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Abstract

Drug solubility is a key parameter controlling oral absorption, but intestinal solubility
is difficult to assesm vitro. Human intestinal fluid (HIF) aspirates can be applied but
they are variable, difficult to obtain and expensive. Simulated intestinal fluids (SIF)
are a useful surrogate but multiple recipesaarlable.and the optimum is unknown.
This situation creates difficulties during drug discovery and development res&arch.
recent study characterized fasted HFaHIF) aspirates using anultidimensional
approach and determin@fasted simulated intestinal flui@a9SIF)mediarecipes

that represented over ninety percent of HIF compositional varialilitgseFa9SIF
recipes have been applied to determine the equilibrium solubilityewity-onedrugs

The solubility measuremengnclose literature solubility values in both FaHIF and
SIF, andarestatistically equivalent to the previodssign of experimerfDoE) studies
However, they hava narrowessolubility range suggestingagnimproved equivalence

to in vivo solubility. This alsohighlights that intestinal solubility is a range and not a
single valueThe Fa9SIF media was examined and provided in the majority of cases a
structured solubility behavior, that is consistent with physicochemical properties and
previous solubility studies. The study also indicates that the use of two appropriate
bioequivalentasted intestinal media frothe nine will identifyin vitro the maximum

and minimumfastedsolubility boundaries for drugs and due to the media derivation,
this is probably applicabli@ vivo. Statistical comparisons were further carried out, of
theFa9SIFmedia system against FaHIF, and do not detect a difference, and individual
drug analysis produces an 85% correlation. An innovativiro vs FaHIF correlation
window was determined, which enclosed 94% of solubility values from an additional
data set, further validating equivalence. Ha®SIFmedia system represents a new
methodology forin vitro in vivo solubility correlation, this radically transforms
predictive ability which will benefidrug discovery, development and formulation
studies.The equilibrium solubility of the twentgne drugs weralsoused for further
biopharmaceutical applications including tbevelopability classification system

supersaturation techniques, guiysiology based pharmacokinetic (PBPK) mbdg!
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Chapter 1: General Introduction

1.1. Human Body

Human body consists of many organs and tissues, which are clasdifiesystems
dependingupon their importance anidinction for example respiratory, digstive,
cardiovascular, urinarynervous, musculoskeletalndblood vasculasystemgqPaul,
2019) In thisthesisthe digestive system which is also hamed as the gastrointestinal
tract (GIT) is examinedrom apharmaceuticgboint of viewsinceit hasthe role of

processin@nd absorbinghe drugsadministered by the oral route

1.1.1. Gastrointestinal Tract Divisions

The digestive systemonsists of manyparts startingfrom the mouthto oesophagus,
stomachsmall/largeintestineand ending with rectum and an{igaul, 2019)as seen

in Figurel.1. The GIT has a tubular like shape, each part has its own fun(®aul,

2019)

1- The mouth:

Is where the food enters physically processed by thongue, teeth, and salivary
glands which are responsible for tasting, grinding and digesting food respectively
Salivasecretedyy the salivary glands contains ptyalindigestive enzymewhich is
responsible focarbohydrat@rocessing

2- The oesophagus:

The second pasdfterthe mouthis a connection can& deliver foodto the stomach

by propulsion movement

3 The stomach:

Is a reservoirwhere the chemicatonversion offood from solid to semsolid state
occurs The parietal cells lining the stomach are responsible for the secretions of gastric
acid into the stomach lumen, also it secretes intrinsic factor which is responsible for
B12 absorption in the ileurfHsu et al, 2022) The chief cells, found in the stomach,

are responsible for the secretion of pepsinogen, which is converted to its active form
(pepsin) by the gastric acid secreted from the parietal &sd|ssin is responsible for

proten digestion into smaller particles (polypeptid@dsu et al, 2022)
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4- The intestine:

a. Small intestineconsists ofhreeparts the duodenum, jejunum, anduin. The

first function is the completion of thghysical and chemical digestion of the food
particles, aided by the pancreas and gallbladder secrd®ansreas secrets important
enzymes such as amylase, trypsin with chymotrypsin, and lipase, which are
responsible for the digestion of carbohydrates, proteins, and fat respediivefed

state induces thgallbladderto secret bile into the duodenumia the bile duct, which

in turn is responsible for the conversion of fat into fat dropiish gallbladder and
pancreas are connected and situated above the small intd$tmesecond main
functionof the small intestinés for absorptiorof the digested food and dryghie to

the large surface areaailable bythemicrovilli andvilli , whichline the small intestine
walls.

b. Large intestineconsists okeven parts: the cecum (connects the small intestine
to the colon), the colon (ascending, transverse, descending, and sigmoid), rectum
(stores faeces before being moved to the grauglanal cana(the last part of the GIT,
where the faeces are expelled out of the hddgrge intestings responsible for the
water absorptiofrom faecal mattgrand the movement of the faeces into the rectum

through the peristalsis movementich occurs throughout the intestine

mouth
teeth

> salivary glands
tongue — pharynx
epiglottis ‘

——esophagus
liver

stomach

gallbladder
pancreas
large
intestine
small
intestine
appendix

——rectum
anus

Figure 1.1: Thehuman digestive syste(&ncyclopaedia Britannica)
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1.1.2. Gastrointestinal Tract pH

The pH of the stomadin the fasted statis highly acidi¢ ranging froml - 2, and 3-
7 in the fed state(Mudie et al., 201Q)but the duodenum has a pH aoft,6which
increass up to 7.5 at the lastportion of the small intestinethe ileum (Evans et aJ
1988) While the pH of large intestine has a meamplf7 (Evans et a] 1988) This
will be discussed later in more deail

1.2. Drug Delivery Systems

Drug delivery systems have many routes of administralibe most common and
desirable route is per oral (PO), as it is considered to b&wasive, cheap, and easy

to administer(Talegaonkar and Bhattacharyya, 20IB)is is reflected by the high
usage of tablets and capsules, more than seventy percent, compared to other
pharmaceutical dosage forifiéhadra et al., 2015%ince solid drugs are not absorbed
from the gastrointestinal tract, the proe=ss drugdisintegration andissolutionare

a critical stage during oral absorpti@ithadra et al., 2015)

This creates a huge interest for formulation scientists to study the factors affecting the
absorptiorof or al dosage for ms, along with the
bioavailability in the human body(Talegaonkar and Bhattacharyya, 201%he
bioavailability (F) is defined as the rate and extent of the drug and its derivatives
reaching the systemic circulatigiBlock, 1992) The greatest limitations to oral
bioavailability are drug permeability throughstrointestinalGl) membranesand its
dissolution andsolubility in the Gl media(Talegaonkar and Bhattacharyya, 2019)

Oral bioavailability isactively studied because of the increased discovery of poorly
watersoluble drugswhich accountsfor the low and variableconcentration profiles
reaching the systemic circulation corresponding to poor oral bioavailability, and
different therapeutic responsgsabnis, 1999)Also, thisconsunestime and money

from drug developers, as well as, it exposes the patient to higher side effects due to
higher doses takgiavjani et al., 2012)

1.3. Drug Solubility
1.3.1. Definitions
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Solubility, in generalis thes o | umayensudability to dissolve in a solvent, in order

to make afully saturatedsolution (Savjani et a] 2012) From a biopharmaceutical
point of view, the aqueous solubility is an essential physicochemical feature for any
drug moleculgdBou-Chacra et al., 2017and it can be defined from different aspects.
The intrinsic solubility is the solubility of the neanized form of a molecule, present

in its free acid or free basgStuart and Box, 2005)Whereas, the equilibrium
(saturated)solubility is the measurement of the maximum reached capability of a
moleculeusingfixed conditions (temperature, meadi@amponents and concentrations
time of agitation and others), until it reachestablesaturation poinbver a period of
time (Lachman et aJ 1986, Myrdal and Yalkowsky, 2002pn the other handhe
supersaturated solubility exceedingheequilibrium concentratiohmit by changing

one or more conditia) whichwill cause the solution to oversaturated present i
metastablastate(this will be discussed further belo@lyrdal and Yalkowsky, 2002)

1.3.2. Methodsto Enhance Drug Solubility

Different methods can be applied to enhance the drugs sol{Biityani et a] 2012)

a. Physically by c hangi ng t he or gaimterachonsiapim o f
crystallizationstate

b. Chemically by pH changesalt formationand usage of buffers

C. Miscellaneouslyadding solubilizers or surfactants

The utilisation of surfactantsis one of the basic techniguappliedto increase drug
solubility, as wel |, i tindtlsis researaim Surfactants uaséeclles
which have both hydrophilic and hydrophobic pdamphiphiles)(Savjani et al
2012) When a surfactant concentration exceesdgegificpoint, which is around.05

- 0.1 % of the solvent volumehe formation of a micelle will take place, this point is
called the critical micelle concentration (CM(3avjani et al 2012) Most of the
intestinal components such as phosphddiffd.), fatty acidgFA), bile salt§BS), and
cholesterol argood examples ddurfactang, andit will start to selfassemblabove
the CMC point(Ghezzi et a] 2021) The hydrophilic parof the micellewill be
exposed to the aqueous mediwvhjle thedrug will be entrapped in theydrophobic
core limiting its exposure to the aqueous medium, thus increasing the drug solubility
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(Ghezzi et a] 2021) s=eFigurel.2. The stability state of the micelles abaieCMC

point is either thermodynamically unstable, where there is a continuous movement
between the micelles formation and the aqueous system it sets within, or kinetically
stable(Ghezzi et al] 2021)

10-200 nm
AMPHIPHILIC POLYMER
> CMC °
08 ®
/\/\/\/\/\/\/\ —_—— + 0' LS
L JL J <CMC [ J
hydrophilic part  hydrophobic part
blank micelle hydrophobic drug loaded micelle

Figure 1.2: Micelles formatiorby theamphiphiles assembly and entrapping of |
agueous solubility drugs, after reaching the critical micelle concentration (C
(Ghezzi et al 2021)

The supersaturatiofSS) technique is oneof the methodsto overcome the low
solubility of oral drugs by increasing the concentration of the free @taywers et

al., 2009)at the absorption sit@Palmelund et al 2016) This approachdepends on
exceeding the thermodynamic equilibrisaiubility of a compound, whictvill meta
stabilizefor a period of time, before shifting to a more thermodynamically stable state
andprecipitationtakes plac€Palmelund et al 2016) SStechniques were studied by
two main methods, either by pshift, or more often, by the solveshift method
(Palmelund et al 2016) The solvent shift method is preferred especidlliymited
quantities of a compoundre availableand itsperformedby dissolving the testl
compound in a highly soluble organic solvent like the dimethyl sulfoxide (DMSO)
(Palmelund et al 2016) A small volume of this prepared organic solution is added
into the desired aqueous mediuwwhereSSis intended to be inducd@almelund et

al., 2016) The ratio between thf@Sconcentration and the thermodynamic equilibrium
concentration is called the degree of supersaturation (DS), and by tES the be
defined(Palmelund et al 2016) Each compound has its own inherent capability to
supersaturate, so the DS canwaignificantly (Palmelund et al 2016) Some
compounds with a high DS, will stay supersaturated for a long time before
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precipitating, while others precipitate immediately once reaching SBepoint
(Palmelund et al 2016)

The limitation to use the solveshift method was the different DS presented by each
drug(Palmelund et al2016) Palmelund et alised a standard method to test the effect
of each concentration addition on teapersaturation stabilitythis was done by
measuing the highest concentration achieved beforamediate precipitation
(Csso0%), with furtherthreemeasurementsf 87.5%, 75%, and 50% of the Cssw
concentration (Palmelund et al 2016) Whereas thetime needed to induce
precipitation was the point where a3 decrease of the Gsssoccurs(Palmelund

et al, 2016) The solvent shift method wasirried outoy many researchers with the
same method mentioned abpas n one study, th&Swas determined by setting the
DS to 20, where one DS unit was equivalent to the equilibrium solubility of the
compound in the same tested mg@avernage et al2010) Where in another study,
theDSwas determined by addimgultiple smallquantities othe predissolved DMSO
and thetestedcompound into a defined volume fafsted simulated intestinal fluid
(FaSSIF) media, until reaching th€ssoo% point (Plum et al., 2020a)The CsSoo0%
pointwas determined by monitoring tiitraviolet (UV) signal of the concentrations
added, using a microDi8grofiler device(Plum et al., 2020a)Any baseline shift of
theUV signal or a deviation from linearity was indicating a precipitation a¢Btum

et al.,, 2020a) The precipitation rate was calculatdthsed onthe average
concentrations between teapersaturatedlateau pointand the concentration of the
plateau formed after precipitatigRlum et al., 2020a)ther devices were also used
to measure the drugs SS state, such am#@nt, which used the same techniques

used by the microDi§sprofiler device

1.4. FactorsInfluencing Bioavailability

Fourmainfactorswill be discussed here, whigiiay a major role imffectingoral drug
bioavailability. physiological physicochemicalpharmacokineticandtheformulation

factors

1.4.1. PhysiologicalFactors
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1.4.1.1. Gastrointestinal pH

The different pH values of the GIT segmentn affect drug ionization and thus
solubilizationwithin the trac(Vinarov et al., 2021, Sabnis, 199BYorly soluble weak

acidic drugs have low dissolution rate iacidic stomach, but a higr dissolution
capability in intest.i (Dessdanetal2007)Whereasi nt e st
poorly soluble weakases are mainly dissolved in the stom@riessman et 4l2007)

After dissolution thedissolveddrug permeates throughe GIT membranes, this can

be accomplished by the ndonized form of the drugWilliams et al., 2013, Sabnis,

1999) The last step is the drug movement to the systemic circultdidrave the

desired therapeutic effesteeFigurel.3.

09 Precipitation 0%,
‘) Disintegration Oc?‘;) ODOO ]
_ Dissolution Dissolved
Tablet Particles _
( | drug
|
Gl fluid Permeability
Intestinal wall —
N
Systemic < — Absorbed
Circulation Drug

Figure 1.3: The oral drugs absorption procg¢Ssigano 2009)

More advanced techniques are used to monitor the GI pH continuously, with high
precision, and in less than seconds, by usmgvivo pH recordng capsules
(Korostynska et al., 2007T his technique, of monitoring pH, is important to study the
metabolism of tissues, keep a track of the peripheral blood flow in diabetic patients,
and other benefitgorostynska et al., 2007pifferent methods and materials are used

for this purpose, and are chosen depending on their sensitivity, resolution at various

pH ranges, lifetime, and robustnéksrostynska et al., 2007pne of the examples to

Page R7



monitor pH change is the fiber optic pH sensors, which depend on the absorption or
the florescence of a chromophdolfbeis, 2006) This method is considered to be

safe for usage, as it involves no electrical current to process, as many other methods,
yet it needs analysis equipment which forms bulky sensors hard to be inserted in
human bodyKorostynska et al., 2007)

1.4.1.2. Gastric Emptying

Thedrug absorption mainly occurs in the small intestingrgodelayin emptyingthe

drug from the stomacho the small intestinavill affect the absorption capability
(Sabnis, 1999, Vinarov et al., 202G astric emptyingcan becontrolled by many
factors

a. Food absence or existence

In a fastedstomach small intestine and colonwill all go through repetitious
contractions calledinter-digestive migrating motor complex (MMC) process
(Minami and Mccallum, 1984, Takahashi, 2018%ting for around 130 mifDeloose

et al, 2012) MMC has a main role in propelling the stomach content, and piraject
the intestinal lumerfrom any growth of bacteriéMa and Lee, 2020)t consists of
three motility phases, first is a resting phase with no contractions, whereas during
phase two, irregular contractiostart totake placgVantrappen et al1977) Lastly,
phase thredasts forl0-2 0 mi nut e s, and itds whchl ed
transfers all the gastric ingredients to the pylorus op€itiegdistal end of the stomach
which opens to the small intestingleysteen et al., 1985, Sabnis, 1999 a result,

the administered dose reaches the intestine depending on the housekeepbiasave
(Gleysteen et g11985)

On the other hand, the intdigestive MMC isinterruptedby food, andts controlled

by different mechanical, hormonal, anteuronalprocesses which help with gastric
emptyingduringfood existencéKelly, 1974, Sarna, 1985fach process is controlled

by a different methodhe mechanical mechanism is mediated by receptors which
surround stomach, duodenum, and jejunsuch as acidic, osmotimechanical,and
L-tryptophan receptor&Stephens et al1976) Whereas the hormonal mechanism is
controlled by cholecystokinifJin et al, 1994) gastrin(Lenz, 1988) secretinDebas
etal, 1977, Lafontaine et all983) and motilin(Debas et al 1977) Lastly, the neural
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mechanism is regulated by the inhibitory vagal systéiaysteen et 311985, Lenz,
1989)

b. The dosage form st

The size of the drug patrticles can vary from very {ihé 5 mm in diameteryvhich

are emptied with fluids, to larger particles which are emptied via the incorporation
with the housekeeper wayealiscussed abov@/inarov et al., 2021, Sabnis, 1999)
Gastric emptying iglsochanged with the various types of drug formulatemdthe
elimination halflives for oral dosage formnmangebetweenl9 - 87 minutegKaniwa

et al, 1988) For examplenitrofurantoindrugwhen taken aasolid dosage form have
alongergastric emptyindnalf-life compared tavhen taken as a soluti¢Niazi et al,

1983)

1.4.1.3. Intestinal Transit

The small intestinbbormseighty percent of the whole length of intestine, its connected
via the ileocecal valve down to the cecum, which is linked to the ¢darand Lee,
2020, Sabnis, 1999)fter the gastric emptyintpkes placethe drug is movedy a
consistentime, to the small intestinavhere the absorption process takes p(ita
andLee, 2020, Sabnis, 199%eeFigurel.4. On the contrary of the gastric emptying
characteristics t he i ntestinal transit doesnoét
nor the existence of fod@®avis et al, 1986) So,the bioavailability of fassolubilized
drugs caronly be affectedby the gastric emptying process, wheréas intestinal
transit time affectshe absorption ratef drugs which need a carrier transporter to be

systematicallyabsorbedLeesman et 311988)
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1.4.1.4. Diet

The effect of diet can be an enhancer, delayer, or redodbe drugsdissolution
procesgKoziolek et al., 2016, Sabnis, 199%he absorption of drugs was studied by
many scientists, and most of them found that with feeding status, more drug is
absorbedKoziolek et al., 2016, Sabnis, 1998) addition, the metabolism process of
drugs was studied with and without food, and was found that a meal satuitdied
proteirs and low carbohydrates level can increase the metabolism state of drugs,
whereasa low proteinwith high carbohydrate meal can do the oppdditeKellar et

al., 1993, Williams et al 1993) Fatty meals actariably, and is hugely affected by

the drugs properties and formulati(®abnis, 1999)Water solubledrugs have lower
absorption with the consumption afsaturated fatty meaDn the other hand, fatty
meals can increase the absorptiorpobrly solubledrugs, such agriseofulvin by
partitioning into the oily phase preventing the drug exposure to stomach acids
(Khalafalla et al., 1981)Whereas, highly rich fatty meals could reduce the drug
bioavailability, by delaying stomach emptying process, onrgctis anabsorption
barrier due to the hidy partitioningprocess of thdruginto the oily phaséPao et al.,
1998)

1.4.2. PhysiochemicalFactors

1.4.2.1. Chirality of the Drug

In 1848 Louis Pasteurwas the first scientistonsidering thestereochemistry
importance based on an assumptitivat thehighestactivity of an organic molecules
is because ats asymmetrical shapehich formsa nonrsuperimposablenirror image
(Mayerson, 1995) Stereoisomers are nemuleswith the same physicochemical
features which ishard tobe differentiatel in the symmetricajachiral)environments,
buteasier in the asymmetabenvironmens (Landoni and Soraci, 2001, Sabnis, 1999)
Stereoisomers caesult indifferent drugbioavailability valueswhich is refereedo
various reasons first, the dfferent phamacokinetic rateconstantsof each isomer
(Duddu et al 1993) Secondt he i nt er actisomerwith éthertchiral dr u g ¢
centres of thenediaexcipients Third, the alteration o&n isomer to other forifbuddu

et al, 1993) Lastly, thestereoselective metaboliswhichis developedluringthedrug
absorptiorphasgDuddu et al 1993)
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1.4.2.2. Partition Coefficientand pKa

Each drug has its own chemigqaibperties, the majority of drugs aitherweak acids
or weak basg whichwill get ionized depending otheir pKa and thenediapH it
reacts with(Mayerson, 1995which can bealculatedising he Henderson Haselbach
equation(Bhagavan, 2002)

pH = pKa + Log [Conjugate base] + [Acid]

The drug partition coefficient between -octanol and water Komw) IS a major
contributorto the drug diffusion through body membraneshich affectsthe drug
ionizationdegree and thughe absorptiomprocesgNavia and Chaturvedi, 1990w

is also called Log RCumming and Rcker, 2017) Theionized drugs will have less

Komw value compared to the neonized form(Miller et al., 1985, Sabnis, 1999)

1.4.2.3. Complex Formation

There ardifferenttypes of chemical interactioffsomplexing) one of the main types
is theinclusioninteraction(Bai et al., 2009, Sabnis, 1999heinclusion complexs
formed bythe moleculé arrangemenstyle rather than its chemical hding (Bai et
al., 2009, Sabnis, 1999pnecomponenbf the complexstructure will be merged in
the molecular structuraf the other component®suling in amorestable architecture
(Bai et al., 2009, Sabnis, 1999he mostpopularexample for inclusion complex is
cyclodextring which mergs the hydrophobic drugs into ito makea higheroverall
hydrophilic propeiies (Albers and Muller, 1995)and thereforancrease the drug
solubility.

1.4.3. Pharmacokinetic Factors

1.4.3.1. First Pass Effect (PreSystemic Elimination)

I t 6s a pr oc e s snetabaludegradatidofthetdrugein timeiliveertbefore
its movementto the systemic circulatio(Herman and Santos, 2019, Sabnis, 1999)
Presystemic elimination lowers the amount of dregching the circulation, dras a

result itaffectsthedrugbioavailability(Herman and Santos, 2019, Sabnis, 1999)

1.4.3.2. Drug Interaction
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There are2-ways of interactionsthe direct and indirect mod€Sabnis, 1999)The
direct interactionsccurwhen o drugdnteracts physically or chemically and change
their Gl absorption behavioBabnis, 1999)For example, the administration of 4
flouroquinilones antibiotics (such as ciprofloxacin) with an aluminium hydrexide
based antacidsyhich will cause the quinolone to chelate with the metallic cations,
and thus significantly lower their bioavailability.

Whereashe indirect interaction occurs when one dnagd an effect on the Gl afféuat
another drug absorption For example, metoclopramide, diamorphine, and
diphenhydramine were seen to affect the GI motitigulting inchangedabsorption
behaviourof other drugs in the GIT(Welling, 1988) Also, macrolides (such as
clarithromycin) interaction in the GI increase the contractile activityof GIT

affecting the bioavailabilitgpf otherco-administered drugé@Nakayoshi et aJ 1992)

1.4.4. Formulation Factors

1.4.4.1. Types ofDosage Forms

The bioavailability of solutiosy emulsions and suspensions, needdisintegration
process tde absorbedhusgives higler bioavailability (Pentikdinen, 1986Y0n the

othe hand, solid dosage forms like tablets and capsules need disintegration
(Pentikainen, 1986, Sabnis, 1999)

1.4.4.2. Excipients

As somesolid dosage formd o ngive the maximum bioavailability, and as its more
convenient to be taken by patients, so other excipients aredaelad to enhance the
absorption actionJackson et al., 2000, Sabnis, 1999)e of the most important
excipientarethe absorptio®nhancerswhich enterand interacts witlthe GIT's lipid
bi-layer and the proteifilled regions, thus increasindrug absorption(Muranishi,
1990, Sabnis, 1999%xamples of sucknhancerare surfactant§~lorence, 1981 BS
(FagundesNeto et al, 1981) mixed miceles (Muranishi, 1985)andFA (Tokumura

et al, 1987)

1.5.Oral Drug Absorption Models and Classificatiors
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Solubility as a factor in oral absorptigermitted, by using a range of assumptions,
the development of drug absorption models that could be applied to calculate or
estimate the absorption of dru@ne of the first values proposed was the Absorption
Potential (AP, Eq(1)) (Dressman et g11985)

AP =l0g (P X Fron X Sox VL + Xo) (Equation 1)

Where P ighedrugpermeability to the drudsnonis thenonionisedfraction at pH 6,

So is the intrinsic solubilityat 37°C Vi is luminal contenvolume and X is the dose
administered

A further variation is the Maximum Absorbable Dose (MAD), which could be
calculated using equationgQuratolo, 1998and 3(Sun et al 2004)

MAD =S x Kqa X SIWV X Tsi (Equation 2)

MAD = Peft, umanX S X A X Tg; (Equation 3)

Where, S is thphysiologicalsolubility (at pH 65), Kais the transintestinal absorption
rate constant (mit), SIWV is the small intestinal water volume (mI); is the small
intestinal transit time (min{3.32 hr) Petr is the humareffective drug permeability
(cm.st), and A is the surface areismall intestinal absorptiof7.54 x 10 cnr).

These equations utilise agueous solubility at g Bowever, it was recognised that
aqueous solubility is not identical to intestinal solubility due to the presence of
solubilising agents such &S andPL (Dressman et al., 2007Also, the permeability

and the solubility act in compensation, as the drugs with high permeability could offset
their low solubility value, which will mislead determining the highest degeere
above the absorption is limitéButler and Dressman, 2010)

The MAD approach was further modified with three dimensionless parameters: dose
number (), dissolution number (Dn and absorption number (An). This model
considered a drug to be solubility limited, if not all the drug dose was dissolved in the
Gl fluid volume of 250 mL and the physiological pH range. In addition, a drug is
dissolution rate limited, if not all the uly particles dissolved within the small intestine
transit time (3.32 hr). Lastly, the drug will be permeability limited if there avisv

rate of moving from the gut lumen into gut wall.

The three dimensionless parameters were incorporated eirBittpharmaceutic
Classification System (BCS), which considered different key elements for drug

absorption such as the drugodos effective i
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to dissolve the highest dose of a drug, see FigurdAnddon et al., 1995)This
enabled the usage of vitro data instead ah vivo data to classify oral drugs and to
study theirin vivo performancgAmidon et al., 1995)The BCS has four categories:
Class | drugs have high solubility between pH&), and high permeability properties,
whereas class Il drugs can cross all the gut membranes easily, but has limited solubility
properties in aqueous mediamidon et al., 1995)On the other hand, class Il drugs
havepoor permeability, but high solubility properties, and lastly, class IV drugs is the
worst category which is for drugs havidmgpth poor solubility and permeability
(Amidon et al., 1995)

10

Q)

£
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= High permeability High permeability
Purg
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a Class lll Class IV

o High solubility Low solubility

5 Low permeability Low permeability
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Volume required to dissolve the highest dose (ml)

Figure 1.5: TheBiopharmaceutic€lassification SysterfAmidon et al., 1995)

The BCS system was classified upon the lowest aqueous solubility of the drug in 250
mL at the physiological pH range, but this was not an ideal classification, as some
drugsarepti e pendent , affected by the GITb6s sc
presence of food, which would underestimate the drug solub{Bytler and
Dressman, 20107 his issue was resolvéy the Developability Classification System
(DCS) by measuring the drugs solubility in a biorelevant dissolution media which
contained intestinal solubilizers such as bile afessman et al., 1998, Galia et al.,
1998) Also, the Gl fluid volumes weradjustedo more representative volumes (500
mL), as well asclass 1l was divided into two categories; lla dissolution rate limited,
and lIb solubility limited, focusing on the extent of the disugbsorptionsee Figure

1.6.
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The Dose Number (@ equation 4(Lawrence et al., 1996p)introduced the
dose/solubility ratio concept, which was further expanded in the Bo8er and
Dressman,2010) and al so required the use of a
than a simple aqueous vajueghich led to the solubility limited absorbable dose
(SLAD) (equation 5oncept.

Do=Xo/Vo%x S (Equation 4)
Where \4 is the volume of water takemith the dose
SLAD =&ixV x Mp (Equationb)

The solubility value required to calculate SLAD was the intestinal equilibrium
solubility (Ss)) (Butler and Dressman, 201@yhich can be measured in intestinal fluid

or simulated intestinal fluid¥/ is theintestinal fluidvolume (500 mL)and Mp is the
permeability dependent multiplier

The SLAD is represented by the boundaries found between class lla and class llb (see
Figure 1.6) for drugs with high permeability, and between class Il and IV for the drugs
with low permeability(Butler and Dressman, 2010)

For a highpermeability drugMp is equal to the absorption number (An, equation 6);
for low permeability drugs is set equal to R is the intestinal radius @5 cm
(Lawrence et al 1996b).

An = Pef X Tsi/ R (Equation 6)

Incorporating the dissolution rabestead of the dose/solubility ratio, has introduced
the usage of the dissolution number (Dn, equatiowhih could be rearranged to
calculatethedrug particleradius(rp, equatior8) below which the absorption of drugs

is not limited(Lawrence et al., 1996b) his will be useful for drugs of class I, lla, and

I, as other classes (llb and 1V) are solubility limited, and both are more controlled by
the dose/solubility ratigButler and Dressman, 2010)

Dn = (3D/rp?) x (Ssi/}) X Tsi (Equation 7)

re2=(3D/Dn) x (Ssi/ }) x Tsi (Equation 8)

Where D is the diffusion coefficient (5*£&n?/s), rp is the particle radius (um), and

| S t he d r2 ugden?),dteen diffusioy coefficient and density are

representative values

Page B6

-1}



Dose/solubility ratio 25% 500 1000 5000 10000 100000

3 1 T
using predicted jejuna '
solubility (e.g. FaSSIF) : [la
é I 1 (dissolution 11
Zm : rate limited)
2 Good solubility Good permeability,
- and permeability | poor solubility
5 £ 1] [T
35: : (solubility
R : limited)
P 1
AO 1
[a 1
3 111 i v
=2 1
B Good solubility, §— Poor solubility and
a poor permeability - permeability
0.1 1
1

Figure 1.6: TheDevelopability Classification Syste(Butler and Dressman, 201(

The last and the most complex oral absorption moaléle discussed here GIT
compartmental model was firstintroducedby the compartmentabsorptiortransit

(CAT) model(Lawrence et al 1996b) which was used tmathematicallypredict the
fractionof a drugabsorbd, and evaluathe plasma concentration profildsawrence

et al, 1996b) The transit flow of the CAT model in the small intestine was described

by seven compartment®iamely duodenum, upper and lower jejunum, and four
compartments for ileurfLawrence et al 1996a) The CAT model led to the advanced
compartmental transit absorption (ACAT) madsteFigure 1.7, which included the

same seven compartments with the addition of the stomach and colon, to enable gastric

emptying and colonic absorptigmocessegAgoram et al 2001)
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Figure 1.7: Theadvanced compartmental transit absorption (ACAT) model, w
compartmentgAgoram et al 2001)

This modelling approacis applied by a computational technology during developing
anddiscovering compound#®goram et al 2001) whichrequiresa goodknowledge

in both mathematical antlopharmaceutical modellind@dutler and Dressman, 2010)
However, this complexityeduces the time needed to subatitew drug application,

and reduces the number of experiments needed to develop and select compounds
(Agoram et al 2001) This included the collection of literatune vivo, andin vitro

data and applying statistical measurements to estimate some biopharmaceutical
properties, by the usage dvo-dimensional 2D) and threedimensional (3D)
molecular structuresThen, incorporating diffemtin silico mathematicakquations

for the ACAT modelto predict the rate, extent, and Gl absorptiyna physiology
based pharmacokinetic (PBPK) approé&boram et al 2001)

Human PBPK is a description of the absorption, distribution, metabolism and
elimination (ADME) processes ithe human bodyGerlowski and Jain, 19837 his
approach involves dividing the body organs into different compartments, which are
connected by the body fluids (circulatory systé@grlowski and Jain, 1983Jhree

main factors areconsidered to affect theompartmentabral drugs absorptiorthe
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physiological factors such as the blood flow rate, and tissue volpmgscochemical
factors such as ionization, lipophilicity, particle size and solubility, and
pharmacological factors such as the site of action, mechanism of transport, and the
dosage forn{Gerlowski and Jain, 1983, Lawrence et 4096b)

GastroPIu8 software which will be used in Chapter @yas the first software
programmed to comprehensively describe the PBPK of the GIT, aratitnodelled

based on the ACAT model with 9 compartments, each has its own transartane

volume(Agoram et al 2001)

1.6. Media used toDetermine Drug Equilibrium Solubility

Drug discovery anddevelopmentan result invariable physicochemical properties
and behaviour in human bodys aresultof this, differenttests weraeeded to detect
each drug ghysicochemicahctivity, andto discover the properties which give an
acceptabléioavailability after the administration of oral dru¢&alia et al, 1998)
Oral drugsolubility wastesedin differentbuffers and medijavhich will be discussed

in details

1.6.1. Physiologically Adapted Media and Buffers

The first method used to determine the equilibrium solubility was the lzake
method, where the drug is added into a specific omedat a fixed temperature and
agitation type, until equilibrium is achiev@diguchi, 1965) The saturated solution is
separated from theindissolveddrug via centrifugation or filtration, before the
equilibrium solubility is determine@Higuchi, 1965) The mostly used buffanedia
for the shakdlask method are phosphate buffer pkB(58), and acetate bufféBou-
Chacra et al 2017) Both buffers were considered to have comparable ionic strength
and osmolality properties as timevivophysiological fluidgBou-Chacra et al 2017)
Bicarbonatebased buffer (Krebs buffe(}radda et a] 2009) was used to study the
intestinal absorption, buteededsensitive storageonditions (Bou-Chacra et al
2017) Other buffers, less commonly usedefor example, maleat@ttaviani et al
2010) and glycine buffer§Charkoftaki et a] 2010)
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Different types of buffersvasused, as a representative of the physiological fluids, to
measure the drug solubility, but even the most commonly used buffer (phosphate)
failed to predict thein vivo solubility of drugs, because of its poor capacity of
solubilization(Klein, 2010, Li and He, 2015)

1.6.2. Human Intestinal Fluid (HIF)
This method included testindhé new drug entitiesn a real HIF medum, by
withdrawing the HIF samples either before or after administering the dhig. T
techniquerequiredhugequantities of HIF medig which is hard to be collectdtbm
healthy volunteergFinholt and Solvang, 1968)n addition, HIF samplingfaced
different obstacles related to the high costed thequestionecdethical experiments
testedon humarbeingswith no assured treatmefiDressman et gl2007)
HIF samplingwascarried ouin fasted and fed state

a. Fasted statéFaHIF)
HIF samplingwascollected from healthy fasted individuals from the first start point
of thejejunumby different researchefBrouwers et aJ 2005, Brouwers et al2006,
Brouwers et aJ 2007a, Brouwers et.al007b, Kalantzi et 312006, Lindahl et a|
1997, Pedersen et a2000b, Persson et a2005, Moreno et gl2006) This location
wasthemostconvenienplacefor the aspiration tubes to be installedaddition, more
volumes could be taken from this near spot, rather than the dista{[patsman et
al., 2007) When FaHIF sampleswvere collectedthey were either frozen at -70° C
without the addition ofiny substancgKalantzi et al, 2006, Lindahl et al 1997,
Pedersen et al2000b, Persson et.a2005, Moreno et gl2006) or somesubstances
were added forspecific purposesFor example phenylmethylsulfonylfluoridevas
addedto the aspirated sample, éiminatetrypsin activitywhich wouldbreak down
theFa HI F s @atepsl(Kalandzi et al, 2006) Whereas, totep the activity of
lipaseenzyme, which break down the lipid content of the FaHIF sampies ofthe
following techniquesvascarried outFirst, by adding5% v/vof 1200mM di-isopropyl
fluorophosphatgith 50 mM acetophenonand250 mM phenylboronic acighrmand
et al, 1996) Second,by adding tetrehydrolistatin (orlistat)(Carriére et aJ 2001,
Persson et gl 2005) and hird, by using pbromo phenylboronic aci@Fine et al,
1990) In addition, to prevent any microbial growthe addition of 6mM NaNs and
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0.01 mM chloramphenicolvere used(Pedersen et al2000b) The FaHIF aspirates
werethen centrifuged for 1020 minutesat 5000-10,000rpm (Kalantzi et al, 2006,
Pedersen et al2000b, Persson et.@2005) and transferred teligh Pressure Liquid
ChromatographyHPLC) vials (Dressman et gl2007)to analyse the solubility of each
aspiratg Ran and Yalkowsky, 2001)

b. Fed statéFeHIF)

The aspiratesverewithdrawnfrom healthy volunteers whaere previouslygivena
liquid food, and then added &previously prepared vial containing lipase and trypsin
inhibitors, as well as, a microbial growitthibitor (Dressman et g12007) However,
thoseinhibitorswere assumed @ffect the solubility profile othe administeredrugs

(Dressman et g12007) soonly Orlistat was adde@Persson et gl2005)

1.6.3. Animal Intestinal Fluid

Another way to detect the dissolutiand solubilityproperties of oral dosage forms
was by taking the intestinal fluids from animals a replacement for Hifed media
(Dressman et al 2007) The relation betweemlogs and human aspiratesvere
previously studied, antbund a good acceptance betwdsmth speciedy the small
meal intake (lower than 200 miPersson et g12005) whereas an overestimation in
dogswas noticed with high volume meals, and that etaarlycaused byhe high bile

salts available in canine's small intestine after ediimgssman et gl2007)

1.6.4. Simulated Intestinal Fluid (SIF)

Drug formulators studied the vivoperformance and solubility of drugs by preparing
simulatedgastricandintestinalmedia, in both fasted and fed statBsessman et al
1998, Galia et al 1998) with the use of thBCSguidancgAmidon et al, 1995) This
was accomplished hgifferent protocolssubstancesand concentrationstartingby
adding GIT solubilizers suchsaBS and PL to the SIF medigGalia et al, 1998)
However the drug solubilitydependedan other variables, such as pH, buffer capacity,
ionic strengththe volume available for dissolutiofpbressman et gl1998) and also
the lipid degradation producf3antratid et al 2008) As well, in the fasted state, the
concentratioaof BS andPL in humanintestinal fluidsarenormally low(Clarysse et
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al., 2009) but in the fedstate,the concentratianare high, which increass drug
solubility (Clarysse et al 2011)

For the validation of the Sifediachosen,a simple and stable mediaas needed
(Clarysse et al 2011) and the studied SIF media was stable fasne dayonly
(S°derlind et al, 2010) From this anothersurfactantwas introduced to the media,
whichdepeneédon thesurfaceactivecompounc D-Utocopheryl polyethylene glycol
1000 succinate, whichaseasly used compared tilve previousurfactant$S° derlind

et al., 2010)Also, itoveramethephysical irstability problemfound inFaSSIF media,
where the lipids aggregates started to build up after one day of the prepared media
(SPderlind et al, 2010) Lastly, the solubility results found by using the SIF media,
werevalidated andtatistically comparedith the solubility results founah the HIF
aspirategClarysse et al 2011)

1.6.5. Design ofExperiments of Simulated Intestinal Fluid

Therehave been multiplefforts topreparehe besSIF mediarecipe coveringall the
variablestestedthroughthe years(Bou-Chacra et al 2017, Clarysse et .al2011,
Dressman et g12007) This includesunderstanihg the consequences of multiple SIF
variables on drug dissolution properties, mixing them together, and diswpiee
conditionswhich give the best resulf&hadra et al| 2015) Khadra et al was the first
to study such effecttogetherby applying a statisticaldesign of experiment (DoE)
technique in the fasted statehadra et al 2015) The fasted SIF media was tested
first, because of its simplicity compared to the fed gtétadra et a] 2015) This was
further followed bymultiple DoE investigationsf the fed (Zhou et al., 2017b)ull
range (Perrier et al., 2018)dual rangg/Ainousah et al., 2017)and a smallscale
(McPherson et al., 2020)

1.6.5.1. FastedSIF DoE

This statisticalDoE wastestedby usingtwo extreme levels the fasted statdyigh

and low as seen inTable 1.1, testing sevencomponentsof the intestinal fluig
including BS (sodium taurocholateRL (lecithin), buffer (sodium phosphate)kalt
(sodium chloride NaCl), pH, enzyme (pancreatin), and digestion product (sodium

oleate), allconcentrationsvere based on literature studasseen iTablel.2.
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Table 11: Values of fasted DoE for seven intestinal componéfisdra et al.,

2015)
Component Substance Lower Centre Upper
value point value
(mM)  (mM)  (mM)
Bile salt SodiumTC 15 3.7 59
Phospholipid Egg phosphatidylcholini 0.2 0.6 1
Buffer NaHP Oy 15 30 45
Salt NaCl 68 87 106
pH NaOH/HCI 5 6 7
Enzyme(U/mL) Pancreatin 270 465 660
Fatty acid Sodium oleate 0.5 5.25 10

TC: taurocholateenzymesconcentrationsverebasedon (Armand et al., 1996)
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Table 1.2: Representationf the valuestested in previous literature studies with different gastrointestinal components in fasted sit

intestinal fluid.

