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Abstract

Charles University, Faculty of Pharmacy in Hradec Kralové Department of Pharmaceutical
Technology

Supervisor: Dr. Ondrej Holas, Ph.D.

Consultant: prof. Anette Miillertz, Ph.D.

Student: Fatemeh Kheirabadi

Title of thesis: Study of the effect of biomolecules on the solubility of poorly soluble drugs

This thesis investigates the influence of proteins on the apparent solubility of drugs in fasted
state stimulated colonic fluid. The investigation was conducted on a selection of compounds
with varying physicochemical and plasma protein binding properties. Precisely, three different
compounds named as Nilotinib, Carvedilol and Ritonavir were analyzed for their apparent
solubility in three distinct protein sources: bovine serum albumin, mucin from dehydrated
porcine gastric mucin type I, and collected porcine intestinal mucus.

Accurate reversed-phase high-performance liquid chromatography was developed and
employed as the analytical method to determine the concentration of the apparent drug
solubility of the investigated compounds.

The research on the solubility of poorly soluble compounds in simulated colonic fluid has been
restricted. Additionally, factors such as the impact of proteins remains unexplored in
biorelevant media, which could be critical for enhancing our understanding of drug solubility
and protein binding in the colon.

The results of the study demonstrate that the presence of proteins in colonic fluid can
significantly influence drug solubility. Specifically, the presence and increased concentration
of proteins can enhance the apparent solubility of certain drugs with low water solubility.
These discoveries hold significant implications for pharmaceutical development, emphasizing
the need to consider the influence of proteins in the colonic environment during the design of
new drugs. The thesis contributes valuable insights into the intricate relationship between
proteins and drug solubility in the colon.

The study also highlights the need for further research in this area, in order to better understand

the mechanisms by which proteins affect drug solubility in the colonic environment.
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1. Introduction

There has been limited research on the solubility and protein binding of compounds with poor
aqueous solubility properties in colonic conditions. The efforts to improve the prediction of
intra colonic solubility started in the early 2000s and the development of media that simulate
colonic fluid was first achieved in 2010 by Vertzoni et al. However, there has been minimal
further research in investigating the improvement of predicting intracolonic solubility and
determining the apparent drug solubility in these media.[1]

Delivery systems for drugs that target the colon, known as colon-specific drug delivery systems
(CDDS), are highly desirable for treating a variety of local diseases, including ulcerative colitis,
Crohn's disease, irritable bowel syndrome, chronic pancreatitis, and colonic cancer.[2]
Furthermore, the colon can also be a potential site for systemic drug absorption for the treatment
of non-colonic conditions. For example, drugs such as proteins and peptides which typically
degrade in the extreme gastric pH environment can potentially be absorbed through the colon
if delivered there intact.

For Orally administered drugs in colonic drug delivery, require the API to pass through the GI
tract to achieve both local and systemic effect. Oral administration is the most common
approach to drug delivery due to its safety, convenience, low cost, a greater degree of flexibility
and better patient compliance. It is also a preferred route to drug administration for the treatment
of chronic diseases that demand long-term drug administration [3,4].

Good absorption and high bioavailability are very important for the therapeutic efficacy of oral
drugs. The efficiency of this process is subject to drug’s physiochemical properties, like drug
solubility [5,6], individual physiological characteristics, gastrointestinal pH, gastrointestinal
transit time [7,8] and other factors like diet. Despite the promising outcomes of colonic drug
delivery systems (CDDS) for drug absorption, due to longer transit time in the colon compared
to the small intestine, their stability can be negatively affected by non-specific interactions with
colonic content such as dietary residues, intestinal secretions, mucus, or fecal matter, as well as
degradation by colonic bacterial enzymes, which can render the drug ineffective. Maintaining
drug stability in the colon is therefore a concern. Another important factor is drug solubility,
which can be limited by the low colonic luminal fluid volume, higher viscosity, and neutral pH,
thus potentially becoming a rate-limiting factor for colonic absorption[9].

Simulated gastrointestinal media are commonly utilized in pharmaceutical research and
development to predict the solubility and dissolution behavior of drugs and formulations.
Several studies have shown that these media provide advantages over compendial media in

predicting drug behavior in vivo [10,11].
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Comparing results for different drugs is crucial for making informed decisions about the
composition and production of new drug candidates. It is also essential to ensure that results
from different laboratories around the world are comparable and can be confidently integrated
into the development process, particularly in today's global working environment. Biorelevant
media, also known as simulated gastrointestinal media, were first introduced in 1998 by
Dressman et al [12]. These media aim to mimic the composition of gastrointestinal contents,
including bile salts, fatty acids, and lipids, as well as to match the pH level, buffer capacity,
osmolarity, and other factors. Biorelevant media are classified based on a classification system
that determines their level of biorelevance and complexity, and they are available in both fed
and fasted states [13].

While FaSSCoF (fasted state simulated colonic fluid) is considered as a useful tool for
predicting oral drug absorption in the colon, it is important to note that the commercially
available FaSSCoF media does not completely mimic the complex environment of the colon.
The absence of naturally occurring proteins, enzymes, viscosity, and microorganisms in the
media can impact drug absorption and metabolism, and thus the results should be interpreted
with caution. Further research is needed to develop more biorelevant colonic media that can
better simulate the complex environment of the colon. According to a study by Vertzoni et al.
(2010), the average protein concentration of human colonic fluid in healthy fasted volunteers
was found to be 9-12 mg/ml. It is important to note that the protein concentration may vary
depending on various factors such as diet, health status, and age [1,13].

The presence of proteins in the colon can affect drug solubility and bioavailability, and
therefore, further investigation of simulated colonic fluid and the impact of proteins present in
the colon on drug solubility is important for better understanding and predicting the behavior
of drugs delivered to the colon. it is essential to study the effect of proteins on drug solubility
in simulated colonic fluid. This can be done by conducting experiments to determine the
apparent drug solubility and protein binding properties of drugs in simulated colonic fluid,

which can help in designing and optimizing colonic drug delivery systems.
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1.1 Gastrointestinal Tract

The gastrointestinal (GI) system is responsible for numerous functions, including digestion,
absorption, and excretion of ingested food and liquids, as well as providing protection against
harmful microorganisms. The human GI tract is comprised of different organs and can be
divided into two main parts: the upper and lower GI tract. The upper GI tract includes the
mouth, esophagus, stomach, duodenum, jejunum, and ileum. The lower GI tract consists of the
colon, rectum, and anus. Food is propelled through the esophagus into the stomach via
coordinated esophageal peristalsis. In the stomach, the food bolus is mixed with gastric acid
and digestive enzymes to form chyme, which passes through the pyloric sphincter into the
duodenum. In the small intestine (duodenum, jejunum, and ileum), proteins, fats, and
carbohydrates are broken down into smaller components for nutrient absorption. Once the
luminal contents reach the large intestine, they are called feces and pass through the ascending
colon, transverse colon and descending colon before being expelled via the rectum and anal

canal [14].

Pharynx

- Mouth
\ /_,-’

Esophagus
Stomach

Small intestine
Large intestine

Duodenum
Transverse colon
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Ascending colon
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Caecumn Rectum
Anal Canal
Appendix \{"'\-..__
— Anus

Figure 1: Human gastrointestinal tract anatomy. Created by BioRender.com
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The gastrointestinal (GI) tract produces a substantial amount of fluid each day, up to 9 liters,
which consists of digestive enzymes, bile, mucus, water, and ions. The process of nutrient
breakdown begins with enzymatic reactions starting from the mouth and continues throughout
the GI tract. Epithelial cells play a crucial role in the secretion and absorption of fluids,
electrolytes, and solutes, and their structure and function vary depending on their location in
the GI tract.

The stomach is an organ that contains glands responsible for secretion of gastric acid and
intrinsic factor by gastric parietal cells within the gastric body. Chief cells within the gastric
body secrete pepsinogen, while hormones such as gastrin, histamine, serotonin, and
somatostatin are released from EEC throughout the stomach. Digestion and absorption of food
and electrolytes occur mostly in the duodenum, jejunum, and ileum, where proteins, fats, and
carbohydrates are broken down into smaller units by digestive enzymes such as amylase, lipase,
and protease. These enzymes are primarily secreted from the pancreas [14] .

The transit time in different regions of the GI tract varies significantly. The passage from the
mouth through the esophagus to the stomach is relatively quick, while the chyme remains in
the stomach for approximately 2.5 to 4 hours. Once the acidic chyme enters the duodenum, the
secretion of pancreatic juice and bicarbonate is stimulated by the hormones secretin and
cholecystokinin, which also causes the gallbladder to contract and release bile. Bile salts play
a role not only in aiding the digestion of lipids, they have also been found to enhance the
absorption of other low water-soluble compounds.

Bile acids are amphipathic molecules and exist as bile salts in ionized form at the physiological
pH in the intestine. The majority of bile salts exist in ionized form. In vertebrates, these bile
salts are derived from cholesterol [29] , and thus their structures have the steroid nucleus, which
comprises three six-carbon rings and one five-carbon ring. The common bile acids differ mainly
in the number, position, and stereochemistry of hydroxyl groups in the steroid nucleus [30].
The small intestine is where the absorption of nutrients, particularly carbohydrates, proteins,
and lipids, occurs. The transit time in the small intestine is typically around 3-5 hours. Finally,
the nutrients are excreted as they travel from the colon to the rectum and are ultimately
eliminated through the anus [15,27,30-34].

It was found that the pH in the human gastrointestinal (GI) tract varies significantly from the
mouth to the anus according to a study conducted in 1999, that measured pH in the GI tract
using two methods, intubation and pH-sensitive radio transmitting capsules. Saliva in the mouth
has a pH range of 6.2-7.6, whereas the stomach has a highly acidic environment with a pH
range of 1.0-2.0. The pH in the small intestine increases to approximately 6.0 in the duodenum
and reaches about 7.4 in the terminal ileum. In the large intestine, the pH decreases to 5.7 in the

caecum and then increases to 6.6 in the ascending colon and 7.0 in the descending colon [15].
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The pH levels in the GI tract can be influenced by a variety of factors including age, sex,
genetics, and whether if an individual is in a fed or fasted state. studies have shown that the pH
in the stomach is generally lower in older adults than in younger adults, and that the pH in the
colon is higher in women than in men. Additionally, certain medical conditions, medication use
and life style habits such as smoking can also affect the pH levels in the GI tract.

the pH levels in the colon can also be affected by the types of microorganisms present in the
gut microbiome, which can vary from person to person. The gut microbiota is the collection of
bacteria, archaea an eukaryote residing the gastrointestinal (GI) tract [16]. It has been currently
estimated that the number of the total microorganisms colonizing the GI tract is more than 100
trillion [17].

The density and diversity of the gut microbiota increases progressively from the small intestine
to the large intestine (colon)[18]. Only fast-growing, facultative anaerobes which can adhere to
epithelia or mucus are supposed to reside in the small intestine due to the limitations like a short
transit time, lower pH, higher antimicrobial concentration and low levels of oxygen. The ileum
and colon are the sites where the most plentiful gut microbiota exists [19,20].The predominant
families of the gut microbiota in the colon are Bacteroidaceae, Prevotellaceae, Rikenellaceae,
Lachnospiraceae and Ruminococcaceae [21]. The gut microbiota can provide numerous
benefits to the host. In addition to its ability to extract energy, produce vitamins, and regulate
bile acid metabolism, it can also offer protection against pathogens, regulate the host's immune
system, and help maintain the integrity of the intestinal barrier [1,13,22]. Other factors that can
also affect the composition of the gut microbiota include lifestyle, medications, stress, and
certain diseases or medical conditions. For example, a high-fat or high-sugar diet can lead to
changes in the gut microbiota composition, as can the use of proton pump inhibitors (PPIs) or
non-steroidal anti-inflammatory drugs (NSAIDs). On the other hand, consuming fiber-rich
foods and probiotics may promote a more diverse and healthier gut microbiota. Additionally,
these microorganisms possess enzymatic activity that can directly or indirectly impact drug
metabolism, such as the drug's biotransformation, first-pass effect, and enterohepatic
recirculation as it is illustrated in figure 2. Additionally, the gut microbiota can affect the
absorption of prodrugs and modify the metabolism of bile acids, thereby influencing the
bioavailability of lipophilic drugs. Understanding the intricate relationship between the gut
microbiota and oral drug absorption is crucial for comprehending inter-individual variations,
providing personalized clinical advice, avoiding potential drug interactions, and designing

innovative drug delivery systems, especially for colon-targeted delivery[23-28].
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Figure 2: The figure illustrates the effects of gut microbial enzyme activity on the first-pass effect and enterohepatic
recirculation of orally administered drugs. After oral administration, certain drugs undergo metabolism by microbial
enzymes prior to absorption. Subsequently, these drugs and their metabolites are transported to the liver via the portal
vein. Within the liver, hepatic enzymes facilitate processes such as oxidation and conjugation of the drugs. From there,
the drugs and/or their metabolites can enter the systemic circulation or be redirected back to the intestine, where they
can be reactivated by microbial enzymes or other gut enzymes before being transported once again to the liver. It is
important to note that both the first-pass effect and enterohepatic recirculation significantly influence the bioavailability
of oral drugs. Created by BioRender.com [28]

1.2 Small Intestine

The small intestine plays an important role in digestion, secretion, and absorption of nutrients.
Although the functional surface area of the small intestine is only one cell thick, it is greatly
increased by the presence of numerous mucosal folds that contain finger-like projections called
villi. Each villus is made up of 2000-8000 epithelial cells and is surrounded by 6-14 crypts of
Lieberkiihn. the intestinal surface involved in digestion and absorption is significantly increased
by the presence of villi and microvilli on the enterocytes. The height of the villi and the depth
of the crypt decrease from the proximal towards distal part of the gut, while the number of
goblet cells (which produce mucus) increases|35].

