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Bilirubin-Encapsulated Albumin Nanoparticles as a Therapeutic ROS scavenger.

Moosavizadeh Seyedmohammad

Department of Chemical Engineering, The Graduate School,

Pukyong National University

ABSTRACT

Bilirubin (BR) is a bile pigment and the end-product of heme catabolism which occurs
abundantly in the blood plasma. Bilirubin is an endogenous antioxidant capable of scavenging
different reactive oxygen species (ROS) and free radicals, thereby playing a role in protecting
the cells and tissues from oxidative damage. Indeed, numerous experimental studies proved the
potential of bilirubin for antioxidant, anti-inflammatory, and anticancer activities. However, its
low water-solubility, toxicity on normal cells, rapid clearance, and high sensitivity to oxygen
restrict further clinical developments, requiring an appropriate drug carrier capable of stably

encapsulating and delivering a defined dosage to the site of action.

Albumin is the most abundant protein in blood with a long circulatory half-life due to its size
and FcRn binding property. Albumin has the capability to bind nutrients, metabolites, metals,
and drugs, lending itself to a promising carrier that can affect the pharmacokinetics of the
payload. Moreover, albumin is localized explicitly to tumors or inflamed tissues in either an
active or a passive manner. Recently, serum albumin nanoparticles, i.e., BSA-NPs, have been
used for delivering various types of therapeutic agents encapsulated inside or modified on the

surface.

X1



This study explored how to synthesize and characterize albumin nanoparticles encapsulating
hydrophobic bilirubin by the desolvation method. In addition, we measured its ROS
scavenging, biocompatibility, and toxicity on cancerous cells.

Using this method, albumin nanoparticles encapsulating bilirubin (BSA-BR-NPS) with a
sTable size around 164 nm and a spherical morphology obtained with a high yield of around
70%. The entrapment efficiency (EE) was around 66%, and the drug loading (DL) was around
11%. The BSA-BR-NPs could scavenge more than 90% of the free radicals in radical
scavenging measurement. The in vitro cellular assay of nanoparticles on different normal cells
showed low toxicity on normal cells, which approved its biocompatibility. On the other hand,
the BSA-BR-NPs had significant toxicity on cancerous cells. These results demonstrated that
BSA-BR-NPS improved and optimized therapeutic efficiency of BR by addressing its

limitations.
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FIGURE 1: GRAPHICAL ABSTRACT
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CHAPTER 1: INTRODUCTION



1.1. OXIDATIVE STRESS

1.1.1. OXIDATIVE STRESS AND FREE RADICALS

The production and degradation of undesired secondary oxidants is usually a balanced
process in normal life. Oxidative stress is the result of an imbalance between the pro-

oxidant and antioxidant systems in favor of the former.[1]

An increase in oxidative stress and/or a reduction in antioxidants leads to oxidative
reactions that cannot be prevented or repaired, so that they can alter and modify
standard biological components and cause injury, abnormal metabolism,

physiological dysfunction, and potentially a disease state.[2, 3]

Oxidative reactions are implicated in numerous diseases and their symptoms,
including coronary heart disease, pulmonary disease, diabetes, autoimmune disorders,
and cancer, and many more.[2, 4] Molecularly, reactive oxygen species (ROS) are

responsible for most of the reactions resulting in oxidative stress.[4]

The body contains a variety of reactive molecules, like OH, ONOO, NO, and CIO.
Biologically, ROS can arise from both metabolic processes and from oxygen
"activation" by physical irradiation. The main ROS product is superoxide radical
anion (O2.-), by which oxidizing and reducing properties are presented. Dismutation
depletes superoxide in order to produce oxygen and hydrogen peroxide (H»0,), a very

weak oxidant which attacks mostly thiols.[1]



O, +te >0y

20, +2H' > O, + H,0,

H,0, >OH- + OH*

ROS provides the specific characteristic properties, such as instability and high
chemical reactivity. ROS levels play a critical role in its activity. High ROS level
increases the oxidative stress response within the cell, causing cell damage through
different mechanisms such as protein oxidation, lipid peroxidation via chain reactions
in phospholipid bilayers, or DNA damage.[1, 5]

By this means, cells are killed, undergo apoptosis, or accumulate mutations and
changes in their metabolism, leading to cancer. This situation will promote the growth
of the cancerous cells in the body, resulting in more ROS being generated in the body.
These ROS will contribute to the spread of cancer cells and encourage angiogenesis

and subsequently increase metastasis potential.[5]

Cancer cells gain an advantage due to the elevated ROS level present in the cancer
environment. Falling or raising a specific level of ROS can disrupt the favorable
situation for cancer cells. Hence, scavenging ROS could serve as an effective strategy
for cancer treatment and angiogenesis prevention. Conversely, ROS in a high enough
concentration can also cause cell damage and lead to apoptosis. Therefore, increasing
ROS levels in a cancer environment can also be an effective countermeasure against

cancerous and abnormal cells.[2, 6]



1.1.2. TARGETS OF OXIDATIVE STRESS

Because reactants appear to be highly reactive and have a short half-life, the damage
they cause is usually localized near where they are generated. It is known that
oxidative damage affects nearly all biological macromolecules, including proteins,

membranes, lipids, and DNA (Figure 1.2). [7]

Receptors

(Protein)
i

*//} DN}\\

B e e (8
&\\\ \\5: / + Protein oxidation> .

Proteins / DNA damage
+ Lipid peroxidation

Lipid bi-laystes == 7 ik

(Cell membrane)

Figure 1.2. Oxidative Stress and ROS mechanism

1.1.2.1 PROTEINS

Proteins are oxidized by ROS through specific mechanisms, including ionizing
radiation, simple peptides, and proteins that are exposed to radical-producing
conditions.[8] In addition to their relative amount of oxidation-sensitive amino acids,
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such as cysteine and methionine residues, their molecular conformation, their
localization in the cell, and their degradation rate, certain proteins are more
susceptible to oxidative targeting than others. As a result of protein damage during
stressful circumstances, proteins may lose structural and functional characteristics,
such as the expression of various enzymes, receptors, membrane transporters, and

cytoskeletal proteins.[9-11]

1.1.2.2. NUCLEIC ACID

DNA damage induced by ROS has a characteristic pattern of modification and is
chemically and structurally described. DNA damage is a consequence of the
generation of hydroxyl radicals, for example, through Fenton chemistry.[12] Almost
all DNA molecule elements are known to undergo reactions with hydrogen radicals.
There is a direct relationship between mutagenic potential and the number of
oxidative DNA lesions that cannot be repaired. The repair mechanisms are known to
degenerate with age, leading to an accumulation of DNA lesions. DNA damage sites
vary in their DNA sequence specificity, which is related to mutation frequency.
Consequently, the study of specific DNA damage sequences would be valuable for

cancer prevention.[13, 14]



1.1.2.3. MEMBRANE LIPIDS

Fluid membranes are crucial for numerous cell functions; even minor changes in
membrane fluidity may contribute to abnormal cellular functions. Most of the fluid
properties of cells are due to the polyunsaturated fatty acids found within the lipid
bilayer. They are the primary targets of reactive oxygen species. They are mainly

attacked by OH, which starts the process of lipid peroxidation (LH). [7, 10]

LH + OH. > L. + H20

L.+02>LOO0.

