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La cornacchia e la brocca

Una cornacchia, mezza morta di sete,
trovo una brocca che una volta era stata
piena d'acqua. Ma quando infilo il becco

nella brocca si accorse che vi era

rimasto soltanto un po d'acqua sul

fondo. Provo e riprovo, ma inutilmente,

e alla fine fu presa da disperazione.

Le venne un'idea e, preso un sasso, lo
getto nella brocca.

Poi prese un altro sasso e lo getto nella
brocca.

Poi prese un altro sasso e lo getto nella
brocca.

Ne prese un altro e gettd anche gquesto
nella brocca.

Piano piano vide l'acqua salire verso di
sé, e dopo aver gettati altri sassi riusci a
bere e asalvare la sua vita.

" A poco a poco s arriva a tutto.”

Esopo
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Abstract

One of the aims of the thesis was to design anbzeeanin vitro
device able to reproduce the gastrointestinal behav

To reproduce the temperature and pH history an dparatus I

coupled with a control system was used. The tenwoeravas kept

constant using the USP apparatus, a pH probe vwsestea in the

dissolution medium to measure the pH. The measyrddwas

compared (by a software) with a set point. Propodily at the mean
error, a quantity of an acidic or basic solutiorsvirsserted, by pumps,
in the dissolution medium adjusting the pH at tiesieéd value. Using
the real pH history of the gastrointestinal tragtiich provide a

decrease in the pH value from 4.8 to about 2.0nduthe first two

hours of dissolution, and then an increase to t68,release pattern
from tablets was evaluated. The release patternshede tablets
obtained with the new device were compared withs¢hobtained
using the conventional method (which provides alpdtuiring the first

two hours of dissolution, and then the neutralmatat pH 6.8) and it
was found that the drug released during the fivst hours was higher
in the case in which the real pH history was repoed. This is due to
the fact that the higher pH in the first stage dgesahe coating of the
tablet.

Once the chemical and thermal conditions were oyored, the
reproduction of the transport across the intestmambrane was
faced. An high throughput device which is able teproduce
continuously the exchange between the compartmbats been
necessary. The USP apparatus was equipped withiGed®mmposed
by an hollow filter (which simulate the intestinva&ll) and two pumps
for the fluids simulating the intestinal contentdathe circulatory
system surrounding the gastrointestinal tract aantéhe fluids enter
in contact in the filter and the fluid rich in dregntent (that simulates

[XV]
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the intestinal content) gives the drug to the flpgdor in drug
(simulating the blood content). The release pasdterbtained by the
use of this device were studied and compared Vintisd¢ obtained
following the conventional dissolution method. Maover these
release patterns obtained using the real pH ewnluttere coupled
with the effect of mass exchange and compared thibise obtained
using the conventional methods. The results shaivadthe effect of
the real history of pH is higher in the first stagfedissolution, than
the effect of the mass exchange is dominant.

The reproduction of the mechanical history of thensch is than
faced. The peristaltic waves were reproduced usinipttice bag
(elastic and compressible) connected to a camstiatth, with its

rotation ensured the contraction of the bag. Thg Wwas shrunk by
connectors and the right position was ensured IeguChanging the
rotation speed of the shaft, the frequency of thr&ractions could be
adjusted. The release pattern of a commercialttablhe new device
was evaluated and compared with the conventional ®he results
showed that the non-perfect mixing of the stomaels satisfactory
reproduced and this lead to a release pattern atehpldifferent.

Moreover, the effect of the frequency of the cocticens on the
release pattern was evaluated.

Second, but not secondary, aim of the thesis wadet@lop ann
silico model (physiologically based) which is able to siate the
plasma concentration of drugs.

The model is composed by seven compartments, waiohlate the

human organ, tissue, or a group of them. The comgarts are

interconnected between them and seven differeetjaktions (with

their initial conditions) describe their behavi@nce the parameter
are obtained (by fitting or in literature), using & vitro release

pattern, the model is able to simulate the coneé&oftrs in all the

compartments, including the plasma compartment.

The plasma concentration are simulated both incse in which the
new release pattern (with the real pH history)sedias input, and the
case in which the conventional one is used. Thelteeshow that in

the real case the plasma concentration is vergrdift both in value
and in shape than the expected.

The model then was used to simulate the fate oéragéwnolecules
simultaneously in the human body (i.e. if a racemidxture is
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administered or if the drug is metabolized to arotimolecule). The
system of differential equations is expanded tocdes the fate of
each molecule. Then, the physiological parametish as gender
and age, were integrated in the model; in this wag,dependence of
the model parameter on the physiological paranvetsrevaluated.

Finally, the gastrointestinal concentration simedatvith thein silico
model was successfully compared with the drug aoinagon
measured with thén vitro model. It could be concluded that the
combined approach which uses thevitro and then silico models is

a powerful tool in the pharmacokinetic studies.
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Chapter One

Introduction

In this chapter the anatomy of the
gastrointestinal tract is described. The
main concepts of dissolution and
absorption are briefly illustrated.
Moreover the pharmacokinetic modeling
is depicted.

[1]
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Pharmaceutical industry uses several hundred tndusanimals for

in vivo pharmacokinetic studies. Furthermore, dgiahinical trials, a

large number of humans are used to test novel crndggormulations.
However, the basic principle in all in vivo studiés that no

unnecessary human or animal-based research sheulibime. The
reduction of tests involving animals or humans banachieved by
developing of in vitro and/or of in silico model$o do this, the

biology, the chemistry and the physics of the woviest have to be
reproduced with the highest accuracy.

1.1 Anatomy of the gastrointestinal tract

The knowledge of the physicochemical features amel motility
characteristic of the gastrointestinal tract isessary to develop an
vitro and/or arin silico model.

The motor function of the digestive system helpsathieve three
main objectives: mechanical shredding and digestibthe dietary
nutrients (in conjunction with the secretory funafi, maximal
exposure of the products of digestion to the alis@surface of the
small bowel, and clearance of residues and badtenathe gut. Thus
the stomach largely liquefies the meal (digestivaction) and
delivers it into the intestine at the rate that chas the processing
capability of the intestine (reservoir function)hel motility of the
small bowel spreads out chime, rapidly expandirgabsorptive area,
and it subjects the luminar contents to a movenadrith facilitates
mixing and absorption. During the interdigestiveripas, cyclic
episodes of intense motor activity clear residuesfthe stomach and
the small intestine.

1.1.1 The stomach

Anatomically, the stomach can be divided into thnmegor regions:
fundus(the most proximal)corpusandantrum The region close to
the esophagusand duodenumare called cardias and pylorus,
respectively.
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Figure 1. Stomach physiology.

The main function of the stomach is to processtartdansport foods.
After feeding, the contractile activity of the staalm helps to mix,

grind, and eventually evacuate small portions afnehinto the small

bowel, while the rest of the chime is mixed andugieh. Four major

types of secretory epithelial cells cover the stefaf the stomach and
extend down into gastric pits and glands: mucolis adnich secrete

an alkaline mucus, parietal cells which secretedgtuloric acid, chief

cells which secrete pepsinogen, and G cells whiebrete the

hormone gastrin. The stomach absorbs very few anbs$, although
small amounts of lipid soluble compounds can bertakp, including

aspirin, other nonsteroidal anti-inflammatory druasd ethanol.

Concerning the physiological aspect, the stomach Imeadivided into
two regions: the proximal reservoir which consistshe fundus and
the upper portion of the body, and the distal &ctiegion which
includes the distal part of the body, the antrund, the pylorus.

The proximal stomach sustained contractions thatr@sponsible for
generating a basal pressure. These contractiorss gdserate a
pressure gradient from the stomach to the smadlsiime which is
responsible for gastric emptying. In fact, a narre@ne of raised
pressure has been found at the gastroduodenal igondby

experiments carried out on fasted dogs [1]. Swafigwof food and
consequent gastric distention inhibit contractinrthis region of the
stomach, allowing it to balloon out and to form aagk reservoir
without a significant increase in pressure, thiemqmenon is called
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“adaptive relaxation”. Thus, increased volume afdalo not result in
a rapid rise in intragastric pressure due to thktyabf the fundusto
relax.

The distal stomach develops strong peristaltic wavke contraction
that increase in amplitude as they propagate toweagylorus. These
powerful contractions constitute a very effectiastgic grinder; they
occur about 3 times per minute. Liquids readily spéisrough the
pylorus in spurts and the rate of emptying of kilpudepends on the
gradient between the stomach and thedenum Conversely, the
solids must be reduced to a diameter of less thannim before
passing the pyloric gatekeeper. Larger solids arepegiled by
peristalsis toward the pylorus, but then they af@uxed backwards
when they fail to pass through the pylorus, thistiomes until they
are reduced in size sufficiently to flow througte thylorus. Thus, the
main role of the distal stomach is not to affecipgnmg of digestible
solid, but to provide continence for, and trituoatiof, these solids.
The time required for trituration would be avoidédsolids were
homogenized before ingestion [2]. The distal stdmfaas a minor role
in gastric emptying of liquids.

When the stomach is filled, peristaltic waves amcrdase. The
presence of fat in a meal can completely stop theseements for a
short period until it is diluted with gastric juice removed from the
stomach. Peristaltic waves start as weak contrastad the beginning
of the stomach and progressively become strongehes near the
distal stomach regions. The waves help to mix thenach contents
and propel food to the small intestine.

In spite of the large amount of studies about tobenach movements
and physiology, a study of the literature reveadadh a diversity of
opinions on the subject that further investigatiappeared advisable.
A detailed description of the peristaltic movemerdad their
implications could be found in MCrea et al. [3].

The rate of stomach emptying is influenced by th¢, by the
osmolarity, by the hormones, and by the volumengested foods.
When an indigestible solid is ingested with a ditps solid, the
emptying of the indigestible solid is delayed bemaufeeding
decreases the movements [2].

The emptying of solid foods may depend more on ghls
characteristic such as specific gravity and vidgo#\ review about
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the methods used for the measurement of the gastrtying and
about the disturbances which can affect the ratemptying was
carried out by Sheiner [4]. The liquid — phase gagmptying was
analyzed both in healthy subjects and in systemigrasis affected
subjects [5]. From these studies seems to be avitlest the
measurement of stomach emptying based on the asisangf a
single compartment system is likely to be mislegdin

1.1.2 The small intestine

L~

Stomach

Intestine

Appendix Rectum

Anu

Figure 2. Gastrointestinal tract physiology.

The small intestine is made up ddodenumjejunum, andleum In
human beings,duodenummeasures approximately 20 cm, while
jejunum andleum are approximately 2.5 and 3 m long respectively.
The small intestine is strategically located atittterface between the
systemic circulation and the environment, andatypla major role as
a selective permeability barrier. It permits thes@iption of nutrients
such as sugar, amino acids, peptides, lipids, &acins and it limits
the absorption of xenobiotics, digestive enzymesl bacteria. It is
approximately 2.5-3 cm in diameter. Digested foads able to pass
into the blood vessels across the intestinal wiayisdiffusion. The
small intestine is the site where most of the eats from ingested
food are absorbed. The inner wall,;oucosa of the small intestine is
lined with simple columnar epithelial tissue. Sturally, themucosa
is covered in wrinkles or folds calleglicae circulares which are
considered permanent features in the wall of thgar From the
plicae circularesmicroscopic finger-like pieces of tissue caliedli
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project. The individual epithelial cells also havénger-like
projections known amiicrovilli. The function of thelicae circulares
thevilli and themicrovilli is to increase the surface area available for
the absorption of nutrients.

Eachvillus has a network of capillaries and fine lymphaticsais
called lacteals close to its surface. The epithaells of thevill
transport nutrients from the lumen of the intestimo these
capillaries (amino acids and carbohydrates) ancdés (lipids). The
absorbed substances are transported via the blessklg to different
organs of the body where they are used to buildpdexnsubstances
such as the proteins required by the body. The ftnad remains
undigested and unabsorbed passes into the largdiird.

Most drugs are weak organic acids or bases, egistinn-ionized and
ionized forms in an aqueous environment. The uizgzh form is
usually lipid soluble (lipophilic) and diffuses iy across cell
membranes. The ionized form has low lipid solupi{but high water
solubilty — e.g., hydrophilic) and thus cannot pw&ate cell
membranes easily. The proportion of the un-ionioeth present (and
thus the drug's ability to cross a membrane) isrdehed by the pH
and the drug's pKa (acid dissociation constant® gKa is the pH at
which concentrations of ionized and un-ionized ferare equal.
When the pH is lower than the pKa, the un-ionizednf of a weak
acid predominates, but the ionized form of a weaelbpredominates.
Thus, in plasma (pH 7.4), the ratio of un-ionizedanized forms for a
weak acid (e.g., with a pKa of 4.4) is 1:1000gastric fluid (pH 1.4),
the ratio is reversed (1000:1). Therefore, whenealwacid is given
orally, most of the drug in the stomach is un-iediz favoring
diffusion through the gastric mucosa. For a weadebaith a pKa of
4.4, the outcome is reversed; most of the drughiem stomach is
ionized. Theoretically, weakly acidic drugs (e.caspirin) are more
readily absorbed from an acid medium (stomach) th@n weakly
basic drugs (e.g., quinidine). However, whetherragds acidic or
basic, most absorption occurs in the small intestrecause the
surface area is larger and membranes are more pblene

The knowledge about the normal transit of chimenglohe small
bowel and its regulation is still lacking. The seas for the relative
ignorance are the variability of the chime inpubithe small bowel is
variable and its dependence from the gastric emgt@ome parts of
the meal pass through the colon faster than oth&nerefore,
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physiologically there is no a single transit timeut brather a
distribution of residence times that cannot be leagiantified. In
spite of that, the small intestinal transit time assumed to be
independent of external influences, and more ctargisAs reported
by McConnell et al. [6], the small intestine trantme of dosage
forms is almost invariably quoted at 3 — 4 h, with differences
between tablets, pellets, and liquids. Intra-subjeariability was also
observed, with a transit time varying between 1nsl &.4 h, the
average transit time is indeed 3.2 h. The smadisimal of a dosage
form is much more complex than simply being a fiorcof intestinal
motility and flow because it is not continuous. Welies et al. [7]
were able to describe the movement of a non-dgrateg capsule
along the tract by the use of a magnetic markee Movements of
this marker are characterized by a complex sequehgkases of rest,
slow movements, and rapid movements. Behavior aefgsirand
delivery systems in the intestine depends on mamysiplogical
factors including fluid volume, fluid compositiotransit, motility,
bacterig and pH, which are further influenced by food, d@emn and
age.

1.1.3 The colon

The colon is the part of the intestine from tleeumto therectum it

is also called large intestine or large bowel. dnsists ofcecum
ascending colon, transverse colon, descending csigmoid colon,
and rectum The colon in humans measures approximately 1.6 m
length, its diameter varies between 6 cm (indeéeun) and 2.5 cm (in
the sigmoid colon). The colon is constituted of rfdayers which,
from the inner to the outer, are represented by nheosa the
submucosa the muscularis and the adventitia There are many
similarities in the histological structure of theicosain the colon and
in the small intestine. The most important differenis that the
mucosaof the large intestine is devoid wailli. The large intestine is
mainly responsible for storing waste, reclaimingtenamaintaining
the water balance, and absorbing some vitaminsthgytime the
chime has reached this part of intestine, almdstutients and 90%
of the water have been absorbed by the body. Aghimae moves
through the large intestine, most of the remainwader is removed,
while the chime is mixed witmucusandbacteriaand becomes feces.
The large intestine produces no digestive enzyneesause chemical
digestion is completed in the small intestine. ¢ in the colon
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varies between 5.5 and 7. Like the small intestimeyements through
the colon is not continuous, and in the transvexen, the dosage
forms were observed to be often at rest; spendird38 min periods
with no or minimal propagation [7]. A mass movermeas observed
starting 6 h post ingestion, which transported ¢hpsule from the
distal ascending colon, to the descending colorone movement
within less than 1 minute.

Diakidou et al. [8] analyzed and characterized tuntents of
ascending colon to which drugs are exposed aftdramministration
in healthy adults under fasting and fed state. Tfoeynd that free
water content, pH, surface tension, and isobutyeatels were lower
in the fed than in fasted subjects. On the othedhhuffer capacity,
osmolarity, acetate, and butyrate were higher id fabjects.
Carbohydrate content, protein content, and theldewt long chain
fatty acid and of cholesterol are not significardaffected by the fed
state. In conclusion, they found that compositidnfloids in the
ascending colon is affected by feeding. This mafluamce the
performances of a dosage form designed to releabe icolon.

With the aim to simulate the composition of biovalet media as
closely as possible to the composition and to thgsipgochemical
characteristics of the gastrointestinal fluid, & gk four dissolution
media was presented [9]. These media was foundetalie to
simulate the condition of the fasted stomach, o gostprandial
stomach, and of the upper small intestine botlhenfasted and in the
fed condition.

1.2 Dissolution and absorption

The oral route is the most important drug admiatgin route. Oral
bioavailability is a fundamental requisite for aosally administrated
drug to be effective. Systemic bioavailability isfluenced by a
variety of factors, which are summarized in Tahle 1
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Table 1. Factors influencing bioavailability [10].

Membrane transport
Gl motility

Physiological factors

Stomach emptying
Disease state

Crystal form (polymorphism)
Particle size

Formulation Absorption enhancers
Dissolution rate

Solution, capsule, tablet or other

Gl and liver metabolism
- Chemical instability
Pharmacokinetic factors )

Absorption

Distribution and elimination

Lipophilicity

Solubility

P hysiochemical properties Degree of ionization
Molecular size and shape
Hydrogen-bonding potential

The key phenomena involved in the administratiora &blid dosage
forms are the dissolution and the absorption ofitlug. Dissolution is
defined as the process by which a solid substamesin the solvent
to yield a solution. To determine the dissolutiaterof the drugs from
solid dosage forms, several physicochemical presess addition to
the dissolution of pure chemical substances haveet@onsiderate.
The first step consists of the contact betweerstivent and the solid
surface (wetting), which leads to the productionao$olid — liquid

interface. The breakdown of the molecular bondthefsolid (fusion)

and passage of molecules of the solid — liquidriate (solvation) are
the second and third steps, respectively. The fatep implies the
transfer of the solvated molecules from the inadkregion into the
bulk solution (diffusion) [11]. The physical chatagstics of the

dosage form, the wettability of the dosage ung, penetration ability
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of the dissolution medium, the swelling process,dlsintegration and
deaggregation of the dosage form are some of tictorfa that
influence the dissolution features of the drug.

The dissolution and the absorption of the drug #re main

phenomena involved in the administration of a salmsage form.
Indeed, the Biopharmaceutical Classification Sys(B@S) identifies

the solubility and the permeability as the key paaters to describe
the drug fate once ingested. According to BCS, diuigstances are
classified as: Class 1 drugs (high solubility anghhpermeability),

class 2 drugs (low solubility and high permeabjlitglass 3 drugs
(high solubility and low permeability), and class dtugs (low

solubility and low permeability) [12], as shownRigure 3.

High solubility Low solubility
g+ [Class 1 Class 2
o S | High solubility Low solubility
= = High permeability High permeability
2 Fast dissolution

Class 3 Class 4

High solubility Low solubility
Low permeability Low permeability

Low
permeability

Figure 3. BCS substances classification in term gblubility and permeability.

According to these criteria, drugs are considengtiy soluble when
the highest dose strength of the drug substanseluble in less than
250 mL of water over a pH range of 1-6.8; drugs eosesidered
highly permeable when the extent of absorption immbans is
determined to be greater than 90% of the admiedtdose.

When a solid dosage form arrives in the gastraiimzistract, there are
two possibilities of rate — limiting step. The sbliorm must first
dissolve and then the drug in solution must pas®uth the
gastrointestinal membrane. Freely water solublerugsl dissolve
rapidly, making the passive diffusion of the drugts active transport
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the rate limiting step for the absorption. Convigrséhe rate of
absorption of poorly soluble drugs is limited b ttate of dissolution
of the undissolved drug or disintegration of dosfagen [13]. The rate
of dissolution of the pure drug substance is datexthby the rate at
which solvent — solute forces of attraction overeothe cohesive
forces present in the solid. This process is ratatihg when the
release of the solute into the solution is slow dn@dtransport into the
bulk solution is fast. In this case dissolutionnsmed “interfacially
controlled” dissolution. Dissolution may also be ifflasion
controlled”, when the solvent — solute interacti@me fast compared
to the transport of solute in the bulk solution.

Both dissolution and disintegration are key paramsein the product
development strategy. Disintegration usually raflethe effects of
formulation and manufacturing process parameterBereas the
dissolution from drug particles mainly reflects #féects of solubility
and particle size, which are properties of the plameutical raw
material, but the dissolution can also be influehsegnificantly by
processing and formulation. Therefore, dissolutiesting provides
the means to evaluate the critical parameters saghadequate
bioavailability and it provides information necesgst the formulator
in development of more effective dosage forms.

Hence, dissolution analysis of pharmaceutical desétarms has
emerged as the most important test that will entheequality and the
bioavailability of a product. The knowledge of watl operating
variables for a dissolution testing device is intpot for product
development, quality control, and research appdiocat

The development and the useiofvitro dissolution tests to evaluate
and to describén vivo dissolution and absorption is useful to screen
potential drugs and their formulations for theirsstilution and
absorption characteristic and to improve the qualtontrol
procedures.

1.3 Pharmacokinetic modeling

The prediction of the drug concentration in theoblp tissue, and
organs is the goal of thm silico pharmacokinetic modeling. The
approaches to the modeling of the physiologicalnpheena can be
different on the basis of the details used. Thecr@®on of the

phenomena taking place in the body is much closethe real

physiology if more details are considered.
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The processes which a drug follows after the adstration are

absorption, distribution, metabolism, and excret@®ME); these

processes determine the evolution of the drug cdrai®n in the

body. The route of administration, the physical aokdemical

properties of the substance, the characteristitseoflosage form, and
the physiological conditions are the factor witle tmost important
effect on the entity and the rate of the ADME pheeaa. The age,
the gender, and the weight of the subject influetite ADME

phenomena.

The absorption of a drug is rapid and complete he tase of
intravenous injections, while it is generally deldyand incomplete in
the case of oral administration. The absorptioch@aracterized by the
mechanisms of passive diffusion, facilitated diffus and active
transport. The fraction of the drug which overconties biological
barriers by passive diffusion enhances with thereiage of the
solubility of the drug in the gastrointestinal fuiwith the increase of
the affinity of the substance for the phospholipisch constitute the
living membrane, with the decrease of the drug mdée weight, and
with the increase of the residence time in thergagestinal tract. The
rate of the absorption phenomenon increases wéhritrease of the
diffusion coefficient of the drug and with the demse of the
dimensions of particles which constitute the phaeoécal
formulation. The facilitated diffusion and the &etitransport are more
complex absorption mechanism in which a carrignislved.

The distribution of a drug is faster if the rateaffsorption increases:
the time of appearance of the drug in tissues agdns is lesser in
intravenous injections than in oral assumptionse Techanisms by
which the drug is distributed in the organs andhia tissues are the
same which characterize the passage through theoigaésstinal
mucosa Therefore, in the passive diffusion, a higheinatif for the
constituent of the biological membranes causesenease in the rate
of the phenomenon. The amount of the drug whichbmrontained
in a tissue or an organ increases as the real wlofrthe tissue or
organ increases and as the fraction of the spboiesd to the plasma
proteins decreases. The higher is the blood periuisi the tissue or
organ, the faster is the drug reaching and leaving

The metabolism of the drug is strongly dependentttan route of
administration: if the substance is taken by irgraaus injection, it is
introduced in the systemic circulation and diredtlgtributed to the
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tissue. Indeed, if the substance is taken by odahimistration, it
undergoes the first — pass effect in which a feactof drug is
metabolized before reaching the systemic circulati®ifferent
enzymatic reactions are involved in the metabolisthey occur
mainly in the liver but also in other tissue andjans such as the
intestinal mucosa and the kidneys. The fraction of the drug
metabolized increases with the increase of the mummbmetabolizing
sites, the rate of the biotransformation increadss with the decrease
of the fraction of the substance bound to plasnt&sue proteins.

The excretion of a drug takes place by two mairtesuthe liver and
the kidneys which produce the bile and the uriespectively. The
mechanism of the substance removal from the bogbertis on its
molecular weight: smaller particles are removednigan the urine.
The liver metabolizes the species by secretion, kiumeys by
filtration (passive transport) and by secretiontijactransport). The
more hydrophilic are the substances administefeel,higher is the
percentage of the dose excreted. The rate of dimim increases with
the increase of the unbounded to plasma and tmsueins.

All these transport phenomena described must lmti#iko account in
the development of an silico model.

Three different approaches can be followed to barich silico model
to predict the fate of administered drug:

1. The pure compartment modeling The compartment
approach is based on the schematization of the lbydya
system of interconnected volumes, the compartmevigh
can be easily identified as chemical reactors oa ahysical
contacting units. In the pure compartmental modéie
compartments do not represent necessary anatanmits.

2. The physiologically based pharmacokinetic modeling
(PBPK). In the physiologically based models, the
compartments are representative of a tissue, aanooy a
group of organs, each with a specific function, athe
interconnection between the compartments reprodulkes
effective one between tissue and organs.

3. The purely mathematical modeling The pure mathematical
models are able to correlate the results of ianvitro
dissolution tests to thia vivo drug concentration in the blood.
Such correlations are the IVIV@(vitro/in vivo correlations).
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The IVIVC are classified in four levels: level Aeviel B, level C, and
multiple level C correlations [14]:

1. A level A correlation is a point to point relatidng between
thein vitro dissolution profile and thi@ vivo plasma evolution
of a drug.

2. A level B correlation is a relationship between theanin
vitro dissolution time and the mean vivo residence time,
obtained by considering the full profile of vitro dissolution
and the fulin vivo plasma evolution.

3. A level C correlation is a single point relatiorshietween a
dissolution parameter (e.g. the percent dissolVea 4 h) and
a PK parametefe.g. the maximum of plasma concentration).

4. A multiple level C correlation is a relationshiptiveen several
points of the dissolution profiles with several p&rameters.

Regulatory boards (FDA, USP) accept only Level WVIC for

Scale-Up and Post-Approval Changes (SUPAC) whicim ¢ee
justified without the need for additional humands¢s. A PK model
able to correlate thie vitro dissolution profile and thim vivo plasma
evolution, will play the same role of a Level A MT, but it is of
great interest since it is more physically based.




