SimulationsPlus

Cognigen DILIsym Services Lixoft

Absorption Predictions: Current
Capabilities and Knowing the Gaps

Viera Lukacova

Simulations Plus, Inc.
viera.lukacova@simulations-plus.com

September 2022



mailto:viera.lukacova@simulations-plus.com

2 | NASDAQ: SLP

What’s Happening in vivo?
Fa% FDp%

pK,
Solubility vs. pH

Biorelevant solubility
Precipitation kinetics

Liver metabolism
Hepatic uptake
Biliary secretion

Lysosomal frapping

Villus blood flow
Carrier-medgliated transport
Gut extractjon

abolism Metabolism

* 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
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Some of the Important Interactions

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

&8 SimulationsPlus
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Advanced Compartmental Absorption and Transit Model (ACAT™)

Mechanistic Absorption
Modeling (MAM) e
]
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Pharmacokinetics (PBPK) SimulationsPlus
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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:

o pH

Bile salt concentrations

Volume of fluid

Absorptive surface area

Pore sizes and porosity (for paracellular absorption)
Enzyme and transporter expression levels

&8 SimulationsPlus
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Solubility
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Solubility - pH

Changes in ionization result in chanes in

solubility in different regions of the intestine pH and bile salt concentrations
10.0- 2000+ human: rat: dog:
w‘ fasted: Compartment Data Compartment Data Compartment Data
:g 807 :g 160.07 Compartment | pH B?;a?“ Compartment | pH B?ﬁﬁ?“ Compartment | pH B?;a?“
T, BOg T 10y Duodenum |600  |2800 Duodenum |583  |20.00 Duodenum |520  |5.000
E E Jejunum 1 £.20 2330 Jejunum 1 £.13 17.29 Jejunum 1 6.20 4.050
ﬁ 4.0+ ﬁ 80.0+ Jejunum 2 (640 |2.030 Jejunum 2 (613 |6.940 Jejunum 2 (620 |1.820
leum 1 F.E0 1.410 leum 1 593 2820 lleum 1 .40 0E1n
20+ 40.0+ lleum 2 E30  [1.160 lleum 2 593 [1.300 lleum 2 EED  [0.44D
lleum 3 7.40 0140 lleum 3 593 1.240 lleum 3 F.E2 010
D.DEI . 2=EI 4IEI Ei!EI E!EI _“:: ; 12! ; 1; ] 0o e LA S Caecum £.40 0.0 Caecum £.58 0.0 Caecum E.75 0.0
’ ’ ' ’ ’ ’ ' ' 00 20 40 B0 80100120140 Azc Colon .30 0o Azc Colon 6.23 0o Aszc Colon £.45 0o
pH pH
Compartment Data i Compartment Data Compartment Data
. . . . : fed Compartment pH B';;a ;:'“ Compartment pH BI[I;IE ]aIt Compartment pH BI;;IE ]alt
Changes in bile salt concentrations in different Stomach  FETRRED 30 [o0 500 |00
1: . . 1 Jejunum 1 R0 1202 Jejunum 1 510 17.29 Jejunum 1 B.20 12.50
SOIUbIIIty gespeCIa”y for more Ilpophlllc Jejunum 2 6.00 10.46 Jejunum 2 510 £.980 Jejunum 2 G.20 5.E00
Compoun S) lleum 1 E.E0 7280 leum 1 5.94 2820 lleum 1 .40 1.900
H.O lleum 2 G.90 5.990 lleum 2 594 1.200 lleum 2 E.E0 1.240
— 2
SOIbiIe H — SOIa H (1 -|— X SR X Cbile) lleum 2 740 0.73n lleum 3 5.94 1.240 lleum 3 705 0.950
! p q’ p p Caecum G.40 0.0 Caecum R.90 0.0 Caecum 7.h0 0.0
H 2O Aszc Colon G.80 0.0 Aszc Colon 5.51 0o Asc Colon G.45 0.0
Mithani, Pharm Res 1996, 13:163-167
SimulationsPlus
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Solubilization Ratio (SR)

theoretical value:

- if in vitro (or in silico) FaSSIF and
FeSSIV values are not available,
SR can be estimated from logP

log SR =2.23+0.61xlog P

6

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

O Steroids
@ Non-Steroids Dn

WtH @
SOl oy = SOl oy (14 =x B3R xCyye )