While mucus found throughout the gastrointestinal tract contains the same biological
components, the properties of the mucus differ depending on its regional function. In the small
intestine, the mucus is only one layer thick and is loosely attached to the epithelium, allowing
for efficient nutrient absorption by the host epithelium. This single layer mucus is easily
penetrable, which is important for the absorptive function of this region as well as for release

of digestive enzymes located in the brush border membrane of the epithelial cells.
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The small intestine's mucosal barrier contains antibacterial mediators like defensins, lysozymes,
and other peptides that are released by Paneth cells to regulate the bacterial content in the region
(Peterson et al., 2007). This defense mechanism is crucial as the mucus layer in the small
intestine is loosely attached and easily penetrable, making it easier for foreign particles to
invade. To counter this, the small intestine has a higher density of Paneth cells and
corresponding peptides, which help maintain epithelial crypts and neutralize foreign invasions

(Ouellette, 2010) [36].

1.3 Colon

The colon, which is around 165 cm in length in humans, receives approximately 400-500 ml of
alkaline chyme daily. Its main function is to absorb water, electrolytes, short-chain fatty acids,
and bacterial metabolites in healthy adults.

The colon has an internal lining that is made up of simple columnar epithelium but lacks villi,
which results in a relatively small absorptive area and slow absorption compared to the small
intestine. The colon also has other distinguishing landmarks, such as the ileocecal valve, a
muscular valve that separates the small bowel and cecum, and the appendix [37,38].

The large intestinal epithelium has tighter cell junctions compared to the small intestine, which
prevents ions from back-diffusing through these junctions. As a result, sodium ion absorption
is more complete in the large intestine compared to the small intestine [35].The colon also has
a different absorption process for some substances, such as glucose, galactose, and tyrosine,
which are absorbed by active transport in the small intestine but not in the colon [39]. The
colonic epithelium lacks a continuous layer of longitudinal smooth muscle, which renders it
incapable of peristaltic contractions. This structural difference results in a longer transit time of
contents through the colon [35]. in healthy adults, colonic transit normally requires several
hours to almost 3 days for completion.

While the colon is generally considered a single organ, there are differences in both structure
and function between the right and left sides. The right and left colon have independent activity,
with the right side typically exhibiting more activity than the left, including non-propulsive
contractions [37].

Furthermore, the colon differs from the small intestine in terms of enzyme expression. Unlike
the small intestine, the colon does not express any digestive enzymes. However, the colon does
contain enzymes such as cytochrome P450 isozymes and uridine diphosphate (UDP)-
glucuronosyltransferase, which are involved in drug metabolism. These enzymes are important

considerations in the development of colonic drug delivery systems [35].
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The colon is home to a large number of both aerobic and anaerobic bacteria. It is estimated that
there are 10'°~10'* commensal bacteria in the adult intestine, which is more than the number of
cells in the human body. The intestine provides nutrients that can be utilized by these bacteria
and the temperature is also optimal for their growth. These bacteria possess biotransformation
enzymes, such as beta-glucuronidases, beta2-glycosidases, demethylases, hydrolases, and
reductases, which are capable of metabolizing drugs and biomolecules. The diversity of these
microbiota and their enzymes can have an impact on drug delivery systems targeted to the colon

[33,40].

The colon's bacterial ecosystem is vital for maintaining homeostasis and assisting in the
digestion of carbohydrates that are not digested in the upper gastrointestinal tract. These
bacteria are well-tolerated by the human immune system and do not trigger an inflammatory

response under normal conditions due to the outer mucosal layer of colonic epithelia [35,41]

1.3.1 Colonic Mucus

The mucus layer serves as the first line of defense against microorganisms, digestive enzymes,
acids, digested food particles, microbial by-products, and food-associated toxins that may
invade the gastrointestinal (GI) tract. This layer lubricates the contents of the lumen and acts as
a physical barrier against bacteria and other antigenic substances. The moist, nutrient-rich
mucus layer next to the epithelial barrier of the GI tract is essential for maintaining intestinal
homeostasis and contains a thriving biofilm of both beneficial and pathogenic microbial
populations [36]. Various factors can influence the volume of the mucus layer. Substances such
as pilocarpine, histamine, acetylcholine, or stimulation of the parasympathetic nerves, as well
as aspirin, NSAIDs, bile acids, cigarette smoke, and inflammation, can increase the volume.
Conversely, atropine, barbiturates, or stimulation of the sympathetic nerves can decrease its
volume [35].

The composition of mucus is mainly water, making up about 98% of its content. However, it
also contains other components such as bicarbonate, proteins, carbohydrates, phospholipids,
salts, IgA, and cholesterol [42,43]. Mucus is primarily formed by the branched glycoprotein
mucin, which is secreted from goblet cells located in the epithelial lining of the gastrointestinal
tract. Goblet cells are found in both the villi and crypts of the small intestine and the colon [44]
It is important to note that the organization of the mucus layer is not uniform throughout the GI
tract. In the stomach and colon, there are two distinct mucus layers are present. The inner layer
is firmly attached to the mucus-producing goblet cells of the epithelial membrane, while the

outer layer is loosely adherent and provides a habitat for bacteria. In contrast, in the small
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intestine, the mucus layer is secreted at the top of the crypts and then transported upwards
between the villi in a discontinuous layer. Therefore, this layer is not always covered with
mucus. As explained in figure 3 [41] . Although the thickness of the human gastrointestinal
mucus has not been precisely measured, it is known that the colon has the thickest mucus layer
compared to the small intestine and stomach. The outer mucus layer is estimated to be twice as
thick as the inner layer and varies greatly in thickness, depending on the level of bacterial flora
present. This outer layer is degraded by bacterial flora, and thus only foreign bacteria can be
found within it [41]. The mucus layer in the colon can pose a challenge for drug delivery
systems as it acts as a barrier that must be penetrated for drugs to be absorbed into the
bloodstream. The properties of the colonic mucus layer, such as pH and water content, can also

affect drug absorption. Additionally, the physicochemical interactions between the drug and

mm

Stomach Small intestine Colon

Figure 3: A schematic illustration of the mucus thickness on the epithelium in the GI tract. The thickness
expressed in mm. The dark green color expresses the outer mucus layer, named I. The lighter green color
expresses the inner mucus layer, named II. the red dots express the foreign bacterial microorganism [41].
Created with BioRender.com

protein sources, such as the glycoprotein mucin, may affect the drug's diffusion and solubility

[45].

1.3.2 Proteins Found in the Colon

Proteins present in the colon come from different sources, with the primary source being the
glycoprotein mucin, particularly MUC2 mucin. There are over 20 different subtypes of mucin
found in human, which are distributed differently throughout the gastrointestinal (GI) tract. For
instance, the salivary glands produce MUC5B and MUC7 to lubricate food, while the stomach's

mucus layer contains MUCS5AC, and the main component of mucus in the small intestine and
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colon is Mucin-2. These differences in mucin subtypes reflect the specific functions and needs

of each section of the GI tract [36].

Mucin is composed of monomers with a molecular mass of about 2.5 MDa, where the protein
core accounts for 20% of the mass, and the rest consists of glycans. These monomers are linked
covalently as dimers at the C-terminus and trimers at the N-terminus, creating large net-like
structures. Prior to release into the intestinal lumen, MUC?2 is stored in goblet cell granules
assembled on a calcium-dependent ring-shaped platform formed by MUC2 N-termini
interactions. When released, the mucin unfolds and expands over 1,000-fold in volume, likely
due to the chelation of calcium by bicarbonate. The formed nets spontaneously organize into
flat sheets that stack on top of each other to form the lamellar inner mucus layer, which remains
anchored to the epithelial cells and acts as a barrier that does not allow bacteria to penetrate

[44].

Mucins are large glycoproteins consisting of over 80% carbohydrates that concentrate into
mucin domains. These domains are built on a protein core rich in the amino acids, proline,
serine, and threonine, forming STP-repeats with carboxy and amino terminals, giving the mucin
molecule both hydrophilic and hydrophobic interactions. The STP-repeats sequences can be
quite long, with the largest one in MUC2 being about 2,300 amino acids. N
Acetylgalactosamine (GalNAc) which is an amino sugar derivative of galactose is added to the
hydroxyl group of the amino acids serine and threonine by alpha-1-O-glycosidic bonds, which
extends the mucin domains into long rods, covered with glycans so densely that the protein core
is completely protected from protease degradation. The mucin domain glycans bind a lot of
water and generate most of the gel-like properties of mucins. The primary role of gel-forming
mucins is to create mucus that safeguards and lubricates the gastrointestinal tract in conjunction
with other components. According to Caldara et al.38, mucus that is freshly produced is not
adhesive or hydrophobic, and these characteristics only develop when mucus is stored or
purified [42], [44]. The bulk of proteins present in mucus are mucin glycoproteins, but it has
been observed and mentioned in other studies that serum proteins such as albumin can also be
detected in mucus. These serum proteins are believed to originate from epithelial serum
transudation [42]. The most abundant Serum protein which is derived from plasma serum is
albumin. Albumin functions as a carrier for various substances such as drugs, peptides, and
fatty acids in the blood plasma due to its high binding affinity. Unlike mucin, albumin is a non-
glycosylated protein and exists in a monomeric form [46]. Additionally, proteins from food

intake can also be detected in the colonic fluid [22].
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1.3.3 Colonic Transporters

The movement of drugs across the intestinal wall is a complex process that involves various
factors, including drug metabolizing enzymes and protein transporters. Drug transporters, in
particular, are critical components of the functional barrier of the intestine. These
transmembrane proteins are found on the apical and basolateral membranes of enterocytes and
are responsible for the cellular uptake or efflux of endogenous compounds, nutrients, and
xenobiotic compounds. They play a key role in determining drug absorption by regulating the
movement of drugs into and out of cells. In this regard, the expression and activity of uptake
and efflux transporters can significantly influence drug absorption in the colon.

Functionally, transporters can be classified into two principal classes, ABC (ATP-binding
cassette transporter) transporters that mediate extracellular efflux, and SLC carriers that
mediate cellular influx and/or cellular efflux. P-gp (P-glycoprotein) and BCRP (Breast Cancer
Resistance Protein) are efflux transporters, while PEPT1 (Peptide transporter 1) is an uptake
transporter. These transporters show increased expression from the duodenum to distal jejunum
and ileum, and their expression significantly drops in the colon. CYP3AS, CYP2B6, CYP2J2,
CYP3A4, and CYP2C9 are some of the metabolizing enzymes found in the duodenum and
jejunum, but their expression decreases significantly in the ileum and colon [47].Overall, the
expression of drug uptake and efflux transporters, as well as cytochrome P450 (CYP450)

enzymes on the epithelium of the colon is lower compared to the small intestine [45].

This characteristic provides several opportunities for colonic drug delivery. This is especially
beneficial for drugs that are significantly effluxed by apical membrane transporters or
inactivated by CYP450s in the small intestine, as they can achieve increased bioavailability
when released in the colon. For instance, simvastatin demonstrates three times higher
bioavailability when formulated for delayed rather than immediate gastrointestinal release, as
it avoids small intestinal CYP450s However, some transporters such as MRP3 (Multidrug
Resistance-Associated Protein 3), MCT1 (Monocarboxylate Transporter 1), and exhibit
increased expression in the colon compared to the small intestine. Additionally, the presence of
diseases such as inflammatory bowel disease (IBD), particularly during acute inflammation,
can alter transporter expression in the colon. This alteration can result in lower expression of
P-gp, MRP4 (Multidrug Resistance-Associated Protein 4) , MCT1, and BCRP on colonocytes
in IBD patients compared to healthy individuals, while MRP2 expression may increase [48].
While transporters play a critical role in determining drug absorption in the intestine, their
expression levels vary significantly throughout the tract. This has important implications for
drug development and formulation, as colonic drug delivery may provide increased
bioavailability for some drugs. However, the impact of disease states like IBD on transporter

expression underscores the need for further research in this area.
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1.4 Solubility

Solubility is a crucial characteristic when it comes to drug delivery and bioavailability. It refers
to the ability of a drug substance to dissolve in different solvents. Essentially, solubility can be
defined as the amount of a substance that can dissolve in a given amount of another substance.
This is typically measured by determining the number of milliliter of solvents required to
dissolve 1 gram of solute at a particular temperature and pressure. Pharmacopoeias define
solubility in specific solvents, such as water and certain organic solvents. The European
Pharmacopoeia (Ph.Eur.) outlines different levels of solubility in grams of solvent per gram of

solute, as shown in the accompanying table.

Table 1: Ph.Eur.definition of terms in solubility is referred to temperature between 15°C and 25°C.[49]

Descriptive term Solubility (g/ml)

Very soluble <1 part solvent needed to dissolve 1-part solute

Freely soluble 1-10 parts solvent needed to dissolve 1-part solute
Soluble 10-30 parts solvent needed to dissolve 1-part solute
Sparingly soluble 30-100 parts solvent needed to dissolve 1-part solute
Slightly soluble 100-1000parts solvent needed to dissolve 1 part solute
Very slightly soluble 1000-10000parts solvent needed to dissolve 1-part solute
Practically insoluble >10000 parts solvent needed to dissolve 1-part solute

Solubility is a complex phenomenon that occurs when a solid active pharmaceutical ingredient
(API) dissolves in a solvent or mixed solvent. This process involves a dynamic equilibrium
between the forces of dissolution and reprecipitation. Several methods can be used to define
solubility for an API, such as kinetic, thermodynamic, intrinsic, and apparent solubility.