Chapter Two

State of the art —
in vitro andin silico models

In this chapter the analysis of the in vitro
models found in literature, both USP and
not USP approved, is faced. Moreover,
several models used to simulate the
gastric  motility are  described.
Furthermore, the analysis of the in silico
pharmacokinetic models found in
literature is faced.

[15]
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2.1 USP apparatuses

It has long been recognized that solid drug oradlgninistrated are not
immediately available to the biological system sititey are absorbed
only from a solution. During the development of thesage form, the
in vitro tests serve as a guide in estimating the amoundrog
released per unit time in a given dissolution mediun vitro
dissolution tests seems to be the most sensitedeaiable predictors
of in vivo performances and they offer a meaningful indicatain
physiological availability.

Many devices have been reported for determinatfothe dissolution
rate, some of them accepted and classified by trenfacopeia(s).
The procedures differ in degree rather than indgsinciples. The
apparatuses used for dissolution testing are thieé (UBited States
Pharmacopeia) apparatuses 1, 2, 3, 4, 5, 6, abfl].7 [

The USP Apparatus 1 (basket apparatus) consista wire-mesh

basket that is attached to a rotation shaft, wisichen immersed into
a dissolution vessel for the duration of the dissoh test. Since the
dosage form is in direct contact with the baskéie fphysical

dimensions and the motion of the basket can hateoag impact on
the dissolution rate of the solid dosage unit. blasket height, the
diameter of the basket opening, height of the ggmeaen, and size of
the mesh are specified in USP chapter <711>.

I\
F

Dosage Form

Figure 4. USP apparatus 1 (basket apparatus).

The advantages of this apparatus are the bread#ixpafrience in its
use, the possibility to obtain easily pH changesndua test, and the
ease of automation, which is important for routimeestigations. On
the other hand, the dosage form is subjected to
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dissolution/disintegration interactions, which abuiifluence the rate
of dissolution. Furthermore, other critical poiate the presence of an
hydrodynamic “dead zone” under the basket and tesegmce of a

limited volume which could not ensures the perfgok, especially

for poorly soluble drugs.

Another official method is the USP apparatus 2, ghddle method.
For these apparatuses, vessels should be unifottmregpect to their
weight, inside diameter, and inside curvature.iSteally significant

differences in dissolution rates have been repowbén the same
product was tested in different vessels. In thiscal method, the
sample container itself serves as a liquid stirdegice. Under these
conditions, there can be strong abrasion and wieaesample due to
mechanical impacts with the container surface.

e.mmn DoOSage Form

Figure 5. USP apparatus 2 (paddle method).

Instead of the simplicity of use, its high degréstandardization, and
its robustness, this apparatus is characterize@dsg to realize pH
changes and the fluid dynamic is very complex aad\@ary with site
of dosage form in the vessel and therefore mayifgigntly affect
drug dissolution.

The USP apparatus 3, the reciprocating cylindess tased on the
recognition of the need to establish vitro - in vivo correlation
(IVIVC), since the dissolution results obtainedhwitSP apparatuses
1 and 2 may be affected by mechanical factors, sscéhaft wobble,
location, centering, deformation of the basket gratidles, and
presence of bubbles in the dissolution medium. dbésign of this
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apparatus provides capability agitation and medmnposition
changes during a run as well as full automatiothefprocedure.

Figure 6. USP apparatus 3 (reciprocating cylinder).

Furthermore, the reciprocating cylinder allows tbtain a good

correlation for extended-release formulations bseaof the ease of
sampling, and because of the ease of pH changinggdine test run
which offers the advantage of mimicking the changes

physiochemical conditions. The deformation rates higher than
those of the apparatuses 2 but the apparatus ésssdiffused and
used.

The USP apparatus 4, also known as the flow — tirocell, is
composed by a small volume cell containing the dangolution
which is subjected to a continuous stream of dig&ol medium. The
dissolution medium flows through the cell from loott to top. The
pulsating movement of the piston pump suppliesribed of further
stirring or shacking elements. A filtration deviaethe top of the cell
retains all the undissolved material. The flow-tigb cell system
usually operated as an open loop, therefore nesoldison medium is
continuously introduced into the system. In thisywall the drug
dissolved is immediately removed along the flowtlod dissolution
medium. This apparatus is reliable not only for tfeermination of
the dissolution rate of tablets but also of capsulsemisolids,
powders, and granules.
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Figure 7. USP apparatus 4 (flow — through cell).

Some advantages of the apparatus 4 are: the gigsibigenerating
rapid pH changes during the test, continuous sagpliunlimited
solvent volume, minimizing downtime between twotgesability to
adapt test parameters to physiological conditicars] retention of
undissolved particles (without of additional step fdtration or
centrifugation). Instead of the fact that the appsas is very versatile,
the realized fluid dynamic is very far to the reale, it requires high
volume of dissolution media, and deareation is s&as.

Transdermal or patching testing is carried out gisi'5P method 5
(paddle over disc) or USP method 6 (rotating cydindWith paddle

over disc, the transdermal patch is placed betvaegiass disc and an
inert mesh. This is placed at the bottom of thesekswith the

meshing faced upwards, under a rotating paddleik&maissolution

testing, transdermal testing is carried out at 3@f@eflect the lower

temperature of the skin. Other variables such as#ight setting and
sampling requirements are the same as dissolutgsting. The

rotating cylinder is very similar to USP methodHe(rotating basket).
With USP method 6, however, the basket assembigptaced by a
solid stainless steel cylinder. The cylinder cotssid two parts that fit
together: the main shaft/cylinder assembly pluseatension. The
extension is used when the transdermal patch esyaitarger area.
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Figure 8. USP apparatuses 5 and 6 (paddle over disnd rotating cylinder,
respectively).

The advantage of these apparatuses is the pdgsibiluise a standard
equipment (paddle) but, conversely, the disk assemdstricts the
patch size.

Originally introduced in the USP as small-volumetiop for small
transdermal patches, the USP apparatus 7 (rectprgcalisk
apparatus) was later renamed the reciprocatingeh@pparatus with
the adoption of four additional holders for transdal system,
osmotic pumps and other low dose delivery systems.

) ) Pointed  Spring  Angled
Disk  Cylinder  Red  Holder  Disk

barprband

Figure 9. USP apparatus 7 (reciprocating disk).

With this apparatus, switch to different pH buffeeasy and provides
deformation rates higher than apparatus 2 but le#ss diffused and
used.
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2.2 Non USP apparatuses

There are a lot of devices used in dissolutiontgsMany of these
suffer from deficiencies, such as too poor agitgtiabsence of sink
condition, and inability to program progressive mfg@s in the
dissolution environment. Different apparatuses (&P approved)
were built to overcome these difficulties. The Heéseof alternative

dissolution approaches to the currently recommerld8® methods
applied to swellable/floatable delivery systemseavsnown by Pillay
and Fassihi [16]. They used a new device in corjancwith the

paddle method to study the influence of the pasitbvarious dosage
forms on release behavior. This device was accehngdi by placing
the delivery system over a ring/mesh assembly.

2.2.1 The Sartorius absorption model
The Sartorius Absorption Model was introduced i73917].

0 Plasma Substance
. 3-way pump
p— —
—
p—

I J‘ \
Thermostat -| ~

Figure 10. Schematization of the sartorius Absorptin Model.

It simulates concomitant release from the dosagen fan the

gastrointestinal tract and drug absorption throtinghlipid barrier. The
most important features of this model are the tweervoirs for
holding different media at 37°C, a diffusion celttwan artificial lipid

barrier of known surface area, and a connectingstadtic pump
which aids the transport of the solution or the imé&wm the reservoir
to the compartment of the diffusion cell. The twmedia typically
used include Simulated Gastric Fluid and Simuldtgdstinal Fluid.
The drug substance under investigation is introduaed its uptake in
the diffusion cell is governed by its hydrophilipdphilic balance.
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Figure 11. Sartorius dissolution model. a) plasticsyringe, b) timer, c) safety
lock, d) cable connector, e) silicon tubes, f) gibn O-rings, g) metal filter, h)
polyacril reaction vessel.

Despite the simulation of both the dissolution #@mel absorption, the
fluid dynamic of the system is very far from thalrene and the pH
changes are very difficult to be realized.

2.2.2 In vitro simulation of gastric digestion

Savalle et al. [18] proposed a simjevitro method to simulate the
gastric emptying of digestive product in 1989. Teemome the
accumulation of digestion product and inhibition mrfoteolysis, a
method based on the enzymatic hydrolysis of preteimith

simultaneous dialysis of digested products wasl|dpee to simulate
the pancreatic digestion. The aim of this work wasimulate several
of the most important phenomena obserniedsivo in the stomach
during digestion of milk proteins, to obtain @am vitro model for

studying gastric digestion of proteins. The gadiigestion unit was
composed of a thermostated fermentor regulated @tC.3
Acidification of the medium and enzyme supply wensured through
two peristaltic pumps with variable flow rates attte pH of the
incubation medium was measured, but not controllddying

digestion. HCl was added at constant flow rate ttugyewith diluted
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enzymes at variable flow rate, then variable enmgtyrates are
requested to maintain a constant volume in the dator. The
contents were shaken to homogenize the mixturetanehsure the
formation of coagulum. The effluents were collecéed immediately
precipitated and centrifuged. The authors foundt,thet high
acidification rate, the pH drop was too fast, whsréhe acidification
was incomplete with a low acidification rate. Tesuwlts are reported
in the following figure:

7 .pH

B (n=10)

1 D (n=2)

0 L ' A L '

0 20 40 60 80 100 120 140 180 180
Time (min)

Figure 12. pH decrease duringn vitro gastric digestion of milk. n = number of
experiments. A) 143 mM HCI, 1.5 mL/min, constant skking; B) 143 mM HCI,
2.0 mL/min, constant shaking; C) 143 mM HCI, 2.0 mImin, irregular stirring;
D) 286 mM HCI, 3.0 mL/min, regular stirring.

The choice of pH conditions is a very importanttéaaffecting the

enzymes activity and thus the composition of thacaated products.
The slow decrease of the pH is necessary to eesapdying of intact

proteins or large peptides. Finally, the authory, tmeans of

biochemical techniques, followed and reproducedkihetics of the

gastric digestion of milk proteins. This apparawery simple and
pH changes are very easily obtained, even if ordgrestant adding of
acid is allowed. However, the agitation and the&lfldynamic are very
far from the real one.

2.2.3 A multicompartmental model simulating therstoh and
small intestine

Minekus et al. [19] developed a completed and tbetan vitro model
which simulates the dynamic physiological processkeh occur in
the lumen of stomach and small intestine of menl®95. They
described this model and its accuracy and reprodii in
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simulating gastrointestinal transit, pH, bile saltéicentrations and the
absorption of glucose. The model consists of fourccessive
chambers simulating the stomach, duodenum, jejuiamchjleum.

Figure 13.1n vitro model developed by Minekus et al. a) gastric compaent;
b) duodenal compartment; c) jejuna compartment; d)ileal compartment;
e) basic unit; f) glass jacket; g) flexible wall; h rotary pump; i) water bath;
j) peristaltic valve pump; k) peristaltic pump; I, m) pH electrodes; n, 0) syringe
pumps; p) hollow fibre device.

Each compartment is formed by two connected umitssisting of a

glass jacket with a flexible wall inside. Waterpsmped from a bath
into the glass jacket around the flexible walls t¢ontrol the

temperature in the unit. This ensure also the mgixihthe chime by
alternate compression and relaxation of the flextdll.
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Figure 14. Simulation of the peristaltic waves inlte Minekus model. 1) unit 2,
3) pressure chamber; 4) intermediate piece; 5) fléde wall; 6) space between
rigid and flexible wall; 8, 9, 10, 11) connectorsZ0].
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In fact, the space between the rigid and the flexivall of the
chamber has been filled with a liquid or a gas updessure and, as a
result, the flexible wall is pinched. The mixturé the substances
which was present in the hose of the pressure chamil be driven
out of this hose and forced through the intermed@ece into the
unpinched hose of the pressure chamber. Then, ithad |is
discharged through the outlet and the same operaioepeated for
the other chamber. In this way, the substanceseptesside the
flexible wall will flow back again. With this comtuous movement,
the peristaltic movements of the stomach and thestimal tract are
simulated and homogenization is ensured.

The compartments are connected by peristaltic walraps. The pH
values are controlled via computer by secretingliacor basic

solutions. The jejunal and ileal compartments avenected with

hollow fibers to absorb digestion products and watem chyme and
to modify electrolyte and bile salt concentratidie accuracy and
reproducibility of the model was verified, as wal its ability to

mimic the gastrointestinal transport of chyme. Thedel mimics

gastrointestinal peristalsis, which results in pblggical mixing. The

pH and the enzymes and bile salts concentrationailaie the

dynamic physiological patterns founa vivo. The hollow fiber

devices appeared almost as efficient at absorbuapge as the active
processn vivo.
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The authors tested the model reliability to repampredetermined
physiological parameters, such as meal size anatidar pH, gastric
and intestinal secretions, gastrointestinal trareitd adsorption of
digested product and water [19]. Water and metedsolvere absorbed
adequately through hollow - fibre membranes insidee
compartments. Experiments were performed to demaiesthat the
short chain fatty acid could be dialyzed efficigndnd that their
concentration could be maintained within physiaadilimits [21].
The stability of themicroflora in the system was tested after
inoculation with fresh fecal samples and after wlaton with a
microflora that was maintained in a fermenter. Tmsvitro model
was used for several studies including the absorpif the products
of digestion, the bioavailability of minerals, theurvival rate of
microorganism, the composition and enzymatic aadsi of the
microflora, and the functionality of recombinant microorgamig the
digestive environment [22]. This apparatus was alksed to evaluate
in vitro —in vivo correlation [23].

Despite the accurate reproduction of the biochewisif the
gastrointestinal tract, the fluid dynamic, partaaly in the stomach
compartment, is still far from the real one.

2.2.4 Simulated biological dissolution and absaptsystem

Tam and Anderson developed a method for assessnglased
biological dissolution of a pharmaceutical formidatand absorption
of a pharmaceutically active compound [24].

According to the invention, this system comprisesdigsolution
chamber for determining the dissolution profiletioé pharmaceutical
formulation in a medium to be supplied to the apstaface of a cell
monolayer, and a cell culture chamber wherein gli®er may occur.
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Figure 15. Simulated biological dissolution and alsgption system by Tam and
Anderson.

Medium is provided from an apical medium sourcentber to a
dissolution chamber using a gradient and flow adntParameters
such as pH and osmolarity may be measured by tiegit and flow
control system. The apical medium will include bdalts, lipid or

carbohydrates. The basal medium, which flows tobthgal chamber
of the cell culture chamber, may be of any typeduse support
cultured cells, and may comprise growth media, ,séraffers,

minerals, nutrients, hormones, growth factors, amdibiotics. An

automatic flow control system controls the tempewatand partial
pressure of the gas. In the dissolution chambeosagke form is
dissolved in the apical medium. The mixing ratethe dissolution

chamber influences the unstirred water layer sundowg the dosage
form, and thus is under automated control. Onlyoatipn of the

medium enters in the cell culture chamber to mairdastandard flow
rate and to prevent excess shear stresses onlitheocelayer within

the cell culture chamber. A filtration device mag incorporated into
the dissolution chamber to control the size ofgdheicles leaving the
dissolution chamber. The basal surface of the o®olayer is

exposed to basal medium through the filter whiclpésmeable to
media.

Transepithelial electrical resistance analysis mearay be used to
determine the viability or integrity of the cell molayer. Rotation of
the filter ensures good mixing and minimizes thetured water layer
adjacent to the cell monolayer.




Pag. 28 In silico andin vitro models Sara Cascone

According to the system, parameters such as meiasiresses,
intestinal distention, shear forces, and intergsegariability can be
addressed by adjusting flow rates of the mediauttiinghe cell culture
chamber.

2.2.5 Three staged gastrointestinal model

Wickham and Faulks proposed emvitro model which may include
different stages in 2005 [25]. To ensure the repoddlity in size
reduction, a precision cutting device was designHte designed
piece of the apparatus cuts food material into suddeapproximately
3 mnT dimensions, representing the approximate size aafd f
produced by human chewing prior to swallowing. Fooaterials was
first cut and then exposed to low levelsoedmylase at 37°C (model
saliva).

First stage simulates the main body of the stom@#oh fundug, a
region with inhomogeneous mixing behavior, distiratid and
enzyme additions. This apparatus comprises an owgssel into
which fluids can be introduced and removed andnareri digestion
chamber comprising a rigid portion through whicle feodstuff can
be introduced and a flexible portion. Reversibleraktion of fluid
pressure within the outer vessel causes reverpdokal compression
of the flexible portion for mixing foodstuff presertherein. The
mixing achieved in this stage is inhomogeneous. Gbetractions
produced by the fluid in the outer vessel facditahlso the penetration
of digestive additives. Long after ingestion, theeah remains
heterogeneous, so gastric secretions only pemgraround the
outside of the food bolus, which is not diluted sscretions for an
appreciable time. The inner chamber has a plurafitgH electrodes
disposed within it, designed and positioned to maily interfere with
mixing. The additive will generally be one or mark acid, alkali,
enzymes, phospholipids, and bile.
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Figure 16. First stage (thdundus) of the Wickham and Faulks model.

Second stage of the model provides a simulaticthefegion of high
shear (theantrum), mimicking both the rate and strength of
contractions evaluateth vivo. This stage comprises a system of
nested cylinders, as shown in Figure 17. An owénaer includes in

a first end wall an entry port through which foadbktcan be
introduced, and at the opposite end wall an exit rom which the
foodstuff can be removed. The inner sliding cylindeunted within
the outer cylinder and including an aperture thloughich the
foodstuff can be reversibly forced between the iinaed the outer
cylinders. A plunger is mounted within the innetlicgter for drawing
the foodstuff through the entry port and the apertato the inner
cylinder. The aperture in the inner cylinder thrbuwhich the
foodstuff can be reversibly forced creates a shgaiorce. A piston
defines the end wall of the chamber which remaires gredetermined
distance. By repeated strokes of chamber forciegfdlbdstuff trough
aperture, the foodstuff is subjected to sufficishiear to break the
foodstuff down. When sufficiently broken down torme physiologic
processes and foodstuff size, valve (the pylorss)opened and
plunger is pushed upward and the processed foodacant.




In silico andin vitro models Sara Cascone

\|'|
i
|
Il
|
|

Figure 17. Second stage (thantrum) of the Wickham and Faulks model. The
movement of the piston simulates the high shear &ss of the stomach bottom
part.

Nutrient absorption and finally excretion may theptionally be
studied, for example, using the apparatus develdpedram and
Anderson previously described.

The real fluid dynamic in this model is well approated but the
simulation is limited to the stomach region, whate not too much
relevant in drug delivery, since most of the absorptakes place in
the intestine.

2.2.6 Use of hollow fiber to simulate the intestimlasorption

An artificial gut comprising a multilayer of hollowibers was
developed by Rozga and Demetriou in 2002 [26]. &htédicial gut

comprises a first hollow fiber having an inner sgd which is lined
with at least a layer portion of a plurality of lgical components.
Further, a second hollow fiber is adjacent to tre¢ hollow fiber. The
biological components consist essentially of erdg®s. The
enterocytes inner surface is perfused with a fepdgolution

containing nutrients, and the enterocytes absonocgss, and
transport the nutrient across the wall of the fiistlow fiber. The
nutrients eventually diffuse into the second hollalver. A perfusate
selected from the group consisting of culture mediblood, and
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plasma can perfuse an inner surface of the secatidwhfiber,
whereby the perfusate is nourished by the nutrieftie housing and
the outer surfaces of the first system of hollobefiand the second
system of hollow fiber define an extra — fiber spathe housing
includes a first set of perfusion ports coupledhwite first system of
the hollow fiber, and a second set of perfusiortgpooupled with the
second system of hollow fibers. Thus, the enteexybsorb the
nutrients and pass them into the extra — fiber sp@ke nutrients in
the extra — fiber space then diffuse into the sécgystem of hollow
fibers.
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Figure 18. Elevation view of the Rozga and Demettipartificial gut.

2.2.7 Dissolution test apparatus by Garbacz et al.

Garbacz et al. [27] proposed a new apparatus miyarodynamic
and mechanical condition in gastrointestinal tractimprove the
predictability of dissolution testing in 2008. Thimcluded the
simulation of the pressure forces due to gut ntptilof the shear
forces generated during the propagation, and ofldee of water
contact when the dosage form is located in an tinsair pocket.
The device consists of a central pipe, with sbelsteetting spheres
(chambers) of 35 mm diameter where the dosage famadhosted.
The central axle is coupled at one end to a presggulation unit by
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a rotating joint and on the other end to a steppmogor. Pressure
waves are generated by a pulsatile inflation arflhtiten of a balloon

inside the chambers that is tightly attached to tiwzzle. The

inflactions are controlled by synchronized switchiof solenoid

valves. The pressure is regulated by a computentralled pressure
reducing device. The central axle is driven by mgoter — controlled
stepping motors.

7 8 1.  Central axis (0 8 mm)

Chamber (0 35 mm mesh size 0.5 mm,
wire 0.1 mm)

Dosage form

inflatable balloon
Solkenold valves

Stepping motor

Stirrer (paddie 15*35 mm?)
Sampling

Standard vessel
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Figure 19. Schematic representation of dissolutiostress test device developed
by Gabacz et al.

The composition of dissolution medium was basedhanresults of
analytical characterization of human gastroint@stinract. The
dissolution test device exposes the dosage formartoarbitrary
sequence of movements, pressure waves and phasstas occur
underin vivo condition. During rotation, the spheres are fo%50f
the time immersed in the medium and for 50% oftitme exposed to
air. The medium was continuously homogenized. @kigce allow to
generate a discontinuous movement of the dosage ithin the
gastrointestinal tract and to mimic the agitatioaused by the
gastrointestinal pressure waves as obseivadvo. In this apparatus,
the simulation of pressure waves and alternate st@o to
solvent/air are introduced and the mechanical hehas very simple
to control but pH changes are difficult to be m=ad and the fluid
dynamic is far to the real one.

Different nifedipine extended release formulatiomsre tested using
the paddle apparatus, the reciprocating cylindeg, rotating beaker
apparatus, and the new stress test device [28] T2@ise studies show
that besides pH dependency the aspect of the mieahaobustness
may be an essential factor affecting the dissalutibaracteristic of
hydrogel matrix formulations. Furthermore, the awuthfound that
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drug dissolution from all the formulations is naintrolled by the

properties of the tablet matrices but is determibgdhe dissolution

characteristics of the nifedipine crystals whick eglease during the
spontaneous disintegration of the tablet matrices.

2.2.8 Stirring device for dissolution testing

Recently, Bogataj et al. [30] developed a dissotutstirring device
which simultaneously enables gentle mechanical aminof solid
dosage form with grounding and its peristaltic moeat due to the
movement of the grounding. This apparatus compastermostated
round bottom vessel in which the stirring is pemied by a cylindrical
stirrer bar. The length of the stirring bar is ab810 mm shorter than
the inner diameter of the vessel. At the bottonthef vessel there are
small beads which are mechanically pushed by thrersbar and thus
provide peristaltic movements during stirrer irugable medium. The
preferred quantity of the beads used is to achitee minimum
amount which covers the bottom of the vessel in d¢ayer to
maximum amount which represents the height of ad00%6 of the
stirring bar diameter. The beads are sphericalraade of glass or
other inert material which does not react with tlessel or with any
substance in it. Additionally, beads must not adher the surface of
the dosage form and they must have suitable detwsisettle on the
bottom of the vessel. Dissolution profile obtainedoharmacopoeial
apparatus with paddle stirring element is compavéd the profile
obtained using the this device. Differences in dissolution profiles
from 120 minutes on are probably in a great exteabnsequence of
the way of movement and the mechanical contacheftablet with
glass beads in the device.

—_ —

Figure 20. Front view of the vessel with stirrer baand beads when no stirring
is applied.
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2.3 Gastric motility

Digestion is well studied in terms of the secretwrgastric acid, bile
salts and digestive enzymes. Similarly, the meda&rfunctions of
the stomach and duodenum are well defined in tevingscoelastic
properties, movement patterns of their walls, near@nd electrical
controls, and the dynamics of gastric emptying [bgss well
understood are the flow processes that extractlsn@écules from
complex foods: secretions have to penetrate foadicfes have to be
rendered less compact and suspended in liquid mediubstrate has
to be transformed into thin sheets for enzymatiachi the epithelial
boundary has to be replenished with nutrients. @h@®cesses are
susceptible to fluid-mechanical analysis [31]. Thkeape of the
stomach and duodenum is influenced by its conterd by
surrounding organs. These anatomical features hékely
implications for the distribution of luminal contsrand their motions
in response to contractions, and they depend alsathe inter-
individual and inter-racial differences [32]. Thest computations of
flow and mixing in the human stomach was publishgdhe group of
James Brasseur [33]. Their model of the human stbnaaplies the
‘lattice-Boltzmann’ algorithm that is particulariyell suited to fluid
flows with complex geometry. A separate numericadel is used to
parameterize the time changing geometry of therigaktmen that
must be provided to the lattice-Boltzmann algoritlas ‘boundary
conditions’. Fluid motions within the stomach asngrated primarily
by the gastric wall motions associated with antaaitractile activity,
pyloric opening and fundic contraction. It was resagy, therefore, to
extend the basic lattice-Boltzmann algorithm tolude ‘moving
boundary conditions’. The combined stomach modetipts gastric
fluid motions, intragastric pressure, particle éigpon and mixing in
the stomach for specified variations in the geoiraticharacteristics
that underlie gastric motility. To analyze the mments of the
stomach, a large number of MRI were studied. Thengdry of the
stomach was modeled in two dimensions (2D) to redbe high level
of complexity in full threedimensional (3D) modeRrevious model
studies of peristaltic transport in 2D versus axigyetric geometries
reported by Pal et al. [33] show that the 2D molda$ the same
gualitative behavior as the corresponding 3D modath modest
guantitative differences in pressure and velodifypst importantly,
the fluid motions arising from lumen-deforming migscontractions
are captured by the 2D model. A realistic geometgdel of the
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stomach was designed from MRI movies of gastric ilitygtwith
physiological ranges of anatomical and physioldgiparameters
obtained from the literature, as reported in Fig2te

(d)
-5 /-._
1 acw S \l
sl N[ )
— 1 i
. RPN \\/ 7
j:_,/\ Vv \
5 \A B S
1} T ‘EY L) ‘l'II]Y L lll:—\l LI |:|[l
x(cm)
(e)
15 )l N\
£ 1 open | )
S ] p\'lnru\‘ / /
59 :/V' {\n ,/
1 LY
o  S57T10 15 20
2 x(cm)
V)

segmental contraction
/

N

y(cm) —

Lh

I T T TR T R

| ( .
i }‘:.:;/ - “\.-/ /

\‘ f\_.-//

0 5” 1() !I“JIU
x(cm)

Figure 21. The stomach geometry reconstructed by ghuse of MRIs [33].