\OH ,0

log [SR]

in vivo solubility

in compartment

with specific pH
and bile salt
concentration

Buffer solubility at given pH
(calc from reference
solubility, pKa(s) and
solubility factor(s))

Sol

9 | NASDAQ: SLP

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

Sol,:. o —
Biorel aq — SR < Cb"e
SCyq XM,

in vivo concentration of bile
salts in given compartment
(physiological parameter)

4 5

Fig. 1. Log [Solubilization Ratio] in aqueous solution taurocholate
solutions as a function of log [octanol/water partition coefficient] for
the non-steroidal compounds (circles; Ph = phenytoin, G = gris-
eofulvin, Dz = diazepam, C = cyclosporin A, Pz = pentazocine),
along with the prediction line based on steroid data (squares; T =
triamcinolone, H = hydrocortisone, D = dexamethasone, B =
betamethasone, BV = betamethasone 17-valerate, Dn = danazol);

log [SR] = 2.23 + 0.60 log [P].

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)

Blue points represent different types of compounds in individual plots below
Un-ionized at pH =6.5 >50% anionic at pH = 6.5>50% cationic at pH = 6.5

Estimation of BiO(eIevqntSolubilities Estimation of Biorelevant Solubilities Estimation of Biorelevant Solubilities
FaSSIF Mithani, 1996 FaSSIF Mithani, 1996 FaSSIF Mithani, 1996
99.9% Unionized >50% Anionic >50% Cationic
3 . 3 o 9 L
y = 1.01x + 0.07 y = 0.59x + 0.50 . y =0.84x +0.13 .
2 =
_ 2 R2=0.95 2 2
g = =
H] H]
£, £ g
i 5" g
s 2 g
» & b4
E’ 01 3 [ (g, 0 4
= 9
g K 3
c £ 4 4 g
» @ [ - F
2 a ' ™ W | = lonized a
) B Unionized o L] ® Unionized °
2 s o -2 ] L3 -2 1
Y 1 —Linear (Unionized) ——Linear (Unionized)
3 , ; . ; ; . am .
-3 2 - 0 1 2 3 -3 ‘ ‘ ‘ 3 " ‘ . : . .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Calculatedlog Sgas5ir (MM) Calculated log Sg,ssr (MM) Calculated log Sgassir (MM)
SimulationsPI
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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:

dM, D, (1+2s)(c Y -
— S I

dt o T s — c)

\ 4

D = diffusion coefficient

C, = solubility at local pH T= o
C) = lumen concentration in compartment i

p = particle density (density of API crystals)

r; = 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
2(1+5")

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

S
&8 SimulationsPlus
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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) g\ > D (1+ 23)(
S ¥ C,-C M,
dt  orT s 't

Lu, Pharm Res 1993, 10:1308-1314

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

dM, 3D, 1(1 1
T —| T (CS_CI)Mu,t
dt p rir T

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

2. Z-Factor (Takano) (particle size applies ONLY through adjustment of solubility)

dM
g P = Z(Cs -C, )M u,t
t Takano, Pharm Res 2006, 23:1144-1156
3D,
z represents — _ and is determined by fitting to in vitro dissolution data.
prT &8 SimulationsPlus
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Dissolution with Particle Size Distribution

- - The large particles ma
Small particles will be take i 9 tp dissol y
: : : akKe time 10 aissolve
dissolving quickly
Drug X Drug X
T2 U TotalUndiss1 Drug X W - TotalUndiss2 Drug X © - TotalUndiss3 Drug X} v Cp-Drug X v Amount Dissolved-Drug X
T2 3 TotalUndiss4 Drug X ©M - TotalUndiss5 Drug X © - TotalUndiss8 Dru ¥
v Y TotalUndiss9 Drug X [ - TotalUndiss10 Drug X & - TotalUndiss11 g -
[¥ .-} TotalUndiss12 Drug X 0.005 10
\ . - 9
£ 0.004] 8
o L7 -~
5. < 0.003 6 £
o L - o L
£ 14 1 =] ‘g'
- [ .g 5 g
& < 0,002 4 &
© c =
= e N
............................... Q
............ £ 0.0014 2
----------- o
T S i 0+ T T T T Y Y T T T 0
9 10111213141516 1718192021 222324 0 5 10 15 20 25 30 35 40 45

Simulation Time (h) Simulation Time (h)

&8 SimulationsPlus
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Dissolution with Particle Size Distribution

