MW/US), taking into account the results obtained for
blank BSA and HSA-based formulations. Indeed, the formation of nanocapsules was

achieved with both technologies reaching our quality target attributes.

Doxorubicin hydrochloride (DOX-HCI) is a chemotherapeutic agent used in the
treatment of various cancers, including breast cancer, ovarian cancer, bladder cancer,
lymphoma, and leukaemia. It belongs to the anthracycline class of drugs, the
chemical structure of Dox-HCl is characterized by the core structure consisting of four
fused rings, with various functional groups attached to it, including a daunosamine (a

sugar moiety) linked through a glycosidic bond as shown in Figure 8.1 [223].

Figure 8.1. Chemical Structure of Doxorubicin Hydrochloride (DOX-HCI) [223]

The hydrochloride salt form of DOX increases its solubility in water, thus facilitating
its administration as an injectable solution. The molecular formula of DOX-HCI is
C27H29NO11eHCI, which reflects the complex structure of the molecule and the
various functional groups that contribute to its mechanism of action and
pharmacological properties [224]. DOX-HCL is originally derived from the bacterium

Streptomyces peucetius. This bacterium produces DOX as part of its secondary

126



metabolism, a process common among various species of the Streptomyces genus.
The discovery of DOX was part of a broader search for new anticancer agents from
natural sources during the mid-20th century [225,226].

Doxorubicin acts primarily through intercalating into DNA, which disrupts the normal
function of the nucleic acids. This intercalation prevents the replication of DNA and
the transcription of RNA, leading to the inhibition of protein synthesis, which is
crucial for cell growth and division [227]. Additionally, doxorubicin has the capacity to
Inhibit Topoisomerase I, The stabilisation of the cleavable complex between
topoisomerase Il and DNA by doxorubicin induces DNA damage, resulting in the
apoptosis of cancer cells [228]. The generation of free radicals is a process that
occurs naturally within the body. DOX undergoes redox cycling, resulting in the
production of free radicals that damage cellular membranes, DNA, and proteins,

thereby contributing to the process of cell death [229].

Figure 8.2. Mechanism of action of doxorubicin [228]

The doxorubicin is administered intravenously, it bypasses the gastrointestinal tract,
resulting in almost complete bioavailability. This means that almost the entire dose
of the drug enters the systemic circulation, making it highly effective for the cancer
treatment. The distribution of DOX is extensive upon entering the systemic
circulation, reaching various tissues. This characteristic is advantageous for targeting

cancer cells throughout the body, but it also poses a risk of toxicity to non-target
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tissues. In the metabolism of DOX in the liver, where cytochrome P450 enzymes
metabolize it. The major metabolite, doxorubicin, retains anticancer activity but has a
different toxicity profile. This metabolic process is crucial for the drug's
pharmacokinetics, affecting its duration of action and side effects. Doxorubicin has a
biphasic elimination pattern with an initial rapid distribution phase followed by a
slower elimination phase. This pattern reflects the drug's extensive tissue

distribution followed by gradual clearance from the body [230-232].

The doxorubicin major side effect is cardiotoxicity, one of the most serious adverse
effects, can manifest in two ways: acutely or chronically. In the former case, it results
in heart muscle damage, which may potentially culminate in congestive heart failure
due to oxidative stress and apoptosis of cardiac cells. Myelosuppression is another
significant side effect, characterised by a reduction in the production of blood cells,
thereby increasing the risk of infections, bleeding, and fatigue. This condition arises
from the drug’s impact on DNA synthesis in rapidly dividing bone marrow cells. Other
adverse effects include alopecia, where patients experience temporary hair loss due
to the drug targeting rapidly dividing cells in hair follicles, and mucositis, an
inflammatory condition of the digestive tract mucous membranes causing painful
ulcers and gastrointestinal discomfort. Furthermore, nausea and vomiting are
frequently observed, resulting from the stimulation of the brain’s chemoreceptor
trigger zone. The management of these side effects necessitates rigorous monitoring,
the use of protective agents such as dexrazoxane, scalp cooling caps, antiemetic
drugs, and the implementation of supportive care measures to enhance the quality

of life of patients undergoing treatment [232-235].

8.1 Preparation and Optimization of DOX-BSA Nanocapsules using Ultrasonication
Technology

At the suitable concentration of Doxorubicin HCL, was initiated the preparation of
the drug solution with concentrations DOX-HCI 40, 60 and 70 mg/0.5mL was
dissolving in a mixture of 500 pL of 1% aqueous Span 83 and N-methyl-2-pyrrolidone,

maintaining a volume ratio of 70:30. This mixture was then thoroughly vortexed and
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subsequently subjected to sonication in US bath for 10 minutes. The 80 mg/0.5mL of
doxorubicin HCl was try to solubilize, but it resulted in a saturated solution.