The reconstructed geometries on the right wereirddausing a cubic
spline curve passed through selected points ofa$ective figure on
the left. A uniform grid was then placed over tlestgic volume. All

simulations assumed a liquid density of €ng and a viscosity of
1000 cP. The results of these simulations are shoWwigure 22.
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Figure 22. (a) Predicted gastric flow velocity veotrs at one time instant, (b)
Instantaneous streamlines, (c¢) Flow velocity alonghe z-axis shown in (a),
plotted at 1 s intervals. The filled curve on the ight is the maximum
retropulsive flow velocity through the contractionsas a function of time. The
dotted line follows the propagation of the distal ontraction in space—time [33].

These results are obtained with the hypothesigeh@ylorus and the
coexistence of 3 peristaltic waves. The velocitgtoes (Figure 22-a)
show that the strongest fluid motions are in thieuem, and two basic
antral flow patterns are produced by the propagationtractions,
retropulsive jet-like motions with the highest wates and
recirculating flow patterns between pairs of cocticms. In Figure
22-b the streamlines of gastric fluid flow at aefikinstant in time are
shown. Figure 22-c quantifies the magnitude ofopatlsive jet
velocity as a contraction approaches the pyloruslodty profiles
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along the z-axis are shown at 1 s intervals. Utiegmodel described
also the mixing behavior of the stomach could beutated.

Using these model of the human stomach, the satheraudiscover a
new function of these contraction waves apart frgnmding and
mixing [34]. In coordination with fundic contractis, antral
contraction waves move liquid content from the fusmélong a very
narrow path to the duodenum through the centen@fintrum. Using
physiological data, it was shown that this gastemptying
“Magenstrasse” can funnel liquid gastric contdram the farthest
reaches of the fundus directly to the intestineshimi 10 min.
Consequently, drugs (tablets, capsules, liquideastd off the
Magenstrasse may require hours to enter the duode@n the
contrary drugs released on the Magenstrasse tige adnu enter the
duodenum and activate within 10 min at high conegioin. This
discovery might explain observed high variability drug initiation
time, and may have important implications to bothgddelivery and
digestion, as well as to other wall-driven emptying elastic
containers.

More recently a computational fluid dynamics (CFBas used to
develop a 3D model of the shape and motility pattdrthe stomach
wall during digestion, and it was used to charagethe fluid
dynamics of gastric contents of different viscesiti [35]. A
geometrical model of an averaged-sized human stowas created,
and its motility was characterized by a series wifrad-contraction
waves of up to 80% relative occlusion. The flowldiavithin the
model strongly depended on the viscosity of gastontents, as
shown in Figure 23.

Newtonian (1 cP) ! .

Retropulsive jet-lke

Flow recirculation oy
(eddies) I o8 |

Figure 23. Effect of viscosity on the formation ofthe retropulsive-jet like
motion and eddy structures [35].
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By increasing the viscosity, the formation of thefl@w patterns

commonly regarded as the main mechanisms driviggstion (i.e.,

the retropulsive jet-like motion and eddy struct)r@as significantly

decreased, while a significant increase of the sumes field was

predicted. These results were in good agreemeiit @xperimental

data previously reported in the literature, andgssgthat, contrary to
the traditional idea of a rapid and complete homdagion of the

meal, gastric contents associated with high visaoesals are poorly
mixed. This study illustrates the capability of tmedel to provide a
unique insight into the fluid dynamics of the gastontents, and
shows its potential to develop a fundamental urtdeding and

modeling of the mechanisms involved in the digestmocess. To
fully characterize and model food digestion, theowledge of the

relationship between the disintegration rate ofdfetructures and the
dynamics of gastric contents during digestion isessary. Hence, a
further improvement of the model was developedHgydame authors
[36].

Figure 24. Streamlines of the fluid flow within thestomach’s middle plane. b)
Newtonian fluid with viscosity of 1 Pas; c) Shear thinning fluid (k = 0.233 Pes,
n=0.59) [36].

The rheological properties of the fluid can hawagnificant effect on
the dynamics of gastric flows during digestion. ifieestigate this
effect, the flow behavior of two Newtonian fluidsf dlifferent
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viscosities, and a non-Newtonian shear-thinninglflwere analyzed.
The behavior of the shear-thinning fluid was chimared in terms of
the Power Law model and the results are shownguargi24.

The local flow behavior was significantly influemteby the

rheological properties of the gastric fluid, espégi in the

antropyloric region. By increasing the viscosity tbé gastric fluid,
higher retropulsive velocities are developed (Feg@3), but their
development was confined to a smaller region atldgbation of the
contraction peak, and the formation of the retrspealjet-like motion
was arguable [35]. A similar flow behavior was pgoteld in the case
of the shear-thinning fluid (Figure 24-c). Howevdye to its lower
viscosity at the region of the ACW’'s peak, smalletropulsive

velocities were predicted within the system. Rhgiolal properties
also affected the formation and strength of edd#gsincreasing the
viscosity of the fluid or changing its Newtonianachcteristics, the
development of circular motions was confined taaeg closer to the
contraction. In addition, the authors proposed dbeelopment of a
newin vitro system to determine and model the disintegratita o&
different food structures, under different physgdal conditions. An
experimental system capable of reproducing the nfi@&tures of
gastric motility, while supporting the use of a Antrusive flow

measurement technique (Particle Image Velocimetgy developed.
The system consisted of a polycarbonate chambegrembne of its
walls was substituted by a neoprene sheet that cgasinuously
deformed by the movement of a stainless steel agfinThe flow
behavior of two Newtonian fluids and one sheanrtimg fluid were
experimentally and numerically investigated, asmian Figure 25.
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Figure 25. Predicted versus experimental velocity rpfiles along a horizontal
line [35].

Similar to the numerical prediction obtained withihe stomach
model, as the viscosity increases, higher and mlogalized
retropulsive velocities are.

2.4 Pharmacokinetic models

The prediction of the drug concentration in theoblp tissue, and
organs is the goal of thm silico pharmacokinetic modeling. The
approaches to the modeling of the physiologicalnpheena can be
different on the basis of the details used. Thecr@®on of the

phenomena taking place in the body is much closethe real

physiology if more details are considered.

24.1 The first whole body physiologically based
pharmacokinetic model

There are several examples of pharmacokinetic campatal

models, the most important is the first whole bgahysiologically

based pharmacokinetic model proposed by Jain [B#gss transfer is
modeled by a set of interconnected lumped compatsmepresenting
the various tissues. Each compartment is dividetb ithree

compartments representing the vascular, intedstdiad intracellular
space, and drug concentration within each compaittiieeassumed to
be uniform.
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Figure 26. Schematization of the Jain absorption nael.

The model is based on the schematization of théadly into 21
compartments, each representative of an anatonpeal. The
mathematical structure of the model is made up sysiem of 38
coupled ordinary differential equations, solved hwithe initial
condition that all the concentration, but the plasone, are zero. The
simultaneous resolution of the equations requiiesknowledge of 98
different model parameters. An application of thedel was carried
out by the authors in a case of intravenous irgastiof zinc sulfate in
rats and a good agreement between the predictidreohodel and the
experimental data was found. In applying the madekinc, the
following assumption are made: there is instantasenixing of drug
in the plasma after the intravenous injection, #fuent plasma
concentration is equal to the drug concentrationthed vascular
subcompartment, and the capillary endothelial layer more
permeable than the cellular membrane.

In spite the fact that the model gives a compledscdption of the
physiology and is very accurate, it is too diffictd be adopted for
predictive purposes because of the high numbemrpeters which
have to be fitted. Furthermore, the model concemlyg the case of
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intravenous injection in rats and, then, it canbet used for the
simulation of oral administration or for human pioyegy.

2.4.2 The simplified model inspired by Jain et al.

To overcome the complexity of the Jain model, agorthm to

identify the best lumped model was proposed [38]e Pprocedure
provides i) the grouping of tissue and organs henbtasis of their time
constants, obtaining some competing lumped modela iglobal

sensitivity analysis to find the parameters witle timost important
effects on the pharmacokinetic profiles; iii) tredestion of the model
with the same mean and variance of the arteriat@atnation time
profile obtained by the complete model. The congmaribetween the
performances of the simplified model with thosetb& complete
helped to choose the more efficient.
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Figure 27. Algorithm employed for whole body PBPK nodel reduction.
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A lumped model composed of six compartments wapgqeed and
applied in the case of intravenous injections ofbbarates in rats
[39]. The authors found that the sensitivity apgimay be extended to
other models with similar structure and parametduas. However
the ranking of the parameters is a dynamic propemty refers to the
transient phase of the processes, essentially ééferequilibrium in
the tissue is achieved. Some failure in this apgrda.g. the failure to
predict the importance of the liver flow and paotit coefficient),
however, suggest that alternative approaches shoelldsed when
more detailed information are crucial.

2.4.3 Compartment Absorption and Transit model

The complete model developed by Yu et al. [40]] [4Hefined as the
“Compartment Absorption and Transit” (CAT) model. her
schematization of the gastrointestinal tract is enagp by 10
compartment, then the mathematical structure isemag by 10
ordinary differential equations which have to b&ead with the initial

conditions (on the fraction of the dose in the gastestinal tract and
on the plasma concentration) to characterize tne profiles of the
drug levels in each compartment. The knowledgeBgbdrameters, of
the absorption rates, of the degradation rate eotst of the
elimination constant and of the distribution volunserequired to
solve the equation.

The CAT model was applied to simulate cases of atalg

administration (both in immediate and in controlleglease
formulations) and it showed a satisfying agreenbetiveen the model
prediction and the experimental data. The CAT mdalekeful in the
design of the controlled release delivery systentslaas the potential
to investigate the effects of physicochemical, ptlggical and

dosage form variables on the oral drug absorptibhe main

drawback of this model is that it can be appliedyofor oral

administration. Furthermore, many other factorshsas solubility,

crystal form, blood flow, gastrointestinal pH, atidsage form factors
have not been completely considered.

2.4.4 Advanced Compartmental Absorption and Transiel

The CAT model constituted the starting point foe thevelopment for
the “Advanced Compartmental Absorption and Trang®CAT)
model [42]. For drugs with low permeability anddality, absorption
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may be not complete in the small intestine and@A& model can be
more accurate by treating the colon as an addlti@bsorbing
compartment. This model was implemented into a kitioun
software,GastroPlus GastroPluswas tested as an silico tool for
the prediction of the effects of the physiologicanditions on
physicochemical parameters of some therapeutictandess. A basic
assumption of ACAT model is that drug passing tgrodhe small
intestine will have equal transit time in each leé tompartments. The
luminal barrier has been modified, respect to CA®del, by the
addiction of compartments corresponding to the renyges and
surrounding tissue. In addition, the ACAT model sis¢he
concentration gradient across the apical and b@salanembranes to
calculate the rate of drug transfer into and outaaf enterocyte
compartment for each gastrointestinal tract lunmnmartment.
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Figure 28. ACAT model schematic.

Satisfying prediction of the absorption, distriloutj metabolism, and
excretion (ADME) phenomena were obtained but thixleh can be
used only after a lot of carefid vitro andin vivomeasurements.

2.4.5 The Advanced Dissolution, Absorption and kidiam
model

While several models and algorithms have been dpeel to predict
bioavailability in an average person, efforts taa@uomodate intrinsic
variability in the component processes are lessnsom An approach
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which incorporates such variability for human pe@pioins within a
mechanistic framework is described, together witlaneples of its
application to drug and formulation developmentlaynei et al [43].
The ADAM (Advanced Dissolution, Absorption and Meabdism)
model is a development of a succession of reprasentof drug
absorption from the human gastrointestinal tractAACmodel. It
divides the gastrointestinal tract into nine anataly defined
segments from the stomach through the intestinedion. Drug
absorption from each segment is described as didanof release
from the formulation, dissolution, precipitatiomminal degradation,
permeability, metabolism, transport, and trangitrfrone segment to
another. It is assumed that absorption from theath is negligible,
that the movements of solid and liquid drugs thfoegch segment of
the GIT may be described by first order kineticad athat the
metabolism in the colon is negligible. Finally, ttransit time in each
segment of the small intestine is assigned as didraof the total
small intestine transit time, proportionally to tHength of the
segment.
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Figure 29. Kinetic processes within each intestinakegmento f the ADAM
model.

Gut Wall
Metabolism

Furthermore Jamei et al. [44] used a mechanistiprageh
implemented in the Simcyp Simulator to simulate ptax absorption,
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distribution, metabolism, and excretion. The Sim8mmulator can be
used at different stage of drug discovery and agmeknt for a
variety of purposes.

2.4.6 Physiologically Based PharmacoKinetic model

Di Muria et al. [45] proposed a PKPB model based aisimple
representation of the body. It provides 7 compantsieecach of them
representing an organ, a tissue, a fluid of theylmych group of them.

The gastrointestinal tract is split into the stomabe small intestine,
and the large intestine; the gastrointestinal ¢atocuy system, the liver
block, the plasma block, and the tissue compartrdestribe the rest
of the body. The PBPK model was conceived to bdieppn the
cases of both single and multiple administratiome iitial conditions
have to be diversified on the basis of the routadrhinistration, the
kind of pharmaceutical form, and the frequencyhef administration.
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Figure 30. Schematic reproduction of the model propsed by Di Muria et al.

This model consists of the mass balance equations tle
compartments (7, one for each compartment) andr thmaial

conditions. 22 physiological parameters are usethéenmodel but a
very limited number of them (up to 5) has to bermed. The model
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is able to predict the drug hematic levels for savadministration
routes. The capabilities of the model were confadmby the
comparison between the model predictions and tipererental data
from literature for several case histories.

2.4.7 Other physiologically based models

Models to predict the absorption from the humarestihe have
ranged in type and complexity from simple correlatito single
experiment, to mathematical calculations using aietya of

parameters, including mass balance approaches.séripgon of a
physiologically based model of drug absorption Ime thuman
gastrointestinal tract was carried out by Grasg. [#6e simulation
combines a model of fluid movement in the gastestihal tract with
a calculation of drug absorption (flux) in eachestinal segment
(modeled as a separate compartment) over time.eVatiation of
three parameter (solubility, surface area, and pahttty) taken from
literature allows the calculation of the theordtidlux in each

segment. The flux estimated in each compartment tuee was

combined to construct an absorption rate prediction

Willmann at al. developed a physiologically basésaption model
for orally administrated drugs in rats [47] and rkeys [48]. The

gastrointestinal tract is modeled as a continuaolne twith spatially
varying properties. The mass transport throughirttestinal lumen is
described via an intestinal transit function. Tindysubstance specific
input parameters of the model are the intestinatmpability

coefficient and the solubility in the intestinaluid. With this

information, the complete temporal and spatial ghtsmn profile can

be calculated. The described model was used astamgtpoint for the
development of a model simulating the gastroimestiransit and
passive absorption of a compound administered intisn in a

fastened subject [49]. The overall performance hid thodel was
investigated by calculating the fraction dose absdrfor a broad
range of the input parameters.

Plusquellec et al. [50] built a pharmacokinetic mlothking into
account a discontinuous absorption along the gom fn successive
sites, a non-absorbing intestinal segment beingydvin between two
successive sites. An analytical expression of ptasamcentration was
obtained. This model is able to deal with areas eundurve,
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bioavailability, clearance and to point out the tcbwition of each site
to the total absorption of the drug.




Chapter Three

State of the art —
Absorption models

This chapter deals with the absorption
models which are described in literature.
In vitro methods to predict the
absorption, animal, and human
perfusion studies are analyzed.

[49]
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3.1 Absorption models

During the years several methods to estimate tlserpbon in the
gastrointestinal tract have been developed. Thestnads could be
based on theoretical prediction, am vitro methods, on animal or
human perfusion, on biological or artificial memibea [10].

3.1.1 Absorption prediction from theory

An estimation of the intestinal permeability, aad,a consequence, of
the absorption across the intestinal wall, can badenwith the
knowledge of the molecular properties (structurehtfires and
physicochemical properties). The most relevant enigs affecting
the intestinal absorption are the lipophilicity, lecular size, charge,
hydrogen bonding, and solubility. These propertias be evaluated
by experimental or computational approaches. Arortgmt feature of
these properties is the fact that they are intpedding properties, in
fact, changing one of them usually affects the @th&he link
between these properties is shown in Figure 31.

Melting point ‘

lonization |—| H-bonding | | Size | ——| Shape

Charge

Lipophilicity |
[ pophticity | Distribution

\ Amphiphilicity |

Figure 31. Physicochemical properties affecting imistinal absorption [10].

In the absorption studies, a relation of particufdgerest is the one
between the partitionlagg P) and distribution I0g D) coefficients.
These coefficients are related principally to twajon contributions:
the size of the compounds and the capability tmfbydrogen bonds.
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Rule of five

Lipinski's rule states that, in general, an orallyive drug has no more
than one violation of the following criteria:

1. There are more than 5H-bond donors (expresseceasith of
OHs and NHs);

2. There are more than 10 H-bond acceptors (expressdtie
sum of Ns and Os);

3. The mass weight is over 500;

4. Thelog Pis over 5;

All numbers are multiples of five, which is the gin of the rule's
name. As with many other rules of thumb, thereraamy exceptions
to Lipinski's rule, i.e. compound classes that atdbstrates for
biological transporters are exceptions to the rule.

The respect of the rule-of-5 is fundamental for tiesign of orally
administered compounds and it is based on pureippotational
evaluations.

Solubility evaluations

Concerning the solubility, this property is lingartelated to the

dissolution rate. Therefore, poorly soluble compsiare expected to
have dissolution-limited absorption. Moreover, sodubility could be

related to the lipophicility log P) and the melting point [10]. The
disadvantage of this relation is that it could hetused prospectively.
Kamlet and his coworker [51] demonstrated thatlsibiy depends on

a number of factors, the major contributes are tdumolecular size,

polarity, and hydrogen bond formation.

Lipophylicity evaluations

Concerning the lipophilicity, the main parametersich have to be
taken into account are the 1-octanol/water distiglbucoefficient at a
certain pH (defined adog D) and the 1-octanol/water partition
coefficient (defined alwg P). The estimation olbg D andlog Pcould

be made by computational approaches based on tleeutar size and
on the hydrogen bonding. Immobilized artificial menanes could be
used instead ofog D because they better mimic the membrane
partitioning. The disadvantage of this techniquéh& the correlations
found between the permeability and the immobilizadificial
membranes is not always reliable.
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3.1.2 In vitro methods for absorption predictions

In this paragraph the biologicad vitro methods are briefly described.
These methods consist in cultured cells or intaktissue of human
or animal origin which are used to determine themgability in the
gastrointestinal tract of a drug. One of the adages of these
methods is that they are not based only on the atatipnal analysis
but they could be applied to investigate the inflee of additives for
example and they are more versatile than the ottdrgiously, all the
methods cover only a part of the aspects involved the
gastrointestinal absorption and not all the faciow®lved are taken
into account by each method.

Brush Border Membrane Vesicles

The Brush Border Membrane Vesicles (BBMV) preparatis based
on the homogenization and differential precipitatidractionation,

and analysis using marker enzymes. The final pelettains the

luminal wall-bound proteins and phospholipids, whiontain most of
the brush border enzymatic and carrier activity-sBgpension of the
pellet in buffer results in the formation of vesgl The vesicles are
mixed with the compound of interest and filterdae amount of the
compound taken up by the vesicles is then detednifleis methods
has many drawbacks such as the need of a radiethbempound for
the analysis and day-to-day variation in prepamnatibiis method is
useful for mechanistic study of drug absorptioncess.

Everted intestinal rings

A simple method used for absorption measuremenisingy intestinal
rings. A section of the intestine is isolated immagely after the death
of the animal, washed to eliminate digestive bydocis, and
saturated at one end. The closed side is then gutiteugh the
intestine resulting in eversion of the intestindyick is cut in small
rings. This method is called “everted intestinalgti The slice are
then incubated in a medium containing the companfidterest and
shaken in a waterbath. After a certain time theugs are withdrawn,
dried, weighed, and then dissolved. After the diggm the uptake of
the compound is measured. The advantages of thikocheare the
ease of preparation and the fact that from one sagf intestine a
large amount of rings could be prepared. With tmisthod both
passive and carrier-mediated transport have begedte
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Figure 32. Correlation of oral availabilities in humans and measured uptaken
vitro in everted intestinal rings [10].

A good correlation was found between oral avaiigbind thein
vitro uptakes. Despite the simplicity of use, it could taken into
account the fact that the transport of the sohite the slices includes
all areas, hence connective and muscles tissuexgesed to drug
solution. This could overestimate the solution kptawhich is the
major drawback of the method.

Everted intestinal sac

An evolution of the previously described methodthe “Everted
intestinal sac” method. A section (2 to 4 cm) af thtestine is tied off
at one end and everted. The mucosa becomes thesalgef the sac
and is in contact with the incubation medium buthis case, only the
mucosa is in contact with the permeant. The sdidad with buffer
and put in an oxygenate buffer containing the camepo of interest.
At the end of the experiment the sac is cut and sh®sal fluid
collected. In this case the tissue is subjecteal sadden deterioration
which could be avoided if the animal is anesthdtizeefore the
exportation of the intestine. The everted sac neeth@n inexpensive
technique which is relatively simple and allows es@V tests using
tissue from only one intestine. Another advantagesthe low serosal
volume compared with the area of absorption andptssibility to
compare absorption of different sites by prepasegments from
different parts of the intestine.
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Ussing chamber

Devices which have been used since the first ssudi@etermine the
transport of compounds in living tissue are theitdgsshambers.

Figure 33. The Sweetana-Grass diffusion cell. Thassue is mounted between
two acrylic half-cells. Buffer is circulated by gadift.

In this method small sections of the intestinedaenped between two
glass chambers filled with buffer and nutrientsaatemperature of
37°C. The buffer solution is continuously gasedhwiarbogen to
maintain the viability of the tissue and to enstine good mixing. The
compound of interest is added to one compartmerdngqd

compartment) and its accumulation at the other sfdbe membrane
is measured as function of time evaluating the paimiity value. In

the original design of the Ussing chambers thepsetas equipped
with electrodes and a voltage clamp for monitoepghelial potential

difference. This parameter could be used to vehgy tissue viability
during the experiment.
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water jacket
anc

Figure 34. Original Ussing chamber. The half cellsvith thermostated water
jacket, gas lift, and potential diffedrence and curent electoredes are shown.

The integrity of the tissue can also be followedngsan integrity
marker in addiction or in place of the electricar@meters. The big
disadvantage of this device is that the tissueyis the everted sac,
can deteriorate within 30-60 minutes. Addition aEggy sources such
as glucose can improve its life considerably. Propandling and
gasing with carbogen further improves the viahiligy the way,
information on time dependent structural changesldvbe necessary
for a complete interpretation of the permeabiliitad

Isolated intestinal cells

Anotherin vitro method used to determine the drug absorptiones th
isolated intestinal cells. The methods used toaisothe cells are
substantially two: am situ method which is based on the perfusion of
the intestine with enzymes solution that release dblls, and arex
vivo method which is based on the treatment of thes celith
chelating agents. In a typical permeability measwnet, the cells are
separated from the buffer by centrifugation, resasied in a solution
containing the interest permeant and shaken. Aftegrtain time, the
cells are separated and extracted. The main drawlmadthe cell
isolation is the variability of the population oélls. Since the cells
have a low volume, once more the assay is basedtieomadiolabel
counting, which constitutes a drawback for the radth
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Caco-2 monolayer

The alternative to the previous method is use cedticells [52]. One
of the advantages of the cultured cells grown asalayer is that they
exhibit a polarized behavior, mimicking the intasti environment.
Most of the cell culture models are based on imaliagd cell lines
deriving from normal cells, from induced tumors, foom human
colonic cancers. The most widely used are the Qaliwe, which has
the advantage that it can be grown on a porousr fiibrming a

polarized cell monolayer within few days. Usuallypalycarbonate
filter support is used and the layer reaches thasite of

60000 cells/crh

apical chamber

+ support filter

! basolateral chamber
Figure 35. Caco-2 cell monolayer cultured on polyabonate filter [10].

The tight junctions in the Caco-2 monolayers loké& the junctions in
the human colon, resulting in a higher TransEpigheElectrical
Resistance (TEER), which makes the Caco-2 cellvery useful for
studying the influence for both the pharmacologmaitreatment and
direct additives on cell integrity because the pealfalar permeability
of a non-permeant (as mannitol) could be easily itoced. Hence,
TEER is used as indicator of the monolayer intgdftigure 36).
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Figure 36. Transepithelial electrical resistance ) and mannitol flux (o) as
indices of monolayer integrity [10].

Another advantage of the use of Caco-2 cell linthes fact that the
cells express several active transport system, sscamino acid or
vitamin B12 transporters. Once grown on a poroltey fithe transport
of pharmaceuticals can be measured using the atigmlture

chamber mounted on a shaker in an incubator. Thereumedium is
then replaced by a donor medium containing the pannof interest
and, on the other side, by the acceptor medium. teemayor
advantages of the cultured cells method is its ie@gdn to high-

throughput screening strategies because the celleetatively simple
to culture in high quantities. Once the culture Imoet has been
developed, the permeability measured with the Cacell line and
the values measured with human large-intestinaliéisis compared
for different substances [10], and the result isvah in the following

figure:




Pag. 58 In silico andin vitro models Sara Cascone

"g‘ 100 5
£
&
9
]
» 10
g 1
[
o
1
] ./ ?
0.1 e ——————
0.01 0.1 1 10 100
4
mexw [cmisec]

Figure 37. Relation of solute permeability of sevet substances across Caco-2
monolayer and human large intestinal tissue.

