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PREFACE

“Science is built of facts the way a house is built of bricks; but an accumulation of
facts is no more science than a pile of bricks is a house.”

—Henry Poincare

The aim of this book is to provide a systematic understanding of biopharmaceu-
tical modeling. Probably, this is the first book challenging this difficult task.

Biopharmaceutical modeling demands a wide range of knowledge. We need
to understand the physical theories, the physiology of the gastrointestinal tract,
and the meaning of drug parameters. This book covers the wide range of sci-
entific topics required to appropriately perform and evaluate biopharmaceutical
modeling. In this book, oral absorption of a drug is mainly discussed. However,
the same scientific framework is applicable for other administration routes such
as nasal and pulmonary administrations.

Oral absorption of a drug is a complex process that consists of dissolution,
precipitation, intestinal wall permeation, and gastrointestinal transit. In addition,
drug metabolism can also occur in the intestinal wall and the liver before drug
molecules enter into systemic circulation.

Historically, a reductionist approach has been taken to understand the oral
absorption of a drug. Each process of oral absorption was reduced to its subpro-
cesses up to the molecular level. However, understanding each piece of the puzzle
is insufficient in understanding the whole picture of oral absorption. It is critically
important to reconstruct the whole process of oral absorption and understand the
interrelationship between each piece that comprises oral absorption of a drug.

In the field of biology, computational systems biology has been emerging
since the millennium [1]. In systems biology, the interactions between biological
molecules are investigated in both reductionist and constitutive approaches to
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understand the quantitative relationship between a disease state and each molec-
ular process. In this book, a similar approach is applied for the oral absorption
of a drug.

In the first section of this book, the whole picture of oral absorption is dis-
cussed. As the central dogma of oral drug absorption, the interplay of dissolution
rate, solubility, and permeability of a drug is discussed in a comprehensive man-
ner without using mathematics. Even though the discussion in the first section
is only a conceptual and qualitative outline, correct understanding of this central
dogma will be of great benefit for drug discovery and development. The central
dogma of oral drug absorption is the basis of the biopharmaceutical classification
system (BCS), which is widely used in drug discovery and development [2].

We then move forward to each theory that comprises the entire oral absorption
model. In this book, the entire mathematical framework is called the “gas-
trointestinal unified theoretical framework (GUT framework).” The concept of
“concentration” is first discussed in detail, as it is critically important for under-
standing biopharmaceutical modeling. Then, theories of solubility, dissolution,
precipitation, membrane permeation, and drug metabolisms are discussed. Each
theory is described based on the unified definition of drug concentration and then
incorporated into the GUT framework.

We then move forward to the physiological and drug property data that is
used for biopharmaceutical modeling. The quality of biopharmaceutical modeling
heavily relies on the quality of input data. The input data are roughly categorized
into drug property and physiological parameters. These data are reviewed from
the viewpoint of their use in biopharmaceutical modeling.

Before moving on to the discussions about practical applications of biopharma-
ceutical modeling in drug research, the validity of biopharmaceutical modeling
is critically reviewed. A step-by-step approach has been taken to validate the
biopharmaceutical modeling employing Occam’s razor as a leading principle.

As the applications of biopharmaceutical modeling in drug research, bio-
pharmaceutical classification system, dose/particle size dependency prediction,
selection of solid form and enabling formulation, food effect prediction, etc. are
then discussed.

Next, the strategy to use biopharmaceutical modeling in drug research and
regulatory application is discussed. Introduction of good simulation practice for
biopharmaceutical modeling would be an emergent issue for regulatory applica-
tion.

Many figures and tables are provided to make it easy to understand biophar-
maceutical modeling. In addition, more than 900 references are cited. I hope that
readers will enjoy reading this book and that this book will be a helpful reference
for biopharmaceutical modeling.

I would like to thank Mr. Jonathan Rose of John Wiley & Sons, Inc. for giving
me this opportunity to write a book about biopharmaceutical modeling.