Then a double emulsion was intentionally tuned to obtain doxorubicin-loaded BSA-
NCs. For this process 100 pl of DOX-HCL solution at each concentration was added to
2 mL of Miglyol 829 individually. The solution was sonicated using ultrasonication
technology (US) for 60 seconds to form a water-in-oil emulsion. Simultaneously a 4
mL solution of BSA at a concentration of 8 mg/mL in PBS 0.1M at pH 8.0 containing
Kolliphor HS15 (0.1% w/v) was prepared. Then add the 500 ul water-in-oil emulsion
dropwise to the BSA solution. The mixture was sonicated for 90 seconds to obtain
DOX-BSA-NCs. Finally, the DOX-BSA-NCs was purified by dialysing them against NaCl
0.9% for 1 hour.

8.2 Physicochemical Characterization of Doxorubicin loaded nanocapsules
In order to ascertain the average diameter and polydispersity index of NCs
formulation, was employed photon correlation spectroscopy in conjunction with the
measurement of zeta potential through electrophoretic mobility. Prior to analysis,
the samples were diluted with filtered water. The diluted samples were then placed
into an electrophoretic cell, where a rounded 15 V/cm electric field was applied to

determine the zeta potential.

The DOX-BSA NCs encapsulation efficiency was evaluated by using a centrifugal filter
system, A portion of the formulation was put into an Amicon Ultra-0.5 centrifugal
filter device and spun on a Beckman Coulter 64R centrifuge for 15 minutes at 12,000
rpm. High-performance liquid chromatography (HPLC) was then used to analyze the
filtered solution with proper dilution with mobile phase. On a sample of freeze-dried
NCs, the drug loading capacity was assessed. A weighted portion of each formulation
freeze-dried powder was separately suspended in 10 mL of filtered water. After
sonication and centrifugation, the supernatant was diluted with a mobile phase and

analysed with HPLC.
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The method was performed using a Shimadzu system consisting of a fluorescence
detector, a solvent delivery module (RF-10A XL) with a Rheodyne injection valve and
a 20 L loop attached, isocratic chromatographic separation (250 mm x 4.6 mm i.d., 5
m particle size), and a stainless-steel Kinetex EVO C18 column, at 25 9C, with a
mobile phase of Potassium dihydrogen phosphate (KH2PO4): acetonitrile: methanol
(65:25:10 v/v) and a flow rate of 1.0 mL/min. The mobile phase was degassed after
being filtered through a 0.45 um Millipore membrane filter. Fluorescence was used
to measure drug concentration, with excitation and emission adjusted to 480-590
nm. A linear calibration curve was created in the concentration range of 0.02-0.10

ug/mL, with a high regression coefficient of 0.999.

An in vitro release study of doxorubicin from BSA NCs was conducted using a multi-
compartment system comprising a donor phase and a receiving phase, separated by
a dialysis membrane with a molecular weight cutoff of 14 kDa. In the donor phase, 1
mL of the DOX-BSA NC formulation was introduced. The receiving phase consisted of
1 mL of a 0.1 M phosphate buffer with a pH of 7.4. At predetermined time intervals
(0.25, 0.50, 0.75, 1, 1.5, 2, 3, 4, 5, 6, 22, 24, 48, and 50 hours), 1 mL samples were
withdrawn from the receiving phase and immediately replaced with 1 mL of fresh
phosphate buffer of the same concentration and pH. Subsequently, all collected

samples were subjected to HPLC analysis following appropriate dilution.

Doxorubicin-loaded bovine serum albumin nanocapsules obtained employing
ultrasonication technology and a theoretical concentration was 0.44, 0.66 and 0.77
mg/mL respectively. The average particle size in the range between 260 to 270 nm.
The formulation shows a negative zeta potential with a value of -31 mV, which is
attributed to the presence of carboxyl groups on the albumin nanocapsules. The
encapsulation efficiency was evaluated utilising a centrifugal filter system, The
encapsulation efficiency of all the nanocapsule formulation was found to be in the

range of 91 to 95%, with good drug loading as shown in Table 8.1.
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Table 8.1. Physicochemical Characterization, Encapsulation efficiency (EE%) and Drug
loading (DL%) of Different concentrations of DOX-BSA NCs obtained by

Ultrasonication Technology

Theoretical Average
Concentration of Diameter BDI Zeta Potential DL % EE %
DOX-HCl in +SD (nm) +SD (mv)
mg/mL
0.44 264.2+2.6 0.21 +0.02 31.95 +4.13 4.11+0.22 91.3+1.54
0.66 269.1+3.8 0.21+0.01 -30.73 + 3.56 432 +0.24 93.7+2.30
0.77 270.8+4.9 0.20 + 0.02 31.54 + 3.83 543 +0.12 949 +1.08
+ SD (n=5)