LH +LOO. > L. + LOOH

A large amount of lipid peroxidation in a biological membrane results in a loss of
fluidity, a decrease in membrane potential, a rise in permeability to H+ and other ions,
and eventual rupture resulting in cell and organelle contents being released. The
degenerative process of lipid peroxidation under conditions of oxidative stress is
nevertheless responsible for the accelerated aging of people and the development of
chronic diseases through the disruption of the lipid packing, which in turn hinders the

function of biological membranes.[15, 16]



1.2. ALBUMIN

Serum Albumin (SA) is the most abundant protein in plasma, accounting for around

55% of the blood proteins (35-50 g/l in human serum) (Figure 1.3.). [17]

Blood Components

D ¢

Plasma Proteins

= Albumin

= Glubolins
= Fibrinogen
= Others

b

Figure 1.3. Blood components and plasma proteins

=Plasma = RBC = WBC & Platelets



SA is from the homologous proteins family with unique constructive properties and
particular ligand-binding features. SA synthesize by the liver with a non-glycosylated
polypeptide chain of 585 amino acids with a size around 7nm and 66.5 kDa molecular

weight (Figure 1.4.). [17, 18]

Figure 1.4. Serum albumin 3D structure (Copyright: Albumedix Ltd.)

SA has three homologous domains, I (1-195), 11 (196-383), and III (384-585),
providing extraordinary ligand binding capacity for both endogenous and exogenous

compounds (Table 1.1). [19]



Table 1.1. Serum albumin binding sites. [19-21]

Binding site Location Ligand Note
N-terminal DIA Co(1II), Ni(II), Cu(Il) It consists of three amino
acids
Fatty Acid DI, DII, and Fatty Acids, Heme, FA binding sites
DIII Bilirubin, aromatic
carboxylates,
heterocyclic anions
Cys34 DIA Au(I), Hg(II), Pt(ID), Antioxidant activity, the
and NO largest portion of free thiol
in plasma
Meta Binding DI, DI Cu(ID), Ni(II), Cd(II), Surrounded by FA1, FA2,
Site Zn(1I) and FA7
Met298 Between DIIA Pt(IT) Antioxidant activity by
and DIIB metal chelating.
Thyroxine DIIA, DIIIA, Thyroxine (T4) It consists of 4 binding
and DIIIB sites.




SA has a long circulatory half-life through the body, around 21 days. This long
circulatory half-life is due to the size of this protein above the kidney filtration
threshold and the neonatal Fc receptor (FcRn) mediated recycling property of this

compound.[17, 22]

SA is the principal determinant of plasma oncotic pressure and the primary modulator
of fluid distribution through the body sections. Besides, SA is the primary carrier for
fatty acids, nutrients, metal ions, and drugs through the body and changed their

pharmacokinetics and potentials in the body. [23]

The single free thiol Cys34 within domain I acts as a natural binding site for metal
ions and a physiological antioxidant, which accounts for 80% of the reduced thiols in

human plasma, participating in free radical scavenging like ROS and NO (Figure

1.5.). [24-26]

Cys34-SOH

Serum Albumin Serum Albumin — Sulfenic Acid

Figure 1.5. Cys34 binding site and antioxidant activity
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1.3. ALBUMIN NANOPARTICLES

Albumin and albumin nanoparticles are popular drug carriers and drug delivery
systems in pharmaceutical sciences due to their biocompatibility, biodegradability,
long circulatory half-life, high drug encapsulation capacity, non-immunogenicity,
inherent binding capacity, and targeting ability to malignant tissues (Figure 1.6.). [27-

29]

High
Encapsulation

Biocompatible

Non- High binding
immunogenic capacity

Targeting
efficiency

Figure 1.6. Advantages of Albumin nanoparticles

Albumin nanoparticles can deliver a drug inside and/or on the surface to the site of
action and accumulate in the tumor environment due to targeting ability, like secreted

protein acidic and rich in cysteine (SPARC) and glycoprotein 60 (gp60). [30, 31]
11



Albumin nanoparticles represent the functions of SA, like antioxidant activity while
carrying a therapeutic or a targeting compound, and this can increase their efficiency

as a drug carrier. [32]

Albumin nanoparticles are produced by different techniques like high-pressure

homogenizer, sonochemical technique, and desolvation. [29, 33, 34]

The desolvation method is a simple, cheap, and reproducible large-scale fabrication
method. In this technique, there are two phases, solvent and non-solvent phase, that
are usually D.I.Water or PBS and ethanol or acetone, respectively. The addition of the
non-solvent phase would lead to form the nanoparticles and has a critical role in

nanoparticle size, morphology, and yield (Figure 1.7.). [35-37]

Large-Scale
manufacture

Cheap &

High Stability U Simple

&
&

Solvent Phase
High H
encapsulation . Reproducible

efficiency

Control the
NP’s size and
shape

Figure 1.7. Desolvation technique
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1.4. BILIRUBIN

Bilirubin is an endogenous metabolite produced by the catabolism of heme.
Circulating in the bloodstream, red blood cells typically have a life expectancy of 120
days.[38] As part of the reticuloendothelial system in the spleen and bone marrow,
damaged or old red blood cells are phagocytosed and removed from circulation.
Phagocytosis degrades hemoglobin, and heme becomes separated from globin during
the process. As globin breaks down, amino acids enter the bloodstream, which is then
used for erythropoiesis. Meanwhile, the heme is decomposed by the heme oxygenase
(HO) into iron (Fe*") and biliverdin IX. The iron will reuse for the erythropoiesis, and
the hydrophilic biliverdin is reduced by biliverdin reductase into the hydrophobic
compound bilirubin (unconjugated bilirubin).

As unconjugated bilirubin is water-insoluble, it circulates in the blood bound to the
serum albumin and is transported in plasma from the reticuloendothelial system to the
liver. Hepatocytes convert unconjugated bilirubin into water-soluble bilirubin with
glucuronic acid (conjugated bilirubin). Then, the conjugated bilirubin is secreted into
the bile without any physiologic function in the intestinal tract. Following entering the
colon, conjugated bilirubin converts by the colonic bacteria into stercobilin, which is
excreted in the feces. While most bilirubin is excreted as stercobilin, a small amount
of urobilinogen is reabsorbed into the blood, modified by the kidneys, and excreted in

the urine (Figure 1.8.).[39-41]

13
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Figure 1.8. Bilirubin metabolism
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Bilirubin protects plasma proteins by inhibiting oxidative modifications such as
protein fragmentation, tryptophan and tyrosine oxidation, and the production of

carbonyl groups.[42]

It can efficiently scavenge a broad range of reactive oxygen species (ROS), can
interact with superoxide anions and peroxyl radicals, and can be used as a reducing
substrate for peroxidases in hydrogen peroxide or organic hydroperoxide.
Additionally, bilirubin may protect linoleic acid from peroxide radical damage when

it is bound to serum albumin. [43, 44]

BR- + LOO- > BR-OOL

BR- + O, > BR-OO-

As well as scavenging free radicals, BR can also protect cells by preventing lipid
bilayer peroxidation and disruption by scavenging free radicals that make lipid

peroxidation chains on the cell membrane.[42, 45]

BR is a lipophilic compound that can pass through cell membranes. BR's major
mechanism of toxicity takes place within the cell. The effect of BR on cells results
from inhibition of enzyme systems and inhibition of cell regulatory processes, such as
protein or peptide phosphorylation, and by these mechanisms, it damages cells. [39,

46, 47]

15



1.5.