Component(mM) (Dressman (Galia et (Pedersen (Vertzoni (Sunesen et a)J (Jantratid et al., (Brinkmann-
et al, 1998) al., 1998) et al., et al., 2005) 2008) Trettenes and
2000a, 2004) low high Bauer-Brandl,
Pedersen 2014)
et al.,
2000Db)
Sodium TC 5 3 0 3 2.5 6.3 3 3
Lecithin 15 0.75 0.9 0.75 0.5 1.25 0.2 15
Sodium GC - - 3.7 - - - - -
NaHPOy (K) 29 (K) 286 50 28.66 (K)29 (K)29 329
NaCl (K) (K) 150 106 No salt No salt 6862 105
220 1033 (TotalNa) (KCI) (KCI)
NaOH ~138 34.8 98
Osmolarity (mOsmole) 280-310 27010 - 270£10 - 180 -
Pancreatin - - - - - - 100(U/mL) 32 (mg/mL)
Tris/maleic acid - - - - - - 19.12
pH 6.8 6.5 6.5 6.5 6.8 6.8 6.5 6.5

GC: Glycocholate, TC: Taurocholat€: potassium, Na: sodium
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In this fastedDoE, twelve drugs;acidic (indomethacin,naproxen, phenytoin, and
piroxicam), basic (aprepitant, carvedil@dalafil,zafirlukast), and neutraldlodipine,
fenofibrate, griseofulvin, and probucolere analysedKhadra et al] 2015) The
equilibriumsolubility of all the drugs were measured usanguarter fraction factorial
design requiring 32 media compositions to be measured in duplicate, along with a
centre point also measured in duplicé{dadra et a] 2015) The statisticalanalysis
wasconductedby Minitab® 16.0 programfor mainsignificant effects, along with the
significant effects of the-@vay interactions between the componditsadra et al
2015)

All the fasted DoEsolubility results were superimposed or in the same range of the
previous literature either from FaHIF or F&E8F systems(Augustijns et al., 2014,
Khadra et al.,, 2015)Some drugsexhibited high solubility variability, such as
zafirlukast and fenofibratewhich indicates that thewwere affected bydifferent
componentgKhadra et a] 2015) However griseofulvin and tadalafshoweda lower
variability range(Khadra et al 2015) The standard deviation of literatuFeHIF
solubility result of fenofibratevas 132% (Clarysse et al 2011) while griseofulvin
was 29% (Annaert et al] 2010) which is comparable with the fast&bE ranges
(Khadra et al 2015) Thecomponentgffectswere also investigatday grougng the
drugs into acidic, basic, and neutrgKhadra et a] 2015) Five out of seven
componentssignificantly affected theacidic drugs solubility, excepion was for
pancreatin and sattomponentgdKhadra et al] 2015) Whereas, six out of seven
components significantly affected the basic and neutral drugs solubility, exception was
for pancreatin onlyThe solubility of &idic drugswasaffected by pHy a strengtiof
tentimesmore thanthe other significant effectdKhadra et al 2015) which is the
same resulteportedpreviously(Clarysse et al2009) The effect of pH wasallowed
by FA, BS, and buffecomponentsand tlis was also the sanigeratureresult found
for indomethacinClarysse et al 2009) PL was the lowest significant effect, bt
previousstudies it wasstudiedin combinationwith bile salt(Clarysse et al 2009)
The basic andneutral drugssolubility effects were comparable, withA to be the
highest effect, followed by pH but to a loweragnitudecompared taacidic drugs
(Khadra et al] 2015) The next two effectwith relatively the samkevel ofinfluence

wereBS andPL, followed by, but with much lowampacts buffer and sal(Khadra

Page 45



et al, 2015) As an overall, the solubility of basic and neutral drugs \aéfiected by

a combination of the solubilising factors (FA, BS, and PL) along with pH, which is a
comparable result found for the basic drugs in a previous multiple linear regression
analysis(Clarysse et al., 2009However, the neutral drugs solubility was previously
studied at a fixed pH value, since the focus was only on the solubilising capacity
factors(Kleberg et al., 2010, Pedersen et al., 2000be8ind et al., 2010)Yet, one
study reported the pH effect bgdrocortisonéneutral drug) solubility itdIF samples
(Pedersen et al., 2000ayhich was attributed to ahang tothe media components
ionizationbehaviouKhadra et al., 2015)

The 2-way interaction effectsvere54 interactions, only one third die interactions
were statistically significan{Khadra et aJ 2015) Acidic drugs displayedthree
significant interactionsfirst two were betweepH with bothFA and BS which is
caused by ionizatiofpKa of acids around BHolm et al., 2013)DoE pH 57), and
thirdly between pH and buffer interaction, which is due to the salt gidweidra et

al., 2015) Basic drugsadtwice the number of the significant interactions compared
to acidic drug¢Khadra et al., 2015pH with FA is the highest effect in all interactions,
which is referred to the ionization effect discussed abaige,an interaction between

pH with both salt andL, BS with bothFA and buffer, and lastlwith a lower effect
betweerPL andsalt(Khadra et a] 2015) The effect oPPL with salt isdue to thesffect

of salton changing theCMC limit, thus affecting solubilisatiorof the basicdrugs
(Khadra et al 2015) Neutral drugsada higher significant interactiongight, which
corresponded ta complex control on solubilitfKhadra et a] 2015) The interactions
werebetweerpH with three factorgFA, BS, and salf)BS with three factorgFA, PL,

and buffer) PL with salt, and-A with salt(Khadra et al] 2015) As in acidic and basic
drugs, the pH andFA was the highest significant interaction, in addition to the
significant effect of pH with both salt and BS, which reveals the importance of testing
pH in neutral drugsas discussed abo¢hadra et al., 2015Y heinteractioneffect of

BS with PL resembls thepreviouslyreportedresult(S°derlind et al, 2010) but with

a lower interaction valueand that is probably due to the high effects made by pH,

which swampedany otheiinteractioneffecsin thisfastedDoE (Khadra et al 2015)

1.6.5.2. Fed SIFDoE
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A continuation workfrom the fasted DoEKhadra et al 2015)wascarried outo se
the applicability of tle DoE protocolin the fed state, andf any difference were
present(Zhou et al., 2017b)The factors tested wertie same fasted DoOE seven
components pH, BS, PL, FA, buffer, salt and pancreatin but using higher
concentrationsandaddingmonoglyceridgMG). The fed DoE was tested dnirteen
poorly soluble drugs acidicibuprofen, indomethacin, phenytoin, valsartan, and
zafirlukast), basic (aprepitanbromocriptine,carvedilol, and tadalafil), and neutral
(felodipine,fenofibrate jtraconazole, androbucol)(Zhou et al., 2017b) o study the
fed DoE, theconcentrationsised(Table 1.3) werebasedon literature concentrations
((Bergstrom et al 2014)Figuresl,6,9,10) and able1.4 (Zhou et al., 2017b)

Table 13: Representation dhe values used in fddoE (Zhou et al., 2017hb)

Component Substance Lower value Upper value
(mM) (mM)

Bile salt Sodium TC 3.6 24

Lecithin Egg PL 0.5 4.8

Buffer Maleic acid 28.6 58.09

Salt NaCl 125 203

pH NaOH/HCI 5 7

Enzyme (U/mL)  Pancreatin 100 150

Fatty acid Sodium oleate 0.8 52

Monoglyceride GMO 1 6.5

TC: taurocholatePL: phospholipid GMO: glyceryl mongoleate.
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Table 1.4: Summery ofprevious literature values of fed SIF components (FeSSIF)

Component (Dressman et al, (Galia et al, (Vertzoni et al., (Jantratid et al., (Kleberg et al,
1998) 1998) 2004) 2008) 2010)

pH 5 5 5 5.8 6.5

Buffer (mM) Acetate Acetate Citrate Maleate Maleate

Sodium TC(mM) 15 15 15 10 5-20

Lecithin (mM) 4 3.75 3.75 2 1.25-5

BS/PL 3.75 4 4 5 4

Salt 0.19 M (KCI) 0.20 M (KCI)

Sodium oleate - - - 0.8 0-45

(mM)

Mono oleatdmM) - - - 5 0-10

TC: taurocholate, BS: bile saRL: phospholipid.
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In order to have the same statistical power ofstneiedfastedDoE (Khadra et al.,
2015) with theaddition of theMG component without doubing the number of
samplesthe DoE wasonvertednto a D-optimal design whichresulted ina higher
resolution for the main effectanda lower resolution for the-@ay interactiongZhou

et al., 2017h)The desigrrequired92 sampleg44 conditions, all in duplicateand 4
repeatingcentre points) (Zhou et al., 2017b)Nhere available, hie resultswere
compared withiterature solubility values ofFeHIF and fed SIFAugustijns et al.,
2014, Clarysse et al., 201 Bndfoundall the resultso bein the sameangeof the fed
DoE solubility result§Zhou et al., 2017b)he fed DoEsolubility ranges wrefound

to behighly variable, and in some casesvasathreelog range(Zhou et al., 2017b)
which isgreaterthan the results found thefasted DoEKhadra et a| 2015)

Each drugacteddifferently towards theeight SIF components testethe saltwasthe
lowest significant effecto one drugonly, followed bybuffer and MG toaffect two
drugs pancreatin to effechreedrugs(Zhou et al., 2017b)his was comparable with
the fasted DoE whicfoundthe pancreatin and salt to be the least signifitacibrs
(Khadra et al 2015) In contrastthe higher effects resulted froBS (twelve drugs),
andpH, FA, andPL (ten drugs)XZhou et al., 2017b)For acidic drugs, pH was the
mainfactorinfluencing solubility(Zhou et al., 2017bwhich is the same dlsefasted
DoE results for acidic drug&hadra et al 2015) but with a decrease of the maximum
significant effectvaluefrom ninety to fifteenand that could be because of the higher
surfactantsconcentratioa present in thifed DoE, and thus the higher solubilising
capacity of the surfactan{Zhou et al., 2017b)All the acidic drugs were positively
affected by the pH component, which is comparable to the positive effect found of the
HIF pH on the acidic drugs solubilitfClarysse et al., 2009The pH effect was
followed byFA, BS, and PLbut nosignificantresultwas seerfrom buffer, as it was
significant inthe fasted DoEKhadra et al., 2015, Zhou et al., 2017B)e solubility

of the basic drugdadthe BSto bethe mostsignificanteffect, followed bythe FA,
pH, andPL which was just significan{Zhou et al., 2017b}Finally, the neutral drugs
have a mixof significant effects for all the factors except the salt effect, with a
maximum effect fronthe FA followed bythe BS (Zhou et al., 2017b)On the third
placewasthe pH effect andPL to be relativelysimilar to each othe(Zhou et al.,
2017b)
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1.6.5.3. Full RangeDoE

Further experimentaere carried ouby combiningthe fastedandfed DoE, but with
removal of the nonsignificant components such as pancreatm,lower the
experimendl medianumber,andto examinethed r u @l&dubility in a single DoE
(Perrier et al., 2018)This was achievedby covering the whole range between the
lowest limit of the fasted DoKhadra et al 2015)to the highest limit ofed DoE
component concentratioii&hou et al., 2017b)rhis full rangeDoE teséd seven SIF
componentsFA, BS, pH, PL, buffer(using phosphate buffer instead of maleic gcid)
salt and MG, via a fractional DoEncluding 32 measurements made in duplicate,
giving 64 values for the statistical analy¢Rerrier et al., 2018)The values are
presentedn Tablel.5.

Table 1.5: Representation of the values used in the full range; fed and faste:
(Perrier et al., 2018)

Component Substance Lower Upper
value value
(mM) (mM)
Bile salt Sodium TC 15 24
Lecithin Phosphatidylcholine 0.2 4.8
Buffer Monophosphate buffer 15 45
(KH2PQy)
Salt NacCl 68 203
pH NaOH/HCI 5 7
Fatty acid Sodium oleate 0.5 52
Monoglyceride = GMO 0.5 6.5

TC: taurocholate, GMO: glyceryhoncoleate.

Theexperimentvasperformedon nineBCS class Idrugs two acidc (indomethacin,
and phenytoin), four basic (aprepitacdyvedilol,tadalafil,andzafirlukast), and three
neutral drugs (felodipine, fenofibrate, and probuc®he full range DoE solubility
results were within the fasted and fed D@aSults(Khadra et al., 2015, Zhou et al.,
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2017b) and literature FaHIF, and FeH#olubility rangs (Augustijns et al] 2014)
Each drugpresented a different variability range, ranging froameto threeorders of
magnitudeasfor the acidic drugthe solubility of indomethacin was highly variable,
but not the phenytoi® s s o I(Rerier leti at., y2018)The reason behind thi
difference is due to thienisationbehaviourof eachdrugin the DoE, as the pKa of
indomethacin anghhenytoinis 4.6 and8.3 respectively, and the DoE pH ranges
between 5 - 7, therefore phenytoin was predominantly unionized whereas
indomethacin wapredominantlyionized (Perrier et al., 2018 Anotherreason ighe
higherlipophilicity of indomethacir{log P4.27) compared to phenytoithog P2.47),
resulting in ahigher interactionwith the micellar componeni®errier et al., 2018)
For the basic drugshe solubility of carvedilol andadalafil was comparable with
fasted(Khadra et al., 2015)and fed(Zhou et al., 2017bPoE solubility ranges, but
not aprepitant and zafirlukagPerrier et al., 2018)Zafirlukast had the highest
solubility range (four magnitude orders), and the most homogelstudution points
(Perrier et al., 2018)rhis compound hake highest Log P value of 5.56, and a pKa
of 4.3, which corresponds to the unionized form predominance over the DoE pH range
(571 7) (Perrier et al., 2018 Carvedilol (pKa 7.8), and tadalafil (pKa 10) were both
ionized while aprepitant (pKa 2.8 (b), 9.7 (a)) acted as a neutral compotimel DoE
pH rangg(51 7) (Perrier et al., 2018 helipophilicity difference between aprepitant
(Log P 4.2), and carvedilol (Log P 4.5), corresponds to the hagtmeedilol solubility
range(Perrier et al., 2018%incethe neutral drugare not ionizabldipophilicity was
the major contributor to the drugs solubil{f@errier et al., 2018)elodipine(log P
3.8) and fenofibratélog P5.2), bothbehaved similarly, whereasgbucol(log P10.9)
showed low solubilityresults,which couldbe a result of theery high lipophilicity
value which limited itssolubility (Perrier et al., 2018)rhe full range DoE covered
majority of the studied drugsequilibrium solubility rangeswhichindicated thathe
reduced experimental size Daas enouglho discover the solubility variability in SIF
media(Perrier et al., 2018)

A statisticalcomparison wasarried outo test the normality of the data distribution,
and it showed a nenormal distributiorwhich could bearesult of the DoE structure,
or that the drug solubility iactually not normally distributeqPerrier et al., 2018)
This latter reason agrees with the FaHIF characterization study of BS and PL, which
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found skewed concentration distribution res(Reethorst et al., 2016alsopreviously
measured mean and media solubility differences in HIF studies, showeehannaal
distribution(Psachoulias et al., 2011 MannWhitney testvasthereforeperformed
to evaluae the differences between tf@sted and fed solubilitgistributions, which
displayed a higherstatistically significantsolubility resultsin fed compared tahe
fasted DoEPerrier et al., 2018)he same result wadsofound in previous studies
(Augustijns et al] 2014, Bevernage et.a2010, Clarysse et.aR011) Six out of nine
drugs of the full DoEwere statisticallyequivalentcompared to theombinedfasted
and fed DoEsolubility results(Khadra et al., 2015, Zhou et al., 201,Avhich both
should represent the full solubility range if added togetherthreedrugs (aprepitant,
tadalafil, felodipine)vere significantly differen{Perrier et al., 2018Y his difference

in one third of the studied drugsould be explained by thBoE approachwhich
samples atructured solubility space, rather than a random method, so the validity of
the statistical comparison may féierrier et al., 2018)

As an overall all the groups of drugs in this full DoE resulted in the same highest
significant factorgPerrier et al., 2018)along with the Zvay interactiondound in
fasted and fed DoEtudies(Khadra et al., 2015, Zhou et al., 2017B)r the acidic
drugs, the highest three significant factors werefpX,andBS (Perrier et al., 2018)
which isthe same result found in fasted and fed DEadra et al., 2015, Zhou et al.,
2017b) For basic drugs, also three significant factors wéervedBS, pH, andFA,
but notPL (Perrier et al., 2018which was significant in fasted DqEhadra et al
2015) For neutral drugspnly the solubility offelodipine and fenofibratevas
influenced byFA andBS as the most affecting significant factors, while pH &td
hadan effect orfelodipineonly (Perrier et al., 2018)which is the same result found
in previous fasted and fed D@¢Khadra et al., 2015, Zhou et al., 2017b)

The 2way interactions for the acidic drugserebetweenFA with pH (Perrier et al.,
2018) as also seen in fasted and fed O&Badra et al., 2015, Zhou et al., 2017b)
Whereasother significant interactions were seen in full DoE oasgit with MG, and
only forindomethacirBS with three factorgFA, pH, andPL) (Perrier et al., 2018)
The basic drugs (excepafirlukas) had two significant 2vay interactionsFA with
pH found inaprepitanandcarvedilo| which is the same result foundtivefasted and
fed DoE (Khadra et al., 2015, Zhou et al., 2017Whereas BS with pH was a
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significant effect intaddafil for full DoE only(Perrier et al., 2018Jinally, the neutral
drugs hadwo significant 2way interactions mainly betwe& with both pH andBS
(Perrier et al., 2018)

1.6.5.4. Dual Range DoE

The dual range Dolhcludedtwo studies forfasted and fedtates by testingseven
factors affecting solubilityBS, PL, FA, MG, cholesterol, pH, and the ratio between
BS and phospholipid (B®L). This was carried out bgemovingthe salt and buffer
components which both showed no significant effectsn previous DoEstudies
(Khadra et al., 2015, Perrier et &Q18, Zhou et al., 2017bAs shownin Table1.6,
thelower andupperlevels were constructed for the seven factors each for the fasted
and fedstateqAinousah et a) 2017)

Table 1.6: Representation of the upper and lower values used in the dual ran
and fasted DoFAinousah et aJ 2017)

Component Substance Fasted Fed

Lower Upper Lower Upper
value value value value
(mM) (mM) (mM) (mM)

Bile salt Sodium TC 1.5 5.9 3.6 15
Lecithin Phosphatidylcholine 0.2 0.75 0.5 3.75
Fatty acid Sodium oleate 0.5 15 0.8 25
Monoglyceride  GMO 0.1 2.8 1 9
Cholesterol Cholesterol 0.1 0.26 0.13 1
pH NaOH/HCI 5 7 5 7
BS:PL ratio 7.5 7.9 7.2 4

TC: taurocholate, BS: bile salt, PL: phospholipid, GMO: glyceryl roleate.

Two designs (8 samples eacsiretestedwith lowerandupperlimits, and two centre
points for each design, then both fasted ted data were combined amone DoE
(Ainousah et a) 2017) In this study, the solubility measurements weagied oubn

nine drugs, two acidic(indomethacin andphenytoir), four basic (aprepitant
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carvedilol, tadalafil, andzafirlukas), and three neutral dru@ilodipine, fenofibrate,
and probucql(Ainousah et a) 2017)

The data of the dual level DoE were analykedtormalityand found 9 data setsut

of 18 possibilitiesto be normally distribute@Ainousah et aJ 2017) This was not
consistent withthe previous DoEstudies which had a nornormal distribution of all
the solubility datdKhadra et al., 2015, Perrier et al., 2018, Zhou et al., 20TFik)9
normally distributed datavere foundin the fasteddesign foraprepitantcarvedilol,
andtadalafil, andin the fed design forcarvedilol, felodipine phenytoin,probucol,
tadalafil,andzafirlukast

The results showed variability in solubility of each drug either in the fasted or fed
designs, for example; the fasted design showed a lower solubility variability of
tadalafil compared to fenofibratéAinousah et aJ 2017) The effects of each
individual component on the dual DoE (fasted and fed) vaaysedand 29 out of
126 effectdeterminedo be significantly differentl value< 0.05), but interestingly,
each drug was acting different from other drugmme were highly affected by the
factors likefelodipine, while others were not affected at all, suclcaasediloland
tadalafil (Ainousah et aJ 2017) For the acidic drugsthe solubility ofindomethacin
was mostly affected by pHin fasted and fedlual designs(the same result found
previously (Khadra et al., 2015, Perrier et al., 2018, Zhou et al., 2Q1&ijch is
relatedto its pKa4.6 (ionized in the DoE pH rangg - 7) (Ainousah et aJ 2017) For
phenytoin(pKa 83 - unionized in the DoE pH range)s isolubility wassignificantly
affected in the fasted dual design only, firstdhy; but in a negative directiomhich
could be correlatetb thechanges in the composition of the me(tlze cholesterol
addition) (Ainousah et aJ 2017) Second, also in a negative direction by cholesterol,
which is a resulbotfoundbefore(Khadra et al., 2015, Perrier et al., 2018, Zhou et al.,
2017b) third by FA andfinally by BS/PL ratio (Ainousah et al 2017) For the basic
drugs the fed state had r&tatistically significanfactors affecting solubility, butn

the fasted statethe solubility of zafirlukast had significant effects from pH,
cholesterol, and MG, arttie solubility ofaprepitantvasaffected byFA, PL, and MG
(Ainousah et aJ 2017) The solubility of neither carvedilol otadalafil was
significantly affected by the media components, which was affected in previous DoE
studiegKhadra et al., 2015, Perrier et al., 2018, Zhou et al., 20THiy discrepancy
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reflects a drug dependent behavigdmousah et al., 2017)The positive effect of
cholesterol on the solubility of zafirlukast, along with the negaii¢& effect, were
not found in literaturéAinousah et al., 2017but both components were not included
in the fasted DoE protoco(&hadra et al., 2015, Perrier et al., 2Q1@pally for the
neutral drugsmore complex effects were observed, and the solubility of each drug
was affected bymultiple media component§Ainousah et al., 2017)which is in
agreement with previous fasted and fed DoE stuegmdts(Khadra et al., 2015, Zhou
et al.,, 2017h) FA significantly affectedthe solubility ofall 3 drugs(felodipine,
fenofibrate, and probucolh the fasted and fedual states(Ainousah et a) 2017)
which is the same result found (KKhadra et al 2015)and(Zhou et al., 2017b)}PL
impactedelodipineandfenofibratesignificantly in both fasted and fed states, whereas
pH affected the fasted and fed states flmofibrate and only the fasted state of
felodipine and this solubility effect of pH was due to the indirect ionization eftect
the media factor@Ainousah et a) 2017) The solubility of felodipinavas also affected

by MG in both fasted and fetbal DOE  whi ch doesndét correl at
in previousDoE studies and byBS in fed state only, which was also affecting both
felodipine and fenofibrata previousfasted DoHKhadra et al., 2015, Perrier et al.,
2018, Zhou et al., 2017bProbucolwas affected by B®L ratio significantly, but
without any effect fromPL or pH which were significant in previoudDoE studies
(Ainousah et a) 2017)

For the component&way interactions6 out of 9of the drugs showed nagsificant
effect and te rest of thethree drugsphenytoin(acidic), zafirlukast(basic) and
probucol (neutral) were affected byall of the eight studiedcomponent interactions
(accounting foraround 3% of the effects possibilitiegAinousah et aJ 2017) This
was found betweenBS with either pH,FA, PL, MG, cholesterol, or B&L, and
betweenPL with either FA or MG (but the effect betweeRL with MG was not
significant inprobuco). This 32% significancy was relatively close to the previous
percentage 33%Khadra et a] 2015)and 28%(Zhou et al., 2017b)ut notwith the
same compomnds (Ainousah et aJ 2017)

As an average of dll h e ceffectgy(r@gardless of the direction), the acidic drugs in
the dual DoE were affected by gAinousah et aJ 2017) which is the same result

found in previousdesigns but were previously also affectedby FA, PL, and BS
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componentgKhadra et al., 2015, Perrier et al., 2018, Zhou et al., 20E@bjhe basic
drugs,FA was affecting both the fasted afedl dual DoE(Ainousah et aJ 2017) the
same result found iprevious designghich were alsoaffeded by pH,PL, and BS
(Khadra et al., 2015, Perrier et al., 2018, Zhou et al., 20FdbXhe neutral drugs
fasted anded designsvere affected significantly by pHFA, andPL, along with MG

in bothfastedandfed statesandonly fed byFA, andPL (Ainousah et a) 2017) This
was comparable with previous desigibadra et al., 2015, Perrier et al., 2018, Zhou
et al., 2017h)

1.6.5.5. Small ScaleDoE of Fasted and Fed

This DoE wagarried ouby minimising the number of experimertb betenfor fasted
andninefor fed stateand reducing the studiedmponentso fourfor thefasted media
(BS, PL, FA, and pH, and five for the fed mediaddingMG) (McPherson et al
2020) The components which had smnificant effects in therevious DoE such as
salt and bufferwere added in constarroportions(McPherson et al 2020) Each
component was studied in 3 levétsv, mid, and higldepending on the previous DoE
concentrations, sekable 1.7 (McPherson et gl 2020) The experiment wasarried
out on twelve poorly water solubledrugs four acidic (ibuprofen, indomethacin,
valsartan, and zafirlukgstfive basic (aprepitant, bromocriptine, carvedilol, and
tadalafil), andthreeneutral druggfelodipine, fenofibrate, and probug¢dMcPherson
et al, 2020)
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Table 1.7: Upper and lower values used in the small raflageed anded DoE(McPherson et g12020)

Component Fasted(mM) Fed (mM)

All Al Midl Mid2 FaSSIF FaSSIF Alllow Allhigh Midl Mid2  FeSSIFv2

low high vl with v1

oleate

Bile salt 15 59 15 5.9 3 3 3.6 24 3.6 15 10
Lecithin 02 1 075 075 0.75 0.75 05 4.8 2 2 2
Fatty acid 041 3.2 164 164 164 - 6.6 328 197 197 0.8
Monoglyceride - - - - - - 1 6.5 5 5 5
Buffer Phosphate 28 Phosphate 45 Maleic acid(19)
Salt NaCl 1059 NaCl 1255
pH 5and 7 6.5 6.5 5and 7 5.8
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The results were comparedth previousfasted(Khadra et al 2015) fed (Zhou et al.,
2017b)DoE studies and HIF results(Augustijns et al 2014) anddetectedonly a
significant differencen 3 comparisons out of 20 (in fed stésaprofen and probucpl
and in fasted stattadalafil), resulting in a match d85% of the resultso have no
significant differenc€dMcPherson et a12020)

Upon statistical analysjsonly few componentsevealeda significant effect on
solubility, for acidic drugsindomethacirwas affected by pH in both fasted and fed
states,while valsartanand zafirlukastwere affecteconly in fasted statdy pH. In
addition, zafirlukastwas alsaaffected byFA, BS, andPL (McPherson et al 2020)
ThismajorpH effectwas also seen in previous fasted and fed BloHiegKhadra et
al., 2015, Zhou et al., 2017@nd as this wasundin 3 out of 4 acidic drugs in fasted
state, it was due to the ionisation impact of pH on solubility, along with the drug's pKa
and theDoE pH range (McPherson et a12020) In the fed state, the highamphiphile
concentration overwhelmed the pH induced ioniza(MoPherson et al2020) For
basic drugsin thefasted statetadalafilwas only affected by pH, whereearvedilol
was affected byBS then pH and thisresult matches the previousfull fastedDoE
(Khadra et al] 2015) In the fed state, nsignificanteffects werdound and thismay
be due to the reduced number of experimaetsulting ina lower statistical power
(McPherson et al 2020) For the neutral drugsfenofibrate (fasted and fedand
felodipine(fasted)were affected b¥A, alsofelodipinewas affected bS (fed),and
probucol(fasted) by pHMcPherson et gl2020) whichwereconsidered primary or
secondary effects compared to girevious fullfasted and fe®oE studiegKhadra et
al., 2015, Zhou et al., 2017b)

Where available, eomparison between the reduced OMePherson et al., 202@nd
the full DoE (Khadra et al., 2015, Zhou et al., 2017t)nd the following in fasted
state, a total of 11 significant effest®s foundin the reducedDoE compared to 25
significant effects in full DoE (McPherson et al 2020) While in fed stateonly 3
significant effectavere foundin the reducedDoE compared to 12 effects the full
DoE (McPherson et 312020) 9 out of 11of thesolubility effects inthereduced DoE
resulted in a single factor effewith no 2way interactios, while 18 out of 19 othe
full DoE drugseffectsresulted in multiple factor effegtsvith 2-way interactions
(McPherson et g12020)
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As an overallthis reduced DoBkvas helpful indefiningt he drugdés sol ubi |
by a minimal matrix ofsolubility determinationgMcPherson et gl 2020) Also, it

helped with finding the most significant factors affecting the oral drugs solubility, but

this had a statistical limitation due to the small samples number, and possibly due to

the inherent drug physicochemical properties and behayMaPherson et gl2020)

1.6.6. Multidimensional Analysisof HIF Composition

The DoE studies were very useful and highlighted a range of conclusions, for example
the solubility should be studied as a range not a single agiimt previous literature

also the key medi@omponents driving solubility were identifiedenerally, a
consistendrug solubility envelopevas found, because of tkanilar concentrations

of amphiphile components and plded Furthermore, alubility distributions in the

DoE systems were not normatdicating the complex solubility behaviours, along
with the individual solubility behaviours, displayed by the drugs, which appear to be
related to the drugds physi cocArdaced al pr
DoE was applied which confoundesdme 2way interactions andtould not detect
higher interactions. Alsohe edudion in the medianumberin the DoE hasreduce

the ability to statistically determine significant factors, howéwsaseasier to handle
experimentally The DoE, as a statistical construct, probably produces media system
that are not biologically sensiblderefore,a smaliscale bioequivalent systewas
required Thiswas presented kayrecent publicatiowhichexamined HIF composition
using a multidimensional mathematical analysis that treated the fluid as a 5
dimensional systerfPyper et al., 2020)
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Table 18: Theoriginal values of the 8 points + a centre point, which were ap|
in this fasted SIF medi@yper et al., 2026)

Media Bile Salt Phospholipid Free fatty acid Cholesterol pH
number (mM) (mM) (mM) (mM)

1 1.06 0.16 1.04 0.01 6.64
2 1145 248 2.88 0.38 7.12
3 34 0.33 2.88 0.09 8.04
4 3.56 118 1.04 0.06 5.72
5 3.62 125 343 0.03 7.14
6 3.35 0.31 0.87 0.17 6.62
7 5.33 04 2.96 0.07 6.42
8 2.27 0.96 101 0.08 7.34
9 3.46 0.52 164 0.032 6.54

Thematched data sets (fasted 152, and fed af7@)e 5 variables were visually plotted

in 2D figures whereBS waschosen aa constant saxiswith the other 4 components

on the yaxis (Pyper et al., 2020)The datashowed an ellipsoidistribution with a
generallypositive slopdPyper et al., 20207 he mean of the ellipsoid shape was close

to the higher concentratigroints whereas the median and the Euclidean centre points
whereclose tothe centre of the distributiofPyper et al., 2020 he literaturefasted

and fedsolubility results(HIF, SIF, and DoE)vere also plotted otmefour 2D figures

to observeher distributionand relevanceo the solubility results(Pyper et al., 2020)
Despite the variable aspiratitechnique®f literature HIF sample@ueto the pooled
sampling procedures, and varying protocols, such as the variable food type taken
before sampling, andhe prewater administratiop the HIF data fitted inthe
distributioncloud (Pyper et al., 2020For literatureSIF recipesas an overall, there
wasa goodagreemenbetween the central distribution valuesh thefasteddata set

and all the recipes were inside the solubility cloud, but the central distribution values
of the fed stateSIF indicatedthe possibility torefine the SIF recipsto matchthe

multidimensional concentratioriByper et al., 2020he DoE protocols weren part

!Values presentedrecopied directly from original literature.
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affected by the limitationsf the HIF pooled sampleassomedatapointswerewithin

the distribution space, such as HL versusBS in the fasted state, but other
comparisons especially in the fed statere totally outside the cloudlistribution,
which correspond to the urge to refittee previousDoE protocolsconcentrationgor

a better coverag@yper et al., 2020)

This multidimensional analysis of Hligentified 8 bioequivalent media compositions
that statistically characterised the variation within the sample set in the fa8%y (
and fed (98%) statetn addition, a centre point was identified in each state using a
Euclidean approach in@mensional space, rather than the mean (or similar) value for
each component since the component distributions were not nd@imea points (with

a centre point) will be used and appliedtlire following chaptes to find a better

linkagebetween thén vitro measurementand then vivodata(Pyper et al., 2020)

1.7. Aims and Objectivesof this Research

The aim of this project is tdetermine the equilibrium solubility of twentne drugs
usingthe multidimensional analysis of fasted HIF compositifyger et al., 2020)

The drugs areacidic (furosemide, ibuprofen, indomethacin, mefenamic acid,
naproxen, phenytoin, piroxicam, and zafirluRadbasic (aprepitant, atazanavir,
carvedilol, dipyridamole, posaconazole, and tadalafind neutral (acyclovir,
carbamazepine felodipine, fenofibrate, griseofulvin, paracetamol, and prhbucol
wheretwelve of them were investigated in the origifastedDoE stug (Khadra et

al., 2015) The equilibrium solubility data nd t he dr ug 6 swilldbe gni f i
compared, to the origindstedDoE (Khadra et a] 2015)and where appropriate, to

the reduced experiment fasted DoE distributi@isousah et aJ 2017, McPherson et

al., 2020) and literaturefasted HIF and SIF valuesThis comparison allows$o
investicatethe solubility of drugs imlifferentfastedsimulated intestinal fluid systems

as presented i@hapter 2

In addition, to applythe fasted equilibrium solubility of the twentpne drugs
determined in the nine media recipes, along with a value in simulated fasted simulated
intestinal fluidversion 1(FaSSIFvl), to the originalDCS grid and its associated

calculationgButler and Dressman, 2010)his will predictthe 21drug®absorption
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potential andorovide the limits forthe likely in vivo solubility behaviour Also, to
determinea solubility frequency distribution within those limite assess solubility
behaviour across the population range, based on the twenty volunteers sampled in the
original study(Riethorst et al., 2016as presented @Bhapter 3

This project als@ims to investigate the solubility behaviour of the nine fasted media
recipes to determine if this is consistent between the drugs and drug categories
(Chapter 3andexaminepossible correlations between thevitro measurements and
thein vivodata, by finding the solubility boundarjes presented iGhapter 4

An automated system will be introduced moeasurethe supersaturationSS)
concentration, time needed to induce SS, and where possible, the precipitation rate, of
ten selectedlirugs This will be carried out usindifferent fasted SIF medigecipes

and different path lengths, using tim&orn® instrument Moreover, to ompare the
resulting SS measurements with available literature findagypresented iGhapter

5.