This in vitro study examines the release profile of Doxorubicin encapsulated within
albumin nanocapsules at varying theoretical concentrations (0.44, 0.66, and 0.77
mg/mL). The objective of the study is to assess the sustained release capabilities of
these nanocarriers for the drug delivery. The cumulative percentage of DOX released
is plotted against time over 50 hours, illustrating a controlled release dynamic for all
three formulations. Over time, the drug is released gradually and consistently from
the encapsulated nanocapsules without any sudden spikes, indicating the ability of
the nanocapsules to prolong the presence of the drug in the simulated environment

as shown in Figure 8.3.
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Figure 8.3. In vitro release study of doxorubicin from different concentrations of

Doxorubicin hydrochloride + SD (n=5)

The in vitro release strongly supports the finding that doxorubicin-loaded albumin
nanocapsules formulation are capable of maintaining a prolonged drug release. The
three formulations with different concentrations on in vitro drug release below 20 %

in 24 hours.

After conducting an exhaustive analysis including physicochemical characterization,
in vitro release profiles, and assessments of drug loading and encapsulation
efficiency on all formulation batches, it has been determined that an initial weight of
0.77 mg/mL of drug in Doxorubicin-loaded albumin nanocapsules stable nanocapsule
size of 270 nm with 0.20 PDI with negative zeta potential -31 mV. The formulation
has good drug loading 5.43 % and high encapsulation efficiency 95 %. Additionally,
these nanocapsules demonstrated a prolonged release pattern around 14 % of
release in 24 hours and 21 % of release in 50 hours of time duration. This release
mechanism is highly beneficial for treatments as it helps to maintain consistent drug
concentrations in the bloodstream, reducing the need for frequent dosing and
improving patient adherence to the treatment protocol. After selecting a doxorubicin
concentration of 0.77 mg/mL was developed bovine serum albumin nanocapsules
(BSA-NCs) using a combination of microwave and ultrasonication technologies

(MW/US).
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8.3 Doxorubicin-loaded BSA-NCs by Combined Microwave and Ultrasonication Technology
(MW/US)

The 70 mg of Doxorubicin Hydrochloride (DOX-HCL) was dissolved in 500 pl of
aqueous Span83 (1%) and N-methyl pyrrolidone in a (70:30 ratio v/v). The resulting
solution was vortexed and placed in a sonication bath for 10 minutes. Then 200 pl of
DOX-HCL solution was added to 4 mL of Miglyol 829. The solution was sonicated
using an ultrasonication technique (US) for 60 seconds to form a water-in-oil
emulsion. Simultaneously a 30 mL solution of BSA at a concentration of 8 mg/mL in
PBS 0.1M at pH 8.0 containing Kolliphor HS15 (0.1% w/v) was prepared. The 2400 ul
water-in-oil emulsion was dropwise added to the BSA solution. Thermal denaturation
of albumin employing a microwave-assisted technology with a ramp time of 90
seconds to heat the mixture to 76°C. Simultaneously, apply ultrasonication at 20.52
KHz with a power of 15W. Allow the preparation to proceed for 12 minutes to obtain
BSA-NCs. Finally, purify the DOX-BSA-NCs by dialysing them against NaCl 0.9% for 1
hour.

The ultrasonication technology and combined MW/US manufacturing technologies,
when optimized, are effective for the preparation of DOX-BSA-NCs was successfully
achieved a desirable size for DOX-BSA-NCs, along with a low polydispersity index of
0.20 to 0.22. These BSA-NCs also demonstrated an excellent zeta potential in the

range of -30 to -32 mV. The details are reported in Table 8.2.

Table 8.2. Physiochemical Characterization of DOX-BSA NCs with two different

manufacturing Technology

Average Zeta
Manufacturing Diameter PDI Potential
Process +SD (nm) +SD (mv)

Ultrasonication Technology

(US)

270.8+4.92 0.21+0.02 -31.37+£3.71

Combined Microwave and
Ultrasonication Technology  202.7 + 6.82 0.21+£0.02 -31.62 £4.22
(MW/US)

1 SD (n=5)
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Ultrasonication technology has been demonstrated to have a drug loading capacity
of 5.43 % and an encapsulation efficiency of 95.3% for doxorubicin-loaded albumin
nanocapsules and the combined microwave and ultrasonication (MW/US) technology
markedly enhances drug loading, achieving 4.12% and encapsulation efficiency was

found to be 91.6%.