OBJECTIVES OF THIS STUDY

Bilirubin is a potent protectant against cellular oxidative damage. Despite its well-

known anti-oxidative properties, bilirubin is rendered difficult for clinical use because

of its water insolubility and rapid clearance in the body. [48, 49]

Albumin is the primary transporter in the blood due to its long circulatory half-life

and biocompatibility. Besides, albumin binds to different compounds and can

precisely localize in cancer tissues.

In this study, we explored to:

Provide a simple and scalable fabrication technique for BSA-BR-NPS,
synthesis, and characterize them.

Overcome the water insolubility of BR, protect it from oxidation, and save its
therapeutic potentials by encapsulating it in albumin nanoparticles, i.e., BSA-
BR-NPS.

Achieve a sustainable release profile of BSA-BR-NPS, which protects the BR
from repaid clearance from the body and optimizes its therapeutic efficiency
according to its releasing manner.

Investigate the anionic and cationic free-radicals scavenging by BSA-BR-
NPS and its antioxidant activity.

Measure the biocompatibility of the BSA-BR-NPS on different normal cells.
Evaluate the efficacy of BSA-BR-NPS on various cancer cells with respect to

the BR loading content.
16
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Bovine serum albumin (BSA, 66.4kDa) was purchased from MP biomedicals LLC

(Ohio, United States of America).

Bilirubin (BR) was gained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).

Ethyl alcohol (ETOH, 99%), Hydrochloric acid (HCL, 1N), Acetone (99%), and
Hydrogen peroxide (H2O., 35%) were bought from Daejung chemicals and metals

Co., Ltd. (Gyeonggi, South Korea).

N-(3-Dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDC), McCoy's
5A Medium, MTT Formazan, and dialysis tubes (molecular weight cut off = 12000

Da) were obtained from Sigma-Aldrich (Steinheim, Germany).

Sodium hydroxide (NaOH, 1M) was obtained from Samchun Chemical Co., Ltd.

(Gyeonggi, South Korea).

Trypsin-EDTA was purchased from Gibco, Thermo Fisher Scientific Co., Ltd. (South

Korea).

18
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3.1. NANOPARTICLES PREPARATION

Bilirubin Solution Desolvating Agent

U

Cross-Linker

|

BSA .
Solution ‘_‘L- "':j

[_RPM | RPM

® — o -—
NPs formation Cross-Linking
Freeze-dry Sonication Purification
“—@ - &

Lx]

Figure 3.1. Nanoparticles preparation process
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3.1.1. NAKED-BSA NANOPARTICLES (BSA-NPS)

The preparation of BSA nanoparticles was performed according to the modified
desolvation technique. First, 200 mg of BSA powder weighed and dissolved in 4 mL
of deionized water. After that, 8§ mL anhydrous ethanol was added to the BSA
solution (50 mg/mL D.I.Water) using a syringe pump drop-wise at a rate of 2
mL/min, at room temperature under constant stirring (1200 rpm and using 1 cm
magnet). The turbidity in the solution illustrates the BSA nanoparticle formation.
After 10 min of constant stirring, 0.5 mL EDC (52 mM) solution was added to the
nanoparticles mixture ends up with approximately 0.41 mg/mL (2.2 mM) working
concentration to cross-link all the amino acid residues and stabilize the nanoparticles.
The mixture was further stirred overnight to obtain a uniform cross-linked

nanoparticle solution (Figure 3.1.).

3.1.2. BR-LOADED BSA NANOPARTICLES (BSA-BR-NPS)

To prepare BR-loaded BSA nanoparticles modified desolvation technique was
performed. At first, 200 mg of BSA powder was dissolved in 4 mL of deionized
water. BR solution was made by dissolving BR powder in NaOH 0.1 M solution with
a 10 mg/mL concentration in a light-controlled condition (in a foil-wrapped beaker
and a dark room). After that, ImL fresh BR solution (10 mg) was added to the BSA
solution (50 mg/mL). Then, 1 mL. HCI 1 N was added to the mixture drop-wise until

the pH of the solution reaches pH 6~7 (Figure 3.2.).

21



After that, 8 mL anhydrous ethanol was added to the BSA-BR solution using a
syringe pump drop-wise at a rate of 2 mL/min, at room temperature under constant
stirring for 30 min (1200 rpm and using 1 cm magnet) in a light controlled situation.
The turbidity in the solution illustrates the BSA-BR nanoparticle formation. After 10
min of constant stirring, 0.5 mL of EDC (52 mM) solution was added to the
nanoparticles mixture ends up with approximately 0.41 mg/mL (2.2 mM) working
concentration to cross-link all the amino acid residues and stabilize the nanoparticles.
The mixture was further stirred overnight to obtain a uniform cross-linked

nanoparticle solution.
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10

pH

BSA Solution BSA-BR Solution BSA-BR + HCL

Figure 3.2. pH adjustment in BSA-BR-NPS preparation process
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3.1.3. NANOPARTICLES PURIFICATION

The final BSA-NPs and BSA-BR-NPs suspension were purified using ultracentrifuge
(1580-R, Labogene, South Korea) at 12000 rpm for 15 min at 25 °C for three times
by redispersing the nanoparticles pellet in 12 mL of deionized water to ensure
removing the ethanol, and free BSA, BR, and EDC from the nanoparticles solution.
The supernatant after centrifugation was collected each time, and the absorbance of
both Free-BSA and Free-BR were measured by UV-spectrophotometry technique
(Biodrop). The Free-BSA (MW = 66,400 daltons, the molar extinction coefficient at
280 nm is approximately 43,824 M'cm™), and Free-BR (MW = 584.7 daltons, the
molar extinction coefficient at 460 nm is approximately 53,846 M 'cm™)
concentrations were calculated according to the Beer-Lambert law and the standard
calibration of BR in NaOH 0.1 M (Y = 3.3499X - 0.0601, R? = 0.9986). After
centrifugation, the pellet at the bottom redispersed in12 mL of D.I. Water by pipetting
and vortexing. The suspension was sonicated with probe sonication (BKUP-250N,
Korea process technology, South Korea) with 50% power for 5 min at 4 °C to get a
homogenous nanoparticle solution. After that, the nanoparticle solution was freeze-
dried (GZ-HC3110-CHR, Gyrozen, South Korea) for 48 hr at -55 °C to obtain a fine
powder form of nanoparticles. The final, dried BSA-NPs and BSA-BR-NPs were

weighted and stored at -20 °C before usage.
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3.2. NANOPARTICLES OPTIMIZATION

In order to optimize the nanoparticles produced with the desolvation method and
obtain the highest nanoparticle yield with an acceptable mean size, different criteria
were considered, such as the size, stability, and yield% of each synthesis to determine

the optimum yield of the nanoparticles with an acceptable size.
3.2.1. SOLVENT/NON-SOLVENT RATIO

The BSA-NPs formed when the non-solvent was added to the solvent containing. The
solvent/non-solvent ratio was applied to the nanoparticles process to optimize the
highest yield % and an acceptable size after NPs formation. The non-solvent phase
was added with a rate at 2 mL/min to the solution with the solvent to the non-solvent
ratio of 1:1, 1:2, 1:2.5, and 1:3. After the NPS formation and purification, the size and

yield % of each batch were measured.