:Iag

Representing all particles
with mean radius

Drug X Drug X
[V | v Cp-Drug X ¥ Amount Dissolved-Drug X
v

10+ 0.005 10

91 ) 9

8 E 0.004 8
—_ o
o 77 3 7 S
E 64 J = 0.0034 6 E

Q [

0 54 =
o ° = 5 @
S 4 = 0.002 4

34 o 3

o

24 c 0.001 2

1 S 1

0 lllllllllllllllllllllll 0 L) L) L) L) L) L) L L) L) 0

012345678 9101112131415161718192021222324 0 5 10 15 20 25 30 335 40 45
Simulation Time (h) Simulation Time (h)
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Predicting in vivo Dissolution: Particle Size Distribution

Prediction of in vivo performance for 3 cilostazol formulations with
dM, D, (1+2s) different API particle size distributions administered in dog

- (Cs _CI )Mu,t

dt pnT S . 3 B ammerMilledFaste
Lu, Pharm Res 1993, 10:1308-1314 oz 018 o 1
o . g0 g0l o g oo
e in vivo dissolution rate and cos| [
. 0.00 H 0.02 EEE E 0.02 —I—l
extent is calculated from 8858855555555535°8 0.00 =L ﬂjﬁ N R R
particle size distribution for Radiue (am) radius tum radius tum
: - NanoCrystals - Fasted Milled - _Milled - Fasted
each formulatlon and in Vivo anoCrystals - Faste 100 Jet-Milled - Fasted 100 Hammer-Milled - Faste 100
drug solubility e e 3] o0 3] o0
Es 80 £ 5. F80 = k80
. . aye i = 44 | ~ 44 L = 44 L
* in vivo drug solubility is s, o = g, o s g, o s
changing to account for 5 o & 5 o 8 'y o 8
) ) @ 21 30 @ 21 - -~ t30 @ 21 L30
changes in pH and bile salt g . 20 g f/ 20 3 [
g . [&] 1] (&) "~
concentration as the drug is e 10 ° |} \\ _ 10 |V s N 10
. . . ’ 0 5 10 15 20 0 ° 0 5 10 15 20 0 ° 0 5 10 15 20 0
moving through the intestine Simulation Time (h) Simulation Time (h) Simulation Time (h)
Observed data from Jinno, J Contr Rel 2006, 111: 56-64 Simulation results from GastroPlus v9.0
&8 SimulationsPlus
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dM ¢

dt

Predicting in vivo Dissolution: z-factor

T Z(Cs -C, )M ut

Takano, Pharm Res 2006, 23:1144-1156

* invivo dissolution rate and
extent is calculated from z-
factor fitted to in vitro
dissolution profile for each
formulation and in vivo drug
solubility

* invivo drug solubility is
changing to account for
changes in pH and bile salt
concentration as the drug is
moving through the intestine

17 | NASDAQ: SLP

Prediction of in vivo performance for 3 cilostazol formulations with
different API particle size distributions administered in dog

L=
r

Concentration (pg/mL)

o

%Dissolved
g

L)+ ©« = @
h A : i

-
"

& Ixil
¥

I /= ManoCrystals-Fasted =-factor
I ManoCrystals-Fasted z-factor-sim

o — — — — — — — |
I R T S I S I ey IO By I Seeuy I Sy I

Z-Factor = 8.054 mL/imag/s

0.2 0.4 0.6
Time [h]

NanoCrystals-Fasted z-factor

e

=]

100

90
80
+70
60
+50
40
30
20
10

0

5 10 186
Simulation Time (h)

20

Mass (mg)

[" B Jet-Miled - Fasted v Jet-Milled - Fasted-sinjl
1040 o T e 1 e
w = -
90 o =
804 =
- 4 ju |
g To a
S 610 4 M|
o s04 @
(= LE
32 307
204
104 Z Factor = 0.549 mL/img's
D L] L} L] L] L]
o 0.2 0.4 0.6 0.8 1
Time [h]
Jet-Milled - Fasted
100
B La0
]
80
E o]
2 70
= 44 o
c 60 =
Q —_—
= 3 F50
] 0
E E40 g
@ 21  Fk
g [ —— 30
g 14 20
o
© k 10
d m
b 1L = =1 T

o

5 10 186 20
Simulation Time (h)

