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La cornacchia e la brocca 

Una cornacchia, mezza morta di sete, 
trovò una brocca che una volta era stata 
piena d'acqua. Ma quando infilò il becco 
nella brocca si accorse che vi era 
rimasto soltanto un pò d'acqua sul 
fondo. Provò e riprovò, ma inutilmente, 
e alla fine fu presa da disperazione. 
Le venne un'idea e, preso un sasso, lo 
gettò nella brocca. 

Poi prese un altro sasso e lo gettò nella 
brocca. 

Poi prese un altro sasso e lo gettò nella 
brocca. 

Ne prese un altro e gettò anche questo 
nella brocca.  

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

"A poco a poco si arriva a tutto." 

 

Esopo 

 

  



 

 

 



 

 [I] 

Table of contents 

Table of contents .....................................................................I 

Figures Index......................................................................... V 

Tables Index ..................................................................... XIII 

Abstract ............................................................................... XV 

Publication List .................................................................XIX 

Introduction............................................................................ 1 

1.1 Anatomy of the gastrointestinal tract _________________ 2 

1.1.1 The stomach 2 

1.1.2 The small intestine 5 

1.1.3 The colon 7 

1.2 Dissolution and absorption ________________________ 8 

1.3 Pharmacokinetic modeling _______________________ 11 

State of the art –  in vitro and in silico models ................ 15 

2.1 USP apparatuses _______________________________ 16 

2.2 Non USP apparatuses ___________________________ 21 

2.2.1 The Sartorius absorption model 21 

2.2.2 In vitro simulation of gastric digestion 22 

2.2.3 A multicompartmental model simulating the stomach and small 
intestine 23 

2.2.4 Simulated biological dissolution and absorption system 26 

2.2.5 Three staged gastrointestinal model 28 

2.2.6 Use of hollow fiber to simulate the intestinal absorption 30 



Pag. II In silico and in vitro models Sara Cascone 

 

2.2.7 Dissolution test apparatus by Garbacz et al. 31 

2.2.8 Stirring device for dissolution testing 33 

2.3 Gastric motility ________________________________ 34 

2.4 Pharmacokinetic models__________________________ 40 

2.4.1 The first whole body physiologically based pharmacokinetic 
model 40 

2.4.2 The simplified model inspired by Jain et al. 42 

2.4.3 Compartment Absorption and Transit model 43 

2.4.4 Advanced Compartmental Absorption and Transit model 43 

2.4.5 The Advanced Dissolution, Absorption and Metabolism model 44 

2.4.6 Physiologically Based PharmacoKinetic model 46 

2.4.7 Other physiologically based models 47 

State of the art –  Absorption models............................... 49 
3.1 Absorption models ______________________________ 50 

3.1.1 Absorption prediction from theory 50 

3.1.2 In vitro methods for absorption predictions 52 

3.1.3 Animal perfusion studies 68 

3.2.4 Human perfusion studies 75 

Aims ....................................................................................... 79 

4.1 Aims of the thesis_______________________________ 80 

Materials and methods ....................................................... 81 

5.1 Materials _____________________________________ 82 

5.1.1 Active molecules 82 

5.1.2 Polymers 88 

5.1.3 Dissolution media 89 

5.1.4 Membranes 90 

5.2 Methods ______________________________________ 90 

5.2.1 Tablet preparation 90 

5.2.2 Dissolution methods 90 

5.2.3 Transport phenomena studies 92 



Front Matter.  Pag. III 

 

5.2.4 Analytical methods 95 

In vitro models: chemical history .................................... 101 
6.1 pH and temperature control ______________________ 102 

6.2 Results and discussions _________________________ 105 

6.2.1 Conventional release patterns 105 

6.2.2 Novel release patterns 107 

In vitro models: mass transport ....................................... 115 
7.1 Permeability studies ___________________________ 116 