Table 8.3. Encapsulation Efficiency and Drug Loading of DOX-BSA NCs obtain by

Different Manufacturing Process

Manufacturing

Formulation (DL %) (EE %)
Process
Ultrasonication DOX-BSA
5.43+0.11 95.3+1.08
Technology (US) NCs
Combined Microwave
DOX-BSA
and Ultrasonication 412 £0.16 91.6+2.13
NCs
Technology (MW/US)
+ SD (n=5)

The study investigated the in vitro release behaviour of DOX-BSA NCS using different
manufacturing methods, namely Ultrasonication (US), and a combined approach of
Microwave and Ultrasonication (MW/US), in a multi-compartment system. The
results showed that DOX was released at a slower rate when prepared with US, with
only 12% released after 24 hours and 23% release in 50 hours. In contrast, samples
prepared using the combined MW/US technique exhibited a much faster release
rate. Approximately 17% of DOX was released within the same 24-hour time and 30%

of release in 50 hours of time, as shown in Figure 8.4.
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Figure 8.4. In vitro release study of DOX-BSA NCs with two different manufacturing

8.4 ANOVA Test

methods + SD (n=5)

A two-way ANOVA test was conducted using Graph Pad Prism to evaluate the impact

of two distinct manufacturing technologies (Ultrasonication, and Combined MW/US)

on the physicochemical properties of Doxorubicin-loaded to BSA nanocapsules. The

properties assessed included Size, Polydispersity Index (PDI), and Zeta Potential (mV).
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Figure 8.5. Physicochemical Characteristics Variation of DOX-BSA-NCs Obtained by

Using the Different Manufacturing Methods + SD (n=5)
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The effects of Two different manufacturing processes: ultrasonication and combined
microwave and ultrasonication (MW/US): size, polydispersity index (PDI), and zeta
potential of nanocapsules.

Size (nm): The asterisks '"****' indicates a statistically significant difference between
the compared groups, with a p-value less than 0.0001, which is considered highly
significant.

Polydispersity Index (PDI): is a measure of the distribution of molecular mass in a
given sample. A lower PDI indicates a more uniform size distribution of particles. The
asterisks "**' indicates a highly significant difference (p < 0.0016) between the
groups.

Zeta Potential (mV): Zeta potential measures the surface charge of nanocapsules. The
magnitude of the zeta potential indicates the degree of repulsion between adjacent,
similarly charged particles in a dispersion. A high zeta potential confers stability. The
Figure shows " indicating a not significance level with a p-value less than 0.10, and

'ns' indicating a p-value.

After investigating in detail, the physicochemical properties and in vitro release
patterns, was found that both Ultrasonication (US) and the combined microwave and
Ultrasonication (MW/US) method are effective for drug delivery. Still, MW/US is
showing a slightly fast release of DOX compared to the US technology alone. Opted
for the US approach due to its higher effectiveness over the MW/US technology. The
preference for the US technology is also influenced by practical challenge presented
by the MW/US method, particularly in maintaining sterility. Additionally, this
technology promotes a more uniform particle size distribution and precise control
over particle size, thereby improving the quality and performance of the drug

delivery system.
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8.5 Development of Doxorubicin loaded Human Serum Albumin Nanocapsules (DOX-HSA
NCs)

In this section, was developed DOX-HSA NCs using a precise double-emulsion method
combined with microwave/ultrasonication (MW/US) technology. The preparation
method is the same as that for DOX-BSA-NCs discussed in Section 8.3; however, in
this formulation was used HSA instead of BSA. The DOX-HSA-based NCs are designed
to improve drug loading, release profiles, and targeting efficiency, offering promising
potential for cancer therapy.

The DOX-HSA NCs formulations have an average size of approximately 190 to 200 nm,
with a negative zeta potential of approximately -31 as shown in Table 8.4. This is

attributed to the carboxyl groups present in albumins.

Table 8.4. Physicochemical Characterization, Encapsulation Efficiency and

Drug Loading of DOX-HSA-NCs

Average Zeta
Formulation  Diameter + SD PDI Potential (DL %) (EE %)
(nm) +SD (mv)
DOX-HSA-NC
® 1987442 0224002 -31.95+570 3.85+059 884221
NCs
+ SD (n=3)

The study investigated the in vitro release behaviour of DOX-HSA NCS preparation by
using, combined microwave and ultrasonication technology (MW/US) and Pure
Doxorubicin HCI solution in a multi-compartment system. The results showed that
DOX was released at a prolonged manner around 20 % after 24 hours from the DOX-

HSA NCS but pure DOX-Solution 76% release after 24 hours, as shown in Figure 8.6.
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Figure 8.6. In vitro release study of DOX-HSA NCs with MW/US Technology

The prolonged release of doxorubicin from nanocapsules (NCs) is likely due to the
slow diffusion of the drug through albumin. The utilization of this mechanism allows
for the minimization of the systemic adverse effects of doxorubicin, thereby

enhancing the efficiency of the nanocarriers at the targeted site.

