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What’s Happening in vivo?

* Modified from van de Waterbeemd, H, and Gifford, E. ADMET In Silico Modelling: 

Towards Prediction Paradise? Nat. Rev. Drug Disc. 2003, 2:192-204
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These phenomena:

• are happening simultaneously

• are repeated in each of the compartments of the gastrointestinal tract

Local pH, 

fluid volume, 

concentration of bile salts …
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Dissolution–Absorption

Faster absorption can promote faster dissolution

Degradation-Absorption

Degradation reduces lumen concentration, decreasing absorption

Solubility–Absorption–Dissolution

Low solubility can limit concentration gradient and limit absorption

Higher solubility increases dissolution rate

Plasma Protein Binding–Absorption

High plasma protein binding = less resistance to drug crossing the basolateral membrane

Plasma Protein Binding–Metabolism

High plasma protein binding limits metabolism

Meal (food) effects

Increased hepatic blood flow rate

Gall bladder emptying

Caecum emptying into colon

Some of the Important Interactions
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Mechanistic Absorption 

Modeling (MAM)

Physiologically based 

Pharmacokinetics (PBPK)
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Intestinal Physiology

in silico model needs to account for changes in conditions along 

gastrointestinal tract, between prandial states, and between species:

• pH

• Bile salt concentrations

• Volume of fluid

• Absorptive surface area

• Pore sizes and porosity (for paracellular absorption)

• Enzyme and transporter expression levels

• …….
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Solubility
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Solubility - pH
pH and bile salt concentrations

human: rat: dog:

fasted:

fed:

Changes in ionization result in chanes in 
solubility in different regions of the intestine
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Changes in bile salt concentrations in different 
regions of the intestine may result in changes in 
solubility (especially for more lipophilic 
compounds)

Mithani, Pharm Res 1996, 13:163-167

Compartment Data Compartment Data Compartment Data

Compartment Data Compartment Data Compartment Data
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Solubilization Ratio (SR)

Bile salt solubilization ratio –

represents drug’s affinity to 

bile salt miceles

This parameter is required 

to account for physiological 

effect of bile salts on 

solubility and dissolution 

rate

in vitro value:

1. measure  in vitro solubility in media with bile salts with 

well defined pH and bile salt concentration (e.g. in 

FaSSIF or FeSSIF media) or use in silico estimates of 

these solubilities

theoretical value:

- if in vitro (or in silico) FaSSIF and 

FeSSIV values are not available, 

SR can be estimated from logP

PSR log61.023.2log +=

Mithani, Pharm Res 1996, 13:163-167
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Predicting Solubilization Ratio
• The simple model for prediction of solubilization ratio from logP of the compound was evaluated using 

larger set of compounds (160 drug like molecules)

• The model performed well for neutral compounds, but resulted in higher errors of prediction for ionized 
compounds

• To estimate SR for ionized compounds, use experimental FaSSIF or FeSSIF solubilities, or in silico model 
that accounts for the ionization effects (i.e. model that was included ionized compounds in the training 
set) 

Un-ionized at pH = 6.5 >50% anionic at pH = 6.5>50% cationic at pH = 6.5

Blue points represent different types of compounds in individual plots below
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Dissolution
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Dissolution
Dissolution rate coefficient (not a constant because it changes at every time step) 

in intestinal lumen compartment number i for particle size bin j:

D = diffusion coefficient 
CS = solubility at local pH
C(i) = lumen concentration in compartment i
ρ = particle density (density of API crystals)
rj = spherical particle radius for particle size bin j

T = diffusion layer thickness (= particle radius up to a limit)
s = shape factor (Length/diameter*) – for spherical particles = 1

*in the original Johnson equation, s’=Length/radius and the term is 

r

Cs
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T

T = r0j
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Dissolution Models
1. Johnson (Nernst-Brunner model expanded by accounting for changing particle size due to dissolution and 

for non-spherical particles)

1. Wang-Flanagan (applies only to spherical particles)

2. Z-Factor (Takano) (particle size applies ONLY through adjustment of solubility)
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Lu, Pharm Res 1993, 10:1308-1314

Wang, J Pharm Sci 1999, 88:731-738

z represents          and is determined by fitting to in vitro dissolution data. 