Observed data from Jinno, J Contr Rel 2006, 111: 56-64

[ = Hammer-Milled-Fasted z-factor
[ Hammer-Milled-Fasted z-factor-sim
60 -
= 50 m O
2 m ="
o 404
g a "
a 307 &
52 204 =
10 >
= Z-Factor = 0.067 mLimg's
l} L] L] L] T T
] 0.2 0.4 0.6 0.8 1
Time [h]
Hammer-Milled-Fasted z-factor
100
B La0
-
%; 5 80
= E70
= 4 o
g 60 =
= 34 50 o
E 0
£ 40 g
@ 2 :
g 30
0 14 e [20
© m 10
o4gf &

0 5 10 186 20
Simulation Time (h)

Simulation results from GastroPlus v9.0
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Predicting in vivo Dissolution: P-PSD

« 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

18 | NASDAQ: SLP

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

120
100 -
- H
B
= A
7]
|
2 Gl
-
=
4an
- = BAPAL sirmulated
= ELAB simulated
— 128015 simulated
20 2 MPALC measured
& ELAB measured
< 1248015 measured
]
0 10 20 a0 40 50 Gl FiLl

Tirmie [min)

Figure 8. Z-factor fit for batches 124015 (Z = 1 x T mL /mg/s),
ELAB (Z=374 % 107" mL/mg/s), and MPAC (Z = 5e-4 mL/mg/s).
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Predicting in vivo Dissolution: P-PSD

« 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

£
g
120 »” E
100 (] /_,,—’ E
» = = E
80 @ 5
0 B Meonied 0 mo A e
I 60 ju AR uyag OF method
[ B meatured dasolution of 124015 using OC method i > et dms 20
3w 3 o
r — Fitted dota 2 18
20 l & 10 ‘ B 0 0102 0304050607 0809 1 11 1213 14 15 ¢
L Time {h)
(] = 1] os 3 i ] iR 14
8 1 Time V] )
0 9 . o4 - - : ” DIELAB, pH4.5+1%SD5 G ELAB, pH3 AELAB pH4 OELAB, pHS LT
Time(h) Radius 2
. |__(um) X wiw Figure 5. Simulation of ELAB dissolution in pH 3, pH 4, and pH 5 { 10
radus Lo - LB using partide size distribution derived from QC dissolution method 8
" (um) % wiw fu 50 0.00 ; ® ;
j;: 10 13.05 4 100 1080 profile (pH 4.5 + 1% SLS) ws observed data +1 SD. :
20 30.36 g = 2T 6 _
’.. 30 167 508 300 04 3% 5
s 50 25.22 3 - 400 0.07 4 O  Measured 5112
& 10¢ 20.26 | 500 265 ) - = 100% I
} y 2 LEL] \ » 100 1900 1o00c 750 0.07 T.E%S
e X 30( 108 Lt 1000 006 o
1500 24 ) 0.5 1 15 2 25 3

s (o

Time (h)
Figure 4. Fitting of dissolution profile for batch 124015 (A) and ELAB (B) in the QC dissolution method with a theoretical partide size

distribution. Note: the value presented at the 2 h time point for batch ELAB is from an infinity spin (15 min, 250 rpm). Figure 7. Simulated PK profile vs measured plasma concentrations for

S112 following administration of 400 mg 12A015 tablet using Option

SimulationsPlus
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Mechanistic Models are Important for in vitro —in vivo
Extrapolation

DDDPlus™

Simulation software for the in vitro
dissolution experiment

20 | NASDAQ: SLP

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

! DDDPlusiTM): DDDPlusDemo.mdb (C:\Ust
-

File Database Simulation Setup  Tools

ers\Public\Sim.\DDD..\)

Modules  Help

Dissalution Methad

Formulation T

T Simulation

Formulation Name

Support File Information

S tfiles:
I |4| 4 IHydlocorlisone Coarse Pow B NI;I UDDDIIES
Hydiocortisone Coarse Pawder.psd
| Current Record: 1: Total Records: 5 Hydiocortizone Coarse Powder.dsd
Dosage Form: I\H: Fader vl =
— Manufacturing P b .
Compiessinihorcel (RH) I Ingredient Mame | Type | Amount |
Hydrocorti Acli 150
Porosity/Tortuosity: 0.5285 prosoiisone cive
Tablet Diameter (mm]: 10
Cap. Disinteg. Time [min): 0
M atris Physical T ablet Manufacture pKa Table | Edit Formulation |
Dimensions Farameters
98 DDOPIus{TM): DDDPIusDemo.mdb (CAUSEr\Publieim. DD T I P e e s
File Database SimulationSetup Tools Modules Help
Farmulation T Dissolution Method T Simulation
| Hydrocortisone Coarse Powder |
- Di P
=l =l
Medium Yolume (mL]: 300
Medium pH: I%
Medium Viscosity [g/[cm™s]): I 0.007
Instrument Speed [(RPM): I 75
Fluid Yelocity [cm/s): I 7.504