I would like to thank Dr. Takashi Mano and Dr. Ravi Shanker for carefully
reading my manuscript and giving me valuable advice. They also supported the
investigation of biopharmaceutical modeling at Pfizer. I also thank Dr. Brian
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Henry, Dr. Mark McAllister, and Ms. Nicola Clear for their kind support at
Pfizer. The scientific discussion with the Pfizer biopharmaceutics group mem-
bers improved my understanding of this subject. The suggestions from Prof.
Steve Sutton, Dr. Kazuko Sagawa, and Ms. Kelly Jones about in vivo physiology
are greatly appreciated. Ms. Joanne Bennett kindly lectured me about the cell
culture models. I would like to thank Dr. Claudia da Costa Mathews, Dr. Han-
nah Pearce, Dr. Sue Mei Wong, Mr. Simon Pegg, Mr. Neil Flanagan, Mr. Mike
Cram, Mr. Unai Vivanco, Ms. Sonia Patel, and Mr. Richard Manley for investi-
gating the enabling formulations and physchem screening. I would like to thank
the Pfizer Pharmaceutical Science members for supporting and inspiring me to
pursue the sciences and practical drug research work. I would like to thank Dr.
Tomomi Mastuura for her instructions about pharmacokinetics. I would like to
thank Dr. Stefan Steyn for implementation of biopharmaceutical modeling in
early drug discovery.

Thanks also goes to the Pfizer Nagoya Pharm R&D members. Mr. Shohei Sug-
imoto, Dr. Toshiyuki Niwa, Dr. Naofumi Hashimoto, Mr. Akinori Ito, Dr. Takashi
Kojima, Mr. Omura Atsushi, and Mr. Morimichi Sato kindly taught me solid-state
chemistry and enabling formulations. I would like to thank Mr Arimich Okazaki,
Mr. Yohei Kawabata, Ms. Keiko Kako, Dr. Sumitra Tavornvipas, Ms. Akiko
Suzuki, Ms. Tomoko Matsuda, and Ms. Shiho Torii for kindly working together
toward progress of the science at the Nagoya site.

I would like to thank Dr. Ryusuke Takano of Chugai Pharm. for his excellent
works on biopharmaceutical sciences. I also would like to thank the Chugai
physicochemical and pharmacokinetics group members, especially Mr. Hirokazu
Hamada, Dr. Noriyuki Takata, Dr. Akiko Koga, Mr. Ken Goshi, Dr. Kazuya
Nakagomi, Mr. Ro Irisawa, Ms. Harumi Onoda, Dr. Hidetoshi Ushio, Dr. Yoshiki
Hayashi, Dr. Yoshiaki Nabuchi, Dr. Minoru Machida, and Dr. Ryoichi Saito. They
brought me up as an industrial scientist. I would like to thank Dr. Ken-ichi Sakai
and Mr. Kouki Obata for working with me toward progress of the sciences at
Chugai.

I would like to thank Dr. Alex Avdeef for finding a young scientist at a
rural countryside in Japan and introducing him to the world. I greatly appreciate
the kind support from the UK physicochemical scientist community, especially,
Dr. John Comer, Dr. Karl Box, Dr. Alan Hill, Dr. Nicola Colclough, Dr. Toni
Llinas, Dr. Darren Edwards, and other scientists. Their kind support made my
UK life enjoyable and fruitful. I would also like to thank Prof. Amin Rostami-
hochaghan, Dr. David Turner, Dr. Sibylle Neuhoff, and Dr. Jamai Masoud of
SimCYP. I would like to thank Prof. Per Artursson, Dr. Manfred Kansy, Dr.
Bernard Faller, Dr. Edward Kerns, and Dr. Li Di for discussions about PAMPA.
I would like to thank Dr. Lennart Lindfors for constructive discussions.

I greatly appreciate the mentorship of Prof. Katsuhide Terada and Prof. Shinji
Yamashita. I also would like to thank Dr. Makoto Kataoka and Dr. Yoshie
Masaoka for the collaboration works.
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Finally, I would like to express my greatest thanks to my wife, Hitomi. Without
her dedicated support, I could not have gone through the tough task of writing a
book like this. I sincerely dedicate this book to her.