In practical applications, thermodynamic solubility is often referred to as equilibrium solubility,
which is the concentration limit reached at thermodynamic equilibrium or saturated solubility,
where a saturated solution is utilized to confirm that the concentration limit has been achieved.
Apparent solubility is another type of solubility that sometimes known as ’true solubility’ is the
concentration experimentally measured of a solute in a solvent out of equilibrium conditions.
For this particular thesis, the focus will be on the concept of apparent solubility. Apparent
solubility can be higher than equilibrium solubility if supersaturation is generated by the drug
delivery system, or it can be lower than equilibrium solubility if the time required to reach
equilibrium is insufficient. Intrinsic solubility, on the other hand, is the concentration of the

neutral solute in a specific pH range where the neutral molecules are dominant [50,51].
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1.4.1 Factors Affecting Solubility

The solubility of a solid-state form of a solute in a particular solvent is determined by the
interactions between the drug molecules in the solid-state form and the intermolecular
interactions between the drug and solvent molecules in solution. These interactions involve
both enthalpic and entropic terms, and as a result, the solubility of solutes in solvents is
temperature-dependent and generally increases with temperature. The standard temperature for
determining solubility is 25°C, unless otherwise specified. The pressure's effect on drug
solubility is generally of limited significance in the in vivo situation, although it may play a
role during manufacturing.

The pH of the solution also plays a critical role in the solubility of an active pharmaceutical
ingredient (API) that undergoes ionization from a non-ionized to an ionized form. Since many
drugs are weak acids or bases, the solubility of such compounds is highly dependent on the
solution's pH and ionization constants (Ka). Therefore, adjusting the pH to manipulate the
solubility is the most common approach to increasing the solubility of low-solubility drugs.
The solubility of a compound with a basic anion increases as the acidity of the solution (pH)
decreases, due to Le Chatelier's principle. For weak acids, this relationship can be approximated
by the solubility at pH values more than one unit below the pKa. At higher pH values, the
solubility of the acid increases because of the contribution from the ionized form. The
relationship between the logarithm of the solubility and pH is linear until the limiting solubility
of the ionized form is reached. The opposite is true for weak bases.

The saturation solubility of ionizable drugs is strongly influenced by the pH of gastrointestinal
fluids, which can vary widely between different parts of the gastrointestinal tract. Factors such
as age, pathophysiological conditions, and concurrent drug therapy can also affect the pH of
the luminal fluids. For poorly soluble weak bases like ketoconazole and itraconazole, elevated
gastric pH in AIDS patients can lead to reduced drug dissolution and malabsorption. In contrast,
fluconazole has a high enough solubility that elevated gastric pH does not limit its absorption.
Other physiochemical properties such as molecular weight and polymorphism can also impact

solubility [50,52,53].
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1.4.2 Apparent Solubility in Biorelevant Media

The gastrointestinal (GI) tract is a complex system with various compartments, significant
variations in pH and ionic strength, and the presence of natural surfactants like bile acids.
Consequently, even the methods used to determine pH-dependent solubility do not provide a
complete understanding of the drug's solubility behavior in the GI tract, which is critical for
absorption considerations. To address this, biorelevant media have been developed to more
accurately estimate drug solubility in the gastric or duodenal environment, with or without
digested food components, to provide better in vitro determination of drug solubility [50,52].
Vertzoni et al. (2005)[1] have reported a strong correlation between solubilities measured in
biorelevant media and in human gastrointestinal fluids. In order to improve the matching of
solubilities in human fluids, several versions of biorelevant media have been proposed, and
their physical-chemical properties such as pH, surface tension, osmolality, and buffer capacity
were adjusted (Dressman et al., 1998; Jantratid et al., 2008; Marques et al., 2011)[13,54,55].
Furthermore, biorelevant media were developed to simulate the fed and fasted state for different
regions in the GI tract. Recently, Markopoulos et al. (2015) [55] proposed a decision tree to
determine the appropriate level of complexity of biorelevant media based on the drug type,
dosage forms, and dosing conditions. This decision presented four levels of simulation of
luminal compositions.

Level 0 media are simple aqueous solutions where the pH is adjusted to mimic the pH of
specific intestinal region. The compendial buffer solutions and SGF or SIF without enzymes
described above could be used as level 0 media.

Level I media mimic both the pH and buffer capacity of specific intestinal region.

Level II media comprise in addition to above, bile components, dietary lipids, lipid digestion
products and have an adjusted osmolality. These compositions better reflect the solubilization
capacity of luminal fluids and the impact of fasted/fed dosing conditions. And is the highest
level yet achieved in the development of biorelevant media.

Level III media contain dietary proteins and enzymes (in place of digestion products from
Level II) to address the impact of digestion and viscosity on the drug release. In figure 4 the

classification of the level of biorelevant media and complexicity are shown [51].
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Figure 4: The classification of biorelevant media levels, with level 0 representing the lowest biorelevance and
complexity, and level III having the highest. The figure also provides a visual representation of the additional
components needed to achieve each level. Created with BioRender.com

Choosing the appropriate biorelevant media is crucial, particularly when testing drug products
that contain poorly soluble drugs. It is important to select a medium that not only replicates the
pH and buffer capacity of the gastrointestinal tract, but also includes bile components such as
bile salts, phospholipids, and cholesterol [56].

In the small intestine, the presence of amphiphilic bile components, including bile salts, lecithin,
and monooleins, can enhance drug solubility. Micellar solubilization of the drug can occur
when these substances are present in concentrations higher than their critical micelle
concentration (CMC).

Numerous studies have reported solubilization into simple bile salt micelles for a variety of
poorly soluble drugs, such as griseofulvin, glutethimide, digoxin, leucotriene-D4 antagonists,
and gemfibrozil. Addition of physiological concentrations of bile salts to aqueous media has
been shown to increase solubility up to 100-fold [53].Ensuring the stability of biorelevant media
is crucial when using them in experiments. Initially, it was necessary to prepare the media
freshly from individual ingredients for each experiment. However, instant powder versions of
several biorelevant media are now commercially available, making them as simple to prepare
as compendial media. Experiments have demonstrated that fasted stimulated gastric fluid
(FaSSGF) does not require an equilibrium time and can be stored at ambient temperature for
up to 96 hours. Similarly, FaSSCoF can be stored for up to 48 hours and reaches equilibrium 2
hours after preparation [1,57].It should be noted that the buffer capacity of the fasted state
medium is low, which can cause a pH change when using weak bases/ acids. Therefore, it is

essential to check the pH of the sample solution and correct it if necessary[13].
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1.4.3 Bioavailability and permeability evaluation

Investigating the physiochemical properties and absorption, distribution, metabolism and
elimination (ADME) profile of a compound is essential during drug development. The
bioavailability of orally administered compounds can be classified using the Biopharmaceutics
Classification System (BCS), which takes into account the compound's aqueous solubility and
intestinal permeability. The BCS has four classes based on the administered dose, as showed in

figure below [58].
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Figure 5: The biopharmaceutics classification system. [59]

This system considers the solubility, permeability, and dose of a drug, while the DCS approach
includes dissolution rate and distinguishes between solubility-limited absorption and
dissolution-limited absorption. The use of pharmacokinetic simulation software is also common
to understand the behavior of a research compound in humans and animals, including
dissolution, solubility, and precipitation in the GI tract [52].

Formulation strategies to address these issues fall into two categories: methods that increase
drug solubility and dissolution rate, and techniques that increase dissolution rate and facilitate
the formation of supersaturated drug solutions. Advanced techniques that combine both
approaches are also available [51].

Lipinski's Rule of 5 is a useful tool for assessing the permeability of a compound. It consists of

four criteria that a compound must meet to have a theoretically high permeability, which are
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listed in the table below. It should be noted that the molecules investigated in this thesis are
small molecules with varying physicochemical properties, including octanol-water partition
coefficient (Log P) and pKa values. These properties will be discussed in detail in another

chapter [60].

Table 2: Criteria for Lipinski's Rule.[60]

MW <500 g/mol
Log P <5
Hydrogen bond acceptor <10
Hydrogen bond donnor <5

1.4.4 Poorly Soluble Drugs

The ability of a drug to dissolve and enter a solution can sometimes be a more significant barrier
to absorption than its ability to pass through the intestinal mucosa. Even for drugs that can
casily cross the intestinal lining, the onset of the drug's effect may depend on the time it takes
for the medication to release and dissolve in the body. A drug is considered "poorly soluble"
when its dissolution rate is so slow that it takes longer than the time it takes to pass the
absorptive sites, which leads to incomplete bioavailability.

The aqueous solubility of a drug plays a vital role in its dissolution rate, and "poorly soluble"
drugs generally have an aqueous solubility of less than 100 mg/mL. Another factor used to
identify "poorly soluble" drugs is the dose: solubility ratio, which refers to the volume of
gastrointestinal fluids required to dissolve the administered dose. When this volume is more
significant than the available fluids, incomplete bioavailability may result from solid oral
dosage forms.

The dissolution rate of a drug can be explained through the modification of the Noyes-Whitney
equation (Equation 1), which takes into account several factors, including surface area,
diffusion coefficient, boundary layer thickness, saturation solubility, dissolved drug amount,
and volume of dissolution media. Many physicochemical and physiological factors can
influence the factors in the equation and the dissolution rate, including the crystalline form of
the drug, its lipophilicity, its ability to be solubilized by native surfactants and co-ingested
foodstuffs, its aqueous solubility, pKa, and the gastrointestinal pH profile [53].
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Equation 1. Noyes-Whitney equation

The pharmaceutical development of poorly water-soluble drugs can be challenging due to their
limited solubility, which can lead to lower bioavailability and therapeutic efficacy. To address
this issue, there have been increasing efforts to improve the solubility of these drugs to enhance

their pharmacokinetics and pharmacodynamics.
1.5 Tested Drugs

In the field of drug development, many newly discovered drugs candidates exhibit poor
solubility and/or permeability. This leads to a low and inconsistent oral bioavailability when
administered in oral dosage forms. Consequently, it becomes imperative to explore their
solubility behavior in different parts of the gastrointestinal tract (GIT) and to develop bio
enabling formulation technologies that can enhance their biopharmaceutical properties and
improve their oral absorption. Several approaches have been extensively reviewed in this
regard, including solid dispersions, lipid-based formulations, and nano-sized drug
crystals/particles.

For the purpose of this study, we have selected three well-known drugs, namely Nilotinib,
Carvedilol, and Ritonavir, which are commonly used in clinical practice and belong to diverse
therapeutic classes, including anticancer, cardiovascular, and antiviral, respectively. These
drugs have been chosen based on previous research that indicates their poor water solubility,
which in turn, leads to low oral bioavailability. Therefore, these drugs are ideal candidates for
investigating the impact of Colonic proteins on their solubility and for improving their solubility
through formulation approaches. Additionally, these drugs belong to different BCS classes,
with Carvedilol being a BCS Class II drug with low aqueous solubility and high permeability,
and Ritonavir and Nilotinib being BCS Class IV drugs with high aqueous solubility and low
permeability, respectively.

Furthermore, the selected drugs were chosen because of their distinct physicochemical
properties, including molecular weight, pKa, degrees of lipophilicity, and different chemical
structures. These differences may influence their protein binding and different solubility
behavior in simulated colonic fluid. Additionally, these drugs have been previously utilized in
clinical trials and have established pharmacokinetic and pharmacodynamic profiles, which

makes them ideal candidates for this study.
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1.5.1 Nilotinib

Nilotinib is a synthetic aminopyrimidine and a second-generation ATP-competitive inhibitor of
BCR-ABL (Breakpoint Cluster Region - Abelson tyrosine kinase). It is highly selective for
BCR-ABL and binds to wild-type BCR-ABL with 20-50 times more affinity than imatinib.
Nilotinib is formulated as 200 mg hard capsules and is approved for oral administration to treat
chronic phase and accelerated phase Philadelphia chromosome-positive chronic myelogenous
leukemia (Ph+ CML) in patients who are resistant to or intolerant of at least one prior therapy,
including imatinib. Nilotinib has a well-established efficacy and safety profile.Nilotinib is
member of several chemical groups, including (trifluoromethyl)benzenes, pyrimidines,
pyridines, imidazoles, secondary amino compounds, and secondary carboxamides. Its functions
include being an antineoplastic agent, a tyrosine kinase inhibitor, and an anticoronaviral agent.
The compound has a molecular mass of 529.5 g-mol ! and is formulated as a hydrogen chloride
monohydrate salt. It appears as a white to slightly yellowish or slightly greenish-yellowish
powder.