Dissolution Phase |

Medium Composition |

——g

| SimulationsPlus
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Precipitation
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When Precipitation Plays a Role

Available online at www.sciencedirect.com
Advanced

“+.* ScienceDirect DRUG DELIVERY

Reviews

ELSEVIER Advanced Drug Delivery Reviews 59 (2007) 568 — 590 ——————————
www.elsevier.com/locate/addr

Solubility of sparingly-soluble ionizable drugs

Alex Avdeef *

PION INC, 5 Constitution Way, Wolbwrn, MA 01801 USA

Received 23 March 2007; accepted 10 May 2007
Available online 29 May 2007

(G) DIPYRIDAMOLE Compartment Data
5F Compartment pH BI;?nIhS'I ;'“
oy 4 1.30 0.0
E Duodenum .00 2.800
o 3r Jejunum 1 [620  [2.330
= pK 5 6.34 (37°C) : ' '
¢ 2F oK, 6.22 I[ZEUC]I O Jejunum 2 E.40 2030
g; lleum 1 E.E0 1.410
ST P s . lleum 2 £90  |1.160
ok Se” 91£0.7 pg/mL lleum 3 740 [0.140
; | ; : ! . . Caecum E.40 0.0
2 3 4 5 6 T a8 Azc Colon E.20 0.0
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Supersaturating Drug Delivery Systems
(Salts, Cocrystals, Lipid formulations,
SMEDDS, SNEEDS, Solid Dispersions ...)

c A

®

"E Mg 1 - crystalline powder

v aff‘abj 2 - spring

E Eé’oﬁ.ﬁ 3 - spring with parachute
S -

G -]

Multiple 1t order or
Mechanistic Nucleation and Growth Model

2 \

Weibull Function for release profile or
= higher solubility for compound in

formulation
Cen e
-
Time
Brouwers J, J. Pharm. Sci. 98(8):2549 (2009)
SimulationsPlus
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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 ene:jgy of the initial bulk solution phase is greater
’?lhgarétfllg Sl8J)m of the free energies of the crystalline solid phase plus the final solution phase (Gibbs
76, 1878).

Principles of Crystal Nucleation & Growth Ag = Agy + Ag,

a ° e s e , ° © = — {[(4/3)mr)/Q} AN + 40

Q = Molar Volume

a = interfacial free energy
Ap = change chemical
potential of crystal species
lc = liquid-crystal

sc = substrate-crystal

Is = liquid-substrate

Figure 6. (a) Formation of a spherical nucleus of radius » from a solution leads to the free energy
changes shown in (b). The cross-over of the bulk and surface terms combined with their opposing signs
leads to a free energy barrier. (¢) Heterogeneous formation of a hemispherical nucleus at a foreign
substrate.

De Yoreo JJ, Rev. Mineralogy Geochem. 54:57 (2003) SimulationsPlus
Cognigen DILIsym Services Lixoft
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Precipitation Models

dM. V. M, — Mass in compartment i
= (Ci — Si ) V; — Volume of compartment i

dt T

GastroPlus® First Order Precipitation:

precip T,— Precipitation Time

Mechanistic Nucleation and Growth (different forms of this model are presented in literature):

* 1/2
Noe [ R _p nyczf Kl | il o
dt  (A+R7) ™ Ay S

aq

2

6z 7 [ (vn)

_ECF
T "3 k.7 ) |In(C., /5.)

*  Dyono = diffusion coefficient of the monomer (3.42E-4 cm?/min) « T=310°K

N, =Avogadro’s number (6.02E+23 molecs/mole) * v =Interfacial tension (Newtons/cm)
* C,q = Conc. of free monomer (moles/cm”3) * v, = Molecular volume = (V /N, = XX cm3/molec / 6.02E+23 molec/mole)
* S, = Solubility at the current pH R’ =Critical radius (cm)
* k, = Boltzman’s constant (1.38E-21 cJoules/Deg. K) . A = Effective radius from Lindfors (cm)
(Note: Joule = Newton-meter) « ECF = exponential correction factor @ SimulationsPlus

24 | NASDAQ: SLP
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How Do We Account for Excipient Effects on Nucleation?