7.2 Design of an exchange system ____________________ 127 

7.3 Realization of the in vitro device __________________ 134 

7.4 Results and discussions _________________________ 135 

7.4.1 Experimental setup and transport parameters evaluation 135 

7.4.2 Conventional release pattern 138 

7.4.3 Effect of the flow direction 139 

7.4.4 Effect of the reciprocal flow direction 141 

7.4.5 Effect of pH history 142 

7.4.6 Release profile of an enteric fast release tablet 143 

In vitro models: mechanical history ................................ 145 

8.1 Design of the gastric motility_____________________ 146 

8.2 Realization of the in vitro device __________________ 146 

8.3 Results and discussions _________________________ 148 

8.3.1 Release pattern in the artificial stomach 148 

8.3.2 Effect of the frequency of the contractions 152 

In silico pharmacokinetics................................................ 155 

9.1 Physiologically based pharmacokinetic model ________ 156 

9.2 Influence of dissolution method ___________________ 159 

9.2.1 Influence of pH history 159 

9.2.2 Influence of mass transport 163 



Pag. IV In silico and in vitro models Sara Cascone 

 

9.3 Influence of inter-individual parameters _____________ 164 

9.3.1 Model simulations 168 

9.3.2 Model parameters 174 

Conclusions ........................................................................ 179 

10.1 Conclusions _________________________________ 180 

10.2 Future perspectives____________________________ 182 

References........................................................................... 185 

Short curriculum ............................................................... 195 

 



 

 [V] 

Figures Index 

Figure 1. Stomach physiology. ........................................................................................ 3 

Figure 2. Gastrointestinal tract physiology..................................................................... 5 

Figure 3. BCS substances classification in term of solubility and permeability. .......10 

Figure 4. USP apparatus 1 (basket apparatus). .............................................................16 

Figure 5. USP apparatus 2 (paddle method). ................................................................17 

Figure 6. USP apparatus 3 (reciprocating cylinder). ....................................................18 

Figure 7. USP apparatus 4 (flow – through cell)..........................................................19 

Figure 8. USP apparatuses 5 and 6 (paddle over disc and rotating cylinder, 
respectively)....................................................................................................................20 

Figure 9. USP apparatus 7 (reciprocating disk). ..........................................................20 

Figure 10. Schematization of the sartorius Absorption Model....................................21 

Figure 11. Sartorius dissolution model. a) plastic syringe, b) timer, c) safety 
lock, d) cable connector, e) silicon tubes, f) silicon O-rings, g) metal filter, h) 
polyacril reaction vessel.................................................................................................22 

Figure 12. pH decrease during in vitro gastric digestion of milk. n = number of 
experiments. A) 143 mM HCl, 1.5 mL/min, constant shaking; B) 143 mM HCl, 
2.0 mL/min, constant shaking; C) 143 mM HCl, 2.0 mL/min, irregular stirring; 
D) 286 mM HCl, 3.0 mL/min, regular stirring. ............................................................23 

Figure 13. In vitro model developed by Minekus et al. a) gastric compartment; 
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; l, m) pH electrodes; n, o) syringe 
pumps; p) hollow fibre device. ......................................................................................24 

Figure 14. Simulation of the peristaltic waves in the Minekus model. 1) unit 2, 
3) pressure chamber; 4) intermediate piece; 5) flexible wall; 6) space between 
rigid and flexible wall; 8, 9, 10, 11) connectors [20]. ..................................................25 

Figure 15. Simulated biological dissolution and absorption system by Tam and 
Anderson. ........................................................................................................................27 

Figure 16. First stage (the fundus) of the Wickham and Faulks model. .....................29 



Pag. VI In silico and in vitro models Sara Cascone 

 

Figure 17. Second stage (the antrum) of the Wickham and Faulks model. The 
movement of the piston simulates the high shear stress of the stomach bottom 
part. ................................................................................................................................. 30 

Figure 18. Elevation view of the Rozga and Demetriou artificial gut........................ 31 

Figure 19. Schematic representation of dissolution stress test device developed 
by Gabacz et al. .............................................................................................................. 32 

Figure 20. Front view of the vessel with stirrer bar and beads when no stirring is 
applied. ........................................................................................................................... 33 

Figure 21. The stomach geometry reconstructed by the use of MRIs [33]. ............... 35 