Takano, Pharm Res 2006, 23:1144-1156
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Dissolution with Particle Size Distribution

Small particles will be 

dissolving quickly

The large particles may 

take time to dissolve



15 | NASDAQ: SLP

Dissolution with Particle Size Distribution

Representing all particles 

with mean radius
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Predicting in vivo Dissolution: Particle Size Distribution

• in vivo dissolution rate and 

extent is calculated from 

particle size distribution for 

each formulation and in vivo

drug solubility

• in vivo drug solubility is 

changing to account for 

changes in pH and bile salt 

concentration as the drug is 

moving through the intestine
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Lu, Pharm Res 1993, 10:1308-1314

Simulation results from GastroPlus v9.0

Prediction of in vivo performance for 3 cilostazol formulations with 

different API particle size distributions administered in dog

Observed data from Jinno, J Contr Rel 2006, 111: 56-64  
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Predicting in vivo Dissolution: z-factor

• in vivo dissolution rate and 

extent is calculated from z-

factor fitted to in vitro 

dissolution profile for each 

formulation and in vivo drug 

solubility

• in vivo drug solubility is 

changing to account for 

changes in pH and bile salt 

concentration as the drug is 

moving through the intestine

Takano, Pharm Res 2006, 23:1144-1156

( ) tuls
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dt

dM
,−=

Simulation results from GastroPlus v9.0

Prediction of in vivo performance for 3 cilostazol formulations with 

different API particle size distributions administered in dog

Observed data from Jinno, J Contr Rel 2006, 111: 56-64  
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• The in vitro dissolution profiles 

showed multi-phasic behavior 

• Single z-factor is not able to 

describe the entire dissolution 

profile for any of the tested 

batches

Pepin et al. Mol Pharmaceutics 2016, 13:3256-3269

Predicting in vivo Dissolution: P-PSD
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• Theoretical particle size distribution was fitted to one set of  in vitro dissolution data 

• The applicability of the fitted PSD was validated by predicting in vitro dissolution under different 

conditions

• The fitted PSD was used as an in put in in vivo simulation

Pepin et al. Mol Pharmaceutics 2016, 13:3256-3269

Predicting in vivo Dissolution: P-PSD
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• Extent and rate of in vitro dissolution for active 
pharmaceutical ingredient (API) and excipients:

– Multiple particle size distributions for ingredients
– Dynamic microclimate pH calculation
– pH of buffers from composition of acids, bases, and salt 

equivalents.
– Selection of USP and user defined experimental apparatus
– Micelle-facilitated dissolution through addition of surfactants in 

medium
– Multiple experimental phases allow for dissolution 

experimental design

• Differences in dosage forms:
– IR powders, tablets, capsules, and coated beads
– CR polymer matrix and bilayer tablet systems
– DR coated tablets

Mechanistic Models are Important for in vitro –in vivo 
Extrapolation
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Precipitation
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When Precipitation Plays a Role

• Supersaturating Drug Delivery Systems 
(Salts, Cocrystals, Lipid formulations, 
SMEDDS, SNEEDS, Solid Dispersions …)

Compartment Data

Multiple 1st order or

Mechanistic Nucleation and Growth Model

Weibull Function for release profile or 

higher solubility for compound in 

formulation

Brouwers J, J. Pharm. Sci. 98(8):2549 (2009)
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• De Yoreo JJ, (2003): “Whether considering nucleation or growth, the reason for the transformation 
from solution to solid is the same, namely the free energy of the initial bulk solution phase is greater 
than the sum of the free energies of the crystalline solid phase plus the final solution phase (Gibbs 
1876, 1878).

 = Molar Volume

a = interfacial free energy

Dm = change chemical 

potential of crystal species

lc = liquid-crystal

sc = substrate-crystal

ls = liquid-substrate 

De Yoreo JJ, Rev. Mineralogy Geochem. 54:57 (2003)
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Precipitation Models
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Mi – Mass in compartment i

Vi – Volume of compartment i

Tp – Precipitation Time

GastroPlus® First Order Precipitation: 

Mechanistic Nucleation and Growth (different forms of this model are presented in literature): 
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• T = 310o K

•  = Interfacial tension (Newtons/cm)

• m = Molecular volume = (Vm/NA = XX cm3/molec / 6.02E+23 molec/mole)

• R* = Critical radius (cm)

•  = Effective radius from Lindfors (cm)

• ECF = exponential correction factor

• Dmono = diffusion coefficient of the monomer (3.42E-4 cm2/min)

• NA = Avogadro’s number (6.02E+23 molecs/mole)

• Caq = Conc. of free monomer (moles/cm^3)

• Saq = Solubility at the current pH

• kb = Boltzman’s constant (1.38E-21 cJoules/Deg. K) 

(Note: Joule = Newton-meter)
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How Do We Account for Excipient Effects on Nucleation?

• Lindfors, 2008

– If the rate of association/dissociation is entirely controlled by the diffusive flow of 

monomers from the cluster surface to the bulk and vice versa, the net flow of 

monomers to a cluster is:  Q = 4πRD0(Cb − S0)

– Where R is the cluster radius, D0 is the monomer diffusion coefficient, Cb is the 

monomer concentration in the bulk solution, and S0 is solubility.

