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e dello scambio di materia
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“Il silenzio del rumore
delle valvole a pressione

I cilindri del calore
serbatoi di produzione

Anche il tuo spazio € su misura
Non hai forza per tentare

di cambiare il tuo avvenire

per paura di scoprire

liberta che non vuoi avere

Ti sei mai chiesto quale funzione hai?

...quale funzione hai ti sei mai chiesto
per paura di scoprire liberta...”

Franco Battiato, “Il silenzio del rumore”
Pollution (1972)
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Abstract

In this work a device simulating the release of drugs within the
gastrointestinal tract and the exchange of matter from pharmaceutical
formulations through the intestinal wall has been designed and
realized.

Three pharmaceutical system of increasing complexity were studied: a
controlled release system composed by theophylline 25% and HPMC
75%, a pharmaceutical gastro-resistant system Diclofenac DOC 100
mg and the immediate release gastro-resistant tablets Voltaren ® 50
mg with diclofenac as active principle.

Conventionally the controlled release from pharmaceutical matrices is
tested using an USP II apparatus in which during the first two hours
the pharmaceutical formulation is placed in a solution at pH 1,
physiological pH within the stomach. After the two hours, the solution
is neutralized to the pH value of 6.8, the physiological pH of the
intestine.

The experimental tests using the device have been structuring in two
steps. In the first two-hour step, an USP II apparatus containing a pH
1 solution simulates the controlled release of drug from the
pharmaceutical system in the human stomach. After the two hours, the
average residence time within the stomach, the hollow fiber filter
simulating the mass exchange through the intestinal wall from the
intestine content to the circulatory system is activated and the pH of
the dissolution medium is increased rapidly to 6.8. From the donor
compartment, simulating the intestinal lumen, rich in active principle,
the fluid passes through the hollow fiber membrane of the filter into
the acceptor compartment simulating blood vessels. Thus the acceptor
compartment enriches of drug during the experiment.

The experimental tests were conducted by varying an operating
parameter at time to assess the effect on the mass exchange. The

[IX]
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results show that for both the pharmaceutical systems with
theophylline and diclofenac, the configuration of the mass exchange,
co-current or counter-current, does not affect the exchange itself.
Instead the volumetric flow rate of fluids affects the mass exchange.
In particular increasing the volumetric flow rate, the mass exchange is
faster. The same result has been obtained for both the pharmaceutical
systems with theophylline and HPMC that for the pharmaceutical
system Voltaren ® 50 mg.

Finally, it has been developed a mathematical model to predict the
controlled release throughout the gastrointestinal tract for the overall
duration of the experimental tests. The mathematical model consists of
the mass balance equations that describe the physical phenomena
involved. The parameters in the mathematical model are obtained by
fitting the experimental data obtained from exchange tests
characterized by fixed concentrations of drug within the compartment
donor, for both drugs. Once calculated the parameters needed for the
model, its validity was tested using experimental tests examined. The
mathematical model developed predicts accurately the evolution of the
masses for both the pharmaceutical systems with theophylline and
diclofenac. Regarding the pharmaceutical system Voltaren ® 50 mg,
the model does not predict accurately the experimental tests probably
because other aspects have to be taken into account: the presence of
excipients could affect the exchange parameters.

The future goal will be to optimize the mathematical model so that it
can predict also more complex controlled release pharmaceutical
forms. Besides in the thesis has not been taken into account that in real
physiology, some drugs is subtracted from the circulatory system to be
metabolized and cleared by the liver. Thus it should be considered a
subtractive term from acceptor compartment. The full aim of the
research being to find valid correlations between in vitro and in silico
models to limit the amount of in vivo experiments.
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The analysis of 3 plarmaceuiical system's Tate afier iis oral
administration is 2 widely investigated field of study. A momiser
ol apparabuses hawe been developerd to simulite what happens to
3 tablet once swallowed: several of them have been approved and
dified by phammacopoeias, some of them ane 50l under mesti-
paticm amd their use is not widespread | Cascone ed al, 3011 Grassi
tal, 2011} Thenmal, chemical, bological, and Nuid-dynamic his-
tories have bo be carefully reproduced, and, to our knowledge, an
ajpparatus able o do this is still lacking in the laboratories 2l over
Ihe wurkd. The USP-approved apparatuses are limited o analyze
‘what happens during Ehe dissclution step, bul they are ko lmited
in the kind of dala produced, since they give only 3 measure of how
much g is releassd in the time. For example, experimental proto-
culs bo clarily what happens during the oftablels made of
hydrogels have been deweloped (Barha et al., 200004 ven based
‘on previcus work done on different sysiems (Aderno et al, 2004:
Bartia, 2005; Barta and Lamberti, 2003 ), and they were further oor-
roisoraded by theoretical works [Barba 2t al, 20000; Lamisert ot al,