Nilotinib is classified as a weak base, with a pKal value of 3.0 and pKa2 value of approximately
6.2. The active compound has no chiral center and, therefore, is not optically active as illustrated
by its structure in Figure 6.[61] Numerous crystal hydrates and solvates of nilotinib
hydrochloride monohydrate have been identified to date, including Forms A, B, C, and
amorphous. Form A corresponds to a dihydrate form, while Form B and Form C are
monohydrate forms obtained after desolvation of different solvates. Form B is the most stable
form, isolated from the synthetic process and utilized in medicinal products, with the least
hygroscopic behavior among Forms A, B, and C. Stability studies have showed no
transformation in any of the three forms even after several months of storage at room
temperature. However, it's worth noting that the active substance is slightly light-sensitive.
The solubility of nilotinib hydrochloride monohydrate in aqueous solutions is 2.4X10-3 mg/L
at 25°C. [62]. This solubility decreases significantly as the pH increases, and it becomes almost
insoluble in buffer solutions with pH values of 4.5 and above. Nilotinib has low solubility in
ethanol and methanol and is almost insoluble (<0.1 mg/mL) in a phosphate buffer with pH >4.5.
Nilotinib is a moderately permeable compound, with a Caco-2 permeability of 2.7 X 10—6 cm/s
and an estimated human permeability of approximately 1.5 x 10—4 cm/s. Consequently, it is
provisionally classified as a Class IV compound according to the Biopharmaceutics
Classification System (BCS) due to its low/moderate aqueous solubility and moderate
permeability [63]. Due to its poor aqueous solubility, no intravenous formulations of nilotinib
have been developed for human investigation, and its absolute oral bioavailability could not be

determined based on clinical data.
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Figure 6: Chemical structure of Nilotinib, a compound also known as nilotinib hydrochloride monohydrate. Its
chemical name is  4-methyl-N-[3-(4-methyl-1H-imidazoll-yl)-5-(trifluoromethyl)phenyl]-3-[(4-pyridin-3-
ylpyrimidin-2-yl)amino] benzamide hydrochloride ~monohydrate, and its molecular formula is
C28H22F3N70-HCI-H20. This compound lacks a chiral center and cannot undergo tautomerism. [62]

Nilotinib has primary pharmacodynamics effects on human Philadelphia-positive CML(chronic
myelogenous leukemia) cells as well as transfected murine hematopoietic cells. It inhibits the
auto-phosphorylation of native BCR-ABL in cell lines such as K-562, KU812F, 32D, and
Ba/F3 with IC50 values ranging between 20 to 60 nM. On the other hand, cells that do not
express BCR-ABL exhibit resistance to nilotinib below 2 uM. Nilotinib is also effective against
various mutant forms of BCR-ABL that have shown resistance to imatinib. It has the ability to
inhibit autophosphorylation and proliferation of 33 out of 34 BCR-ABL mutants with IC50
values ranging from 20 to 800 nM.

Various pharmacokinetic studies conducted in vitro and in vivo have revealed that the plasma
protein binding of nilotinib is high, with an average of 97.4%, 99.1%, 98.2%, 99.0%, and 98.4%
in mouse, rat, dog, monkey, and human, respectively. The blood-to-plasma concentration ratios
of nilotinib were less than one in humans, at 0.68. An important property for our study is that
nilotinib is highly bound to human serum albumin and a-1 acid glycoprotein, at 93.4 to 93.9%,
and heparin has no effect on the protein binding of nilotinib in human plasma.

In vitro data indicate that the metabolism of nilotinib primarily occurs in the liver and involves
various reactions, such as the oxidation of the methyl-imidazole ring, degradation of the
oxidized imidazole, , amide hydrolysis, glucuronic acid conjugation with the parent compound
or metabolites, and various combinations of these reactions, which are mediated by the
cytochrome P450 (CYP) 3A4 enzyme.

In humans, unchanged nilotinib is the primary circulating component in human serum,
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accounting for 88% of the AUC0-48h. The two highest metabolites present in human serum are
P36.5 and P41.6, with AUCO0-48h values of 6.9% and 5.3%, respectively, relative to the
unchanged drug. These metabolites are formed through a common biotransformation pathway
where the methyl group in the methylimidazolam moiety of nilotinib is hydroxylated initially
(P41.6) and then further oxidized to a carboxylic acid (P36.5). Additional metabolic pathways
observed in humans include hydroxylation of the methyl group in the amino-methyl-benzamide
moiety (P42.1), N-oxide formation on the pyridine nitrogen (P36), oxidative/hydrolytic
degradation of the midazolam ring leading to multiple products, oxygenation of the pyridinyl-
pyrimidinyl-tolyl-amine and methyl-phenyl-imidazole moieties, and cleavage of the amide
linkage (P20). P36 and P42.1 were found in human serum with AUCO0-48h values of 0.58% and
1.5%, respectively, relative to the unchanged drug. The combination of these primary
biotransformation pathways leads to the observation of twenty distinct human metabolites of
nilotinib[62].

In vitro studies have also shown that nilotinib is a competitive inhibitor of CYP3A4/5,
CYP2C8, CYP2C9, CYP2D6, and uridine diphosphate glucuronosyltransferase 1Al
(UGT1A1)[64]. Furthermore, nilotinib can be considered an in vitro inducer of CYP2B6,
CYP2C8, and CYP2C9 activities.

Nilotinib is generally well-tolerated by most patients, but like all medications, it can cause side
effects. The most common side effects of nilotinib include nausea, diarrhea, vomiting, fatigue,
myalgia and joint pain, headache, skin rash, pruritus (itching), and fever. Less common side
effects may include fluid retention, shortness of breath, thrombocytopenia (low blood platelet
counts), neutropenia (low white blood cell counts), QT prolongation[65], and liver function
abnormalities. In rare cases, nilotinib may cause serious side effects, such as sudden death, heart
attack, or stroke.

Studies have also shown that particular side effects of taking nilotinib, such as bone and joint
pain, fatigue, and nausea, could lead to higher levels of anxiety symptoms in CML patients.
Therefore, reducing or alleviating these side effects may not only improve patients' quality of
life but also prevent the development of more severe psychological conditions [66].
Researchers have attempted numerous approaches to develop a pharmaceutical formulation that
improves solubility, potentially enhancing bioavailability and reducing variability in
pharmacokinetics. A wide range of polymer excipients and techniques have been evaluated for
their solubilizing properties. These include using nonionic surfactant Tween 20 to increase in
absolute bioavailability of nilotinib [67], another technique is to create amorphous
nanosuspension which is successfully fabricated using an acid-base neutralization approach
with a threefold increase in dissolution and a 36-fold increase in solubility compared to the neat
drug [68]. In addition, self-micro-emulsifying drug delivery systems (SMEDDS) have been

employed to improve drug release and pharmacokinetic parameters [69].
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Furthermore, developing gastro-retentive drug delivery systems (GRDDS) to enhance oral
bioavailability by 2.65-8.39-fold compared to Tasigna, a commercially available form of
nilotinib. The enhanced bioavailability could offer a pharmacokinetic profile with therapeutic
effectiveness for the daily administration of nilotinib, increasing compliance and minimizing

side effects [70].

1.5.2 Carvedilol
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Figure 7: Depicts the chemical structure of Carvedilol, which is also known by its chemical name1-(9H-carbazol-
4-yloxy)-3-[2-(2-methoxyphenoxy) ethylamino] propan-2-ol; hydrochloride.

Carvedilol is a third-generation non-selective beta-blocker and ai-blocker with the capability
to inhibit oxidative stress in coronary smooth muscle. Since its introduction, carvedilol has
quickly established itself as the standard of care for heart failure management [71] and, It has
been approved as the first beta blocker for treating all forms of congestive heart failure,
including mild, moderate, and severe conditions, with reduced ejection fraction (HFrEF).
Research findings have demonstrated that carvedilol reduces the risk of mortality and
hospitalizations related to heart failure by 31% in comparison to a placebo group in patients
diagnosed with New York Heart Association class III and IV heart failure, and who have an

ejection fraction of less than 25% [72].
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It is also approved for managing essential hypertension and left ventricular dysfunction in
clinically stable patients following a myocardial infarction (MI). In addition, carvedilol is
prescribed off-label for stable angina, atrial fibrillation, prophylaxis against cirrhotic
esophageal variceal bleeding, and ventricular arrhythmia [73]. It has also been found to be
effective in alleviating tardive movement disorders, psychosis, mania, and depression [74].
Carvedilol is a type of racemic mixture that contains both S(-) and R(+) enantiomers. The S(-)
enantiomer acts as a beta adrenoceptor blocker, while the R(+) enantiomer functions as both a
beta and alpha-1 adrenoceptor blocker [75,76].

Carvedilol has a molecular weight of 442.9 g/mol and a chemical formula of C24H26N204,
and molecular structure shown in figure 7. It is a white powder that exhibits high solubility in
dimethylsulfoxide, methanol, and methylene chloride. It is also moderately soluble in 94%
ethanol and isopropanol, and partially soluble in ethyl ether at room temperature [76]

In aqueous media, carvedilol demonstrates good permeability through the gastrointestinal
membrane but is practically insoluble in water, with a solubility of 20 ug/mL at pH 7[77].
Carvedilol is a weak base with a pKa of 7.8 in the pH range of 1-8, It is slightly soluble in
simulated gastric fluid at pH 1.0 and its solubility can be increased from 0.01 to 1 mg mL—1 by
decreasing pH. As a result of its low aqueous solubility and high permeability, carvedilol can
be classified as a class II drug in the Biopharmaceutics Classification System (BCS) [78].
Various polymorphic forms of carvedilol have been identified, including Form I, Form II, Form
I, Form IV (hemihydrate), Form V (methyl ethyl ketone solvate), Form VI (ethyl acetate
solvate), Form VII, and Form IX (hemihydrate) [8]. Among these forms, Form I is the
thermodynamically most stable crystalline form of carvedilol [79].

As stated in the previous paragraph, carvedilol has unique properties that result in a combination
of cardiac beta-blockade and peripheral vasodilation, making it a non-selective cardiac beta-
blocker with peripheral vasodilating effects. In addition to its antihypertensive effects,
carvedilol also exhibits antioxidant properties, reduces neutrophil infiltration, inhibits
apoptosis, reduces vascular smooth muscle migration, and improves myocardial remodeling
post-acute myocardial infarction.Furthermore, carvedilol has shown promise in the treatment
of atherosclerotic disease formation and progression due to its ability to prevent the formation
of oxidized low-density lipoproteins and inhibit vascular smooth muscle cell proliferation and
migration. Overall, carvedilol’s unique mechanism of action and multiple beneficial effects
make it a valuable medication in the management of hypertension and cardiovascular diseases
[72]. Carvedilol is rapidly absorbed upon administration, with peak plasma concentration
(Cmax) within 1 to 2 hours. However, its poor solubility and low dissolution rate may hinder
its absorption from the small intestine, resulting in poor oral bioavailability of only 25 — 30%.
This poor bioavailability is also due to the high degree of first-pass metabolism.

Carvedilol is a highly lipophilic drug, which allows it to extensively distribute into tissues. It
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undergoes metabolism in the liver through oxidation, followed by glucuronidation and
conjugation. The metabolism is predominantly mediated by Cytochromes P450, specifically
CYP2D6 and CYP2C9.

Carvedilol is generally well-tolerated with a lower frequency of adverse events compared to
other beta-blockers, and these events are often dose-related. In a post-marketing surveillance
study, only 7% of patients had to discontinue carvedilol due to adverse events. The most
common adverse effect is excessive hypotension, manifested as dizziness, fatigue, and
headaches, resulting from its vasodilating properties. Other adverse effects related to its beta-
blocking properties include dyspnea, bronchospasm, bradycardia, malaise, and asthenia [72].
In the pharmaceutical sector, the development of controlled release dosage forms for oral
administration of poorly soluble drugs poses a challenge. This is especially true for drugs with
pH-dependent solubility, as the gastrointestinal tract exhibits wide variability in terms of
environmental pHs. One approach to overcome this challenge is to increase the dissolution rate
of the poorly soluble drug at different pHs, eliminating the pH-dependent solubility, and then
controlling its release properties from the pharmaceutical form.

Various techniques have been employed to improve Carvedilol solubility and dissolution rates,
including reducing particle size, increasing specific surface area, and stabilizing different forms
such as co-crystals[80,81] , self-emulsification, and liquisolid techniques [82] , amorphous
solid dispersions [83] , drug-cyclodextrin complex [84] and , chitosan-carvedilol systems
[85].Recent advances in nanoscience and nanotechnology have also spurred the development
of new carriers with unique properties, such as liposomes, nanocapsules, carbon nanotubes, and
naturally occurring nanostructured materials like nanoclays, as efficient platforms for poorly
soluble drugs [78,86].

Moreover, recent studies have shown that solidified self-nanoemulsifying drug delivery system
(solidified SNEDDS) and surface-modified microspheres, which are lipid-based drug delivery
systems, have significantly increased the solubility, dissolution, and oral bioavailability of
carvedilol compared to carvedilol powder. These advancements in drug delivery systems offer
promising strategies to enhance the solubility and bioavailability of poorly soluble drugs like

carvedilol, addressing the challenges associated with their oral administration [87].
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1.5.3 Ritonavir

Ritonavir molecule first developed by abbott laboratories in 1992 [88], ritonavir is a
peptidomimetic HIV protease inhibitor renowned for its powerful inhibitory effects on the hiv-
1 protease enzyme, a critical player in virus replication. Through its ability to hinder this
enzyme, ritonavir effectively suppresses the replication of the virus, leading to a decrease in
viral load and a deceleration in the progression of the disease. Following saquinavir, ritonavir
became the second protease inhibitor approved by the U.S food and drug administration (FDA)
in march 1996. Since then, it has been extensively utilized in managing hiv infection under the
tradename novir®, demonstrating its significant impact in disease management [89].
Although ritonavir was initially designed to inhibit HIV protease, research has shown that it
also inhibits cytochrome P450-3A4, and even in low doses causes a prolongation of the half-
life of other protease inhibitors that are metabolized by this pathway. Currently ritonavir is
primarily used in combination with protease inhibitors in a low or “booster” dose (50 to 100
mg twice daily) such as atazanavir, fosamprenavir, indinavir, lopinavir, nelfinavir, and
saquinavir showing significant virological suppression and better immune outcomes in both
treatment-I and treatment-experienced patients [90].