ICOS-Fc targeted albumin-based nanocapsules as a tool for the delivery of doxorubicin
in osteosarcoma cell lines

Osteosarcoma, a primary malignant bone tumour, primarily affects children and
young adults, making it a significant cause of morbidity and mortality in this
population [236]. As per the estimation of the American Cancer Society, more than
3,800 bone cancer cases be diagnosed in the United States in 2022 [237].
Chemotherapy was introduced in the 1970s, Doxorubicin and methotrexate were the
first drugs to be used successfully, [238]. cisplatin and ifosfamide were added only
later and with these, there was a significant increase in five-year disease-free survival
of 35-40%. [239,240]. Despite advancements in treatment strategies, including
surgical resection and adjuvant chemotherapy, the prognosis for patients with
osteosarcoma remains challenging, particularly in cases of advanced or recurrent
disease one of the major obstacles in osteosarcoma therapy is the development of
drug resistance, leading to suboptimal treatment outcomes and limited therapeutic

options. Although resistance to doxorubicin is a multifactorial phenomenon, i.e. it
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depends on the occurrence of multiple mechanisms within the same cells, the most
important mechanism that causes the lack or reduced response to treatment with
doxorubicin is the one involving the membrane protein P-glycoprotein [241]. P-
glycoprotein is the most important adverse prognostic factor for patients with
osteosarcoma. [242-244]. Doxorubicin, it has several limitations, including dose-
dependent cardiotoxicity, a lack of selectivity for tumour cells, and the development
of cell resistance [225,234] To address these challenges, the development of
albumin-based drug delivery systems that can enhance drug accumulation at the
tumour site and overcome doxorubicin resistance is crucial.

In recent years, albumin-based drug delivery systems have shown great potential in
improving the efficacy of chemotherapeutic agents while minimizing their systemic
toxicity [245]. Furthermore, on activated CD4+ T cells, the inducible costimulatory
molecule ICOS-Fc is expressed [246,247]. It is predominantly expressed on the
surface of T cells and is inducible rather than constant. Upon T cell activation,
triggered by recognition of an antigen, ICOS expression is upregulated. Up-regulation
is crucial for fine-tuning the immune system to amplify the T-cell response when
necessary. ICOS primarily functions by binding to its ligand, ICOSL, which is found on
other immune cells, such as antigen-presenting cells (APCs) [171]. Which are
involved in immune responses in lymphoid organs and inflammatory sites. By
attaching to the appropriate ligand (ICOS-L), ICOS-Fc, a chemical, can reversibly
suppress osteoclast activity and cause a reduction in bone resorption

activity.[248,249]

The last part of my PhD research aimed to develop BSA-based doxorubicin-loaded
Nanocapsules (DOX-BSA NCs) and conjugate them with 1COS-Fc, (DOX-BSA-ICOS-Fc
NCs) by using advance ultrasonication technology. The sought to improve the
targeted delivery of doxorubicin to the osteosarcoma cells line and enhance its

efficacy in overcoming resistance.
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8.7 Preparation of Blank BSA-NCs and DOX-BSA NCs.
Blank BSA-NCs and DOX-BSA NCs were prepared a tuned double-emulsion (W/O)
using the ultrasonication technique (US) (100 kHz,500W) The preparation method is
already discussed in the section 8.3 and illustrations scheme is shown below in Figure

8.7.
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Figure 8.7. Representative scheme of the preparation by utilizing the Ultrasonication

technique (20KHZ, 500W) to prepare the DOX-BSA- NCs

8.8 Bovine Serum Albumin Nanocapsules Conjugation with ICOS-Fc Human

The conjugation of BSA-NCs with ICOS-Fc involves the following procedure: Initially,
58 pL of ICOS-Fc solution (1.75 mg/mL) is combined with 42 uL of PBS (pH 7.4) in an
Eppendorf tube. To this mixture, 25 uL of EDC (1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide, 0.4 mg/mL in water) and 25 pL of NHS (N-Hydroxysuccinimide, 0.6
mg/mL in water) are added. The resultant mixture is then stirred for 15 minutes.
Following this, 900 uL of BSA-NCs are introduced into the Eppendorf tube containing
the ICOS-Fc solution. This solution is stirred at a speed of 800 RPM for 2 hours.
Finally, the conjugated product is purified through dialysis against a 0.9% NaCl
solution for 1 hour. This process effectively facilitates the conjugation of Blank BSA-
NCs with ICOS-Fc. The process used to conjugate ICOS-Fc with BSA-NCs is also
employed the same to conjugate ICOS-Fc with DOX-BSA-NCs.
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EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) is a water-soluble
carbodiimide that is commonly used to conjugate carboxyl groups to primary amines.
Albumin, such as bovine serum albumin (BSA), has multiple carboxyl and amine
groups that can participate in such conjugation reactions. When EDC is conjugated
with albumin, the carbodiimide activates the carboxyl groups on the albumin,
forming an O-acylisourea intermediate. This intermediate can then react with the

primary amine groups to form a stable amide bond, resulting in conjugation.