For the system in which Caco-2 cell monolayers grewn on

permeable filter supports, with drug appearancadyenonitored in
the receiver compartment of a side-by-side diffus@pparatus, a
number of laboratories have correlated permeabwith fraction

absorbed [52]. This relationship, in turn, factkts the interpolation of
fraction absorbed from the permeability of New CleainEntities

(NCEs) for which in vivo studies have not been amtdd (Figure
38).
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Figure 38. Comparison between percent absorbed inumans and permeability
across Caco-2 cell monolayer for several molecules.

Moreover, drug transport rates in Caco-2 monolayere compared
with those obtained in the human jejunimvivo [53]. Permeability
coefficients were calculated in order to allow direomparison of the
two models. The rapidly (passively) transportedgdrwere found to
have comparable permeability coefficients in Cacoells and in
human jejunum. The permeability coefficients of thsowly
(passively) transported, hydrophilic drugs werenduo be lower in
Caco-2 cells than in jejunum. The carrier-mediatethsport rates
were also much slower in Caco-2 cells than in hugeamum. The
results indicate that Caco-2 monolayers can be tspdedict passive
drug transport in humans, while prediction of tors by carrier-
mediated systems may require a scaling factor, thuea low
expression of carriers in this cell line. Hencespite the described
advantages, cultured cells based on Caco-2 line d&sadvantages.
The tight junctions in this cell line are closeaththe colonic ones,
this may result in an underprediction of the perpiliga of
hydrophilic compounds as shown previously. Morepedthough the
cells show the expression of active transport systehis expression
is quantitatively different for several transposten the intestinal
tissue. Last, batch to batch variation in expressi@y occur, this may
result in poor predictability of the permeabilitsilves.
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Madin-Darby Canine Kidney cell line

Another kind of cells which could be used for peamigty studies are
the Madin-Darby Canine Kidney cell line. The MDClkermeability
assay has been widely used in many companies echuts many
favorable characteristics. These characteristictudle spontaneous
differentiation into a polarized epithelial tissimea short culture time
(~3-5 days) which minimizes maintenance and redtloeeshance for
contamination, low expression of metabolizing enegmand
transporters, tight paracellular junctions, highnolayer integrity, and
morphologic homogeneity which contributes to goaaer-lab
reproducibility. There are two kind of MDCK cellshe first one
(MDCK 1) which is characterized by an high value ThnsEphiliar
Electrical Resistence (TEER), and the second onGKi 1) which
is characterized by a low value of TEER. The petlida measured
with these cells is been compared with the pernlisalsieasured with
the Caco-2 cells, the results are shown in Fig9re 3
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Figure 39. Correlation between apparent permeabily of Caco-2 e MDCK for
actively transported compounds ), passively transported compoundse), and
efflux substrates ¢) [54].

It could be noticed that there is a good agreerparticularly between
the permeability values of the passively transmgbre®mpounds.
Because of the non-human origin of MDCK cells, #relogenous
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canine transporters can have different activity aalkéctivity against
various substrates and interfere with passive paipihey
measurement. The most important endogenous traesporMDCK
cells is the canine P-glycoprotein (Pgp). Compowsaisbe substrates
for canine Pgp, but are not necessarily substfatesuman Pgp and
vice versa, leading to false positives in effluanport assays. During
the studies, a sub-population of the MDCK Il (RRC&lIs that
expresses low levels of endogenous canine Pgp tomme the
interference of canine Pgp on passive permeali#asurement was
isolated [55].
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Figure 40. Total Amount of Pgp (Human + Canine) irseveral subpopulation of
MDCK cells (RRCK, MDCKII-WT and MDCKII-MDR1Cells)[5 5].

It could be seen that the level of total Pgp colbé significantly
reduced for these cells. Although the evaluatiopermeability using
these cells could be more reliable than that matlle tne Caco-2
cells, the disadvantage of the impossibility totidguish between
canine and human Pgp is relevant and it has tahsiaered during
their use.

2/4/A1 cell line

Although the cell lines proposed so far, reseawohcell culture
models which better reflect both the transcellalad the paracellular
permeability of the human small intestine is therefof interest. A
particularly interesting cell line in this regasl4/4/A1, a rat intestinal
epithelial cell line, which forms polarized monodag 4-6 days after
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seeding onto permeable supports. Initial resultewsldl that the
permeability of 2/4/A1 monolayers is comparablehtat of the human
small intestine. This led us to pose the hypothdsas 2/4/Al cells
monolayers are a suitable cells model for studieslowly and

incompletely absorbed drugs that are significatrdysported via the
paracellular route [56]. The general performance 2#/Al

monolayers was studied using 20 structurally deedsug molecules
that have an absorbed fraction after oral admatistn to humans
(FA) ranging from 0 to 100%. The results are présern Figure 41
and show that sigmoidal relationships were obtaioedoth 2/4/A1

and Caco-2 cell monolayers.
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Figure 41. Relationships between FA and permeabijitcoefficients () obtained
in 2/4/A1 (A) and Caco-2 (B). Data from the humafejunum in vivo (m). The
squares represent sparingly absorbed (FA 0-20%), termediately absorbed
(FA 20-80%) and completely absorbed (80-100%) drugsafter oral
administration to humans [56].
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However, when the drugs were categorized as sppriRg 0—-20%),
intermediately (FA 20-80%), and completely (80— %)Cabsorbed
drugs (23), the permeability values cXPfor sparingly and
intermediately absorbed drugs (hereafter denoteconipletely
absorbed drugs) appeared more scattered in Cdtandrt 2/4/A1 cell
monolayers. The difference between the Pc valuesnfmmpletely
and completely absorbed drugs was much smalle/4ifA2 than in
Caco-2 cell monolayers. This fact may be explaibgdthe larger
contribution of the paracellular pathway to the rallgpermeability in
2/4/A1 monolayers. This resulted in a less scalteraationship
between FA and ffor 2/4/A1l than for Caco-2 for the low-
permeability drugs and in better predictions of iRA2/4/A1 than in
Caco-2. Furthermore, the range ip \Rlues obtained in 2/4/Al cell
monolayers is in excellent agreement with that iokthin the human
jejunum. It could be concluded that 2/4/Al cell mtayers have a
small intestine-like permeability and that thesdl eeonolayers
predicted the intestinal absorption of a set of-fevmeability drugs
that are incompletely absorbed better than the Qaml monolayers.
Additional advantages of the 2/4/A1 model as compan Caco-2
include a shorter cultivation time (4-6 days cormegato 21 days for
Caco-2 cells using the standard cell culture prosgdand (because
larger amounts of drugs are transported in 2/4/Allst improved
precision in the analysis of transported drug.

To compare the performances of the different aetd mentioned,
Linnankoski and his coworker [57] measured the matoiity of
polyethylene glycol (PEG) oligomers across theedéht cell lines.
The results are reported in Figure 42.
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Figure 42. Permeability versus moleculare weight ofPEG oligomers for

different cell lines. @) 2/4/Al cells, @) Caco-2 cells, 4) MDCKII cells, (A)
human intestine [57].

The data show that the overall paracellular pernitigais the highest
in the 2/4/A1 cell line, followed by the human istiee. The MDCKII

and Caco-2 cell lines have the lowest permealsilitithe MDCKII

and Caco-2 cell lines, and the human intestine slaowiphasic
relationship between permeability and moleculargh®radius of the
PEG oligomers, while a linear relationship is sebstween

permeability and molecular weight/radius in the/2M cell model.

Furthermore, the analysis indicates that theretare distinct pore
sizes in the MDCKII and Caco-2 cell models and le thuman
intestine. The radii of the small pores were in Hane order of
magnitude in the membranes (5.5-6.6 A). The rddine large pores
were 10.1-30.5 A. The 2/4/A1 monolayer was fountduoe pores of
only one size. Of course, the porosity is an imgartfeature for the
cell line which has to mimic to intestinal permdiani The porosity of
the different cell lines was compared.
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Figure 43. Porosities constituted by large pores (gy) and small pores (black)
in MDCKII, Caco-2, 2/4/Al cell lines and human intestine [57].

The total porosity of the human intestine is 20e@mthat of the
MDCKII cell line, over 10 times that of the Cacoe2ll model and
over 3 times that of the 2/4/A1 cell model. Thegsuy created by
small pores is greater than that created by laogespin the MDCKII
and Caco-2 cell lines and the human intestine, ed®erthe total
porosity of the 2/4/A1 cell line is constituted layge pores only.

Parallel Artificial Membrane Permeability Assay (MRA)

The in vitro methods based on biological membrane are usually
laboratory intensive and therefore currently aret isaited for
high-throughput measurements. Hence, a method tablnalyze a
large number of compounds at an early stage ofod&sy is
necessary, particularly to help in the differembiatbetween active,
paracellular, and transcellular absorption proes&mce the main
phenomena is identified, the right method to sttty compound of
interest could be used. This was the focus of tA&PA, which
stands for “Parallel Artificial Membrane Permedbpili Assay”.
PAMPA is a simple method for prediction of tranddal drug
absorption, it could be used to screen the biopheguttical properties
of compounds at high speed, this is a big advantaggared with the
biological membranes which need long culture areparation time.
Initially, to validate the PAMPA model, the analysnade with this
system, were compared to a set of well-describegysdfound in
literature [58]. The selected set includes knowsspely absorbed
compounds, as well as actively transported drugMHmPA is based on
a 96-well microtiter plate technology completelytifamal, without
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pores and active transporter systems and 96-waltofilier plate.
Each composite well is divided in two chambers: doaor chamber
at the bottom and the acceptor chamber at the dgparated by a
microfilter disk coated with a mixture of lecithand an inert organic
solvent (several formulation of the coating aregias). The setup is
shown in Figure 44.

]

Figure 44. Cross section of PAMPA sandwich assemH§9].

Using a hydrophobic filter material as a suppdre permeation of
these compounds through a membrane was measuredbrained
flux values were compared with known human absomnptiata [58,
60]. Moreover, influences of pH changes, phosplelgomposition,
solubility, or effects of surfactants, like bile idg, on transport
processes can be examined.
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Figure 45. Absorption in humans versus PAMPA flux &apH 6.5 (a) and 7.4 (b)
[58].
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The relation found was an hyperbolic curve. Witis tielation identify
the highly absorbed drugs is simpler than the otiethods.
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Figure 46. (A) Gl-tract absorption of 32 drugs versis hexadecane membrane
(HDM) log P.at pH 6.8. (B) Gl-tract absorption of 32 drugs versushexadecane
me mbrane log Rat pH range 4-8 [60].

A good correlation was observed between percentrptien and
HDM log P. measured at pH 6.8 (Figure 46-A). For a number of
compounds, however, the HDM log Value measured at pH 6.8 leads
to an underestimation of the fraction absorbed. monic an
environment which more closely resembles the cardit
encountered as the substance moves through thradgljpermeability
measurements were repeated at different pH valaeging from pH

4 to pH 8, and the highest HDM log Pe value wagnakto account
for each compound (Figure 46-B).

To evaluate the effective reliability of the PAMAAeasurements, a
comparison between the permeability of compoundasioéd with the
PAMPA technique and the BCS classification was izedl [61].
According to the FDA, the boundary between high alogv
permeability should be 90% absorption in humanse Dloundary
between high and low solubility is that the maximaimse number
(Do = a combination of dose strength and dose giyglover the pH
range of 1-7.5 equals 1. However, to strictly dfgsthe drugs
according to the BCS, solubility measurements qudr 1-7.5 are
required. Simulated gastric and intestinal fluRGE and SIF) were
selected as dissolution media. The solubility, desenber, and
permeability of 18 drug compounds measured by PAM&#&
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evaluated. The solubility of these compounds waasued by High
Throughput Solubility Assay (HTSA).
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Figure 47. Plot of permeability vs. dose number (Doobtained by PAMPA and
HTSA, respectively [61].

14 of 18 compounds were correctly classified by SGkbility, SIF
solubility, and PAMPA (78% success rate) as shawhigure 47. As
previously mentioned, the compositions of the suiveoating the
membrane in this system could be several. The ceitio of the
lipidic solvent was changed during the years torowp the prediction
of the permeability in PAMPA system [62]. First afi the chain
length of the organic solvent was changed, theagative charge was
added to mimic the intestinal membrane, and fintdly permeability
coefficients were evaluated. This change in soheamhposition was
found to be particularly effective on permeabiliticharged drugs. It
could been concluded that this artificial membraased method is a
powerful method to estimate the permeability ofgsuhowever it
could be improved and it is necessary, for advararealysis, more
studies to characterize a drug.

3.1.3 Animal perfusion studies

The rate and the extent of intestinal drug abswonptn vivo are
affected by several factors, such as dose/dissalutitio, intestinal
transit, and effective permeability across the dtie@l mucosa.
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Intestinal perfusion models, which measure thepgisarance of the
drug from the perfusion solution in the intestidamen, directly
reflect the transport across the apical epithekdll membrane (Figure
48).
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Figure 48. Schematic of the membrane transport barers across the intestinal
epithelium during a perfusion of the intestinal lunen [10].

Initial studies about new chemical entities intestiabsorption could
be routinely carried out in small animal models,smcommonly the
rats (Figure 49).

Figure 49. Schematic of ann situ perfusion technique [52], R = reservoir,
P = pump.
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The method is based on the isolation of an intasBegment. This
isolated intestinal segment (usually 6-8 cm) hasnéarct blood flow
supply and innervation. Two polymeric cannulas iaserted through
the skin and attached to the abdominal wall bytiga Outside the
animal, perfusion tubes are connected to theseutasininside the
animal, the loop is ensured by a suture. The pdrifitgaacross the
intestinal segment is measured evaluating therdifiee between the
concentration of the compound entering through ithet and the
concentration exiting from the segment. A numbendditu perfusion
flow patterns have been used the evaluate the aduihtye, as shown
in Figure 50.

o

Figure 50. Different perfusion flow pattemns: (a) cillating perfusion,
(b) recirculating perfusion, (c) single pass perfusn, (d) ligated intestinal loop.

In Figure 50, S is the perfused intestinal segm¥&nis the jejunal
veins, C is the cannula, P is the pump, R is treenmir. The
oscillating perfusion is characterized by a cordims flow of the
perfusate in both the directions. The recirculatipgrfusion is
characterized by a single direction of the flow &nydhe presence of a
reservoir. The single pass perfusion, which is riest widely used
method, is characterized by a non-closed loop. lligintne ligated
intestinal loop is characterized by the absenckathh the pump and
the reservoir. Correlations of drug intestinal peatnility obtained
from ratin situ perfusions have been established with fractiodrag
absorbed [63]. An isolated and vascularly perfusgdmall intestine
was used to determine the permeability values ofersé¢ drug
compounds.
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Figure 51. Correlation between oral absorption in khmans and the
permeability coefficients in vascularly perfused ra intestine [63].

A good correlation was obtained between the periiitgabalues
determined in this model and the proportion of es dose absorbed
in humans. An important disadvantage of this systsncompared to
rapid in vitro systems like everted rings, is thember of animals
required to establish perfusion conditions that imime within-
treatment variability.

Vascularly perfused intestine

Intestinal lumenal perfusion is very useful to msiie membrane
permeability. However, absorption is calculatednfréhe difference
between drug appearance in the serosal compartauat drug
disappearance from the mucosal compartment. Madandsa
evaluation requires sequential blood sampling, tvimay be difficult
in small animals [52]. Vascularly perfused intesatirpreparations
allow these evaluations without the limitation ofiraal size or
vascular volumes. Intestinal vascular perfusiongeehzeen performed
in the rat with or without simultaneous perfusioh tbe intestinal
lumen. The preparation involves cannulating eitteer pair of
mesenteric vessels supplying an intestinal segnmanthe superior
mesenteric artery and portal vein perfusing alntbst entire small
intestine. The intestinal lumen is cannulated fenfysion or collection
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of lumenal fluid. A catheter can also be placethm intestinal lymph
duct for lymph collection (Figure 52).

Superior mesenteric artery
Portal vein

Small intestine

Reservoir

Lumenal fluid

Figure 52. Schematic illustration of the vascularlyperfused rat intestinal
preparation and the perfusion apparatus. A pair of mesenteric vessels
supplying an intestinal segment (or the superior me&enteric artery and portal
vein) were cannulated [52].

In the majority of the preparations, the animatsagrificed after the
start of the perfusion, hence the intestine isdhly vital organ. For
this reason, it is necessary maintain the viabidtythe preparations
for several hours and monitor the oxygen or glucosesumption,
perfusate pH and pressure. Alternatively, a moatiion of the set-up
has been made where the mesenteric vein drainslgp# intestinal
segment is cannulated without affecting the pofiav, and the
saphenous vein is catheterized to introduce blogglacing the
volume collected (Figure 53).
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Superior mesenteric artery Superior mesenteric vein

Small intestinal segment

Figure 53. Schematic diagram of intestinal vascularperfusion without
obstruction of mesenteric or portal blood flow [52]

A small needle can also be placed in the meserddgcy foloptional
drug input without obstructing the mesen- terionMldn this model,
arterial, neural and lymphatic supplies to the sagmemain intact. In
general, the vascularly perfused intestinal masigersatile: the drugs
could be administered in the lumen or vascular ysatte. When
administered to the intestinal lumen, drug absorptan be evaluated
from a mass balance. In addition to the extentbsbegption, the rate
of absorption can be estimated, as well as cametated or active
transport processes. Moreover, with the lymph ctode, portal vs.
lymphatic absorption of very lipophilic compoundsncbe explored.
Furthermore, the preparation allows evaluation oftestinal
metabolism by Gl enzymes or microflora. Comparirge ttwo
perfusion methods, it could be seen that singspperfusions
prevent build-up of metabolites or wastes, butreedating perfusates
allow accumulation of trace amounts of compounddetection. The
model is advantageous because the effect of changegerimental
conditions (e.g. drug concentration, administratisite, perfusate
composition, flow) can be readily investigated amperfusate
samplings are uncomplicated [52].
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Vascularly perfused intestine-liver

In the real physiology, compounds absorbed fromitlestine pass
through the liver, which contains a host of metaliny enzymes,
before reaching systemic circulation. Timesitu lumenally perfused
intestinal model, coupled with systemic samplingloves an

evaluation of the amount of drugs absorbed systdinjdn this way

is possible to evaluate the systemic clearanceclwltannot be
calculated with the other methods. The main difficis to maintain

the animal anesthetized and the preparation viédrlean extended
period of time. Alternatively, the vascularly peséd rat intestine-liver
preparation allows a direct evaluation of the abaotion of the

intestine and liver in first-pass elimination. Ihis method, the
superior mesenteric artery and the hepatic arteayewannulated for
perfusate inflow, the pyloric vein was cannulated gortal sampling,
and systemic sampling was done via the hepatic. vihe bile duct
was also cannulated for bile collection (Figure.54)

Hepatic vein

Reservoir Lumanal fluid

Figure 54. Schematic illustration of the vascularlyperfused rat intestinal-liver
preparation and the perfusion apparatus [52].

The lumenal content was removed at the end of xperenent. The
vascular perfusion can be done in the single-pasdenor in the
recirculating mode depending on the dose whichccbeladded to the
perfusate reservoir or injected as a bolus intarttesstinal lumen. The
intestine and liver were kept viable for 2 h wittetvascular perfusate,
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but the rest of the animal was non-vital, as thevipus case. Viability
of the preparations were monitored, in additiomxamination of bile
flow and liver enzyme level in perfusate. The vdady perfused
intestine-liver preparation is particularly useffilthe goal is the
simultaneously evaluation of drug absorption, itwes extraction,

and hepatic first-pass, which together determired bioavailability.

Unlike the methods such as isolated cells or tsstiis preparation is
physiologically based, with intact circulation amdorphology. A
disadvantage of this method is that the lack oeo#liminating or
non-eliminating organs which are present in the letamimal allows
isolation of the individual role of the intestine lver in first-pass.
The model permits facile manipulation of experina¢mnvariables and
usage of drug concentration not well toleratedvivo. Sampling of
perfusate or lumenal content is not limited by aadisize or vascular
volumes. Another drawback is that the preparatibrthe perfusate
and the organ cannulation are time-consuming amgine adept
surgical skill.

3.2.4 Human perfusion studies

The most common method used to study the intestinsbrption in
humans is perform standard pharmacokinetic analiygise complex
methods are intubation techniques, remote-condradiepsules, and
pharmacoscintigraphy studies.However these metlaoesbased on
plasma concentration-time data, which cannot bel wdeectly to
investigate the permeability or drug dissolutiom vivo. On the
contrary, single-pass perfusion of an intestinagnsent is an
approaches which permits mechanistic investigatiosfs drug
absorption. The human intestinal perfusion methua®e been useful
to understand the phenomena which generatenth&o membrane
transport. This clinical method allows the reseanah the first-pass
effect of drugs in the liver, drug metabolism itestinal tissuen vivo
dissolution of drugs, nutrient absorption, biol@dimechanism in case
of gastrointestinal disease, and food-drug intevast[10]. Anin vivo
drug absorption technigue for single-pass perfugidruman subjects,
the Loc-I-Gut, has been used for the investigati@d$. Thisin vivo
perfusion technique requires a 175 cm long tubewer diameter of
5.3 mm, as shown in Figure 55. It has six innerncleds and is
distally provided with two elongated latex balloons
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Stomach] drainage

Tungsten weight Jejunal perfusion

Inflated balloons

Proximal drainage

Figure 55. The multichannel tube system with doubleballoons enabling
segmental jejunal perfusion in man [64].

Following a ten hours overnight fast, the tubengoduced orally.
After the tube was positioned in the proximal jejom the balloons
were inflated with air, making a segment of 10 cetween the two
balloons in the proximal jejunum. A gastric tubeswir@roduced orally
and placed into the dependent portion of the stbnmaad used to
aspirate the gastric content. Initially, the jejusagment was filled
manually with a saline solution, then the drug eomihg solution was
perfused. The output fluid was collected on icergwen minutes.
During the experiment a vacuum pump was used tditdée the
aspiration of the gastric and the intestinal cotstd65]. To prevent
that the motility and the blood supply are altebydthe presence of
the balloons, the absorption of markers for the spas and
transcellular absorption was evaluated. The redudtee shown a
stability of the absorption over time and it coblel concluded that the
viability was not changed during the experiment][@ug transport
across the membrane wall of a tube is the relatipnsetween the
masses entering and leaving the tube:

dM
. :Qqcin _Cout) (21)
dt
where ¢, and ¢, are the inlet and outlet drug concentrations,

respectively, an@ is the flow through the tube, usually assumedeo b
constant. The mass balance relationship can theette describe the
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rate of transport of the drug across the tube maner(absorbed
mass) according to Fick’s first law:

dM umen 00
—— = AR, [cy™ —c™*) (2.2)

dt ref
where A is the surface area of the membraRgs is an effective
permeability coefficient and the reference coneiutns ™" and
c®%d are on the two opposite sides of the intestinatmsa, as shown

in Figure 56.

membrane

a_ 7\ @
Clumen
Cin - C out
uwL
Apical } Prn

Mass of drug
absorbed into
the cytosol

Basolateral
membrane

= Cblood
Mass of drug
absorbed into
the capillary

Blood capillary

Figure 56. Schematic of the Loc-I-Gut perfusion telsnique [64].

The effective permeability Res) in huamns represents both the
partitioning of a drug molecule from the luminalifl into the apical
membrane and the diffusion across the lipid mendaradence,
together with the reference drug concentration iwitthe intestinal
segment it will determine the mass-transport raieunit area into the
cytosol of the enterocyte across the apical mengra@he values of
the effective permeability evaluated using variabsorption models
were compared and related to the extent of abswormi humans, as
shown in Figure 57.
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Figure 57. The effective permeability of various dugs evaluated using CaCO-2
monolayer, rat jejunal segment in Ussing chamber,he perfused rat jejunum,
and the human jejunum [10].

A set of reference drug has been used to reducentirelaboratory
variability of the permeability estimates. It cold@ easily seen that
the values of permeability evaluated using the hufgpuinum are all
higher than the values evaluated with other methédspreviously
seen, in fact, then vitro methods underestimate the permeability
values. Concerning the inter-individual variability could be said
that this is reduced for the high permeability drugut non-negligible
for low permeability drugs.




Chapter Four

Aims

In this chapter the aims of the thesis are
described.

[79]
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4.1 Aims of the thesis

As described in the previous chapters, the main| gof
pharmacokinetic analysis is the prediction of thegdoehavior once a
pharmaceutical is assumed. To reproduce the dfaggén vitro orin
silico models could be used.

Concerning thén vitro models, the work has the goal to design and to
realize one or more devices, able to mimic the huargans involved
in drug delivery. In case of oral administrationhigh is the most
common route of administration, the organs involvace the
gastrointestinal tract and the gastrointestinalcutatory system
(GICS), which is assumed to be the circulatory eystaround the
gastrointestinal tract. The main phenomena whide falace in the
gastrointestinal tract are dissolution and adsomptHence, the device
will take into account the thermal, mechanical, dsdchemical
history of the gastrointestinal tract and the apton across the
intestinal wall which influences the distributior the drug into the
organism.

Concerning then silico models, the work has the goal to propose and
to validate a pharmacokinetic model able to coreekhnein vitro
dissolution profile with thein vivo plasma evolution, for different
administration routes. This model has to take mtoount both the
ADME phenomena (absorption, distribution, metalmojis and
excretion of the drug), pharmacokinetic, and intelividual
parameters. The model has to be reliable and vers#thas to be
applicable for different administration routes ahaigs. Hence, the
model will take into account the main phenomenalved in the drug
metabolism, then vitro dissolution profile, and the dependence of the
pharmacokinetic parameters on the inter-individinaracteristics.

The final goal of this research is to combine the tapproachesn
vitro andin silico) to model and predict the phenomena involved in
the drug assumptions.




Chapter Five

Materials and methods

In this chapter the materials used for the
dissolution analysis and the analytical

techniques are described. Moreover, the
methods used for the dissolutions, the
design, and the realization of the in vitro

devices are described.

[81]
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5.1 Materials

5.1.1 Active molecules

Several drugs have been used in this study to a&tealihe
permeability and to study the release patterns.

One of the most used model drug is theophylling Hiso known as
dimethylxanthine, a drug used in therapy for redpny disease. Its
structure is very similar to caffeine and it is uratly found in tea
leaves or cocoa beans.

0
H3C\NJIH>
O)\ITI N/

CHs
Figure 58. Theophylline structure.

The main actions of theophylline involve relaxingpichial smooth
muscles and increasing blood pressure.