The last part of this project is pyedict thepharmacokineticRK) parameters and the
fraction absorbedof selectedsix poorly soluble drugs, using silico modeling
approach{GastroPIu8 software)with the equilibrium solubility dataFurthermore,d
evaluate the predictions of the simulated models with literatuweyo observed data,

and othein silico simulated mode|sas presented iGhapter 6

To be noted that four research papers were publiblgetthe results found in this
research worKAbuhassan et al., 2021, Abuhassan et al., 2022a, Abuhassan et al.,
2022b, Abuhassan et al., 2024¢e appendix for details.
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Chapter 2: Small Scalan vitro Method to Determine aBioequivalent

Equilibrium Solubility Range for Fasted Human Intestinal Fluid

2.1. Introduction

Oral biopharmaceutical studies are critical for pharmaceutical companies during drug
development(Moscicki and Tandon, 2017Drug solubility is one of the most
important biopharmaceutical parameters which is influenced bgdb&ointestinal

tract( GI T) environment in addit ikhadrattal t he d
2015) The GIT, where solid oral drugs dissolve, is a heterogeneous environment with
variable components, such as enzymes, electrolytes, bile salt (BS), proteins, and many
others(Washington et al 2000) Through the years, multiple research groups have
studied the effect of such intestinal components on the oral drugs solubility, by either
aspirating human intestinal fluid (HIF) samples, or preparmgitro simulated
intestinal fluid (SIF) media, depending on the HIF d@argstrom et al 2014,

Clarysse et al 2011, Lindahl et al1997) The HI F data was i mpor
standard, for checking the SIF solubility resP=hlgren et aJ 2021) The issues

found with HIF solubility results are that HIF protocols used different sampling
techniques, and others used variable volunteer ages and numbers, along with the high
variability and difficulty of HIF aspiration, which requires corréatubating and
locatingppf t he catheterdés positi orBergstramdet t hen
al., 2014, de la CruMoreno et al 2017) This led to the development of multiple SIF

media to study the drug solubility, but most were based on different readings of the
HIF measurements, and the usage of variable GIT component concentfBbans

Chacra et al 2017) This provides variability in the solubility value determirmadthe

different SIF medigand presents an additional question of which media recipe is more
appropriatgFuchs et al., 2015)

As part of the EU IMI Oral Biopharmaceutical TodSrBiTo) research program
(Lennernés et gl2014)this group conducted a design of experiment (DoE) study into
equilibrium solubility in simulated fasted meditahadra et al 2015) which aims to
statistically determine solubility variation, using conditions that are hypothesized to

reflect the component variation within the experimental system or simulated fluid
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Statistically, this links a high concentration value of one component with a low
concentration value of another, a combination in the SIF system (for example BS with
phospholipid (PL)) that may not arigein vivo HIF and therefore be bioequivalent
DoE approaches therefore do not have a direct relationship to HIF

To address the issues found with SIF and DoE approaches, a recent publication has
examined HIF composition using a multidimensional mathematical analysis, that
treated the fluid as a@mensional system, consisting of the following components,
pH, BS, PL fatty acid (FA), and cholester@yper et al., 2020) his statistical study
relied on a previous study which measured the HIF component concentrations in
twenty healthy volunteers, 10 males and 10 females, under consistent conditions
(Riethorst et al., 2016)The age of the individuals was between-18L years, BMI
between 19 25 Kg/n¥, and all were overnight fasted for more than 12 hours prior to
sampling(Riethorst et al., 2016All the individuals were given 250 mL of water
before the samples were aspirated every 10 minutes, for 90 m{Rugésorst et al.,
2016) This multidimensional analysis utilized a data set of fasted (fEHIF)
samples and identifiegightFa9SIF pointswhich statistically covered more thab?®

of the HIF composition variability, plus@ntrepoint, which could enable results to
better correlatén vitro data to then vivoenvironmen{(Pyper et al., 2020 o achieve

the multidimensional analysis, the measured concentrations of components were
summed and treated as a single variable, for example, six BS speciemnalgsed

but only a single concentration was calculated (Tal@ 2his simplification applies

to BS, PL, and FA where in HIF multiple species will be presEmt is a situation

also applicable to SIF, and for BS it is known that the concentration has a greater
influence on solubilization than speci€dughaid et al] 2012) However, it does
represent an evgresent challenge between simulation by simplification and the
native fluid The chemical structures of the components used in this research are
presented in Figure.2

In this protocol, the BS used as a representative of the bilearalisedPyper et al.,
2020)is sodium taurocholate, with a molecular weighb687.7 g/mok, consisting of
sodium, taurine, and cholic acidBile acids are synthesized by the liver from
cholesterol, and it's responsible for the digestion process in the small intestine,

especially the solubilization of dietary lipids, and the digestion of solubilized fat
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nutrientsLennarz and Lane, 2013econd, is cholesterol which is a product of animal
metabolic processes,t 6 s found i n the plaadresponsiblepi d b
for di fferent structur al activities, ma i
(Paukner et al., 2022)t is synthesized in the liver, and eliminated from the body
mostly by its conversion to biléEngelking, 201Q) Third is PL, whichis a lipid

mixture, one ofts types is phosphatidylcholine (PC) (lecithi@aballero et al 2003)

which is used in this fasted protocble ci t hi nds rol e i s mainly
and protection of cells from pathogens or chemi@aéallero et al 2003) and it has
amphipathic properties, with a hydrophilic head, and a hydrophobi¢Nailvaez

Rivas and Le6itCamacho, 2016) astly, FA is represented by sodium oleate, which

is a monounsaturated free fatty acid with a long chain of 18 carbons, and by the
interaction with Na, its molecular formula and molecular weaggtCigH3sNaO, and

304.4 g/mole(PubChem)Naoleate is the salt form of ateacid which can be ionized,

and the Na is linked at the position of the deprotonated oxygen, as shown in E2gure 2
below, which gives an alkaline pH in agueous médiandholz et al, 1976)

This research tested tleéght points, plus aentrepoint, using previous laboratory
techniques used with the DoE stud{@snousah et aJ 2017, Khadra et al2015,
McPherson et gl2020) to study the effects of the five intestinal components on the
solubility of twenty-one Biopharmaceutics Classification Syst¢BCS) class Il and

IV drugsmainly. Acidic drugs(furosemidejbuprofen, indomethacin, mefenamic acid,
naproxen, phenytoin, piroxicam, and zafirlukaBgsic drugs (aprepitant, atazanavir,
carvedilol, dipyridamole, posaconazole, and tadalaNgutral drugs (acyclovir,
carbamazepine felodipine, fenofibrate, griseofulvin, paracetamol, and protiaeel)
Table21 f or the details of eac.Sathndbgféers phy
were also added, but in constant amounts due to its minor statistical impact on
solubility found in the DoE studiefAinousah et al., 2017, Khadra et al., 2015,
McPherson et al., 2020, Zhou et al., 2017b)

In this research, wherever the SIF abbreviation is used, it will be representative of the
literature simulated intestinal fluid, Fa9SIF is flastedmedia used in this research

study, and HIF is the human intestinal flulhereas the FaSSM represents the
purchased material from Biorelevaiam, which is the Fasted Simulated Small

Intestinal Fluidversion 1 also this could be abbreviated as FaSSIF, whidh
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represent the two tested samples of FaS&lFand FaSSHv1l with Na oleateThe
solubility term used in the context is referred toeheilibrium solubility
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Figure 2.1: Thechemical structures of the foatomponents used in this Fa9SIF study
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Table 2.1: Summaryof the basic physicochemical properties of the acidic, basic, and neutral drugs used in this Fa9SIF stur

Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure
weight formula
(g/mole)
Furosemide at 3.9 203®% 331 C12H11CIN2OsS  Diuretic for 0 cl
congestive  hear D—\ ﬁ/o
, HN ST
failure NH,
O

OH

Ibuprofen a 53 3.97% 206 Ci3H1802 Anti-inflammatory, °
analgesic
OH

Indomethacin & 466 4278 358 C10H16CINO4 Anti-inflammatory o@,CI
N
/

™~
O:<OH

o)
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Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure
weight formula
(g/mole)
Mefenamic acid & 4.2 5128 241 CisH1sNO2 Anti-inflammatory,
antipyretic and
analgesic
N
H
O~ "OH
Naproxen a 4.0 3188 230 C14H1403 Anti-inflammatory, :
analgesic “ ‘ OH
o @)
I
Phenytoin a’l 8.3 2478 252 CisH12N20; Antiepileptic, H O
anticonvulsant N—(
0O NH
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Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure
weight formula
(g/mole)
Piroxicam at 6.4 3.06% 331 CisH1aNsOsS  Anti-inflammatory, XN O  OH
antipyretic and
Py | = N =
analgesic H
/N\
00
Zafirlukast & 41° 556* 576 CaiH3sNsOsS  Anti-asthmatic Do J g@
>;,_ I
Aprepitant b0 9.7%° 45° 534 C2sH21F7N4Os  Antiemetic
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Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure
weight formula
(g/mole)
Atazanavir bt 451 592 705 CasHs2NeO7 Treatment anc =
prevention of HIV l N
1 infection and
AIDS @-)\ﬁ
HMN T N
%/KD OH HN;T/O
HNYD HNT
O< ~o"N0
Carvedilol bt 8.02 4.19® 406 Ca24H26N204

Antihypertensive O
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Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure

weight formula
(g/mole)
Dipyridamole bt 6.42 3.95%! 505 C24H10NgO4 Antiplatelet ;H
i L
9
HOxV/A\N/i\N/ T:::]
OH
Posaconazole b*® 3.6, 4.6° 701 CsHa2FoNgOs  Antifungal .y
4.6 e $ S0~

=z &

s
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Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure
weight formula
(g/mole)
Tadalafil b4 3.5° 1.70° 389 C22H19N304 Vasodilatory
activity
0
-0
Acyclovir n'é - -1.568 225 CgH11Ns0s3 Antiviral agent 0]
N NH
U \ N/}\NH2
HO N
PN
Carbamazepine n* 2.45% 236 CisH12N20 Anticonvulsant anc

analgesic O O
N
OA

NH»
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Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure
weight formula
(g/mole)
Felodipine nt - 3.86¢ 384 CisH1sCILbNOs  Antihypertensive
agent
Fenofibrate n* - 53 361 C20H21ClO4 Antihyperlipidemic
Griseofulvin nt - 2.18® 353 C17H17ClOs Fungistatic agent
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Drug a/b/n pKa LogP Molecular Molecular Medical usage Structure

weight formula
(g/mole)
Paracetamol  n*’ - 0.462 151 CgHoNO2 Analgesic anc H
antipyretic N\[(
0]
HO
Probucol nt - 11.3° 517 Cz1H4s02S2 Antilipidemic
aCtiVity HO OH
Siyis

RT; room temperature. a/b/n: acid/base/neutralSt or age depends on each drug comp
Referencesl- (S°derlind et al., 20102- (Oh et al., 20163- (Annaert et al., 2010}- (Clarysse et al., 2015 (Prasad et al., 202z
6- (Fillet et al., 1998Y- (Hassel, 19818- (Khadra et al., 2013)- (McPherson et al., 202Q)0- (Liu et al., 2015011- (Indulkar et al.,
2015)12- (Bergstrom et al., 2004)3- (de Alencar Danda et al., 201B}- (Mohamad et al., 2022)5- (Polat et al., 2019)6- (Wang
et al., 201511 7- (Mechnou et al., 2022)8- (Benet et al., 2011)9- (Perrier, 201920 (Hens and Bolger, 2012)1- (Girdhar et al.,
2018)22- Chemaxon 23PubChem 24(Zhou et al., 2017a)
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2.2. Aims and Objectives

1 Measurethe fasted intestinal equilibrium solubilitysing more relevant
simulated fasted intestinal media recipes derived fronuiiidimensionabnalysis of

FaHIF

1 Check statistical differences between curmsslubility resultsand literature

solubility results, along with the distribution rangéslink with in vivodata and have

more reliable correlations.

1 Study the media component so,tosenapglei fi ca
any SIF media composition refinement.

1 Study the importance and effect of changing the SIF components compaosition.

2.3. Materials and Methods

2.3.1. Materials

Sodium taurocholate, cholesterol, sodium chloride (NaCl), sodium oleate, ammonium
formate, potassium hydroxide (KOH), hydrochloric acid (HCBgyclovir,
carbamazepine, carvedilol, dipyridamole, fenofibrate, furosemide, griseofulvin,
indomethacin, mefenamic acid, naproxen, phenytoin, piroxicam, probucol, and
tadalafil were purchased from Merck Chemicals L@&krmany Aprepitant and
felodipine were previously provided through the OrBiTo by IBolm, Head of Pre
formulation, Lundbeck, DenmarKafirlukast was purchased from Stratech Scientific
Limited, UK. Ibuprofen from BASF chemical comparBaracetamol was provided by
Mallinckrodt Pharmaceuticals, IrelandAtazanavir and posaconazole from
ChemShuttle, USAPhosphatidylcholine from soybean (PC S) was purchased from
Lipoid, GermanyChloroform and formic acid from Rathburn chemical company, UK
FaSSIFvl media vas purchased from Biorelevasum, UK Sodium phosphate
monobasic monohydrate (NaPi{u.H-O) was purchased from Fisher Scientific,
Germany All acetonitrile (ACN) and methanol (MeOH) solvents were higbssure

liquid chromatography (HPLC) gradiertll water is ultrapure MilliQ water

2.3.2. Methods
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2.3.2.1. Samples Preparation

As most of the componentds concentrations:e

analytical balance, BS, PL, and FA original concentrations were multiplied .by 15
While cholesterol concentration was multiplied by 1500 times to provide a stock
solution All the concentrations used were identical to Ha¢1IF statistical analysis

concentrationgPyper et al., 2020ps in Table 2.

Table 2.2:Fasted concentration values of the 8 points + a centre (Byipér et al.,
2020) which were applied in this Fa9SIF study.
Media  Bile Salt Phospholipid Fatty acid Cholesterol pH pH*TAC

number (mM) (mM) (mM) (mM) (mM)
1 1.06 0.16 1.04 0.01 6.64 15.07
2 11.45 2.48 2.88 0.38 7.12 31.11
3 34 0.33 2.88 0.09 8.04 31.71
4 3.56 1.18 1.04 0.06 5.72 33.40
5 3.62 1.25 3.43 0.03 7.14 36.96
6 3.35 0.31 0.87 0.17 6.62 53.87
7 5.33 0.4 2.96 0.07 6.42 56.24
8 2.27 0.96 1.01 0.08 7.34 59.48
9 3.46 0.52 1.64 0.032 6.54 122.4

TAC: total amphiphilic concentration.

The desired quantities of sodium taurocholate, lecithin PC S, and sodium oleate were
weighed into 9 beakerkgbelledas stock A (: 9), and dissolved in 3 mL chloroform
Stock B was prepared by adding the cholesterol to 10 mL of chloroform, in another 9
beakerdabelledas stock B (% 9). 100 pL of each of stock B (49) were transferred

into each of stock A (19), followed by evaporating the chloroform, using a nitrogen
gas sourceThe dried lipids were reuspended with water and made up to 5 mL in
volumetric flasks Two prestocks of phosphate buffer (Ngu.H2O) of a

concentration of 28 mM, and salt (NaCl) of concentration 195nM were prepared

2 Values presentedrecopied directly from original literature
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in two 5 mL volumetric flasks, the concentrations were taken {MoPherson et al

2020) The final media samples were prepared in nine centrifuge tubes (final media
volume 4 mL), to reach the desired concentrations mentioned in TabkaZh tube
contained five substancemn addition of 267 L of each stock solution (containing the
four components), two additions of 267 L salt and phosphate buffer stock solutions,
an excess of a solid drug, and made to 4 mL with water (319%uially, the fifth
component was measured by adjusting the pH of each tube, as shown in.Zable 2
using 1 M KH and 1 M HCI The pH was adjusted with a 68, and the KOH/HCI
volume notexceeding 1% of the total sample voluriibe 9 tubes were placed on the
shaker for 1 hour at room temperatukefurther pH adjustment was conducted after
one hour to make sure pHs ohange, then incubated in the 37 °C room for 24 hours
on the orbital shakeAfter incubation, the tubes were checked for the presence of a
solid drug, a 1 mL sample was extracted into.= rhL Eppendorf tube and then
centrifuged for 15 minutes, at 10000 rpoxb mL of the supernatant was transferred

to an HPLC vial, for cocentration determination using the Shimadzu Prominenee LC
2030C HPLC

2.3.2.2. Fasted Simulated Small Intestine Fluid (FaSSIF) Media

The FaSSIF/1 media from Biorelevartom contains BS and lecithin with a small
proportion of salt and buffeAlso, another sample was prepared, by adding Na oleate
to the FaSSIv1 prepared sample, the desired concentrations needed for this Fa9SIF
study are shown in Table®(McPherson et 312020)

Table 23: Fasted media compositions and concentratiptedherson et a12020)

Media Composition  Bile salt Phospholipid Fatty acid pH

number (mM) (mM) (mM)

10 FaSSIFvl 3 0.75 - 6.5

11 FaSSIFvl + 3 0.75 1.64 6.5
Naoleate

Preparation was according to a published literature métoBherson et 312020)
Buffer (NaHPQi.H20) and salt (NaCl) stocks were prepared, by dissolving 40 and 60
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mg of each respectively with water, in a 10 mL volumetric flask, and adjusting to pH
6.5. 20mg of FaSSHv1l media powder was added and mixed until completely
dissolved then adjusted to the final volume with watenL of this stock (FaSS##1)

was added to a centrifuge tube containing an excess of a solid drug, pH was adjusted
to 6.5, andabelledas sample 1@-or the preparation of sample 11, 3863 uL of FaSSIF

v1 stock was added to a centrifuge tube containing an excess of a solid drug, with 137
pL of sodium oleate stock solution, and a final step was pH adjustmeri tddie:

Na oleate was prepared by dissolving 73 mg of Na oleate with water, into a 5 mL
volumetric flask, heat was required to aid solubilizati®ath media 10 and 11 were
handled the same as the previous samples frord, by being shaken for 1 hour, pH
adjusted, then both incubated in thé <€ room for 24 hours on an orbital shaker,

centrifuged, an@nalysedy the Shimadzu HPLC instrument

2.3.2.3. HPLC Conditions

The analysis of the 11 samples was performed by applying a gradient elution for all
the drugs (except probucolpllowing literature protocd (Ainousah et al., 2017,
Khadra et al., 2015, McPherson et al., 262ajting withthetwemo bi | e phases o
preparation:

a MP A, is the aqueous MP which consisted of 100% water, with 10 mM
ammonium formate, and adjusted to pH 3 using formic. acid

(Note: formic acid was added liessthan 0002% of the mobile phase volume)

b- MP B, is the organic MP which consisted of acetonitrile (ACN) and water as
9:1 proportion (900 mL of ACN and 100 mL water), with 10 mM ammonium formate
concentration

The liquid chromatography elution gradient is in Table 2

Table 24: The liquid chromatographymetablerun.

Time (minutes) Percentage of MP B (%)

0 30
3 100
4 100
4.5 30
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The HPLC method of probucol was utilized by a previous isocratic method, of
45:45:10 ACN, MeOH, and watéKhadra et a] 2015) The column used for probucol,
acyclovir, furosemide, and dipyridamole was Speck and Burke-@bDf/imal 5 um

(30 x 150 mm), and for paracetamol was Kromasib&IL (3mm, 15cm)For the

rest of the drugsXbridge® C18 5 pm, dimensions2x 50 mm was use@he run time

for each sample was 8 minutes, the column temperature used @43 maximum
pressure was 4000 psi, and the flow rate for all the drugs was 1 mL/min, except for
carvedilol 7 mL/min, and acyclovir and carbamazeping @in/mL See Table B

below for more details on the HPLC conditions used
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Table 2.5: The HPLC conditions used in this Fa9SIF media.

Drug Injection Retention Wavelength Calibration R?
volume time (nm) curve range
(uL) (minute) (mg/mL)
1 Furosemide 10 2.5 291 0.07-2 0.99
2 lbuprofen 100 2 254 1-7 0.99
3 Indomethacin 10 2.1 254 0.01:0.3 0.99
4  Mefenamic 10 2.3 291 0.0080.6 0.99
acid

5 Naproxen 10 1.6 2514 0.031 1

6 Phenytoin 20 1.1 254 0.01-0.09 0.99
7  Piroxicam 10 1.1 254 0.040.8 0.99
8 Zafirlukast 25 2.6 254 0.00:0.025 0.99
9 Aprepitant 50 2.3 254 0.0040.09 0.99
10 Atazanavir 10 1.7 254 0.00080.008 0.99
11 Carvedilol 10 1.6 254 0.040.4 0.99
12 Dipyridamole 1 0 2.5 291 0.00#0.07 0.99
13 Posaconazole 10 1.9 254 0.00080.008 0.99
14 Tadalafil 50 1.4 291 0.00%0.02 0.99
15 Acyclovir 10 1.5 254 0.240.3 0.99
16 Carbamazepint 10 1.9 291 0.09-0.25 0.99
17 Felodipine 10 24 254 0.0040.3 0.99
18 Fenofibrate 10 3 291 0.0020.06 0.99
19 Griseofulvin 1 0 1.5 291 0.0080.04 0.99
20 Paracetamol 10 1.1 254 0.0450.058 0.99
21 Probucol 100 4.9 220 0.00060.02  0.99
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2.3.2.4. Calibration Curve
Five or six concentration standard points were prepared covering the samples AUC
range, above, below, angtbetween, to make a calibration curve (R299), to allow

cal cul ation of t heseesTablmbesd concentrati ol

2.3.2.5. Statistical Analysis

Each solubility experiment was performed as a triplicate, and the mean was calculated

and processed usimdicrosoft Excel For more detailed analysis, two programs were

used, Minita§18, and Graph Pad Pri€r, using Windows 11The Minitab software

analysedh custom factorial design of experiment, for the 5 components concentrations,
mentioned in Table.2. Whereas, Graph Pad Prism software, usedparametric
KruskatWallis test with Dunbs mul t i pl e c¢ o,aopMannWhitoay c or r ¢
test (for drugs with less than three comparison growdsre only results of P value

< 0.05 were considered significari®or further details please refer (Abuhassan et

al., 2021)

2.4. Results and Discussion

2.4.1. Equilibrium Solubility Findings and Comparison

The equilibrium solubility ranges resulted from #ightpoints and aentrepoint were
plotted and compared, where available, with previous fasted DoE stDaiES66
points(Khadra et a] 2015) DoE 10 pointgAinousah et a) 2017) and DoE 9 points
(McPherson et al 2020) Figures 22, 23, and 24 present the solubility ranges of
acidic, basic, and neutral drugs respectivélyerature values ofaHIF and SIF
solubility results(Augustijns et al 2014) plus two FaSSIF values from this study,
were also plottedbr visual comparison but are not included in the statistical analysis
(only three or more HIF or SIF values were statisticalhalysed and all were not
significantly different (results not presented))

A statistical comparison of the Fa9SIF equilibrium solubility and the other DoE results
carried out for 31 possible cases, resulted in a statistically equivalent relationship for
twenty-six of the cases, 84%his corresponds that the Fa9SIF study is measuring the

same solubility ranges as previous DoE stu@#esousah et aJ 2017, Khadra et al
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2015, McPherson et.aR020) For 12 out of 13of the studied drugs, the FaSSIF two
values sample 10 and 11 of this Fa9SIF study, were both in the same range as previous
studieqgAinousah et a) 2017, Khadra et al2015, McPherson et.a2020) and found

to be close to theentredsolubility; sample 9

LiteratureFaHIF solubility data were available for 10 drugs, and in 80% of the cases,
the HIF solubility lay within the Fa9SIF envelope, the exceptions were carvedilol and
probucol Wherea® drugs had 12 literature fasted SIF data, only 1 SIF solubility point
for griseofulvin wasnét in the range of
of the dataThis comparison shows some errors due to different protocols used in the
previousFaHIFSIF studiegAugustijns et al., 2014As an overall, the previous HIF

and SIF data were comparable and with a good agreement with this novel five
dimensional Fa9SIBtudy, but all imply that the variable nature of HIF composition

needs a range of data points to test a drug's solubility, not a single point
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Figure 2.2: Acidic drugs measured equilibrium solubiliépmparisorof Fa9SIk
this study DoE 66(Khadra et a] 2015) DoE 10(Ainousah et al., 2017jand DoE
9 (McPherson et al., 2020)he FaSSIF points are points 10 and 11 analysed ir
Fa9SIF media. Literature fastétlF (human intestinal fluid) and SIF (simulat
intestinal fluid)(Augustijns et a] 2014) ns: nonsignificant * p = 0.0172; *** p =
0.0003
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Four out of six acidic drugs of this Fa9SIF9 study weresmnificantly different
compared to the literature fasted DoE res(Mmousah et a) 2017, Khadra et al

2015, McPherson et .al2020) Exceptons arephenytoin (pKa 8) and piroxicam

(pKa 64), which were respectively unionized and partially ionized compared to the
other totally ionized acidic drugs studied in this pH rapgewas the main parameter
controlling acidic drug solubility, as the pH values which were used previously was 5,
6, or 7(Ainousah et aJ 2017, Khadra et al2015, McPherson et.aR020) whereas

in this Fa9SIF study, the pH was a range betweghtd 804. In previous DoE studies,

the data points distribution was divided into two groups, upper and lower, depending
on their pH values which were constructed by a DoE analysis, but this Fa9SIF study
gave a better distribution and range of the solubility valudse to the
multidimensional analysis pH ran@yper et al., 2020)

Two out of three basic drugs fratinis Fa9SIF9 study were nhsignificantly different
compared to other DoE studies. The only exception was tadalafil, which had a
significantly different solubility range compared to two DoE studidsadra et al.,
2015, McPherson et al., 2020, Ainousah et al., 20dt)not DoE 1@Ainousah et al.,
2017) This result reflects a drugependent behaviour, as tadalafil is the only
unionized drug in this pH range (5.78.04), with pKa of 3.5, and has the lowest Log

P value (1.7).

Three out of four neutral drugs from this Fa9SIF studyenat significantly different
compared to other DOE studi@snousah et al., 2017, Khadra et al., 2015, McPherson
et al., 2020)exception is griseofulviwwhich was only tested ithe first DoE(Khadra
etal.,2015) This difference can also be corre
(2.18) compared to other neutral drugsdto the media components variation

In general, the distribution of the basind neutratirugs solubility wasmallerthan
previous DoE distribution results, and this is due to the different concentration used
for PL, FA, and BS, which all contributed to micelle formation, the main solubility

influencer, see Table 2.6.
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2.4.2. Significant Factors Effects and Comparison

The various acidic, basic, and neutral drugs were statistiaalyysedoy Minitab
software through a custom DoE, to determine the most statistically significant media
components influencing solubility (only the 9 points were considered in this analysis)
As seen by the results in Figuré 2the solubility of fourout of eightof the acidic
drugs furosemide, indomethacin, naproxen, amxicam was significantly affected

by media pH, but not any of the other media componérite significant effect
resulted from the pH, was due to the ionization impact on those.dNiuysreas,
phenytoin(pKa 83), was not ionized in the pH range of this study (pF25 8.04),

which accounted for a lower solubility effect from pHowever, the solubility of
mefenamic acidl¢g P5.12), and zafirlukastl¢g P5.56), was not affected by the pH
component as well, but this could be related to their high lipophilicity value (> 5)
which masked the pH ionization effecastly, ibuprofen showed no significant effect,
which is comparable taprevious DoE stud{McPherson et al., 2020)

Where available, this result was compared with the significant factors of the previous
fasted DoE studied drug#inousah et aJ 2017, Khadra et al2015, McPherson et

al., 2020) as the pH component was also affecting the solubilitin@ddmethacin,
naproxen, angbiroxicam Whereas the solubility of phenytoin and zafirlukast were
significantly affected by more than three intestinal compor(@&m®usah et al., 2017,
Khadra et al., 2015, McPherson et al., 2020hich is referred to the different
concentrations and higher sample number used in the previous DoE approach, see
Table 26. For example, higher FA concentratjon previous DoE studieaccounted

for a higher overall solubility for the tested samples
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Figure 2.5: Acidic drugsi custom design of experiment analyMgrtical redlines

indicate statistical significance (P < 0.05)
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The solubility of three basic drugs out of six (aprepitant, carvedilol, and tadalafil) was
significantly affected by the PL component, which is due tddhmationof micelles
Aprepitant solubility was also affected significantly by the FA component, see Figure
2.6. The solubility of three drug®ot studied in DoE studies)ere not affected by any
component, posaconazole (pK& and 46), atazanavir (pKa.8), and dipyridamole
(pKa 64), as the first two were not ionized in the prepared mediatrentitter was
partially ionized in thestudiedpH range(5.7271 8.04), which accounted for a lower
solubility.

Where available, this result was compared with the significant factors of the previous
fasted DoE studied drugand was comparable with aprepitant reqéltsousah et a)

2017, Khadra et g12015) and with one literature study for tadaldflhadra et al

2015) but not carvedilofAinousah et a) 2017, Khadra et al2015, McPherson et.al
2020) Carvedilol solubility showed a different behaviour in each DoE study, see Table

2.7, which is related to the differeato mp o ncennentsations used in each study
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Pareto Chart of the Standardized Effects
(response is Aprepitant fasted, o = 0.05)
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Lastly, for the solubility of the neutral drugs, origlodipine and fenofibratewere
significantly affected by phospholipid, which is due to micelles formation, see Figure
2.7. Yet, the solubility of probucol was not affected by any intestinal component due
to its high lipophilicity (og P11.3).

Where available, this result was compared with the significant effects of the previous
fasted DoE studied drug@inousah et al] 2017, Khadra et a] 2015) and was
comparable with felodipine and fenofibraWhereas, the solubility of griseofulvin

and probucol was significantly affected by other intestinal compoifiameusah et

al., 2017, Khadra et al2015, McPherson et.aR020) but not in this study, which is
referred to the different concentrations and sample numbers used in each study, see
Table 26.
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Pareto Chart of the Standardized Effects
(response is Probucol fasted, a = 0.05)
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Figure 2.7: Neutraldrugsi custom design of experiment analy§isrticalredlines

indicate statistical significance (P < 0.05)
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As an overall, in the Fa9SIF study, significant factors were found in 8 outdstig3,

just over 60% The 10 (Ainousah et al., 2017, McPherson et al., 2030y 9
(McPherson et al., 2020, Ainousah et al., 2Qdaipts DoE studies have detected the
same number of drugs, 7 out of78% Whereasall the 12drugs in the 66 points DoE
(Khadra et al 2015)were found to have significant effectehe lowered statistical
resolution foundy the custom DoE of this study, compared to the prevemeysed

DoE studies, is due to the lower number of sample pdimsdifferent components

and concentrations used in each simulated media systaihecausehe Fa9SIF
study was not statistically designed as a DoEkerefore, due to those differences,
smallscale studies using Fa9SIF media compositions are not useful for the
identification of the media factors, or factor combinations, that significantly influence
a drugb6s solubility, -scaedDoE studiessrs equised.t hi s |

Table 26: Media component concentrations time Fa9SIF study and publishe
fasted DoE studiefAinousah et aJ 2017, Khadra et al2015, McPherson et .al
2020)

Component Substance Fa9SIF (Khadra  (Ainousah (McPherson
(Pyperet etal, et al., et al., 2020)
al., 2020) 2015) 2017)
Low-High Low-High Low-High Low-High
(mM) (mM) (mM) (mM)

Bile Salt Na 106-145 15-59 15-59 15-59

taurocholate

Phospholipid Soybean 0.16-248 02-1 02-075 02-1

lecithin
Fatty acid Na oleate  1.01-343 05-10 05-15 04-32
Cholesterol Cholesterol 0.01-0.38 - 01-026 -
pH HCI/KOH 572-8.04 5,6,and7 5,6,and7 5,6,and7

Note: Khadraet al.,DoE usedegg lecithin as a phospholipid.
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Table 27: A comparison between the significant factors affecting the acidic, dadioeutral drugs in this Fa9SIF media versus
previous fasted DoE studié&inousah et a] 2017, Khadra et al2015, McPherson et.a2020)

Drug Fa9SIF (Khadra et al., 2015) (Ainousah et al, 2017) (McPherson et
(Pyper et al., 2020) 66 points 10 points al., 2020)
9 points 9 points
Ibuprofen NSF NT NT NSF
Indomethacin pH pH, bile salt, buffer, fatty pH pH
acid
Naproxen pH pH NT NT
Phenytoin NSF pH, bile salt, phospholipid, pH, fatty acidcholesterol, NT
fatty acid, buffer, salt, BS:PL ratio
pancreatin
Piroxicam pH pH NT NT
Zafirlukast NSF pH, fatty acid, phospholipid, pH, cholesterol, pH, fatty acid,
bile salt monoglyceride bile salt,
phospholipid
Aprepitant Phospholipid, fatty acid Phospholipid, pH, fatty acid Fattyacid, phospholipid, NSF
monoglyceride
Carvedilol Phospholipid Bile salt, fatty acid NSF Bile salt, pH
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Drug Fa9SIF (Khadra et al., 2015) (Ainousah et al., 2017) (McPherson et
9 points 66 points 10 points al., 2020)
9 points

Tadalafil Phospholipid Bile salt, pH, buffer, NSF pH
phospholipid, fatty acid, salt

Felodipine Phospholipid pH, fatty acid, phospholipid, pH, fatty acidphospholipid, Fatty acid
bile salt monoglyceride

Fenofibrate Phospholipid Fatty acid, bile salt, pH, pH, fatty acid, phospholipid Fatty acid
phospholipid, buffer, salt

Griseofulvin NSF pH, bile salt, phospholipid, NT NT
fatty acid, buffer, salt

Probucol NSF pH, fatty acid Fatty acid, BS:PL ratio pH

NT: not tested, NSF: nesignificant factoyBS:PL is bile salt to phospholipid ratio.
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2.4.3. Solubility Multiples

A striking feature of the original DoE 6(Khadra et al 2015)was equilibrium
solubility variability, with some drugs exhibiting a greater than three log range
between the lowest and highest values measuredrigure 28, the calculated
solubility multiple (highest solubility + lowest solubility) is, where available,
presented of each drug of the Fa9SIF study versus the 3 different fasted DoE studies
(Ainousah et a) 2017, Khadra et al2015, McPherson et.aR020) to compare the
distribution range of eacfhere is a major reduction in the solubility multiple in the
Fa9SIF system compared to other DoE stuf#@sousah et aJ 2017, Khadra et al
2015, McPherson et.al020) As, in the 66 points DoKhadra et al 2015) over

80% of drugs had higher solubility multiple values compared to the Fa9SIF Asidy
well, in DoE 10 pointgAinousah et a) 2017) 67% of the drugs had a higher solubility
multiple compared to the Fa9SIF studyd just over 20% were relevant (03).
Finally, in the 9 points DoE studivicPherson et g12020) the solubility multiple of

60% of the studied drugs were higher than the Fa9SIF stndyi0% was equal (£
0.05).