Figure 22. (a) Predicted gastric flow velocity vectors at one time instant, (b) 
Instantaneous streamlines, (c) Flow velocity along the z-axis shown in (a), 
plotted at 1 s intervals. The filled curve on the right is the maximum retropulsive 
flow velocity through the contractions as a function of time. The dotted line 
follows the propagation of the distal contraction in space–time [33]......................... 36 

Figure 23. Effect of viscosity on the formation of the retropulsive-jet like 
motion and eddy structures [35].................................................................................... 37 

Figure 24. Streamlines of the fluid flow within the stomach’s middle plane. b) 
Newtonian fluid with viscosity of 1 Pa·s; c) Shear thinning fluid (k = 0.233 Pa·s, 
n = 0.59) [36].................................................................................................................. 38 

Figure 25. Predicted versus experimental velocity profiles along a horizontal 
line [35]........................................................................................................................... 40 

Figure 26. Schematization of the Jain absorption model. ........................................... 41 

Figure 27. Algorithm employed for whole body PBPK model reduction.................. 42 

Figure 28. ACAT model schematic. ............................................................................. 44 

Figure 29. Kinetic processes within each intestinal segmento f the ADAM  
model. ............................................................................................................................. 45 

Figure 30. Schematic reproduction of the model proposed by Di Muria et al. .......... 46 

Figure 31. Physicochemical properties affecting intestinal absorption [10]. ............. 50 

Figure 32. Correlation of oral availabilities in humans and measured uptake in 
vitro in everted intestinal rings [10].............................................................................. 53 

Figure 33. The Sweetana-Grass diffusion cell. The tissue is mounted between 
two acrylic half-cells. Buffer is circulated by gas lift.................................................. 54 

Figure 34. Original Ussing chamber. The half cells with thermostated water 
jacket, gas lift, and potential diffedrence and current electoredes are shown. ........... 55 

Figure 35. Caco-2 cell monolayer cultured on polycarbonate filter [10]. .................. 56 

Figure 36. Transepithelial electrical resistance (■) and mannitol flux (○) as 
indices of monolayer integrity [10]. ............................................................................. 57 



Front Matter.  Pag. VII 

 

Figure 37. Relation of solute permeability of several substances across Caco-2 
monolayer and human large intestinal tissue................................................................58 

Figure 38. Comparison between percent absorbed in humans and permeability 
across Caco-2 cell monolayer for several molecules. ..................................................59 

Figure 39. Correlation between apparent permeability of Caco-2 e MDCK for  
actively transported compounds (□), passively transported compounds (♦), and 
efflux substrates (○) [54]. ..............................................................................................60 

Figure 40. Total Amount of Pgp (Human + Canine) in several subpopulation of 
MDCK cells (RRCK, MDCKII-WT and MDCKII-MDR1Cells)[55]. .......................61 

Figure 41. Relationships between FA and permeability coefficients (□) obtained 
in 2/4/A1 (A) and Caco-2 (B).  Data from the human jejunum in vivo (■). The 
squares represent sparingly absorbed (FA 0–20%), intermediately absorbed (FA 
20–80%) and completely absorbed (80–100%) drugs after oral administration to 
humans [56]. ...................................................................................................................62 

Figure 42. Permeability versus moleculare weight of PEG oligomers for 
different cell lines. (□) 2/4/A1 cells, (■) Caco-2 cells, (∆) MDCKII cells, (▲) 
human intestine [57].......................................................................................................64 

Figure 43. Porosities constituted by large pores (grey) and small pores (black) in 
MDCKII, Caco-2, 2/4/A1 cell lines and human intestine [57]....................................65 

Figure 44. Cross section of PAMPA sandwich assembly [59]. ..................................66 

Figure 45. Absorption in humans versus PAMPA flux at pH 6.5 (a) and 7.4 (b) 
[58]. .................................................................................................................................66 

Figure 46. (A) GI-tract absorption of 32 drugs versus hexadecane membrane 
(HDM) log Pe at pH 6.8. (B) GI-tract absorption of 32 drugs versus hexadecane 
membrane log Pe at pH range 4-8 [60]. .........................................................................67 