Kiyo Sugano
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API Active pharmaceutical ingredient
A to B Apical-to-basal
BA Absolute bioavailability
BCS Biopharmaceutical classification system
B to A Basal-to-apical
CER Ceramide
CFD Computational fluid dynamics
CHO Cholesterol
CM Carrier mediated
CNT Classical nucleation theory
CSSR Critical supersaturation ratio
DDI Drug–drug interaction
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DSC Differential scanning calorimeter
DTA Differential thermal analysis
FFA Free fatty acid
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xxix



xxx LIST OF ABBREVIATIONS

MCT Medium chain triglyceride
MMC Migrating motor complex
NBE Nernst–Brunner equation
NS Navier–Stokes
PAMPA Parallel artificial membrane permeation assay
PC Phosphatidylcholine
PDE Particle drifting effect
PE Phosphatidylethanolamine
PG Phosphatidylglycerol
PI Phosphatidylinositol
PK Pharmacokinetics
PL Permeability limited
PLM Polarized light microscopy
PPS Prediction process step
PS Phosphatidylserine
PXRD Powder X-ray diffraction
RHS Right-hand side
RPM Revolution per minute
SC Stratum corneum
SEDDS Self-emulsifying drug delivery system
SITT Small intestinal transit time
SL-E Solubility–epithelial membrane permeability limited
SL-U Solubility–UWL permeability limited
SPIP Single-pass intestinal perfusion
TC Taurocholic acid
TG Thermal gravity
USP United state pharmacopeia
UWL Unstirred water layer
AH Hydrogen-donor strength
AUC Area under the curve (subscript indicates administration

route, etc.)
Ablood vessel Surface area of the blood vessel in the villi
Acc Accessibility to villi surface
CD resistance coefficient
CFSSR Steady-state reduction correction factor
CLh Hepatic clearance
CLh,int Intrinsic hepatic clearance
CLperm Permeation clearance
CLsubepithelial Permeation clearance of subepithelial space
CLtot Total clearance
CR Controlled-release function
Cactive Effective concentration for active transport
Cbile Concentration of bile acid
Cbm Concentration of bile-micelle bound drug
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Cdissolv Dissolved drug concentration
Cdissolv,ss Steady-state concentration
Cnc Number of critical cluster per volume
Cp Plasma concentration
Cpd Particle-drifting coefficient
Csubepithelial Concentration of drug in subepithelial space
Ctot Total drug concentration
Cu,z Concentration of unbound drug with charge z
Cwater Concentration of water (55.6 M)
DF Degree of flatness of intestinal tube
Dalbumin Diffusion coefficient of albumin-bound drug
Dbm Diffusion coefficient of bile-micelle-bound drug
Deff Effective diffusion coefficient
Disp Dispersion coefficient for GI transit
Dm(x) Local diffusion coefficient at position x in membrane
Dmono Diffusion coefficient of monomer drug
Dn Dissolution number
Do Dose number
Doct Octanol–water distribution coefficient
Dose Dose amount (subscript indicates administration route, etc.)
Dpaddle Paddle diameter
Dvessel Diameter of vessel
F Absolute bioavailability
Fa Fraction of a dose absorbed (subscript indicates

administration route, etc.)
FaDRL Fa for the dissolution-rate-limited cases
FaNI Fa calculated by numerical integration using the S1I7C1

model
FaPL Fa for the permeability-limited cases
FaSL Fa for the solubility-permeability-limited cases
FaSS Fa calculated with steady-state approximation
Famin. limit Minimum value of FaPL, FaSL, and FaDRL
Fasfo Fa calculated as sequential first-order processes of

dissolution and permeation
Fcn Frequency of addition of another molecule to critical cluster
Fg Fraction not metabolized in intestinal epithelial cells
Fh Fraction not metabolized in hepatic first pass
GIP Position in GI tract
Gz Graetz number
Hpaddle Height of paddle from vessel bottom
Hviili Height of villi
Jmax Maximum flux by carrier-mediated transport
Jnc Primary nucleation rate per volume per time
Jperm Permeation flux
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Ka Dissociation constant
Kbm Bile micelles–water partition coefficient
Km Michaelis–Menten constant
Korg(x) Local partition coefficient at position x in membrane
Ksc Partition coefficient into stratum corneum
Ksp Solubility product
Kw Ionic product for water
Ktransit,k First-order transition kinetic constant
L Representative length
LGI Length of GI tract
NA Avogadro number
NAPI,GI,k Number of API particle bins in GI position k
Nn Number of nuclei
Np Number of particles in one dose
PCM Carrier-mediated transcellular permeability
PE Plicate expansion
PUWL UWL permeability in the GI tract
PWC Permeability by water conveyance
Papp Apparent permeability of in vitro membrane permeation

assay
Peff Effective intestinal membrane permeability
Pep Epithelial membrane permeability
Poct Octanol–water partition coefficient
Ppara Paracellular pathway permeability
Pplicate Plicate surface permeability
Ptrans Transcellular pathway permeability
Ptrans,0 Intrinsic transcellular pathway permeability of undissociated