and dissolution|release, the absorption i a key point for the drog
effed, and several studies are devolsd bo darily the mechanisms of
abecaption and bo relate them wilh the characterstics of the phar-
muacentical sysbems [ Kim et al, 2008: Sarma et al, 2011). There isa
strong nesd for a best abie tomimic the physiological conditions at
Ehe mandmum extent. For example, novel enderic materials [Barta
el al., 20093} and formulations | Dalmoro et al., 200225, 2010} can-
not bo be efMcently tested in conventional thus ad- oo
profoomls were developed each time they needs, and Ehis process
I not @ good scientific approach. Working with non-enteric phar-
maceutical) al has simdlar drawbacks [Barha et al,
2009¢). Maost of these protlems were ciroamyvented using in vivo
bests. Howewer, whils FDW clearty stated that "The hasic principls
in an in vivo Dicavailability study is that no unnecessary haman
resegrch should be done.” (2 1CFRGEHLES, a which oould
be easily extended io studies different than bicawallability), the
large use of animal and human tests in industry is still moeas-
Ing {Thomas, 2009 In principle, invitro and insilioo bzsts should

2011} The most g wes (o traditional apy
‘were developedin recent years, the gastro inbestinal model [T by
THO in the Metherlands {Minelus f al, 1905, 1000), and the model
ot im the UK (Wickham and Faulls, 2007, even if these shudies
staniz long time ggn, with the Sartorius abecrpion model (Siricker,
1973} In partoular, the gasiro intestinal moded and the Sartorius
absnrphion mode] fooussd on the releyvance of the ahsonption pro-
ress after the drug ol administrabion. indesd, alter swallowing

= mihor Tl & 7 P T EOEADET.
£l adekwrs: plambertemi i [ Lamberiiy

ST E-S1TE - ww om reabier© 2917 Klarvier L. All rights resereed
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in wivo bests [Carmichasd el al., 2009).

Aim of this work i bo propose and o characierize 3 simple
syshem bo be used in comnmection with a raditional USP-approved
dissolution apparabs 2, bo smulate the absorption sucha
device should be abie to iImprove the simulation of the real behuvior
of gasto-intestinal animal fract.

Thenphylline [ TF, Sigma-Aldrich, Milan, Haly) wa the selscted
drug model. Hydroxypropyl metSyicellulose [HPAC, M bhoce]
K150, Coloroon, Waress, llaly] was used 25 the controlied rebeass
excipient. Distiliad water and buffer solutions, prepared in agres-
ment with UWSF recommendations, were used as dissolution
media
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e condroliad release lablets were citained by poraders mixing
and compression of TF and HPMC. Bobh HPMC and drug pow-
ders were used as provided and shaped in cplindrical mairices
[labieis, radius 5.5 mm and thickness 2.1 mm) through povders
riming [ 25 TF, T5E HPMC) and compression sleps, using, for this
latter operation, a tabisting machine [Specac PRE000, squipped
with fat-faced punches, dameler 12 mm and with 3 Carver Prass].
Implementing 3 Inading force of 5048 kept for 5 min