When theophylline is administered intravenoushgabailability is
100%. However, if taken orally, the absorption @mes could be
slower, without affecting the bioavailability. Thaoyline is
distributed in the extracellular fluid, in the pdata, in the mother's
milk and in the central nervous system. The volwhdistribution is
0.5 L/kg. The protein binding is 40%. Theophylliee metabolized
extensively by the liver (up to 70%) and it is eted by the urine.
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Table 2. Chemical, physical and pharmacokinetic dat of theophylline.

Formula C7/HgN4O2

Molar mass 180.164

Melting point 270 — 274°C

Solubility Soluble in 0.1 M HCI, 0.1 M NaOH
Water solublility (1.646 g/100 ml)

CAS numbetr 58-55-9

Bioavailability 100%

Protein binding 40%, primarily to albumin

Metabolism hepatic to 1-methyluric acid

Half -life 5-8 hours

Diclofenac Sodium is another drug used in this wd@klofenac is
nonsteroidal anti-inflammatory drug taken to redindemmation and
as an analgesic reducing pain in certain conditions

Cl

NH
Cl OH

O

Figure 59. Diclofenac structure.

Diclofenac sodium is poorly soluble in water anadmcpH (1-3) but
is rapidly soluble in alkaline pH (5-8). This drug metabolized
hepatically, in fact no active metabolite existeTxcretion is biliary,
only the 1% of the drug is eliminated by urine.
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Table 3. Chemical, physical and pharmacokinetic dat of diclofenac sodium.

Formula C14H1.CoNNaG;

Molar mass 318.13 g/mol

Solubility Poorly soluble in water and acidic pH (1-3)
CAS numbetr 15307-86-5

Melting point 275-277°C

Bioavailability 100%

Protein binding More than 99%

Metabolism biliary

Half-life 1.2-2hr

Diclofenac is available as a generic drug in a neinab formulations.

In this work, two pharmaceutical formulations camitsg diclofenac
were used: Diclofenac EGextended release tablets (EG S.p.a. —
Milan) and Diclofenac DOC Generici (DOC Generiai.l5. were used

to evaluate the release pattern of extended rekasrilations and
Voltarer’ 50 mg soluble gastro-resistant tablet (Novartisniea
S.p.a.) was used to evaluate the release pattegastro-resistant
formulations.

To study the permeabilities of several drugs aniveaanolecules,
propranolol was one of them. Propranolol is a neleetive beta
blocker ant it is used to treat hypertension, agaoe panic.

O/Y\m*

OH

Figure 60. Propranolol structure.

Propranolol is rapidly and completely absorbedhwieak plasma
levels achieved approximately 1-3 hours after itiges Co-
administration with food appears to enhance bidavéity. Despite
complete absorption, propranolol has a variablev@dability due to




Chapter Five. Materials and methods Pag. 85

extensive first-pass metabolism. Hepatic impairmewntl therefore
increase its bioavailability. Propranolol is a Hyghpophilic drug
achieving high concentrations in the brain. Theatlan of action of a
single oral dose is longer than the half-life analyrbe up to 12 hours,
if the single dose is high enough (e.g., 80 mgfedtive plasma
concentrations are between 10-100 ng/mL. Toxicléesvee associated
with plasma concentrations above 2000 ng/ml. Itexcreted by
kidneys.

Table 4. Chemical, physical and pharmacokinetic dat of propranolol.

Formula C16H21NO;
Molar mass 259.34 g/mol
Solubility H,O: 50 mg/mL
CAS numbetr 525-66-6
Melting point 163-165 °C
Bioavailability 26%
Metabolism Hepatic
Half -life 4-5 hours

During the permeability studies two active molesulsith higher
molecular size than the molecules previously desdriwere tested.
The first one was the Vitamin B12.

Vitamin B12 is a water-soluble vitamin with a keyler in the normal

functioning of the brain and nervous system, andHe formation of

blood. It is normally involved in the metabolism efery cell of the

human body, especially affecting DNA synthesis asgllation, but

also fatty acid synthesis and energy productiore Viamin is the

largest and most structurally complicated vitanmd aan be produced
industrially only through bacterial fermentationaglyesis.
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H,NO
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Figure 61. Vitamin B12 structure.

The human physiology of vitamin B12 is complex. temo-bound
vitamin B12 must be released from the proteins liy &ction of
digestive proteases in both the stomach and smaktine. Gastric
acid releases the vitamin from food particles; e¢feme antacid and
acid-blocking medications (especially proton-punmhibitors) may
inhibit absorption of B12. In addition some eldedgople produce
less stomach acid as they age thereby increaseig phobability of
B12 deficiencies. Absorption of food vitamin B1Zjuares an intact
and functioning stomach, exocrine pancreas, intrifastor, and small
bowel. Problems with any one of these organs makesamin B12
deficiency possible. Individuals who lack intrinsiactor have a
decreased ability to absorb B12. The total amoudntitamin B12
stored in body is about 2-5 mg in adults. Aroun# 58 this is stored
in the liver. Approximately 0.1% of this is lostrpgay by secretions
into the gut, as not all these secretions are oehbd. Bile is the main
form of B12 excretion; however, most of the B12retsd in the bile
is recycled via enterohepatic circulation. Due tee textremely
efficient enterohepatic circulation of B12, theelivcan store several
years’ worth of vitamin B12; therefore, nutritiondéficiency of this
vitamin is rare. How fast B12 levels change depemnighe balance
between how much B12 is obtained from the diet, hauch is
secreted and how much is absorbed. B12 deficienay amise in a
year if initial stores are low and genetic factardavorable, or may




Chapter Five. Materials and methods Pag. 87

not appear for decades. In infants, B12 deficiecay appear much
more quickly.

Table 5. Chemical, physical and pharmacokinetic dat of vitamin B12.

Formula Ce3HgsCoNy4014P

Molar mass 1355.37 g/mol

CAS numbet 68-19-9

Bioavailability Readily absorbed in distal half of the ileum

Protein binding Very high to specific transcobalamins plasma

proteins. Binding of hydroxocobalamin is slightly
higher than cyanocobalamin.

Metabolism hepatic
Half-life Approximately 6 days (400 days in the liver)
Excretion renal

The other active molecule used in the permeabditydies was the
Bovine Serum Albumin (BSA).

Bovine serum albumin is a serum albumin proteinvddrfrom cows.
It is often used as a protein concentration stahd&raction V" refers
to albumin being the fifth fraction of the originddwin Cohn
purification methodology that made use of differ@htsolubility

characteristics of plasma proteins. By manipulatirsglvent
concentrations, pH, salt levels, and temperatuobnGvas able to pull
out successive "fractions" of blood plasma. Thecpss was first
commercialized with human albumin for medical used dater
adopted for production of BSA.

Figure 62. Bovine Serum Albumin structure.
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The full-length BSA precursor protein is 607 am@&cds in length.
An N-terminal 18-residue signal peptide is cut fodim the precursor
protein upon secretion, hence the initial proteiodpict contains 589
amino acid residues. An additional 4 amino acidslesved to yield
the mature BSA protein that contains 583 aminosacid

Table 6. Chemical and physical data of BSA.

Molar mass 66463 g/mol
Number of amino acid residue 583
isoelectric point in water at 25 °( 4.7
Dimensions 140x40x40 A

5.1.2 Polymers

To ensure the gradual release of drug from a ph=autigal form,

tablets of polymer in which the drug was disperagde prepared. In
this work, substantially, two kind of polymers werased:
Hydroxypropyl methylcellulose (HPMC) and a new po#r

developed in this research group. HPMC (MethocédMIPremium

Grade) was a purchased from Colorcon (UK). Hydrozppl

methylcellulose (HPMC), is a semisynthetic, inewiscoelastic
polymer used as an ophthalmic lubricant, as weliragxcipient and
controlled-delivery component in oral medicamefdand in a variety
of commercial products.

fror 2.
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Figure 63. HPMC chemical structure.

Hypromellose is a solid, and is a slightly off-wentb beige powder in
appearance and may be formed into granules. Theo@wamad forms
colloids when dissolved in water. Although non-txiit is
combustible and can react vigorously with oxidisaggnts.

It, unlike methylcellulose, exhibits a thermal dg&la property in an
agueous solution. That is, when the solution hegtso a critical
temperature, the solution congeals into a non-fldevebut semi-
flexible mass. Typically, this critical (congealjngemperature is
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inversely related to both the solution concentrattd HPMC and the
concentration of the methoxy group within the HPMlecule
(which in turn depends on both the degree of switstn of the
methoxy group and the molar substitution). Thatthe higher the
concentration of the methoxy group, the lower thetical

temperature. The inflexibility/viscosity of the uwing mass,
however, is directly related to the concentratibthe methoxy group
(the higher the concentration, the more viscoudess flexible the
resulting mass is). In this work an HPMC K15 M, lwitan

intermediate viscosity.

The polymer synthetized by this research group §@&omposed by
two copolymers: poly methyl methacrylate (MMA) apdly acetic

acid (AA). The poly(MMA—AA) copolymers were obtamdy a free
radical polymerization method. In particular, th@lypnerization was
carried out in bulk, using AMVN as initiator. Theitiator was added
to various volumetric ratios of MMA/AA monomers atiabroughly

mixed by sonication (VibraCellTM Ultrasonic Process Sonics,
Newtown, CT) for 3 min. The reaction mixture wasuped into glass
tubes, sealed, and placed vertically in a waten batich provided a
uniform and accurate temperature control. The twiee then taken
out from the bath and broken under slight clampssuwes. The
samples were removed from the broken glass tubdplkced in an
oven in which the temperature was slowly raisedoup0°C, followed

by overnight cooling. The samples were crushed stoded at room
temperature. The important feature of the novel thsssized
poly(MMA—-AA) was the linear relationship holding taeeen

dissolution pH and volumetric percentage conterMbIA.

5.1.3 Dissolution media

Chemicals used for the dissolution media were: Hgldric acid
(HCI, CAS 7647-01-0), 37% w/w solution, density 02@gm3,
MM a = 36.5 kgkmol™*; Sodium hydroxide (NaOH, CAS 1310-73-2),
pure solid, MMs = 40.0 kdkmol™; Sodium phosphate dodecahydrate
(NagPOyA2H,O, reagent S, CAS 10101-89-0), pure solid,
MM s = 380.12 kékmol™,
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5.1.4 Membranes

The synthetic membrane used during the permealsititgdies was a
cellulose acetate membrane (purchased from Sastéx@) with a
pore size of 0.2 um and thickness of 130 pum.

In the device simulating the transport across fttestinal walls, an
hollow filter was used to reproduce the mass trarispihe filter
(Phylther LF17SD) used has an high surface area. fildlites were
made of Polyphenylene (PPE). The characteristicsheffilter are
reported in the following table:

Table 7. Characteristics of the hollow fiber filte.

Surface [M] 1.7
Fiber wall thickness [um] 35
Fiber inside diameter [um] 200
Filling volume - acceptor [mL] 109
Pressure drop - acceptor [mmHg] <25
Pressure drop - donor [mmHg] <50
Total lenght [mm] 305
Outside diameter [mm] 55
Weight [g] 194
5.2 Methods

5.2.1 Tablet preparation

The mixture of the powders necessary to made théetsa was
obtained by mixing the powders of drug and polymex mortar. The
cylindrical matrices (0.35 g, 13 mm diameter, 2@ thickness) were
prepared by compressing the powder in a tabletiiaghine (Specac
PN3000), equipped with flat-faced punches, diamE3emm, with a
compression force of 50 kN (by a Carver Press) fad min.

5.2.2 Dissolution methods

Conventionally, the dissolution for orally admimged drugs is
studied following the US Pharmacopoeia rules, ascrilzed in the
USP chapter 711. In this chapter the methodolotieperform the
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dissolution of different kind of drug formulationmmediate or
delayed release) in different USP accepted apsatare specified.
For the enteric coated dosage forms, USP defines diiferent

procedures for testing the release, both of thempeising two steps:
an acid stage and a neutral stage. The temperatlpt constant
during all the dissolution test on 37°C, the phiggical temperature.
The pH is initially maintained on 1.0, to simulathe gastric

environment and then it is quickly raised up to @8simulate the
intestinal environment after 2 hours.

The pH 1 was obtained mixing 6.25 mL of HCI (37%wvAvith
distilled water (to volume 750 mL). The solution smeept stirred at
100 rpm and at a temperature of 37°C in a USP Agiparll. The
tablet was immersed in the dissolution medium d@dgvaluate the
release pattern, 1 mL of the medium was withdrawd dhe
concentration of the drug released was evaluatednbPLC or UV
methods. After two hours the solution was neutealiby adding 250
mL of a solution composed by distilled water in @hil6 g of a salt
(Sodium Phosphate Tribasic Dodecahydrate) wer@lgess. The tests
were carried on until the complete dissolutionha tablet.

In spite of the USP recommendations, it was dematest that the pH
in the stomach increases during the ingestion ofl falepending on
the pH and the buffer capacity of the food, andsgghiently decreases
due to acid secretions. Thus, the pH in the stonsanlt 1.0 but, just
before the meal, the pH is about 4.8, and it starttecrease after the
meal [67] (physiological pH evolution is shown ingére 70). Its
exact value after two hours is variable individuyahd it depends on
the meal nature and quantity, in general it ih@range 1 - 2. For this
reason, the dissolutions of the tablets were pador also in a
medium following the real pH history in the gastitestinal tract. The
buffer to start the controlled pH test (pH 4.8) vaspared\{ = 0.5 L)
by mixing hydrocloridric acid and sodium phosphddelecahydrate at
concentrationsCa = 0.1 mol/L andCs = 0.05 mol/L. This buffer was
obtained mixing 9.5 g of phosphate and 4.2 mL od @and adding
distilled water to volume. The solutions to be usedontrol the pH
were obtained as follows: the acid solution (HCdsveomposed by 28
mL of the cloridric acid diluted to 0.5 L with dib¢éd water; the basic
solution (NaOH) was composed by 13 g of the bassotlied in 0.5 L
of distilled water. The sudden increase in pH etgbafter two hours
in the controlled pH test was accelerated by addidgg NaOH/25
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mL distiled water, as an aid to the dosage of dasolution
commanded by the pump.

5.2.3 Transport phenomena studies

Franz cell

To carry out the permeability measurement, a Fregll which is
commonly used in preclinical anith vitro studies to evaluate the
permeation of drugs, has been used [68]. The Frealt is
characterized by the presence of two different was: the upper one,
the donor compartment, which could be filled of admm rich in
drug content, measuring 3 ml, and the lowest ohe, dcceptor
compartment, which could be filled of a medium poodrug content
and kept stirred, measuring 7 ml.

Donor
Compartment

Membrane

/7 Acceptor
Compartment
Water
jacket ports
Stir bar

Figure 64. Schematic of a Franz cell.

The volumes of the cell are separated by a memlybaecaAs and
the drug contained in the donor compartment nee@siss across the
membrane to reach the acceptor compartment. Thez lEedl used has
the following dimensions:

Table 8. Franz cell dimensions.

Donor volume [mL] 3 Vb
Acceptor volume [mL] 7 Va
Exchange surface [cr¥] 0.785 As

All the experiments are carried on at the same pHbath the
compartments. The media consisted of a buffer moluat pH 6.8
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which was obtained mixing 750 ml of a distilled eHCI solution

(6.25 ml HCI of 37% wt purity) and 250 ml of a sodin obtained

dissolving 16 g of sodium phosphate tribasic dobgdeate in

distilled water. During all the experiments, theafiz cell was

immersed in a stirred bath with controlled tempaeatat 37°C. With

the entering of this water in the jacket ports loé tell, the constant
temperature is ensured.

To evaluate the permeability across the membrabeffar solution at
a certain concentration of the selected active outdeis inserted in
the donor compartment, while the acceptor compartmsefilled of

buffer solution free of drug. Then, the Franz delimmersed in the
stirred bath until a predetermined time. At the efdhe run, the
concentration of the active molecule is evaluatethbn the donor
compartment and in the acceptor one by an UV speeter Lambda
25 PerkinElmer. For each solution, the concentnmatibthe molecule
is evaluated at its specific absorption wavelerfgtiown in Table 9).

Table 9. Active molecules and their wavelengths ddied with the Franz cell.

Molecule Wavelengtt [nm]
Theophylline 275
Diclofenac 275
Propranolol 289
Vitamin B12 361
BSA 280

The experiments are carried on for different timesobtain the
concentration evolution both in the donor and ire thcceptor
compartment. Once obtained the permeability vaitsasg the cell, it
could be possible to correlate timevitro values with then vivo ones.
Using the relation between vitro andin vivo permeability it could be
possible build a device with a higher exchange draa the Franz cell
and, as a consequence, with an higher throughpatcs.

Mass exchanger

In fact, definingJg the flux across the real intestine walls, in thal re
intestine the mass balance equations become:

Jri Ar = Aq Rovivo mCD _CA) (4.5)
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In which Ag and Pin.vivo are the exchange area and the permeability in
the real intestine, respectively. So, to obtain game mass evolution

in the real intestine and in tie vitro system, the following equation
must be respected:

ARI |:F:;nvivo = A% |:F:;nvitro (46)

In which As andPi.vio are the exchange area and the permeability in
thein vitro device, respectively.

A mass exchanger was designed to realize the egehagtween two
fluids, one simulating the intestinal content ahd tther simulating
the circulatory system around the gastrointestireadt content with
the aim to realize a mass exchanger with a contiadtow (despite
the Franz cell which was a batch device). The twiess of the
exchanger were intended to be separated by thbetimtmembrane
used in the permeability studies. After the desdrthis apparatus,
fluid-dynamic considerations were made to choose ftitow

parameters which made possible the comparison Wit real
physiology. This analysis was developed using amsernial software
based on the Finite Elements Method (Comsol Muytiits’).

Hollow fibers device

Because of the reasons shown in the paragraph tife2,mass
exchanger designed was not useful to simulate thtestinal
absorption. Focused only on the transport acrossntiestinal wall, a
device consisting of an hollow fibre filter was dses mass
exchanger. The proposed device is provided byiecuating system,
as described in Figure 65.

Figure 65. Schematic of the exchange system: A=Agter compartment,
D=Donor compartment, F=Filter.
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To simulate the whole gastrointestinal tract, titerfwas connected
with a traditional USP apparatus Il. In this wawridg the first two
hours of the experiment, in which the pharmaceltioan orally
assumed is retained in the stomach in the real ipbgy, the
dissolution takes place in the conventional USPaggps |l vessels
(thermostated and stirred vessels) without mashasge. After the
two hours, the transit from the stomach to the krmaéstine is
simulated switching on the mass exchange. Two dldidw in the
filter, the first one (donor), simulating the intiegl content, is rich in
drug and, passing across the fibres gives the trulge second fluid
(acceptor), simulating the circulatory system nibar gastrointestinal
tract. In the vessel containing the first fluid tdeug formulation is
dissolving following its release kinetic. On théet side, the second
fluid is poor in drug content (initially the drugmcentration is zero)
and takes the drug from the first fluid. Using thgy/stem,
simultaneously the release patterns obtained botikth whe
conventional dissolution method and the novel diggm method
were analysed and compared.

5.2.4 Analytical methods

The spectra collected during the dissolution testye used to
guantify the amount of released active moleculasces very low

concentrations are expected during the releasedspecially at the
first stage, the common approach, based on thelesieyaluation of
absorbance at a fixed wavelength, was consideresl i@ accurate
enough [69]. Indeed the presence of a unknown duasftdissolving

polymer causes a shift of the spectrum, in theoregif interest, which
cannot to be predicted. The use of a referenceignlgontaining all

the components but the absorbing one (the drug)tipossible, since
the dissolving tablets release unknown amount & golymer

together with unknown amount of the drug. In a mes work [70], a

method based on the fitting of all the spectrumalsum of Gaussian
curves has been proposed, to separate the inflentee absorption
spectra of the theophylline and of another poly(@silulose Acetate
Phthalate). To clarify the method described abaweexample of the
spectra of theophylline could be reported. In thege between 240
and 300 nm, and an exponential decay function wsed tas the
baseline (the dashed curve in Figure 66) for tleephylline peak; the
results of spectra subtraction (raw data minusbteeline) was fitted
by a single Gaussian curve (the dotted curve irurgige6). The
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parameter to be related to the drug concentratias thvus the height
of the fitted Gaussian curve.

A [a.u.]

200 220 240 260 280 300 320 340 360 380 400
A [nm]

Figure 66. Example of spectra collected and subtraed.

To overcome the drawbacks related to the spectemethnique, the
release patterns were analyzed by a different aoalymethod: an
HPLC (High Performance Liquid Chromatography) waedi By the
use of this technique, measurement more reliabdeamcurate could
be obtained, moreover, the measurement are moosenated than the
other technique. In spite of that, the HPLC metisdestructive for
the sample analyzed and requires periodic withdrdvam the

dissolution medium.

Every drug analyzed requires its own HPLC methdtkyt are
summarized in the following tables, and, in boté tdases the column
used was a Macherey-Nagel HPLC column EC 150 mm#dné
NUCLEODUR 100-5 C18 ec.
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Table 10. HPLC method to detect theophylline.

Drug Theophylline
Injection volume 5puL
Time Acetonitrile — Acetic acid
(min] 0.2% wt
Eluent 0 3% - 97%
6 4% - 96%
12 6% - 94%
Flow rate 2 mL/min
Temperature 25°C
Wavelengtt 275 nm
Elution time 10 min

Once defined the method necessary to obtain relaid clear peaks,
a tuning was approach to identify the proportiontween the

concentration of the molecule of interest and them af the HPLC

peak. Different solutions of theophylline at knoeencentration were
made and they were analyzed. A typical chromatograsishown:

120
110+
100+
90
80 +
70
60
50
40
30
20+
10
O | T

All

Time [min]

Figure 67. Typical chromatogram of a theophylline slution in pH 6.8
phosphate buffer. The dotted curve is the baselinef the peak.
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Once obtained the chromatogram for each concemtratalue, the
integration limits were identifiede] and the area between the signal
and the baseline was calculated by integrationthAdlsolutions were
analyzed with this method and the results are showingure 68.

0 20 40 60 80 100 120
1

225 I L 24
21] R*=0.9995 Py
m = 0.2004 K
18- 18
15 15
— 12 . L12
T o- L9
6 " -6
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34 o L3
o-# Lo
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0 20 40 60 80 100 120
Concentration [mg-L ™]

Figure 68. Relation between the concentration andhe integral values for a
theophylline solution in pH 6.8 phosphate buffer.

The relation between the concentration of the goiuand the area
under the signal was found to be linear and thpeslof the straight
line represents the proportionality factor. Oncetedrined this

relation, to determine the concentration of thediptey of a solution,

it could be enough to evaluate the ratio between hlue of the
integral and the proportionality factor.

Concerning the analysis of the diclofenac:
Table 11. HPLC method to detect diclofenac.

Drug Diclofenac
Injection volume 5puL
Acetonitrile 48%

Eluent Acetic acid in water (0.2% wt/wt) 52%
Flow rate 2 mL/min
Temperature 30°C
Wavelengtt 280 nm

Elution time 6 min
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Once again the chromatograms obtained for varicalatisns at

different concentrations were collected and tha aneder the signals
was evaluated according to the method previouslcrieed. The

relation between the concentration of diclofenaa solution and the
area under the HPLC signal is reported in Figure 69
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L 1 L L 1 L

250 L 250
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2004 m=0.6814 e - 200
1501 - 150
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50 - o - 50
‘m
-
01! T T T T i O
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Figure 69. Relation between the concentration andhe integral values for a
diclofenac solution in pH 6.8 phosphate buffer.

As in the previous case, the concentration of atesl of diclofenac
could be evaluated using the proportionality factor

Obviously, the relation between the concentratiba onolecule in a
solution and the area under the signal curve iscedtl by a lot of
variables. The medium in which the molecule is aligsd is

particularly relevant but, of course, also the rodtlof analysis and
the HPLC column. For this reason the tunings foe tharious
molecules have been repeated several times durexgvork and the
value of the proportionality factor could be slightariable.
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Chapter Six

I n vitro models:
chemical history

In this chapter a novel apparatus which
simulates the thermal and chemical (pH)
history of the gastrointestinal tract is
described. The release pattern of several
pharmaceutical forms are evaluated with
this device and compared with that
obtained with conventional methods.

[101]
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6.1 pH and temperature control

The main features which have to be controlled toutate the human
gastrointestinal tract are the chemical and thentakhistory. With
this purpose, a new device which is able to meaanceto control
simultaneously the pH and the temperature was dedignd built
[71]. Focused on the realization of a system abkeproduce a given
pH evolution (as in the gastrointestinal tract),sP apparatus Il for
the dissolution was used. The use of the convealtidevice is useful
to control easily the temperature, because theelges$ the apparatus
are thermostated and controlled. Then, the proloiethe reading and
the control of the pH in the medium was faced. phebe used to
measure the pH in the vessel was a glass probgefweral purposes
(purchased by Crison, code number 50 14). To readtobe output
signal (+/- 15 mV) a pre-amplifier has been usedatoplify the
voltage which has to be the input of the Data Asfon system. The
pre-amplifier was powered by lithium batteries wath estimated life
of 5 years when used with high input impedance rumsénts
(purchased by Omega, code number PHAMP-1). Thdretacs are
entirely encapsulated in an epoxy filled stainlstel enclosure. The
input and output connections are industry standN€. The signal
passing through the amplifier arrives at the DAQir@ghased by
National Instruments USB-6008). This multifunctidata acquisition
is connected (via USB) to a computer. To acqui emntrol the pH
in the medium, a program has been developed ubiedabVIEW
environment, developed by the National InstrumelndhVIEW is a
graphical programming environment to develop messtests, and
control system using graphical icons. The inputhefprogram are the
values of pH read by the probe inserted in theoflisi®n medium.
After a proper calibration, the signals coming frahe probe are
converted into electrical signals by the use ofatadacquisition and
are read by the program for a given time rangenJtilee mean value
are reported by the software. The real pH evolutaken by literature
[67] was imposed as set point of the software. Séepoint of the
software was shown in Figure 70. In fact, the plhiediately after the
meal have a value of about 4.8 and starts to deeratier the food
ingestion. The acidic secretions of the stomachedse the pH values
gradually. After two hours, which is the averag&idence time in the
stomach, the bolus enters in the small intestihés thange in
environment is reflected in the pH range raiseaia value of 6.8.
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Figure 70. pH history in the gastrointestinal tract During the first two hours
the pH decreases from a value of 4.8 to 1.0, themet environment was
neutralized.