species
QGI Flow rate along small intestine
Qh Hepatic blood flow
Qvilli Villi blood flow
Qin Infusion rate
RGI Radius of GI tract
RK Renkin function
RMW Apparent pore radius of paracellular pathway based on MW

selectivity
RPMmin Minimum agitation speed
RSA Ratio of drug particle surface area in UWL and villi surface

area
Re Reynolds number
Rmucus Nominal pore radius of mucus layer
Rpara Apparent pore radius of the paracellular pathway
S0 Intrinsic solubility of undissociated drug
S0,rp Solubility of particles with radius rp
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S0,∞ Solubility of particles with infinitely large particle size
SAAPI Particle surface area of API
SAGI GI surface area for absorption (based on smooth tube)
SAp Surface area for one particle
SRn Steady state reduction number
Sblank Solubility in a blank buffer (without micelles)
Sc Schmitt number
Scocrystal Intrinsic solubility of cocrystal
Sdissolv Solubility in a biorelevant media (unbound + micelle

bound)
Sh Sherwood number
Shdisk Sherwood number for rotating disk
Shp Sherwood number for particle
Sh tube Sherwood number for tube
SnTsi

Saturation number at time Tsi
Snini Initial saturation number (Snini)

Ssalt Intrinsic solubility of salt
Ssurface Solubility at solid surface
TDO1 Time when drug amount remaining in small intestine gives

Do = 1
Tm Melting point (Kelvin)
Tnexss Extended steady-state duration number
U Flow speed
Ue Microeddy effect velocity
Ur Urinary excretion fraction
Urel,tot Relative flow velocity
Ut Terminal sedimentation velocity
VE Villi expansion
VGI GI fluid volume
Vc Velocity of intestinal fluid
Vme Velocity representing microeddy effect
Vp Volume of one particle
Vrel Relative velocity between fluid and particle
Vt Terminal (sedimentation) slip velocity
Vx McGowans molecular volume
Wchannel Width of channel between villi
Wvilli Width of villi
Xbm Bile-micelle-bound drug amount
Xdissolv Dissolved drug amount
Xu,z Amount of unbound drug with charge z
Zch Zel’dovich number
Zpara Paracellular pathway charge
ddisk Disk diameter
dp Particle diameter
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dtube Tube diameter
fPSB Volume percentage of each particle size bin in one dose
fbm Fraction of bile-micelle-bound molecule
fn, f0 Fraction of undissociated species
fsubepithelial Unbound fraction of drug in subepithelial space
fu Bile-micelle-unbound fraction
fup Plasma unbound fraction
fz Fraction of charged species
g Gravitational acceleration constant
h Unstirred water layer thickness
hHJ Criteria value for Hintz–Johnson model
hUWL Unstirred water layer thickness in the intestine
hWF Criteria value for Wang–Flanagan model
hfam Thickness of firmly adhered mucus layer
hUWLvitro UWL thickness in in vitro permeability assay
hsubepithelial Thickness of subepithelial space
kB Boltzmann constant
kabs Absorption rate coefficient
kdeg Degradation rate constant
kdiss Dissolution rate coefficient
kel Elimination rate
kmass Mass transfer coefficient
kperm Permeation rate coefficient
ltube Tube length
m.p. Melting point (Celsius)
matom Number of atoms in molecule
rmono Molecular radius
rp Particle radius (at time t)
rp,PSB Particle radius for particle size bin
rp,ini Initial particle radius
rp,ini,PSB Initial particle radius for particle size bin
rp,nc Critical radius of nuclei
vatom Relative volume of atom
vm Molecular volume
z Molecular charge
�C Concentration gradient
�Gnc Energy barrier for nucleation
�Hm Enthalpy of melting
�Sf Entropy of fusion
�Sm Entropy of melting
� Particle shape factor
β Lump constant (β) of foreign particle number, sticking

provability, etc
γ Interfacial tension between solid surface and fluid
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ε Agitation strength (Energy input per time)
η Kolmogorov’s minimum eddy scale
λdisso Dissociation resistance from solid surface (in length

dimension)
λnc Interfacial attachment resistance (in length dimension)
μ Viscosity of fluid
ν Kinematic viscosity of fluid
ρf Density of fluid
ρp True density of drug
ψcn Interfacial reaction rate correction factor