8.9 Physicochemical Characterisation of Nanocapsules
The procedures for physicochemical characterisation, FTIR analysis, and in vitro
release studies of DOX-BSA NCs have already been discussed in detail in the section
7.6. The quantification of ICOS-Fc can be achieved through the utilisation of a
bicinchoninic acid (BCA) assay. This method involves the generation of a standard
curve using serially diluted bovine serum albumin (BSA). Subsequently, 1COS-Fc
conjugated NCs formulations are mixed with the working BCA reagent according to
the BCA kit protocol as previously discussed in chapter 6. The absorbance of both
standards and samples is measured at a wavelength, around 562 nm. The generated
standard curve, which correlates absorbance values to known protein
concentrations, is employed to determine the ICOS-Fc concentration within unknown

samples based on their respective absorbance measurements.

The In vitro release profiles of DOX-BSA NCs and DOX-BSA ICOS-Fc NCs were
examined to determine the mechanism of drug release. Four different kinetic models
were used for analysis: the zero-order kinetic model, the first-order kinetic model,
the simplified Higuchi model, and the Korsmeyer-Peppas model [250]. To obtain the
rate constant and correlation value a graph of each model was created by using
Microsoft Excel 2021 and a linear regression fit was applied. In the zero-order, the
cumulative percentage of drug release was plotted against time. The cumulative
percentage of drugs left against time was logarithmically shown in the first order. The
Korsmeyer-Peppas model was examined by graphing the logarithm of the cumulative

per cent drug release against the logarithm of time. In contrast, the Higuchi model
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was evaluated by plotting the cumulative percentage of drug release against the
square root of time [251].

The doxorubicin albumin Nanocapsules' hemolytic activity was assessed using mice
blood. For this preparation, PBS (pH 7.4) was used to dilute the blood 1:10 v/v. As a
positive control, red blood cell rupturing and additional haemoglobin release were
treated by the presence of Triton x (1%). Saline solution (NaCl 0.9% w/v) was
employed as a negative control. All NCs samples were diluted in 1 mL of blood with
(1:10, 1:50, 1:100, 1:200, 1:400, and 1:500) and incubated for 90 min at 37 °C.
Following a 20-minute centrifugation at 6000 rpm all NCs samples, the supernatant
were examined at 540 nm using an ultraviolet-visible spectrophotometer (DU 730,
Beckman Coulter, Fullerton, CA). The positive control, which represented 100%
hemolysis, was used to compute the percentage of hemolysis [252].

A study was carried out aimed to assess the average diameter, zeta potential, and
morphology of the albumin NCs formulations stored at 4°C for up to six months.
Additionally, the stability of the albumin nanocapsule formulations was evaluated
under physiological conditions at 37°C with Seronorm Human Plasma. Briefly, take a
Seronorm Human Plasma solution 1:10 ratio v/v diluted with the PBS buffer pH 7.4,
Individually, all types of NCs are diluted with the seronorm human plasma solution,
mixed properly using vortex and incubate at 37°C for 1 hour and analyses all the

sample on Dynamic Light Scattering (DLS).

8.10 Results

A specific type of NCs was prepared experiment a tuned double-emulsion (W/0O/W)
combined the ultrasonication technique using bovine serum albumin (BSA). This
manufacturing method involved carefully tuning the preparation process to achieve
the desired characteristics of the albumin NCs. A graphical representation of the
tuned preparation method is reported in Figure 7.8. The DOX-BSA NCs were
successfully prepared and conjugated with the inducible costimulatory molecule
ICOS-Fc (DOX- ICOS-Fc-BSA- NCs).

The nanocapsules formulations and conjugated with ICOS-Fc have an average

diameter between 250 and 290 nm, The formulations show the negative zeta
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potential is about -30 m/v due to the presence of carboxyl groups of albumins. The

characteristics of BSA-NCs are shown in Table 8.6 and Figure 8.5.

Table 8.5. Physicochemical Characterization of Nanocapsules

Average
& Zeta Potential
Nanocapsules Diameter £ SD PDI
+SD (mv)
(nm)

Blank-BSA NCs 253.2+4.1  022%0.01 29321280

DOX-BSA NCs 270.8+4.9  021+002 -31.37%3.72

DOX-BSA-ICOS-Fc NCs 275.6£5.6 0.21+0.01 -30.34£3.23

+ standard deviation (n=5)

NTA analysis results are reported in Figure 8.8
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Figure 8.8. Particle size distribution analysis of DOX-BSA NCPSs by the Nanoparticle
tracking analysis instrument (Nano Sight Amesbury, United Kingdom), 1) Average

particle concentration/size 2) Intensity/size, for experiment.
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Encapsulation efficiency and drug loading of DOX-BSA NCs and DOX-BSA NCs
conjugated with ICOS-Fc were analysed by high-performance liquid chromatography
(HPLC). The results of the analysis revealed a high encapsulation efficiency is about

90 to 95 % and good drug loading capacity as shown in Table 8.6.