The dsclution bests were ed using an USP_approved
dissolubion apparatus 2 [ATTSmart, Solax, Allschwil, Swizerland ]
The wesssls of the apparatus, themmostated i 37 °C, were used for
the dissolution of the ablels without any absmption simulation
[oonventional test]), as well as o reproduce the o ooampart-
meenis in the simulation of dissclution/ db=nrplion: one vesssl was
Intended o reprocuce the gasino intestinal lumen | called "donor™],
another wesszl waz intended o repmduce the gasim inbestinal
ciroulatory system [called "acrepior©]. The physiclogical coumer-
paris of the donor compartment are the sinmach and the mestine;
fior e acospior coampartment they are the mesenteric artery and
the partal vein. The Tuid in the domor ompartment was pamped
through the “dialysis Rukd compartmenit™ of an hollow fbers Al
ter (Fhylther LF 17 50, Belicn, Mirandola (MO}, Ialy). The Alter
exchange area isof 1.7 m?, the fibers, mare of polyphenylens [FFEL
have an inside diameder of 200 pm and a wall thicimess of 35 pm
The filier has been selected with the of mimiddng not
a single organ, but a pari of the intestinal wall. Permeability and
exchange area, unknown before the experimentation reparied in
Ehe present vwork, will be used o estabilich 3 cosmparison 'with real
physiological tissues. In principle, the set-up propased mould e
used in the mimicking of other organs like kidneys, (oo, the key
point being the estimation of transport properties, possible wsing
themodel and the tschnique propossd in this work. The fuid in the
acrepior mmpartment was also pumped Ehrough the Alter [bicod
side™). A schematic of the set-up is drawn in Fig. 1, graph () &
given Hmes, small amount {1 mL) of both Muids wene sampled and
assayed by HFLC Tor thecphylline.

In a first set of tests [experiment "2%}, ihe domor compart mend
wiaz flled with a solution of thenphylling 21 kmown Concemnirbom,
the accephor compartment being flled with a 7.4 pH buffer solution
bo simulate the biood. bn 3 seoomnd et of testx [2xperiment “b™), fhe
donor compartment and arelerencewessel initially contains 750mlL
of an add solution, o mimic the gasirc snviromment, in which at
the time rem ome condrofied rejease Qbisd (25T TF, 75T HPWC]
For each wessel was added. After 2 h, mimicking the From
Ehe stormach o the intesting, the pH 'was raised adding 250mL ol a
phosphate salt solutson bo both the vess2is (donor and reference],
and the pumps were swibched om, allowing the start of the mass
Eransler within the flier {this protocod assumes that no sbsorption
take place in the stomach, during the frst two hours]. The acce ptor
compariment was Nlled with 1L of pH 7.4 bufTer solution, mitiaiy
drug fres.

The first set of Experiments (fype "a", detafiad in the previous:
section] were carrisd out in characteries the The domor
compartment wis Alisd with 2 theophylline solution of known oon-
centration, and the acce plor compartment with a fuid iniSally drog
free. Them, the system was operated monitoring e svolution of
drug concentrations in the fwo compartments, io investigale the
Eranspori phenomena which iake place during the test. Priorof any
analysis of the experimenial resulis, the system has bobe desoribed
muthematically, Le. 2 model of the sysbem has to be

The experimental system could be modeled by 2 simple com-
partmental approach, depicted in Fig. 1, graphi b The two sides are
the imiestingl lumen, calisd donor compartment, Jmd the gastro-
Intestinal biood system, called accephor compartment. The bwo
compariments are separated by the flker membrane, which con-
stitubes another compartment iEsell. The Muoces of drug which ke

i A (2912 155158

place are indicabed by armows in the graph. The drug balances within
the three compantments can be writien as:

%‘“:%:qﬁuuwnc
gy )
= Sl + )

I Eg [ 1}, Cp amed £y are the concentration indenor and aocepior
compartments, ¥ is the surface exchange area, and jg are the Sree
fluees (1, k being bwo of the thres compartments) also shown in
Fig. 1, graphi (). ¥y and ¥y are the Auid volumes present in donor
and acrepior compartments. £ s the generation bermi | mass of drug
liserated in the donor cosmpartment for unit ol Hme, wihich oookd
D due i e relegze from 3 abiet. The expressions for the dres

Tuees ares
o = A -G =2 (2 )
o = (oK | i)

o = - )

In Eq.{2) P is the permeabillity of the drog {Le. an overall branes-
jport coefMckent witich takes into acoount Ehe conwection in donor
and acceptor compartment, and the diffusion through the mem-
bramz], K = an overall ransport coeMckent from the donor or fnom
ithe acrepior boward the memirane (i <hould be higher than F,
since P iaies inbo aooound one resistance more than K, K, is the
partition coeMickant of the drug between the lguid compantments
and the memirame, and Vy is the volume of the membrane. These
[parameters @n be used as three optimization variables: P K, and