Furthermore, investigations are being conducted to explore ritonavir's potential antiviral
activity against other RNA viruses, including coronaviruses. It is being utilized in combination
with other medications to treat COVID-19 in individuals who are at high risk of developing
severe manifestations of the disease. Moreover, ritonavir has been considered as a therapeutic
option for hepatitis C. Additionally, off-label use of ritonavir has been observed in the treatment
of specific cancer types, owing to its ability to impede the growth and multiplication of tumor
cells. However, extensive clinical trials are necessary to establish more robust and dependable
outcomes [89,91].

Ritonavir is characterized as a chiral molecule [92], However, approximately two years after
its initial launch in early 1998, certain batches of ritonavir started exhibiting dissolution issues,
leading to reports of clinical inefficacy. This situation resulted in a crisis within the market for
Abbott Laboratories. Further examination uncovered the presence of a previously unknown
new crystalline form, referred to as form II. This new form was found to be thermodynamically
more stable than the original form (form I) and exhibited significantly lower solubility (less
than 50% soluble compared to form I), consequently leading to the observed poor dissolution
behavior in comparison to ritonavir Form I. While both polymorphic forms have an equivalent
number of hydrogen bonds, the crystallographic network of hydrogen bonds differs between
form II and form I due to the conformational deformation energy disparity [93,94].

The lattice energies of form I indicate a convergence at shorter distances, suggesting its
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preferential crystallization at high supersaturation. Both forms exhibit a needle/lath-like crystal
habit, with slower growth observed on hydrophobic sides and faster growth on hydrophilic
capping habit faces. The aspect ratios of these crystal habits increase sequentially from polar-
protic to polar-aprotic and finally non-polar solvents. Surface energies, on the other hand, are
higher for form II compared to form I, and they increase proportionally with the polarity of the
solvent. The higher levels of deformation, lattice, and surface energies observed in form II are
consistent with its lower solubility and subsequent reduced bioavailability[95].

Similar to Nilotinib, ritonavir belongs to the Biopharmaceutics Classification System (BCS)
Class 1V, characterized by high aqueous solubility and low permeability. It is an L-valine
derivative with a molecular weight of 720.95 g/mol and a chemical formula of
C37H48N605S2. The compound is in the form of a white powder and demonstrates a notable
lipophilic nature Due to its sensitivity to light, the protecting amber polyethylene terephthalate
bottle serves as a preventive measure, effectively counteracting any potential degradation of the
oral solution resulting from exposure to light [96]. It exhibits high solubility in methanol and
ethanol, with respective solubilities of 142 mg/ml in DMSO and 100 mg/ml in ethanol.
Ritonavir also exhibits some solubility in isopropanol. However, its solubility in water is
practically insoluble, estimated to be 1.1x10-4 mg/L at 25 °C [96] .

Ritonavir, characterized by a pKa value of 2.8 and a logP value of 3.9, demonstrates moderate
basicity and high lipophilicity. As a result, it exhibits extensive distribution into various tissues
upon administration. Binding studies have shown that ritonavir has a high affinity for plasma
proteins, particularly albumin and a1-glycoproteins, with a binding capacity of approximately
98% to 99%. The mean blood-to-plasma concentration ratio is 0.6. Interestingly, there is no
evidence of saturation of protein binding even at high concentrations of ritonavir. Although the
drug shows minimal penetration into the cerebrospinal fluid, the concentration of free ritonavir
in the plasma is indicative of its presence in the cerebrospinal fluid.

Metabolism studies using radioactive ritonavir have revealed that its major metabolic pathway
in humans aligns with observations made in preclinical studies. The primary enzymes
responsible for metabolizing ritonavir are cytochrome P450 enzymes, specifically CYP3A4 and
to a lesser extent CYP2D6. Among the metabolites identified in humans, the isopropylthiazole
oxidation metabolite (M-2) is the only one detected in the systemic circulation and appears to
retain similar activity to the parent compound. The mean plasma half-life of ritonavir is
approximately 4 hours. It is primarily eliminated through the hepatobiliary route, with a
significant portion of the unchanged drug excreted in feces. After administration of a 600 mg
dose of 14C-labeled ritonavir oral solution, 86.4% of the radioactivity was recovered in the
feces and 11.3% of the dose was excreted in the urine, consistent with preclinical study findings.
The pharmacokinetics of ritonavir display dose-dependent characteristics, as the area under the

concentration-time curve (AUC) and maximum plasma concentration (Cmax) increase more
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than proportionally with higher oral doses. This implies that the exposure to ritonavir is not
directly proportional to the administered dose, necessitating careful consideration of dosage

adjustments to achieve optimal therapeutic outcomes [97].

Figure 8: shows chemical structure of Ritonavir. It is also identified by its [UPAC name 1,3-thiazol-5-ylmethyl N-
[(2S,38,5S)-3-hydroxy-5-[[(2S)-3-methyl-2-[[methyl-[(2-propan-2-yl-1,3-thiazol-4-yl) methyl]
carbamoyl]amino ]butanoyl]amino]-1,6-diphenylhexan-2-yl]carbamate and molecular formula C37H48N605S2.

Presently, numerous antiviral agents have been approved for treating viral infections. However,
in specific scenarios, the inclusion of a second antiviral agent can offer advantages by providing
alternative or combined therapeutic strategies. In this regard, virus-encoded proteases have
emerged as promising targets for antiviral intervention. Molecular investigations have
elucidated the pivotal role played by viral proteases in the life cycle of diverse viruses. These
proteases are responsible for cleaving large polyprotein precursors of the virus, leading to the
production of functional viral proteins or the processing of structural proteins necessary for
virus assembly.

In the case of HIV, the viral genome consists of three primary genes: gag, pol, and env.
Transcription and translation of the gag and pol regions generate precursor polyproteins,
namely p55 and p160. Subsequently, the released HIV protease cleaves these polyproteins at
multiple sites, resulting in the generation of essential structural and enzyme products. The
selectivity of HIV protease inhibitors, such as ritonavir, is achieved through their ability to
target specific scissile bonds, including Phe-Pro, Phe-Leu, and Phe-Thr. Ritonavir, a member

of the aspartic acid protease family, binds tightly to the active site of HIV-1 protease, which
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encompasses distinct subsites for inhibitor interaction. Moreover, ritonavir exhibits significant
protein binding, potentially influencing its availability and interaction with the viral target.
While the precise correlation between protein binding and clinical efficacy remains uncertain,
reductions in antiviral activity in vitro have been observed in the presence of serum proteins
like al-acid glycoprotein. Overall, the mechanism of action of ritonavir as a protease inhibitor
offers a valuable approach in the treatment of viral infections, including HIV.Ritonavir is
associated with various constitutional side effects, including malaise, dizziness, and insomnia,
as well as gastrointestinal symptoms such as nausea, vomiting, abdominal pain, and diarrhea.
Metabolic side effects such as hyperlipidemia, hypertriglyceridemia, transaminitis, and
rhabdomyolysis can also occur. While reports of QT prolongation have been linked to the use
of protease inhibitors, studies have not conclusively established them as independent causes
[98]. Due to the metabolic side effects of ritonavir, the addition of lipid-lowering agents may
be considered alongside protease inhibitors to mitigate the risk of cardiovascular disease.
Additionally, ritonavir has been associated with serious adverse effects including pancreatitis,
diabetes mellitus, renal failure, hypersensitivity reactions, Stevens-Johnson syndrome, toxic
epidermal necrolysis (TEN), hepatotoxicity, leukopenia, and neutropenia [98].

Cautious use of ritonavir is necessary when co-administered with other medications that inhibit
the CYP450-3A4 enzyme, as it can lead to increased levels of drugs in blood serum.
Furthermore, patients taking pharmacological agents that act as CYP inducers (e.g.,
apalutamide, St.’John's wort) should not be given ritonavir, as it can significantly reduce
ritonavir plasma concentrations and may result in the loss of virologic response, potential
resistance, and cross-resistance [89,99]. Similar to the previously mentioned drugs, Carvedilol
and Nilotinib, recent studies have been focused on enhancing the oral bioavailability of
ritonavir by improving its solubility and dissolution rate. Various strategies have been
investigated to achieve this goal. These include the complexation of ritonavir with cyclodextrin
and PVP K30 Soluplus [100] , co-crystallization with co-formers such as citric acid, adipic acid,
and amino acids [101,102] and, the application of the solid dispersion technique using Polyvinyl
Pyrrolidone (PVP) K-30 [103,104] and, polyethylene glycol 8000 (PEG)[105] .These studies
have demonstrated that these approaches can significantly enhance the solubility and

dissolution rate of ritonavir, ultimately resulting in improved oral bioavailability.
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1.6 High-Performance Liquid Chromatography

Various analytical methods are utilized for the quantification and analysis of samples in colonic
drug delivery systems. When selecting an appropriate analytical method, several factors must
be considered. These include cost, simplicity, precision, accuracy, reproducibility, and other
relevant aspects. It is essential to evaluate these factors prior to conducting the analysis.
Additionally, aspects such as the limit of detection (LOD) and limit of quantitation (LOQ) need
to be evaluated. The LOD represents the minimum detectable amount of the analyte under
specific experimental conditions, while the LOQ indicates the lowest amount of the analyte that
can be reliably quantified. It is crucial for the analyte to exhibit stability in solution to ensure
reliable analysis of sample solutions. Linearity is another important factor that confirms the
validity of the data obtained. Among the employed analytical methods, high-performance liquid
chromatography (HPLC) is commonly used in this context [106].

HPLC (High-Performance Liquid Chromatography) is a separation technique used for detecting
and analyzing molecules in a sample. The principle of HPLC involves the use of pumps to pass
a solvent and the sample through the system under high pressure. The HPLC system comprises
various components, including eluting solvents, a pumping system for solvent transfer, an
injector for sample introduction, an analytical column for molecule separation, and a detector
for signal detection. In HPLC, the solvents used for elution are referred to as the mobile phase,
while the column is the stationary phase. The two most common types of HPLC methods are
normal-phase and reversed-phase chromatography. In normal-phase chromatography, the
mobile phase is non-polar, while the stationary phase is polar. Conversely, in reversed-phase
chromatography, the mobile phase is typically a water-organic solvent mixture, with
acetonitrile (ACN) or methanol (MeOH) being commonly used organic solvents. The
composition of the mobile phase, including the presence of salts and ph adjustments, can be
optimized to achieve desired sample elution. The mobile phase composition can be constant
throughout the analysis (isocratic method) or changed gradually during the sequence (gradient
method). In reversed-phase HPLC, the non-polar stationary phase often consists of silica
particles coated with octyl (C8) or octadecyl (C18). The retention of sample molecules on the
column is primarily driven by non-polar interactions. The time at which a molecule elutes from
the column is known as the retention time (Rt), and it appears as a peak in the chromatogram.
Columns come in various lengths, diameters, and particle sizes, and a guard column can be
connected to extend the column's lifespan. Overall, HPLC is a powerful analytical method that
enables efficient separation and detection of molecules in a sample, offering flexibility in
mobile phase composition and column selection to suit specific analytical requirements [107].

The guard column in HPLC contains the same stationary phase material as the analytical
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column and serves to protect the analytical column from sample debris and contaminants. Both
the analytical column and the detector in HPLC systems can be temperature-controlled.
Temperature control can have a positive impact on peak separation and can alter the retention
time (Rt) of analytes.

The most commonly used detector in HPLC is the ultraviolet (UV) detector. It operates by
measuring the absorption of UV light by the analytes as they pass through the detector cell. UV
detection is based on the principle that different compounds have different UV absorption
properties, enabling their identification and quantification. Another type of detection method
used in HPLC is the charged aerosol detector (CAD). In CAD, the particles in the sample
generate the detector signal. The aerosol formed in the detector becomes charged, and the
magnitude of charge depends on the particle size and the total charge carried by the aerosol. An
aerosol is defined as a mixture of solid particles and/or liquid droplets suspended in a gas. The
CAD detector utilizes a nebulizer to break the liquid stream into small droplets, achieved by a
high-velocity gas flow. The typical gas source used for the CAD detector is nitrogen. In the
upcoming chapters, detailed explanations will be provided regarding the various HPLC
methods employed for specific drugs in the study. This comprehensive discussion aims to offer
a comprehensive understanding of the specific techniques used for analyzing each drug [107],

[108]. A schematic illustration of the HPLC system is shown in figure 9.