Table 8.6 Encapsulation efficiency and Drug loading of Nanocapsules

Encapsulation Drug Loading
Nanocapsules Efficiency (EE %) (DL %)
DOX-BSA NCs 95.01 +2.50 5.43+0.79
DOX-BSA-ICOS-Fc NCs 93.45+3.54 5.29 £0.62

A Fourier-transform infrared (FTIR) was used to correlate the drug and albumin with
the use of FTIR spectroscopy, which allows for the characterization of molecular
vibrations and interactions within a given sample. O-H Stretching around 3320-3380
cm™. This peak arises due to the stretching vibrations of hydroxyl (OH) groups
present and C=0 Stretching around 1610-1650 cm™. This broad peak corresponds to
the carbonyl (C=0) stretching vibrations in doxorubicin. This peaks the present in the
DOX-BSA NCs. It’s confirmed that the albumin NCs drug incorporation through FTIR
analysis is noteworthy as it provides valuable evidence of successful drug

encapsulation or binding within the nanocapsule system as shown in Figure 8.9.
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Figure 8.9. Fourier Transform Infrared Spectroscopy FTIR spectra of free DOX, DOX-
loaded Nanocapsules (DOX-BSA NCs), Blank BSA Nanocapsules (Blank BSA-NCs) and
both with ICOS-Fc
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The in vitro release kinetics profile of doxorubicin from two different formulations
was investigated. Figure 8.10 illustrate the in vitro release kinetics profiles of DOX-
BSA NCs and DOX-BSA NCs conjugated with the ICOS-Fc. The results demonstrated
that both formulations exhibited prolonged release of the drug over time, indicating
sustained drug release compared to the doxorubicin-free solution diffusion. This
indicates that the encapsulation of doxorubicin within the albumin nanocapsules, as
well as the conjugation with ICOS-Fc, has influenced the release behaviour of the
drug. After 24 hours, approximately 33% of the encapsulated drug was released from
the DOX-BSA NCs, while about 24% of the drug was released from the DOX-BSA ICOS-
Fc NCs. This suggests that the ICOS-Fc conjugation resulted in a slight reduction in the

release rate of the drug in comparison to the non-conjugated DOX-BSA NCs.
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Figure 8.10. In-vitro release study of Dox-BSA NCs, Dox-BSA ICOS-Fc and Dox free
solution as a release up to 8 hours and 50 hours, + SD (n=5)
The prolonged release of doxorubicin from NCs is likely due to the slow diffusion of
the drug through albumin. The aforementioned mechanism allows for the

minimisation of doxorubicin's possible systemic adverse effects while simultaneously
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increasing the efficiency of NCs at the targeted site. Furthermore, the drug release
mechanism was investigated utilising four mathematical kinetics models: first-order
kinetics, zero-order kinetics, and simplified Higuchi and Korsmeyer-Peppas models.
Each kinetics model was employed to generate a graph in Microsoft Excel 2021, and
the rate constant and correlation values were obtained through a linear regression
fit, as illustrated in Figure 8.11. The in vitro release experiment using mathematical
kinetics models demonstrated a preference for the first-order kinetic model in both
DOX-BSA NCs and DOX-BSA ICOS-Fc NCs formulations. This indicates that the drug
release from these Nanocapsules follows a first-order kinetics pattern, where the rate
of release is directly proportional to the remaining drug concentration within the
Nanocapsules. As the drug concentration decreases over time, the rate of release
also decreases proportionally. Analysing the drug release behaviour using the first-
order kinetic model allows for the estimation of release rate, prediction of the
amount of drug released over time, and optimization of the formulation to achieve

the desired release profile.
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Figure 8.11. The mathematical modelling of doxorubicin release from Dox-BSA NCs
and Dox-BSA ICOS-Fc NCs was performed by plotting the data and determining the

preference of each kinetic model.
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Table 8.8 Kinetics Model obtained R2 values

DOX-BSA NCs DOX-BSA ICOS-Fc NCs
Kinetics Model
RZ
Zero-order 0.9888 0.9869
First order 0.9911 0.9943
Higuchi model 0.9889 0.9913
Korsmeyer 0.9582 0.9287

Peppas model

BSA NCs and DOX-BSA NCs were subjected to testing at various dilutions (1:10, 1:50,
1:100, 1:200, 1:400, and 1:500 v/v) to evaluate their hemolytic activity. The results
indicated no significant hemolytic activity, as there was no observable damage to red
blood cells when compared to the control as shown in the 8.12. These findings
suggest that the tested nanocapsule formulation is biocompatible and can be safely
administered in the cell lines of osteosarcoma without causing hemolytic

complications.
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Figure 8.12 Haemolysis Study of BSA-NCs and DOX-BSA NCs

The results of the study showed that all type of albumin NCs formulations
maintained their physical properties, including size, zeta potential, and morphology,

for up to six months of storage at 4°C. Moreover, NCs under physiological conditions
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at 37°C indicated that the formulations were stable in the presence of Seronorm
Human Plasma. This indicates that the formulations were stable under these
conditions, which is an important parameter for the development of stable and
reliable drug delivery systems.