Two reasons behind these different results, first is the variable media composition and
concentrations, see Tablé2as the range of media factors and factor values assessed
between the systems is neguivalent and this will influence the solubility
measurement§or example, the DoE 66 pH was 5, 6, dKRadra et a] 2015) whilst

the Fa9SIF had a pH range betweef2%o 8.04 In contrast, the FA range is lower in

the Fa9SIF (@1 3.4 mM) when compared to the DoE 6650 10 mM) (Khadra et

al., 2015) In addition, cholesterol is present in the Fa9SIF system but not in the DoE
66 (Khadra et al] 2015) The combined solubility influence of these various
differences is difficulttopredicEecond, the Fa9SIF study di
driven measurement points, which linked a high value of one factoraoth value

of another factor, as conducted in previous DoE stfdiesusah et a) 2017, Khadra

et al, 2015, McPherson et.a2020)

Some drugs in the three systems had a minimal difference in the solubility multiple
measurements (2.5), such as griseofulviand phenytoin(Ainousah et aJ 2017,
Khadra et a] 2015, McPherson et.aP020) These drugs, represehtrugs out of 4,

and2 out of 5 cases where there is a significantly statistical different restteen
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the Fa9SIF data and the three fasted DoE st@diasusah et a] 2017, Khadra et al

2015, McPherson et .al2020) Also, anotherthreedrugs showed the same narrow
solubility behavior, acyclovir, carbamazepia@dparacetamol, but were not studied

in previous DoOE studies.

This multipoint assessment process reveals a behaviour that has not been previously
reported in the literature, possibly since studies only examine a single point or SIF
recipe but with multiple drugéFagerberg et al., 2015The solubility distributions
indicate that these drugs have a very low solubility variability within a simulated
intestinal media systenand presumably therefore HIF, and the solubility window
moves as the media factors and factor values are varied. The latter statement is self
evident but the consistent low solubility range is nahd overall, this result is an
example ofa drug dependent solubility behaviour in these systems, which is present
(Khadra et al., 2015, Zhou et al., 201, Mt is very difficult to visualizéDunn et al.,

2019, Zhou et al., 20174 is interesting that these three drugs have relatively a low
molecular weight and log P values, and molecularly have similar compact structures
with predominantly flamromatic ringsThis simple chemical property analysis could
also be applied tother drugs, for exampie@domethacin (pKa 4.6haproxen (pKa

4.2), and piroxicam (pKa 6.4)ut the solubility multiple for these drugs is much larger
(Figure 2.8) However, for the acidic drugs it is known that pH is the major solubility
driver (Khadra et al., 20153nd these drugs have pKa values withinttiree fasted

DoE studiegAinousah et al., 2017, Khadra et al., 2015, McPherson et al., @0@@)
Fa9SIF pH rangéhis is evident in thpreviousDoE studiegFigure 2.3 where points
cluster in either high or low groups (pH values tested 5, 6 and 7), however the solubility
multiple within a pH cluster is low. It is interesting that this low solubility multiple is
present in both ionized and namized states foindomethacin naproxen and
piroxicam. The limited solubility variability in the ionized state is understandable,
since this represents aqueous solubility of the ionized molecule, but the tight solubility
of the nonrionized which should partition into the amphiljphimicellar structure is
comparable to the behaviour of phenytoin (pKa 8.33), and griseofulvin (neutral), with
the two not ionized. This is most likely to be relatedmolecular structure and
properties and indicates that molecular structure sits within the three categories in

controlling solubility behaviour in fasted intestinal media systems. There are not
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sufficient examples in this study to assess this effect, however this is an indication of
a link between molecular structure or shape and solubility in the intestinal media
systems over and above more general properties such as pKa an(Bleg$rom

and Larsson, 2018)urther focused studies will be required to fully elucidate this

behavior.
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Figure 2.8: Thesolubility multiplefindingsof Fa9SIF vs DoE studieBa9SIF results with the other fasted DoE 66, 10,
9 points solubility resultéAinousah et a) 2017, Khadra et al2015, McPherson et.aR020)
Solubility multiple = highest solubility + lowest solubility.
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2.4.4. The Solubility Effect Using a Fatty Acid Derivative

Six out of thetwenty-onedrugs tested in section.2, were tested with glyceryl mono
oleate (GMO) as a FAlerivative, instead of the free FA components (which was
represented by Na oleat@)he aim was to check if there would be any significant
difference between the solubilitgsults, using differerdomponents

GMO was already used in previous fed DoE stu(fesrier et al., 2018, Zhou et al.,
2017b) and was presented asnanoglyceride MG) component to represent the fed
state GMO is a fatty acid derivative, which has different ionization patterns compared
to Na oleate As with pH changeGMO can't be ionized because it lacks a free
exchangeable hydrogehs molecular formula and molecular weight &gH400a,

3565 g/mole GMO is an interaction between glyceryl ester and oleate, where the
glyceryl functional group links to the deprotonated oxygen, to form a structure which

is insoluble in water with neutral properties, see Figude 2

OH
glyceryl mono oleate

Figure 2.9: The molecular structure of glyceryl monooleafeeference is
PubChem

2.4.4.1. Materials and Methods

Cithrol GMO was purchased from CROD#&ompany andvas used as the same
concentrations used for Na oleate FA in the original study, see T&blEh2 eight
samples, aentrepoint (sample 9), and the two FaSSIY (sample 10), and FaSSIV
vl with Na oleate (sample 11), were prepared amalysedwith the same methods
detailed in section.3.2. The significant effects we@nalysedising a custom DoE by
Minitab software Prism software version 5 was used to perféktiicoxon matched
pairst-test(P value < 0.059f the resulting solubilitiegefer to sectin 2.3.2 for further

details

2.4.4.2. Results and Discussion
a. HPLC Results
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The injection volumes and wavelengths used were the same as the original study with
Na oleaterefer to Table 2.5The only difference was in the retention time of each
drug as he usage of GMO with the other components of the Fa9SIF study: Na
taurocholate, lecithingcholesterol,and pH, had reduced the components polarized
nature. This effect was seen by the small increase of the retention time0.G.1
minutes, in over 80% of the studied drugseTable 2.8 The MP used in this study

was a combination of two MP in gradient elution, same as the one used before.

Table 28: Theretention time resultedsing theglyceryl mono oleate as a fatty ac

derivative instead of Na oleate

Drug Retention time
(minute)

1 Ibuprofen 2.3

2  Piroxicam 0.98
3  Tadalafil 15

4  Felodipine 2.67
5 Fenofibrate 3.31
6  Griseofulvin 1.67

b. Equilibrium Solubility Findings and Comparison

The solubility results, of six drugs, with either Na oleate or GMO are presented

Figure 210. Three out of siof theanalyseddrugs,weresignificantly different This

difference proves the importance of using biorelevant SIF components, and also
reflectsthe complexity of the Glbehavior.

This comparison was not conducted in pre
results effects, also, a higher number of drugs is needed to increase the study accuracy

and understand the solubility effects.
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Figure 2.10: Statisticalcomparison for the solubility resulbetween Na oleate fatt
acid or GMO fatty acid derivative solubility results, for 6 drugB=0.0195, ** P=
0.003971 0.0078

C. Significant Factors Effects and Comparison
This experiment studied 2 acidic, 1 basic, and 3 neutral drugs, ibuprofen, piroxicam,
tadalafil, felodipine, fenofibrate, and griseofulvin respectivéhe significant effects

on solubility of the 5 media components are presented in Figlite 2
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Figure 2.11: Thesignificant effects on the solubility ofsdudied drugs, using GM(

as a fatty acid derivative along with the other 4 Fa9SIF components

The solubility ofonly two drugs out of six was statistically affected by the media
componentsThe solubility of adalafil was affected by all tHeve media components,

with the greatest effect due to PThe second drug was felodipine, which was
significantly affected by the PL component with the BS component as a second
statistically significant influence Comparing this with Na oleate effects, the
components' significant effects studied with GMO were found in half of the drugs
which had significant effects with Na oleategsTable D. The reduction in the overall
number of the drugs significantly affected by the media components refers to the
higheroveralllipophilicity introduced by GMO
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Table 29: A comparison of the significant components results of the Fa9SIF
using Na oleate versus glyceryl meoleate (GMO) as a fatty acid derivative

Drug Using Na oleate Using GMO

Ibuprofen NSF NSF

Piroxicam pH NSF

Tadalafil Phospholipid Phospholipid, bile salt, pH, cholester
fatty acid

Felodipine Phospholipid Phospholipid, bile salt

Fenofibrate Phospholipid NSF

Griseofulvin ~ NSF NSF

NSF: nonsignificant factor.

The solubil ity sigrificaptlyaffected by pHa sw gsHn &dti d n 6 t
GMO ionization, as did with Na oleate preser@s.the other hand, the usage of GMO
increased the micellesclusion of specific drugswhich their solubility wasonly

affected by PlL.and became affected by all the media components, such as tadalafil

(log P 1.7) This result could be confirmative if more basic drugs vesr@ysedising

GMO. The neutral drugs had variable result® solubility of felodipine (log P 3.9)

which was previously affected by PL only, is now affected by both PL and BS, whereas

the solubility of fenofibratélog P 5.3)which was affectebyPL, wasnodét af f e
any component with the usage of GM@hich could be referred to its high
lipophilicity.

d. Solubility Multiple

The solubility multiples for each of the 6 drugisalysedusing GMO as a fatty acid
derivative in this Fa9SIF study, versus Na oleate FA, were plotted in Figzxér?5
outof6dr ugs, the GMO solubility multiplier
multiplier. Only tadalafil was higher, which could be referred to having the lowest log

P value among the anabd drugs (refer to Table 2.1).
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Figure 2.12: The solubility multiple of the Fa9SIF media with either GMO or
oleate Solubility multiple = highest solubility + lowest solubility

2.5. Conclusion

This study demonstrates that it is possible to assess the fasted intestinal equilibrium
solubility distribution using a small number of Fa9SIF media recipes obtained from a
multidimensionalanalysis of sampled fasted human intestinal fldide solubility
distribution obtained is statistically equivalent to those determined using DoE studies,
which indicates that this approach is examining the same solubility. $pacilition,

the data from this chapter in combination with the results from muLipEstudies
(Ainousah et aJ 2017, Khadra et al2015, Madsen et .al2018, McPherson et.al

2020) and other single point solubility measureme(sigustijns et al] 2014)
indicate that the use of simulated media system, utilizing the same media factors and
concentrations are likely to provide similar solubility distributions

By creating a custor®oE using the Fa9SIF media recipe factor values, it is possible

to calculate the factors significantly influencing drug soluhillyis analysis showed
the pH component to have the major signi
solubility, due to the ionization impacWhile the PL component was the highest
significant effect for half of the basic drugs, which is due miaelle-based

solubilization The solubility of one basic drug was significantly affected by both the
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PL and the FA componentsastly, only 2 out of 7 neutral drugs were affected by the

PL componentHowever, the number of factors identified is reduced when compared
to statistically designed smadtale studiegAinousah et aJ 2017, McPherson et.al

2020) which are again lower than the largmale stuyg (Khadra et a] 2015) From 11
available comparison cases of the acidic drugs, pH was found to have a significant
effect in 10 case@\inousah et a) 2017, Khadra et al2015, McPherson et.a2020)

The basic drugs had lower matched cases, of only 3 out of 9 cases having PL to be a
significant effect, and for aprepitant, 2 out of 3 cases were having FA to be a significant
effect While for the neutral drugs, PL was found to be significant in 66 points DoE
(Khadra et al 2015) and 10 points DoEAinousah et aJ 2017) but not in 9 points

DoE (McPherson et 812020)

The solubility variability measured by this study is lower than the variability from the
initial large-scaleDoE (Khadra et al] 2015)study, or other DoE studi€éinousah et

al., 2017, McPherson et.aP020) The studies are not directly comparalaed two
factors could be responsible for this difference,wheable media composition and
concentrations of each study, and that t
driven measurement points, which linked a high value of one factor with another low
value of another factor, as conducted in previous Doéiest(Ainousah et al 2017,
Khadra et al 2015, McPherson et.a020) However, based on the source for the
media recipe compositions in this study, the lower solubility range measured is more
likely to reflect the fasted intestinal solubility envelope than a DoE approach, and
considered to be bioequivalentitovivo behaviour In addition,five drugs exhibit a

very narrow solubility range, that has been revealed by the-puitit analysis, and
which has not been previously picked up using a single point measurement. This might
represent an interesting behaviour category for further biopharbtcateu
consideration.

Finally, six drugs were tested by displacing the free FA component (Na oleate) with a
FA derivative (GMQ and found a statistically different result ihalf of drugs
components driven solubility effectalso, the number of significant factors and the
solubility variability were reducedThis is becauset he pH di dnot aff
ionizationwhich especiallyaffected theonizable drugs, such as piroxicam. Whereas,

the solubility of some drugs was affected by more than one component, compared to
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the Na oleate recipe, for example tadalafil, which could be referred to its lowest log P
value. Overall this proves the complexity of the GIT composition, and that using a
less biorelevant component would result in variable solubility effects
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Chapter 3: Investigating the Structured Solubility Behavior in
Bioequivalent Fasted Simulated Intestinal Fluids Along with Its

Limits and Distributions

3.1. Introduction

The 9 fasted simulated intestinal fluidFa9SIF media compositiongPyper et al.,
2020) along with a value in fasted simulated intestinal fluid version 1 (Fa8BIF
(McPherson et al., 2020)ereappliedto determine the fasted solubility 21 drugs,

7 of them were assessed in the origibalelopability Classification SystefCS)
paper(Butler and Dressman, 201@s detailed itChapter2 of this thesisAs the nine
media recipes provided a range of solubility values that, due to the derivation from
sampled HIF, covered thasted human intestinal fluidFaHIF) range, therefore this

can be considered bioequivalent.

This chapter will cover two partthe first part,s the application ofhe equilibrium
solubility values to the DCS grid and associated calculations which predict absorption,
to provide the limits for likelyin vivo solubility behavior.Also, determination ofa
solubility frequency distributiornto assess solubility behaviour across the population
range, based on the twenty volunteers sampled in the original (Rietiiorst et al.,
2016) It should be noted that the frequency distribution represents the aggregated
measured HIF compositions from all voluntearsd therefore intreand intersubject
variability cannot be analysed using this approach.

The second pars toinvestigate the solubility behaviour of tRa9SIFmedia recipes

to determinghe consisteny betweereachdrug andts categoy. Consistent solubility
behaviour might permit a further reduction or refinement of the number of media
required to determineaHIF solubility range using fasted SIF medisetermination

of an intestinal solubility range, with minimum addition of required media would be
useful during early drug development, when active pharmaceutical ingredients (API)
material is limited but crucial decisions concerning for example API physical form
and formulationneed to banade(Bayliss et al 2016, Di et al] 2012, Ding et al

2012)
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3.2.  Aims and Objectives

1 Predict than vivo behaviour byinvestigaing the developability classification
system of oral drugsextremes and rangdo reduce time, cost, and effortsr
compounds screening andriwulation

1 Study the solubility behaviour among a population rangeldigrminng a
solubility frequency distribution

1 Reduce the media number uskd investigaing the solubility behaviour

structureand consistengyto aid in drug discovery ardkvelopmenstages

3.3. Methods

As detailed inChapter2, the equilibrium solubility of 21 drugs (physicochemical
properties are detailed Trable2.1) was measured in the 9 bioequivalent media recipes
and the preprepared FaSSHF1l media (concentrations used are presentethbie
2.2). The solubility results were used in the following DCS calculations (using Bxcel
andapplied to the DCS grid

All data analysis anBligureswere conducted using Graph pad prism software version

5, using Windows 11Spider plots were created by OriginP2022 software
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3.4. Results and Discussion

3.4.1. Developability Classification System

3.4.1.1. Equilibrium Solubility Ranges

Using the measured bioequivalent maximum and minimum solubility values found in
Chapter2, the solubility multiplies (Maximum Solubility)+ (Minimum Solubility)).
werecalculated, se@able3.1 The values ranged from1b for acyclovir to 400 for
furosemideFurthermore, sing the centre point it is possible to calculate a skew value
((Maximum Solubility - Centre Point Solubility))+ ((Centre Point Solubility-
Minimum Solubility)) to determinethe distribution symmetry, with values ranging
from 0.445 (ibuprofen)to 239 (mefenamic acid)Generally, most of the drugs (67%)
with the lowest solubility multiplier also have the lowest skew value, however, 33%
of the drugs deviate from this trenthis variation indicates the dividualistic drug
behaviour in these complicated media systébusn et al., 2019, Zhou et al., 2017b)
and further results and discussion with respect to this issue are in the next $adion

is the first experimental study that permits the calculation of these yahtea greater
number of examples is required to assess the utility of this information

At this stage, it could be surmised that for drugs with a low solubility multiplier and
skew values, th& vivo bioavailability variability will not be influenced by intestinal
solubility variability, and other factors such as permeability and/or metabolism will be
more important For drugs with high solubility multiplier and skew values, the
intestinal solubility variability along with permeability and/or metabolism will
contribute toin vivo bioavailability variability Based on these results, it can be
confirmed that the bioequivalent media system is detecting a relevant solubility range
and this range is dependent upon the dr

structure and media composition
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Table 3.1: Equilibrium solubility data and analysis

Drug Minimum Centre Maximum Solubility Skew Peff*104 Dose
solubility solubility solubility multiplier (cml/s) (mQ)
(mg/mL) (mg/mL) (mg/mL)
Furosemide 0.397 5.98 15.9 40.0 1.78 0.6C 80t
lbuprofen 1.46 6.44 8.66 5.95 0.445 12 400
Indomethacin  0.144 0.614 2.71 18.8 4.47 7.5 200°
Mefenamic acid 0.0134 0.0322 0.481 35.9 23.9 14t 250
Naproxen 0.682 3.73 17.4 25.5 4.47 8.5 100¢
Phenytoin 0.0240 0.0298 0.0579 241 4.86 8.4 300¢°
Piroxicam 0.164 0.811 3.68 22.5 4.43 6.7 20°
Zafirlukast 0.00152 0.00276 0.0229 15.1 16.2 6.4 20°
Aprepitant 0.00456 0.0262 0.0641 14.1 1.75 7.1 125
Atazanavir 0.00099 0.00154 0.00424 4.27 4.88 *1.24 30¢°
Carvedilol 0.0475 0.1® 0.291 6.12 3.27 6.8’ 258
Dipyridamole  0.00813 0.01A 0.0608 7.48 4.40 1.5 100
Posaconazole 0.00229 0.00330 0.00631 2.76 2.97 7.1° 30¢°
Tadalafil 0.00351 0.00579 0.0124 3.54 291 7.3 20°
Acyclovir 2.67 2.82 3.07 1.15 1.55 0.25 800
Carbamazepine 0.154 0.192 0.247 1.60 1.45 4.3 30¢°

Page |113



Drug Minimum Centre Maximum Solubility Skew Peff *10°4 Dose

solubility solubility solubility multiplier (cm/s) (mQ)
(mg/mL) (mg/mL) (mg/mL)
Felodipine 0.0080 0.052D 0.154 19.7 2.33 7.8 10°
Fenofibrate 0.00383 0.013 0.0293 7.65 1.56 7.7 160C°
Griseofulvin 0.0103 0.0141 0.0240 2.32 2.64 8.7 500
Paracetamol  18.0 19.9 22.0 1.22 1.10 1.3 500
Probucol 0.00130 0.00410 0.0104 8.05 2.27 6.5 50C°

*Atazanavir rat permeability was converted by GastrdPaadtware, to the human permeability value.

Solubility Multiplier = (MaximumSolubility) / (Minimum Solubility).

Skew = ((Maximum Solubility Centre Point Solubility)) ((Centre Point Solubility Minimum Solubility)).

References: -1(Butler and Dressman, 2018 (Lennerrds, 2014)3- (Benet et al., 20113- (Kis et al., 2013%- (Sj°gren et al.,
2016)6- (Hens and Bolger, 2019j- (Perrier, 20198- British National Formula.
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3.4.1.2. Developability Classification System Range

Using the drugdés human intestinal gser meah
(Table 3.1), it is possible to plot the results on tBCS grid by calculating a
dose/solubility ratio for each measurement point, as presented preViBusir and
Dressman, 2010This is presented iRigure3.1 (and summarized ihable3.2) using
FaSSIFvl and the nine bioequivalent media system measurem&hts plot
highlights the solubility range along with the multiplier and distribution issues
discussed above

The DCS drug classificatiorof 5 out of 7drugscategorized previousl¢Butler and
Dressman, 2010)vas the samavith using bioequivalent solubility range values.
Mefenamic acid crossed a DCS boundary, and acyclovir changed from category IV to
Il (enhanced solubility)which is determinedusing a range of solubility values
compared tdhe previousisgle value (Butler and Dressman, 201®V/hereas dr the

other drugs with FaSSIFvl DCS categorizationseven drugs had no change in
categorization with expanded solubility rangjeee drugsrossed a DCS boundary
oneacidic(zafirlukast) and twobasic (aprepitant and tadalafNyhereaghe solubility

range offour drugs indomethacin naproxen carvedilol andfelodipine) expanded
between the dissolution limited classajland class.IFor the drugsvhich crossed a

DCS boundarythe centre point and/or FaSSIE value is located at or close to the
boundary of3 out of the 4 druggexcept aprepitant).

The additional rangbased information arising from the mypint measurement
indicates thaffor drugs which crossed a DCS boundayworstcase formulation
approach for the four drugs should be based on solubility limited performance rather
than dissolution approachdshis demonstrates the utility of using a range over a single
value measured either FaHIFor SIF. Investigation of more drugs will reveal further

candidates where different aspects of these scenarios are likely to arise
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Neutral drugs DCS classification
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The behaviour of the acidic drugs with respect to measurement pH is illustrated in
Figure 3.2. A predominant effect is that solubility increases (therefore dose/solubility
volume decreases) with increasing pH, with minor variation due to the amphiphilic
factors present in the media. This is consistent with the solubility drivers identified for
acidic drugs in the original fasted DoE stud§hadra et al., 2015and other related
studies(Ainousah et al., 2017, McPherson et al., 2020, Perrier et al., .20tB)

indicates that although the media component concentrations and ratios have been
changed to provide equivalence to the measured HIF sa(®ylesr et al., 2020}he
systembés solubility behaviour remains co
The bioequivalent point compositions describe greater than ninety percent of the
compositional variation present in the analysed HIF sam(lgper et al., 2020)
Therefore, it is reasonable to assume that the measured range for each drug in Figure
3.1 represents greater than ninety percent of a behaviour in the measured fasted

i ntestinal space, and the calcul ated max
indicd e a drugds intestinal fasted solubil
dose/solubility volume ratio could be taken to represent a wasst scenarjavith

greater than ninety percent of the distribution above this extreme limit exhibiting a
higher solubility. Therefore, compound screening or formulation selection based on

the lowest solubility point rather than a centre point or average fasted SIF point might

be useful as a worstase for anore cautious riskbased quality by design approach
(Rosenberger et al., 2018) addition, this eliminates the inherent risk associated with
solubility range distributions if a centre point or average fasted SIF value is utilised,
without any knowledge of the solubility range.
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Table 32: Summary of the resulting DCS categorieshafanalysed drugs.

Drug DCS categoization Bioequivalent media
Literature FaSSIFv1 impact’

Furosemide 1] - No change, expanded

Ibuprofen I - solubility range

Phenytoin - b

Piroxicam - I

Atazanavir - b

Dipyridamole lIb -

Posaconazole - b

Carbamazepine - lla

Fenofibrate - b

Griseofulvin l1b -

Paracetamol I -

Probucol - b

Mefenamic acid lla - Crossed a DCS boundary

Zafirlukast - b

Aprepitant - b

Tadalafil - Onllb/lla boundary

Indomethacin - I Expanded solubility

Naproxen - I range

Carvedilol - I

Felodipine - I

Acyclovir v - Solubility enhanced

DCS:Developability Classification Systert See text.
DCS categarationliteraturereferencess (Butler and Dressman, 201®aSSIFv1

is based othemeasured &SIFv1 valuefrom Chapter 2.
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3.4.1.3. Fasted Solubility Frequency Distributions

The bioequivalent point compositions were calculated to describe the compositional
variation present in the 132aHIF samples within the analysed data ($8tper et al.,
2020) Through the application of-8imensional Euclidean spaadeé is possible to
calculate the proximity of each data set point to an individual bioequivalent point
composition to produce a frequency distribution based on the number of data set points
closest to each bioequivalent poiince the study has measured the equilibrium
solubility of each bioequivalent point, this can then be converted to a dose/solubility
volume frequency distribution, sdéigure 3.3. a - d. It should be noted that this
frequency distribution arises from the samptatH|Fpoint compositias(Pyper et al.,
2020, Riethorst et al., 201,&nd cannot be related to measuareivopharmacokinetic
variability at this stagdSugihara et al 2015) NB Drugs split betweelfrigureson

basis of presentation clarity

In Figure 3.3.a the distribution for acyclovir, carbamazepine, griseofulvin,
paracetamolandphenytoin, is presenteBased on the presentationfigure3.1 and
associated discussion in secti®a.1.], all thefive drugs have very narrow frequency
distributions with almost vertical cumulative lines, related to the very narrow solubility
range(solubility multiple < 2.5)for these drugsDrugs inFigure3.3. b - d have a
broader distribution range, and the points presentédjure3.3. a1 d arenot evenly
distributed on the cumulative plot as centre point towards the lower end of the
cumulative plot of 16 drugs out of 2Dnly for paracetamol irFigure 3.3.a, and
carvedilol inFigure3.3.c does the centre point occur in the middle of the distribution
For the acidic drugs presented, the distribution was predominantly controlled by pH
(see section 3.4.1.2 and Figure 3.2), but alsodisplay the same characteristics
previously described with points not evenly distributed and centre point towards the
lower end of the cumulative plofhe acidic drugs also exhibit an increased degree of
structure (se€igure3.3.b) in the cumulative plot with steps indicative of peaks in the
distribution

Statistical analysis of the distributions either ma@rmal or log normal behaviour did

not produce significant result®revious statistical analysis of fasted SIF DoE
solubility distributiongAinousah et al., 2017, Perrier et al., 20t#gjhlightedthat the

distributions were not normal, also the FaHIF data poirsisd to calculate the
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bioequivalent pointgPyper et al., 2020vere not normally distributedhis result
might reflect the wetknown variability of these fluidéElvang et al 2018, Elvang et

al., 2019) and the measurement of solubility in th@dtarysse et al., 2011, de la Cruz
Moreno et al.,, 2017, Zhou et al., 2017WYithin this bioequivalent system, and
presumably HIF as well, the traverse from low to high solubility points is not a simple
vector based on a single concentration of a media component, where a solubilisation
relationship might be expect@daylor et al, 1993, Pedersen et,&000b) but a five
dimensional (Dunn et al 2019) (and in HIF more) transit through a complex
compositional spac& herefore, the lack of an organised statistical distribution when
traversing the solubility range based on individual discrete points is to be expected
This might represent an evolutionary aspect to HIF providing variability that
maximises nutrient solubilisation, but also impacts administered.draigshighlights

why a single HIF aspirate will not be representative of the entire HIF spratsingle
measurements limited by alack of krow dge of t he sampl eds
which will be further complicated when drug properties are superimpodsesimakes
prediction difficult and points that knowledge of the solubility distribution via
measurement is required with the information potentially useful for performing, as
discussed, a risk analysis for the likely impact of solubility variability on absorption

behaviour
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3.4.1.4. Solubility Limited Absorbable Dose Distribution

By applying the biopharmaceutical calculations detaile€Chapter 1, a solubility
limited absorbable dose (SLAD) and a target particle size to avoid dissolution rate
limiting issues were calculated as per literatyButler and Dressman, 2010,
Rosenberger et al., 2018ge Table 3.3. The calculation has been applied to the
measured centre point and lowest solubility value as a wass situation, using the
permeability values for each drug from the literature, as detailed in Table 3.1, and
standard values for othergmerties. A comparison between the outputs arising from
the centre point and lowest solubility measuremdatshd thatfor the narrow
solubility distribution drugs (acyclovir, carbamazepine, griseofulvin, paracetamol, and
phenytoir) there isaminimal difference between the values, whilst for the other drugs
the difference reflects the discussionsection 3.4.1.1This hints that a narrow
intestinal solubility range might be a useful drug development target, since the drug
would then be intrinsically resistant to intestinal solubility variability. In this study, it

is recognised that this interpretation might Ipeuarealistic target based on current
medicinal chemistry structures.

For 9 out of 21 drugs (furosemide, ibuprofen, indomethacin, naproxen, piroxicam,
carvedilol, carbamazepine, felodipine, and paracetamol), the calculated lowest SLAD
is above the administered dose (Table 3.3), and therefore minimal solbbgitygl
absorptbn issues are possible, reflective of their positions on the BCS/DCS grid. For
the other drugs, the calculated lowest SLAD is below the, tlemefore solubility and
dissolution rate limiting issues are likely to occur upon oral administréaacidic

and basic drugs, modifications could be applied to account for pH changes during
transit through the gastric compartment and down the intestina({k@ziblek et al.,

2015, Tsume et al., 2014hvestigation of intestinal tract pH indicates that this source
of variation in the upper tract diminishes as material transits down the tract. Since the
neutral drugs are natnisable, a pkbased adaptation is not applicable. However, for
11 drugs (out of 12) even the SLAD centre point calculation (see Table 3.3) highlights
a solubility issue with respect to the dose, tadalafil SLAD centre point was equal to
the dose. By caldating the SLAD values for all bioequivalent points and linking to

the cumulative percentage incidence (see section 3 4itlis feasible to determine
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where solubility limitations no longer apply. This is presented in FiguraB.dfor

12 drugs, drugs separated to aid graphical display.

The plots 08 out of 12 drugs (Figure 3.4 b and c) do not reach the required oral dose
value (Table 3.1)Whereasthe plots of 4 out of 12 drugs, indicate that solubility
limitations will only be resolved irapproximately thirtypercentfor mefenamic acid,
tadalafil, and zafirlukasend in fifteen percent of aprepitanf, FaHIF compositions
(seeshortvertical lines Figure 3.4)aThis information could be applied for a risk
assessmeriiased approach to development and formulation. This representsea furt
advantage of solubility range knowledge dretjuency distribution within the range

to assessolubility associated biopharmaceutical issues, especially where the drug
crosses a classification boundary. As above investigation of more drugs will reveal
further candidates where this scenario is likely to anigBne the compositional
calculations for the bioequivalent pointand link in vitro solubility to in vivo

pharmacokinetics.
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Table 33: Calculated biopharmaceutical data.

Drug SLAD (mg) Particle radius (um)
Centre point Minimum Centre point Minimum
solubility solubility solubility solubility

Furosemide 1714 114 299 77

80 mg

Ibuprofen 36969 8356 310 148

400 mg

Indomethacin 2202 518 96 46

200 mg

Mefenamic acid 215 90 22 14

250 mg

Naproxen 15170 2771 236 101

1000 mg

Phenytoin 120 96 21 19

300 mg

Piroxicam 2599 525 110 49

20 mg

Zafirlukast 8.5 4.7 6.4 4.8

20 mg

Aprepitant 89 15 20 8.3

125 mg

Atazanavir 0.89 0.57 4.8 3.9

300 mg

Carvedilol 340 154 40 27

25 mg

Dipyridamole 13 5.8 16 11

100 mg

Posaconazole 11 7.8 7.0 5.8

300 mg

Tadalafil 20 12 9.3 7.2

20 mg
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Drug SLAD (mg) Particle radius (um)

Centre point Minimum Centre point Minimum
solubility solubility solubility solubility

Acyclovir 337 319 205 200

800 mg

Carbamazepine 395 318 54 48

300 mg

Felodipine 193 29 28 11

10 mg

Fenofibrate 51 14 14 7.6

160 mg

Griseofulvin 59 43 15 12

500 mg

Paracetamol 12357 11183 545 518

500 mg

Probucol 13 4.0 7.8 4.4

500 mg

Solubility Limited Absorbable Dosé SLAD = Si x V x An, where § is the
intestinal solubility (mg/mL) measurement as indicated in column header (see
3.1), V is the volume of intestinal fluid (500 mLand An is the absorption numb
(An=Peft x Tsi/ R) where R is the effective permeability of the intestine to the d
(see Table 3), Tsiis the small intestinal transit time (3.32 hr) and R is the intes
radius (1.25 cm).

Particle radiugr) = & D 8 Ssi x Tsi/(Dn x })), where D is the diffusion coefficier
(typically at5x 1Fcm/s),Dni s t he di ssol ution nurt
density (typically 1.2 gm?).
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3.4.2. Structured Solubility Behaviour

3.4.2.1. Solubility Analysis

The multidimensionalanalysis ofFaHIF composition included five factors pH, bile
salt(BS), phospholipid PL), fatty acid(FA) and cholesterglPyper et al., 2020and

in order to plot solubility data onyx coordinates each media recipe has been reduced
to a single value by either calculating the total amphiphile concent@#ad) (mM)
multiplied by the media pH valu&#ble2.2), or using pH alon€eThe rationale for the
former unusual data manipulation is based on three behaviour properties of these
media systemg-irst, revious studies have used the TAC to correlate solubility, either
individually (Pedersen et al2000b) or in combinatior(llardia-Arana et al 2006)
Secondihe fasted DoE studKhadra et a] 2015)indicated that for basic and neutral
drugs the medi aFA MBS, @ PBL) standaglided éffpcHvalues on
solubility were similar, and that the majority of signific@atay interactions involved

pH along with an ionisable amphiphild=inally, a topographical analysis of
solubilisation in simulated fluiggshat employed a four compone@g, PL, FA and
monoglyceride) mixture design with varying pH and TAQunn et al, 2019) noted

that solubility generally increased as both TAC and pH incredadesl pH x TAC
manipulation is not completely applicable to acidic drugs where in the fastedH2oE
standardised effect value for pH dominated solubility behaviour by a factor of twenty
fold greater than any of the amphiphilic media factdtserefore, for acidic drugs a
plot using media pH only is presented for the more soluble drugs and comp@atison
and pH x TAC) plots for poorly soluble

A representative plot of solubility against pH x TAC is presentédgare3.5, which
illustrates the data structure of the media compositions induced by the
multidimensional analysisMedia 1 and 2 are based on the major axis of the
multidimensionakllipse that described th&aHIFdata cloudPyper et al., 2020and

3 and 4 on the minor axisledia points 5 and 6 and 7 and 8 are based on further major
and minor axes in other dimensions and the eight points covi 8 the variability

in the HIF samplesThe statistical analysis means that media are arranged in
approximately two columns of three, based on pH x TAC values (3, 5and 7 and 4, 6
and 8) with the solubility measured in each media dependent upon the drug under

investigation
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Figure 3.5: Representative plot of Solubility vs pH x TAoint label indicates

media number (seEable2.2) (Pyper et al., 2020)

3.4.2.2. Acidic Drugs

a. Solubility behaviour

The solubility plots for the acidic drugs are presenteBigure 3.6 a and b Visual
analysis indicates that there is a relationship of increasing solubility with media pH
and the drugs generally have a very similar behaviour with variation linked in the main
to pKa but with minor influences from other amphiphilic media componé&its
example, the solubility ranking of media 2, 6 and 7 is not identical for all the drugs
even although the pH values12Z, 7.14 and 734 respectively) are very similafor

the majority of the drugshe pKa value Table 2.1) is below the pH of the lowest
media Table2.2) and thereforethe measurement is of ionised drug solubility in the
media For piroxicamthe pKa valu€6.4)is within the media rangand for phenytoin

the pKa(8.3)is greater than the highest media pH valles pH dependent solubility
behaviour is described as Category 1 in Téd% and itdés reinforc
correlation value of each drug, see Figure 3.6 a.