Figure 9: A schematic illustration of the HPLC system. 1) expresses the mobile phases, 2) expresses the pump, 3)
expresses the injector for injecting the sample, 4) expresses the analytical column, 5) expresses the detector, 6) expresses
the waste container, and 7) expresses the experimental data shown in the computer software. Created with BioRender.com
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2 Aim of Study and Hypothesis

The objective of this study was to explore the impact of proteins present in fasted state simulated
colonic fluid on various compounds exhibiting diverse physicochemical and plasma protein
binding properties. The influence was assessed by measuring the apparent drug solubility of
three selected compounds specifically nilotinib, carvedilol and ritonavir. Effect of three protein
sources, namely bovine serum albumin, porcine gastric mucin type I, and porcine intestinal
mucus, were investigated. The findings from this study will provide valuable knowledge and
contribute to the advancement of pharmaceutical sciences in the field of colonic drug delivery.
The hypothesis underlying this study is that increased concentration of three different proteins
affects the apparent solubility of three specific drugs, each possessing distinct physicochemical
properties, in fasted state simulated colonic fluid. By investigating these interactions, we aim
to elucidate the influence of proteins on drug solubility in a simulated colonic environment,
thus contributing to a deeper understanding of the factors influencing drug behavior in the colon

during fasting conditions.
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3 Experimental Part

3.1 Material and Methods

Tris(hydroxymethyl)aminomethane (TRIS), bile bovine, cholesterol, sodium hydroxide
(NaOH), linoleic acid, palmitic acid, bovine serum albumin (BSA), gastric porcine mucin type
II, potassium dihydrogenphosphate (KH,PO4), Sodium phosphate (NasPOa), Trifuoroacetic
acid (TFA), maleic acid disodium salt 99%, hydrochloric acid (HCI), dichloromethane (DCM)),
orthophosphoric acid 85%, MeOH, ACN, isopropanol and ethanol purchased from VWR
(Fontenay-sous-Bois, France). Phosphatidylcholine from soybean (phospholipids) purchased
from Lipoid GmbH (Ludwigshafen am Rhein, Germany). Carvedilol purchased from Alfa
Aesar (Product number C2260, Lancashire, UK). Ritonavir purchased from BASF
(Ludwigshafen am Rhein, Germany). Nilotinib hydrochloride monohydrate (Nilotinibi
hydrochloridum monohydricum) purchased from UNIKEM (Copenhagen V, Denmark). Milli-
Q water (MQ water) was obtained from a Milli-Q water purification system using a SG Ultra

Clear 2002 from SG Wasseraufbereitung und Regenerierstation GmbH (Barsbiittel, Germany).

3.2 Fasted State Stimulated Colonic Fluid

The composition of the biorelevant media FaSSCoF is presented in Table 3.

Table 3: The composition of FaSSCoF.

Chemical Concentration
Tris 45 mM

Maleic acid 76 mM

Bile bovine 0.15 mM
Phospholipids 0.3 mM
Palmitic acid 0.1 mM

Ad MQ water

NaOH =~ pH 7.8
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To prepare the 1 L FaSSCoF solution, the following steps were taken: Initially, approximately
800 mL of MQ water was added to a 1000 mL beaker. Then, precise measurements of 5.45 g
of TRIS, 12.16 g of maleic acid, and 0.113 g of bile bovine were obtained and added to the
water in the beaker. To facilitate dissolution, a magnet was positioned at the bottom of the
beaker, and the contents were stirred using a magnetic stirrer until completely dissolved. Next
the pH of the solution was adjusted to a value of 7.8 using NaOH. This was achieved by
employing a pH meter (Sension+ PH31 from Hach, Loveland, Colorado, USA). Subsequently,
the solution was transferred to a 1000 ml volumetric flask, and MQ water was added until the
solution reached the marked line on the flask.

In separate 20 mL glass vials, 0.222 g of phospholipids and 0.026 g of palmitic acid were
accurately weighed and dissolved in 2.5 mL of DCM. Afterwards, approximately 400 mL of
the prepared solution from the previous step was transferred to a round bottom flask containing
the dissolved phospholipids and palmitic acid in DCM.

To remove the DCM solvent, the round bottom flask was placed in a rotary evaporator with a
water bath set at a temperature of 41°C and a pressure of 700 mbar. The evaporation process
lasted for 15 minutes using a Biichi® Rotavapor® R-210 evaporator equipped with a Biichi@
Vacuum Controller V-850, Biichi@ Vacuum Pump V-100, and a Biichi@ Distillation Chiller
B-741 from Holm and Halby (Brondby, Denmark).

Finally, the two solutions, previously prepared and now combined, formed the final FaSSCoF
solution. This solution was stored in a heating cabinet with a temperature of 37°C and
maintained under constant magnetic stirring. The FaSSCoF solution remained viable for at least
48 hours.

Various protein sources were introduced into the FaSSCoF solution. Volumetric flasks were
prepared with different concentrations of Bovine Serum Albumin (BSA) and Porcine Gastric
Mucin Type 11, specifically 3 mg/mL, 9 mg/mL, and 15 mg/mL respectively. These protein
compositions were added to each flask and dissolved in the FaSSCoF solution. Afterward, the
flasks with the different protein compositions were stored in the heating cabinet at a temperature
of 37 °C while being subjected to magnetic stirring.

The protein concentration of the porcine intestinal mucus (PIM) was determined during the
mucus characterization process (1.3.2). To prepare different compositions with protein
concentrations of 3 mg/mL, 9 mg/mL, and 15 mg/mL, the appropriate amount of PIM was
weighed and dissolved in FaSSCoF solution. Magnetic stirring was employed during the
dissolution process, which took place at a temperature of 37 °C. All experiments involving the
assessment of apparent solubility were carried out on the same day that the mucus was thawed

and dissolved in FaSSCoF.
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3.3 Mucus Collection

The collection involved obtaining porcine intestinal mucus (PIM) from a 37 kg pig at the
Department of Experimental Medicine, University of Copenhagen, Panum, Denmark. The
mucus was extracted from the small intestine of a pig that had undergone a 20-hour fasting
period. Prior to handling the intestine, a fume hood was sterilized and equipped with necessary
tools, paper, and storage containers. Additionally, a Styrofoam box filled with ice and bags for
transportation was prepared. The intestine was divided into smaller sections and dissected open
using surgical scissors. The mucus was carefully scraped off using an objector glass typically
employed in microscopy. The collection of mucus was completed within 2 hours after the
dissection and stored in sealed sterilized plastic containers and Eppendorf tubes.. The samples
were separately stored in sealed sterilized plastic containers and Eppendorf tubes and kept in a

laboratory freezer at -20 °C.

3.4 Apparent Solubility Evaluation

To evaluate the solubility of each drug, powdered forms of the drugs were added to 20 mL vials
in triplicates. The exact weight of the drugs was not critical, but it was essential to ensure an
excess amount of drug in each vial to make sure we have saturated maximum protein binding
capacity of the solution. A single magnet was placed in each vial containing the drug compound.
Additionally, FaSSCoF with different concentrations of proteins (0,3,9,15 mg/ml) were added
to the vials. For standardization, triplicate vials of each drug compound with FaSSCoF and no
added protein was included. The set of 12 vials, representing drug in different concentration of
protein, were then stored in a heating cabinet at a constant temperature of 37°C while being
subjected to magnetic stirring.

To maintain physiological pH levels, the pH of each compound was checked using a pH meter
(Sension+ PH31 from Hach, Loveland Colorado, USA), and if required, corrections were made
using hydrochloric acid (HCI) or sodium hydroxide (NaOH). Throughout the solubility study,
samples were collected at regular intervals. For most of the samples, the intervals were set at 1,
2,4, 6,8, 24, and 48 hours. However, for samples involving FaSSCoF compositions with
porcine intestinal mucus (PIM), the intervals were adjusted to 1, 2, 4, 6 and 8 hours because
these sample were more prone to microbial contamination.

For each sample, 1000 uL was transferred to an Eppendorf tube, which was then subjected to
centrifugation for 30 minutes at 13,300 rounds per minute (RPM) (17,000 rcf). The
centrifugation process was conducted using a Sorvall™M Legend™M Micro 21R

microcentrifuge from Thermo Fisher Scientific (Osterode, Germany) and maintained at a
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temperature of 37°C. Following centrifugation, 100-200 pL of the supernatant was carefully
transferred to a new Eppendorf tube and diluted with 100-200 pL of an organic solvent, either
acetonitrile (ACN) or MeOH, based on the solubility properties of each compound.

The Eppendorf tube with the diluted sample was then centrifuged again for 15 minutes at 13,300
RPM (17,000 rcf). After the final centrifugation, 100 pL of the supernatant was transferred to
a 400 pL insert within a 2 mL vial.

Subsequently, each sample was analyzed using an analytical High-Performance Liquid
Chromatography (HPLC) method described in detail for each drug in chapter (4.4). An

illustration of the sampling process for apparent solubility is provided in Figure 10.
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Figure 10: This figure depicted a visual representation of the methodology employed to determine apparent drug
solubility for compounds in excess within various FaSSCoF compositions. FaSSCoF compositions and vials are
maintained in a heating cabinet at a constant temperature of 37 °C. After specific time intervals of 1,2,4,6,8,24, and
48 hours, a 1000 pL sample is collected from each vial and transferred to an Eppendorf tube. Subsequently,
centrifugation is performed for 30 minutes at a force of 17000 G.The supernatant resulting from the centrifugation
is then diluted with an appropriate organic solvent (either ACN or MeOH). The newly prepared Eppendorf tube with
the diluted sample is subjected to a second round of centrifugation for 15 minutes at a force of 17000 G. Finally, the

supernatant is carefully transferred to an HPLC vial and subjected to analysis using RP-HILC-UV. Created with
BioRender.com.
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3.5 Analysis of Samples

The solubility samples of the investigated compounds in various FaSSCoF compositions were
subjected to analysis using the reversed-phase high-performance liquid chromatography with
ultraviolet detection (RP-HPLC-UV) method. The analysis was carried out using a Dionex
Ultimate 3000 pump, Dionex Ultimate 3000 Autosampler, Dionex Ultimate 3000 column
compartment, and a Diode Array Detector (Thermo Scientific, Waltham, Massachusetts, USA).
Given the very low solubility of all three compounds in aqueous solutions, it was crucial to
develop an HPLC method with sufficient LOD. The method developed in this study for the
detection of Nilotinib offers the advantage of detecting our desired limit of quantification
(LOD) of 0.0156 pg/mL, along with a short analysis time of 19 minutes for each sample of
nilotinib. Detailed explanations of the different RP-HPLC-UV methods for each compound can
be found in Chapter (4.4.1-3).

3.5.1 RP-HPLC-UYV method for Nilotinib

Based on physicochemical properties of nilotinib , developing an optimal reversed-phase liquid
chromatography method for separating nilotinib presents a challenge, requiring the
establishment of a sensitive high-performance liquid chromatography (HPLC) method to
accurately quantify low concentrations.

Prior to analysis, careful sample preparation was crucial to ensure precise and reproducible
results. The solubility samples of nilotinib were dissolved in acetonitrile and filtered through a
0.45 um membrane filter to eliminate any particulate matter. Special care was taken to maintain
the integrity and stability of nilotinib during sample preparation. While the stability of nilotinib
under various conditions has been evaluated in previous studies, our present study, all steps
were conducted under dark conditions.

The HPLC analysis was performed using a Dionex Ultimate 3000 system equipped with a
reverse-phase C18 column ACE EXCEL 5, C18, 100 mm x 4.6 mm , 5 um column (Aventor,
Radnor, Pennsylvania, USA). The selected mobile phase consisted of a 1.36 g/L solution of
potassium dihydrogen phosphate-buffered solution (pH = 2, adjusted with phosphoric acid) as
mobile phase A, along with a mixture of mobile phase A and acetonitrile [20:80 V/V] as mobile
phase B. Flow rate was set to 0.8 mL-min!. Solvents were freshly prepared and degassed by
ultrasonication for 15 min for each series of analysis. The column used was maintained at 40°C.
The injection volume was 10 pL, and the eluents were monitored at a wavelength of 240 nm.
The retention time for nilotinib was found to be approximately 12-13 min. The total run time

for each analysis was 19 minutes. The gradient flow of the Nilotinib HPLC method is
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mentioned in Appendix A.

To construct the calibration curve, stock solutions of nilotinib (1 mg/mL) were prepared in
ACN and stored in the dark. On each analysis day, a series of standard solutions with known
concentrations of nilotinib were freshly prepared by diluting the stock solutions.

The linearity of the calibration curve was of utmost importance, it indicates that as the
concentration of nilotinib increases, the area of each peak should increase proportionally, as
shown in Figure 11. The linearity was assessed by evaluating the correlation coefficient (R?)
obtained from a linear regression analysis of the data points. An R? value close to 1 suggests
high linearity, indicating the HPLC method's capability to accurately quantify nilotinib over a
wide concentration range.

The sensitivity of the method was evaluated using the detection limit (LOD) and the lower limit
of quantification (LLOQ). Determining the LOD involves statistical analysis and experimental
determination. Typically, a series of Nilotinib solutions with progressively lower
concentrations, well below the expected quantifiable range, is analyzed.

To accurately determine the LOD, multiple replicate measurements are performed at each
concentration level to account for variability. The LOD is then calculated using statistical
methods such as standard deviation calculations or regression analysis.

In this study, the developed method achieved an LOD of 0.0156 pg/mL, enabling the
determination of Nilotinib concentrations even in samples with very low Nilotinib

concentrations.
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Figure 11: Chromatogram for lowest detectable concentration of Nilotinib with 0.0156 pg/mL.
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3.5.2 RP-HPLC-UYV method for Carvedilol

The determination of Carvedilol content has been accomplished through various analytical
methods, including High-performance liquid chromatography (HPLC) with fluorescence
detection[110,111], mass spectrometry, and electrochemical detection [112]. Additionally, the
application of capillary electrophoresis for the quantification of Carvedilol has been reported
[113]. In this study, our objective was to employ the HPLC method as it offers a simple, rapid,
reproducible, and cost-effective approach for quantifying Carvedilol content in our samples.
Moreover, this method has been previously validated in other studies [114], undergoing
rigorous quality control and accuracy assessment. Although some modifications were made to
align the method with our specific laboratory equipment, its overall reliability and efficacy
remained intact.
The determination of drug content from samples was conducted using High-performance liquid
chromatography (HPLC) equipped with an Ultimate 3000 Ultraviolet (UV) detector, UltiMate
3000 autosampler, and UltiMate 3000 pump from Thermo Scientific (Waltham, MA, USA).
For the chromatographic separation, an XTerra Shield RP18 Column with dimensions of 4.6
mm x 150 mm and particle size of 5 um, manufactured by Waters (Milford, Massachusetts,
USA), was employed under controlled temperature 25°C.