Figure 47. Plot of permeability vs. dose number (Do) obtained by PAMPA and 
HTSA, respectively [61]. ...............................................................................................68 

Figure 48. Schematic of the membrane transport barriers across the intestinal 
epithelium during a perfusion of the intestinal lumen [10]. ........................................69 

Figure 49. Schematic of an in situ perfusion technique [52], R = reservoir,  P = 
pump................................................................................................................................69 

Figure 50. Different perfusion flow patterns: (a) oscillating perfusion,  (b) 
recirculating perfusion, (c) single pass perfusion, (d) ligated intestinal loop.............70 

Figure 51. Correlation between oral absorption in humans and the permeability 
coefficients in vascularly perfused rat intestine [63]. ..................................................71 

Figure 52. Schematic illustration of the vascularly perfused rat intestinal 
preparation and the perfusion apparatus. A pair of mesenteric vessels supplying 
an intestinal segment (or the superior mesenteric artery and portal vein) were 
cannulated [52]. ..............................................................................................................72 



Pag. VIII In silico and in vitro models Sara Cascone 

 

Figure 53. Schematic diagram of intestinal vascular perfusion without 
obstruction of mesenteric or portal blood flow [52]. ................................................... 73 

Figure 54. Schematic illustration of the vascularly perfused rat intestinal-liver 
preparation and the perfusion apparatus [52]. .............................................................. 74 

Figure 55. The multichannel tube system with double balloons enabling 
segmental jejunal perfusion in man [64]. ..................................................................... 76 

Figure 56. Schematic of the Loc-I-Gut perfusion technique [64]............................... 77 

Figure 57. The effective permeability of various drugs evaluated using CaCO-2 
monolayer, rat jejunal segment in Ussing chamber, the perfused rat jejunum, 
and the human jejunum [10].......................................................................................... 78 

Figure 58. Theophylline structure. ................................................................................ 82 

Figure 59. Diclofenac structure..................................................................................... 83 

Figure 60. Propranolol structure. .................................................................................. 84 

Figure 61. Vitamin B12 structure. ................................................................................ 86 

Figure 62. Bovine Serum Albumin structure. .............................................................. 87 

Figure 63. HPMC chemical structure. .......................................................................... 88 

Figure 64. Schematic of a Franz cell. ........................................................................... 92 

Figure 65. Schematic of the exchange system: A=Acceptor compartment, 
D=Donor compartment, F=Filter. ................................................................................. 94 

Figure 66. Example of spectra collected and subtracted. ............................................ 96 

Figure 67. Typical chromatogram of a theophylline solution in pH 6.8 phosphate 
buffer. The dotted curve is the baseline of the peak. ................................................... 97 

Figure 68. Relation between the concentration and the integral values for a 
theophylline solution in pH 6.8 phosphate buffer........................................................ 98 

Figure 69. Relation between the concentration and the integral values for a 
diclofenac solution in pH 6.8 phosphate buffer. .......................................................... 99 

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, then the environment was neutralized..... 103 

Figure 71. pH set point evolution in the gastrointestinal tract and pH reproduced 
with the new device. .................................................................................................... 104 

Figure 72. Release pattern of HPMC/theophylline tablet obtained following the 
conventional method. The dashed vertical line represents the time of 
neutralization (120 min). ............................................................................................. 105 

Figure 73. Release pattern of a commercial diclofenac tablet (EG). The dashed 
vertical line represents the time of neutralization (120 min). ................................... 106 

Figure 74. Comparison between the release patterns of diclofenac in a matrix of 
an enteric co-polymer synthetized in our labs (triangles) and in a commercial 



Front Matter.  Pag. IX 

 

tablet (squares). The dashed vertical line represents the time of neutralization 
(120 min).......................................................................................................................107 

Figure 75. Release pattern of a HPMC/theophylline tablet following the real pH 
history. The dashed vertical line represents the time of neutralization (120 min). ..108 

Figure 76. Release patterns of HPMC/theophylline tablets using conventional 
(■) and new (□) dissolution method............................................................................108 