The solubility of phenytoin and zafirlukast igure3.6 b is also presented based on

the media pH x TAC value, since for baththese drugamedia 2hasthe highest pH
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x TAC value whichis providing a solubility greater than expected based simply on
pH. This indicates that for these two drugsolubilisation by the amphiphilic
components is importarand this is reflected by the lower correlation values present
in Figure 3.6 bSee Category 2 in Tab24.

b. Solubility behaviour analysis

This solubility behaviour is consistent with previous literature for acidic drugs in
intestinal medigClarysse et al2009) and with the various DoE studigsinousah et

al., 2017, Khadra et al., 2015, McPherson et al., 2020, Perrier et al.,i2Gas)ed
simulated media that identify pH as the major media component driving solubility
The initial DoE studyKhadra et al., 2015eported that for acidic drugs the average
standardised effect value of pH on solubility was twenty times greater than any of the
individual amphiphilic media componen@n observation that is replicated by the
behaviour in this study with these different simulated media recifies DoE also
identified 2-way interactions between media componefiKbadra et al., 2015)
however for acidic drugs the largest interaction was between pH-&ndut with a
magnitude around a tenth of pH alofiderefore, variations in concentrations and
interactions between the amphiphilic media components are not interfering with the
major solubility driver pH

The initial data analysis performed by applying a DoE structure to the jdebiketect

pH as a significant factor fandomethacinpaproxenand piroxicam(Chapter 2) but

with only nine data poinfsthe significance of other factors is, due to statistical
limitations, not detectedMcPherson et gl 2020) Furosemide, ibuprofen, and
mefenamic acid, have not been assessed in the large sized DoE protocol, therefore it
is notpossible to analyse their solubility behaviour with respect to known standardised
effect values for the media componert#®owever, the consistent distribution of the
points inFigure3.6 a indicats that these drugs are behaving in a similar manner to the
drugs that have been subjected to a DoE investigafioa point distribution may
therefore represent a useful tool for determining major features of drug solubility

behaviour without conducting a DoE
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Acidic drugs (b)
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Figure 3.6: a and b Acidic drugsi solubility plot Point label indicates medi
number (se@able2.2); x centre point media 9 Each mean solubility point n =
Calculated solubility ratio (highest solubility/lowest solubility) valugert R? =

correlation coefficienof linear straight line
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C. Media frequency analysis

In Figure 3.7 the frequency of each media recipe as either the highest or lowest
solubility value for an acidic drug is presentdd 7 out of 8 cases 86), media
number3 provides the highest solubility value and is not surprisingly the media with
the highest pH value (Tab2). The one exception is ibuprofen, where media 2
provides the highest solubility, examination of the data indicates that there is minimal
solubility difference (media 2 = 42 mM, meda 39 mM) between the media and for
ibuprofen media numbeld 5, 8 and 2 are very similain 6 out of 8 cases (75%)
media numbe# provides the lowest solubility valuand again this is not surprising
since this media has the lowest pH valllge exceptions are phenytoin and zafirlukast,
where the lowest solubility meda&enumber 9 (centre point) and 1 respectivéigr
phenytoin due toits pKa(8.3)this represents the interaction of the urzedimolecule

with the media componen@nd overall is an unusual result since media 9 or the centre
point usually is located within the point cloud, see othgures However, phenytoin

is a class of drug that has a very parsolubility distribution (solubility ratio = highest
solubility/lowest solubility) in FaSSIF systerfishadra et al 2015) and the solubility
values for media systems4,,6 and7 are very similar, see categornyir8BTable3.4.
Zafirlukast is acidic but is known to be very poorly soluble in aqueous systems
(Dekhuijzen and Koopmans, 200#)erefore the lowest solubility in media 1 even
although i tds pH i $vdpKagh,ean berdiienaliset dueto p Ka (
the low pH x TAC value of the media, see next sectlona similar manner to
phenytoin for zafirlukast the solubility in media systemgt16 and7 are very similar,
therefore even if the lowest pH value media (nunfavas applieda low solubility

value would be determined
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Table 3.4: Biorelevant fasted simulated intestinal fluidsolubility behaviours

Category 1- pH - controlled 2- pH x TAC controlled 3- Minimal pH x TAC 4- non-categorised solubility
(TAC minimal variation ) controlled behaviour

(Drug controlled)

Solubility Solubility increases witt Gross solubility increases wit Minimal impact of media No gross solubility relationshij
Behaviour increasing pH, minimal impac increasing pH and tots components on solubility between pH and total amphiphi
from amphiphilic media amphiphile content, solubility content, drug dependel
components granularity controlled by behaviour, increasing pH an
individual drug interactions witt total amphiphile content migh
media components reduce solubility
Description Acidic drugs pKa< 6.44 Basic, neutral drugs, and we: Neutral drugS Basic and neutral drugsi
acidic drugs pKa 8° categorisation based on solubili
behaviour
Drugs Furosemide, Ibuprofen, Aprepitant, carvedilol, Acyclovir, carbamazepine Atazanavir, and bucol
indomethacin, mefenamic acic dipyridamole, posaconazol griseofulvirP, paracetamol,and

naproxen, piroxica;m and tadalafil felodiping fenofibrate, phenytoir?

zafirlukast griseofulvin,andphenytoin

Comment Five out of seven examples fro Examples varied Increased drug example Insufficient data for conclusive
nonsteroidal antrinflammatory physicochemical properties required analysis, increased dru
therapeutic category, expansic increased drug example examples required

into other therapeutic modalitie required

required
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Category

1- pH - controlled

(TAC minimal variation )

2- pH x TAC controlled

3- Minimal pH x TAC

controlled

4- non-categorised solubility

behaviour

(Drug controlled)

Lowest Solubility
Medigf

and Frequency

number

4
86% 6 out of 7 examples

1

89% 8 out of 9 examples

1

40% 2 out of 5 examples

Not assigned

Highest Solubility
MediE  Number

and Frequency

3

86% 6 out of 7 examples

2

78% 7 out of 9 examples

2

80% 4 out of 5 examples

Not assigned

Mean  Solubility

Ratio

23.4+11.8/34(n=7)

7.34+59/174(n=9)

1.74 £ 0.59/1.26 (n = 5)

TAC: Total Amphiphile Concentration; A: Based on highest pKa of acidic drugs medspiredicam; B: Based on the single example of phenytoin. C: Cate

could include acidic and basic drugs that have pKa values outside of the media pH sm@dsugs section; D: Added to category based on solubilioy<2.5

T phenytoin and griseofulvin therefore in category 2 and 3; E: Values are not equal to Figure 3.8, consult drugs list foclualeé in each category.

Mean Solubility Ratio= (Highest/Lowest) + Standard Deviation/Ratio Range
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Lowest solubility Highest solubility

Furosemide Furosemide
8- Ibuprofen 8- Indomethacin
Indomethacin / Mefenamic acid
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Figure 3.7: Acidic drugsi lowest and highest solubility media frequené¢yowest
and highest solubility media for drugsiigure3.6 a and bDrugs as listed in boxe:

3.4.2.3. Basic and Neutral Drugs

a. Solubility behaviour

The solubility plots for the basic drugs are presentdeignre 3.8 a and bwith the
neutral drugs irFigure3.9 a and bVisual analysis indicates that there is a general
structure with the lowest solubility measured in media 1, the highest in mezhd 2
spatial arrangement of the intermediate media sip@ldrough unlikethe acids, this

is not identical or consistent between drufjsere are also noticeable exceptions in
atazanavir angrobucol The data has been transformed into a spider or polar plot in
Figures3.10 and3.11, where solubility is normalised to the highest value (set to, 100)
and arranged in a clockve®rder around the plot startingatd® c | oc k wi t h t h
pH x TAC media value (media 1, s€able2.2) and running to the highest (media 2)
This also highlights further noticeable exceptions in addition to atazanavir and
probucol, withacyclovir, carbamazepine, arghracetamol, displaying an almost
circular polar plotA universal solubility behaviour is not evident, but three categories

can be identified
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For aprepitant, carvedilol, dipyridamole, felodiping fenofibrate, griseofulvin,
posaconazole, anthdalafil, there is a general increase in solubility from media 1
around the plot to media 2, but the increase is not smooth and there are variations in
the profile This variation is evident iRigure3.8 and3.9, where for example iRigure

3.8 a, the solubility rank (highest to lowedtr aprepitant, carvedilol and tadalafil is
of media5, 3 and7, but for dipyridamole i3, 7 then5. A similar variation analysis
can be applied tacyclovir, carbamazepine, felodipine, fenofibrate, griseofulvin,
paracetamol, anghosaconazoleand the other media numbeds 6, and 8. This
solubility behaviour pH x TAC dependerd described in Category 2 in Taldd.

The circular polar plots foacyclovir, carbamazepine, apdracetamol, indicate that
there is minimal variation in solubility with changing media (see solubility range
values inFigure3.9 b compared to other simil&igures 3.6 and3.8), a feature that
has been previously highlighted for griseofulaind phenytoin This behaviour was
also evident in the original DofKhadra et al 2015) and a comparison drug (see
Figures3.6 a, 3.8 a and3.9 a) also indicates a small solubility range is measuked
discussed previoushthe identification of this solubility property is a feature of
measurement using multiple medend there is no direct literature comparison
available However, the reported standard deviation for fenofibrate solubility in
multiple pooled~aHIF samples is one hundred and thirty two per¢€tdarysse et al
2011) whilst for griseofulvin it is twenty nine perceffnnaert et al 2010) An
arbitrary ratio cut off at phenytoin (solubility ratio42) has been applied and this
solubility behaviour, which is a subset of category 2, with a low solubility ratio is
described in Category 3 in Tal#et. This subset categorisation might be excessive,
since it is based on a limited number of examples

For probucol media 1 has a higher solubility than medan@ the polar plot shape is
unique amongst the neutral drugs with a flat top (between media@) and a point

out to mediat. Atazanavir has a very similar shape and although it is basic, has a pKa
value (452) below the pH of the lowest pH megdiand therefore the solubility
measurements are on the neutral molecliles behaviour is counter intuitive,
probucol has the highekig P (11.3, and solubility would be expected to increase
with TAC, see next sectioifhe solubility is therefore not linked to pH x TA&hd is
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described in Category 4 in TalBet. With only two examples, further research and

examples are required
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Basic drugs (a)
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Figure 3.8: a and b Basic drugsi solubility plot. Point label indicates medi
number (see Tab22); x centre point media 9 Calculated solubility ratio (highes

solubility/lowest solubility) value in text
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Neutral drugs (a)
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Neutral drugs (b)

Acyclovir, solubility ratio 1.15 Carbamazepine, solubility ratio 1.60
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Figure 3.9: a and b Neutraldrugsi solubility plot. Point label indicates medi
number (see Tab2); x centre point media 9 Calculated solubility ratio (highes
solubility/lowest solubility) value in text
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Figure 3.10: Basicdrugsi spider plot Highest solubility value normalised to 10
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Figure 3.11: Neutraldrugsi spider plotHighest solubility value normalised to 10
point label indicates media number (see T@&®R¢arranged in a clockwise order
increasingpHxTAG |l owest pH.at 12o06cl ock
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b. Solubility behaviour analysis

For basic and neutral drugs, the average standardised effect values from the original
DoE studies for pHFA, BS and PL® were equal indicating that these media
components all impact solubilityAinousah et al., 2017, Khadra et al., 2015,
McPherson et al., 2020For the basic drugs (aprepitanarvedilol, and tadalajithe
standardised effect fingerprint is variable, pH &Adwere generally not as significant

as BS and PL with only aprepitant displaying a positive value for the four factors
(Khadra et al., 2015)or felodipine, fenofibrate, and griseofulvjrthe standardised

effect values for pHFA, BS andPL were positive(Khadra et al 2015) Therefore,

thereis a generally increasing solubility with increasing pH x TAGe variation of
standardised effect value for media components for each drug is the reason behind the
individual drug changes in media number solubility behaviour discussed above, within
the background of an overall solubility increase related to inaigpsl x TAC(Dunn

et al, 2019)

Thereforethere willbe a gross solubility trend of increasing solubility with increasing

pH x TAC for the media, hence why point 1 universally has a lower solubility than
point 2, atazanavir and probucol excepftEdis average behaviour will be modified

by each drugds individual sTik lbebaviduris y r an
consistent with the original DoEKhadra et al 2015) and topographical analysis
(Dunn et al, 2019) The original DoE also identified for basic and neutral dithgs$

2-way interactions between media components were equivalent contributors to
solubility as the components acting aloRer example, for both drug categories pH

with FA was the thirdandBS with FA the sixth most significant solubility drivers
along with FA, pH, BS, and PL. These interactions will influence the analysis
presented above and highlight that the media (Tal#g due to the method of
calculation are not optimised for a DoE, therefore only gross single component effects
can be determined

Dipyridamole and posaconazole, have not been measured in any of the fasted DoE
protocols (Ainousah et al., 2017, Khadra et al., 2015, McPherson et al., ,2020)
therefore analysis with respect to media component standardised effect values is not

possible However, dipyridamole and posaconazole have a similar shape to the other

3 NB Cholesterol was not examined as a media factor in the original DoE
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basic drugs (aprepitant, carvedilol and tadalafil) and therefore indicates that these
drugs are behaving in a comparable manner to the DoE.drugs

The behaviour of acyclovicarbamazepinand paracetamaevith essentially circular
polar plots represent a category that has been previously recogniggsdéofulvin
andphenytoin and for these drugs media variation has very limited solubility impact
Acyclovir, carbamazepin@nd paracetamolave not been measured in the fasted DoE,
and with only 5 exampled is difficult to determine which parameters are involved in
the propertyHowever, it is interesting that these drugs have the simplest molecular
structures amongst all the drugs in the st(ithble2.1), andare obviously different

to atazanavirand probucol described belowPossibly indicating that molecular
structure somehow has twe considered as a property over and above the total
molecule physicochemical measurements of melting point, intrinsic solubility, pKa,
andlog P.

For probucol in the DoEKhadra et a| 2015) BS and PL had no significant
standardised effect value on solubili;dFA and pH were only just significarkhis
maybe the reason behind the unusual and paradoxical solubility beh&pueé 39

a or 3.1), with no correlation between solubility and pH x TAC, media 1 (lowest pH
x TAC) has a higher solubility than media Phis behaviour is also present for
atazanavir, which as discussed will be behaving as a neutral moM&tienly two
examples it is very difficult to rationalise this solubility behaviour, but it does indicate
for these drugs a complex solubility behaviour across the fasted intestitialspace

It is also interesting that the solubility ratio for atazanavir is relatively la@r7)(4
which in a similar manner to category 3 is indicating that it is not interacting with the
mediacomponents butas a complex molecular structure

For poorly soluble drugs the use of micellar surfactant solutions as a surrogate for
intestinal fluids has been suggested dhone of the initial systems examin@bu-
Chacra et al 2017, Mithani et aJ 1996) For a range of drugs solubility in-D
tocopherylpolyethylene glycol 1000 succinate increased with increasing amphiphile
concentration(Clarysse et al 2011) A recent paper has published a similar
relationship with atazanav{indulkar et al, 2017)using sodium dodecyl sulphate
However, the result for atazanavirdigure3.8 b, indicates that in the multicomponent

bioequivalent media systemthe relationship between solubility and TAC is not

Page |154



applicable This is only a single example but potentially indicates that for some,drugs
theuse of single surfactant systems could provide misleading results, a situation that
can only be discovered if a multiple FaSSIF media measurement is conducted

C. Media frequency analysis

In Figure 3.12 the frequency of each media recipe as either the highest or lowest
solubility value for the basic and neutral drugs is presefRtadthe basic drugs media
number 2 provides the highest solubility in 4 out of the ®4pdrugs analysed with
posaconazole registering media numberand atazanavir numbeb. With
posaconazole the highest measured solubility in ntedias very close to the value

of media 2 (se&igure 3.8 b) indicating that the difference is mindfor the neutral
drugs media number 2 providéee highest solubility in 6 out of 7 (86%) cases, with
probucol registering media numbér For the basic drugs the lowest solubility is
measured in media number 1 in 5 out of 6 (83%) drugs analysed with atazanavir
registering in media numb&r For the neutral drugs the lowest solubility occurs in 4
out of 7 cases (57%) in media 1 with probucol registering n&giaracetamol media

6, and carbamazepine media Bue to the low solubility variability exhibited by
paracetamol and carbamazepitiee differerce in solubility measurement between
media 1 and the lowest solubility media will be IdWazanavir and bucol are also

two of thefour drugs that do not register media number 1 for the lowest solubility
and as discussed abovexhibit solubility behaviour that is very different from the

other drugs
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3.4.2.4. Solubility Behaviour Categorisation

The grouping of the drugs analysed in this study, as discussed above, is based on a
simple classification around ionisation for comparability with previous studies
(Khadra et al 2015) Based on the results in this study the categorisation can be
modified to reflect the drugs solubility behaviour in the bioequivalent fasted simulated
intestinal mediabut also utilising the ionisation properties, see Tahte This
provides four categories of solubility behaviour, with two defined by physicochemical
properties, a third as a subset based on behaviour in the bioequivalent fasted simulated
intestinal media, with the final category basedioug dependergolubility behaviour

alone

The first category is acidic drugs with a pKa vatué.4 (defined bythe highestpKa

of theionised drugn the sample setjvhere pH is the main solubility driver, resulting

in a consistent pH dependent solubility behaviaod the lowest and highest solubility

is measured in media numbBkand3 respectively in ove86% of casesThis category

also exhibits a high solubility ratio and range of solubilities, reflective of the impact
of pH on ionisation and solubilityrurther studies would be requiredetgpand this set

and refine the behaviour pattern, especially since the majority of examples are derived
from the nomsteroidal analgesic therapeutic category

The second category includes, weakly acidic drugs with a pKa value greater than 8,
and basic and neutral drugs where the main solubility driver is a combination of pH
and TAC resulting in a general trend of increasing solubility with increasing pH x
TAC. The solubility behaviour in the bioequivalent fasted simulated intestinal media
will be drug dependent but the lowest and highest solubility is measured in media
number 1 and 2 respectively in almost 80% of cagéth only 9 examples it would

be sensiblea expand the data set as for categoryBased on physicochemical
principles an acidic drug with a pKa betweem@nd 8 and with a low solubility
(comparable to zafirlukast) would be likely to exhibit solubility behaviour that is
associated with both categories

Category 3 drugs have a very low solubility ratio, which is logical based on
physicochemical propertiesand present on polar plots as an almost circular
distribution An arbitrary (based on phenytoin) solubility raté < 2.5 has been

applied for this category, which means that in this analysis it includes neutral and
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acidic drugs Solubility measurement in media number 2 would identify the highest
solubility in 80% of cases, but the lowest solubility if media 1 was applied would only
be identified in 40% of caseslowever, the low solubility ratio would assist in
identification of the categorisation and the low range would indicate that the low value
solubility error is likely to be small

In Category 4drug solubility does not increase with pH and TAC and both drugs
(atazanavir angrobucol) in this category exhibit different solubility behaviour to all
other measured drugd/ith only two examples in this category, it is not possible to
fully define properties and the categorisation could be an artefact of the inclusion of
these two drugs in the studdowever, if media numbers 1 and 2 were applied to
measure solubilitythe signature of lower solubility in media 2 than 1 would identify
thebehaviour

This indicates that if a drug can be categorized as an acid or weak acid, base or neutral,
then two simulated intestinal fluid media, either 4 and 3 (representing minimum and
maximum pH values for acidic drugspr 1 and 2 (representing minimum and
maximum pH x TAC values for weak acid, basic and neutral drugs) can be used to
determinen vitro the fasted intestinal solubility range (minimum to maximum). The
measurement can then be applied to refine the categorization and relate solubility
behaviour to previous DoE studied examplébadra et al., 2015)Coupled with a
central point measure, three media can provide limits and information on the potential
BCS or DCS classification and position with respect to the boundaries. If three media
are too onerous, then the lowest solubility media can be apmiexd vaorsicase
scenario. This fasted intestinal solubility measurement will provide more information
than a single FaSSIF valuand can be applied to assess the suitability during drug
discovery(Di et al., 2012) and development strategi@ayliss et al., 2016for oral

administration.

3.4.2.5. Drug solubility and Media Component Interactions
The solubility behaviour analysis above is predicdiagedon the results from the
original fastedDoE study (Khadra et al 2015) which applied a quarter fraction

factorial design and required 66 experiments per.drag measured a standardised
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effect value for the impact of each media comporard2-way interactions between
components on solubility, although in the latter ¢casene of these were conflicted
due to the reduced (quarter fraction) desigine DoE focus was to understand the
importance of the media components on drug solubilihereas the current study has
applied bioequivalent media derived from a mathematical analy&iahbi- samples

to determine fasted intestinal fluid solubility limit§he two approaches are
complementary,with the currentless resource intensive than the DdiEmple
statistical issues around sample numbers indicate that this low media number approach
(McPherson et gl2020)will never provide the depth of information available from a
fully structured DoE Therefore,during drug development combination approach
would be sensible, solubility screen with limited media numbers with exemplar
candidates investigated BYDOE, to link the statistical with the bioequivalent to guide

development and reduce the possibility for solubility surprises

3.5. Conclusion

Application of the dose/solubility calculation to the bioequivalent points allows a DCS
range to be plotted, which represents greater than rpeetgntothed r ug6s i nt est
solubility based on the derivation of bioequivalent poiftke calculated range
provides greater information than single point measurenemghe lowest solubility
value represents a worsase scenario that could helpful during drug screening,
developmentand formulation

The bioequivalent points can be linked to the original HIF data set to provide a
frequency distribution for the measured solubility valliee solubility distributions

do not follow a normal or log normal pattern, which it can now be concluded in part
due to the measurement points being distributed in multidimensional $pacefore,

the traverse from low to high solubility points is not a simple vector based on a single
concentration or propertin addition, the distribution can be used to refine quaht
design risk assessmeygace it provides a population value for solubility behaviour
Overall, the results indicate that the small scale fasted bioequivalent study provides
greaterinformation than single poinineasurements in eithdfaHIF or SIF, by

determining a fasted intestinal solubility range, with a population frequency
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distribution (based on the original populatiRiethorst et al., 2016and analysis
(Pyper et al., 2020Qxhat can be applied to biopharmaceutical calculations

For the structured solubility behaviour findings, thissthe first study that examined

the solubility behaviour of a range of drugs in a structured set of bioequivalent fasted
intestinal fluid mediaand no consistent solubility behaviour that covers all the drugs
tested is evidenfAugustijns et al 2014, BouChacra et al 2017) However, the
measured solubility behaviour can be categorized into two types using
physicochemical propertiesnd two further categories based on media solubility
behaviour

For acidic drugs (pK& 6.4) (Category 1, Tabl8.4) equilibrium solubility is directly
linked to media pH, an identical solubility behaviour is present for all drugs and the
lowest and highest solubility can be determined in the lowest (rdg¢diad highest
(media3) pH media with a greater th&6% frequencyFor weakly acidic (pKa 8),

basic and neutral drugs (Category 2, Té&@ equilibrium solubility is correlated to
increasing media pH x TAQut the solubility behaviour is not consistent between
drugs The lowest and highest solubility can be determined in the lowest (media 1) and
highest (media 2) pH x TAC media wilhmost80% frequencyCategory 3 is a subset

of category 2 including neutral or drugs not ionized within the media pH rande
characterized by solubility behaviour that is not sensitovenedia composition,
leading to a very narrow solubility rangehe lowest and highest solubility can be
determined in the lowest (media 1) with a 40% certainty and highest (media 2) with
an 80% certaintyAny possible error in the low solubility measurement would be
easily spotted by the narrow solubility ratio and likely to be minimal due to the narrow
range The final categorywith only two drug exampless not well defined but would

be detected if media numbers 1 and 2 were ap@iaede the solulity in media 1
would be higher than 2, which is opposite to categories 2 .affus3category requires
further examples to fully definand for all categories increased example numbers and

analysis would be prudent

Page |160



Chapter 4. Simulated Fasted Intestinal Fluids, in vitro in vivo

Solubility Correlation

4.1. Introduction

Fasted state human intestinal fluid (FaH{Rpsenberger et al2018)i s t he figol
standar do s ol u MWiffidult td optaimiRechstranmet &) 2014) is osly
availablein small volumes(de la CruzMoreno et al 2017) is highly variable
(Riethorst et al., 2016andpopulation and disease depend@fiharov et al., 2021)
Measured drug solubilities therefore are highly variable and difficult to corrielate
vitro to in vivo performanceTo mitigate availability issugedasted state simulated
intestinalfluids (FaSSIf were introducedasin vitro biorelevant surrogates, based
around average compositions of @B, andPL (Dressman et al., 1998Different

fixed composition FaSSIF versions are availdBleu-Chacra et al 2017) and there

is solubility variation between thelfruchs et aJ 2015) Since FaHIF(Fuchs and
Dressman, 20145 variable and composition influences solubili§arysse et al.,
2009, Khadra et al., 2015, Pedersen et al., 2000a, Zhou et al., 201fB)is no
consensus on the optimal FaSSIF media to represent FaHIF solubility ar range

In order to capture the inherent variability in FaHIF physicochemical composition
(Fuchs and Dressman, 2014, Vinarov et al., 2021¢cent studyPyper et al., 2020)
reported a fivedimensional analysis of 152 FaHIF samp(Bgethorst et al., 2016)
with eight points plus a centre pailtue to their derivatiofthe nine media could be
considered bioequivalent, rather than simply biorelevant, with the potential to
determine ain vitro FaHIF solubility range coverings%o of possible solubility values
(Augustijns et al 2014) To test thisFa9SIFequilibrium solubility data for seventeen
drugs (out of 21 drugs studied @hapter2) were comparedto published FaHIF
solubility values

Establishing aimn vitro in vivosolubility correlation will introduce a transformational
change throughout drug discovedegvelopmentand formulation This crrelation

will permit the application of Quality by Design principles with performance
boundaries and population distribution information, which is especially important for

poorly soluble drugs
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4.2. Aims and Objective

1 Reduce the need to perforin vivo studies bystudying the statistical
differencesbetween currerfta9SIF bioequivalent solubility data poblished FaHIF
solubility values and thus reduce time, cost, and efforts.

1 Assess the suitability during drug discovedgvelopment, and formulation
strategies byxamining possible correlations between finevitro measurements and

thein vivodata andinding the solubility boundaries

4.3. Methods

4.3.1. Statistical tests

Wilcoxon matched pairs signed rank test, PG5{Two Tailed), and ManlVhitney,
two tailed testPrevious papers have highlighted that the simulated datéPsstser
et al., 2018)and FaHIF chemical compositiofByper et al., 2020Jo not follow a
normal distribution and therefore a nparametric statistical comparison is

appropriate

4.3.2. Equilibrium Solubility Data Sets

Fifty-six FaHIF literature equilibrium solubility values for seventeen driigblé4.1)

are plotted inFigure4.1. The data are from sixteen studies and span from a single
value for a single drug, to a maximums#venvalues from five studies for a single
drug These drugs have been assessed usinga®8lFsystem Figure4.1), and the
resultswerepresented previously in comparison to DoE studidsapter 2 The data
sets are not balanced (FaHIF 56Ra9SIF153 (17 x 9) values) and reflect issues
associated with FaHIF availability, study specific drug choieesl the lack of
uniformity between previoustudiesClarysse et al 2011, Khadra et al2015)
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Figure 4.1 Comparison plots ogquilibrium solubilityvalues 9 medigFa9SIF)and FaHIF.g 9 media (Fa9SIF)
FaHIF; redi acidic, bluei basic, orangé neutral; nsi no significant difference between media a and b; losed
symbols value lies within Fa9SIF solubility range, open symbols value lies outside range

a: Drugs with 3 or more FaHIF solubility valué¥ilcoxon matched pairs signed rataist, P < 0.0%Two Tailed) (Pairing
significantly effective P < 0.0001 (Offailed) Spearman value = 0.9278jug order as pd¥igure 4.1b.

b: Drugs with 3 or more FaHIF solubility valuégdannWhitney test, P < 0.08/wo Tailed; * P = 0.0386; ** P = 0.0028
- 0.0091.

c: Drugs with less than 3 FaHIF solubility values.
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Table 4.1:Sampled fasted HIF equilibrium solubility value analysis.

Drug Solubility (mM) Time Temp Solid/ Separation Sample Number Age Pooled Reference

(SD) (hrs) (°C)  Volume location (yrs)
Furosemide 5.862 (1.71) 24 37 1mg/0.3mL Centrifugation Duodenum 6 20-29 N [7

11.62 30 23 NA/0.25mL Centrifugation Duodenum 5 24-39 Y [1] from [2]

8.76 (0.15) 24 37 NA/0.2mL Centrifugation Jejunum 10 NA Y [8]

5.44 (4.84) 24 37 NA/0.2mL Centrifugation lleum 10 NA N [8]

2.95 37 2mg/mL Centrifugation Duodenum 5 22-35 N [9]

2.52 37 2mg/mL Centrifugation Duodenum 5 22-35 N [9]

5.49 37 2mg/mL Centrifugation Duodenum 5 22-35 N [9]

5.13 3 37 2mg/mL Centrifugation Jejunum 5 22-35 N [9]
Ibuprofen 9.65 30 23 NA/0.25mL Centrifugation Duodenum 5 24-49 Y [1] from [2]

15.1 24 37 2mg/1lmL Filtration Duodenum 16 1845 Y [3]

15.1 24 37 2mg/1lmL Filtration Duodenum 16 1845 Y [3]
Indomethacin  1.677 NA NA NA NA NA NA NA NA [4]

2.368 (1.88) NA 37 NA/0.5mL Centrifugation Duodenum 5 21-37 N [5]

2.151 (0.42) 24 37 0.5mg/0.5mL  Centrifugation Duodenum 8 18-25 N [6]

2.301 (1.09) 24 37 1mg/0.3mL Centrifugation Duodenum 6 20-29 N [7]

6.658 30 23 NA/0.25mL Centrifugation Duodenum 5 24-39 Y [1] from [2]
Naproxen 7.148 30 23 NA/0.25mL Centrifugation Duodenum 5 24-39 Y [1] from [2]
Piroxicam 1.198 (0.012) 24 37 1mg/imL Centrifugation Jejunum NA NA Y [10]

2.454 30 23 NA/0.5mL Centrifugation Duodenum 5 24-39 Y [1] from [2]
Zafirlukast 6.43x10* 24 37 2mg/1mL Filtration Duodenum 16 1845 Y [3]

6.43x10* 24 37 2mg/1mL Filtration Duodenum 16 1845 Y [3]
Aprepitant 0.0243 (0.005) 24 37 1mg/imL Centrifugation Jejunum NA NA Y [10]

0.0131 24 37 2mg/1lmL Filtration Duodenum 16 1845 Y [3]
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Drug Solubility (mM) Time Temp Solid/ Separation Sample Number Age Pooled Reference
(SD) (hrs)  (°C)  Volume location (yrs)
0.0131 24 37 2mg/1mL Filtration Duodenum 16 1845 Y [3]
Atazanavir 0.0151 (0.0013) 27 37 0.8mg/0.3mL  Centrifugation Duodenum 4 24-27 Y [17]
0.0101 (0.0008) 48 37 NA/ImL Centrifugation Duodenum 20 NA Y [15]
0.00936(0.0004) 48 37 2mg/1lmL Centrifugation Duodenum 20 1831 Y [16]
Carvedilol 0.0886 (0.001) 24 37 1mg/mL Centrifugation Jejunum NA NA Y [10]
0.111 30 37 1mg/0.5mL Centrifugation Duodenum 11 NA Y [11]
0.037 24 37 2mg/1lmL Filtration Duodenum 16 1845 Y [3]
0.042 24 37 2mg/1lmL Filtration Duodenum 16 1845 Y [3]
Dipyridamole  0.0446 (0.004) 3 37 45mg/4.5mL  Centrifugation Duodenum 12 NA Y [12]
0.0575 (0.0008) 24 37 1mg/mL Centrifugation Jejunum NA NA Y [10]
0.0317 24 37 NA/0.2mL Centrifugation Jejunum 10 NA Y [8]
0.0851 (0.046) 24 37 NA/0.2mL Centrifugation lleum 10 NA N [8]
Posaconazole 0.0051 (0.0002) 30 23 NA/0.5mL Centrifugation Duodenum 5 20-32 Y from [2]
0.00368 (0.00074) 48 37 NA/1mL Centrifugation Duodenum 20 1831 Y [15]
0.00342 (0.0006) 48 37 2mg/imL Centrifugation Duodenum 20 1831 Y [16]
0.0186'(0.004) 48 37 2mg/imL Centrifugation Duodenum 20 1831 Y [16]
Tadalafil 0.018 24 37 2mg/imL Filtration Duodenum 16 1845 Y [3]
0.02 24 37 2mg/lmL Filtration Duodenum 16 1845 Y [3]
Carbamazepine 1.422 (0.076) 24 37 0.5mg/0.5mL  Centrifugation Duodenum 8 1825 N [6]
1.2 (0.024) 24 37 1mg/imL Centrifugation Jejunum NA NA Y [10]
1.294 (0.29) 24 37 1mg/0.3mL Centrifugation Duodenum 6 20-29 N [7
0.72 30 23 NA/0.25mL Centrifugation Duodenum 5 24-39 Y [1] from [2]
0.644 3 37 2mg/1mL Filtration Duodenum 5 22-35 N [9]
1.01 37 2mg/1mL Filtration Jejunum 5 22-35 N [9]
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Drug Solubility (mM) Time Temp Solid/ Separation Sample Number Age Pooled Reference
(SD) (hrs)  (°C)  Volume location (yrs)
0.767 3 37 2mg/1mL Filtration Duodenum 5 22-35 N [9]
Felodipine 0.0364 24 37 1.2mg/1.2mL Centrifugation Jejunum 12 24-40 Y [13]
0.0364 (0.0001) 24 37 1mg/1mL Centrifugation Jejunum NA NA Y [10]
0.00343 3 37 1mg/mL Centrifugation Duodenum 5 22-35 N [9]
<0.0006 3 37 1mg/mL Centrifugation Jejunum 5 22-35 N [9]
0.042 24 37 2mg/mL Filtration Duodenum 16 1845 Y [3]
0.039 24 37 2mg/mL Filtration Duodenum 16 1845 Y [3]
Fenofibrate 0.0546 (0.072) 24 37 1mg/0.3mL Centrifugation Duodenum 6 20-29 N [7]
0.0331 (0.0017) 24 37 2mg/0.5mL Centrifugation Duodenum 4 19-35 Y [14]
0.0043 24 37 2mg/1imL Filtration Duodenum 16 1845 Y [3]
0.0039 24 37 2mg/mL Filtration Duodenum 16 1845 Y [3]
Griseofulvin 0.0623 24 37 1.2mg/1.2mL  Centrifugation Jejunum 12 24-40 Y [13]
0.0697 (0.0071) 24 37 0.5mg/0.5mL  Centrifugation Duodenum 8 1825 N [6]
0.0482 (0.0038) 24 37 1mg/imL Centrifugation Jejunum NA NA Y [10]
Phenytoin 0.00721 3 37 2mg/mL Centrifugation Jejunum 5 22-35 N [9]
0.0719 37 2mg/mL Centrifugation Duodenum 5 22-35 N [9]
0.0125 3 37 2mg/mL Centrifugation Duodenum 5 22-35 N [9]
Probucol 0.0019 24 37 1.2mg/1.2mL Centrifugation Jejunum 12 24-40 Y [13]
0.0018 (0.0009) 24 37 1mg/imL Centrifugation Jejunum NA NA Y [10]
0.0058 24 37 2mg/1mL Filtration Duodenum 16 1845 Y [3]
0.0038 24 37 2mg/1mL Filtration Duodenum 16 1845 Y [3]

SD: standard deviation, NA: not available, Y: yes, N: n@naorphous solid form; crystalline solid form.
References: -1(Heikkila et al., 2011P- (Augustijns et al., 20143- (Dahigren et al., 20213- (McGinnity et al., 2007)%-
(Clarysse et al., 200 (Annaert et al., 2010§- (Clarysse et al., 2018 (Rabbie et al., 201%- (de la CruzMoreno et al.,
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2017)10- (S°derlind et al., 2010} 1- (Stappaerts et al., 20142- (Kalantzi et al., 2006)3- (Persson et al., 2008} (Bevernage
et al., 201115 (Elkhabaz et al., 2019)6- (Elkhabaz et al., 2021)7- (Wuyts et al., 2013)
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4.3.3. Fasted Human Intestinal Fluid Solubility Protocols

The FaHIF protocols sample from the duodenum or jejunum, but one uiiéines
samplegRabbie et a) 2015) The limited FaHIF composition data available indicates

a high variability but minimal differences between the duodenum and jejunum
(Bergstrom et a) 2014) theileum samples exhibit similar variabilifyand therefore

have been include® u b j egedrange from 18 to 45 years, with the age range per
study variable from thre@Vuyts et al, 2013)to twenty sevelyears(Dahlgren et aj

2021) One early studyAnnaert et al., 2010pvestigated the impact of age (125

years vs 62 72 years) on solubility in FaHIF and concluded that although the samples
exhibited a high interindividual variabilitygpecific agedependencylid not impact
solubility. The subject number ranges from four to twemtyd the inter and intra
individual differences mentioned with the previous study and with FaHIF in general
(Dahlgren et al., 2021, Vinarov et al., 2021) wi | | i mpact t he sa
composition, which will in turn influence the measured solubktiyadra et al., 2015)
However, thegreatest impact however, is that in the majority of protocols (11 out of
16) the sampled FaHIF is pooled before solubility measureraadttherefore the
reported solubility value is based on aggregated behavior. In addition, the majority of
pooled FaHIF have an unknown composition and therefore cannot be directly related
to the unpooled FaHIF samples used to determine the nine n{Rughorst et al.,
2016) In protocols where samples aret pooled there will possibly be a larger
variation in composition between samples due to inter and intra individual variability
and therefore reported solubilitisee Pype(Pyper et al., 2020for visualization
Therefore, lhis variation in composition and therefore solubility meansthieaFa9SIF
medi abs 96% coverage is not transferabl e,
data is available to recalculate possible coverage.