Once the set point is arranged, the pH of the tlisea medium is

changed by adding a basic or acid solution. To taédsolutions, two
pumps (one for the acidic and the other for thacbsslution) were

purchased by RS Components (gear motor RS coded&@8%-

peristaltic pump head RS code 330-812). These pumeps activated
by the program on the basis of the difference betwde pH main
values read by the probe and the set point vafuthel pH in the

dissolution medium is less than the set point valire pump

containing the basic solution is activated to iaseethe pH. On the
other hand, if the pH value in the dissolution noediis higher than
the set point value, the pump containing the acsldution is

activated to reduce the pH. In this way, the seéttpoH curve could

be reproduced. A typical result is shown in Figtite
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Figure 71. pH set point evolution in the gastrointetinal tract and pH
reproduced with the new device.

Despite the experiments were carried on in the U®Wkice, the
program was intended also for controlling the terapge. The logic
of the program is very similar for both the pH athé temperature
control. In the case in which the release is naluated in the USP
apparatus but in a separated device, also the tetope has to be
controlled. In this case, the device simulating #temach or the
intestine is placed in a closed chamber togetheh \a fan. A
thermocouple (purchased by Omega, code
TT-T-40-SLE-25) is placed in a chamber and the tmafure is
measured. The signal is read by the DAQ and cordpaith the set
point value (which is constant at the value of 37At@ physiological
temperature). If the measured temperature is Idkgar the set point,
a controlled fan heater is switched on and the &atpre increases in
the chamber, if the measured value is higher thanset point, the
heater is maintained switched off and the tempezatlecreases
because of the heat loss.
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6.2 Results and discussions

6.2.1 Conventional release patterns

In order to test the influence of the pH profiletire gastrointestinal
tract on the release pattern, dissolution teste warried out firstly on
a homemade tablet composed of a mixture of HPMCtlaadphylline
(75/25% wt/wt). This system was chosen becausanitplicity, in fact
it was composed only by the polymer (which ensubes delayed
release) and the drug, without the adding of agkelitor excipients. As
described previously, the conventional dissolutests provide a two-
steps dissolution method, in which in the firstgstahe medium is
kept at pH 1 and in the second stage the medikepisat pH 6.8. The
obtained release pattern is shown in Figure 72.
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Figure 72. Release pattern of HPMC/theophylline talet obtained following the

conventional method. The dashed vertical line repsents the time of
neutralization (120 min).

As could be seen, this system ensured a delayedselof the drug
and it was complete only after three days of diggm. Once the
dissolution method was defined, a more complexesystontaining
additives was tested. This system was a commeteaidlet of

diclofenac intended for the extended release. T&sollition method
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followed was the same described previously. Theasd profile is
shown in Figure 73.
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Figure 73. Release pattern of a commercial diclofae tablet (EG). The dashed
vertical line represents the time of neutralization(120 min).

As a result of the dissolution test, it could bersdhat the drug
amount released in the first stage of the testvs (up to 10%) then
the drug in the tablet is gradually released inftilewing hours. If
the purpose of these tablets is to vehicle the dnlg in the intestinal
tract and to resist to the acidic environment efstomach, they carry
out their own task with adequate accuracy. Obvigusie perfect
release pattern would be that having a zero releasbke first two
hours and a constant release in the following holircould be
realized with a polymer highly sensible to the djing of pH
environment. A new co-polymer formulation developedour labs
[66] has been demonstrated to have high entertariemaand to have
the capability of changing the pH at which its dission occurs
simply varying the relative percentage of the twepolymers. Once
characterized this polymer, tablets made of didatesodium (25%
w/w) and this polymer were subjected to the anslysi release
pattern obtained with the conventional method. fidsilts are shown
in Figure 74.
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Figure 74. Comparison between the release pattena$ diclofenac in a matrix of
an enteric co-polymer synthetized in our labs (triagles) and in a commercial
tablet (squares). The dashed vertical line represésithe time of neutralization
(120 min).
As could be seen, the two release patterns aredifeyent. In the
first stage the amount of drug released from thé&tanade with the
new polymer is completely negligible, than thereaisapid increase
(into few minutes after the neutralization of thel)pin the drug
dissolved in the system. This is due to the faat the polymer starts
to dissolve and then the drug is quickly releasehia dissolution
medium. After this stage, the system continuesetease the drug
with an almost constant kinetic. Conversely, thengwercial tablet
shows an amount of drug released higher in thediegge and a faster
release kinetic. This means that the tablets médeeonew polymer
are not only suitable for the enteric release bwgneshows better
features than the characteristics of existing table

6.2.2 Novel release patterns

Once the release pattern of the simple homemadet tabHPMC/

theophylline was analyzed following the conventionbBlSP

dissolution method has been analyzed, the releasa the same
tablet submitted to a pH history has been evaluated
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Figure 75. Release pattern of a HPMC/theophyllineatblet following the real pH
history. The dashed vertical line represents the me of neutralization (120

min).

Using the real pH history the release is expeateokt higher than the

release obtained with the conventional dissolupatiern because the
higher pH in the initial stage of the dissolutiomnthges the surface of
the tablet. Comparing the two dissolution patterns:
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Figure 76. Release patterns of HPMC/theophylline talets using conventional
(m) and new ) dissolution method.
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In fact, the release is slightly higher, particlylan the first stage, in
the case in which the real pH evolution is followtedn the case in
which the conventional method is followed. This &ebr is could be
easily seen by the following figure (a zoom of Ehgure 76):

0 60 120 180 240 300 360 420 480

100+ 0 pH history - 100
904 conventional )
80+ - 80
70- : - 70
S 60+ : - 60
g .
I 50+ . - 50
2 :
& 404 : I 1o}
. o B
30+ : 30
‘oo
20- . - 20
o ®
107 a2 : - 10
.
O 7 T ; T T T T T B O
0 60 120 180 240 300 360 420 480
Time [min]

Figure 77. Release patterns of HPMC/theophylline talets using conventional
(m) and new ) dissolution methods, first stage of dissolutionThe dashed
vertical line represents the time of neutralization(120 min).

The expected behavior of the release patterns wafgroed by the
results.

As described before, also the release patterneo€timmercial tablet
of diclofenac (delayed release) obtained with tht¢ lpstory was
evaluated and compared with the conventional one.
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Figure 78. Release pattern of a commercial diclofac tablet (EG) submitted to

a pH history.

In the first stage of dissolution, the drug releaseabout 20% of the
total amount. This is a side effect which is unagsbecause the drug
is not active in the stomach, especially for drtaggeted to release in
the intestinal environment. Comparing the two pate
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Figure 79. Release pattern of a commercial diclofac tablet (EG) according
with the conventional dissolution method (USP) andith the new device.
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During the first stage, the tablet subjected tortioalified pH history
releases an amount of drug twice than that sulgedte the
conventional method. During the following stageauld be seen that
all the drug is released within few hours (6 hofwosn the beginning
of the test) if the tablet is exposed to a pH etoty instead, the
release is more gradual and slower if the tabldiovie the
conventional dissolution pattern. This can be duéhe fact that the
higher pH at the beginning of the test in the npwasatus (about 4.8)
probably breaks up the surface coating of the tahted, in the
following stage, it releases the drug easily. Oa tither hand, the
tablet subjected to a conventional dissolution guatt arrives
undamaged at the neutralization and starts to selemly in the
second part of the test. Its release is prolongedcantinues for more
than 10 hours. This comparison shows that a talvgily subjected to
the conventional dissolution method, in the reaktigantestinal
environment has a completely different behavior cwhcould be
understood only using a device that better simsiléte real features
of the gastrointestinal tract. This behavior sugg#sat, to resist to the
acidic gastric environment, could be useful to asmore resistant
coating of the tablet or an enteric polymer. Thig, behavior of the
enteric polymer synthetized in our labs subjectedthbto a
conventional dissolution method and the method kingproduce the
real pH history in the gastrointestinal tract haserb studied. The
results are shown in Figure 80:
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Figure 80. Comparison between the release pattena$ diclofenac in a matrix of
an enteric co-polymer synthetized in our labs obtaed with the conventional
dissolution method (A ) and with the pH history (A).

As could be seen, the polymer has a typical enbteicavior not only
in the condition of conventional dissolution methadt even in the
case in which the real pH history was reproducedadtt, the amount
of drug released in the first stage of dissoluidnery close between
the two cases. This fact means that even if thésgtigher in the first
stage of dissolution, the polymer is not affectgdhe difference and
remains intact and undissolved. On the contraryerwkthe pH is
rapidly increased to an almost neutral value, tb&mer starts to
dissolve with the same dissolution rate for both ¢hses and the drug
is released obtaining the same pattern. Thus, ukisgpolymer is
possible to avoid the undesired dissolution oftdidet in the gastric
environment and to realize a better target delivery

Then, the effect of the pH evolution was invesegabn a different
system: an enteric coated, fast release comméabit of diclofenac.
The comparison between the two release patterreneblt with the
conventional dissolution method and the modified pidtory are
shown in Figure 81.
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Figure 81. Release pattemn of an enteric coated,darelease commercial tablet
of diclofenac following the conventional USP methodblack squares) or the
modified release patter (empty circles). The vertil line represent the time at
which the medium is neutralized.

In this case, the two release patterns are verylasinit could be

noticed that in the first stage of the dissolutidre drug released is
negligible, few minutes after the neutralization thle drug in the

tablet is released. In fact, this pharmaceuticahfts not affected by
the changing in pH history and it is particulartyitable for the release
targeted in the small intestine.
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Chapter Seven

I n vitro models:
mass transport

In this chapter the reproduction of the
mass transport across the intestinal
walls is faced. An in vitro device able to
reproduce the mass exchange is
designed and realized and the release
patterns of several pharmaceutical forms
are studied and compared with the
conventional ones.

[115]
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7.1 Permeability studies

As described previously, the absorption of orallyninistrated drugs
is largely determined by their ability to cross tgastrointestinal
walls, quantified by the drug permeability. Thesfistep to quantify
the ability of an active molecule to pass acrosdgrtkestinal walls is to
develop a simple method to evaluate the permealflar this reason,
the method developed provides the use of a Frahequepped with a
synthetic membrane, as described in the chapter @nce obtained
the permeability values for a set of active molesulit could be
possible to correlate the vitro results with then vivo permeability.

The two compartments of the Franz cell were fillede with a
solution at known concentration of drug (donor caniment) and the
other with a solvent drug free (acceptor compartnehe

compartments were separated by a membrane. Afteedetermined
time, the system was opened and the concentrabibdsug in both

the compartments were evaluated. For each molehaléests were
run for different times, to obtain the concentnatjorofiles, as shown
in Figure 82.
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Figure 82. Thophylline concentrations profile in tte donor () and in the
acceptor () compartments.

As could be expected, the concentration in the damonpartment
decreases starting from its the initial valueg)(dOn the contrary, the
concentration in the acceptor compartment increasading from
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zero. The values of the concentrations versus #reeeported in the
following table.

Table 12. Theophylline concentrations versus time.

Time [min] ca[mg-L™ co[mg-L™
0 0 18.88
4C 0.35 16.73
18C 2.43 12.72
101 1.31 14.73
34¢ 4.05 10.24

Once obtained experimentally the concentrationsuessl the
permeability value is evaluated solving the madarz®s within the
compartments. Since the concentration in each campat depends
on the other one, the two mass balances (one @r eampartment,
equation 7.1) have to be solved simultaneously. i@isly, each
differential equation can be solved only coupledhwits initial
condition.

d(c, )
t=0,0, =
at —JIA @ C

7.1
d(cdt Do m @t=0c, - (7.1)

C, and c, are the concentrations in the donor and acceptor
compartment, respectively.,, andc,, are the initial concentrations

in the donor and acceptor compartment, respectigalyially the
acceptor compartment was drug free in all the ruds)=3-10° m®

and V,= 7-10° m® are the volumes of the donor and the acceptor
compartment.A = 7.85-1¢F cn? is the exchange area between the
compartments.Jis the flux across the membrane and it could be
expressed as a permeabili)) function:

J=Plc, -c,) (7.2)

Defining 6 as the difference between the donor and the amcdpig
concentrationd = cp- Ca), it could be obtained:
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Inaé0 = —5 Ki (7.3)

In which y is a geometrical parameter (m):

y:itﬁiﬂir (7.4)
A Vo Va .

The obtained values of Inv/§p) are plotted in a semi-log scale in
which the slope represents the opposite of rativéen the value oP
andy.
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Figure 83. Logarithm of the concentration differen@s versus time for

theophylline. The dotted line represent the lineafitting of the experimental
data.

The slope was found to be -0.0032, which meansragability value

of 14.210" m/s. Once obtained the permeability value it cobid

possible to solve the mass balance to predict dneentration values
at every time. The continuous profiles of conceiracould be easily
obtained:
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Figure 84. Predicted concentration profiles comparm with the experimental

value.

As could be seen, the agreement between the exgregahdata and
the model curve is remarkable.

The same experimental protocol was applied fortre#l molecules

analyzed.

Concerning the diclofenac, the concentrations e reported in

the following table:

Table 13. Diclofenac concentrations versus time.

Time [min] ca[mg-L™] cp[mg-L™]
0 0 20.24
3C 0.53 19.74
72 0.77 18.71
81 1.18 18.26
10¢ 1.80 17.16
15C 1.97 16.00

Evaluating the logarithm of the concentration défeces, it could be

obtained:
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Figure 85. Logarithm of the concentration differen@s versus time for

diclofenac. The dotted line represent the linear tiing of the experimental data.

The slope was found to be -0.0022, which meangsragability value

of 9.9910" m/s. The permeability of diclofenac across the im@me

is lower than the theophylline one. Thus, evalgatile model curve
and comparing them with the experimental concebotrat
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Figure 86. Diclofenac concentrations profile in thedonor (c;) and in the
acceptor () compartments. The lines in figure are the modelave.
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Concerning the propranolol, the concentrationseaslare reported in
the following table:

Table 14. Propranolol concentrations versus time.

Time [min] ca[mg-L™] cp[mg-L™]
0 0 20.13
31 0.61 19.87
4¢ 1.20 20.27
7€ 1.11 17.75
10C 1.51 17.42
181 2.53 17.07

Evaluating the logarithm of the concentration défeces, it could be
obtained:
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Figure 87. Logarithm of the concentration differen@s versus time for

propranolol. The dotted line represent the linear itting of the experimental
data.

The slope was found to be -0.00195, which mean®rangability
value of 8.710" m/s. Thus, evaluating the model curve and comgarin
them with the experimental concentrations:
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Figure 88. Propranolol concentrations profile in tke donor () and in the
acceptor (G) compartments. The lines in figure are the modelwave.

Concerning the vitamin B12, the concentrations eslare reported in
the following table:

Table 15. Vitamin B12 concentrations versus time.

Time [min] ca[mg-L™] cp[mg-L™]
0 0 49.79
51 0.71 4751
67 1.46 45 .86
12C 1.32 42.19
22t 3.50 38.78

Evaluating the logarithm of the concentration défeces, it could be
obtained:
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Figure 89. Logarithm of the concentration differen@s versus time for vitamin
B12. The dotted line represent the linear fitting dthe experimental data.

The slope was found to be -0.001554, which meapsrmeability
value of 6.910" m/s. Thus, evaluating the model curve and comgarin
them with the experimental concentrations:
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Figure 90. Vitamin B12 concentrations profile in tke donor () and in the
acceptor (G) compartments. The lines in figure are the modelwave.
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Finally, the concentration profiles of BSA were kended:

Table 16. BSA concentrations versus time.

Time [min] ca[mg-L™] cp[mg-L™]
0 0 950.58
2t 7.78 935.82
43 2742 939.56
75 56.61 941.16
18C 47.04 846.78

Evaluating the logarithm of the concentration défeces, it could be
obtained:
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Figure 91. Logarithm of the concentration differen@s versus time for BSA. The
dotted line represent the linear fitting of the exgrimental data.

The slope was found to be -0.00096, which mean®rangability
value of 4.310" m/s. Thus, evaluating the model curve and comgarin
them with the experimental concentrations:
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Figure 92. BSA concentrations profile in the dono(cp) and in the acceptor (g)
compartments. The lines in figure are the model cwe.

Once the permeability values were evaluated forthedl molecules
analyzed, it could be possible to compare ithevitro permeability
with thein vivo ones (taken by literature), the results are regboir
the following table, together with the mass weight stokes radius,
and the octanol/water partition coefficient.

Table 17.1n vitro andin vivo permeability of several molecules.

Mw rs Log Permeability Permeability
gmor] [nm]  PX®  Kkow  invivo[mis] invitro[mis]
BSA 66776 ?7';? [% - - 4.3.10'
B12 1355.4 ?7'%‘ [;5? [37'2]7 : 6.9-10
Propranolol 259.34 ([)7%7 [371] ?73? 3([)719]1 Y 8.7-10’
Diclofenac 296.15 ?8?)]3 [gl? [183]0 4[610(])7 10.0-10
Theophyline  180.16 ([)7i]7 [3'33 -([)ég]zs 5'[28'51]07 14.1 .10

As could be expected, the permeabilty of a molecatross a
synthetic membrane depends on the size of the mieledout it is not
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the only factor which influences the permeabiligiue. In fact, it is
important also to evaluate the octanol/water coeffit to determine
the affinity of the molecule to aqueous solutiors€d in these
experiments). Moreover, it could be noticed thathe table than
vivo permeability for B12 and BSA lacks. This is duethe fact that
in the intestinal wall these molecules are tranigabactively, thus, the
passage is not only due to a diffusion across tlkeellomane as the
other molecules. This means that an immediate casgmawith the
real value is not possible, however, the studyhig tompound has
been very useful to understand the effect of thé&eoutar size on the
transport. Indeed, if the permeability vivo and the stokes radius are
related with then vitro permeability, it could be obtained:

0 2 4 6 8 10 12 14 16 18 20

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 93. Comparison betweernn vivo and measured permeability (the upper
graph) and dependence ofn vitro permeability from the stokes radius of the
molecules. a =-0.067; b =0.378; R2 = 0.891.

In the Figure 93 (the upper graph) timevivo andin vitro values of
permeability are compared. It could be seen thatdhation between
the values is almost linear. Because of the pograsitthe artificial

membrane is far from that of the intestinal wathnmse molecules
which are allowed to pass through the intestindl a@ retained on
the membrane, this is the reason why the interoéfhis relation is
not zero. Moreover, in the Figure 93 (the lowerptwait could be




Chapter Seven. In vitro models: mass transport Pag. 127

possible to see the dependence of the permeatniithe radius of the
molecule. Effectively, the permeability increasdthvihe decrease of
the radius but this trend is negligible when tiee ©f the molecule is
lower, probably because the other factors (as tb&nol/water
partition coefficient) become more relevant.

7.2 Design of an exchange system

Therefore, by the simple method developed, it cdaddpossible to
evaluate then vitro permeability of some drugs and to correlate these
values to then vivo ones. In fact, definingg, the flux across the real
intestine walls, in the real intestine the massama equations
become:

Ari* Jri = Ari* Pinvivo' 0 (7-5)

In which Ag andPi, vivo are the exchange area and the permeability in
the real intestine, respectively. So, to obtain game mass evolution

in the real intestine and in tie vitro system, the following equation
must be respected:

Ari* Pinvivo = As* Pinvitro (7.6)

Using the relation betwedn vitro andin vivo permeability found in
this work, it could be noticed that to simulate thevivo permeability,
a device with the following exchange area should ni:

Pin vi [P vitro TP
As=Ag O3 In vivo _ AR| I;n vitro (7.7)
In vitro In vitro

As a result, it could be possible build a devicéhva higher exchange
area than the conventional devices and, as a coeseg, with an
higher throughput capacity.

With this aim a mass exchanger was designed wélgthal to use the
artificial membrane which was characterized inFnenz cell.

The mass exchanger is symmetric and composed fvaon parts.
Between the two parts the artificial membrane isemted. The
membrane is supported by two guide.
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Figure 94. The two parts of the mass exchanger in hich the artificial
membrane is inserted.

Two different fluids flow in the exchanger, one siating the
intestinal content and the other simulating theollin contact with
the intestinal walls. Therefore, the second flgidised to simulate the
gastrointestinal circulatory system (GICS). Simpfify the real
human physiology, it is assumed that the whole Gkogsld be
simplified in the blood contained into the portalirv. According with
this approximation, the flow of the second fluidsamhe flow of the
portal vein and the drug contained in the intestinadium have to
pass across the membrane to reach the portal Meéntwo fluids are
disposed in counter current to maximize the drivimige. To rise the
exchange area between the fluids and the membtanehaffles are
inserted in the exchanger: in this way, the flovitgra of the fluids
changes, as shown in Figure 95.
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Figure 95. The assembled mass exchanger and thevilpattemn.

With this arrangement, the contact area is incekagithout relevant
increasing of the pressure drop. The exchangelsis eqquipped with
four cylindrical entrances for the flows of the twaid. It could be
seen, moreover, that the device is equipped wittiopsed bases
which allow the easy removal of a coverage. Thigirgs make
simpler and easier the assemblage and the cleahthg device. The
mass exchanger was completely constructed in
PolyMethylMethAcrylate (PMMA), which is a transpatematerial
and allows to see inside the device. Obviouslfetsht membranes
could be used to simulate intestinal absorption.

To simulate the fluid dynamic condition into the seaexchanger, a
software (Comsol Multiphysics®) was used. This wafe is based on
a finite elements analysis. First of all, the getgneof the mass
exchanger was implemented into the software:
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Figure 96. Geometry of the mass exchanger implemesd in Comsol.

Secondly, to solve the differential equations whiklve the flux into
the exchanger, the geometry was divided into tlemgesh, a grid
which define the shape of the 3D object.

®le-3

Figure 97. Mesh used for the fluid dynamic simulatin.

Once imposed the laminar flow (which is realizedthbon the
intestinal and in the portal vein flow), the phydicharacteristics of
the fluids were implemented.

Concerning the blood side, the viscosity (1) andsdg (p) of the
fluid were considered constant. The blood viscodigpends on the
hematocrit (the percentage of blood occupied byrdaeblood cells)
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which can varies between the individuals. The i@mktbetween
viscosity and hematocrit is [86]:

5
U= U, [€1+§EDH + 7.35@%} (7.8)

Where 1, is a constant value and@,, is the average hematocrit. The
used physical characteristic are reported in TaBle

Table 18. Physical characteristic of the blood inhe portal vein.

Quantity Value Units
M 1.25-10° Pa-s
®, 0.45 .
H 45.10° Pa-s

p 1060 kg-m

The geometrical and fluid dynamic characteristitdh@ portal vein
implemented are:

Table 19. Physical and fluid dynamic characteristis of the portal vein [87],
[88].

Quantity Value Units Description
D 12 mm Diameter
L 80 mm Length
Q 1268 mL- mir* Volumetric flow rate
v 0.187 m-s Average velocity
Re 528 - Reynolds number

Then, the boundary conditions were defined. Thadimm of no slip
at wall was imposed for all the surface, but thietjnin which the
velocity was imposed and the outlet, in which thendition of
atmospheric pressure was imposed. The velocityl fiddtained into
the exchanger was:
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Figure 98. Velocity field into the mass exchangeblpood side).

It could be seen that the maximum velocity is m=li in the inlet
section of the exchanger and high values are reélaghehe outlet
section. Therefore, the Figure 98 represents theeitae field into the
exchanger if the same volumetric rate of the paah is realized in
thein vitro model.

Concerning the intestinal content side, the vitgogi) and density
(pi) of the fluid were considered constant. Reallg wiscosity of the
intestinal content increases proportionally with #olid content.

Moreover, the viscosity of the intestinal conteas la non-Newtonian
behavior, so the viscosity decrease with the irsered the shear rate.
The viscosity value reported in Table 20 and isleatad at a shear
rate of 50 & [89].

Table 20. Physical characteristics of the intestinaontent.

Quantity Value Units
Wi 1.5.10° Pa-s
Shear rate 50 st

p 1000 kg- n?
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The geometrical and fluid dynamic characteristids tloe small
intestine implemented are:

Table 21. Physical and fluid dynamic characteristis of the small intestine.

Quantity Value Units Description
D; 5 cm Diameter
L; 6.25 m Length
Qi 60.8 mL-min? Volumetric flow rate
Vi 3.1 cm- mift Average velocity
Re 17.3 - Reynolds number

Then, the boundary conditions were defined. Thedtmm of no slip
at wall was imposed for all the surface, but thletjnin which the
velocity was imposed and the outlet, in which thendition of
atmospheric pressure was imposed. The velocityl faddtained into
the exchanger was:

Shon Vekocky Finkd [ms] Mace; 15005
2 I : T
Il

s

Me

Figure 99. Velocity field into the mass exchangeintestinal side).
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As in the blood side, it could be seen that the imam velocity is
realized in the inlet section of the exchanger &gh values are
reached in the outlet section.

After the design of the mass exchanger, it wad tt@ realize the

device. Starting from a slab made of PMMA, piecesencut carefully

to obtain each portion of the exchanger. Once oéthiall the

portions, they were glued each other to obtainfited device. The

membrane was then carefully introduced betweenvibesides of the
exchanger and the flow into the exchanger switcbvedBecause of
the high flow rate the membrane was subjecteddgb kiresses and it
reveals itself not adequate for the purpose. Maedhe assembly of
the pieces of the device does not guarantee theabhld seal

necessary, despite several kind of seals wereeabpdi avoid this

drawback. Furthermore, after the fluid dynamic ghltons, it has

been noticed that the mean velocity which is redliznside the

exchanger is less than the real one of several @fdmagnitude. It

means that the velocity field simulated is very fiam the real one
and this affects significantly the mass transpOrt.the contrary, it is

not possible to design a mass exchanger with arlealame because
the exchanger area will be too small for the puegos

Thus, an high throughput device has to be seleittethis purpose
and a commercial filter (described in the paragrdph.4) was
selected. It contains hollow fibers which guarardeehigh exchange
surface and the mandatory mechanical resistance.

7.3 Realization of than vitro device

A device consisting of an hollow fibre filter corated with a
traditional USP apparatus Il has been used [9.filter used has the
advantage of an high surface area (about #)7 but it could be
noticed that the intestinal surface area is stibw two order of
magnitude higher than the filter's one. Howeveg ftoposed device
has to mimic the behavior of the intestinal segmestantaneously
involved in the bolus transit. Then, for this pusppthe area could be
enough if only the exchange area around the bdutaken into
account for the mass transport. Two fluids flowthe filter, the first
one (donor), simulating the intestinal contentiigh in drug content
and, passing across the fibres gives the drug ¢ostéctond fluid
(acceptor), simulating the circulatory system nibar gastrointestinal
tract. In the vessel containing the first fluid eugl formulation is
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dissolving following the release kinetic charadgci of the tablet.
The flow rates passing into the two sides of tlterfwere the same
from the two compartments but they were varied btalgse the
changing of transport coefficients. The proposedoges provided by
a recirculating system, as described in the papdgba2.3, Figure 65.