3.3. NANOPARTICLES CHARACTERIZATION

3.3.1. YIELD%

To calculate the yield of the synthesized nanoparticles, the Free-BSA (MW = 66,400

daltons, the molar extinction coefficient at 280 nm is approximately 43,824 M'cm™)
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in the supernatant after nanoparticles purification was measured by the UV-
spectrophotometry method according to equation 1.

Equ. 1. Nanoparticles Yield % = (total BSA — Free BSA) / total BSA * 100

3.3.2. SIZE

To measure the size of the nanoparticles, 1 mg of BSA-NPs and BSA-BR-NPs was
dispersed in 1 mL of deionized water and sonicated for 2 min in an ice bath. After
that, the average size and polydispersity index (PDI) were measured using dynamic
light scattering (DLS) with a Litesizer-500 (Anton Paar, Austria) from three separate

runs according to the measurements taken from different NPs batches.

3.3.3. STABILITY

To measure the stability of the lyophilized powder of BSA-NPs and BSA-BR-NPs, 1
mg of the nanoparticles was dispersed in 1 mL of deionized water by sonication for
2min in an ice bath. The size of the nanoparticles was measured using DLS on the
days 0, 1, 2, 3, 7, 10, 14, 21, 28, and 35, respectively, to determine the time-

dependent stability of the nanoparticles.

3.3.4. ZETA POTENTIAL

To measure the nanoparticle's zeta potential, 1 mg of BSA-NPs and BSA-BR-NPs

powder was first dispersed in 1 mL deionized water and sonicated for 2 min in an ice
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bath. Second, the zeta potential of the naked-NPs and drug-encapsulated
nanoparticles were measured using DLS. Three runs from each sample were

implemented.

3.3.5. MORPHOLOGY

The morphologies of the prepared NPs, such as sphericity and aggregation, were
examined using scanning electron microscopy (SEM, MIRA 3, Tescan, Czech
Republic). Lyophilized NPs in the powder form was coated with Platinium under

vacuum before SEM analysis.

The superficial structure and shape of the NPs were studied using Transmission
Electron Microscopy (TEM, JEM-2100F, Jeol, Japan) as well. A drop of the diluted
sample was deposited onto a carbon-coated copper grid. The excess sample was
removed after 2 min using filter paper. Then, the sample was negatively stained with
uranyl nitrate 1% w/v and removed by filter paper after 1min. Finally, the carbon grid

was dried at RT, followed by TEM analysis.

3.4. BILIRUBIN AND BILIVERDIN CALIBRATION

The calibration curve of bilirubin and the oxidized form, biliverdin, were obtained by
using UV-spectrophotometer (bio drop). A dilution series of BR were prepared by
dissolving BR powder in NaOH 0.1 M at 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1,

0.09, 0.08, 0.07, 0.06, 0.05, 0.04, 0.03, 0.02, 0.01, and 0.005 mg/mL concentration.
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Then, the absorbance of each concentration was measured three times quickly at 440
nm, and the calibration curve and the calibration equation were obtained to calculate

D.L% and EE%.

To measure the biliverdin standard curve, the BR dilution series were oxidized at
room temperature overnight by adding 0.1 mL H»0, 0.1 M to each tube. The color
changed overnight from orange to green, and no absorbance at 440 nm confirmed the
oxidation of BR. After that, the absorbance of each sample was measured at 660 nm 3
times, and the calibration curve and the calibration equation were obtained to use in

release assay analysis.

3.5. DRUG ENCAPSULATION

3.5.1. ABSORBANCE

Successful drug-encapsulation inside the BSA Nanoparticles was confirmed by the
UV-spectrophotometer. The absorbance of the Free-BSA, Free-BR, Naked-BSA-NPs,
and BSA-BR-NPs was measured by bio drop using Quartz cuvette from 200 nm to
700 nm. The maximum absorbance of BSA and BSA-NPS is at 280 nm, which is
related to its protein nature. The BR maximum absorbance appeared at 440 nm that is

related to the benzene groups in its chemical structure.
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Then, the wave-scans of free-drugs, encapsulated-nanoparticles, and naked-
nanoparticles were compared to determine the presence of the drug inside the

nanoparticles.

3.5.2. ENCAPSULATION EFFICIENCY and DRUG LOADING

The drug loading and encapsulation efficiency were calculated by equ.2 and equ.3,
respectively.
The amount of free drug after NPS purification was considered during the calculation

of the drug loading and encapsulation efficiency.

Equ.2.: drug loading%= ((Total BR — Free BR) / Total NP weight)*100

Equ.3.: encapsulation efficiency%= ((Total BR — Free BR) / Total BR)*100

3.6. RELEASE ASSAY

To simulate the in vivo bilirubin release profile from BSA-BR-NPs, the experiment
was conducted in two different environments by dialysis method. A dialysis tube was

selected based on the molecular weight of bilirubin (0.585 kDa) and BSA (66.5 kDa).
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BSA-BR-NPs (1 mg/mL, 10% BR loading) were added into the dialysis tubes
(MWCO=12 kDa). Then, the tubes were dialyzed against different releasing
mediums, PBS (80 mL, pH 7.4, 37 °C), while constant stirring at 120 RPM to
simulate the normal in vivo condition, and PBS (80 mL, pH 5.4, 42 °C) plus
hydrogen peroxide (H,O», 0.1 M) while stirring at 200 RPM to stimulate ROS
inflammation in vivo environment (Figure 3.3.). After that, 1 mL of the released
medium was collected, and the same volume of fresh medium was supplemented at
each predetermined time point (0.5, 1, 2, 3, 4, 6, 10, 20, 24, and 48 h). The released
BR from the NPs was oxidized due to the ROS environment and the oxygen in the air,
so the samples' absorbance was measured by UV-spectrophotometer at 660 nm to
determine the amount of the released drug according to the biliverdin standard
calibration curve and equation. The cumulative release of the drug from the NPS was

measured by collecting the released amount at each time point.
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Figure 3.3. BR release assay from BSA-BR-NPs

3.7. FREE-RADICAL SCAVENGING

3.7.1. DPPH FREE-RADICAL SCAVENGING ACTIVITY

To measure the anionic free-radical scavenging activity of the BSA-NPs and BSA-
BR-NPs, we used the DPPH method. The BSA-NPs and BSA-BR-NPS were diluted
to concentrations of 21.37, 42.75, 85.5, and 171 uM and were mixed with the DPPH
solution (in methanol) in a 96-well plate. After that, incubated 30min at room

temperature, and subsequently, the absorbance was recorded at 517 nm.
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3.7.2. ABTS FREE-RADICAL SCAVENGING ACTIVITY

To measure the cationic free-radical scavenging activity of the BSA-NPs and BSA-
BR-NPs, we used the ABTS method. ABTS solution was prepared by mixing 7 mM
ABTS with K,S,05 2.6 mM, 16 h in the dark condition, and then diluted with the PBS
(absorbance value of 0.7-0.73 nm). The BSA-NPs and BSA-BR-NPS were diluted to
concentrations of 21.37, 42.75, 85.5, and 171 uM and mixed with the ABTS solution
in a 96-well plate and incubated 10min at room temperature subsequently the

absorbance was recorded at 734 nm.