Solubility measurement protocols although not identical, are in agreement that 37°C
is required, an equilibration time gfeater than or equéd 24 hoursand separation

of undissolved drug prior to analysi®m one caseroom temperature was applied
(Heikkila et al, 2011) which might have a minor impact on solubil{§ates et a

1966) In one studya 3hour incubation timéde la CruzMoreno et al 2017)was
applied to mimic gastrointestinal transit time, previous studies indicate that to attain

equilibrium solubility for poorly soluble drugs twelve hours is requiteérefore
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these results have been exclud€badra et a] 2015) Drug solid form has not been
uniformly assessed, which could impact solubilfty, atazanavir for example@nly

the crystalline equilibrium solubility values have been utiligeéthabaz et al 2019,
Elkhabaz et a] 2021) Overall, the FaHIF samples and solubility protocols are broadly
similar permitting comparison with tHea9SIFmedia, and due to the issues ahove

realistically all that is available

4.4. Results and Discussion

4.4.1. Comparison of Solubility Data Sets

Thirteen drugs have three or more FaHIF values, and there is no statistically significant
difference between FaHIF dfa9SIF media system for measuring equilibrium
solubility (Figure 41a) when tested using a Wilcoxon matched (by drugs) pairs test
For ten of the thirteen drugs when compared individualing a ManANhitney test

there was no statistically significant differenEgglure 41b). The felodipine difference

is due to the narrow FaHIF solubility distributioput within the Fa9SIF media
solubility range, and not considered significant based on the aim of this comparison
This result may be due to the pooling of large numbers of FaHIF samplekafdee

4.1), see discussion belowherefore, for eleven drugs (85%) there is no statistically
significant solubility difference between FaHIF or ti@9SIF media system
Comparison of the fiftysix individual FaHIF solubility values with tHea9SIFmedia

range (Figureg.1l b and c) indicates that 69% are within the boundaries, and acidic
drugs provide &igher agreement than either basic or neutta¢re are no comparable
published studies however, one correlated ten poorly soluble drugs in three different
FaSSIF mediaand where a comparison to a FaHIF range is prese#®8d were

within the ranggFuchs et aJ 2015) The level of agreement in the current study is
higher, although the difference between the studies in approach and drugs examined
impacts the utility of this comparison

The results indicate that increasing the number of measured FaHIF values for
comparisonby targeting additional drugs with
measuremenisncludes a greater proportion of possible FaHIF compositions and

solubility variability, which provides a greater chance of agreement witH-a&#SIF
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media rangeFor example carbamazepindgnofibrate,griseofulvin, posaconazole,
and probucoall have FaHIF solubility values that lie outside the rabgeéthis is not
statistically significantThis highlights that the single value comparison is a stringent
test and multiple value comparisons provide greater coverage of behaviour

For acidic drugsonly zafirlukast FaHIF values are outside #e9SIFmedia range
(Dahlgren et al] 2021) and for basic and neutral drygatazanavir, carvedilol,
carbamazepindenofibrate griseofulvin,posaconazolend probucohave extraneous
values with the study by Dahlgren et, dDahlgren et aJ 2021) providing three
examples Dahlgren utilized pooled FaHIF, and analysed for pH, BS and PL
concentrations, which can be plotted as three dimensions fromuttieimensional
study(Pyper et al., 202Q)Figure 42), and indicate that BS and PL concentrations are
outside thd-a9SIFmedia points, although pH is withifihis is a possible explanation

for the low zafirlukast solubility, since although acidic, its solubility is driven by the
amphiphilic media componentand this may also impactarvedilol andfenofibrate
solubilities but not the higher aprepitadto wever , aprepitantds so
be positively influenced by frefatty acid(Khadra et a] 2015) which is one of the
dimensions where no FaHIF information is availables discrepancy highlights the
iIssue associated with single apdoled FaHIF samplesand the potential for
compositions outside thEa9SIFdata cloud leading to differences in equilibrium
solubility values

The higher solubility agreement for acidic drugs can be explained by behaviour in DoE
simulated media syster(&inousah et al., 2017, Dunn et al., 2019, Khadra et al., 2015,
Perrier et al., 2018)where solubility is predominantly pH controlled with minimal
influence from amphiphilic media componentéerefore, only one dimension (pH)

is operationgland the results indicate that the methods and analysis are adequate to
achieve equivalenceThis exemplifies the application of simpler media systems
(Markopoulos et al 2015) and the requirement for increasing media complexity
associated with other categori€asic and neutral drug solubility is controlled by
multiple media components; therefore, all dimensions are impoithatindividual
solubility value comparisons indicatieatthis multiple dependency reduces the level
of agreementThis possibly implies that a more extensive FaHIF data set is required

for a revisednultidimensionabnalysis, using either more and/or different dimensions
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(Pyper et al., 2020)1and that FaHIF solubility determination should ideally be linked
to the chemical compositiofiDahigren et aJ 2021) (Figure 42). This latter
modification would permit a systematic comparison of solubility values based on fluid
composition

The nine media system solubility of carbamazepine and griseofulvin is minimally
influenced by media component variation, leading to a very narrow solubility range
(Fuchs et aJ 2015, Khoshakhlagh et.aP015) which is also present in the FaHIF
values Further indicating the similarity of solubility performance for the two
approachesAlthough points lie outside tHea9SIFmedia range, the distributions are
not statistically different Kigure 41b), possibly indicating that this relates to
variability in the solubility experimental protocols rather than media effgetdzoni

et al, 2022)

The study drugs are predominantly BCS Class Il, reflecting the depth of research
interest in this clasd.ennernas, 2014The results therefore are applicable to the other
low solubility quadrant, Class IV, and further examples from BCS class | and Il are
required to fully assess performance in this se®egulatoryin vivo bioequivalence
limits are 80- 125% of the comparator producthe Wilcoxon test statistical
equivalence of the media and Mawthitney individual drug agreement of 85%,
indicates that th&a9SIFmedia system will provide an vitro equilibrium solubility

range bioequivalent tm vivoderived FaHIF measurements
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4.4.2. Solubility Correlation Boundary

If the Fa9SIFmedia system is equivalent to FaHIF, the solubility range, minimum to
maximum, should be applicable in FaHIFo determine potential correlation
boundaries within which all drug solubility values will reside, the minimum and
maximum solubility values (¥in, Ymax Xmax Ymin Where min or max represents the 9
media solubilities) have been plotted graphicdfig(re 43), and an upper and lower
correlation line or boundary calculatéthe correlation lines for the acidic and basic
drugs are statistically significant, but not for the neutral drugs, this is not critical since
the relationship defines a best fittingbounddnth e b oundarydés span i
equal to the average solubility range, and reflects the drugs examinedHadtBg-
media systemral solubility behaviour properties previously presented

A literature (Augustijns et al 2014) FaHIF solubility data set (replicate drugs
removed) consisting of fortgeven values from thirty drugs has been plotted on top of
the Fa9SIFmedia correlationKigure 44) and 94% are within the boundari@sis is

a first exploration of this relationship, and the result reinforces the statistical
conclusion that th€a9SIFmedia system is examining anvitro in vivoequilibrium
solubility correlation bushould be treated with cautiolh wide enough boundary will
accommodate any data, especiallgaftredon the equivalence line around which a
correlation is unavoidabl@he boundary is based on the drugs measured to date in the
Fa9SIF media system and may not be a representative saffiglee boundar vy ¢
differing shapes indicate that the correlation is linked to drug physicochemical
properties, in itself an interesting and new findiitpis observation is worthy of
further investigation to fully explore the relationship and examine atenpial
biopharmaceutical implications and applications

The conclusion that the equilibrium Fa9SIF media solubility range is bioequivalent to
FaHIF solubility can be applied in novel ways and adapted to fit requirements. If
solubility screening is requirg@®i et al., 2012)a small number of selected media can

be utilized to determine either the minimum, or the worst case solubility, or the range

extremes.
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Figure 4. Additional Literature Data Comparison
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Figure 4.4: Solubility boundary correlation additionalliterature data comparispseeFigure 43 for details, additiona

solubility data from(Augustijns et al] 2014)
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45. Conclusion

Solubility comparison isin principle simple bytconfounded by the requirement to
utilize FaHIF values from multiple studieand limited by the available data
Seventeen drugs is not a large sanygohe arises due to the drug set previously utilized
(Khadra et al 2015, McPherson et.a020)and the coverage in sampled FaHIF
studies(Augustijns et al 2014)

The Wilcoxon test indicates that for thirteen of the seventeen,dhefsa9SIFmedia
system is equivalent to FaHI&nd when these drugs are examined individu gy
agreement is 85% correlation that is within standard regulatory oral bioequivalence
criteria An individual pointbased comparison reduces the correlaterel and
highlights that solubility agreement is related to drug ionization propeAmdic
drugs provide the best correlatj@nd this can be linked to drug behaviour in fasted
simulated media DoE studiesnd the influence of media components on solubility
Although the individual poinbasedcomparison is a stringent teis{possibly indicates
media factor refinemenor the usageof a larger FaHIF sample data ,get generate
the factors and concentrationkich might improve correlation

A novel investigation, based on tiheoequivalent solubility range, is to determine
possible FASIF vs FaHIF correlation boundarieBhe boundaries encompass thirty
different drugs from a separate study with the 94% fit additional correlation validation,
and worthy of further investigation as a possible general system property

If placement on theBiopharmaceutics/ Developability Classification Systesn
(BCS/DCS (Butler and Dressman, 2010, Rosenberger.e2@l8)is required along
with possible population behaviour, then ff@SIFmedia set can be applied and
linked to various biopharmaceutical performance predictbhe Fa9SIF media
system is therefore worthy of further investigation with linkage of system resuits to
vivo performancea key next stage and may represent a methodology applicable to
other multicomponent biological fluide/here no single component is responsible for

performance
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Chapter 5. Supersaturation Study of Poorly Soluble Drugs Using

Fasted Bioequivalent Simulated Intestina Media

5.1. Introduction

The poor solubility of oral drugs has been one of the major problems for the drug
absorption through the human gastrointestinal tract (G¥IYm et al., 2020aOne

way to overcome this problem was by using a supersaturated form of such drugs,
which will enable a higher absorption rate at the absorption(Bruwers et a)

2009) The supersaturation (SS) state can be determined when the assay solution, the
simulated intestinal fluid (SIF) in this study, exceeds its equilibrium solubTlaylor

and Zhang, 2016and move to a thermodynamically metastable state with high energy
properties The SS state can be induced by different methods, but in this study the
solvent shift method was used, due to $imaple procedure, and the usage of small
injection volumegPlum et al., 2020a)lhe solvent shift method involves dissolving

the drug of interest into an organic solvent which is highly soluble, for example di
methyl sulfoxide (DMSO), and then inject small volumes of this-@MMSO mixture

into the SIF medium, until SS is induc@@almelund et al., 2016fach drug has its

own degree of supersaturation (DS), which is represented by the ratio between the
drugds SS concentrat i oPalmaudd ei al 2016)eTheui | i br
main disadvantage of this method, is the incoesisinethods to choose the SS
concentrations, which imposes difficulty in comparing literature regRltsn et al.,
2020a) In previous SS studies, the supersaturation concentration (Css), was
investigated usindgour different concentrations: at Css 100%; where the maximum
concentration is reached before it causes immegratgpitation of the drug, 8%,

75%, and 50% of the Css 10q®almelund et al., 2016)n this study, an automated
instrument to measure SS and, where possible, precipitation was used, which is the
InForn®®.

Different terminologies are used in SS assays, starting from the SS concentration,
which is thermodynamically meta stable, and is the maximum concentration needed
for the drug to stay Hsolution before it destabilizeand precipitateswhereas the
kinetic solubility is thehighestconcentratiorof the fastest precipitating particléSou

and Bergstrom, 2018yhich is higher than the SS concentratiammd where it starts to
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form precipitation Lastly, the crystalline(equilibrium) solubility, is the most
thermodynamically stable concentration,
solid (undissolved)ynd liquid(dissolved)phases after the precipitation procéSsu

and Bergstrém, 2018) n t hi s chapter, the term O6crys
present this SS study resulithereas he term oO6equi |l i brium sol

present the Fa9SIF resuftem Chapter 2.

5.2. Aims and Objectives

1 Measurea more reliableSS concentration, time needed to induce SS, and
where possible, the precipitation rate, of 10 drugs, usinmBuent instrument

1 Help to decide on best formulation strategy byving the importance of
studying the SS concentration #ferent SIF media recipes

1 Increase the drug evelopment accuracy using the bioequivalent SS
concentration by statistical comparison to availaliterature findings

5.3. Materials and Methods

5.3.1. Materials
Refer to section 2.3.1 for details.

5.3.2. Methods

5.3.2.1. Bioequivalent SIF Media Preparation

Various SIF media were tested (1, 2, and f8f concentrations se&able 2.1,
depending orChapter2 results of the lowest, middle, and/or highest solubility media
results, except fgphenytoin angbrobucol, sedable5.2. SIF medium 1 waanalysed

for phenytoin andorobucol, which is the closest to their middle solubility media
results, but medium 1 (the lowest components concentrations) was attempted to be
tested for all the drugs for its simplicity to preparbe drugs were tested by single,
double, or/and triple SIF media, due to limited time difiiculty to determingheDS

of each drug
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To prepare 1 L of each media recipe, a concentrated lipid stock was prefaeed
required weight of bile sal(BS) (sodium taurocholate), phospholigiEL) (soybean
lecithin) and fatty acidFA) (sodium oleate) for each media recipe was dissolved in
chloroformi stock A The required weight of cholesterol for each media recipe was
dissolved in chloroforrih stock B An aliquot of stock B was added to stock A to reach
the desired concentratiofTable 2.2), mixed, and stock Awith chloroform was
evaporated undex stream of dry nitrogen gaghe dry lipid film was resuspended in
water, quantitatively transferred to a volumeftask, and madeup to volume with
water Stock aqueous solutions of buffédgHPQs.H20; 284 mM) and saltaCl;
1059 mM) wereprepared in watelrhe method was based on multiple previous papers
(Khadra et al 2015, McPherson et.aR020) Into a Duran bottle (I L) was added
aliquots of the lipid, buffer and salt stock solutions, and water to make a final aqueous
system volume of 1 L with the desired concentratiphkwas adjusted to the required
value (Table2.2, target value + @5) using KOH or HC[1 M) as required50 mL of

the SIF media were transferred into thEornt® assay vials for further analysis

Table52: TheS|1 F medi a n u mlasalysedowesttnhiddle, dnd/o
highest solubility result fror€hapter2.

Drug Lowest SIF media Middle SIF media Highest SIF media
Aprepitant 1 - 2
Carvedilol 1 - 2
Felodipine 1 8 2
Fenofibrate 1 - -
Griseofulvin 1 - -
Phenytoin - 1 -
Piroxicam - 1 -
Probucol - 1 -
Tadalafil 1 8 2

Zafirlukast 1 - -

5.3.2.2. SamplesPreparation
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Each stugl drug was dissolved with DMSO solvent, in 5 mL volumetric flasks, to form
a concentration of either 50, 100, or 200 miMmL of each solution was transferred
into HPLC vial for the following assay3hoseDMSO/drugstock solutionswvere
chosen to be as concentrated as possible, taking into considedidiog DMSO less

than2% of the assay vialstal volume

5.3.2.3. InForm ® Instrument Assays

All the assays wereonductedy the inForrf instrument under the license of the Pion
company Two clean up assays were run before and after each assay, along with
calibrating the pH electrode and the UV spectrometer daily, to ensure both are within
the normal range8lank readings were taken daily after the preparation of new SIF
medium

All the assays were performed37°C, a UV probe path length of 5 or 10 mm, and
using the physicochemical properties mentionedlable 2.1 for 10 drugs The
wavelength usediasbetween 260 390 nm, with a simple baseline correction

The drug analysis used two main assays:

1- UV-metric pKa assay

This assay was performed to get the M&lue needed for the later refinement and
quantitation of the controlled SS assayis is done automatically by theFornf®
systemWhen importing the resulting MEC into the SS assay of the studied drug, the
inForn® converts the UV absorbance data, into a concentration data by using Beer
Lamber (Wypgych] 2820)

A =Ca

Where A is the absorbance value, & is
concentration, and L is the UV probe path length

The UV-metric pKa assay was performedignuallyadding 50 mL of the prepared

SIF media into one of the Zfbsition vial rack, witifive subsequent aliquots of the
DMSO/drug stock solution, chosen by therusedautomaticallydispensed from the
HPLC excipient r ack The gssay takes avouna L5 manutesdos n e
be completed before being refined to get the M§ectrumneeded for the SS

guantitation results
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In order tocorrectly collect the useful information of the SS assays, the molar
absorption profiles for the added aliquots must be parallel and ideAtctie molar
absorption value of a specific path | engt
drug transformedto another physical state, for example fralissolvedstate to
precipitated particles, or by different SIF media content, as proved previblaigen

et al, 2016) The change frondissolved statdo precipitated particlexauses a
differenceof theactualdrugquantity,astheamountof drugin-solutionis notchanging

asit shouldberelativeto theamounttheinForn® hasrecordedsowhentheinFornt
attemptsto calculatethe MEC it does not produce overlaying profiles. This is
indicative by the sloped shapeextendingto lower wavelengthsfrom the visible
wavelengtihregion,andasthestudieddrugsd o raldsorbatthosewavelengthssothis
mears thatthe drugis precipitating,andthe MEC w o u | blemebablein further SS

determination

2- The controlled supersaturation by UV

This assay is parametrizéallowing the same properties set for the {hétric pKa
assay An advanced manual addition of 50 mL SIF media, witeingleautomatic
addition of a defined concentration of the DMSO/drug stock soluiene addedto

the assay vialDifferent concentrations were studieds #he drugs have different
propensities to supersaturate, to fihdir SSconcentrationinduction time, and where
possible,the precipitation rateThe induction time is the time spent for a drug at a
specific concentration, before it precipita(Bsalmelund et al., 2016)

The SS results were evaluated depending on two criteria:

1- If the drug resulted in a constant concentration profile, this would mean that its
either below its equilibrium solubility, or between the equilibrium and the kinetic
solubility, b u t In suthicéasks, ifdthamblyseédvial deeebopet. S S
precipitate, thiswould indicate that the initial added concentration is between the
equilibrium and the kinetic solubility, and it needs a further time to destabilize and
precipitate

2- An immediate precipitation is indicative of either the initial drug concentration
is higher than the kinetic solubility, or that the drug is incapabdeipersaturatingts

kinetic solubility is equal to the equilibrium solubility)
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5.4. Results andDiscussion

The concentrations for 8 out of the 10 drugs tested in this chapter were higher than
their equilibrium solubility results o€hapter 2 The exception was carvedilol and
piroxicam, which both showed-solutionbehavior during thentireassay timeAll

the drugs which formed precipitation, where having a crystalline concentration higher
than the studied equilibrium solubility results founddhapter 2 The latter result is
comparable with literature resufS8dueng, 2019, Palmelund et,&016) NB all the

results of the 10 drugs analysed in this chapter are summarizaleb.3 and5.4.

5.4.1. Felodipine

5.4.1.1. SIF Medium 17 Lowest Solubility

The path length of the UV probe used \eébker 5 or 10 mm

a Path length 20mm:

The SS assays tested were ranging betwelen®3 mM, concentrations lower than

0.16 mM gave an usolution results for 1 hr duratiohVhereasthe 03 mM assay
resulted in an immediate concentration drop ab#ginning of the assay, detected by

the elevated absorbance at the visible light wavelength range, followed by a plateau at
0.22 mM concentration, sdeigure 5.1 This concentration drop corresponding to an

immediate precipitation, is indicative that the drug exceeded its kinetic solubility
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Felodipine SIF 1 - pathlength 10mm
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Figure 5.1 FelodipineSS assays in SIF medium 1, at pathlength 10theblack

line i s representative .of the drug

b- Path length 5mm:

The SS assays weaealysedn a range between@- 0.4 mM, and the concentrations
below Q16 mM weren-solutionfor the whole assay time, 2 hours (same as pathlength
10mm) Whereas at a concentration 02 M, 4 hours assay duration was run, and it
resulted in a precipitation event at 7 minutes after the third hour (induction Ame)
seen inFigure 5.2 there is quite a lontived metastable state before the precipitation
event started, which means that th2 0 mM concentration | ies
kinetic andcrystallinesolubilities The SS assays of concentrations greater th&an 0
mM, were also plateauing the 02 mM concentration, followed by another plateauing
event at around.06 mM (crystalline solubility) where the drug should have
precipitated to its most stable stafter the concentration assagf 0.24i 0.4 mM,an
initial concentration drop at the beginning of the assay whserved This
concentration drop is potentially indicative of a temporary lidigdid phase
separation (LLPS)Raina et al., 2015)followed by conversion to an amorphous
metastable state, with a subsequent crystalline elt®®S only forms when the
kinetic solubility is exceededso any concentrationtestedabove0.24 mM started

abovethemaximumachievabldevel of supersaturatiofor felodipinein thismedium
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Felodipine SIF 1 - pathlength 5mm
= 0.20 mM

0.24 mM

= 0.28 mM

0.32 mM

= 0.36 mM

o «UEL o B 3 ;M% e == 0.40 MM

Concentration (mM)

Time (hr)

Figure 5.2 FelodipineSS assay in SIF medium 1, at path length 5mm, of diffe

concentrationt he bl ack | ine is represent.a

Also, from the ®8 mM concentration and above, the data points which forms a
shoulder shape just after the first plateau, suggests that the sample is forming
crystalline particles, as the scattering which is seen in the spectrum is losing its sloped
profile. Finally, theinconsistentoncentratiordropsin the assaydetweer0.327 0.4

mM, is causedy the high precipitationevent,andby the inconsistentonversionof
liquid-phaseseparate@ampleconvertingto the solid form.

The measuregrecipitationrate of felodipineusing2 pathlengthswasdifferent For
concentration®.3 and 0.32 mM of path lengths10- and 5- mm respectively the
measuregbrecipitationrateof pathlength5 mmwas12 timeslower thanthe 10 mm.

This is referredto the lower sensitivitydetectingby theinstrument.

Furthermorethe measuregbrecipitationrateof aprepitantandzafirlukast(resultswill
beshownin following sections)waslessaffectedby pathlengthchangecomparedo
felodipine This result is explained by the reported dorderling SS stability of
felodipine,comparedo a p r e p thighé $Sstdbiity status(no datawereavailable

for the SS stability of zafirlukast) which accountedor a lower effect on detector
sensitivity(Skolnik etal., 2018)

5.4.1.2. SIF Medium 27 Highest Solubility, 5mm Path Length Only
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There was a dramatic increase in the solubility of felodipine in this medium compared
to medium 1pecause of the higher SIF media components concentraftisgesult

is correlated to a previous literatu(®ladsen et al 2016) The SS assays with
concentrations range betweeid 1.4 mM seem to observe a complete dissolution of
the wholedrug, for up to 6 hoursWhereaghe assay with a concentration of 2 mM

observed a metastable SS state.atriM, followed by a precipitation everfbee
Figure 5.3

Felodipine SIF 2

2.0 = 1.4 mM
PR ﬁr'-uww*%"
= e = 2.0mM
€ 15 I T
N—r L2 W 4 Sy 4 o mam W NN W EEK W M. W v W N W %/‘
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T 1.0
<
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S
&)
OO L] L] T T
1 2 3 4 5 6
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Figure 5.3 FelodipineSIF medium 2, at concentrationg and 2 mM respectively

the black |l ine is represent.ative o

The2 mM assayprecipitatedo aconcentratioiower thanthe concentratiorbserved

in the1.4 mM run,sothedrugin the 1.4 mM runis supersaturatebo,andjusth a s n 6 t
precipitatedover the durationof the 6 hoursrun. The concentratiorlevelsaremuch
higherthanin the previousSIF mediuml, asthesemediumcomponentarehavinga

large effect on the c o mp o wehdvisr Also, thereis no evidenceof LLPS as

observedin the SIF 1 runs, so the kinetic solubility could be much higherin this
medium

5.4.1.3. SIF Medium 81 Middle Solubility, 5mm Path Length Only
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The behaviourof the drug in this mediumalso seemsto suggesthe maximumSS
concentratioms higherin thismediumcomparedo mediuml, butlowerthanmedium
2. TheSSassaysangedbetweerD.16 - 0.79 mM. Thedrugwasin-solutionbetween
concentration$.16 - 0.4 mM, over 3 hoursrun time. Whereasdetween0.66 1 0.79
mM, the drug started to supersaturatewith different induction times, but all
precipitatedo 0.27 mM (crystallinesolubility), seeFigure5.4.
Themeasuregrecipitationraterangedoetweerd.81 10 uM/min, by theconcentration
increasebetween0.661 0.79 mM. SIF medium1 of concentratiorD.4 mM hadthe
samemeasuredgrecipitationrate found in SIF medium8 of concentratior0.7 mM,
which is explainedby the higherSIF mediacomponentoncentrationpresenin SIF
medium8, which increasedhedrugstability.

Felodipine SIF 8

—_ = 0.66 MM
% -= 0.70 mM
= -= 0.75mM
o == 0.79mM
J Ny,

§ ’“**:i”;:;fw

c

(@]

®)

Time (hr)

Figure 5.4 Felodipine SS assays different concentrations tested in SIF medi

8t he black Iine is represent.ative

In a previous study, the 50 i 100% SS concentrationsfound for felodipine of
pathlengttbmmwasbetweerD.26 - 0.5 mM, which lies within the SSconcentrations
rangefoundin thethreemediaof thisstudy,0.27 2 Mm (Palmeluncetal.,2016) The
induction times were slightly different, as it was reportedto be lessthan 0.5 hr
(Palmelundet al., 2016) andin this studyrangedbetween0.6 1 3.1 hr. Finally, the

literaturecrystallinesolubility reachedo aslow as0.16 mM, whichis alsoin thesame
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range found in this study, 0.05 1 0.27 mM. The reported literature equilibrium
solubility, 0.09 mM (Palmelundet al., 2016) was also within the 3 SIF media
equilibriumsolubilitiesof this study,0.027 0.4 mM.

5.4.2. Tadalafil

5.4.2.1. SIF Medium 17 Lowest Solubility

One SS assay of a concentration ¢f MM of each5- and 10 mm path lengths,
resultedn aninstantprecipitation exceedinghekinetic solubility. Thetell is thatthe
concentratiordropsimmediately andbaselineslevationrisefrom thevery first point,

indicatingthe samples crashing

5.4.2.2. SIF Medium 81 Middle Solubility

Path length 5 mm only

SS assays ranged betwee®dd 0.36 mM. The Q04 mM assay was-solutionfor

the whole 3 hours run time, whereas &80mM tadalafil started to precipitate after 2
hours and 10 minutes after having a stable concentration08f @M. Higher
concentrations of.@2 and QL4 mM, for 5 and 3 hours respectivelyere carried out,

the initial concentration was stabilized for80and 04 hr respectively, before
precipitating to around.026 mM, sed-igure 5.5Themeasuregbrecipitation rate was

6 pM/min in the 012 mM concentration assay, and was faster in the higher
concentration, for around 1MJUmin. Both of those concentrations were following an
inconsistent precipitation pattern, which is correlated to the heavy precipitation action
that affected the sensitivity to detect theasuregbrecipitation rateAlso, the upward
slope was also found by tl¥s3009 Of @ previous literature, at a concentration &@®
mM, but not the lower concentrationd 8 0.22 mM(Cssos7.5%) (Palmelund et al
2016) This discrepancy is related to the differgmbtocolsused compared to this
study, as the literature equilibrium solubility of Palmelund etveds reported to be
0.15mM (Palmelund et al., 2016Wwhich is 10 times higher than the equilibrium
solubility found in this Fa9SSIF study.

Two further concentrations were measured 26 @nd 6 mM, but both were highly
concentrated
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Tadalafil SIF 8
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Figure 5.5 Tadalafil SS assays of different concentration of SIF mediythe8

black |Iine is representative of th

5.4.2.3. SIF Medium 27 Highest Solubility

Path length 5 mm only

SS assays were carried out betwee® 0 0.79 mM concentration rangélhe Q26
mM assayplateauedor 2.5 hr, before it precipitated with a8guM/min measuredate,

to 0.06 mM (crystalline solubility) On the other hand, thedlOmM assay immediately
precipitated with a 1M/min measuredate, to the same concentratio0& see
Figure 5.6

The relatively doubled concentration of this medium2® mM) compared to SIF
medium 1 concentration 2 mM), showed relevantmeasurecrecipitation rate,
due to the higher media components concentratiwhg;h increasedhe solution
stability.

The concentrations of.® and 079 showed an odcesult as both corresponded to a
high anda stable concentration ofS8and 19 mMespectively The behavior offtose
two higher concentrationsas difficult to explain, since the high&3$soos%found for
tadalafilwas0.26 mM (Palmelund et al., 2016Gyhich is the same SS concentration

resultingin this study
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Tadalafil SIF 2

25

= 0.26 MM
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Figure 5.6 Tadalafil SS assays of different concentratiorSIF medium 2the

bl ack l i ne i s representative -soafeis
segmented

In a previousstudy (Palmelundetal., 2016) the507 100%SSconcentration$ound
for tadalafil of pathlengtimmwasbetweerD.13 - 0.26 mM, whichis within the SS
concentrationgangefound in media2 and 8 of this study, 0.08 T 0.4 mM. The
inductiontimeswerealsodifferent,aspreviouslyit waslessthan0.75 hr (Palmelund
et al., 2016) andin this study rangedbetween2.5 i 3.2 hr. Finally, the literature
crystallinesolubility reachedo 0.05mM, whichis within thevaluefoundin thisstudy,
0.0267 0.06 mM, astheequilibriumsolubility wasmeasure@s0.15mM (Palmelund
etal., 2016) whichis 5 timeshigherthanthe highestsolubility foundin medium?2 of

this study.

5.4.3. Aprepitant

5.4.3.1. SIF 1 Medium - Lowest Solubility Properties

The pathlengths of the UV probe used were 5 and 10mm

a Path length 10mm

The only SS assanalysedvas 079 mM concentration, which showed an immediate

drop in concentration from the start of thesay anglateaued at around2 mM
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corresponding that thanalysedc oncentr ati on i s hi gher

solubility, seeFigure 5.7

Aprepitant SIF 1 - pathlength 10mm

15, = 0.79mM
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Figure 5.7: SS assay of Aprepitant SIF medium 1, with path length 10mm,.&8ac
mM concertationt h e bl ack l i ne i s repr ese
solubility, Y-scale is segmented.

b- Path length 5mm:

The SS assayanalysedusing this path length was ranging betweeh-01.38 mM
concentration, with variable resulsll the assayfiada short induction time before it
startedto precipitate, lower than 10 minuted/hereasthe time needed to reach
equilibrium ranged between37i1 1 hour Concentrations of .Q - 0.4 mM were
precipitating around .@ mM, whereas concentrations betweer 10 1.38 mM all
plateaued at around1l® mM, but with a risinglopedue to the high precipitation, see
Figure 5.8
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Aprepitant SIF 1 - pathlength 5mm
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Figure 5.8 Aprepitant SS assays SIF medium 1, path length 5mm of differe
concentrationt he bl ack | ine iIis represente

Y-scale issegmented.

5.4.3.2. SIF 2 Medium - Highest Solubility Properties

Path length 5mm only

Noticeably,SIF 2 medium(with higherintestinalcomponentsoncentrationshada

massiveeffectonthesolubility of aprepitantAs seenfrom Figure5.9, in SIFmedium
2, despitehehigherconcentrationssedthebaselings significantlyflatterasopposed
to SIF 1. Thisindicatesthatthe spectracollectedin SIF medium2 arein-solution as
itd o e possegsisiblewavelengthscatteringwhichcouldimply apresencef small

precipitatedparticlesas in SIF medium 1. Consideringthe different concentration
betweentheseassaysthe changeas immense SIF medium2 seemdo bein-solution

up to 1.59 mM concentration,whereasin SIF medium 1 aprepitantis already

precipitatingin its first spectrumat 0.24 mM concentration
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Figure 5.9 Aprepitant MEC assay® SIF medium 1 at concentration2@ - 0.4
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mM, and SIF medium 2 at concentratiaB 91.59 mM, respectively

Following ontothe supersaturatioassays3 concentrationsvereanalysed(.2, 1.19,

and 1.77 mM. As seenin Figure 5.1Q the rising concentrationfor the lowest
concentratiorassayjndicatesthatthedrugis still dissolving Whereasfor the higher
concentrationghe supersaturatestategeneratedeemdo bevery shortlived, asthe
samplesstartedprecipitatingafter lessthan 10 minutesand plateauedat around0.25

mM.

The measuredrecipitation rate was proportionally increasing by the concentration
increase in SIF medium 2, whereas, increasing the concertation by almost the double
between SIF media 1 and 2, has tripled the precipitation Taie result was not
consistent with the doubled concentration found in felodipine and tadalafil, which
resulted inconstant precipitation rate, between media 1 to 8, and 8 to 2, respectively
The reason behind this inconsistency could be related to the higher SIF media
components concentrations, as aprepitant was the only drug which precipitated in its
lowest and highest media, compared to others which precipitated in their lowest and
middle,or middle and highest media
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Figure 5.1Q Aprepitant SS assays of SIF mediupth2 black line is representati\

of the drugds equilibrium solubil:i

In a previousstudy(Palmelundetal., 2016) the507 100%SSconcentration$ound

for aprepitanbf pathlengtl?OmmwasbetweerD.17 - 0.34 mM, whichlies within the
SSconcentrationsangefoundin medium1l of thisstudy,0.17 0.4 mM. Theliterature
induction time for the concentrationsabove0.26 mM were matchingthisst udy 6 s
resultsJessthan10minutes Finally, theliteraturecrystallinesolubility averagecbout

0.076 mM, which is within the rangefound in this study, 0.07 1 0.25 mM. The
literatureequilibrium solubility, 0.09 mM, waswithin thetwo SIF mediaequilibrium
solubilitiesof this study,0.00851 0.12 mM.

5.4.4. Carvedilol

5.4.4.1. SIF Medium 17 Lowest Solubility

No SS assay was carrieait with this medium, but one MEC concentration was
analysedbetween (16 - 0.3 mM. This concentration range resulted in an appearance

of absorbance at visible wavelengths, which means that there are precipitated particle
scattering light, and resulting in such absorbamte equilibrium solubility for this

medium was found to beX® mM, so the carvedilol SS range in this medium should
be narrow, @27 0.16 mM.
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5.4.4.2. SIF Medium 27 Highest Solubility
A noticeable difference between media 1 and 2 solubility effects on carvedilol was
observed, as by MEC assay o1® mM concentration, a precipitation was observed
in medium 1whereas concentration of.@ mM in SIF medium 2, was still dissolving
SeeFigure 5.11

Abs:

Absorbance

Figure 5.11 Carvedilol MEC assaysn SIF medium 1 at A6 - 0.3 mM

concentration, and SIF medium 2 @4- 0.4 mM concentration respectively

Two SS assays were carried out, a concentratiot86f&hd 070 mM, for 6 hours run

time. Both showed an Hsolution profile for the whole assay, which is the expected
result, as both concentrations were lower than the equilibrium solubility result found
in Chapter 2seeFigure 5.12
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0.8
= 0.36 MM

o M -= 0.70mM
£ o3
C --------------------------
S
8 06
=
3
c 05
(@]
O | oimimememimrm

o4+ -

Time (hr)

Figure 5.12 Carvedilol SS assays of SIF medium 2, the black line is represen

of the drugds equilibrium solubil:i

In a previous literatur€Skolnik et al, 2018) the SS concentration was reported to

be 026 mM, which is lower than the equilibrium solubility found for SIF medium 2

On the other hand, this value was within
showed some elevation in the visible wavelength, indicating precipitation, which also

confirms the narrow SS range of carvedilol

5.4.5. Griseofulvin

SIF Medium 1 - The Lowest Solubility

a Path length 10mm

The only SS assay tested was M concentration, sdeéigure 5.13Basedon the
dissolutionprofile, 2 hoursassayesultedn supersaturatioandprecipitationevents
Thereis aperiodatthestartof theassaywherethereis astablesampleconcentration,
which beginsto precipitatearound15 minutes The curve becomesa bit peculiar
around40 minutesin were it erroneouslyplateausfor a while, reachinga final
concentratiorof 0.07 mM.

b- Path length 5mm
The only SS assay tested wa2 M concentration, sdéigure 5.13 and based on

the dissolution profile, the sample wassmlution for the whole 1 hr assay run time
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Figure 5.13 The concentratiorprofile of the SS assays of griseofulvin kvgath
length 5 and 10 mm.