Figure 77. Release patterns of HPMC/theophylline tablets using conventional 
(■) and new (□) dissolution methods, first stage of dissolution. The dashed 
vertical line represents the time of neutralization (120 min). ....................................109 

Figure 78. Release pattern of a commercial diclofenac tablet (EG) submitted to a 
pH history. ....................................................................................................................110 

Figure 79. Release pattern of a commercial diclofenac tablet (EG) according 
with the conventional dissolution method (USP) and with the new device. ............110 

Figure 80. Comparison between the release patterns of diclofenac in a matrix of 
an enteric co-polymer synthetized in  our labs obtained with the conventional 
dissolution method (▲) and with the pH history (∆).................................................112 

Figure 81. Release pattern of an enteric coated, fast release commercial tablet of 
diclofenac following the conventional USP method (black squares) or the 
modified release patter (empty circles). The vertical line represent the time at 
which the medium is neutralized. ................................................................................113 

Figure 82. Thophylline concentrations profile in the donor (cD) and in the 
acceptor (cA) compartments. ........................................................................................116 

Figure 83. Logarithm of the concentration differences versus time for 
theophylline. The dotted line represent the linear fitting of the experimental 
data. ...............................................................................................................................118 

Figure 84. Predicted concentration profiles compared with the experimental 
value. .............................................................................................................................119 

Figure 85. Logarithm of the concentration differences versus time for 
diclofenac. The dotted line represent the linear fitting of the experimental data. ....120 

Figure 86. Diclofenac concentrations profile in the donor (cD) and in the 
acceptor (cA) compartments. The lines in figure are the model curve. .....................120 

Figure 87. Logarithm of the concentration differences versus time for 
propranolol. The dotted line represent the linear fitting of the experimental data. ..121 

Figure 88. Propranolol concentrations profile in the donor (cD) and in the 
acceptor (cA) compartments. The lines in figure are the model curve. .....................122 

Figure 89. Logarithm of the concentration differences versus time for vitamin 
B12. The dotted line represent the linear fitting of the experimental data. ..............123 

Figure 90. Vitamin B12 concentrations profile in the donor (cD) and in the 
acceptor (cA) compartments. The lines in figure are the model curve. .....................123 



Pag. X In silico and in vitro models Sara Cascone 

 

Figure 91. Logarithm of the concentration differences versus time for BSA. The 
dotted line represent the linear fitting of the experimental data. .............................. 124 

Figure 92. BSA concentrations profile in the donor (cD) and in the acceptor (cA) 
compartments. The lines in figure are the model curve. ........................................... 125 

Figure 93. Comparison between in vivo and measured permeability (the upper 
graph) and dependence of in vitro permeability from the stokes radius of the 
molecules. a = -0.067; b = 0.378; R2 = 0.891. ........................................................... 126 

Figure 94. The two parts of the mass exchanger in which the artificial 
membrane is inserted. .................................................................................................. 128 

Figure 95. The assembled mass exchanger and the flow pattern.............................. 129 

Figure 96. Geometry of the mass exchanger implemented in Comsol..................... 130 

Figure 97. Mesh used for the fluid dynamic simulation............................................ 130 

Figure 98. Velocity field into the mass exchanger (blood side). .............................. 132 

Figure 99. Velocity field into the mass exchanger (intestinal side). ........................ 133 

Figure 100. Sketch of the model: the donor, acceptor and membrane 
compartments are shown with their fluxes. ................................................................ 135 

Figure 101. Theophylline concentration evolutions in donor and acceptor 
compartments varying the flow rate. Donor: full squares; Acceptor: open circles; 
Mass entrapped in the membrane: full triangles. The lines are the model 
simulations (continuous = donor, dashed = acceptor, dotted = mass in the 
membrane). ................................................................................................................... 138 

Figure 102. Evolutions of theophylline masses for conventional dissolution test 
(full stars), in the donor vessel (full squares) and in the acceptor vessel (open 
circles). Flow rate = 20 mL/min. ................................................................................ 139 