Considering the solubility and chemical properties of the drugs, the mobile phase consisted of
a mixture of 0.1% Trifluoroacetic acid (TFA) in Acetonitrile (ACN) and a 10 mmol/L sodium
phosphate solution at pH 2, with a ratio of 40:60, respectively. The pH of the mobile phase was
adjusted to 2 using 1 M hydrochloric acid. Prior to use, the mobile phase was filtered through
a 0.45 um membrane filter paper and degassed using ultrasonication for 15 minutes.

During the analysis, a sample injection volume of 10 pL was used, and the flow rate was set at

1.0 ml/min. The effluent from the column was monitored at a wavelength of 210 nm using the
UV detector. The injection time for each sample was 5 min and the retention time of the
Carvedilol was determined to be 2.75+0.03 minutes. A standard stock solution of carvedilol
with a concentration of 1 mg/ml was prepared by dissolving 25 mg of the drug in 25 ml of
Acetonitrile (ACN) in a calibrated flask. From this stock solution, standard samples with a
concentration range of 0.156 ug/ml to 50 ug/ml were prepared by diluting with Acetonitrile
(ACN).

Calibration curves were constructed by plotting the peak area of carvedilol against its
concentration, and these curves exhibited linearity within the concentration range of 1-35
pg/ml. The limit of detection (LOD) and limit of quantification (LOQ) for the high-performance
liquid chromatography method were determined to be 0.156 pug/ml and 0.85 pg/ml,

respectively. The resulting standard curve, is presented in appendix chapter.
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3.5.3 RP-HPLC-UV method for Ritonavir

In the realm of Ritonavir analysis, a thorough exploration of existing literature reveals that this
compound has been extensively evaluated using a range of analytical methodologies, such as
spectrophotometry methods [115], RP-HPLC methods [116], [117] and, HPTLC [118].
Notably, Ritonavir exhibits exceptional hydrophobic properties, rendering it non-ionizable and
demonstrating prolonged retention in reverse phase chromatography [119]. Given the
paramount importance of accurate quantification, there is a pressing need to establish an HPLC
method that not only exhibits high sensitivity but also facilitates rapid quantification,
particularly in the context of pharmaceutical formulations. Moreover, With the widespread
adoption and FDA approval of Ritonavir for the treatment of COVID-19, researchers are
increasingly interest in the development of greener analytical methods that can effectively
determine Ritonavir concentration, thereby minimizing ecological repercussions and enhancing
the well-being of analysts involved in its assessment [120].

Various analytical methods have been documented for the quantitative analysis of Ritonavir,
both individually and in combination with other drugs in biological samples and formulations.
In the present study, a highly sensitive, precise, and accurate method was employed, which
proved effective in reliably quantifying the active pharmaceutical ingredient (API) content. The
method underwent statistical validation following the guidelines set by the International
Conference on Harmonization (ICH) with respect to specificity, linearity, accuracy, precision,
and robustness, along with recovery studies[121]. To conduct the analysis, an Ultimate 3000
Ultraviolet (UV) detector, UltiMate 3000 autosampler, and UltiMate 3000 pump from Thermo
Scientific (Waltham, MA, USA) were utilized. The chromatographic separation was achieved
using an ACE Excel 5 C18-AR column (100 mm length, 4.6 mm internal diameter, and 5 um
particle size) from Aventor (Radnor, Pennsylvania, USA).

The mobile phase, consisting of Acetonitrile and MilliQ water in a 50:50 (v/v) ratio, was freshly
prepared and degassed by sonicating it for 15 minutes prior to use, Similarly, as done for the
analysis of other drugs. The column and HPLC system were maintained at a temperature of
30°C, and the column was equilibrated for a minimum of 30 minutes prior to start analysis,
allowing the mobile phase to flow through the system. the flow rate was set at 0.8 mL/min, with
injection volume of 10 pL, and the detection wavelength was set at 210 nm with a runtime of 9
minutes, resulting in well-shaped peaks for Ritonavir, which were well-separated at retention
times of 7.2-7.4 minutes.

Before the HPLC analysis, the solubility samples were diluted with isopropanol. The diluted
solution was then filtered through a 0.45-um membrane filter and used for the assay. For the

preparation of the stock solution, an accurately weighed sample of 100 mg of Ritonavir was
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transferred into a 100 mL volumetric flask. Subsequently, working standard solutions were
prepared by repeated dilution of the stock solution in the range of 500-0.25 pg/mL.
The linearity of the calibration curve was observed within the concentration range of 50-0.25

pg/mL and is presented in Figure 20.

3.6 Data Analysis

All experiments for apparent drug solubility were performed in triplicates. The data obtained
from the solubility studies were analyzed using Microsoft Excel (Version 2022, Microsoft,
Redmond Washington, USA) for data organization, graph construction, and basic statistical
analysis. Additionally, simple linear regression analysis was performed to explore any
correlations between apparent drug solubility and relevant parameters. These analyses and
software tools were essential in interpreting the solubility data and providing valuable insights

into the effects of proteins on drug solubility in fasted state stimulated colonic fluid.
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4 Results

This thesis has successfully determined the apparent drug solubility of three compounds using
various compositions of FaSSCoF. The impact of protein concentration on the apparent drug
solubility was analyzed, and the results for BSA, mucin, and PIM protein sources are presented
in Figures 12-14.

Furthermore, a linear regression analysis was performed on the slopes obtained from the
investigation of increased protein concentration in FaSSCoF media for the protein sources BSA,

mucin, and PIM. The detailed results of this analysis can be found in Appendix (C).
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Figure 12: Illustrates the relationship between apparent drug solubility and protein concentration for BSA at
concentrations of 0, 3, 9, and 15 mg/mL. The apparent drug solubility values were determined for Nilotinib,
Carvedilol,Ritonavir, with a sample size of six replicates (n=6). The error bars represent the standard deviation (+
SD) of the data points.

In the presence of BSA in the FaSSCoF medium, the apparent drug solubility of all invested
compounds increased. Furthermore, there is a relationship between an increase in perceived
drug solubility and increasing the concentration of BSA. For all three compounds, a near-linear
relationship between apparent drug solubility and increased BSA concentration was observed.
The linearity was determined by calculating the correlation coefficient (R?) using a linear
regression analysis of the data points. An R* value close to one indicates high linearity,
indicating that the apparent solubility of our medications increases linearly with increasing BSA

concentration.
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Figure 13: illustrates the apparent drug solubility for Nilotinib, Carvedilol and Ritonavir as a function of the
protein concentration of 0, 3, 9, and 15 mg/mL mucin. accordingly (n=6). The error bars represent the standard

deviation (+ SD) of the data points.

The results show that when the concentration of mucin was increased, there was an observed
increase in the apparent solubility of all three compounds (Nilotinib, Carvedilol, and Ritonavir).
Furthermore, a near-linear correlation was observed between the increased mucin concentration

and the apparent drug solubility.
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Figure 14: illustrates the apparent drug solubility for Nilotinib, Carvedilol and Ritonavir as a function of the

protein concentration of 0, 3, 9, and 15 mg/mL PIM. accordingly (n=6). The error bars represent the standard

deviation (+ SD) of the data points.
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Similar to the influence of BSA and Mucin, the apparent drug solubility increased in the
presence of PIM as a protein source for all three compounds. A close to linear correlation was
found between the apparent drug solubility and the increased concentration of PIM for Nilotinib
and Ritonavir. However, no linearity was observed for the apparent solubility of Carvedilol
with an increase in PIM concentration. The R? values are provided in Appendix C.

These results demonstrate that both the concentration of protein and the choice of protein source
have an impact on the apparent drug solubility of compounds with varying physicochemical
properties in FaSSCoF. In the following chapter, we will discuss in more detail the specific

effects of these proteins on each individual compound.
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5 Discussion

5.1 Nilotinib

The solubility of Nilotinib, a drug compound, in FaSSCoF containing various protein sources,
namely BSA (Bovine Serum Albumin), mucin, and PIM (Porcine Intestinal Mucin), was
investigated. Several HPLC-UV methods have been published for the quantification of nilotinib
but have limited applicability in clinical routine due to the requirement of expensive solid-
phase-extraction or additional apparatus set up for sample preparation (e.g., enrichment column,
exchange after 50 injections) [109]. Moreover, these methods have longer run times,
approximately 30 minutes, which are not suitable for our experiment involving 84 samples per
run excluding standard samples.

A robust and sensitive HPLC method was successfully developed for the analysis of nilotinib
in solubility samples. The method demonstrated precise and accurate quantification, even at
low concentrations It was observed that the presence of all three protein sources led to an
increase in the apparent solubility of Nilotinib, with PIM having the highest influence, followed
by BSA, and mucin showing the lowest effect.

Nilotinib apparent solubility vs protein
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Figure 15: The apparent drug solubility as a function of protein concentration for Nilotinib in FaSSCoF as solvent
(n=6). Maximum Apparent solubility value has been mentioned on the graph. Data shown with + standard
deviation.
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A nearly linear relationship between protein concentration and increased solubility was
observed, as the solubility of Nilotinib increased with higher protein concentrations of 0
mg/mL, 3 mg/mL, 9 mg/mL, and 15 mg/mL. The FaSSCoF compositions containing 15 mg/mL
protein exhibited the highest apparent drug solubility with the value of 3.63 ug/ml . This
relationship is depicted in Figure 15.

Previous studies have demonstrated that the addition of BSA to poorly soluble compounds can
enhance their solubility. Remarkably, even a low concentration of 0.5% BSA in an aqueous
buffer system was found to significantly increase drug solubility [122,123].

Interestingly, a previous study conducted by the Physiological Pharmaceutical Group at the
Department of Pharmacy, University of Copenhagen, demonstrated a decrease in apparent drug
solubility when influenced by mucin in compounds with the highest apparent drug solubility in
FaSSCoF, such as mesalazine, naproxen, sulfasalazine, and sulindac.

Mucin proteins, on the other hand, have a structural tendency to aggregate. The mucin molecule
possesses regions that are both lipophilic (attracted to lipids) and lipophobic (repelled by lipids),
allowing for the formation of hydrogen bonds and electrostatic interactions. These interactions
may increase the likelihood of mucins aggregating and engaging in adhesive interactions with
other compounds [42].

The variation in the observed drug solubility between mucin and PIM could be attributed to
other factors, such as presence higher amount of bile salts, fatty acids, and phospholipids in the
FaSSCoF solution with PIM. Furthermore, it is worth considering whether the physicochemical
properties of the compounds exhibit similarities that could account for the behavior observed

in relation to the protein source and protein binding.

5.2 Carvedilol

The obtained results from our study on the solubility of Carvedilol in FaSSCoF formulation
incorporating various protein sources showed that Bovine Serum Albumin (BSA) demonstrated
the most significant impact on the apparent solubility of Carvedilol, followed by mucus, while
mucin exhibited the least effect. These findings are different to our previous study on Nilotinib,
where we observed that mucus had the highest impact on its solubility. Similar to Nilotinib we
identified relationship between increase protein concentration and increased solubility, as the
protein concentrations in the formulation increased from 0 mg/mL to 15 mg/mL, Carvedilol's
solubility displayed a positive correlation. Therefore, the FaSSCoF compositions containing 15
mg/mL BSA exhibited the highest levels of apparent drug solubility, specifically reaching

42.356 pg/mL. The only exception is that there is no linear correlation between the
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concentration of mucus and the apparent solubility of Carvedilol. This relationship is illustrated

in Figure 16.
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Figure 16: The apparent drug solubility as a function of protein concentration for Carvedilol in FaSSCoF as
solvent (n=6). Maximum Apparent solubility value has been mentioned on the graph. Data shown with =+ standard
deviation.

These contrasting results can be attributed to several factors. Firstly, BSA, being a highly
abundant protein with a well-known solubilizing effect in-vivo, may possess specific binding
sites that interact favorably with Carvedilol molecules, promoting their solubility in the
FaSSCoF formulation. BSA's ability to form complexes with hydrophobic compounds like
Carvedilol could enhance its solubility to a greater extent. On the other hand, mucus, with its
complex structural characteristics, might contribute differently to the solubility of carvedilol
The presence of lipophilic and lipophobic regions within mucin molecules may result in
variable interactions with carvedilol, influencing its solubility. These interactions could involve
hydrogen bonding, electrostatic interactions, or even aggregation phenomena, leading to a
different solubilizing effect compared to BSA. Furthermore, it is worth noting that the specific
physicochemical properties of Carvedilol and Nilotinib, including their molecular structure,
lipophilicity, and potential binding sites, might also play a role in determining the differential
impact of protein sources on their apparent solubility in the FaSSCoF formulation. These
properties can influence the strength and nature of interactions between the proteins and the
drug molecules, affecting their solubility behaviors. The differences in solubility patterns
observed between Carvedilol and Nilotinib may arise from the distinct combination of these
physicochemical properties in each drug, contributing to the varying effects of BSA and mucus

on their solubility in FaSSCoF.
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5.3 Ritonavir

The results obtained from the solubility studies of Ritonavir in a FaSSCoF formulation,
incorporating similar protein such as BSA, mucin, and PIM, yielded expected outcomes based
on the results obtained from previous compounds. BSA demonstrated the highest impact on the
apparent solubility of Ritonavir, followed by mucus, while mucin exhibited the lowest effect.
These outcomes align with the observations from our previous study on Carvedilol, where BSA
also exerted the highest impact on solubility. Interestingly similar to Nilotinib and Carvedilol,
a correlation was identified between protein concentration and the apparent solubility of
Ritonavir. As the protein concentrations in the formulation increased from 0 mg/mL to 15
mg/mL, Ritonavir's solubility displayed a near-linear correlation. Consistent with the trends
observed for both Nilotinib and Carvedilol, the FaSSCoF compositions containing 15 mg/mL
protein exhibited the highest levels of apparent drug solubilities for Ritonavir as well.
Specifically, Ritonavir achieved a significant apparent solubility of 20.1675 ug/mL with 15
mg/mL of BSA. Notably, unlike Carvedilol, there was no exception regarding the correlation
between the concentration of mucus and the apparent solubility of Ritonavir. The relationship
between mucus concentration and solubility remained linear, consistent with the overall trend
observed for all protein sources. These findings demonstrate that Ritonavir shares similar
behavior with the two other tested drugs, Nilotinib and Carvedilol, despite having its own
distinct physicochemical properties. Moreover, these results provide valuable insights into the
solubility behavior of Ritonavir in the FaSSCoF formulation, contributing to our understanding

of its formulation development and potential optimization.
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Figure 17: The apparent drug solubility as a function of protein concentration for Ritonavir in FaSSCoF as solvent
(n=6). Data shown with + standard deviation.
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5.4 Integration of Results and discussions

The compounds investigated in this thesis shared a common characteristic, they were all small
molecules with poor aqueous solubility. These compounds, namely Nilotinib, Carvedilol, and
Ritonavir, exhibited an increase in their Apparent solubility when all three protein sources were
added to the FaSSCoF media, compared to their individually predicted water solubility.
Considering the similarities in the investigated compounds and their solubilization properties,
it was observed that no relationship was found among the three compounds in terms of Log P,
molecular weight (Mw), BCS class, predicted water solubility, or plasma protein binding.