7.4 Results and discussions

Similarly to the case of Franz cell, even in trasethe first step of the
work consisted in characterizing the exchange man#r The
permeability values of two drugs studied (theophgliand diclofenac)
were evaluated at different values of flow rateulating in the filter.
First of all, a simple system consisting of a knommount of drug
dissolved in the donor vessel was analysed.

7.4.1 Experimental setup and transport parameteaduation

The experimental system could be modelled by a Ieimp
compartmental approach, depicted in Figure 100.

Donor Acceptor

L Jjpa
|

Membrane

o »

Jom Jjam

N

Figure 100. Sketch of the model: the donor, acceptoand membrane
compartments are shown with their fluxes.

The two sides are the donor compartment and theepémc
compartment. The two compartments are separatedhbyfilter
membrane, which constitutes another compartmesif.itfhe fluxes
of drug which take place are indicated by arrowgh@agraph. In these
experiments the two fluids were disposed in couaterent and the
donor fluid flowed in straight direction and thecaptor one in lateral
direction. The drug balances within the three commpents can be
written as:
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dm, _ d(v, [&,) _
dt dt

In the equation (7.9) the mass balance within thieod compartment
is reported.

_SEUDA'*'J-DM)'*'G (7-9)

Wherecy is the concentration in the donor compartmafatis the fluid
volume in the donor compartme’ijs the exchange area of the filter,
andj are the fluxesG is the generation term (mass of drug liberated in
the donor compartment for unit of time — it is zeérdhe simplest case
of study), which could be due to the release fronaldet. The two
mass fluxes, one from the donor to the acceptorpestment, and
from the donor to the membrane compartment aréenras:

: m, m
jon =POc, —c ):P[E—D——Aj (7.10)
oA . Vp, V,

Jom =KEECD —Kpd\j]—MJ (7.11)

Wherec, is the concentration in the acceptor compartmégis the fluid
volume in the donor compartment. In the fluxes egpionspP is the
permeability of the drugk an overall transport coefficient from the
donor or from the acceptor towald, the partition coefficient of the
drug between the liguid compartments and the memehrandVy is
the volume of the membrane.

The mass balance on the acceptor compartment cantten as:

dm, _ d(V, [&,)
dt dt

And the flux from the acceptor to the membrane cantmpent:

 am :KI:ECA_KP d\ﬁ;iJ (7.13)

In which my and Vi are the drug mass and the fluid volume in the
membrane compartment respectively.

= SUjpa = Jau) (7.12)

Finally, the mass balance on the last compartnmaetnbrane) can be
written:
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I Sy + ) (7.14)
dt

Once the model (the equations and their initialsy been defined, it

describes then vitro results obtained with the device used for the

mass transport. Obviously, it could describe sdveoafigurations

and systems depending on the pharmaceutical foroh @device

arrangements.

On the basis of the observed results, the beshaatiion strategy was
to make the paramet&p/Vy independent from the acceptor flow rate,
and to make the transport coefficienBsand K, directly dependent
from the mass flow rate, i.? =aV,,K =a,V,, in which V, is the
acceptor flow rate. The optimization gave the failogy results:
Kp/Vm=1.81 1/L, a; = 1.9210* L/(mL-m?), and

az = 7.0510“ L/((mL-m?).

The first type of experiments are performed workimigh a known
amount of theophylline dissolved in the donor cortrpant, and the
tests are carried out varying flow rate betweenat@ 30 mL/min.
During the mass exchange, some of the drug is edegedto the
membrane, its value is easily obtainable from asrzsance. The
concentration evolutions obtained are shown in feidud1.
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Figure 101. Theophylline concentration evolutions ni donor and acceptor
compartments varying the flow rate. Donor: full squares; Acceptor: open
circles; Mass entrapped in the membrane: full triamgles. The lines are the
model simulations (continuous = donor, dashed = aeptor, dotted = mass in the
membrane).

Comparing the three graphs it could be concluded ttre amount of
drug which is embedded in the membrane is non-adkpenon the
flow rate (being the process thermodynamically aled), and the
kinetics of the transport phenomena increases as flbw rate
increases. Similarly, the higher the flow rate, sherter the working
time to produce the membrane saturation.

7.4.2 Conventional release pattern

Once the exchange system has been characterisetkléfase pattern
of simple tablets made of HPMC and theophylline/Z%% w/w) are
evaluated both following the conventional diss@ntimethod (with
the pH step) and the new dissolution method (with pH variable).
Obviously, the system with the filter is activatedly two hours after
the beginning of test because the transport isveaatinly in the
intestine. The result of a typical test followingetconventional pH
history is shown irFigure 102, where the reference dissolution does
not take into account the exchange system.
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Figure 102. Evolutions of theophylline masses foronventional dissolution test
(full stars), in the donor vessel (full squares) ahin the acceptor vessel (open
circles). Flow rate = 20 mL/min.

The concentration in the donor compartment (whidimios the gastro
intestinal tract) does not increase further, atterfirst two hours. On
the other side, the concentration in the acceparpartment (which
mimics the gastro intestinal circulatory systenmgréases starting
from zero, as soon as the mass transfer was allgwebe intestine).
Once analyzed these results, a flow rate of 20 mrl/ifthe
intermediate one) is chosen for further experime@@ncerning the
modeling, in these experiments the generation teitime derivative of
the evolution observed in the reference, and thimaliconcentrations
are all zero. In Figure 102 also the model calcutest are reported as
curves. Even if the prediction is not very accurdtee agreement
between model and data is satisfactory, since rtbduoptimization
parameter was used at this stage. This confirmg omare that the
main phenomena have been correctly identified arahtfied.

7.4.3 Effect of the flow direction

Once developed the experimental set up and methddiaderstood
the main transport phenomena involved in the pmceiferent

configurations of the experimental set up are etalio understand
their effect on the drug exchange (i.e. flow coreat and counter-




Pag. 140 In silico andin vitro models Sara Cascone

current, donor fluid flow in lateral or straightréction). For example,
concerning the tablet of HPMC/theophylliine, the eeff of the
direction of the donor fluid flow (lateral or stghit direction) on the
exchange process.
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Figure 103. Release patterns of a theophylline tad in the case in which the
acceptor solution has a straight flow (closed symts) or a lateral flow (open
symbols) through the filter. The reference curve igshe release pattern without
the exchange system. In this graph also line guidese reported (grey = lateral
direction of the fluid rich in drug content; black = straight direction of the fluid
rich in drug content). On the right the two different layouts are shown.

The experimental data are significantly scattemedhis case, and
there are differences in the release pattern depgnuh the flow
direction. It could be noticed that the sum of dneg amount found in
the donor compartment and in the acceptor compaittsteuld be the
total amount of drug in the system. Hence, in teali case, the sum
of the two amounts should be equal to the drugaseld during the
reference experiment. Instead, it could be notiteat in one case
(closed symbols) the sum of drug found in the commpents is lower
than the drug found in the reference case. Thismifice is due to the
amount of drug which remains embedded in the filbembrane. In
the other case (open symbols) is about the sansdightly higher.
Probably, this difference is due to analytical oxperimental
procedure. Anyway, the filter is normally intendied the lateral flow
of the fluid rich in drug content and the lateralf of the fluid poor
in drug content. Hence, it is decided to assumestesence for the
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other experiments the lateral flow of the donorusoh and the
straight flow of the acceptor solution.

7.4.4 Effect of the reciprocal flow direction

The same work described above has been done ae®romg the
diclofenac behavior. Once the transport parametesse been
calculated for a simple system at constant conatmtr of diclofenac,
test which provide for the use of a tablet was fmminout. For these
tests, commercial tablets of diclofenac, surfacgen, containing 100
mg of drug, are used. Once established the flogvattvhich evaluate
the exchange (20 mL/min) and the direction of fbe/fthe influence
of the reciprocal direction of flow of the two fls is evaluated.
Hence, the release patterns are evaluated depemdlitige disposition
in co-current or counter-current of the flow direat The results are
shown in Figure 104.
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Figure 104. Comparison between the release patternsf a diclofenac
commercial tablet (DOC) using a co-current or a conter-current flow
following the conventional USP method. On the righthe two different layouts
are shown.

From the Figure 104 it could be seen that the selgaofile is not
particularly affected by the reciprocal directiohtloe flow. Hence, it
is assumed to use the co-current flow directioprevent difference in
pressure drops which can cause flow mixing or pesfeal paths.
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7.4.5 Effect of pH history

The effects both of the mass exchange and the pHewelution on
the release pattern were analyzed together to rolitkee complete
simulation of the system. The results on a comrakrciontrolled
release tablet of diclofenac are shown in the EiqU06.

0 50 1001
1 1

50 200 250 300 350 400 450 500 550 600

70

20

10

donor, conventional

**
o e

lt'o"

sl e Seleed

*

.
a="
=]

[
00,99 *

70

- 20

10

-0

® acceptor, conventional *
0 * reference * 0
1 © donor, pH history * i
O acceptor, pH history
50 * 50 A A
* 4_{ F |4_
S 40 % - 40
% D
3 30 * " L 30 D
-
Q
@

Donor lateral, Acceptor straight
co-current flow

0 50 100 150 200 250 300 350 400 450 500 550 600
Time [min]

Figure 105. Diclofenac release profile (DOC) in thedonor and acceptor
compartment following the conventional dissolution method and the pH
evolution modified. The reference is the release pfile using the conventional
method without mass exchange. On the right the layn of the experimental
device is shown.

As could be seen from the figure, the influenceaodlifferent pH
evolution on the release pattern is higher in thet fstage of
dissolution (in fact the drug amount released ighéi than those
released in the conventional case), but it losdsvaace in the
following steps. It is important to note that, whitre pH is rapidly
increased from 2.0 to 6.8 after 120 minutes, indhge of the use of
the new apparatus, the increase in the amount ug dzleased is
immediate, in the conventional case it is more gahdIt is due
probably to the fact that the coating of the talblas damaged in the
first two hours of dissolution in the new apparatushavior which is
not found if a conventional method is followed. €eming the
evaluation of the mass exchange in the two casesuld be noticed
that the amount of drug which is transferred betwdbe two
compartment is approximately the same but, obwgudghe
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concentration of drug in the intestinal side isyveifferent in the case
in which the exchange is considered and the stdnciese.

7.4.6 Release profile of an enteric fast releaddeta

The last pharmaceutical system analyzed was a cociahenteric
fast release diclofenac tablet. Also in this cdse dffect of the flow
rate on the mass exchange for the conventional bfefhod is
studied. The results are shown in Figure 106.
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Figure 106. Release patterns for enteric fast relsa diclofenac (co-current
flow). On the right the layout of the experimentaldevice is shown.

For this system the release pattern is completéfgrent. In fact,
during the first two hours of dissolution, the &thdoes not release the
drug. Reversely, when the pH of the dissolution med is
neutralized, the drug is completely released in fewwutes (reference
in Figure 106). In the case in which the mass emghas activated, it
could be seen the evolution of the donor and aocegncentrations.
After four hours the system could be consideresteddy state. Once
again, the sum of the drug amount found in the dara in the
acceptor compartment is lower than the amount m réference
condition, this is due to the fact that part of trag is embedded in
the filter.
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Chapter Eight

In vitro models:
mechanical history

In this chapter the reproduction of the
peristaltic waves along the stomach is
faced. An in vitro device able to
reproduce the contractions is designed
and realized. The release patterns of
tablets are evaluated using this device
and compared with that obtained with
the conventional one.

[145]
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8.1 Design of the gastric motility

With the aim to realize a device which could reprogl more
realistically the mechanics of the stomach, an &gipa which realize
the peristaltic waves was developed.

First of all, the element representing the stontzhito be chosen. To
allow the contractions along the stomach, the natéras to be
compressible and elastic; of course the materialtbebe chemically
inert and it has to not interact with the substanoside the stomach.
Concerning the shape of the element, the real Jesb&the stomach
is hard to be reproduced but it is necessary at legproduce the
difference in diameter between the top and theobotf the stomach.
Thus, the chosen element has to be larger at thevoich represents
the fundus of the real stomach, and narrower atbthteom, which
represents the antral part of the stomach, endirigeapylorus. The
total volume has to be about 1 liter.

Concerning the peristaltic waves, the positionhef ¢contractions has a
key role in the reproduction of the mechanical b&raof the
stomach. As described previously, the contractistast only in the
antral part of the stomach, whereas they are rielglignh the upper
part, which is only a reservoir for foods. The fieqcy of the
contraction is three waves per minute and theangfth is variable. In
fact the strength of the contraction depends orptsition: it is lower
in the body of the stomach and it increases appmegdhe pylorus.
The maximum strength is at the pyloric position.

All these features have to be taken into accourthénrealization of
thein vitro device.

8.2 Realization of than vitro device

To simulate the stomach a lattice bag, elastic,\aitld a volume of 1
liter was chosen. To ensure the right positionhef geristaltic waves,
a guide for the contraction elements was equippedhe simulated
stomach, as shown in Figure 107.




Chapter Eight. In vitro models: mechanical history Pag. 147

inlet

12 cm
1 wave ..
2 wave

3 wave L

8 cm

outlet

Figure 107. Lattice bag used for the simulation othe stomach on the left, the
guide with the contraction elements on the right.

Once identified the apparatus simulating the stdmaed the other
parts involved in the building of th@ vitro device, they have been
assembled and the final result is schematizedgarEi108.

Figure 108. Schematic of the apparatus which simutas the peristaltic waves in
the stomach.

The device is composed of an external structureM#gh has the role
to support all the components. The main componéthe device is
the lattice bag (B) described previously. This lmgonnected to a
camshatft (C) which has the role to generate thistpkic waves. In
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fact, with the rotation of the cams, the connediahrink the bag
which, locally, reduces its volume (obviously thetal volume
remains the same, so there is also the upper zbedundus) which
expands). The peristaltic waves are been considattg only in the
lower part of the stomach (the antrum) for the oeasdiscussed
above. The fact that the pyloric wave is the stestgs the reason why
the cam at the bottom of the shaft is longer tHan dthers: in that
way, when it is subjected to the rotation, it cguaestronger pressure
on the bag than the other contractions. Only thveees have been
considered to reproduce the ratio of three contmacit minute which
is realized in the reality. Each cam is rotatedl®®° respect to the
previous one to ensure the right pattern of theesa¥he shaft could
be putted in rotation by a gear motor (D). The dgpesation could
easily regulated by the voltage alimentation (E)tred motor which
could be set at the desired value.

8.3 Results and discussions

Once the device has been built, it was tested atiaty the release
pattern of a commercial tablet of diclofenac (exiesh release).
During the tests a conventional pH pattern wasoperéd, which
means that in the artificial stomach the pH is tamsand equal to 1.
Obviously the test runs only for two hours (the measidence time in
the stomach), after that the release medium wagralieed and
moved on the conventional USP device to contineeréiease test
simulating the intestinal environment.

8.3.1 Release pattern in the artificial stomach

Once the tablet was inserted into the artificiaihsach, it falls at the
bottom of the artificial stomach. To analyze the@entration of the
drug inside the stomach (and the release), sampk®mach content
were withdrawn from the bottom by a valve. Sinces iexpected that
the concentration will be not constant becausectimtractions do not
ensure perfect mixing, to evaluate the mixing powakthe realized
system samples of the content were withdrawn adsu the top of the
artificial stomach. In this way is possible to campthe concentration
of drug between the top and the bottom of thei@gifstomach. It is
clear that if the device ensures perfect mixingsatild expected a
release profile very similar to the conventionaleprwith the
concentrations equal at the top and the bottomvandlow for all the
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2 hours of the test. On the contrary, if this systdoes not ensure
perfect mixing, a different concentration is expeetween the top and
the bottom. In particularly, because of the positaf the tablet, it

could be expected that the concentration is higiheéhe bottom and
lower at the top. The typical release pattern olethiis shown in

Figure 109.
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Figure 109. Release pattern of a commercial extendlerelease tablet of
diclofenac in thein vitro device simulating the mechanics of the stomach. &h
% release is evaluated on the basis on the drug dent in the tablet.

As could be seen from the figure, the values ofceatration at the
top is lower than the values at the bottom, it nsg@iat the hypothesis
of not perfect mixing were confirmed. In the gragéo the eye guides
are reported. At the beginning of the run the cabregion at the

bottom rapidly increases starting from zero anceas® an high
amount of drug in the first 10 minutes. After thtatould be seen that
the concentration decreases at the bottom, thiavi@mhis probably

due to the fact that the drug released is dilubsdh for the effect of

mixing and the diffusion) in the dissolution mediuffhen, at the

bottom, the drug concentration continues to in@easinly for the

effect of the dissolution of the tablet. Concernthg concentration
behavior at the top of the artificial stomach,outd be seen that the
concentration starts from zero and slowly increakesg the run and
its value is very low.
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After the two hours, the content of the artificislomach was
guantitatively moved in the USP apparatus Il todate the passage
in the intestinal environment. The pH of the dissioh medium was
neutralized to a value of 6.8. The obtained relgestern is shown in
Figure 110.
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Figure 110. Release pattern of a commercial extendlerelease tablet of
diclofenac in thein vitro device simulating the mechanics of the stomach and
the intestinal environment. The % release is evaluad on the basis on the drug
content in the tablet.

In Figure 110 the dotted vertical line represehtstime at which the
dissolution medium was moved in the USP apparatxednwith a

velocity of 100 rpm. As could be seen the releassticues for the
following five hours starting from a concentratimalue which is

intermediate between the concentration releasd¢deabottom of the
artificial stomach and the concentration releasedha top of the

artificial stomach. This is due to the fact thae tkonventional

apparatus realizes a perfect mixing and the driegsed at the bottom
and at the top of the artificial stomach is imméshiauniformed.

Comparing the release pattern obtained with theéepatobtained
following a conventional method it is obtained:
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Figure 111. Comparison between the release patteof a commercial extended

release tablet of diclofenac in thén vitro device simulating the mechanics of the
stomach and the intestinal environment and in the @anventional apparatus. The

% release is evaluated on the basis on the drug dent in the tablet.

Compared with the release pattern obtained follgwithe
conventional method, the release is higher in tist fstage of
dissolution, at the bottom of the artificial storhadhis behavior is
due to the fact that the poor mixing generate @elalayer of
dissolution medium in which the drug does not di&uln the second
stage of dissolution the release obtained by ith@itro device is
higher than the conventional one. This is due &fé#tt that the tablet
is affected by higher stresses on the surface cespehe tablet used
in the conventional method. In fact, the compressibthe artificial
stomach tend toward damage the tablet becausee adhtbar close to
the tablet. On the contrary, when a tablet is ieserin the
conventional apparatus, often it falls on the butiwf the vessel and
the shear caused by the paddle does not affesuttiece of the tablet.
The damaging of the surface coating is particulaellevant in the
second stage of dissolution. In fact, when the pHhie dissolution
medium is neutralized, the drug contained in th&mer matrix is
released and, if the coating is damaged yet, #lease is faster or
immediate after the neutralization. Instead, in tbenventional
method, the effect of the pH firstly has to disgrtde the coating of
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the tablet and then has to facilitate the rele@decourse, the release
rate is particularly influenced by this aspect.

8.3.2 Effect of the frequency of the contractions

Once evaluated the effect of a different type ofing in the stomach
respect to the conventional one, the effect of itteeeasing of the
frequency of the contractions was taken into actodhus, the
frequencies of the contractions was increased vartyie alimentation
voltage of the gear motor controlling the shaftatioin speed. The
release obtained at the bottom of the artificiahsich is shown in
Figure 112.
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Figure 112. Release at the bottom of the attificialstomach varying the
frequency of the contractions. The % release is eltmted on the basis on the
drug content in the tablet.

As could be seen, the release at the bottom odutifecial stomach is
lower increasing the frequency of the contractioriss is due to the
fact that an higher mixing effect occurs and thecemtration inside
the bag is more homogeneous then the previous daséact,

increasing the mixing, the amount of drug releaseatiluted in all the
volume of dissolution medium, resulting in a wholewer

concentration, and thus a lower release. Afterttvee hours, as in the
previous case, the passage in the intestinal emwiemt was
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reproduced and the release pattern was analyzechp@og the
release patterns obtained varying the frequencypuofractions and the

conventional one:
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Figure 113. Complete release pattem varying the éguency of the contractions

compared with the conventional release. The % reles® is evaluated on the
basis on the drug content in the tablet.

As the previous case, the release pattern in tt@ndestage in higher
than the conventional one because the damaginigeofablet affects
the release rate facilitating the drug dissolution.
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Chapter Nine

In silico pharmacokinetics

In this chapter the physiologically based
pharmacokinetic model developed is
described. The influence of the
dissolution method and of the inter-
individual parameters on the model
parameters is evaluated.

[155]
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9.1 Physiologically based pharmacokinetic model

The prediction of the drug concentration in theoblp tissue, and
organs is the goal of then silico pharmacokinetic modeling. A
physiologically based pharmacokinetic (PBPK) mogeéviously

developed [45] was refined and applied to reprodarce predict the
plasmatic concentrations of drugs for several casetudy.

First of all, the model used could be schematizedhe following
compartments:

dr(t)
dt . GASTROINTESTINAL LUMEN "ﬂcu(‘}"“(f_)
L Jen(t)
Cplt -
Qv el }QI.CIRCULATORY
" SYSTEM
; Qpy-Cores(t)
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LIVER 1 -Cilt)
Q- Cy(t) ! Qpra-Cp(t)
. k £1p-Co(t)-V,
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kpr-Cp(t)-Vp ! kep-Cr(t)-Vr
TISSUES

Figure 114. Schematic of then silico model.

Each block of the model represents an organ, agjssr a group of
them and the blocks are interconnecting and intieigaoetween them.
The gastrointestinal lumen could be divided furtimegastric lumen,
small intestine lumen, and large intestine lumehesé three
compartments are passed through in series if tiaenpdceutical form
is administered orally. Thus, the model is compo$sd seven

compartments: gastric lumen, small intestine lumarge intestine
lumen, circulatory system around the gastrointastiomen, liver,

plasma, and tissue. The liver compartment takes adcount the
metabolization due to the hepatic functions of bloely, the plasma
compartment takes into account the behavior oflahgely perfused
tissue and organs, and the tissue compartment talesccount the
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behavior of the scarcely perfused tissue and orgéms continuous
arrows represent the mass flow rates between thpadments. The
dashed arrows represent the drug inlets after asimation by

intravenous or oral route: in the case of intravenmjection (i.i.), the

only dashed arrow which needs to be considerelais éntering the
plasma compartment, while, in the case of oralagdion (0.a.), the
dashed arrows which need to be considered are thosging the
gastric (from ingestion to gastric emptying), tmeadl intestine (from

gastric emptying to small intestine emptying), dhd large intestine
(from small intestine emptying to large intestinmpdying) lumen.

The PBPK model consists of the mass balance emqsatim the

compartments and of the initial conditions whicle aecessary for
solving them. The assumption made in doing massnbak are that
the blocks can be likened to continuous stirrecttora and that the
mechanism of drug transport across biological mamdés (such as
the gastrointestinal walls and the blood vesselisis the passive
diffusion. The equation describing the system are:

t
% :G(t)Bd:jtﬂ—JG|L(t)—kELG|L(t)D°G|L(t) 9.1)
d t
VG|CSJCG$S() = Qpy [&p(t) Bd;g = Qpv Lgics(t) + 9.2)
+JgL(t) + IgiL(t) + Iy (V)
v, dClét(t) =Qpv [Egics(t) + Qua [Ep (1) = (Quv +CLy ) [ () (9.3)
d
PD%(O =Qpy L& (1) + kyper (1) W + (9.4)
—(QHa * Qpy +kpt Vp + kg p Wp) LEp (1)
der (t
VTDCTT() =kpriep (t) Wp —kyper () Ny (9.5)

In which the first equation represents the massanzal inside the
gastrointestinal compartment, the equation (9.pyesents the mass
balance inside the gastrointestinal circulatorytays the equation
(9.3) represents the mass balance inside the doprpartment, the
equation (9.4) represents the mass balance indde plasma
compartment, the equation (9.5) represents the bedasce inside the
tissue compartment. In the following table the sgiahused in the
mass balances with the description and the measitseare reported.
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Table 22. Description of the symbols reported in th mass balances.

- Measure
Symbol  Description units
Time evolution of the drug contents in the gastestinal
AciL(t) T kg
G(t) time function which activates the drug releasemythe i
transit of the pharmaceutical form in the gasuimén
r(t) time evolution of theén vitro measured drug release kg
time evolution of the mass flow rate of the druglanged
Ja(t)  between the gastrointestinal lumen and the gaseistinal kg - s
circulatory system
KeLaiL kinetic constant of elimination (metabolism andreton) s?
time evolution of the drug contents (masses) in the
AciL(t) ; : kg
gastrointestinal lumen
Vaics physical volume of the gastrointestinal circulateygtem m®
Corcs(t) time evolution of the drug concentration in the kg -
ICs gastrointestinal circulatory system 9
Qpv blood volumetric flow rates of the portal vein m? . &t
cp(t) time evolution of the drug concentration in thespia kg -rit
time evolution of the mass flow rate of the drugleanged
Jsi(t)  between the small intestine lumen and the gasastinal kg - s
circulatory system
time evolution of the mass flow rate of the druglanged
JuL(t)  between the large intestine lumen and the gasestingl kg - s
circulatory system
A physical volume of the liver m’
QHa blood volumetric flow rates of hepatic artery 3 et
Qnv blood volumetric flow rates of the hepatic vein m?. &t
Clu hepatic clearance kg -m?®
CL(b) time evolution of the drug concentration in theetiv kg -m?*
Vp distribution volume of the plasma compartment m
K mass transfer coefficient from tissues compartr@nt gl
™ plasma
Cr(1) time evolution of the drug concentration in theuiss kg -
V1 distribution volume of the tissues compartment m?
Kpr mass transfer coefficient from plasma to tissues 1 s
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This model has been developed [45] to obtain aigtied tool with a
limited number of parameters. The model has bedmatad by
comparison with experimental data from literatune several case
histories: the intravenous administration of zintfage in rats, the oral
administration of theophylline and of diltiazemhaomans.