The 05 mM (path length 10mm) assay precipitated ¢omcentration lower than2
mM (path length 5mm), which indicates that th2 @M assay is supersaturating but
needs a longer time to precipitate to a more stable.fbrma previous literature
(Skolnik et al, 2018) the SS concertation was reported to [ GnM, which is in
the same range resulting in this study (00.5 mM).

5.4.6. Fenofibrate

SIF Medium 17 The Lowest Solubility

Path length 5mm only

The SS assays ranged between concentratiO29 @.59 mM. The concentrations
between M27 0.05 shows a little elevation in the visible wavelength, which could
be correlated to either amitial precipitation event, or, more probably, just a change
in the SIF medium transparency with the introduction of the fenofibrate/DMSO
sample All the concentrations above that were precipitating, a range betwkén 0
0.2 mM, included light scattering, and the MEC fitting progressively worsened, with
the further sample precipitatiomhis is why no stable supersaturated concentration
was able to be confirmedhe highest concentration analysed w&®0nM, and it
presented more sample concentration gared to the previous range, but less
precipitation actionThis could be referred to the higher DMSO percent presented in

the sample, which exceeded 1%, and thus affected the fenofibrate saldlnéty
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instability results are referred t
reported previouslySkolnik et al, 2018)

In apreviousstudy(Palmeluncetal., 2016) the507 100%SSconcentrationsound
for fenofibrateof pathlengttbmmwasbetweerD.13 - 0.25mM, with inductiontime
range0.061 0.45 hr, andthecrystallinesolubility was0.06 mM. This could confirm
that the relevant0.1 mM concentrationhad a shortlived SS eventfor 0.17 hr,

followed by a precipitationeventto 0.07 mM concentrationSeeFigure5.14

Fenofibrate SIF 1

0.4
0.05 mM
é - = 0.10 mM
s 03 -~ -= 0.12 mM
c " T A w e w
2 Sk A e o= 0.20mM
c 02 - 0.59 MM
= e
3 -
5 OlTNiz.-e=mt ™
@)
0011l = = = o o o o o o ————— CET L LR
1 2 3 4
Time (hr)

Figure 5.14 Fenofibrate SS assays of SIF medium the black line is
representative ofthér ugdés equi l.i brium sol ubi

5.4.7. Probucol

SIF Medium 1 - The Middle Solubility

Path length 20mm only

TheMEC spectraanalysedetweerD.051 0.12mM indicateshatevenatthelowest
concentrationthe sampleseemsto have precipitated,given the absorbanceseen
acrosghewholespectrumandtheslopingnatureof thebaselineFromthis, it canbe
inferredthatthekinetic solubility of thesampldies belowtheconcentratioratwhich
thefirst spectrunof the MEC wascollected,which is 0.05 mM. In the SSassayat

concentratiorD.25 mM, a very significantamountof turbidity from the very startof
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theassaywasshown,whichimpliestheinitial spikewasabovethekinetic solubility,
seeFigure5.15

As the probucol equilibrium solubility found in Chapter2 was 0.011 mM, this
suggestghe narrow SS rangeto be between0.0117 0.05 mM, but this rangeis
slightly higherthanthe previouslyreportedSS concentration).009 mM (Edueng,
2019)

Probucol SIF 1

0.3+
S JermemcmmrTrTmImsmome=as - 0.25mM
3 ]
c 02'
o 1
@
5
C  0.1-
c
@)
@) .
0.01]1 T = == == o o o o o -
0.5 1.0 15 2.0
Time (hr)

Figure 5.15 Probucol SS assay at concentratic260mM in SIF medium Jthe
black lineisr e pr esent ati ve of the drugos

5.4.8. Phenytoin

SIF Medium 17 The Lowest Solubility

Path length 10mm only

The SSconcentratiorof 1.96 mM seemedo be precipitatingfrom the assaystart,
judgingby thefastonsetof concentratiordrop. Dueto how quickly theprecipitation
occurs,thereare nat enoughpointsin the upperportion of the plateauto reliably
model for the induction time. However, the lower plateau ensuresthat the
precipitationconcentratiomf phenytoinof mediuml wasaroundd.3 mM, seeFigure

5.16 In a previous studgSkolnik et al, 2018) phenytoin SS concentration wa2®

mM, which is lower than the precipitation concentration found in this study, but the

high concentration analysed, could resulted in this variability
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Figure 5.16 Phenytoin SS assay at concentratid@ImM in SIF medium Jthe

black lineisr e pr esent ati ve of the drugos

5.4.9. Piroxicam

SIF Medium 17 The Middle Solubility

Path lengths 0and 5 mm

The concentrations of I2 and (84 mM of path length 10mm, andl6 mM of path
length 5mm, all resulted in a stabtencentration, for a duration of 2 and 1 hr
respectively Thisimpliesthatthe samplesarecompletelydissolvedand insolution,
seeFigure 5.17 Referringto Chapter2 resultsof piroxicamin SIF medium1, the
solubility resultin this mediumwasapproximately2.5 mM, which indicatesthat at
theseconcentrationspiroxicamwas below its equilibrium solubility. No literature

SS studies were found for piroxicam to compare
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Figure 5.17 PiroxicamSS assays in SIF mediumuding path lengths of either !
orlOmmt he bl ack Iine is represent.at

5.4.10. Zafirlukast

SIF Medium 17 The Lowest Solubility

Path lengths 0and 5 mm

Two SS assays of path length 10mntacentration A4 and 660 mM, and two
assays of A6 and (4 mM by path length 5mm, all precipitated from the beginning
of the assaywhich indicatesthat thoseconcentrationsvere abovethe zafirlukast
kinetic solubility, see Figure 5.18 This was confirmed by the MEC assayof
concentrationbetweerD.087 0.16 mM, pathlengthSmm,whichshowedn-solution
profile of thefirst aliquots0.08 mM, butthesecond).12 mM triggeredprecipitation,
which could concludethatthe SSconcentratiodies in thisrange
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Figure 5.18 ZafirlukastSS assays in SIF medium 1 using path lengths of e
5-orl0mmt he bl ack | ine is represent.z
Y-scale is segmented.

In a previous studgMadsen et al 2016) the SS concentration of zafirlukast by using
2mm path length was reported to b&4mM. In this study the path length used was
5- or 10mm, whichalsoaccounted for aelevant possible SS concentratimfr0.08

T 0.12 mM, compared to literature
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Table 5.3: A summary of all the results found by tm&ornt® instrument for 10 drugs

Drug SIF Path In-solution Maximum  SS Induction SS plateauing Literature SS
media length concentration time concentration time concentration concentration
(mm) (mM) (hr) range (hr) (mM) (mM)
(mM)
Felodipine 1 10 0.10-0.16 1 - - - 0.5242
- - 0.3 2 0.22
5 0.04-0.16 2 0.2071 0.28 31122 0.2
8 5 0.16- 0.40 3 0.6671 0.79 0.91 0.6 0.661 0.79
2 5 0.71 0.9 6 2 3 1.9
Tadalafil 8 5 0.04 3 0.08 2.2 0.087 0.14 0.12-0.262
2 5 - - 0.2671 0.40 2.51 0.17 0.26
Aprepitant 1 10 - - - - - 0.34
5 - - 0.17 0.4 <0.17 017104
2 5 0.2 6 1.197 1.77 <0.17 2.51 3.2
Griseofulvin 1 10 - - 0.5 0.25 0.45 0.27
5 0.19 1 - - -
Fenofibrate 1 5 0.02-0.05 2 0.1 0.17 0.11 0.25
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Drug SIF Path In-solution Maximum  SS Induction SS plateauing Literature SS

media length concentration time concentration time concentration concentration
(mm) (mM) (hr) range (hr) (mM) (mM)
(mM)
Phenytoin 1 10 - - - - - 0.25
Zafirlukast 1 10 - - - - - 0.14
5 - - - - -

NA: not available.
References:-1(Palmelund et al., 201&} (Plum et al., 2020b3- (Skolnik et al., 2018%- (Madsen et al., 2016)
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Table 54: A summary of all the results found by the InF&rimstrument for 10 drugs, where precipitation is prese

Drug SIF Path  Sample Maximum Measured Crystalline Equilibrium
medium length concentration time precipitation concentration  solubility
(mm) (mM) (hr) rate (mM) (mM)
(UM/min)
Felodipine 1 10 0.3 2 27 - 0.020
5 0.24 4 5 0.06
0.28 4 5.3 0.06
0.32 4 2.3 0.045
0.36 4 5.2 0.05
0.4 4 6.7 0.05
8 5 0.66 3 4.8 0.27 0.14
0.7 6 6.6 -
0.75 6 10 -
0.79 6 10 -
2 5 2.0 6 - 0.40
Tadalafil 8 5 0.12 5. 6.0 0.026 0.015
0.14 3 10 -
2 5 0.26 6 6.5 0.06 0.032
0.4 6 16 -
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Drug SIF Path  Sample Maximum Measured Crystalline Equilibrium
medium length concentration analysed precipitation concentration  solubility
(mm) (mM) time rate (mM) (mM)
(hr) (UM/min)
Aprepitant 1 10 0.79 2 400 0.2 0.0085
5 0.1 2 1.2 0.07
0.3 2 45 0.1
0.4 2 57 0.09
0.7 4 174 0.16
2 5 1.19 7.5 555 0.25 0.12
1.77 7.5 1164 0.23
Griseofulvin 1 10 0.5 2 27 0.078 0.03
Fenofibrate 1 10 0.1 2 5.6 0.07 0.011
Phenytoin 1 10 1.96 2 1100 0.3 0.11
Zafirlukast 1 10 0.14 2 1.3 - 0.0027
5 0.16 2 0.47 -
0.24 1 0.7 -
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5.5. Conclusion

In this chapter, supersaturation was studied by applying solvent shift method on 10
drugs, using fasted bioequivalent SIF media recipbe results were evaluated by
different path lengths and media content, and where available, compared with
literature SS resultdll the assays were carried out automatically usiregnForn?
instrument, and the results proved the different propensities of drugs to supersaturate,
as found previouslyMadsen et al 2016) For 8 out of the 10 drugs, the SS assays
wereanalysedising concentrations above each drug equilibrium solubility found in
Chapter 2the exception was for carvedilol apiloxicam

The SS concentration determined for all the drugs was found either precisely by the
SS assays, or relatively by the MEC assay range as in probucol and zafirlukast, refer
to Table5.3 and5.4 for details The literature SS findings were in the same range of
the determined SS concentrations of 4 out of 8 drugs of this study, whereas, 2 drugs
were having a lower SS range, and 2 drugs had a higher SS range

Only 3 out of the 10 drugs were studied using two or/and three SIF media recipes,
and all formed SS states which could enable appropriate comparison between
different media recipesThe SIF media recipes were different in the components
concentrations and had 3 concentration levels, the lowest (medium 1), middle
(medium 8), and highest (medium Zhe drugs showed that the media with higher
SIF components concentrations, resulted in a higher metastability, and thus higher
concentration was needed to formmatastable SS state, which precigtib a more

stable concentration (crystalline solubilityjhe latter result is comparable to the
previous literature studies which found the media components to affect the SS state,
along with the precipitation evefiKkostewicz et al] 2002) and the higher media
components concentration also resulted in a hi@&solubility (Madsen et al

2016)

One literature study was found to report the time needed to induce SS and the
crystalline solubility, which included 4 drugs from this stu@®almelund et al

2016) Aprepitant and fenofibrate had -range induction times, whereas the
induction times of felodipine and tadalafil were higher in this study
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In this study, 7 out of the 10 drugs reached a stable crystalline solubility, which was
higher than the reported equilibrium solubilityGhapter Zor each of media recipe

This latter result is correlated to the same literature study which found all the 4 drugs
to have a precipitation concentration higher than the studied equilibrium solubility
they reportedPalmelund et al 2016) but all had an #range crystalline solubility
values to this study results

The measuredprecipitation rate was proportionally correlated with the higher
concentrations usedWhereas analyzing relatively equal concentrations with
different path lengths (5or 10- mm) resulted in half precipitation rate value of the
5mm path length in aprepitant and zafirlukast, but 10 times lower precipitation rate
was found with felodipineThis is referred to the sensitivity change of the detector
to measure the precipitation rate of the precipitated solid particles, where light was
scattered. Ado, hisis referred to the SS stability state which was reported previously
as borderline and high, for felodipine and aprepitant respect{@ginik et al.,

2018) On the other hand, the different media used had no effect andhsured
precipitation rate even with doubling the concertation if comparing the lowest to
middle, or middle to highest SIF media recipes, which is correlatibe bagherSIF

media componentspresentthat increasedthe drug stability even with doubled
concertation, as seen with felodipine and tadalafii Whereas, doubling the
concentration using the lowest to the highest media recipes resulted in tripling the
measuregbrecipitation rate of aprepitarithe reason behind this inconsistency could

be related to thehigher SIF media concentrations differende conclusion,
supersaturation and precipitation will vary acrossfstedSIF space and therefore
across FaHIF space, so once again single measurement will not pacagplete

picture and lowest value could be treated a®rstcasescenario.
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Chapter 6: The Oral Drugs Bioequivalent Solubility Predictive
Effect Usingin-silico Physiology Based Pharmacokinetic Modelling
(PBPK)

6.1. Introduction

The absorption of orally administered drugs from the intestinal tract is a key stage
needed for the drug to reach the systemic circulgijagren et aJ 2013) The

critical factors affecting drug absorption are dissolution controlled by the intestinal
solubility, and permeability through the gastrointestinal \fathidon et al, 1995)
However, multiple studies have emphasized the complexity of the gastrointestinal
tract (GIT) absorption process by drawing attention to the other parameters affecting
it such as the drugbs physicochemical
along with the different physiological properties of the human bdypenberg and
Amidon, 2000)In order to analse and understand this complexity, physiology based
pharmacokinetic (PBPK) models were introduced to include all those parameters, by
the use of different buiin mathematical equationsn(silico approach This
permitted a link between tha vivo physiological data, and tha vitro data, for
example the GI fluid vol umes, transit
properties, solubility and permeabilifGugano, 2009)Wider aspects were also

taken into account to predict the drugs extent of absorption by incorporating the
drugdés pharmacokinetic (PK) pr odflirmer ti es,
profile (simulated model) for a better comparison with literaturecaimata (human
observed model)Sjogren et a] 2013) The application of such models was
important, especially for the early stages of drug development to reduce cost, time
and effort(Sjogren et aj 2013)

This application of PBPK introduced a need to incorporate accurate input parameters,
to precisely predict the PK parameters and the fraction absorlb#) (Sggren et

al., 2013) This requirement was the main objective of this study, by incorporating a
fasted bioequivalent solubility data of six drugs, studiedCimapter 2 This
equilibrium solubility data were proven to cover more th&9f the human
intestinal fluid (HIF) composition variabilitfPyper et al., 2020Q)based on the
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comparison between the simulated intestinal fluid (SIF) and HiEhiapter 2and

the determined correlation, this chapter will mainly investigate the impact of the
bioequivalent solubility on PBPK simulatians

Several PBPK software packages are available for this purpose, but in this chapter
the GastroPIu8 software was used for predictions and simulations, depending on the
input parameters of literature simulated mod®larkovic et al, 2020, Sjogren et al

2013, Sjgren et al 2016) Note that his research is not directed at creating,
developing,or refining PBPK models, therefore available literature models were

used without alteration

6.2. Aims and Objectives

1 Reduce the time, effort, and cost needediforitro andin vivo studies by
predicing the PK parameters and the absorption extent of six poorly soluble drugs,
using in silico modeling approach with fasted bioequivalent lowest and highest
solubility data

1 Provide a more accurate prediction accuracy uisgurrenbioequivalent

model versus literatuii@ silico models

6.3. Methods

6.3.1. Gastrointestinal Tract Properties

GastroPIu8 software depends on an advanced compartmental transit absorption
(ACAT) model (Agoram et al 2001)of 9 compartments: stomach, duodenum, 2
compartments for jejunum, 3 compartments for ileum, caecum, and ascending colon,
to predict the oral absorption of the human (B&eTable6.1 for the default fasted

Gl human physiology properties in the softwafbe version used faBastroPIu$

was 98.2, and he default setting for thimtestinaltransit time as a totalywas3.23

hr.
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Table 6.1: The fasted gastrointestinal tract properties incorporated in

GastroPIu8 Software*

pH Transit Volume Length Radius  Bile salt

time (mL) (cm) (cm) (mM)

(hr)
Stomach 13 025,01 4892 29.19 9.87 0
Duodenum 6 0.26 4457 14.58 1.56 2.8
Jejunum 1 6.2 094 166.6 60.26 1.48 2.3
Jejunum 2 6.4 074 131 60.26 1.32 2.03
lleum 1 6.6 0.58 102 60.26 1.16 14
lleum 2 69 042 75.35 60.26 1 1.16
lleum 3 74 029 5357 60.26 0.84 0.14
Caecum 6.4 4.36 50.49 135 3.45 0
Ascending 6.8 1307 5355 28.35 2.45 0

colon

6.3.2. The Compounds Properties

Six poorly absorbed drugs were chosen for the modéhiogvailability in brackets)
aprepitan{59%)(Majumdar et al., 2006, ToleGhamatri et al., 2013tarbamazepine
(75 - 85%) (Tolou-Ghamari et al., 2013)felodipine (15%) (Edgar et al., 1992)
fenofibrate(< 35%)(Ling et al., 2013)furosemidg50%) (Waller et al., 1982)and
griseofulvin(25 - 70%) (Arida et al., 2007)Those drugs have wallefined PK data,
and not completely absorbed in the GIT, and were chosen depending on the availability
of literaturein silico models(Markovic et al, 2020, Sjégren et al2013, Sjgren et

al., 2016)

The compounds properties are detailedTable 6.3 and 6.4. The default mean
precipitation time used was 908 and no enzyme or transporter effects were
incorporated in the simulations, for simplification purpo&dubility data depended

on Chapter data of the lowest, highest and FaS81Fsolubility results found for the

4 Numbers araitiliseddirectly from the software
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6 drugs at a certain pH value, whereas, the permeability values were measured

previously(Lennernas, 2007, Sjogren et &013)and used in modelling

6.3.3. The pharmacokinetic parameters

The PK parameters of the drugs, except furoserfitbrkovic et al, 2020) were

obtained from(Sjogren et aJ 2013, Sjgren et al 2016) the first pass extraction %
(FPE), tot al body cl earance (CL), vol ume
fraction unbound (Fub)T he drugsdé6 formul ati on, dose,
size, and individuals body weights were extracted from the same studies the clinical
data used, as detailedTiable 6.5 (Sjogren et al 2013, Sjgren et al 2016) All the
simulations were analysed with 70 kg human body weight

The ADMET® predictor (version 10) available within ti@astroPIlu8 software, was

used in all the drugsdé simulation by inc.
its results were only used if data was not available in literature, for example for the

blood to plasmaR:P)ratio. No data adjustment or model fitting was used in this study

6.3.4. Analysis

Two models were developed using tbevest andthe highest solubilitydata results

from Chapter 2 of each drug, and then both ws&agstically compared usiragpaired

t-test (pvalue < 005 were considered significantly different), by graph pad Prism
software, version.5

The simulation results were classified based on the accuracy of the extent of deviation
from the clinical dat§Sj°gren et al 2016) The accuracy of the results was considered
to be highly accurate if the extent of deviation were less than 25%, medium if it was
between 25% to 50%, low if it was between 502old, and inaccurate if more than
2-fold (Sjogren et aJ 2013) The low and medium accuracies were further classified
as acceptably accurat8j°gren et al 2016) seeTable6.2.
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Table 6.2: Classificationcriteria of the results accuradyjogren et al., 2018

Sj°gren et al., 2016)

Extent of deviation

Accuracy

< 25%

High

25% to 50%

Medium (acceptable)

50%- 2-fold

Low (acceptable)

> 2-fold

Inaccurate
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Table 6.3: Compound properties for the six drugs simulated uSiagtroPIu$ software

Drug Molecular Molecular LogD pKa Diffusion Drug Permeability Melting
formula weight (pH coefficient particle  (cm/s *10%) point
(g/mol) 7.4) (cm?/s *10°) density (°C)
(g/mL)
Aprepitant C23H21F7N4Os 534 6.9 9.7 0.63 151 7.1 255
Carbamazepine  CisHi12N20 236 1.6 - 0.78 1.27 4.3 190
Felodipine C18H19CI2NO4 384 4.3 - 0.67 1.28 7.8 145
Fenofibrate C20H21ClO4 361 6.9 - 0.66 1.18 7.7 80
Furosemide C12H11CIN20sS 330 1.1 422 073 1.2 0.4 206
Griseofulvin C17H17ClOs 353 2.9 - 0.7 1.38 7.3 220

Referencesl- (Markovic et al., 202Q)melting points from PubChem, other déBgogren et al., 2013)
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Table 6.4: Solubility (mg/mL) input of this studyChapter 2 results)ersus literature dat@arkovic et al., 2020, Sjogren

al., 2013)
Drug Bioequivalent Literature

Lowest solubility pH Highest pH Solubility pH

solubility

Aprepitant 0.0046 6.64 0.064 7.12 0.00037 6.5
Carbamazepine 0.15 6.54 0.25 712 0.127 6.5
Felodipine 0.0078 6.64 0.15 7.12 0.001 6.5
Fenofibrate 0.0038 6.64 0.029 7.14 0.00025 6.5
Furosemide 0.397 5.72 15.88 8.04 8.34 7.5
Griseofulvin 0.01 6.64 0.024 7.12 0.015 6.5
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Table 6.5: Thepharmacokinetics parameters usethi simulation of six drugs

Drug Dose Particle  Water FPE B:P Fub CL vd Simulation

(mg) radius administered (%) ratio (%) (L/h) (L/Kg) time
(Hm) (mL) (hr)

Aprepitant 125 0.06 240 4 0.73 0.0021 3.7 0.28 96

(Capsuleg

Carbamazepine 400 75 250 1.3 0.86 1 1.1 0.87 120

(Table)

Felodipine 10 2.5 240 87 0.70 0.45 58 0.22 8

(Table)

Fenofibrate 160 1.1 250 NA 0.70 0.0021 0.75 0.097 120

(Suspension

Furosemide 40 25! 250 NA 1 1t 9.0t 0.043 10

(Table)

Griseofulvin 472 0.6 240 8 0.76 1 7.3 1.3 72

(Suspension

NA: not available, FPE: first pass extraction, B:P: blood to plasma, Fub: fraction unbound, CL: clearance, Vd: vc
distribution. Referenced- (Markovic et al., 202Q)other datdSjogren et al., 2013)
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6.3.5. Clinical Data (Human Observed)

The literature was searched for oral clinical datdasted healthy individualsf drugs

which have &astroPlusnodel For all the drugs, except furosemidéarkovic et al,

2020) the clinical data (mean of individuals concentrations) used were the same data
used in literaturen silico models(Sjogren et aJ 2013) The clinical data found for
furosemidg(Markovic et al., 202Q)were extracted using the Web Plot Digitizer tool
Where available, the standard deviation was plotted for the clinical data points, shown

in the results section

6.3.5.1. Furosemide

As a total, seven clinical studies were found for furosemide, the variable properties
extracted from each study is detailedTiable 6.6. The previously modeled study
(Markovic et al, 2020)usedtwo studies out of the six studies, and ofBeermann

and Midskov, 1986yvas used in this study comparison

6.3.5.2. Aprepitant

Two studies were found for aprepitant, one of them was used in the praviiliso
model(Sj°gren et al 2016)at a dose of 125 m@ajumdar et a] 2006) seeTable
6.7.
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Table 6.6: Literature pharmacokinetic studies furosemide oral formulations in healthy fasted individuals

Study Dose Formulation Water Number of Age Body F %
duration (mg) administered volunteers (yrs) weight
(hr) (mL) (kg)
(Beermann, 1982) 24 40 Tablet 150 4 females 2071 40 64 NA
8 males
(Beermann anc 10 40 Tablet 250 10 2040 NA NA
Midskov, 1986)
(Branch et a] 1977) 5 80 Tablet NA 6 males 207 25 NA 50
(Hammarlund et al 8 40 Tablet 200 5 females 221 32 55-82 513
1984) 3 males
(Michael et al, 1974) 4 80 Tablet and NA 8 18-45 NA NA
solution
(Tilstone and Fine 25 44 Solution NA 14 males 21-35 NA NA
1978)
(Waller et al, 1982) 12 40 Tablet 200 18 males 20-31 71 71

F: bioavailability, NA: not available
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Table 6.7: Thetwo studies found for aprepitant capsules of healthy fasted individuals

Study Dose Formulation Water Number of Age Body CL vd F
duration (mg) administered volunteers (yrs) weight (L/hr) (L/kg) %
(hr) (mL) (kg)
(Majumdar et al 96 125 Capsule 240 13 females 28 Normal 357 089 59
2006) 12 males
80 4.3 1 67
(Yang et al, 2020) 96 125 Capsule 240 12 25 64 NA NA NA

(Females = Males)

F: bioavailability, CL: clearance, Vd: volume of distribution, NA: not available
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6.3.5.3. Griseofulvin
Six studies were founfbr griseofulvin with different formulations, particle size, and
doses, sedable6.8. In the literature simulation modé¢sjogren et a) 2013) the

clinical data were used based on a previous dfudyet al, 1973)

6.3.5.4. Felodipine
For felodipine six studies were aldound and are detailed able6.9. The reference
of the clinical data used in the literature ma@bgrenetal2013)c oul dndét be f «

so the data were used based on the supplementary files
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Table 6.8: Thesix studies found for griseofulvin oral formulations of healthy fasted individuals

Study Dose Particle Formulation Water Number of Age Body
duration (mg) radius administered volunteers (yrs) weight
(hr) (Hm) (mL) (ka)
(Straughn et al 73 500 4 Suspension, 240 12 Males 21-30 6191
1980) tablet
(Linetal, 1973) 72 472 4 Suspension NA 5 Males NA 70
(Marvel et al, 48 1000 NA Tablet NA 12 NA NA
1964) (Females=Males
(Crounse, 1961) 48 1000 NA Oral NA 37 NA NA
(Rowland et al 72 500 4 Tablet 200 5 Males 3548 73
1968)
(Linetal, 1982) 48 500 4 Tablet NA 16 Males NA NA

NA: not available
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Table 6.9: Thesix studies found for felodipine oral formulations of healthy fasted individuals

Study Dose Formulation Water Number of Age Body F %

duration (mg) administered volunteers (yrs) weight

(hr) (mL) (mean)

(kg)

(Jalava et al 1997) 32 5 ER tablet 150 4 Females, 5 Males 22-26 51-73 (62) 15
(Edgar et al 1985) 30 275 Solution 125 8 Males 22-31 69-82 (74) 162
(Madsen et al 12 10 ER tablet 200 12 Males 1850 788 NA
1996)
(Edgar et al 1992) 8 5 IR tablet 200 9 Males 40-53 772 15
(Landahl et al 27 10 IR tablet NA 12 Males 20-34 69-85 (75) 15
1988)
(Edgar et al 1987) 10 5, 15,40 Solution 250 10 Males 22-33 66-82 (73) NA

F: bioavailability, ER: extended release, IR: immediate release, NA: not available
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6.4. Resultsand Discussion

The bioequivalent simulation results were first inspected for the differences found
between the modeled lowest and highest solubility results, and then assessed against
the literature simulated models (both used the same input parameters, except the
solubility), andfinally the literature clinical datarhis comparison was based on the
resultsavailable area under the curve (AUC), peak plasma concentration (Cmax), the
maximum time (Tmax) needed to reach Cmax, and the Fa%, for a single drug and for

anoverall result

6.4.1. TheBi oequi val ent Model s0 Simul ati on
As seen fronFigure6.1, theplasmaconcentration simulatioprofileswerefound by

using either the lowest or the highest bioequivalent solubility input of six dangs,
were statistically tested, using a paireedt (pvalue < 005). Four out of six drugs
were significantly different, carbamazepine and griseofulvivglpe < 00001),
fenofibrate (pvalue 00014), and furosemide {galue 00022) This result confirms

the importance of using a bioequivalent solubility input. Also, from Figure 6.1 it can
be noticed thathe corresponding human observed data were closer to the lower
solubility simulation model

The mean AUC, Cmax, and Tmax results found by this stmelgompared with the
results found by the human observed data, Tsd®e 6.10. The mean AUGp and
Cmax findings of the bioequivalent simulated models, were higher than thesAUC
and Cmax findings of the human observed datall the drugsWhereaghe Tmax

of the bioequivalent model walsigher in 3 drugs, lower in 2 drugs, and equal in 1
drug, compared to human moslelhe differences were further assessed by the ratio
between the simulated (predicted) model to the human observed (pred/obs) of both the

bioequivalent and the literature models, as detailed in next section
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the simulation results found using either the lowest or the highest solubility of

drug, respectively
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Table 6.10: The AUCo-», Cmax, and Tmaresults found for the human observed data, and the bioequivalent rfiddetsvic et
al., 2020, Sjgren et al 2016)

Drug Cmax Tmax AUCo-p

(ng/mL) (hr) (ug.hr/mL)

Human Bioequivalent Human Bioequivalent Human observed Bioequivalent

observed model observed model model
Aprepitant 1.0 2.6 4.0 0.52 226 323
Carbamazepine 3.8 4.9 6.0 9.9 230 343
Felodipine 0.0047 0.0084 1.0 0.66 0.0189 0.0225
Fenofibrate 2.8 11 4.0 4.1 108 213
Furosemide 0.61 0.85 1.4 1.4 2.32 2.39
Griseofulvin 1.0 1.8 4.0 5.2 39.7 49.9
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6.4.2. Comparison Between Simulated Models Results for Individual Drug

In this section and the following, the results of the bioequivalent simulation lowest and
highest models, were used as a mean, since all the human obserweastaiaw or

close to the lowest solubility moddh 5 out of 6 drugs,he mean AUGp ratio
(pred/obs) findings of the bioequivalent model were higher than the literature models
(Markovic et al, 2020, Sjgren et al 2016) exception is furosemide, s€egure6.2
andTable6.11. The results, classified based on the deviation extent accuracy detailed
in the methods section, found that the AlgCatio for all the individual six drugs of

the bioequivalent models were predicted in low accurBleis result is comparable to

the literature modeling results, which were found to predict the AJGF 5 out of 6

drugs in low accuracy as well, only fenofibrate was predicted in medium accuracy
(Markovic et al, 2020, Sjgren et al 2016)

The Fa% from the bioequivalent solubility simulation was higher than all the literature
simulation results, sdéigure6.2, and the deviation extertetween the two simulated
modelsof 3 out of 6 drugs, was betweenll 1.6 (aprepitant, felodipine, and
furosemide)Whereaghe other three drugs had a deviation extent of more tfialal 2

(2.27 4.2), seeFigure6.2 andTable6.11.

The enhancement of both the AbkCand the Fa% is referred to the bioequivalent
solubility used, which covers more thaé?® of the HIF composition variability

Page |227



100+

N
g
| 4
>
>
>

N

=)

>
\‘
q

=
a
>

=
=)

N
g
[ J

AUC (0-infinity) pred/obs
o
q‘l
»
[ J
Fraction absorbed (%)
a1
e

Figure 6.2: The AUCop ratio (predicted to human observed) to the left, anghtbdictedraction absorbed (Fa%) to the righhe
mean (lowest and highest) bioequivalent (red triangles) versus literature (black circles) (Madedsic et al, 2020, Sjgren et
al., 2016)for 6 drugs

Page |228



Table 6.11: The fraction absorbed (Fa%) and AJgratio (pred/obk simulation
results using a bioequivalent mean solubility data from six drugs, compa
literature modelgMarkovic et al, 2020, Sjgren et al 2016)

Drug Fa (%) Fa (%) AUCopratio  AUCo»p ratio
Bioequivalent  Literature Bioequivalent Literature

Aprepitant 100 62 1.43 1.09
Carbamazepine 97 44 1.49 0.590
Felodipine 100 93 1.19 1.08
Fenofibrate 100 24 1.98 0.490
Furosemide 60 53 1.03 1.58
Griseofulvin 84 35 1.26 0.630

6.4.3. Overall Drugs ResultsComparison of Simulated Models

The overall simulation accuracy of the bioequivalent models of 6 drugs (mean two
levels of solubility), were compared with the overall results found (8iftgren et al
2016)of 12 drugs (5 of them are also studied in the bioequivalent m&#dY able

6.12 andFigure 6.3. The accuracy of the bioequivalent Abg predictions, was
acceptable (within-2old prediction error) in all the six drugbhis accuracy result was
higher compared to the literature mo¢®P gren et al 2016) whereonly 70% of the
AUCop predictions were within -2old prediction error Whereasthe Cmax of the
bioequivalent models was predicted in acceptable accuracy (58%), which is lower than
the literature predictions accuracy, where 75% of the Cmax predictions were within 2
folds prediction errarLastly, the bioequivalent model Tmax was predicted in high,
acceptable (low and medium), and inaccurate levels of accuracy, in 17%, 75%, and
8% respectivelyThis result shows a higher accuracy compared to thatlitee model

Tmax predictions, which accounted for 85% within th#&ld8s error predictions,
compared to 92% of this study

The reason behind the differences found
literature findings is related to the different dragelysedn each study, along with

the usage of a bioequivalent solubility input

In the previous literaturgSjogren et a) 2013) which studied 12 different acidic, basic,

and neutral drugs, they found that there was no specific trend for the predicted
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simulation results between the three drugs categdniéisis bioequivalent simulation
research, one acidic: furosemidene basic: aprepitant, and four neutral drugs:
carbamazepine felodipine, fenofibrate, and griseofulvin, were simulated, and also no

general trend was found between the drugs categories

100+

754

504

Overall 2-fold accuracy (%)

254

& Ca Cll
N <& gs

Figure 6.3: Overall accuracy (%) of theimulation results by twold deviation
Lined: bioequivalent model of six drugs, plain: literature model of twelve d
(Sjegren et al 2016) usingGastroPIu8 software
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Table 6.12: Theoverall accuracy results percentage found in the bioequivalent and lit€&fyunen et al 2016)simulation models

Accuracy level AUCo-p

Cmax

Tmax

Bioequivalent Literature

Bioequivalent Literature

Bioequivalent Literature

High 0 40
(0 - 25%)

0

325

17

325

Medium and Low 100 30
(acceptable)
(25%1 2 folds)

58

425

75

525

Inaccurate 0 30
(> 2 folds)

42

25

15
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6.5. Conclusion

This chapter simulated six previously studied drugs, uS§agtroPIu§ modelling
software, to predict their PK parameter using a lowest and a highest bioequivalent
solubility input, along with the same modelled literature parameters used previously
(Markovic et al, 2020, Sjogren et al2013)

In four out of six druggcarbamazepine, fenofibrate, furosemide, and griseofulvin),
the two simulated solubility levels, the minimum versus the maximum, were
significantly different (pvalue < 005), and thenhuman observedata were closer to

the lower solubility simulation model

The mean (lowest and highest) simulated AJd®f the bioequivalent solubility
models of 6 studied drugs were higher than the clinical Aldo.p, but this was the

case only in 3 out of 6 drugs (aprepitant, felodipine, and furosemide) simulated in
literature model¢Markovic et al, 2020, Sjgren et al 2016) On the other hand, all

the bioequivalent solubility models, of 6 drugs, resulted in a low accur&se40 2-

fold extent of deviation) of the resulting A€ (pred/obs) ratio predictions, compared

to 5 out of 6 drugs to be predicted with low accuracy in literature m@éildkovic

et al, 2020, Sjgren et al 2016) exception is fenofibratélso, the Fa% results were
found to be higher in the bioequivalent models compared to the literature models
(Markovic et al, 2020, Sjgren et al 2016) by deviation extents betweerll 1.6

for 3 out of 6 drugs (aprepitant, felodipine, and furosemide), and betw&ied.2 for

the other 3 drugs

Finally, the overall AUGp and Tmax accuracy results found by the bioequivalent
simulated results was hi gh@jfgrendtal 2018 he | i t
As within 2-fold deviation, the accuracy of the AW€and the Tmax were 100% and
92% for the bioequivalent models, compared to 70% and 85% for the literature models
(Sj°gren et al 2016) But the Cmax accuracy was higher in the literature model, 75%,
compared to the bioequivalent model, 58%

The higher accuracy of AU and Tmaxdetected compared to the clinical data, along
with the higher resulting Fa% conclude that the solubility used in these bioequivalent

models are more relevant to the hunrawivo solubility.
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In conclusion, the usage of the bioequivalent lowest and highest solubility data, helped
in an improvedn silico prediction of the PK parameters of six poorly soluble drugs,
compared to the literature models which used different solubility .ifjmat literature
solubility used was lower than the bioequivalent range in four drugs, and only
furosemide and griseofulvin literature solubility values were within that range. These
results also confirms that the human intestinal solubility should beasseedang, not

a single point, to increase the resulting accuracy of the solubility applicafibes.
simulation of a higher number of drugs using the bioequivalent solubility could

provide a better understanding of this outcome
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Chapter 7: Conclusion and Future Work

7.1Conclusion

This study demonstrates that it is possible to assess the fasted intestinal equilibrium
solubility envelope using a small number of bioequivalent media recipes obtained from
a multrdimensional analysis of fastédiman intestinal fluidKaHIF). The resulting

nine fasted simulated intestinal fluid (Fa9SIF) solubility results enclosed the solubility
values of literatureFaHIF and fasted simulated intestinal fluids (SIF), and were
statistically equivalent to previous design of experiment (DoE) solubilityesudut

with a lower range, which correspond to an improved equivalenoe/iwo solubility.