It could be considerable that pKa values may influence the solubilization properties of poorly
soluble compounds. Specifically, the pKa values determine whether the compound becomes
ionized or non-ionized in the solubilization solvent [50]. In the case of this study where the pKa
values are lower than the pH of FaSSCoF, the compound becomes charged and thus its
solubility increases. This implies that mucin and PIM may exhibit similar affinities for ionized
drugs such as Nilotinib with pKa; 3, pKa, 6 and Ritonavir pKa 2.8 at pH 7.8

All three compounds investigated in this thesis exhibited poor aqueous solubility. It was
observed that gastrointestinal fluids, particularly FaSSCoF, possess properties that enhance the
apparent drug solubility . Moreover, the addition of three different protein sources to the media
further augmented the apparent drug solubility. These findings hold promise for advancing
research on new chemical entities and developing colonic drug delivery systems. the
comparison between declared water solubility of three compounds and apparent solubility
obtained from this study mentioned in table 4.

Despite variations in LogP values, approximately 40% of newly developed comounds
demonstrate poor aqueous solubility. LogP determines the compound's Lipophilicity and it is a
measure of compound’s differential solubility between hydrophobic and hydrophilic solvents.
Poorly soluble and low-absorbed new compunds, as well as known compounds, have exhibited
increased variability in bioavailability and toxicity within gastrointestinal mucus. Enhancing
bioavailability and solubility is crucial for advancing drug discovery, although it presents a

challenge [124].
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Table 4: includes the physicochemical properties of the tested compounds. It also presents the known indicated
solubility of the compounds in water at 25°C, along with the values of apparent solubility in plain FaSSCoF and the
maximum apparent solubility obtained for each compound in this study.

apparent solubility
(ng/mL)

Nilotinib Carvedilol Ritonavir
MW_I 599.5 4429 720.95
(g.mol™)
pKa; 3
pKa pKas 6.2 7.8 2.8
LogP 5.01 3.84 39
Plasma protein 98.84% 95% 98-99%
binding
Solubility in H20
pH 7 2.04 20 0.11
(ng/mL)
Obtained solubility
in FaSSCoF 0.29 12.45 3.29
(ng/mL)
Maximum obtained
3.63 42.35 20.16
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6 Conclusion

The aim of this master's thesis was to investigate the impact of proteins present in FaSSCoF
(Fasted State Simulated Intestinal Fluid) on compounds exhibiting diverse physicochemical
and plasma protein binding properties. The study focused on three compounds namely nilotinib,
carvedilol and ritonavir, examining their apparent drug solubility in the presence of three
distinct protein sources known as Bovine Serum Albumin (BSA), porcine gastric mucin type II
(obtained from dehydrated mucin), and purified intestinal mucus (PIM).

Significant advancements were made in the analytical techniques used to determine the
apparent drug solubility in relation to our study. Furthermore, a novel HPLC analysis method
was developed for Nilotinib, yielding results comparable to those reported in existing literature,
while maintaining the same levels of precision, accuracy, and reproducibility for the prepared
FaSSCoF media, as previously demonstrated by other scientists.

The findings of this investigation demonstrated that an increased concentration of all three
proteins resulted in a notable increase in the apparent drug solubility within FaSSCoF for all
compounds examined. Remarkably, a linear correlation was observed between the elevated
protein concentration and the apparent drug solubility for Nilotinib, ritonavir and for carvedilol
limited to BSA and Mucin as protein sources.

Additionally, no significant similarities were found in terms of LogP, molecular weight (Mw),
Biopharmaceutics Classification System (BCS) class, predicted water solubility, or plasma
protein binding. However, the pKa value was observed to potentially influence the
solubilization properties of poorly soluble compounds and correlation was identified between
the apparent drug solubility of drugs with low PKa value and the utilization of Mucin and PIM
as protein sources.

In conclusion, the hypothesis of this thesis, which stated that increasing protein concentration
affects the apparent drug solubility of compounds with varying physicochemical properties in

FaSSCoF, was confirmed for the three tested drugs.
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7 Future Perspective

This thesis aimed to investigate the impact of proteins in FaSSCoF, driven by our interest in
enhancing the biorelevance of the media. Additionally, the goal was to develop a more accurate
prediction model for protein/peptide concentrations observed in human intestinal fluid (HCF),
as reported by Vertzoni et al, which was not considered during the development of the
commercial FaSSCoF media [1]. The FaSSCoF media was formulated more than ten years ago,
and no subsequent modifications have been made since then. Discrepancies were observed
between the apparent drug solubility in the commercial FaSSCoF and the solubility observed
in HCF samples obtained from eight fasting individuals. Future research can explore other
factors such as enzymes, viscosity, and microorganisms to further improve the biorelevance
and complexity of FaSSCoF[1].

Furthermore, this investigation focused on the fasted state, but understanding the influence of
proteins in the fed state would also be of great interest.

Improving an apparent drug solubility in the gastrointestinal tract is crucial for predicting
overall drug solubility. Acquiring knowledge about the apparent drug solubility in FaSSCoF
for compounds with diverse physicochemical properties holds promise for future in silico and
computational predictions. In a related study, Fagerberg et al. explored the apparent drug
solubility of lipophilic compounds in pH-regulated phosphate buffer, FaSSIF, and human
intestinal fluids, aiming to enhance computational modeling for predicting apparent drug
solubility[125].

Determining apparent drug solubility can be time-consuming and resource-intensive,
particularly in drug discovery where chemical synthesis is often required prior to measurement.
Therefore, advancing computational modeling predictions can save time and resources in the
discovery of new chemicals. Furthermore, investigating human body fluids poses challenges
due to limitations such as donor access and ethical considerations. Fagerberg et al. examined
86 lipophilic compounds and successfully computationally predicted their apparent drug
solubility in FaSSIF and human intestinal fluids.

Given the prevalence of numerous newly discovered chemical entities with poor aqueous
solubility in recent drug discovery, they represent promising candidates for exploring intestinal
and colonic drug delivery systems. Various strategies have been developed to improve the
solubility of compounds with limited aqueous solubility. These approaches can be classified
into physical and chemical modifications. Physical modifications involve techniques such as
reducing particle size, utilizing drug dispersion carriers, and employing cryogenic methods. On
the other hand, chemical modifications encompass strategies like adjusting pH, utilizing buffer

systems, and employing complexation methods [ 124] Additionally, descriptive parameters such
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as protein-binding properties and pH dependence should be considered to enhance the accuracy
of computational modeling, which can be the next step in improving in silico predictions for
colonic fluid.

Solubility determination is a time-consuming and resource-intensive process. Moreover,
conducting experimental work with meticulous accuracy and precision is essential to obtain
validated and reproducible data, which can contribute to reliable in silico predictions of drug
absorption. Computational modeling presents an opportunity to achieve similar in silico
predictions for colonic drug delivery, while mitigating some of the inherent limitations of in
vitro experiments. This approach is particularly essential given the high demand for drug
discovery and the exploration of new chemical entities. A computational model was previously
developed to predict the behavior of small lipophilic molecules in small intestinal
conditions[124]. Therefore, it is realistic to consider further investigations to develop a similar
model for colonic conditions. However, a comprehensive investigation encompassing multiple
experimental factors is necessary to achieve this goal. Descriptive parameters such as protein-
binding properties, fatty acid influence, pH dependence, presence of enzymes, viscosity
properties, and bacterial degradation should be considered[1], [33], [45], [126].

These parameters can be integrated into established computational modeling software for
physiologically based pharmacokinetic modeling (PBPK) such as GastroPlus® and
Simcyp™M, with the aim of enhancing the accuracy and in silico prediction capabilities of
colonic fluid compositions [56, 57].

An important parameter for these software tools is the in vivo relevant solubility. It has been
observed that the in vivo dissolution rate of poorly soluble lipophilic compounds is often
underestimated by these models, as they do not adequately account for the solubilization
enhancement effects of bile salts and phospholipids, which are more pronounced in highly
soluble compounds. Therefore, incorporating apparent drug solubility data in simulated
gastrointestinal fluids for both fed and fasted states is crucial to developing reliable PBPK
models [127].

Finally, if unlimited time and resources were available in the laboratory, it would be worthwhile
to determine the apparent solubility of a broader range of compounds with diverse
physicochemical properties. This expanded investigation would provide a more comprehensive
understanding of the solubilization behavior and aid in the development of robust in silico

predictive models.
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Appendix
Appendix A

RP-HPLC-UV method for Nilotinib:

Column: C18 100 mm x 4.6 mm, 5 um

Column temperature: 40°C

Organic phase: ACN

Aquarius phase: 1.36 g/LL solution of potassium dihydrogen phosphate-buffered solution

(pH = 2), adjusted with phosphoric acid

Eluent time: 19 min
Flow rate: 0.800

Injection volume: 10pL

UV-length detection: 240nm

Retention time (Rr): 12-13 min

Method inspired from: European Pharmacopoeia [Ph. Eur.9™ Eddition.]

Table 5: RP-HPLC-UV method for nilotinib with isocratic flow

Time [min] Flow rate [mL/min] | % Aquarius Phase % Organic Phase
0.000 0.800 90.0 10.0
2.000 0.800 90.0 10.0
16.000 0.800 10.0 90.0
17.000 0.800 10.0 90.0
18.000 0.800 90.0 10.0
19.000 0.800 90.0 10.0
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RP-HPLC-UV method for Carvedilol:
Column: C18 150 mm x 4.6 mm, 5 um

Column temperature: 25°C

Organic phase: 0.1% TFA in ACN

Aquarius phase: 10 mmol/L sodium phosphate solution (pH 2)
Eluent time: 5 min

Flow rate: 1.000

Injection volume: 10 pL

UV-length detection: 210 nm

Retention time (Rt): 2.75 = 0.03

Method inspired from [114]

Table 6: RP-HPLC-UV method for carvedilol with isocratic flow.

Time [min] Flow rate [mL/min] | % Aquarius Phase % Organic Phase
0.000 1.000 60.0 40.0
5.000 1.000 60.0 40.0

RP-HPLC-UV method for Ritonavir:
Column: C18 100 mm x 4.6 mm, 5 pm

Column temperature: 30°C
Organic phase: ACN

Aquarius phase: MQ water
Eluent time: 9 min

Flow rate: 0.800

Injection volume: 10pL
UV-length detection: 210nm
Retention time (Rr): 7.2-7.4 min
Method inspired from [121].
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Table 7: RP-HPLC-UV method for Ritonavir with isocratic flow.

Time [min] Flow rate [mL/min] | % Aquarius Phase % Organic Phase

0.000 0.800 60.0 40.0

1.000 0.800 60.0 40.0

8.000 0.800 20.0 80.0

8.500 0.800 20.0 80.0

9.000 0.800 60.0 40.0
Appendix B

Calbiration curve - Nilotinib
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Figure 18: The HPLC Calibration curve of Nilotinib. Illustrates concentration of standards as a function of obtained area.
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Calbiration curve - Carvedilol
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Figure 19: The HPLC Calibration curve of Carvedilol. Illustrates concentration of standards as a function of obtained area.

Calbiration curve - Ritonavir
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Figure 20: The HPLC Calibration curve of Ritonavir. illustrates concentration of standards as a function of obtained area.
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Appendix C

Table 8: Slopes and R? of simple linear regression for the Apparent Solubility over protein concentration for the

protein sources of BSA, Mucin, PIM.

Compound BSA Mucin PIM
y =0.0427x + 0.2346 y=0.0104x + 0.1809 y =0.2364x + 0.2657
Nilotinib
R2=0.9781 R%2=10.961 R?2=0.9757
y=2.0309x + 12.21 y=0.7308x + 12.013 y=0.85x + 17.158
Carvedilol
R%2=0.9977 R?2=0.9795 R2=0.6374
y=1.1567x + 4.1565 y=0.2683x +3.0713 y =0.4272x + 5.0699
Ritonavir
R?2=0.955 R?2=0.9741 R?2=0.9347
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