Figure 103. Release patterns of a theophylline tablet in the case in which the 
acceptor solution has a straight flow (closed symbols) or a lateral flow (open 
symbols) through the filter. The reference curve is the release pattern without 
the exchange system. In this graph also line guides are 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. ................. 140 

Figure 104. Comparison between the release patterns of a diclofenac 
commercial tablet (DOC) using a co-current or a counter-current flow following 
the conventional USP method. On the right the two different layouts are shown... 141 

Figure 105. Diclofenac release profile (DOC) in the donor and acceptor 
compartment following the conventional dissolution method and the pH 
evolution modified. The reference is the release profile using the conventional 
method without mass exchange. On the right the layout of the experimental 
device is shown. ........................................................................................................... 142 

Figure 106. Release patterns for enteric fast release diclofenac (co-current flow). 
On the right the layout of the experimental device is shown. ................................... 143 



Front Matter.  Pag. XI 

 

Figure 107. Lattice bag used for the simulation of the stomach on the left, the 
guide with the contraction elements on the right. ......................................................147 

Figure 108. Schematic of the apparatus which simulates the peristaltic waves in 
the stomach. ..................................................................................................................147 

Figure 109. Release pattern of a commercial extended release tablet of 
diclofenac in the in vitro device simulating the mechanics of the stomach. The 
% release is evaluated on the basis on the drug content in the tablet. ......................149 

Figure 110. Release pattern of a commercial extended release tablet of 
diclofenac in the in vitro device simulating the mechanics of the stomach and 
the intestinal environment. The % release is evaluated on the basis on the drug 
content in the tablet. .....................................................................................................150 

Figure 111. Comparison between the release pattern of a commercial extended 
release tablet of diclofenac in the in vitro device simulating the mechanics of the 
stomach and the intestinal environment and in the conventional apparatus. The 
% release is evaluated on the basis on the drug content in the tablet. ......................151 

Figure 112. Release at the bottom of the artificial stomach varying the frequency 
of the contractions. The % release is evaluated on the basis on the drug content 
in the tablet. ..................................................................................................................152 

Figure 113. Complete release pattern varying the frequency of the contractions 
compared with the conventional release. The % release is evaluated on the basis 
on the drug content in the tablet. .................................................................................153 

Figure 114. Schematic of the in silico model. ............................................................156 

Figure 115. Fitting of the release patterns of a diclofenac tablet obtained with 
the conventional dissolution method (■ experimental data; continuous curve: 

fitting) and with the pH history (□ experimental data; dotted line: fitting). .............160 

Figure 116. Plasma profile of diclofenac after oral administration of a 50 mg 
dose [91]. Symbols are experimental data, line is the model prediction after 
parameter optimization. ...............................................................................................161 

Figure 117. The plasma profiles obtainable: if the real in vitro release kinetics 
would be the one observed using the conventional dissolution method (the 
continuous line), and if the real in vitro release kinetics would be the one 
observed using the novel apparatus (the dotted line). The horizontal dashed lines 
represent the minimum effective concentration (the lower one, [92]) and the 
minimum toxic concentration (the higher one, [93]), therefore they identify the 
therapeutic window. .....................................................................................................162 

Figure 118. Comparison between the gastrointestinal concentration profile 
reproduced in vitro (on the left) and simulated in silico (on the right). ....................164 

Figure 119. In vitro release kinetic of verapamil [95]. ..............................................165 

Figure 120. Plasma concentration of S-verapamil (left) and S-norverapamil 
(right) for elderly females (EF). ..................................................................................168 



Pag. XII In silico and in vitro models Sara Cascone 

 

Figure 121. Plasma concentration of S-verapamil (left) and S-norverapamil 
(right) for elderly males (EM). .................................................................................... 168 

Figure 122. Plasma concentration of S-verapamil (left) and S-norverapamil 
(right) for young females (YF).................................................................................... 169 

Figure 123. Plasma concentration of S-verapamil (left) and S-norverapamil 
(right) for young males (YM). .................................................................................... 169 

Figure 124. Plasma concentration of R-verapamil (left) and R-norverapamil 
(right) for elderly females (EF). .................................................................................. 170 