The derivation of th&a9SIFmedia coupled with the lower measured solubility range
indicate that the solubility results are more likely to reflect the fasted intestinal
solubility envelope than previous DoE studiasd highlight that intestinal solubility

is a range and not a single valdéne Fa9SIF solubility results were argdyg to
determine the most statistically significant factors within the media influencing
solubility, using a custom DqgRvhich resulted ira lower statistical resolution than a
formal DoE andwasnot appropate if determination of media factor significance for
solubilization is required.

The measured migoint solubility value was statistically equivalent to the value
determined with the original fasted simulated intestinal fluid re¢fESSIVAvl),
further indicating similarity and that existing literature results could be utilized as a
direct comparison. The analysed drugs all dispiladifferent solubility ranges and
behaviour;a result also consistent with previous studies. The lowest solubility
represents a worsase scenario which may be useful infislsed quality by design
biopharmaceutical calculations than the 4paint value. This novel approach was also
usedtoinvestgat e the drugsd developability
dose to solubility ratio, to highlight the individual drug behaviors. The method also
permits a dose/solubility ratio frequency distribution determination for the solubility
envelope with permits further ristbased refinement, especially where the drug

crosses a classification boundafhis novel approach therefore provides greater
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vitro detail with respect to possible biopharmaceutical performaneg/o and an
improved ability to apply risbased analysis to biopharmaceutical performance.

The Fa9SIF solubility results were also examined for any consistent solubility
behavior andoundin the majority of cases a structured solubility behaviour that is
consistent with physicochemical properties and previous solubility studies. For the
acidic drugs (pK& 6.4) solubility was controlled by media pH, the profile is identical
andconsistentand the lowest and highest pH media identify the lowest and highest
solubility in over80% of cases. For weakly acidic (pka8), basic and neutral drugs
solubility is controlled by a combination of media pH and total amphiphile
concentration (TAC), a consistent solubility behaviour is evident but with variation
related to individual drug interactions within the media. The loaedthighest pH x

TAC media identify the lowest and highest solubility in over 78% of cases. A subset
of the latter category consisting of neutral and drugsionized in the media pH range
have been identified with\aery narrow solubility range, indicating that the impact of
the simulated intestinal media on their solubility is minimal. Two drugs probucol and
atazanavir exhibit unusual behaviolihe studyalso indicated that the use of two
appropriate bioequivalent fasted intestinal mefian the ninewill identify in vitro

the maximum and minimum solubility boundaries for drugs and due to the media
derivation, this is probably applicakitevivo.

The novel Fa9SIF solubility results provided a drug solubility range bioequivalent to
sampled FaHIF solubilities. Statistical comparisons of the Fa9SIF media system
against FaHIF did not detect a difference, and individual drug analysis produced an
85% corelation. Correlation is drug physiochemistry dependent, and in agreement
with previous statistical solubility behaviour studies. An innovativétro vs FaHIF
correlation window was determined, which encloséd @f solubility values from an
additionaldata set, further validating equivalence.

The application of the supersaturation (SS) stadyten drugswas found to be
applicableusing theFa9SIFmedia, minimum, mid, and/or maximum, with different
concentrations and path lengthke analged drugs showed that the media with higher
SIF componentsoncentrations, resulted in a higher meta stability, and thus higher SS
concentration, which precipitated to a more stable concentrafios result was

comparable with previous SS literature studies. In 7 out of 10 drugs, the resulting
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crystalline solubility was found to be higher than the resulting equilibrium solubility
of the Fa9SIF system. A result which was also found in one literature study, but their
crystalline solubility results weren the same range to this SS study resuitse
induction time found in the same literature study, for available four drugs only, enclose
the range for two drugsvhereaghe other two drugs showed higher induction times.
The drugs©o precipitation rat e was prop
corcentrations usednd proportionally but variably affected by path length change.
On the other hand, the different media used had no effect on the precipitation rate even
with doubling the concertation if comparing the lowest to middle, or middle to highest
SIF media recipes, which is correlatedthe higher SIF mediacomponentgpresent
which increasedthe drug stability. Whereas, doubling the concentration using the
lowest to the highest media recipes resulted in tripling the precipitation rate, which
coud be related to the higher SIF media concentrations difference.

Finally, physiology based pharmacokinetic (PBPK) models were used to @ssess
silico modelling in predicting a concentration versus time profiles for six poorly
soluble drugs, using the lowest and highHgeequivalentequilibrium solubilities as

an input parametein four out of six drugs, the two simulated solubility levels were
significantly different (pvalue < 0.05), and the human observed data compared to the
simulated model were closer to the lower solubility simulation model. All the mean
(lowest and highestolubility models) AUGp results were higher than the human
obser ved merdsalis,Hudonk halfof those drugs were found to be higher
than human observed models in literature moddso, the fraction absorbed (Fa%)
results were found to be higher in the bioequivalent models compared to the literature
models by deviation extents betweenil1L6 for 3 out of 6 drugs, and between 2.2

4.2 for the other 3 drugs. The higher accu@ic&UCo.p and Tmax detected compared

to the clinical data, along with the higher resulting Fa% conclude that the solubility
used in these bioequivalent models are more relevant to the hmiao solubility.

The simulation of a higher number of drugsngsthe bioequivalent solubility could
provide a better understanding of this outcome.

In conclusion,the Fa9SIF media systewcould be applied during discovery and
development activities to provide a solubilitange andrationalize drug and

formulation decisions. However, sincet adnew methodology, fan vitro in vivo
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solubility correlation, this radically transforms predictive ability which will benefit
drug discoverydevelopmentand formulation studies. The approach is worthy of
further investigation and may represent a methodology applicable to other dynamic

multicomponent fluids where no single component is responsible for performance.

7.2 Future Work

This study has determined the oral drugs equilibrium solubility in the fasted state only,
but this should be linked the fed state solubilities and its effétis.approach is
worthy of further development and research to expand the number of drugs analysed,
refine the compositional calculations for the bioequivalent points andrinitro
solubility toin vivo pharmacokineticsThe usage of two media coupled with a central
point measurementlimits, and information on the potentidBiopharmaceutics
Classfication System(BCS) or DCS classification and position with respect to the
boundaries can be provided. If three media are too onerous, then thedowb8ity

media can be applied as a wetase scenario. This fasted intestinal solubility
measurement will provide more information than a single FaSSIF value and can be
applied to assess the suitability during drug discovery, and development strategies
oral administration. The structured solubility behaviorensures that the
physicochemical properties of each drug shouladmounted foin future solubility
measurements.

If placement on the BCS/DCS is required along with possible population behaviour,
then the Fa9SIF media set can be applied and linked to various biopharmaceutical
performance predictors. The Fa9SIF media system is therefore worthy of further
investigationwith linkage of system results to vivo performance, a key next stage
and may represent a methodology applicable to other multicomponent biological fluids
where no single component is responsible for performance.

Also, the usage of other modellisgftwarewould improvethe prediction accuracy of

the results
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Appendix

1. High Performance Liquid Chromatography (HPLC)

1.1Introduction to HPLC

HPLC is the most used technique to quantitively analyse drug concentrations aided by
a detector system, such as the UV sydf@ratson, 2015)The HPLC device consists

of many parts that work as a single unit to achieve the final quantitative analysis
(Watson, 2015%ee Figure 1.8.

sample
injector

pump A

==

mixer column

pump B - detector(s)

solvent A solvent B l HHH J FHH I ; I i J waste

instrument control
Figure 1.1: A representative diagram for the HPLC device compartn{gvisch et
al., 2009)

The HPLC device consists @iVatson, 2015)

a. Solvent cabinet, to hold the mobile phase (MP).

b. Pump, responsible for generating the pressure needed to transfer the solvents
to the other parts of thaevice.

C. Loop injector (or auto sampler in modern systems), to withdraw the desired
sample volume for analysis (the injection volumes can range fro2@Q pL).

d. Column (stationary phase (SP)), the most valuable part because of its capability

to separate and retain the analysed samples. One of the most used types is the revered
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phase octadecylsilane coated (ODS) silica gel, with different diameter, length, and
particle size.

e. UV detector.

f. Computational device to capture the chromatographic data for further

quantitative analysis.

For a good analysis, an appropriate MP solvent and a SP column need to be chosen,
which should be in opposite or variable states of polaifiéstson, 2015)The most

used SP is the negmolar reversed phase column, with a more polar (MRtson,

2015) The compoundsdé separation depends
analysed compounds, so choosing a-polar SP column means the more polar
compounds will elute first, whereas the least polar will retain on the column and elute
last (Watson, 2015) The elution pattern is visualised by a data capturing system
(computer) represented by peaks with different retention times, and area under the
curve (AUC)(Watson, 2015)Those eluted peaks should be sharp in shape with a good
resolution properties (weHleparated peaksjWatson, 2015) However, good
resolution is relatively hard to achieve with structurally related molecules. So, a
gradient change in the percent of the organic MP during the analysis run is needed,
which is named as the gradient metl{d¢atson, 2015)Another way to change the
peaks elution order is to change the pH of the MP, but this is not applicable for non
ionisable drugs, and must only be in pH range-8.3, otherwise the SP column may
lose its internal bonds and degra@®@atson, 2015) However, the best ionization
results of pH changing is achieved within one pH unit of the drug's pKa. For example,
setting one pH unit above an acidic drug's pKa, will ionize the drug, leading to a faster
elution and a lower retention tinf&/atson, 2015)Also, the different composition of

the MP can affect the retention time of the analytes, generally there are three solvents
used, methanol (MeOH), acetonitrile (ACN), and tetrahydrofuran (TMMEtson,

2015) According to Dolan's rule, a 10% decrease of MeOH in the MP, will increase
the capacity (retention) factor three tim@&/atson, 2015) On the other hand,
decreasing ACN by 10%, will increase the capacity factor by 2;

Relatively 40% of MeOH = 33% of ACN = 23% of THWatson, 2015)
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As a result of the close affinity to the MP of some analysed compounds, a mixture of
the MP solvents are used togetf\dtatson, 2015)

1.2Elution Types

a. lIsocratic Elution
The isocratic elution technique uses one MP containing a fixed proportion of organic
and aqueous solvents together during the
method, but it will result in a long retention time if many compounds are to be
separged, and if the organic proportion of the MP was increased, it will result in bad

peaks resolutio(Watson, 2015)

b. Gradient Elution
For a shorter elution time and better peaks separation, this type of elution is used
(Watson, 2015)The gradient elution is accomplished by changing the MP proportions
through the run, using two MP reservoirs, MP A is normally the aqueous solvent, and

MP B is the organic solvent.

2. The Inform instrument

The inForn®® is a multitasking analytical instrument which can work on different
compounds and sample types to measure Vva
molar extinction coefficient (MEC), the dissolution process, the controlled SS assays,

the pKa either by ptor UV change, and the solubility determination. The inForm

has two main modules: the dispenser bank, and the assay deck. First, the dispenser
bank holds the reagent bottles which are connected by pipe$amayavalve capable

of loading six different reagents, at once, into the assay deck through glass syringes,

see Table 5.1. It is connected to a nitrogen gas source to get rid of aga<@hich

could spoil the reagents, and to reduce the reagents loss by evaporation. Also, the
dispenser bank is attached to a UV/visible spectrometer and a light connected to a fiber

optic dip probe.

SUnless mentionedhe following informationin this sectiorwer e t aken from the i ns

manual
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Table 2.1: Main reagent bottles used in the inF8rimstrument assays.

Reagent Concentration and material

lonic strength water 0.15 M NaCl

Acid titrant 0.5 M HCI

Base titrant 0.5 M NaOH

Vial ar mdéds nee 100% IPA

Cleanup assays 80% Methanol with 20% 0.15 M IPA water
Presaturated water Saturated with nitrogen gas

IPA: isopropanal

Second, is the assay deck, which consists of two arms, operating separately, a titrator
(probe) arm and a gripper (vial) armr@position vials rack (each vial accommodates

60 ml volume), a rack capable to hold small high pressure liquid chromatography
(HPLC) excipients vials (each accommodateso? 4 ml), and a dedicated five
position static sample rack, see Figure 5.1 belblws static rack contains daily
changed solutions, the first vial from the right, contains deionized water for storing the
probe arm, followed by a buffer vial of pH 7 for cleaning and calibrating the pH
electrode, a surfactant wash vial and a solveng nred for biphasic dissolution assays,

and a solvent wash vial containing 50% Methanol for clgaassays. To the left side

of this static rack, the drain and the flowing water wash are positioned, which both are
connected to separated waste and watendr

The probe arm has a collection of probes mainly: a pH electrode (preserved in a 3 M
KCI solution), two different UV dip probe (with a changeable path length), a dual
stirrer, a temperature sensor, and a bundle of capillaries to add the various reagents
from t he dispenser bank. ltés stored in t
assays, or when the vial arm is working.

The vial arm is used for gripping the different sample vials from theo2iion vial

tray into the sample position, which is temperature controlled by a Peltier device. This
arm also has a needle which takes the samples held in the HPLC rack intophee sam
stage position, and this needle is washed by the isopropanol reagent bottle before and

after each sample addition.
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Vial rack Crac

Figure 2.1: ThelnForn®i nstr ument assay deckos
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Drug solubility is a key parameter controlling oral absorption, but intestinal solubility is difficult to asscss in
vitro. Human intestinal fluid (HIF) aspirates can be applied but they are variable, difficult to obtain and
expensive. Simulated intestinal fluids (bll-) are a useful surrogate but multiple recipes are d»dllable and the
oplimum is unknown. A recent study characterised fasted HIF using a multi-di h and
determined nine bioequivalent SIF media recipes that represented over ninety percent of HIF campoamond]
variability. In this study these recipes hav«- been applied to determine the equilibrium solubility of twelve drugs
d { phenytoin, p i pitant, carvedilol, zafirlukast, tadalafil, fenofibrate, gris-
eufulun felodipine, probucol) previously mv&:nxaled using a statistical design of experiment (DoE) approach.
‘T'he bioequi solubility are statistically equivalent to the previous Do, enclose literature
solubility values in both fasted HIF and SIF, and the solubility range is less than the previous DoE. These results
indicate that the system is measuring the same solubility space as literature systems with the lower overall range
suggesting improved equivalence to in vivo solubility, when compared to DoFis, Three drugs (phenytoin, tadalafil
and griseofulvin) display a comparatively narrow solubility range, a behaviour that is consistent with previous
studies and related (o the drugs’ molecular structure and properties. This solubility behaviour would not be
evident with single point solubility measurements. The solubility results can be analysed using a custom Dok to
determine the most statistically significant factor within the media influencing solubility. This approach has a
lower statistical resolution than a formal Dolt and is not appropriate if determination of media factor significance
for solubilisation is required. This study demonstrates that it is possible to assess the fasted intestinal equilibrium
solubility envelope using a small number of bioequivalent media recipes obtained from a multi-dimensional
analysis of fasted HIF. The derivation of the nine bioequivalent SIF media coupled with the lower measured
solubility range indicate that the solubility results are more likely to reflect the fasted intestinal solubility en-
velope than previous Dof. studies and highlight that intestinal solubility is a range and not a single value,

1. Introduction

low solubility. This approach was refined in the Developability Classi-
fication System (DCS) [2,3] through application of the dose/solubility

The preferred method for the self-administration of drugs is the oral
route where tablets and capsules account for over seventy percent of the
marketed products available. Since solid drug is not absorbed from the
gastrointestinal tract the process of drug dissolution is a critical stage
during oral absorption. This is recognised in the biopharmaceutics
classification system (BCS) [1] where drug solubility and permeability
through the intestinal membrane are the two key parameters controlling
absorption. Drugs can be categorised as exhibiting a high solubility
(dose soluble in the pH range 1.2-7.5 and a fluid volume of 250 mL) or

* Corresponding author.
E-mail address: g-w halbert@strath.ac.uk (G.W. Halbert).
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ratio and splitting the low solubility category into two. Category lla, for
drugs where a dissolution rate limitation was likely and IIb where a
solubility limited absorption would be the dominant feature. Knowledge
of a drug’s solubility and position within the BCS/DCS, especially for
poorly soluble drugs [4], is therefore an important parameter during
drug development and for the application of quality by design concepts
to the formulation and development of oral products [2].

Anobvious route to the determination of a drug’s solubility in human
intestinal fluid (HIF), is to use sampled intestinal fluid [5]. Fasted HIF

Received 28 May 2021; Received in revised form 21 July 2021; Accepted 14 August 2021

Available online 20 August 2021

0939-6411/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Page |257



Q. Abuhassan et al.

sampling requires normal volunteers to fast overnight, which is followed
by the insertion of an oral catheter and then determination of its
anatomical position to ensure that it is in the small intestine. Intestinal
fluid is then collected by application of a vacuum for a period of time,
typically 1-2 h [6]. The volume of fluid collected depends on the pro-
tocol and volunteer and post collection has to be frozen to preserve
properties. Several groups have applied this procedure [7,8] to deter-
mine a range of drugs’ solubility in fasted [ ] HIF samples. These studies
have demonstrated the issues around the routine collection of HIF, the
variability of the measured solubility due to variations in the HIF
composition [10-12] and indicate that this approach will not provide a
reproducible solubility determination. In addition the HIF sampling
process limits the sample volumes available,

To circumvent HIF availability issues simulated intestinal fluids (SIF)
have been developed [ 13] based on the components of HIF and with the
fluid designed to match HIF solubility values [7,8]. Multiple recipes are
available in the literature [14] displaying variations in the content of
bile salt, phospholipid, pH, buffer salt and presence or absence of
additional components. This provides variability in the solubility value
determined [15] by the different SIF media and presents an additional
question of which mediarecipe is appropriate. As part of the EU IMI Oral
Biopharmaceutical Tools research program [ 16 this group conducted a
design of experiment (DoE) study into equilibrium solubility in simu-
lated fasted media [17]. This examined seven media components (bile
salt, lecithin, buffer, salt, pH, enzyme and fatty acid) using a fractional
factorial design that required 66 experiments. A similar study was also
conducted using six components (bile salt, lecithin, pH, buffer capacity,
osmolarity and bile salt phospholipid ratio) and a different DoE protocol
that required 24 experiments [ 18]. These studies [17-22] quantified the
significance of individual media factors for drug solubilisation, and
permitted a simple classification of drug behaviour based on acidic,
basic or neutral properties. For acidic drugs pH was the major driver of
solubility by around a factor of 10 when compared to other media
components and for basic and neumral drugs an almost equivalent
combination of pH, bile salt, phospholipid and fatty acid controlled
solubility. The studies also identified that there were two-way in-
teractions between the media components that influence solubility and a
further study also hinted at three-way component interactions [20,23]
affecting solubility. Indicating that these simulated systems and there-
fore also the natural systems exhibit complex drug solubilisation
behaviour, that is difficult to fully re-capitulate using small numbers of
components. Although wonderful at revealing and quantifying drug
solubilisation, the DoE app hes are experi 1ly cumbersome
[17,18,23] and not likely to be applied on a routine basis. To reduce
experimental load, low experimental number DoE studies have been
performed utilising a mixed dual level (fasted and fed) [19] or a full
range (fasted + fed) designs [21] that only required 20 or 32 experi-
ments respectively. A further dual level modification has been published
that only requires 9 experiments for the fasted state [22]. Whilst these
protocol adaptations reduce experimental load they remain based on a
DoE, which aims to statistically determine solubility variation using
conditions that are hypothesized to reflect the component variation
within the experimental system or simulated fluid. Statistically this links
a high concentration value of one component with a low concentration
value of another (see Fig. 4 in [17]) a combination in the SIF system (for
example bile salt with phospholipid) that may not arise in vivo in HIF
and therefore be bioequivalent. DoE approaches therefore do not havea
direct relationship to HIF.

In order to address the issues with SIF and DoE approaches a recent
publication has examined HIF composition using a multidimensional
mathematical analysis that treated the fluid as a 5 dimensional system
[24] consisting of the following components, pH, bile salt, phospholipid,
fatty acid and cholesterol. This utilised a data set of fasted and fed HIF
samples obtained from volunteers [25] and identified 8 bioequivalent
media compositions that statistically characterised over 90% of the
variation within the sample set in the fasted and fed states. In addition a
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centre point was identified in each state using a Euclidean approach in 5-
dimensional space, rather than the mean (or similar) value for each
comp 1t since the ¢ distributions were not normal. To
achieve the multidimensional analysis the measured concentrations of
components were summed and treated as a single variable, for example
six bile salt species were analysed but only a single concentration
calculated (Table 1). This simplification applies to bile salts, phospho-
lipidsand fatty acids were in HIF multiple species will be present. This is
a situation also applicable to SIF and for bile salts it is known that the
concentration has a greater influence on solubilisation than species [26].
However, it does represent an ever present challenge between simula-
tion by simplification and the native fliud.

In this paper we have applied the calculated fasted state composi-
tions from the multidimensional analysis to determine the equilibrium
solubility of the twelve drugs (naproxen, indomethacin, phenytoin,
piroxicam, aprepitant, carvedilol, zafirlukast, tadalafil, fenofibrate,
griseofulvin, felodipine, probucol) investigated in the original DoE study
[17]. The equilibrium solubility data has also been compared, to the
original DoE [17] and where appropriate, to the reduced experiment
fasted DoE distributions [19,22] and literature HIF and SIF values. The
aim of this study is to provide a comparison of these two approaches into
investigating the solubility of drugs in simulated fasted intestinal fluid
systems.

p

2. Materials and methods
2.1. Materials

Sodium taurocholate, cholesterol, sodium chloride (NaCl), sodium
oleate, an 1 formate, p 1 hydroxide (KOH), hydrochloric
acid (HCI), naproxen, phenytoin, piroxicam, fenofibrate, probucol,
griseofulvin, carvedilol, tadalafil, and indomethacin were purchased
from Merck Chemicals Ltd. Aprepitant and felodipine were provided
through OrBiTo by Dr. R. Holm, Head of Preformulation, Lundbeck,
Denmark. Zafirlukast was purchased from Stratech Scientific Ltd.
Phosphatidylcholine from soybean (lecithin) was purchased from Lipoid
company. Chloroform from Rathburn Chemical Company. FaSSIF-v1
media was purchased from Biorelevant.com Ltd. Sodium phosphate
monobasic monohydrate (NaH2P04-H20) and formic acid from Fisher
Scientific. All acetonitrile (ACN) and methanol (MeOH) solvents were
HPLC gradient (VWR). All water was ultrapure Milli-Q.

2.2. Methods

2.2.1. Solubility media preparation

Biorelevant media stock solutions

For each media recipe (Table 1) a concentrated lipid stock was pre-
pared. The required (x15) weight of bile salt (sodium taurocholate),
phospholipid (soybean lecithin) and fatty acid (sodium oleate) for each
media recipe was dissolved in chloroform (3 mL) - stock A. The required

Table 1
ioequivalent media ¢
Media BileSalt  Phosphdlipid FEA Chlesterol pH
(mM) () (mM) (mi)
1 1.06 0.16 1.04 0.01 6.64
2 11.45 2.48 2.88 0.38 712
3 34 0.33 2.88 0.09 8.04
4 3.56 118 1.04 0.06 572
5 3.62 1.25 3.43 0.03 7.14
6 3.35 0.31 0.87 0.17 6.62
7 5.33 0.4 2.96 0.07 6.42
8 227 0.96 101 0.08 7.34
centre 3.46 0.52 1.64 0.032 6.54
point (9)

Values from [24].
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weight of cholesterol (»x1500) for each media recipe was dissolved in
chloroform (10 mL) - stock B. An aliquot of stock B (0.1 mL) was added
to each stock A, mixed and the stock A chloroform solution evaporated
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input for a factorial custom design of experiment using Minitab®19 and
the significant factors influencing solubility calculated.

3. Results and di

under a stream of dry nitrogen gas. The dry lipid film was resusp in
water, quantitatively transferred to a volumetric flask (5 mL) and made
to volume with water. Stock aqueous solutions of buffer (sodium phos-
phate monobasic monohydrate; 28.4 mM) and salt (sodium chloride;
105.9 mM) were prepared in water.

Fasted simulated small intestine fluid (FaSSIFv1) media

Pre-prepared media from Biorelevant company was used as
described by the manufacturer.

2.2.2. Equilibrium solubility measurement

The method was based on multiple previous papers [17,21,22]. Into
a centrifuge tube (15 mL Corning® tubes) was added aliquots (267 L) of
the lipid, buffer and salt stock solutions, an excess of the solid drug
under test and water (3.199 mL) to make a final aqueous system volume
of 4 mL. Tube pH was adjusted to the required value (Table 1, target
value + 0.05) using KOH or HCI as required. FaSSIF-vl media (4 mL)
was added to the tube along with an excess of the solid drug under test
and pH adjusted if required. The tubes were capped and placed at room
temperature into an orbital shaker (Labinco BV model L28) for 1 h, and
the final pH was re-adjusted if required. Tubes were then placed in the
shaker at 37 °C for 24 h. Post incubation an aliquot (1 mL) of each tube
was transferred toa 1.5 mL Eppendorf tube, and centrifuged for 15 min,
10000 rpm and the supernatant analysed by HPLC for drug content. For
each drug this process was repeated three times and the average value is
used.

2.2.3. HPLC analysis

Analysis was performed on a Shimadzu Prominence-i LC-2030C
HPLC system using a gradient method for all the drugs except probucol.
Column Xbridge® C18 5 ym (2.1 » 50 mm) at 30 °C, mobile phase A 10
mM ammonium formate pH 3 (adjusted with formic acid) in water, and
mobile phase B 10 mM ammonium formate in acetonitrile:water (9:1),
flow rate 1 mL/min (except carvedilol 0.7 mL/min), gradient start 70:30
(A:B), 3 min 0:100, 4 min 0:100, 4.5 min 70:30 total run time 8 min. The
retention time, analysis wavelength and injection volume for each drug
are provided in Table 2. For probucol an isocratic method was used [ 17]
mobile phase ACN, MeOH, and water 45:45:10 and the column was
Speck and Burke, ODS-H optimal 5 ym (30 x 150 mm). For each drug a
concentration curve was prepared using five or six standards that
bracketed all the measurement concentrations, for all drugs correlation
coefficient > 0.99.

2.2.4. Data analysis

Data comparison using non-parametric Kruskal-Wallis test with
Dunn’s multiple comparison correction was conducted in Prism 9 for
MacOSX, only comparisons indicated in the figures was analysed. Media
bioequivalent factor concentrations/values (Table 1) was used as an

3.1. Equilibrium solubility

The equilibrium solubility results from this bioequivalent nine point
fasted study are presented in Fig. 1 for the acidic drugs and in Figs, 2 and
3 for the basic and neutral drugs. For each drug the comparable data set
from the initial 66 point DoE (DoE 66) fasted study [17] is included
along with, where available, results from the smaller sample number
fasted DoE studies, DoE 10 [19] and DoE 9 [22]. Literature values for
equilibrium solubility in fasted HIF or fasted SIF media [10] (NB One
FaSSIF value is from this study) are provided for visual comparison but
are not included in the statistical analysis.

A statistical comparison of the bioequivalent equilibrium solubility
distribution with the DoE results (Figs. 1, 2 and 3) indicates that in the
thirty cases where a comparison is possible, twenty five (just over 80%)
are statistically equivalent. Indicating that in the majority of cases the
bioequivalent approach is measuring the same solubility space as the
previous DoE approaches. A comparison against available HIF solubility
values indicates that of the nine possible drug-based comparisons the
literature fasted HIF equilibrium solubility data points lie within the
bioequivalent envelope in seven cases, almost eighty percent. A similar
analysis of the fasted SIF equilibrium solubility values indicates that in
nine out of twelve (seventy five percent) possible drug based compari-
sons, the data points lie within the bioequivalent solubility envelope.
The comparisons against literature HIF and SIF values contain an un-
avoidable error since multiple protocols have been applied in the
determination of these values. However, the HIF and SIF comparison
provides a similar level of agreement (approximately eighty percent)
with the DoE comparison and collectively indicates that in the majority
of cases the bioequivalent approach is measuring the same equilibrium
solubility space as literature DoE, HIF and SIF approaches.

A striking feature of the original DoE 66 was equilibrium solubility
variability, with some drugs exhibiting a greater than three log range
between the lowest and highest values measured. In Fig. 4a the calcu-
lated solubility multiple (highest solubility + lowest solubility) is pre-
sented for each drug in the DoE 66 and bioequivalent test systems. There
is a statistically significant reduction in the solubility multiple in the
bioequivalent system where for nine out of the twelve drugs the value is
smaller. There is no available comparison with literature data but there
are several possible reasons for this result. The bioequivalent system
only contains nine measurement points and therefore the possibility for
variability is lower, but will depend upon the variability of the media
compositions examined. The range of media factors and factor values

db the sy is not equivalent and this will influence
the solubility measurements, for example the DoE 66 pH range was
between 5 and 7, whilst the bioequivalent range is greater at between
5.7 and 8. In contrast the fatty acid range is lower in the bioequivalent
(0.9-3.4 mM) when compared to the DoE 66 (0.5-10 mM). In addition
cholesterol is present in the bioequivalent system but not in the DoE 66.

Table 2

HPLC conditions.
Drug Retention time Wavedength Injection volume

(min) (nm) L)

Naproxen 16 254 10
Indomethacin 2.1 254 10
Phenytoin 11 254 20
Piroxicam 1.07 254 10
Aprepitant 2.27 254 50
Carvedild 1.6 254 10
Zafirl ukast 2.6 254 25
Tadalafil 1.4 291 50
Fenofibrate 3 291 10
Fe odipine 2.4 254 10
Griseofulvin 1.5 291 10
Probucol 4.87 220 100

The combined solubility influence of these various differences is difficult
to predict. However, the pH difference between DoE systems (all pH
range 5-7) with the bioequivalent system (pH range 5.7-8) is probably
the reason for the statistical difference determined for piroxicam in
DoE9 (Fig. 1). No difference is detected for piroxicam in the bio-
equivalent with the DoE 66 due to the difference in the data point
numbers. Finally, the bioequivalent system does not contain statistically
driven measurement points that combine a high value of one factor with
a low value of another (see Introduction). It is known from the previous
high number DoE systems that media factors interact [17,20] to influ-
ence solubility. This is likely to produce increased solubility variability
but would require a more detailed analysis to separate this effect out
from points that do not contain this issue. Overall the bioequivalent
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Fig. 1. Measured Equilibrium Solubility of Acidic Drugs. Bioequivalent— this study; DoE 66 [17]; DoE 10 [19]; DoE 9 [22]; HIF (Fasted Human Intestinal Fluid) data
from [10]; FaSSIF (Fasted Simulated Intestinal Fluid) data from [10], plus one point (A) from this study. ns  no significant difference; *p  0.0172; ***p  0.0003.
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Fig. 2. Measured Equilibrium Solubility of Basic Drugs. Bioequivalent — this study; DoE 66 [17]; DoE 10 [19]; DoE 9 [22]; HIF (Fasted Human Intestinal Fluid) data
from [10]; FaSSIF (Fasted Simulated Intestinal Fluid) data from [10], plus one point (A) from this study. ns  no significant difference; *** p  0.0002; “*** p
0.0001.
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Fig. 3. Measured Equilibrium Solubility of Weutral Drugs. Bioequivalent — this study; DoE 66 [17]; DoE 10 [19]; DoE 9 [22]; HIF (Fasted Human Intestinal Fluid)
data from [10]; FaSSIF (Fasted Simulated Intestinal Fluid) data from [10], plus one point (A) from this study. ns  no significant difference; *** p  0.0006.
system is providing a reduced solubility range that due to the method This multi-point assessment process reveals a behaviour that has not
applied to derive the measurement points’ composition [ 24] represents been previously reported in the literature, possibly since studies only
a more realistic fasted intestinal solubility window than DoE based in- examine a single point or SIF recipe [27] but with multiple drugs. The
vestigations into the media, its factors and factor ranges. behaviour is different to the rest of the drug test set and surprisingly is

There are three drugs (phenytoin, tadalafil and griseofulvin) where one example from each of the three drug categories (acidic, basic and
the difference in the solubility multiple between the two systems is neutral) examined. The solubility distributions indicate that these drugs
minimal (Fig. 4b). These drugs also have the lowest solubility multiple have a very low solubility variability within a simulated intestinal media
values and represent three of the four drugs (and four of the five cases) system and presumably therefore HIF, and the solubility window moves
where there is a statistical difference between the solubility data sets. as the media factors and factor values are varied. The latter statement is
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self-evident but the consistent low solubility range is not and overall this
result is an example of drug dependent solubility behaviour in these
systems, which is present [17,20], but is very difficult to visualise
[20,23]. It is interesting that these three drugs have relatively a low
molecular weight and log P value and molecularly have similar compact
structures with predominantly flat aromatic rings. This simple chemical
property analysis could also be applied to naproxen (pKa 4.15), indo-
methacin (pKa 4.5) and piroxicam (pKa 6.3), but the solubility multiple
for these drugs is much larger (Fig. 4b). However, for the acidic drugs it
is known that pH is the major solubility driver [17] and these drugs have
pKa values within the DoE 66 or bioequivalent pH range. This is evident
in the DoE 66 results (Fig. 1) where points cluster in either high or low
groups (pH values tested 5, 6 and 7), however the solubility multiple
within a pH cluster is low. It is interesting that this low solubility mul-
tiple is present in both ionised and non-ionised states for naproxen,
indomethacin and piroxicam. The limited solubility variability in the
ionised state is understandable, since this represents aqueous solubility
of the ionised molecule, but the tight solubility of the non-ionised which
should partition into the amphiphilic micellar structure is comparable to
the behaviour of phenytoin (pKa 8.33), tadalafil (0.85) and griseofulvin
(neutral), with the latter two not ionised. This is most likely to be related
to molecular structure and properties and indicates that molecular
structure sits within the three categories in controlling solubility
behaviour in fasted intestinal media systems. There are not sufficient
examples in this study to assess this effect, however this is an indication
of a link between molecular structure or shape and solubility in the in-
testinal media systems over and above more general properties such as
pKa and log P [28]. Further more focussed studies will be required to
fully elucidate this behaviour.

3.2. Media factor analysis

Although the bioequi media composition is based on a multi-
dimensional analysis of fasted intestinal media [24] it is possible to fit
the factor values into a tailored DoE structure [21]. This allows a
standardised effect value to be calculated for the impact of each media
factor on drug solubility, but does not permit the calculation of two-way
or higher effects. The results are presented in Table 3 along with effect
values from the three previous equilibrium fasted solubility DoE studies
[17,19,22]. For the bioequivalent system significant media factors were
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Table 3
Significant media factors affecting compound solubility in the systems.
Bioequivalent  DoE 66 DoE 10 DoE 9
Naproxen pH pH NT NT
Indomethacin ~ pH pH, bilesalt, ~ pH pH
buffer, o eate
Phenytoin NSF pH, bile salt, PH, oleate, NT
lecithin, cholesterd, BS:
oleate, buffer, PL ratio
salt,
pancreatin
Piroxicam pH pH NT NT
Apcepitant lecithin, deate, pH, Oleate, lecithin,  NSF
oleate lecithin monoglyceride
Carvedilol lecithin bile salt, NSF bile salt,
deate pH
Zafirlukast NSF PH, oleate, pH, chdesterd, PH,
lecithin, bile monoglyceride oleate,
salt bile salt,
lecithin
Tadalafil lecithin bile salt, pH, NS pH
buffer,
lecithin,
deate, salt
Fenofibrate lecithin oleate, bile PH, oleate, ol eate
salt, pH, lecithin
lecithin,
buffer, salt
Felodipine lecithin pH, oleate, PH, oleate, oleate
lecithin, bile lecithin,
salt monoglyceride
Griseoful vin NSF PpH, bile salt, NT NT
lecithin,
oleate, buffer,
salt
Probucal NSF pH, oleate Oleate, BS:PL pH
ratio

NT: drug not tested in this system.
NSF: no significant factors detected.

detected for eight out of the twelve drugs (sixty seven percent). This rate
is lower than either of the two reduced number DoEs (note comparison
only based on the drugs analysed in this study and present in either DoE)
which are at seventy seven percent (DoE 10 [19]) and eighty seven
percent (DoE 9 [22]), whilst the large number DoE (DoE 66 [17]) is at
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