25 | NASDAQ: SLP

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 =4mRD,(C,, — S;)

Where R is the cluster radius, D, is the monomer diffusion coefficient, C, is the
monomer concentration in the bulk solution, and S is solubility.

*

B R
R +1

P

Effective size = A

Q = p41RDy(C,, = Sp)
If R* >> A the transport is controlled by diffusion,

but if R* << A the surface integration is the limiting process.
A = 0.006 to 6.0 microns without nucleation inhibitors

A = 6 to 1000 microns without PVP
&8 SimulationsPlus
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in vitro Precipitation Experiments

Transfer assay

o e |
7

Donor phase Acceptor phase

Figure 2 Experimental set-up to examine precipitation.

Figure from Kostewicz E, et al., J. Pharm.
Pharmacol. 56:43 (2004)
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2, Dissolution with Membrane Flux M e m b ran e D ISSO | u tl O n

¥ Turmn on Memb Flux Dissoluti
Receiver Yolume [mL): 20.00
Receiver Viscosity [g/(cm®s]): 0.01000

Receiver Diffusion Layer Thickness [um): 10.00

Donor Diffusion Layer Thickness (um): 10.00

Membrane Thickness [um): 125.00
Membrane Area [cm™2): 154
Porosity (fraction): 0.760

— Membrane Partition Coefficient C.

LogPmem:w = |0.6E0 X LogPo:w #1170

Cancel I Close |

Biphasic Dissolution

v Turn on Biphasic Dissolution?

Organic Volume (mL): | 40,00
Drganic Viscosity [g/[cm*s)): | 0.0484
Drganic Density [g/mL): | 0,830
Aqueous Diffusion Layer [um): | 50.00
Drganic Diffusion Layer [um): | 50.00
Interfacial Area [cm™2): | 1963

| nulationsPlus
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Transfer Assay

First Order Models of AZD0865 Transfer Assay AZD0865 Transfer Assay
0.1 . '_ET 0.09 -

0.09 Single Exp. Time = 1080 s S 0.08 - A =1.0nm
2 0.08 4 Double Exp. Times_ = E o007 - Exp Corr. = 0.11
Eoom \ 80,000 up to 73 min. & 1080 5 0.06
. S
g 0.06 / \ﬁ 8 0.05
S 0.05
G s 4 X w  0.04
o Y- o
2 e S 0.03
< 0.03 - -—— S
Roo2 47 * N 0.02

0.01 z’ o -~ 0.01 L O

0 T T T T 0 T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (m) Time (m)
Data from Carlert S. Pharm. Res. 27:2119 (2010)
SimulationsPlus
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AZDO0865 Precipitation in vivo

F“"St Order Hum PO 1 mpk soln. ) Hum PO 1 mpk soln.
model Single Exp. Time =1080s [+- T o
Z. = || g -k
H =B = | Double Exp. Times = -,
E 5 & g | 80,000 s @ pH 6.0 . &
§ 1] oo § ol 1080s @ pH 7.4 e
L20 1 20
o g o
N N —— Mo T I
° Simul-laotion Tirl-'llﬁe (h) =0 ° ° Simul1a?tion Tir:Iﬁe () =0
Mechanistic Hum PO 1 mpk soln. PPT Test Hum PO 1 mpk soln. PPT Test
model _ in vitro parameters: 7o W 7o
= A =1.0nm e = | oo
24| Exp Corr. = 0.11 s | 27 in vivo parameters: [ s
£ |\l 40 2 = A =1800 nm e &
S = S =
£ e g . Exp Corr. = 0.3 20
e | e
o _J_J” 2°
° s Simul.l;otion Tirr;';f (h) 20 ° s Simur;]tion Tirr';i-e5 (h) 20
Amounts: red-dissolved, , blue-enteric portal vein, green-entering systemic circulation SimulationsPlus
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Biphasic and Membrane Dissolution

Two-stage biphasic or membrane
dissolution experiment were used to
measure in vitro precipitation
behavior