Figure 125. Plasma concentration of R-verapamil (left) and R-norverapamil 
(right) for elderly males (EM). .................................................................................... 170 

Figure 126. Plasma concentration of R-verapamil (left) and R-norverapamil 
(right) for young females (YF).................................................................................... 171 

Figure 127. Plasma concentration of R-verapamil (left) and R-norverapamil 
(right) for young males (YM). .................................................................................... 171 

Figure 128. Hepatic clearance of verapamil and norverapamil for all the groups 
of subjects. .................................................................................................................... 174 

Figure 129. Absorption kinetic constant in the large intestine of verapamil and 
norverapamil for all the groups of subjects. ............................................................... 175 

Figure 130. Absorption kinetic constant in the large intestine of verapamil and 
norverapamil for all the groups of subjects. ............................................................... 175 

Figure 131. Elimination kinetic constant in the large intestine of verapamil and 
norverapamil for all the groups of subjects. ............................................................... 176 

Figure 132. Elimination kinetic constant in the plasma of verapamil and 
norverapamil for all the groups of subjects. ............................................................... 176 

Figure 133. Elimination kinetic constant in the small intestine of verapamil and 
norverapamil for all the groups of subjects ................................................................ 177 

Figure 134. Plasma volume for R-isomer (left) and S-isomer (right). ..................... 177 



 

 [XIII] 

Tables Index 

Table 1. Factors influencing bioavailability [10]. .......................................................... 9 

Table 2. Chemical, physical and pharmacokinetic data of theophylline. ...................83 

Table 3. Chemical, physical and pharmacokinetic data of diclofenac sodium. .........84 

Table 4. Chemical, physical and pharmacokinetic data of propranolol......................85 

Table 5. Chemical, physical and pharmacokinetic data of vitamin B12. ...................87 

Table 6. Chemical and physical data of BSA. ..............................................................88 

Table 7. Characteristics of the hollow fiber filter. .......................................................90 

Table 8. Franz cell dimensions. .....................................................................................92 

Table 9. Active molecules and their wavelengths studied with the Franz cell...........93 

Table 10. HPLC method to detect theophylline. ..........................................................97 

Table 11. HPLC method to detect diclofenac...............................................................98 

Table 12. Theophylline concentrations versus time...................................................117 

Table 13. Diclofenac concentrations versus time.......................................................119 

Table 14. Propranolol concentrations versus time. ....................................................121 

Table 15. Vitamin B12 concentrations versus time. ..................................................122 

Table 16. BSA concentrations versus time. ................................................................124 

Table 17. In vitro and in vivo permeability of several molecules. ............................125 

Table 18. Physical characteristic of the blood in the portal vein. .............................131 

Table 19. Physical and fluid dynamic characteristics of the portal vein [87], 
[88]. ...............................................................................................................................131 

Table 20. Physical characteristics of the intestinal content. ......................................132 

Table 21. Physical and fluid dynamic characteristics of the small intestine. ...........133 

Table 22. Description of the symbols reported in the mass balances. ......................158 



Pag. XIV In silico and in vitro models Sara Cascone 

 

Table 23. Function parameters for the equation fitting the release kinetic both 
for the conventional dissolution method ( rconv(t) ) and for the novel dissolution 
method ( rmod(t) ). ......................................................................................................... 160 

Table 24. The model parameters used to describe the diclofenac 
pharmacokinetics obtained. ......................................................................................... 162 

Table 25. Michaelis-Menten kinetics parameters. ..................................................... 167 

Table 26. Area under curve of the experimental data and of the model for 
verapamil and norverapamil (S-isomer). The error is reported. ............................... 172 

Table 27. Pharmacokinetic parameters of the experimental data and of the 
model for verapamil and norverapamil (S-isomer). The error is reported. .............. 172 

Table 28. Area under curve of the experimental data and of the model for 
verapamil and norverapamil (R-isomer). The error is reported. ............................... 173 

Table 29. Pharmacokinetic parameters of the experimental data and of the 
model for verapamil and norverapamil (R-isomer). The error is reported............... 173 



 

 [XV] 

Abstract 

One of the aims of the thesis was to design and realize an in vitro 
device able to reproduce the gastrointestinal behavior. 