3.8. CELL ASSAY

For investigating the in-vitro cellular efficiency of the BSA-BR-NPs, and its toxicity
on normal and cancer cells, a variety of normal and cancerous cells from different
origins were cultured. The cells were supplemented at 37 °C in an incubator under 5%

CO; conditions for the later experiments.

3.8.1. MTT ASSAY

To measure the degree of cell viability, an MTT assay was performed. Different cells
were seeded in 96-well plates at a density of 1.5 x 10™4 cells/well. After that, the
cultures were incubated for 24 h at 37 °C in an incubator.

The cells were treated with Free BR, naked BSA-NPs, and BSA-BR-NPs at 0, 42.75,

31



85.50, 171.00, 256.51 uM with respect to the amount of BR encapsulation, for 24 h or
48 h at 37 °C. After that, MTT was added to each well for an additional 2 h at 37 °C.
Then the medium was discarded, and DMSO (100 pl) was added to each well.
Finally, the absorbance was measured at 570 nm by SYNERGY HTX (Biotek), and

the relative cell viability was calculated and compared with the control group.

3.8.1.1 NORMAL CELLS

Different normal cell lines were treated with free-BR, naked BSA-BR-NPs, and BSA-
BR-NPs to investigate the compounds' side effects and biocompatibility and toxicity
on normal cells in the body by using MTT assay. The CCD18-co (human normal
colon fibroblast cells), BEAS-2B (human non-tumorigenic lung epithelial cells), and
NHA (human normal astrocyte cells) cell lines were treated by 0, 42.75, 85.50,
171.00, 256.51 uM of samples w.r.t. BR concentration. And then, the cell viability
and the toxicity of the formulations on these cells were calculated by

spectrophotometry using SYNERGY HTX (Biotek) and compared with the control

group.

3.8.1.2. CANCER CELLS

The efficiency of the compounds on cancer cells was investigated by treating the
cancerous cell lines with free-BR, naked BSA-BR-NPs, and BSA-BR-NPs using

MTT assay. The DLD-1 (colorectal adenocarcinoma cells), LN229 (human brain
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glioblastoma cells), SKOV-3 (ovarian cancer cells), CAOV-3 (primary ovarian cancer
cells), HT-29 (colon cancer cells), SW480 (colon cancer cells), and HCT116
(colorectal adenocarcinoma cells) cell lines were treated by 0, 42.75, 85.50, 171.00,
256.51 uM of samples w.r.t. BR concentration. And then, the cell viability and the
toxicity of the formulations on cancerous cells were evaluated by spectrophotometry

using SYNERGY HTX (Biotek) and compared with the control group.
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CHAPTER 4: RESULTS
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4.1. NANOPARTICLES PREPARATION AND OPTIMIZATION

The BSA nanoparticles were prepared by the simple desolvation method as described
before. The optimized condition was selected by changing the Solvent: Non-solvent
ratio concerning the mean size and yield of the nanoparticles (Table 4.1.). The
nanoparticles prepared by the S: NS ratio of 1:2 had the highest yield, around 75%,
according to the free BSA absorbance after purification. The size of nanoparticles
with the ratio of 1:1, 1:2, 1:2.5, and 1:3 were 92, 122, 143, and 110 nm, respectively.
The preparation process with an S: NS ratio of 1:2 had the highest yield and
acceptable mean size among the other conditions and was chosen for the rest of the

process.

Table 4.1. NPS optimization, Solvent: Non-Solvent ratio

SNS 1:1 1:2 d2.5 1:3
Mean Size (nm) 92 122 143 110
Mean Yield% 48 75 63 51

4.2. NANOPARTICLES CHARACTERIZATION

The BSA-NPS and BSA-BR-NPS were characterized after preparation. The

nanoparticles' yield was measured using UV-Spectrophotometer by the free amount
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of BSA in the supernatant after NPS purification (Table 4.2.). The BSA-NPS yield

was 75%, and the BSA-BR-NPS yield was around 67% after purification.

Table 4.2. NPs characterization, Yield %

Formulation Initial BSA Free BSA Total Volume Yield %
(mg) (mg/mL) (mL)

BSA-NPS 200 12.5 12 75

BSA-BR-NPS 200 11.1 13 67

The nanoparticle's mean size, polydispersity index (Pdl), and zeta potential were
measure by DLS. 1 mg of NPS powder dispersed in D.I.Water and then analyzed with

DLS (Table 4.3.).

Table 4.3. NPs characterization, Dynamic Light Scattering

Formulation Mean Size (nm) Mean PdI Mean Zeta Potential (m.V)
BSA-NPs 122 0.050 -28.92
BSA-BR-NPs 164 0.204 +21.32
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The mean size of the BSA-NPS was 122 nm after preparation (Figure 4.1.). The BSA-
NPS mean zeta potential was slightly negative, around -28.92 mV after preparation

(Figure 4.2.).

The BSA-NPS were sTable during the time, and their mean size after 35 days were
132 nm, which is only 10nm different from the first measurement at day 0 (Figure

43.).
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Figure 4.1. BSA-NPs characterization, Size
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The BSA-BR-NPS size after preparation was 164 nm (Figure 4.4.). Furthermore, the
zeta potential of BSA-BR-NPS became slightly positive after drug encapsulation and

was +21.32 mV (Figure 4.5.).

The nanoparticles' stability was observed by their size mean variation of three
different batches during 35 days after preparation.
The size of the BSA-BR-NPS showed a stable trend during 35 days and changed less

than 10 nm, from 164 nm to 173 nm after five weeks (Figure 4.6.).
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Figure 4.4. BSA-BR-NPs characterization, Size
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The nanoparticles' morphology was characterized by Transmission and Scanning

Electron Microscopy (TEM and SEM).

The nanoparticles were loaded on carbon grids and stained with uranyl nitrate, and
then dried, and the images took from them by TEM. The BSA-NPS (Figure 4.7.) and
BSA-BR-NPS (Figure 4.8.) showed a spherical shape and size less than the DLS
measurement. The reason for this size difference is that the NPS is at their most

compact form under the microscope rather than the solution phase analyzed by DLS.

To take the SEM photos from the surface of the NPS and observe their aggregation,
shape, and morphology, the NPS powders were coated on a holder and coated by a
layer of platinum, and then the images took with SEM.