DDDPIus™ 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®

. . L] . L] - . .
Dipyridamole 75 mg Tablet Precipitation IVIVE Ketoconazole IVIVE Precipitation
1.2
200 mg IR Tablet
1 4.5
= = 4
E 08 £ 35
= )
¥06 ], 5
- e 25
_5 0.4 .% 1 ;
- .
g 0.2 % )
§ ob o g 05
g 0 4 8 12 16 20 24 8 °
8 . 0 2 4 6 8
Time (hr) Time (hr)
— No Precipitation o Bxp. @ N0 Precipitation ==+« Biphasic Mech PPT
====0bserved PPT Time = 22000 sec = Membrane Disso PPT Time = 1429 sec —
===-Membrane Disso Mech PPT == =-Biphasic Mech PPT I = E?m - - == =-Observed PPT Time = 4.500 see
—— Biphasic PPT Time = 396 sec ——— Biphasic PPT Time = 2857 sec I ——— Membrane Disso PPT Time = 500 sec )
= ==-Membrane Disso Mech PPT Simulaf
ltraconazole IVIVE Precipitation ltraconazole IVIVE Precipitation
200 mg IR Solution 200 mg IR Capsule
0.6 0.12
T o5 T w
S~ ~
¥ 04 g
e :
=}
g 0.2 g
€S 01 c
(] ]
(]
© 0 2 4 6 (h ) 8 10 12 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr] .
= No Precipitation +++++ Biphasic Mech PPT Time (hr)
O Exp. ===-0bserved PPT Time = 4500 sec =No Precipitation O Bxp.
—— Biphasic PPT Time = 350 sec —— Membrane Disso PPT Time = 450 sec I —— Membrane Disso PPT Time = 2300 sec I — Biphasic PPT Time = 900 sec
- = == Membrane Disso Mech PPT +++++ Biphasic Mech PPT ===-Membrane Disso Mech PPT

https:/mwww.simulations-plus.com/resource/best-practices-for-membrane-biphasic-in-vitro-dissolution-with-dddplus-gastroplus/
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W W b A
g il

Concentration (ng/mL)

o
1

o
1

- = NN
i o O O
ri X 1 X 1

Nimodipine Solid Dispersion
15t order precipitation

Human PO Tablet 30 mg_Blardi

m}

ppt Time = 20000s

—— -5

O

0 2 4 6 8 10 12

Simulation Time (h)

Mechanistic nucleation
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Human PO Tablet 30 mg_Blardi

451 g 30
E:Z Lambda (um) = 0.19 {,,
£ %] Exp. Corr. =0.19 |
S 251
'E 204 15
g 154 L10
g 104
O 5 / —e—— s

[ S S S S S A

Simulation Time (h)

Amounts: red-dissolved,

Mass (mg)

Concentration (ng/mL)

Concentration (ng/mL)

Human PO Tablet 60 mg_Blardi

100+ 60
904 55
801 ppt Time = 4000s 5o
704 A5
=
501 -30
404 -25
304 20
20. 15
U= =10
104 E—— Y
0- y v y y -0

4 6 8 10 12

Simulation Time (h)

Human PO Tablet 60 mg_Blardi
100+ 60
904 - 55
20. %ambda (um) = 0.19 [,
701 Exp. Corr. =0.19 [
604 25
501 30
a0{ b 25
304 20
20- 15
T 10
101 r T
0o . v . v . 0

0 2 4 6 8 10 12

Simulation Time (h)

, blue-enteric portal

vein, green-entering systemic circulation

Dark blue line and points — plasma concentration

Mass (mg)

Mass (mg)

Human PO Tablet 90 mg_Blardi

120{ o -
— 1104
E 1901 157 ppt Time = 2500s [
S 904 60
£ 8o
S 701 o 50
S 604 40
£ 504
S a0{ B o F30
g 30 ~ 20
204 _-hh__"_""'—-—-—_._
© 1o / o ——}10
04gs v . v . v 0
0 2 4 6 8 10 12
Simulation Time (h)
Human PO Tablet 90 mg_Blardi
120{ o -
— 1104
TE' 100+ o 70
S 904 60
£ w0 Lambda (um) = 0.19"
70 i [
2 60 Exp. Corr. =0.19 |,
= 501
S 40 (P 30
g 30 20
20 "‘---.__.___‘_‘_‘__
© 1o / = — o
040 v . v . v 0
0 2 4 6 8 10 12

Simulation Time (h)

Mass (mg)

Mass (mg)

Simulation results from GastroPlus v9.0

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 18t order methods have proven to be useful in understanding in vivo precipitation.