The tests of type "3” were perfommed working with an initial
comceniration of theopiglline in the donor compariment moughly
qual bo 1000 mg/L, and they were carmisd cat varying the "bond™
Mo rate, the values inwestigated being 10, 20 and 20 mlmin The
eyolutions of donor and acoepior TF concentration were summa-
rized in Fig. 2 (graphs (a), (b, and (]} During the mass sxchange,
zome of the dneg was embedded into the membrane, itz value being
exily obizinabie from a mass balance. Therefone, the awolutions of
the TF mass emisedded in the memirane were also reproduosd
Im the grapis of Fig. 2. In particular, the TF concentration in the
donal compartment are drasm a5 ol squares, the concendration
In the acceptor compariment 2= cpen circles, and the mass in Ehe
membrane a5 hull upward angles. As , e amount of
dnug which enters in the membrane is Now-independent [mughty
200 mgg). amd the kinelics of the transport phencmena increase
the Mo rale moregzes. Le the mncenirations of the donor and
acceptor compartments kend fo the common stationary value of
bt 400 mgf L, and the difference bebwesn them decne s belos
SOmg/L im less than 90 min working with 2 “bicod™ flow rabe of
0l min, in about 135 min werking with 20 mimin, and in more
than 210 min working with 10ml)min. Smilarty, the saturation of
the membrane [Le. the embedding of about 200mg of drug) ccoors
Im a time shorter working with ihe higher Now rade.

I the case of type "a” experimenis, from the modeling point of
wiew the generation tenm is zero and the initial concentrations are
KWL, Gy G, G = 0 amd my, = 0 Therefore, the model sguations
can be solved once suiltable parame ter's values were provided. One
way bo get such values i an optimization procedure. On e basks
of the obeensed resulls, the best oplimization siralegy wa o make
the parameter K a/Vy imdependent fnom the "blocd” Now rate, and
o maice the transpart coeMoients, Fand K directly dependent from
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the mass lowTate, L. P = &V, K = Vs, Inwhich Vi the "blood”
Now rate. Theoptimization gawe the Slowing results: Kp/Vy = 1.81
1)L, & = 182 = 10-4L{mLm?), and a;=7 05 = 10-4Lj[mLm?}. As

L P The resuli= of the model calculations were reparted
In Fig- 2 a5 curves | continuous for donor TP concentration, dashed
Tor aoceptor TF concentration, and dotied Tor TP mass embedded
in the membrane). The agreement batwesn sxperimental data and
Nited mesdel was nice, confimming that the main phenomena were
correctly idemtined and guantified.

During experimenits of bype "b” the wolume of fluld inihe vessel
changas, therefors the best way tn present the results i bo report
in a graph the masses {not the concentrations) of TF in each com-

Lraph [d) in Fig. Z shows the evolution of TF masses in
the donar {Tull squares), in the acceptor (open drcles), and in the
reference ((full slars) comparitments. I is worth bo nobe that the
datta froan the reference compartment is the only response that one
‘nibstain wsing the comventional USP 2 apparabus. In the novel appa-
ratus, which is closer io the real physiingy than the conventicnal
‘one, the conceniration in the donor oompd riment (which mimics
Iine gasiro intestinal fract) does nob increase forthes, after the first
bam howrs, Le. after the passage in the intestine. On the cther side,

E

the concentration in the acceptor compartment (which mimic e
pastro imestinal circulabory system ), Increases from zern, 25 s00m a5
Ehe mass transferwas aliowed | inthe mesting]. |t has bobe empha-
sized that the real hehaior is further influsnced by phemomena and
processes not yet simulated in the present wersion of the device:
mainly the metabolizm due o the Bwer and the clearance due io
plasma degradation. These phenomera would cause a decrease in
Ehe biocd TF concenimation.