– Effective size = 

– Q = 4πRD0(Cb − S0)

– If R* >> λ the transport is controlled by diffusion,

– but if R* << λ the surface integration is the limiting process.

–  = 0.006 to 6.0 microns without nucleation inhibitors

–  = 6 to 1000 microns without PVP
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in vitro Precipitation Experiments

Figure from Kostewicz E, et al., J. Pharm. 

Pharmacol. 56:43 (2004)

Transfer assay

Biphasic Dissolution

Membrane Dissolution
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Transfer Assay

Data from Carlert S. Pharm. Res. 27:2119 (2010)

 = 1.0 nm

Exp Corr. = 0.11

Single Exp. Time = 1080 s

Double Exp. Times = 

80,000 up to 73 min. & 1080
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AZD0865 Precipitation in vivo

in vivo parameters:

 = 1800 nm

Exp Corr. = 0.3

Amounts: red-dissolved, cyan-absorbed, blue-enteric portal vein, green-entering systemic circulation

Dark blue line and points – plasma concentration

Double Exp. Times = 

80,000 s @ pH 6.0

1080 s @ pH 7.4

Single Exp. Time = 1080 s

First order 

model

in vitro parameters:

 = 1.0 nm

Exp Corr. = 0.11

Mechanistic 

model
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Biphasic and Membrane Dissolution

• Two-stage biphasic or membrane 

dissolution experiment were used to 

measure in vitro precipitation 

behavior

• DDDPlus™ was used to analyze the 

in vitro data using first order and 

mechanistic precipitation models 

• The in vitro parameters were used 

to predict the in vivo exposure

• Different in vitro experiment and 

model provided accurate in vivo 

prediction for different 

compound/formulation

Webinar: Mullin – Best Practices for Membrane & Biphasic In Vitro Dissolution with DDDPlus™ & GastroPlus®

https://www.simulations-plus.com/resource/best-practices-for-membrane-biphasic-in-vitro-dissolution-with-dddplus-gastroplus/
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Nimodipine Solid Dispersion
1st order precipitation

Mechanistic nucleation

ppt Time  = 20000s

Lambda (mm) = 0.19

Exp. Corr. = 0.19
Lambda (mm) = 0.19

Exp. Corr. = 0.19 Lambda (mm) = 0.19

Exp. Corr. = 0.19

ppt Time  = 4000s ppt Time  = 2500s

Simulation results from GastroPlus v9.0Amounts: red-dissolved, cyan-absorbed, blue-enteric portal 

vein, green-entering systemic circulation

Dark blue line and points – plasma concentration Data from Blardi – Clin Pharm Ther 72:556 (2002)
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Precipitation Models

• Mechanistic nucleation and particle growth are important concepts for formulation of poorly 

soluble APIs.

• Testing in vitro is valuable for predicting the tendency to supersaturate and the relationship 

between supersaturation ratio and precipitation time.

• Simple 1st order methods have proven to be useful in understanding in vivo precipitation.

• Mechanistic nucleation and growth theory provides a more detailed understanding of the 

impact of chemistry and formulation on in vivo performance.

• First order precipitation time may need to change for each dose because the degree of 

supersaturation is different.

• One setting for Mechanistic Nucleation and Growth will explain all doses of enabled 

formulations.
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Absorption
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Absorption Processes
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Effective Permeability (Peff): Measurements in Human

• Measure disappearance
of drug from donor side

• Factors affecting 
permeability:
– individual subject 

variations

– adsorption to the tubes 

H. Lennernas, G.L. Amidon, et al.Capsugel Library, 1995

Cross-section

Peff = Q(Cin - Cout) /(2  r L Cin)

r=1.75 cm, L=10 cm

Peff = 0.0091*Q(Cin - Cout) /Cin
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in vitro Permeability (Papp) Experiments

• Measure appearance of drug 
on receiver side

• Many factors affect in vitro 
permeability (Papp):
– pH on each side of the 

membrane

– solvents (e.g., DMSO)

– amount of protein on receiver 
side

– concentration in donor side

– shaking rate

– nonspecific binding to 
plasticware

Li, A.P., DDT, 6(7):339-348 
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PAMPA Permeability values for selected drugs collected from literature

All data are for Lecithin solution in dodecane and pH=7.4

Blue – Zhu Ch. EurJMedChem 2002, 37:399; Red – Ruell J.A. pION; Yellow – Kerns E.H. JPharmSci 2004, 