To reproduce the temperature and pH history an USP apparatus II 
coupled with a control system was used. The temperature was kept 
constant using the USP apparatus, a pH probe was inserted in the 
dissolution medium to measure the pH. The measured pH was 
compared (by a software) with a set point. Proportionally at the mean 
error, a quantity of an acidic or basic solution was inserted, by pumps, 
in the dissolution medium adjusting the pH at the desired value. Using 
the real pH history of the gastrointestinal tract, which provide a 
decrease in the pH value from 4.8 to about 2.0 during the first two 
hours of dissolution, and then an increase to 6.8, the release pattern 
from tablets was evaluated. The release patterns of these tablets 
obtained with the new device were compared with those obtained 
using the conventional method (which provides a pH 1 during the first 
two hours of dissolution, and then the neutralization at pH 6.8) and it 
was found that the drug released during the first two hours was higher 
in the case in which the real pH history was reproduced. This is due to 
the fact that the higher pH in the first stage damages the coating of the 
tablet.  

Once the chemical and thermal conditions were reproduced, the 
reproduction of the transport across the intestinal membrane was 
faced. An high throughput device which is able to reproduce 
continuously the exchange between the compartments has been 
necessary. The USP apparatus was equipped with a device composed 
by an hollow filter (which simulate the intestinal wall) and two pumps 
for the fluids simulating the intestinal content and the circulatory 
system surrounding the gastrointestinal tract content. The fluids enter 
in contact in the filter and the fluid rich in drug content (that simulates 
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the intestinal content) gives the drug to the fluid poor in drug 
(simulating the blood content). The release patterns obtained by the 
use of this device were studied and compared with those obtained 
following the conventional dissolution method. Moreover these 
release patterns obtained using the real pH evolution were coupled 
with the effect of mass exchange and compared with those obtained 
using the conventional methods. The results showed that the effect of 
the real history of pH is higher in the first stage of dissolution, than 
the effect of the mass exchange is dominant. 

The reproduction of the mechanical history of the stomach is than 
faced. The peristaltic waves were reproduced using a lattice bag 
(elastic and compressible) connected to a camshaft which, with its 
rotation ensured the contraction of the bag. The bag was shrunk by 
connectors and the right position was ensured by guides. Changing the 
rotation speed of the shaft, the frequency of the contractions could be 
adjusted. The release pattern of a commercial tablet in the new device 
was evaluated and compared with the conventional one. The results 
showed that the  non-perfect mixing of the stomach was satisfactory 
reproduced and this lead to a release pattern completely different. 
Moreover, the effect of the frequency of the contractions on the 
release pattern was evaluated.  

Second, but not secondary, aim of the thesis was to develop an in 
silico model (physiologically based) which is able to simulate the 
plasma concentration of drugs. 

The model is composed by seven compartments, which simulate the 
human organ, tissue, or a group of them. The compartments are 
interconnected between them and seven differential equations (with 
their initial conditions) describe their behavior. Once the parameter 
are obtained (by fitting or in literature), using an in vitro release 
pattern, the model is able to simulate the concentrations in all the 
compartments, including the plasma compartment. 

The plasma concentration are simulated both in the case in which the 
new release pattern (with the real pH history) is used as input, and the 
case in which the conventional one is used. The results show that in 
the real case the plasma concentration is very different both in value 
and in shape than the expected. 

The model then was used to simulate the fate of several molecules 
simultaneously in the human body (i.e. if a racemic mixture is 
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administered or if the drug is metabolized to another molecule). The 
system of differential equations is expanded to describe the fate of 
each molecule. Then, the physiological parameters, such as gender 
and age, were integrated in the model; in this way, the dependence of 
the model parameter on the physiological parameter was evaluated. 

Finally, the gastrointestinal concentration simulated with the in silico 
model was successfully compared with the drug concentration 
measured with the in vitro model. It could be concluded that the 
combined approach which uses the in vitro and the in silico models is 
a powerful tool in the pharmacokinetic studies. 
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