DOX-BSA NCs, modified with ICOS-Fc conjugation on their surface, serve a
multifaceted purpose in enhancing cancer therapy. These Nanocapsules are designed
to amplify the cytotoxicity of doxorubicin against U20S cells, a type of cancer cell, by
addressing a pivotal challenge: the premature removal of the drug by P-
glycoproteins. By effectively shielding doxorubicin, the ICOS-Fc-conjugated
Nanocapsules prevent its expulsion from cancer cells, thereby intensifying its
anticancer activity. Furthermore, this targeted drug delivery system not only bolsters
the efficacy of doxorubicin but also presents an avenue to mitigate the adverse
effects associated with high drug dosages. By concentrating the drug payload directly
at the tumour site, the system permits a reduction in the overall doxorubicin dose
required, thereby diminishing the occurrence and severity of systemic side effects,
which often limit the tolerability of chemotherapy.

In addition to its drug delivery function, the inclusion of ICOS-Fc on the nanocapsule
surface contributes to the suppression of cellular metastasis, a critical aspect of
cancer progression. ICOS-Fc serves as an immunomodulatory agent, potentially
engaging the immune system to recognize and combat cancer cells, thus offering a

comprehensive and multi-pronged approach to cancer therapy.
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Figure 8.13. The Viability Inhibition and Invasion on Osteosarcoma cells line U20S
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DOX-BSA NCs are more effective than conventional doxorubicin in inhibiting cell
growth within the dose range of 0.01-1 ug/mL after a 72-hour treatment period. This
indicates their improved ability to impede cellular proliferation, which is a crucial
aspect of cancer therapy. It is noteworthy that these specialized DOX-BSA NCs, which
are conjugated with ICOS-Fc on their surface, can effectively inhibit the metastatic
spread of cancer cells when administered at a safe concentration of only 1 pug/mL for
6 hours. This effect is similar to that of Nanocapsules that exclusively bind with ICOS-
Fc. This finding has significant clinical relevance as it implies the potential to combat
cancer metastasis without the use of high doses that could be harmful to the patient.
Additionally, ICOS-Fc has demonstrated some effectiveness in limiting cellular
invasion when used alone at a concentration of 1 ug/mL. However, it is worth noting
that the anti-metastatic potential is significantly enhanced when delivered via NCs.
Its activity increases twentyfold and it can effectively operate at a much lower
concentration of 0.5 pg/mL. BSA-based delivery systems significantly enhance the
anti-metastatic properties of ICOS-Fc, offering a promising strategy for metastasis
control while mitigating the risk of adverse effects associated with higher drug

concentrations.
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Chapter 9: Conclusion
This PhD thesis presents a comprehensive study on the preparation and optimisation
of albumin-based drug delivery systems. Improved manufacturing processes to
produce albumin nanoformulation with physicochemical characteristics suitable for
the design of drug delivery systems were investigated.
The research successfully demonstrates the potential of advanced manufacturing
technologies, including surfactant-mediated coacervation, ultrasonication (US),
microwave-assisted (MW), and combined MW/US technologies. The utilisation of
advanced manufacturing technologies and meticulous process parameter tuning
enabled the generation of high-quality albumin nanoparticles and nanocapsules with
desirable characteristics for drug delivery applications. By fine-tuning process
parameters and formulation conditions, the study achieved optimal physicochemical
characteristics, including particle size, polydispersity index (PDI), zeta potential,
encapsulation efficiency, in vitro drug release, and stability. These characteristics
were aligned with the quality target attributes outlined in the ICH Q8 guidelines.
The research made use of both bovine serum albumin (BSA) and human serum
albumin (HSA) in the development of the nanoparticles and nanocapsules. BSA was
employed as a cost-effective model for initial studies, while HSA was selected due to
its compatibility with human physiology. The stepwise optimisation process ensured
that the same quality attributes achieved with BSA formulations were successfully
adapted to HSA, thereby further validating the versatility of albumin as a nanocarrier.
A significant contribution of this thesis is the integration of sustainable, green
manufacturing processes. By utilising microwave (MW), ultrasonication (US) and
combined MW/US technologies, the study was successfully conducted without the
use of organic solvents, thereby offering a more environmentally friendly approach
to nanomedicine production.
The encapsulation of doxorubicin hydrochloride, a well-known anticancer drug, into
these albumin nanocapsules, illustrates the potential therapeutic benefits of the
developed systems. The surface modifications of these nanocapsules with 1COS-Fc
ligands enabled targeted delivery to osteosarcoma cancer cell lines, thereby

improving drug efficacy and reducing the incidence of cytotoxic side effects. This
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targeted approach serves to enhance the therapeutic index of the drug, thereby
representing a significant advancement in the field of cancer treatment.
This aligns with the growing need for greener albumin nanomedicine manufacturing

practices, making this work not only scientifically innovative but also environmentally

responsible.
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