9.2 Influence of dissolution method

9.2.1 Influence of pH history

The in vitro results obtained using the device able to repredhe

chemical history in the gastrointestinal tract, amgbarticular the pH
history, were subsequently used to buildiarsilico model able to
take into account the pH changes experienced bygahce ingested
[71].

As described previously, the model needs an inpuumction to
describe the drug administration kinetic$) is the time evolution of
thein vitro measured drug release. The derivative ofithétro drug
release has to be used as forcing function in tleeeh Then, the
experimental data obtained using ftimevitro device (see paragraph
6.2) have to be fitted to obtain continuous funttiwhich can be
differentiate. Both the release kinetic obtainedthg conventional
method and by the novel technique have been fityethe following

equations:
all-exd-bt—t )| t<t”

rt) = . . (9.6)
cll—expg—dOt-t,)[| t>t

In which t" represents the time in which the pharmaceuticah fo

remains in the gastric environment (minutes),b,c,d, t,, andt,

are parameters which have to be fitted. The funcparameters for

both the conventional and the novel dissolutiommégue are reported
in Table 23. The function is plotted in Figure 115.
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Table 23. Function parameters for the equation fiting the release kinetic both
for the conventional dissolution method (fn(t) ) and for the novel dissolution
method (rmoq(t) ).

Function Parametel Value Parametel Value
a 12.03 mg d 0.00 min'
Feony () b 0.02 min* t, 0 min
C 116.48 mg t, 51.28 min
a 18.61 mg d 0.10 min'
Frmod (1) b 0.09 min* t -0.66 min
C 74.45 mg t, 124.60 min
0 60 120 180 240 300 360
100 1 1 1 1 1 1 1 1 1 1 1 1 1 100
90 - - 90
80 - - 80
70 - 70
60 - - 60
O\O 4
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0 60 120 180 240 300 360
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Figure 115. Fitting of the release patterns of a diofenac tablet obtained with
the conventional dissolution method i experimental data; continuous curve:
fitting) and with the pH history (o experimental data; dotted line: fitting).

Once identified the function describing the timeletion of thein

vitro drug release, the input function of the model,chtonsists of
the release profile derivative, is known. To useithsilico model, it
is necessary to know model parameters used toibleskbe diclofenac
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pharmacokinetics. With the purpose to evaluateetlpegameters, the
model is used to fit an experimental plasma evotunf diclofenac
after oral administration of a 50 mg dose [91]. EBxperimental data
and the model prediction after parameters optinanaare plotted in
Figure 116.

Concentration [ng mL"]

Time [h]

Figure 116. Plasma profile of diclofenac after orahdministration of a 50 mg
dose [91]. Symbols are experimental data, line id¢ model prediction after
parameter optimization.

The model parameters used to describe the diclofena
pharmacokinetics obtained are reported in Table I184this case
history the pharmacokinetic parameters have beersidered not
variable with the inter-individual parameters.
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Table 24. The model parameters used to describe thaliclofenac
pharmacokinetics obtained.

Parameter Value Parameter Value
teL 2h KacL 0s?
toL 9h KasiL 4.79-10°s!
A 1.5-10° m* KeLsiL 1.17-10's?
Qpv 1.6310° m® s? KeLaL 0s!?
Qua 0.5410° m*s’ Vr 152-16m°
Qnv 2.17-10° m’s? \ 0.10 nt
CiH 1.65-10° m*s? Vaics 9.96-10°m’

Raics 6.67 Ve 0.1-10°m°

Once obtained the parameters, the model is ablsinmlate the
plasma concentration starting from timevitro release profiles. The
model results are shown in Figure 117.

o 1 2 3 4 5 6 7 8 9

i | 1 1 1 L | 1 1 1 L |
6200 ] 6200
B000 4 - - - === - mmmmm oo - 6000
T, 5800 255800
E 12004 . L 1200
o ] B I
£ 1000 P L 1000
5 ] Do [
= 800 Do - 800
1] 4 : . L
s ] : g i
c 600 : " 600
(7] ! : 3 L
g J . L
& 400+ : 400
o ] : i
200 L 200
0 Lo
T T T T v T T T T

Time [h]

Figure 117. The plasma profiles obtainable: if thereal in vitro release kinetics
would be the one observed using the conventional sdblution method (the
continuous line), and if the realin vitro release kinetics would be the one
observed using the novel apparatus (the dotted lije The horizontal dashed
lines represent the minimum effective concentratior(the lower one, [92]) and
the minimum toxic concentration (the higher one, [8]), therefore they identify
the therapeutic window.
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It should be noticed that both profiles are cordgdim the therapeutic
window, which is represented by horizontal dashedsl in Figure
117, even if the profiles shapes are very differdfdgllowing the
conventional method, an almost constant plasmailgnsf obtained
and the drug concentration remains in the therap&ihdow for a
long time. Analyzing this profile, it should be aimded that the
pharmaceutical dosage form is very effective far tontrolled oral
release and the rate of drug entering in bloodisstant. In spite of
these consideration, if the vitro release kinetics used as input for the
model consists of the dissolution profile obtairfetlowing the real
pH evolution experienced by the pharmaceutical faime simulated
plasma profile is completely different. It could beticed that the
maximum concentration of the drug in the bloodixstsnes higher
and the drug remains over the minimum effectivecemtration for a
shorter period. Thus, the differences between thsotlition profiles
are reflected and amplified in the plasma concéotrs.

Once more, the availability of the modified dissmlo technique,
together with the pharmacokinetic model, suggesksat ta
pharmaceutical form, designed to fulfill the regaients imposed by
USP testing methods, in a real system would showorapletely
different behavior. The dissolution under a vamapH causes a large
release in the gastric environment and a fast seléa the intestine,
and this dissolution kinetics should cause an gatied and higher
maximum plasma concentration (with respect to éxaected if thén
vitro release kinetics would be the one observed damgSP test),
and a faster exit from the therapeutic window.

9.2.2 Influence of mass transport

The results obtained using the device which sineglathe mass
transport across the intestinal wall were used tonpare the
concentration profile in the gastrointestinal tragproducedn vitro

with the concentration profile predictéd silico by the model. With
reference to an enteric fast release tablet ofofinhc (paragraph
7.4.6), the gastrointestinal concentration profii@s evaluated taking
into account the mass transport of the drug betweernntestine and
the circulatory system. Of course also the refezeratease pattern
was evaluated: the release from the tablet wasiated following the
conventional dissolution method and the mass tahsgas not taken
into account. Thus, if the conventional releasetgpatis used as
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forcing function by the model, théen silico simulation has to
reproduce the gastrointestinal concentration gofihe comparison
between the predictech silico concentration and the reproduded
vitro one is shown in Figure 118.
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Figure 118. Comparison between the gastrointestinatoncentration profile
reproducedin vitro (on the left) and simulatedn silico (on the right).

As could be seen, the gastrointestinal release ttaemd concentration)
shows the same qualitatively pattern. In fact,dbecentration is zero
in the first two hours (in the stomach the drugnist released),
increases instantaneously to the maximum within feinutes after
the passage in the intestine (the tablet is comlgletestroyed), and
starts to decrease due to the effect of exchangth whe
gastrointestinal circulatory system. It has to &membered that in the
model simulation the gastrointestinal circulatopgtem compartment
is almost drug free due to the effect of the hepelgarance, on the
contrary, the acceptor compartment in time vitro experiments
increases its concentration while the exchangeapgpéning. This is
the reason why the two pattern could not be quevgly the same.

9.3 Influence of inter-individual parameters

The previously developed model was improved to take account
the different metabolic responses which differambjscts can have.
Particularly, the model was modified to simulatee tldifferent

absorption of a drug (verapamil) depending on the @and gender of
the subject. Verapamil is a drug frequently usedtlie treatment of
hypertension, angina, and arrhythmias. The modslwezd to fit the
in vivo data collected by Gupta et al. [94]. In this waitke drug is
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administered orally in a racemic mixture of tworngers: R-verapamil
(which is almost inactive) and S-verapamil (which the active
isomer). Tablets of a controlled release gastretimal therapeutic
system containing 180 mg of verapamil were admangst to the
subjects. Because of a racemic mixture of the tammiers was
administered, it was considered during the modelihgt the
administration was of 90 mg of S-verapamil and 99 of R-
verapamil. The experimental plasma concentratiafilps were taken
from young and elderly subjects, each group cowddflrthermore
divided in male and female subjects. As describeslipusly, the
model needs for the simulation @m vitro dissolution kinetic. This
kinetic was taken by literature, from the work afrKet al. [95]. The
released mass fraction versus time is reportedginr& 119.
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Figure 119.1n vitro release kinetic of verapamil [95].

The experimental data have been fitted’=R998) to obtain the
verapamil release kinetio vitro. This function has been used in the
model as forcing function.

The selected active molecule has a feature: dahegnetabolization,
the drug is subjected to a degradation (oxidateaethylation) and it
forms the molecule called norverapamil [96]. Thiggkhdation
happens both in the gastrointestinal tract and ha liver. The
formation of the intermediate metabolite has tadlen into account
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in the model. Therefore, the equation set of thelehevas changed
and a disappearance rate was added in the sdtevédtial equations
describing the fate of verapamil. On the other haadterm of
formation rate was added in the set of differerg@iation describing
the fate of norverapamil. The modified set of egumatvas reported.

Verapamil
% =G(t) BC% = Jaiv () —KeLgiv(®) Aoy (1) +

©.7)
—IneiL Myy
d t F(t
VGICS]M =Qpv LEpy (1) Bw - Qpv LEgicsv(t) +
dt o 9.8)
+JgLv () +Igy® + Iy ()
dc, v (t
Vi ;\:( ) = Qpv Egicsv(t) + Qua [Epy (1) + 9.9)
—(Quv *+*Cly)Lepy () —rye My
dc t
PD%() =Qnyv [y (1) + krp@Ty (1) VT + (9.10)
~(QHa * Qpy +kpr Wp + kg p Vp) [Epy (1)
dery (t
VTD%() =kpriepy (t) Vp — kypery (1) Vr (9.11)

In which ryg. andry are the formation rates of norverapamil in the
gastrointestinal lumen and in the liver compartmesgpectivelyMyy

is the molecular weight of verapamil. This set qtiations has to be
written for each molecule in the body. Of courddled equations and
their initial conditions have to be resolved sirankously.

Norverapamil

% =G(t) B(% ~Join () —keLgin () PAein (1) + (9.12)
~I'ngit Myn
d
VG|csN3CG'%N(t) =Qpy [Epy (1) B(% ~Qpy [Egicsn(t) + (9.13)

+Jgn () +Ign® + I ()
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depy (1)

Vi ot Qpv Egicsn(t) + Qua Epy (1) + 9.14)
—(Quyv +Cly) e N (1) —rne My
dc t
VPD%() =Qnv e N () + Kkyprn (1) IV + (9.15)
~(Qua +Qpy tkpr Wp + kg p Vp) [Ep(t)
deryy (t
VTD%() =kprepn (D) Wp —kypern (1) Vr (9.16)

In which ryg. andry are the formation rates of norverapamil in the
gastrointestinal lumen and in the liver compartmesgpectively My
is the molecular weight of norverapamil.

The norverapamil formation rate has been assumea M&haelis-
Menten kinetic. This kinetic describes the formatrate for reaction
catalyzed by enzymes varying the concentratiorub§sate.

— VMAX [[ S] (9-17:
Vuax IS the maximum reaction rate which is realized mvhbe
substrate [S] saturates all the enzyme in solutigns the Michaelis-
Menten constant, it is the substrate concentrattomhich the reaction

rate is the half of the maximum one. The valuesheke parameters
are shown in [97].

Table 25. Michaelis-Menten kinetics parameters.

VMAX kM [S]
Compartment 3 3
[mol/skg] [mol/m”] [kg/m~]
Gastrointestinal tract 5.0510° 0.041 Awn/VE
liver 3.3110°¢ 0.03 Gv

The substrate concentrations are exactly the vaerhgancentrations
in gastrointestinal tract and liver, it means tihaty are the differential
equation solutions.

This set of 10 differential equations has to betemifor each isomer.




Pag. 168 In silico andin vitro models Sara Cascone

9.3.1 Model simulations

The in silico model has been used to fit the experimental data
(plasmatic concentrations of the molecules) changithe
pharmacokinetic parameters. The results are repdde the four
molecules (S and R-verapamil, S and R-norverapamnit) the four
groups of subjects (young and elderly, male and afejnand
compared with the experimental data. The blue gtenare the
experimental data, the continuous lines are theaisichulation.

Concerning the S-isomer, the results are:
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Figure 120. Plasma concentration of S-verapamil (f§ and S-norverapamil
(right) for elderly females (EF).
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Figure 121. Plasma concentration of S-verapamil (f§ and S-norverapamil
(right) for elderly males (EM).

It could be seen that the plasma concentrationhef $-isomer is
higher in the elderly females than in the elderigles. Among of the
two isomers, the concentrations are comparable pféeiction of the
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model are acceptable in these cases. Little impioats there are in
the case of S-verapamil for the elderly females.
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Figure 122. Plasma concentration of S-verapamil (f§ and S-norverapamil
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(right) for young females (YF).
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Figure 123. Plasma concentration of S-verapamil (f§ and S-norverapamil

(right) for young males (YM).

In these cases the concentrations of norverapaendate higher than
those of verapamil. The model simulation fit suéfi@ly the
experimental data.

Concerning the R-isomer, the results are:
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Figure 124. Plasma concentration of R-verapamil () and R-norverapamil
(right) for elderly females (EF).
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Figure 125. Plasma concentration of R-verapamil () and R-norverapamil
(right) for elderly males (EM).

In the case of R-isomer the concentrations areehitfian the case of
S-isomer. The model prediction are satisfactory thet end of the
curve which is not correctly predicted.
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Figure 126. Plasma concentration of R-verapamil () and R-norverapamil
(right) for young females (YF).
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Figure 127. Plasma concentration of R-verapamil () and R-norverapamil
(right) for young males (YM).
To test the reliability of the model and its apabdity to the
experimental data, the pharmacokinetic parametérthe data and
those resulting from the model were compared. Tésults are

reported in the following tables.
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Table 26. Area under curve of the experimental dateand of the model for
verapamil and norverapamil (S-isomer). The error isreported.

AUCy AUCy (Rv)* (Ry)*

exp 2.641CF 4.401CF

S-EF mod 2.561¢F 4.321¢F 0.89 0.96
err -3% -2%
exp 1.281CF 3.0510°

S-YF mod 1.310° 2.761¢F 0.89 0.98
err 1.56% -9.5%
exp 1.4210° 2.971CF

S-EM mod 1.391¢F 2.6910 0.91 0.97
err -2% 9%
exp 6.5310 2.0310°

S-YM mod 7.131C0° 1.9510 0.81 0.97
err 9.2% -3.84%

Table 27. Pharmacokinetic parameters of the experiental data and of the
model for verapamil and norverapamil (S-isomer). Tke error is reported.

tmax,v tmaxN Crmaxy CimaxN
exp 11 12 50 64
S-EF mod 10 11 49.65 65.28
err -9% 8.3% -0.7% 2%
exp 10 10 30 46
S-YF mod 6 10.42 30.11 46.85
err -4.0% 4.2% 0.36% 1.8%
exp 10 12 25 40
S-EM mod 10.48 11.63 25.26 39.85
err 4.8% -3.08% 1% 0.38%
exp 11 11 18 32
S-YM mod 10 10.98 17.43 31.94
err 9.1% -0.18% 3.16 0.2%
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The same comparison was done per the R-isomer.

Table 28. Area under curve of the experimental dateand of the model for
verapamil and norverapamil (R-isomer). The error isreported.

AUCv AUCN (Rv)? (Rn)2

exp 1.07-107 1.3-107

e mod 1.02-107 1.3-107 0.96 0.93
err -4.7%
exp 6.6-106 9.4-106

R-YF mod 6:106 9.12-10¢ 0.93 091
err -9% -2.98%
exp 6.46-106 8.46:10¢

R-EM mod 6.21-106 8.04-10¢ 0.93 0.96
err -3.87% -4.96%
exp 3.94-106 6.04:106

R-YM mod 3.89:106 5.58:106 0.89 0.99
err -1.27% -7.62%

Table 29. Pharmacokinetic parameters of the experiental data and of the
model for verapamil and norverapamil (R-isomer). Tte error is reported.

tmax,v tmaxN Crmaxy CmaxN
exp 10 11 177 167
R-EF mod 9.72 10.26 17794 166.01
err -2.8% -6.69% 0.53% -0.59%
exp 10 10 129 137
R-YF mod 9.22 9.33 129.56 138.16
err -7.8% -6.75% 0.43% 0.85%
exp 10 10 110 108
R-EM mod 9.65 10.66 10845 107.6
err -3.5% 6.66% -1.41% -0.37%
exp 10 11 82 93
R-YM mod 9.58 11.31 82.02 94.31
err -4.17% 2.82% 0.02% 1.41%
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In all the cases the error between the experimaetallts and the
model predictions is less than 10%. It could bectated that the
model could be used satisfactorily for the simalagi of verapamil
and norverapamil plasma concentrations.

9.3.2 Model parameters

As mentioned above, the model parameters are swtes number
respect to the previously version of the model bsea the
norverapamil formation kinetic has been taken axtoount. After the
simulation of all the experimental data set, thedelgparameters for
both the S and the R-isomer of verapamil and napamil were
compared. Obviously, this match was done for @ldlass of subject:
elderly males and females and young males and ésm@he results
are shown in term of histograms.

7 74 S-Verapamil S-Norverapamil - 7

R-Verapamil R-Norverapamil

EF YF EM YM EF YF EM YM EF YF EM YM EF YF EM YM

Figure 128. Hepatic clearance of verapamil and noerapamil for all the groups
of subjects.

It could be seen that R-verapamil is removed frova lblood easier
than S-verapamil. Moreover, it is clear than tiverliof young people
removes the drug easier than the liver of eldeelyge.




Chapter Nine. In silico pharmacokinetics Pag. 175

55 - — 55 55 55
R-Verapamil Norverapamil S-Verapamil S-Norverapamil
50 I 50 504 I 50
45 45 45 45
40 40 40 40
_. 35 35 35 35
@, 30 30 "0, 30 30
s <
S 254 25 9 25 25
2 204 20 220 20
¥ x
15 15 15 15
104 10 104 10
5 5 54 . - . 5
0- -0 0- -0
EF YF EM YM EF YF EM YM EF YF EM YM EF YF EM YM

Figure 129. Absorption kinetic constant in the larg intestine of verapamil and
norverapamil for all the groups of subjects.

It could be seen that males absorb the drug ire lergstine more than
three times faster than the females. Moreover,paral is absorbed
easier than norverapamil in almost all the cases.

[N
[
[
B
[N
[
[
B

R-Verapamil R-Norverapamil S-Verapamil S-Norverapamil

[N
o
1

=
o
[N
o

L
=
o

.10 [s 7]

ASIL

K
4 -1
K '10 [s7]

o P N W N U O N O ©
O P N W D U O N O ©
o P N W N U O N O ©

94
8-
74
6.
5
4
3.
2.
14
0-

EF YF EM YM EF YF EM YM EF YF EM YM EF YF EM YM

Figure 130. Absorption kinetic constant in the larg intestine of verapamil and
norverapamil for all the groups of subjects.

Concerning the absorption in the large intestires differences
between males and females are not so marked las précedent case.
In general, it could be said that the absorptiore#t of the R-isomers
is faster than the S-isomers.
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Figure 131. Elimination kinetic constant in the lage intestine of verapamil and
norverapamil for all the groups of subjects.

The S-isomers are eliminated faster than the R-asspparticularly
from elderly female.

R-Verapamil - i S-Verapamil
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Figure 132. Elimination kinetic constant in the plsma of verapamil and
norverapamil for all the groups of subjects.

The plasma elimination rate is faster for youngjects and slower for
elderly subjects.
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Figure 133. Elimination kinetic constant in the smé intestine of verapamil and

norverapamil for all the groups of subjects

The S-isomer is eliminated faster than the R-isorivéareover, no
changes in the elimination rate could be appretisaenong the

different groups of subjects.
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Figure 134. Plasma volume for R-isomer (left) and-&omer (right).

The plasma volume takes into account also the ptage of the
protein-bounded drug. This feature makes possitde tivo different

plasma volumes are calculated for the R and S-isaniecould be

seen that the volume is smaller in the elderly actisjthan the young
ones. Moreover, males have a bigger plasma volharefemales.
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Chapter Ten

Conclusions

In this chapter the conclusions of the
work are illustrated. The future
perspectives of the research are
proposed.

[179]
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10.1 Conclusions

During these activitiesjn vitro and in silico models have been
developed to model and predict the phenomena iedoin the drug
assumption.

Concerning thén vitro models, a device able to reproduce a given pH
history in the gastrointestinal tract has been Ibgesl. The device is
able to measure the pH of the dissolution mediud) by the use of a
dedicated software, to adjust its value to follovged point pattern.
The device is completely automatized and could $eluo reproduce
the real pH history experienced by the drug in gastrointestinal
tract. Conventional release patterns of severatrpaeeuticals have
been evaluated and compared with the release pathtained if the
real pH history is followed. The main result ob&nis that the
release patterns are completely different and, artiqular, it was
demonstrated that a pH higher in the first stagdisgolution (as the
real one) could influence significantly the releapattern and
undesired behavior could be obtained.

Once the chemical history has been reproducedmiigs transport
across the intestinal wall has been faced. Usinigadiow fibers filter
in which two fluids flow, one simulating the intestl content and the
other simulating the blood flow, the drug excharggstudied. Firstly
the permeability of the drug and the mass exchaatgevarying the
flow rate of the fluids are investigated. The reepatterns of various
systems considering the mass exchange and the rdooma USP
dissolution method are analyzed. The concentration®oth the
vessels (donor and acceptor compartments) are agdluand
compared with the release pattern obtained acaprawth the
conventional method. Then, the effect of mass eaxghawas
combined with the effect of the pH real history atié release
patterns are evaluated. It has been observed hHieainfluence of a
different pH evolution on the release pattern ghbr in the first stage
of dissolution but it loose relevance in the follog stage. When the
pH is rapidly increased, in the case of the usthefnew apparatus,
the increase in the amount of drug release is inatedin the
conventional case it is more gradual. On the contthe amount of
drug which is transferred between the two compartmes
approximately the same between the two methods.

The final step has been consisted on the repraduct the gastric
motility. The main component of the device was dn#ficial stomach
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connected to a camshatft which has the role to genéne peristaltic
waves. In fact, with the rotation of the cams, to@nections shrink
the stomach which, locally, reduces its volume. tBg use of this
device which better reproduce the human physioldbg, release
patterns of commercial tablet have been evaluateddcampared with
the conventional one. The device built has founteaable to better
reproduce the poor mixing of the stomach. Moreotke release
pattern was found to be influenced by the differanting. In fact, the
reproduced contractions damage significantly thetaaffecting the
dissolution rate.

Concerning the in silico models, a physiologically based
pharmacokinetic model has been used to simulatéatkeof a drug
once it has been administered. The model was coedpbg seven
differential equations and their initial conditioresch representing the
mass balance of one compartment, which has theaakescribe the
human body. The equations have to be solved simadiasly and
describe the concentrations of a drug in each campat. To be
effective, the model needs of an vitro dissolution function which
describe the dissolution kinetic of a tablet anchdéteds a limited
number of parameters. The model has been usedmolate the
plasmatic concentration of diclofenac using thevitro dissolution
patterns obtained by the new device. Once obtdinedralues of the
parameters by fitting the plasmatic concentratibdiclofenac (taken
by literature), the model is able to simulate théasmatic
concentration in the case in which the conventialssolution pattern
is followed or a pH history is experienced by th@apnaceutical form.
Comparing the plasmatic concentrations obtainethbytwo methods,
it was noted that the profiles are qualitativelyd aguantitatively
different which means that the plasmatic conceotratis very
different in the reality from the expected one.

Once developed the method to reproduce the masspod in the
intestine, a conventional release pattern has hesad as forcing
function to compare the gastrointestinal concepotmabbtainedin

vitro (simulating the mass exchange) with the one preojctthe
model. The two patterns were very similar, meartimat the main
transport phenomena have been identified and diyrreproduce by
both of the two approaches.

Finally, the model was refined to take into accoalsb the effect of
the inter-individual parameters on the pharmacdkinparameters.




Pag. 182 In silico andin vitro models Sara Cascone

The experimental data of the plasmatic concentraifaa drug (S- and
R-verapamil and their metabolites) were taken frierature for

different groups of subjects, divided on the basetle age and
gender. Because of the kinetic of drug metabobratin the

gastrointestinal tract and in the liver, the ecquadiof the model have
been modified to take into account the simultanepresence of
different molecules (drug and its main metabolitesjhe body. The
model has been used to fit the concentration vahoelifying the

model parameters. Then, the parameter values wamgared to
evaluate the effect of the gender and age.

To sum up, both thim vitro and then silico tools have been used in
conjunction to reproduce and model the phenomewalved in the
drug assumptions.

10.2 Future perspectives

The future perspectives of this work are addressea more realistic
and careful reproduction of the phenomena whicle tallace in the
human body after drug assumption.

Concerning the mass transport reproduction, aftersimulation of
the mass transport across the intestinal wall, gtencleaning and
metabolization functions of the liver should beeakinto account.
This means to add another compartment in the mgaeullating the
liver) which continuously cleans the compartmenndating the
gastrointestinal circulatory system from the driige model will be
constituted by three different compartments thatherge drug
simultaneously. Concerning the peristaltic wavegraduction, it
could be useful, after the realization of the dev&mulating the
contractions, to reproduce exactly the same stneafithe waves and
the same reduction in volume between the artifisiamach and the
real one. Measuring the drug content in all theipos of the stomach
along its length it could useful to understandrtiieing mechanisms.

Once realized all the components of the reprodincedan body, all
the parts have to be connected between them ine@atingle device
able to reproduce the entire pattern from the stbmnta the liver of
drugs.

Concerning thén silico model, the model could be refined taking into
account the presence of the inter-individual patamnsein the model
equation. It could be possible making the pharmaetk parameters
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dependent on the inter-individual parameters &ige., gender, or body
mass). Despite the number of parameters will beeased, it has to be
considered that the model become predictive udeful subjective
therapy.
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