93:1440; Green – Avdeef A. EurJPharmSci 2001, 14:271; Grey – Du C. pION

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

ac
eb

ut
ol

ol

ac
et

am
in

op
he

n

an
tip

yr
in

e

ca
ffe

in
e

er
yt

hr
om

yc
in

fu
ro

se
m

id
e

ra
ni

tid
in

e

Le
ci

th
in

 P
A

M
P

A
 P

er
m

ea
bi

lit
y 

(c
m

/s
)

Variability of in vitro Permeability



37 | NASDAQ: SLP

Paracellular Permeability in Absorption

Tk

ez

e

RrFD
P

B

w
para

D
=










−
=

−








1

)/(

paratotaltrans PPP −=

Calculated from drug-

dependent (user input) and 

physiological parameters

0

20

40

60

80

100

120

0 500 1000 1500
PEG Mwt

P
E

G
 F

%

PredHuman PredDog PredRat

ObsHuman ObsDog ObsRat

Data from He-JPharmSci 1998, 87: 626-633



38 | NASDAQ: SLP

Carrier-Mediated Absorption

Bolger MB, AAPS Journal, 11(2):353 (2009)

• Transporter expressions vary along the 
intestine

• Transporter expression patterns vary 
among species and differ from in vitro

• Considerable variability in reported 
expression patterns from different 
sources

• New measurements are being reported

Herrera-Ruiz AAPS Pharmsci 2001; 3 (1) article 9

(http://www.aapspharmaceutica.org)

• RT-PCR analysis of 

human (top) and rat 

(bottom) PepT1

• Red lines mark small 

intestine (duodenum-

ileocaecal junction)

Be mindful of the effective 

concentration when determining Km
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• Predict in vitro Papp and analyze measured data 
to unlock important information related to 
absorption

• Number of different processes affecting 
apparent in vitro permeability can be included 
in the simulation:

• Passive transcellular diffusion

• Passive paracellular diffusion

• Carrier mediated influx and/or efflux

• Metabolism in the cells

• Binding to albumin

• Accumulation in cell membranes or intracellular 
compartments

• Experimental conditions (e.g., shaking rate, pH)

Mechanistic Models are Important for in vitro –in vivo 
Extrapolation
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in vitro-in vivo Extrapolation of Digoxin Efflux –
Determining Intracellular Unbound Km

The intracellular unbound P-gp Km for digoxin was found to be 95.3 mM by fitting B->A Papp with MembranePlus™ across 

experiments run at eight different concentrations and validated in a separate experiment using kinetic data at five concentrations
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in vitro-in vivo Extrapolation of Digoxin Efflux –
Predicting in vivo Absorption

A                                                         B                                 C
A: Observed (symbols) vs. predicted plasma conc. (blue) and urinary excretion (red) of digoxin (Ochs, 1978).

B: Observed (symbols) vs. predicted plasma conc. (blue) of digoxin for a PO formulation with 6.5 mm radius particle size  

(Jounela, 1975).

C: Observed (symbols) vs. predicted plasma conc. (blue) of digoxin for a PO formulation with 51 mm radius particle size  

(Jounela, 1975). 

All simulations are using the fitted intracellular unbound P-gp Km value of 95.3 mM 
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GastroPlus Simulation of Nonlinear Dose 
Dependence for Influx Transport of Valacyclovir

Bolger MB, et al. AAPS Journal 11(2):353 (2009)

GastroPlus results were first reported in Feb. 2003

at AAPS Drug Transport Workshop, Peachtree City, GA
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GastroPlus simulations of nonlinear dose dependence 

for midazolam using in vitro Km and Vmax and iv PK 

(Agoram et al., 2001)

Experimental GastroPlus Compartmental Simulated

Dose Cmax AUC Cmax AUC Fa% FDP% Fb%

7.5 0.028 69 0.021 65 99 45 24

15 0.056 154 0.052 158 99 55 29

30 0.13 453 0.120 369 99 64 34

Remember the Impact of Intestinal Metabolism

• Enzyme expressions vary along the 
intestine

• Enzyme expression patterns vary among 
species 

• in vitro-in vivo extrapolation is established 
better than for transporters

• Compound elimination in the intestine 
affects the concentration and impacts the 
other processes
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Summary

• Number of different processes contribute to net drug absorption

• Different in vitro assays are available to determine input parameters 

for individual processes

• Mechanistic simulations of in vitro assays are an important tool to 

‘deconvolute’ parameter values and aid in in vitro – in vivo 

extrapolation

– Accuracy of in vitro – in vivo extrapolation varies between the processes

• To predict the overall in vivo absorption, the interplay of all relevant 

processes needs to be considered
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Small Sample of Published Examples
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Small Sample of Published Examples
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Similar Considerations Apply to Other Routes of 
Administration…
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