Both BSA-NPS (Figure 4.9.) and BSA-BR-NPS (Figure 4.10.) had spherical shapes
and a smooth surface with the same size around 122 nm and 164 nm for BSA-NPS

and BSA-BR-NPS, respectively.
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Figure 4.7. BSA- NPs characterization, TEM
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Figure 4.8. BSA- BR-NPs characterization, TEM
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Figure 4.9. BSA-NPs characterization, SEM
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4.3. STANDARD CALIBRATION

The standard calibration of bilirubin and biliverdin was calculated by preparing a
serial dilution from 0.005 mg/mL to 1 mg/mL bilirubin in NaOH. Then the
absorbance of each dilution was measured at 440 nm to calculate the standard curve

and formula of BR (Figure 4.11.).
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Figure 4.11. BR standard curve
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The BR dilution series were oxidized after 24 hr exposure to air and became
biliverdin (oxidized BR: green color). The standard curve and formula of BV were

evaluated by measuring each dilution series absorbance at 660 nm (Figure 4.12.).
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Figure 4.12. BV standard curve

4.4. DRUG ENCAPSULATION

The BR was encapsulated in BSA-NPS according to the desolvation method and

purified by centrifuge. UV-spectrophotometer confirmed the drug encapsulation by
scanning the absorbance of free BR, naked BSA-NPS, and BSA-BR-NPS from 200
nm to 700 nm (Figure 4.13.) and compared to each other. The naked BSA-NPS and

BSA-BR-NPs had an absorbance peak around 220 nm, which related to the BSA, and
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confirmed the NPs character.
The BSA-BR-NPS and free BR have the same peak, around 440 nm, which refers to
BR structure and its benzene groups and confirms the existence of BR inside BSA-

BR-NPS, while the naked BSA-NPS do not have any absorbance at this wavelength.
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Figure 4.13. BSA-BR-NPs, drug encapsulation, a wave scan

The amount of encapsulated drugs was measured by UV-Spectrophotometry
according to the standard BR calibration formula.

The free BR after nanoparticle preparation was measured, and the encapsulated drug
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was calculated. The BSA-BR-NPS encapsulated 65.56% of the initial drug added to

the mixture, which is around 6.555 mg (Table 4.4.).

Table 4.4. NPs characterization, E.E %

Formulation Initial Free Drug  Supernatant Encapsulated E.E%
Drug (mg) (mg/mL) Volume (mL) Drug (mg)

BSA-BR-NPS 10 0.264 18 6.555 65.56

The BSA-BR-NPS were lyophilized after purification, the drug loading percent was
calculated according to the total NPS weight and the encapsulated amount of the drug
inside NPS (Table 4.5.). The D.L% for the BSA-BR-NPS was 10.8% after freeze-

drying among 61 mg NPS.

Table 4.5. NPs characterization, D.L %

Formulation Initial Drug Encapsulated Drug (mg) NP weight D.L %
(mg) (mg)
BSA-BR-NPS 10 6.555 61 10.8
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4.5. RELEASE ASSAY

In vitro release profiles of the BR was measure by mimicking two different
conditions, normal (PBS, pH 7.4, 37 °C) and inflammation (PBS, pH 5.4, 42 °C, 0.1
M H,0,) conditions. After releasing from the NPS, the BR oxidized due to the
oxygen in the air and the hydrogen peroxide in the system and became soluble BV.
The amount of released drug was calculated according to the BV standard calibration
formula. The final amount of released drug was measured by adding the drug released
at each time point, 0.5, 1, 2, 3, 4, 5, 6, 10, 20, 24, and 48 hr.

The cumulative released amount of drugs from BSA-BR-NPS in normal conditions
was around 15% of the total drug encapsulated (Figure 4.14.). Moreover, the
cumulative released amount of drugs from BSA-BR-NPS in inflammation condition
was around 66% of the total drug encapsulated (Figure 4.15.), which was higher than
the released amount in normal condition due to the lower pH, higher temperature, and

ROS situation (Figure 4.16.).
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Figure 4.15. BR release profile from BSA-BR-NPs in inflammation condition
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Figure 4.16. BR release profile from BSA-BR-NPs, comparison
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4.6. FREE-RADICAL SCAVENGING

4.6.1. DPPH FREE-RADICAL SCAVENGING ACTIVITY

The anionic free-radical scavenging activity of the BSA-NPs and BSA-BR-NPS was
measure using the DPPH method. The BSA-NPs and BSA-BR-NPs were mixed with
the DPPH solution and incubated, and the scavenging rate was calculated using UV-

Spectrophotometer.

The BSA-BR-NPs showed a dose-dependent manner in DPPH radical scavenging
activity; the sample with 171.00 pM concentration of BR showed the highest activity,
around 90%, while the lower concentrations had lower scavenging activity to 30% for

21.37 uM concentration.

BSA-NPS did not have any free-radical scavenging in different dosages in this assay.
The particular reason for this circumstance is the natural feature of albumin that

scavenges the cationic radicals, and it does not scavenge the anionic free radicals like

DPPH (Figure 4.17.).
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Figure 4.17. DPPH radical scavenging

4.6.2. ABTS FREE-RADICAL SCAVENGING ACTIVITY

The cationic free-radical scavenging activity of the BSA-NPs and BSA-BR-NPs was
evaluated by the ABTS method. ABTS solution was mixed with BSA-NPs and BSA-
BR-NPs and incubated, and subsequently, the absorbance was recorded using UV-

spectrophotometer.

The BSA-NPs illustrated a favorable cationic free-radical scavenging in comparison

to anionic radicals scavenging. The scavenging activity of BSA-NPs increased from
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35% for 21.37 uM concentration of NPs to 60% for 85.50 uM, and it remains stable

at the higher dose.

The BSA-BR-NPs, showed high efficiency in cationic free-radical scavenging tests,
according to its natural carrier and the payload. The effect of the encapsulated BR is
evident in the scavenging activity of the same formulations in the exact dosages. The
BSA-BR-NPs with 171.00 uM concentration of BR scavenged almost all the free
radicals, while the BSA-NPs scavenged around 60% of the ABTS. The ABTS free-
radical scavenging activity of BSABR-NPs increased from 60% at the lowest dose of

21.37 uM concentration to 99% at the highest concentration, 171.00 uM (Figure

4.18)).
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Figure 4.18. ABTS radical scavenging
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4.7. CELL ASSAY

The in-vitro cellular efficiency of the BSA-NPs, and BSA-BR-NPS and its toxicity on
normal and cancer cells were investigated by MTT assay, using different normal and

cancerous cell lines.

4.7.1. MTT ASSAY

4.7.1.1 NORMAL CELLS

The toxicity of BSA-NPs, and BSA-BR-NPs on normal cells in the body, were
measured by treating the CCD18-co (human normal colon fibroblast cells), BEAS-2B
(human non-tumorigenic lung epithelial cells), and NHA (human normal astrocyte
cells) cell lines with 0, 42.75, 85.50, 171.00, 256.51 pM of samples w.r.t. BR
concentration, for 24 h and 48 h. And then, the cell viability was calculated by

spectrophotometry using SYNERGY HTX (Biotek) and compared with the control

group.
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The Naked-BSA-NPs did not show any toxicity on normal colon cells (CCD-18 co).
The Free-BR group had toxicity on this cell line and at the dose of 85.50 uM showed
around 70% toxicity that remains the same in higher doses according to BR's poor
water solubility, precipitated in the wells. The BSA-BR-NPs could successfully
harvest the toxicity of BR on normal cells and showed a biocompatible profile. The
toxicity of BR at the dose of 85.50 uM decreased from 70% to 10% in encapsulated

form (Figure 4.19.).
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Figure 4.19. MTT-assay on CCD18-co cell line
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The Free-BR had high toxicity on BEAS-2B (normal lung cells) cell line and showed
more than 70% toxicity in different dosages. On the other hand, encapsulated BR, the
BSA-BR-NPs had low toxicity on these cells, and at the highest dose, 256.51 uM, it
had around 13% toxicity which is too much lower in comparison to the Free-BR with
the same concentration.