In the case of bype "b” experimenis, from the modeling point of
view the generaticon term i the derivative ofithe evolution oheerved
im the reference vessel (Atied by 2 suitable squation and then dif-
Ferentiabed), and the mitial concenirations are allzemo, Cp=0, Gy =0
and my =1 In Fig. 2, graph {d}, also ihe moded calculations { using
Ehe parameter’s valuss obiained previously) are reported = curves
[continwous kne for the TF mass in donor compatment, dached
line for the TP mass in the aoozptor compartment, dash-dot lne
For the TF mass in the reference compariment ). Even if the predic-
Lion is not very accurabe, the agreement beraeen mods and data is
salisfactory, since no lurther optimization parameter was wsed at
Ehis stage. This conflomnes once more that the main phenomena have
been comectly identified and quantified.

;
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As expected, the dnug concentration in the donor compartment
[which mimics the intestinal lomen much better than how the oon-
wentional USF apparatus Soes) i lower than the drug concenration
in the reference vessel This means that the real concemtration val-
wes in the inbastine wil B2 lower than those measuned indissolution
apparafuses. i in these iests the Srug reaches k2vels which are oo
high [out of the therapeutic window). probably in the el body
these levels will be mot realized, then the pharmaceutical dosage
can be administered without any danger. Furthermmore, the con-
centration svolution meazured in the donor compariment ould

be effectively used a5 imput fundion in modeks,
dllreing a betier insilioo simulation of the real body.
In this work, a conventional diszoluiicn appara-

tus 2 was egquipped with an hollow fbers Alter, in order to aliow
the simuli ton of bodh the dissolubion of pharmaceuticals [ which

the gasim tractafter oral administration) and
0 the absorption {which happens through the imtestina wall). The
astTo-inbestinal lumen and thegastro intestinal circulatony sysbem
weTe reproduced by bwo the LSF apg respectively,
donor and accepior compartmenis}, the intestinal wall was repro-
duced by the fliter membrane. The Jpparatus was tesied using
snlubons of Enown drug initial conc ins-
part coeflicients, also using a simple mathematical model- then i
wias isad bo compare the release kinetics in iraditional apparatus
[reference best) willh the nowel test. The mnceniration ol dng in
the donor compariment, & expected, was found lower than that
obtained in the reference iesi This finding could be of aid in e
pharmacckinetic modeling, a5 well 25 in the design and realization
of novel pharmaceutical systems.
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“Chi é incapace di vivere in societa,

0 chi non ne ha bisogno perché basta a sé stesso,
deve essere una bestia o un dio”

-Aristotele-

La ricerca di un rapporto, ¢ la ricerca di noi stessi e di cid che non
siamo, ma vorremmo, nell’altra persona. L’esigenza di ritrovarsi nella
persona vicina si delinea dal desiderio di condivisione con I’altro. La
condivisione diventa elemento indispensabile in quanto 'uvomo ¢ un
animale intrinsecamente sociale e la cui visione della vita ¢
tendenzialmente pessimistica. Ci si ammala di solitudine ¢ la cura ¢ il
rifugio nella persona vicina a noi psicologicamente, ma al contempo
lontana da noi. Nell’altra persona ambiamo a qualcosa che non ¢
presente in noi stessi; ¢ come ’invidia di questa o quella qualita che
non ci appartiene. E perd una invidia costruttiva, che induce al
continuo auto-perfezionamento e crescita personale, mira dell’uomo
dotato di raziocinio.

Mi sono sempre circondata di persone che mi facessero bene nella
misura in cui ho appena raccontato. Ringrazio, quindi, qui di seguito,
senza un ordine particolare e senza specificare il motivo, perché non
necessario, quelle persone che con piu o meno difficolta, hanno fatto
parte pit 0 meno corposamente del mio percorso e hanno riempito
soprattutto I’esperienza universitaria che sto per lasciare.
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“Respira, respira nell'aria
Non aver paura di preoccuparti
Parti, ma non lasciarmi
Guarda intorno, scegli il tuo terreno
Per quanto vivi e in alto voli
E i sorrisi che donerai e le lacrime che verserai
E tutto cio che tocchi e tutto cio che vedi
E tutto cio che la tua vita mai sara

Corri, coniglio corri
Scava quella buca, dimentica il sole
E quando alla fine il lavoro e concluso
Non sederti, e il momento di scavarne
un‘altra
Per quanto tu viva e in alto voli
Ma solo se cavalchi la marea
E in equilibrio sull'onda piu grande
Corri verso un precoce sepolcro”

Pink Floyd, “Breathe”-The Dark Side of the Moon (1973)