The Naked-BSA-NPs also did not have any toxicity on this cell line even at the

highest doses (Figure 4.20.).
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Figure 4.20. MTT-assay on BEAS-2B cell line
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The third normal cell line investigated in this study is NHA (normal astrocyte cells)
cell line. The BSA-NPs showed a non-toxic activity on this cell line and other normal
cells, confirming its biocompatibility and safety to normal cells in the body.

The Free-BR had a toxic profile on this cell line, and its toxicity decreased depending
on its dose due to the poor water insolubility, and it had around 50% toxicity at the
highest dose, 256.51 uM.

BSA-BR-NPS did not have significant toxicity on this cell line, at the same BR
concentration, which means the drug did not release from the NPS in a normal

situation and had only 12% toxicity on the highest dosage, it is 40% lower than free

BR at the same concentration (Figure 4.21.)
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Figure 4.21. MTT-assay on NHA cell line
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4.7.1.2. CANCER CELLS

The efficiency of BSA-NPs and BSA-BR-NPs on cancer cells were investigated by
treating the DLD-1 (colorectal adenocarcinoma cells), LN229 (human brain
glioblastoma cells), SKOV-3 (ovarian cancer cells), CAOV-3 (primary ovarian cancer
cells), SW480 (colon cancer cells), and HCT116 (colorectal adenocarcinoma cells)
cell lines with 0, 42.75, 85.50, 171.00, 256.51 uM of samples w.r.t. BR concentration,
for 24h and 48h. And then, the cell viability and the toxicity of the formulations on
cancerous cells were evaluated by spectrophotometry using SYNERGY HTX

(Biotek) and compared with the control group.
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On the DLD-1 (colorectal adenocarcinoma) cell line, the BSA-NPs had no toxicity
compared to the control group.

The free-BR showed toxicity around 30% in different doses, while the encapsulated-
BR in NPS, BSA-BR-NPs, had a higher efficiency and killed 40% of the cancer cells
at42.75 uM concentration which is 30% higher than free-BR with the same

concentration. In higher doses, it had the same efficiency as well (Figure 4.22.).
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Figure 4.22. MTT-assay on DLD-1 cell line
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On the LN-29 (human brain glioblastoma) cell line, the cells treated with naked BSA-
NPs survived. However, 60% of the cells treated with 42.75 uM BSA-BR-NPS w.r.t
BR concentration were killed, and this amount increased to 95% of the cells at the
highest concentration, 256.51 uM, and showed a dose-dependent manner in this
experiment.

Free-BR killed 30% of the cancerous cells at the highest concentration, which is 14

times lower than the same concentration in NPS format (Figure 4.23.).
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Figure 4.23. MTT-assay on LN229cell line
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The SKOV-3 (ovarian cancer) cell line, were investigated and treated with three
samples. The group treated with BSA-NPs did not show any toxicity, while the group
treated with BSA-BR-NPs were killed in a dose-dependent profile. At the
concentration of 42.5 uM, 75% of the cancerous cells treated with BSA-BR-NPs were
killed, and it increased to 90% of the cells at the concentration of 256.51 uM.
Free-BR showed 40% toxicity at the lowest dose and the highest dose, 256.51 uM it

increased only 10% (Figure 4.24.).
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Figure 4.24. MTT-assay on SKOV-3 cell line
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The BSA-NPs did not show toxicity on CAOV-3 (primary ovarian cancer) cell line.
The BSA-BR-NPS had 40% toxicity at the lowest concentration, and it increased to
65% toxicity at the highest concentration, 256.51 uM with a dose-dependent manner.
The free-BR showed higher toxicity than BSA-BR-NPS on this cell line and had

around 70% toxicity at all concentrations (Figure 4.25.).
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Figure 4.25. MTT-assay on CAOV-3cell line
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On SW-480 (colon cancer) cell line, the BSA-NPS had around 15% toxicity at the
256.51 pM concentration.

The Free-BR had 10%, 60%, 40%, and 35% toxicity at the 42.75, 85.50, 171.00,
256.51 pM concentrations, respectively. The reason for this fluctuation is probably
the poor water solubility of BR at higher concentrations. This limitation addressed by
encapsulating, and the toxicity of BSA-BR-NPS increased from 20% at the lowest

concentration to 60% at the highest one.

At the 256.51 uM concentration of the samples w.r.t BR, naked BSA-NPs had 15%
toxicity, and free-BR had 35% toxicity, but the BSA-BR-NPS killed more than 60%

of the cancerous cells (Figure 4.26.).
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Figure 4.26. MTT-assay on SW480 cell line
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On HCT-116 (colorectal adenocarcinoma) cell line, the BSA-NPs had more toxicity
in comparison to other cell lines, and it killed 25% of the cancerous cells at the
highest dose 256.51 uM.

Free-BR showed the same toxicity at different concentrations and killed around 30%
of the cells. While 40% of the cells treated with 42.75 uM BSA-BR-NPS were killed,
and this rate increased to around 60% of the cells at the highest dose.

At the dose of 256.51 uM, the BSA-NPs, Free-BR, and BSA-BR-NPS had 25%, 30%,
and 60% toxicity, illustrated the efficiency of nano-encapsulation and higher toxic

activity of the drug in encapsulated form (Figure 4.27.).
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Figure 4.27. MTT-assay on HCT116 cell line
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CHAPTER 5: DISCUSSION AND CONCLUSION
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In this study, we used Albumin to design and synthesize nanoparticles by a simple,
cheap, and reproducible desolvation method. Albumin is a popular compound in drug
delivery applications due to its biocompatibility, non-immunogenicity, long
circulatory half-life, targeting ability and accumulating in malignant tissues, and
binding capacity. Albumin can bind to different materials and act as the carrier or
modify its functions through the bloodstream. Albumin has three homologous
domains and a free thiol group, Cys-34, that works as a metal ions scavenger and is a
primary element for albumin antioxidant activity.

Albumin nanoparticles have all the properties of single albumin nanoparticles while
providing a high encapsulation efficiency and can encapsulate a drug inside or bind to

another targeting or therapeutic component on the surface.

Bilirubin is a bile pigment, the final product of the heme catabolism pathway. BR is a
toxic and water-insoluble compound. BR binds to SA as a carrier in the blood to
travel through the tissues in the body. BR is a potent ROS scavenger and can quench
different radical species and inhibit the oxidative stress condition.

After oxidation with ROS, BR change to biliverdin form. Biliverdin is a hydrophilic

compound that can be reduced again to the BR.[50]

In an attempt to harness the therapeutic properties of bilirubin, investigators at Korea
Institute of Advanced Science and Technology (KIAST) South Korea recently
developed a water-soluble conjugate of bilirubin and polyethylene glycol (PEG),
known as the bilirubin nanoparticle (BRNP). Since bilirubin is a lipophile and PEG is

a hydrophile, the end product PEG-BR is an amphiphile, which self-assembles to
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form a micelle-like structure or bilirubin nanoparticle around 140nm in size.[51, 52]
BRNP treatment showed significant benefits in mouse models of different
inflammatory conditions, such as asthma, colitis, pancreatic islet xenotransplantation,

ischemia, and anticancer therapy.[53-55]

In another study, Wenzhou Medical University, China, investigated hyaluronic acid-
coated bilirubin nanoparticles for treating acute kidney injury (AKI). This study
coated e-polylysine-bilirubin (PLBR) nanoparticles with hyaluronic acid (HA-PLBR)
and obtained particles around 228nm in size and spherical morphology. The in vitro

and in vivo experiments show a high efficiency on the AKI rat model.[56]

Researchers from Shanghai Normal University, China, synthesized albumin-based
nanoparticles which can encapsulate bilirubin and deliver it to the tumor environment.
In this study, BSA-NPs were synthesized by galactosylated BSA using the
sonochemical method, with a size around 300nm. The in vitro cellular assay and in
vivo studies showed gal-BSA-NPs-BR have high efficiency in cancer treatment

according to the bilirubin's ROS scavenging and antioxidant activity.[57]

Different research groups attempt to employ BR in various applications according to
antioxidant, anti-inflammation, and anticancer efficiency. In this trend, the limitations
of BR, like its water insolubility, solved by polymeric conjugation and nanoparticle
encapsulation. Although these studies were successful in vitro and in vivo studies,
some issues should be considered. Polymeric conjugation such as PEGylation or
hyaluronic acid conjugation requires multiple steps and high-risk processes, which

were inappropriate for scaling up and moving to clinical studies and markets. Besides,
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encapsulation and self-assembly of BR nanoparticles have been done by using highly
toxic chemicals like chloroform, which has toxic potential in clinical studies and

limitations in large-scale production.

This study used albumin nanoparticles, a popular drug carrier due to their
biocompatibility, high encapsulation efficiency, and tumor microenvironment
accumulation.

Abraxane® is the most famous albumin nanoparticle formulation, which contains
paclitaxel as a payload and is produced by high-pressure homogenization technique.
The albumin nanoparticles in this study were synthesized by a cheap and
straightforward desolvation method, which has the capability to scale up without
using highly toxic chemicals. In addition, the BR encapsulation was performed by the
simple addition of desolvating agent, rather than using toxic chemicals, harsh

conditions, or multiple conjugation steps (Table 4.6.).
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Table 4.6. BR derivatives comparison

Formulation Structure Size Fabrication Application Ref.
Method
BSA-BR- 164nm  Desolvation Anionic and Cationic ~ This
NPS ROS scavenging study
Cancer therapy
PEG-BR- 140 nm  Self-assembly ROS scavenging [52]
NPS (Polymer (H200)
Conjugation)  Cancer Therapy
Inflammation Therapy
228 nm  Self-assembly  ROS scavenging [56]
(Polymer Inflammation Therapy
Conjugation) = Acute Kidney Injury
treatment
gal-BSA- } 300nm  Sonochemical Liver Cancer Therapy [57]
BR-NPS Lo
~>
o A"
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To sum up, everything that has been stated so far, the BSA-NPs made with
desolvation method by adding a desolvating agent to the solvent phase. The BSA-NPs
had a homogenous spherical shape under electron microscopy, size around 120 nm,
and zeta potential around -29 mV. In comparison to polymeric conjugation like
PEGylation and physio-chemical methods like sonication, this process is more

accessible, cheaper, and has reproducibility and large-scale possibility.

The nanoparticles could successfully encapsulate around 66% of the BR inside with
almost 11% loading efficiency. The size of the NPs increased to 164 nm after BR
encapsulation, and their zeta potential became slightly positive to around +22 mV.
The nanoparticles made with the sonochemical method had the size 300 + 20 nm that
is two times bigger, while the EE% and D.L% are almost the same as our findings.
The Hyaluronic acid-coated BRNPs had a bigger size, around 228 nm, measured after

polymerization, self-assembly, and HA-Coating process.

The BSA-BR-NPS released 15% of the drug-loaded inside in the normal
physiological condition (PBS, pH 7.4, 37 C), so this nanoparticle can protect the
normal cells in the body from toxic BR payload. While in cancerous and oxidative
stress conditions, the BSA-BR-NPS released almost 65% of the encapsulated drug to
the released media after 48 h (PBS, pH 5.4, 42 C, H,O, 0.1 M) in a controlled
manner. This controlled-released feature helps the BR release from the NPS to
scavenge the ROS in the tumor environment and protect it from rapid clearance and
any immune response.

The BR release rate from other BSA-BR-NPS made by the sonochemical method was
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around 70% in inflammation simulated condition and 30% in normal condition after
80 h, which is higher than BSA-BR-NPS in normal condition and will cause more

side effects in vivo models.

The BSA-NPS and BSA-BR-NPS showed an outstanding efficiency in ROS
scavenging analysis, and the BSA-BR-NPS scavenged almost all the free radicals at
the highest dose (171.00 uM) in two different experiments, DPPH (anionic radials)
and ABTS (cationic radicals). The BSA-NPs scavenged just cationic free radicals in
ABTS analysis, which confirmed its radical scavenging and metal binding property.
Based on this ROS scavenging activity of our formulation, we investigated in vitro
cellular assay to measure its efficiency in cancer treatment and its antioxidant activity.
The HA-coated BR-NPS showed 60% radical scavenging in the intracellular ROS
scavenging test, and the PEG-BRNPs quenched 80% of the ROS at the 200 uM

concentration that is lower than BSA-BR-NPS investigated in this study.

The BSA-NPs and BSA-BR-NPs showed favorable biocompatibility and safety to
different normal cell lines at different concentrations, while the free-BR had a toxic
activity on normal cells, and encapsulating could overcome this issue and prevent its

side effects on normal cell lines.

The BR toxicity mechanism is due to its inhibition in cell regulatory reactions inside
the cell. BR is a lipophilic compound and enters the cells through the lipid bilayer
membrane and inhibits enzymatic systems and protein phosphorylation inside the cell,

which is the primary toxic mechanism on BR in cells, normal and cancerous.
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The BSA-NPs showed low toxicity on some cancerous cells like colon cancer; the

particular reason for this toxicity is the cationic ROS scavenging activity of albumin.

The free-BR showed high toxicity on different cancer cells, while this cancerous cell
killing did not increase by increasing the concentration of the drug. This lower
toxicity is due to the poor water solubility of BR that in higher concentrations
precipitated in the wells. The other reason could be the BR's rapid oxidation that

dramatically decreases its therapeutic and ROS scavenging activities.

The BSA-BR-NPS addressed the limitation of free-BR and showed a high ROS
scavenging and high toxicity on various cancer cells. This mechanism includes
inhibiting cell regulatory reactions inside the cell and removing ROS inside and
outside the cells. For instance, BR scavenges the free radicals, which make the lipid
chain peroxidation and damage the cell membrane.[42, 45] By scavenging these
reactive species, the cancer environment becomes more stable, and the cancer
proliferation will stop. Besides, the angiogenesis and metastasis potentials will
decrease by this ROS scavenging activity.[46, 47]

The BSA-BR-NPs had at least 20% toxicity on cancer cells at the lowest dose, while
this efficiency rises to 95% at the highest dose, 256.51 uM, in a dose-dependent
manner. The BSA-BR-NPs had high toxicity on Ovarian and Colon cancer; they also
killed a significant amount of brain tumor cells, demonstrating its high therapeutic

efficiency and ROS scavenging activity.
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