« Mechanistic nucleation and growth theory provides a more detailed understanding of the
iImpact 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.

&8 SimulationsPlus
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Absorption

SimulationsPlus
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Absorption Processes

1) () o 15 (o) °
o. % 0 © © 000 o. *.? Jo
o o0 920 ° o 0,° %0 ° :
/ T Efflux
Influx °L ° Ferponer
Transporter \ © /
'y
. Blood
F.'aSSI‘ffE Paracellular Tight
Diffusion Transport Junction
SimulationsPlus
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Effective Permeability (P..): Measurements in Human

Cross-section

 Measure disappearance
of drug from donor side

* Factors affecting
permeability: .’
— individual subject ||
variations
— adsorption to the tubes

Peff = Q(Cin - Cout) /(2  r L Cin)
r=1.75 cm, L=10 cm
Peff = 0.0091*Q(Cin - Cout) /Cin

SimulationsPlus
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in vitro Permeability (P. . ) Experiments

app

* Measure appearance of drug
on receiver side

e Many factors affect in vitro
permeability (P,,.):
— pH on each side of the
membrane
— solvents (e.g., DMSO)
— amount of protein on receiver

Chemical

side
— concentration in donor side Semi-permaatle T |
. Shaking rate membtane Basolateral side
— nonspecific binding to Li, A.P., DDT, 6(7):339-348

plasticware

SimulationsPlus
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Blue — Zhu Ch. EurJMedChem 2002, 37:399; Red — Ruell J.A. plON;
93:1440; Green — Avdeef A. EurJPharmSci 2001, 14:271;
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Variability of in vitro Permeability

PAMPA Permeability values for selected drugs collected from literature
All data are for Lecithin solution in dodecane and pH=7.4

— Kerns E.H. JPharmSci 2004,

— Du C. pION

Lecithin PAMPA Permeability (cm/s)

1.00E-04

1.00E-05

1.00E-06

1.00E-07

1.00E-08

1.00E-09

—
e
_—

acebutolol

acetaminophen

antipyrine

caffeine
erythromycin

furosemide

ranitidine

-

SimulationsPlus
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Paracellular Permeability in Absorption

gut Iumen0

(o] (0] (0]

P

_&D,F(r/R)

Efflux

(o]
(o]

Influx Transporter
Transporter
Passive
Passive Paracellular
Transcellular
blood
I:)trans n I:)total K I:)para

Calculated from drug-
dependent (user input) and

para

K

R -

_ezjAY
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physiological parameters

PEG F%

120

100

80

60

40

20

—— PredHuman —— PredDog — PredRat
B ObsHuman B ObsDog O ObsRat
H gh\m

PEG Mwt

Data from He-JPharmSci 1998, 87: 626-633
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Carrier-Mediated Absorption

* 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

Be mindful of the effective
concentration when determining Km

(o] (] o] o)
© o o. o o.o :o © o o o
o Q
':.'o.o... S o o, 0 %
R A
()
Efflux
Influx Transporter
Transporter J

: 4 1019
A2 N 42 7

. Blood
Passive

Paracellular .
Diffusion Tight

Transport Junction
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Table . RT-PCR MNorthern Blot of Transporter Expressions (relative to [leum as 1.0) Used in the GastroPlus Simulations

Compartment PepT1” PepT1® PepT1* HPT1® P-gp” P-gp? OCTNI LAT2" OATP 1A2°
Duodenum 0.72 842 1.02 1.06 0.16 0.70 0.42 0.74 0.07
Jejunum1 0.92 148 1.01 117 123 0.84 0 457 0.07
Jejunum? 0.92 148 1.01 117 123 0.94 0 457 0.07
Tleum1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Tleum2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Tleums3 1.00 1.00 1.00 1.00 1.00 1.07 1.00 1.00 1.00
Caecum 0.02 0 0.04 1.36 0.36 13 0.34 0 0.13
Asc. Colon 0.02 0 0.04 1.70 0.36 13 0.34 0 0.17

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

A B|C D EF|GH I J K L

PepT1  RT-PCR analysis of
‘_'l human (top) and rat
(bottom) PepT1
ﬁ * Red lines mark small
TP [ - —- - w0 o | IntCStine (du0denum-
ileocaecal junction)

Herrera-Ruiz AAPS Pharmsci 2001; 3 (1) article 9
(http://www.aapspharmaceutica.org)

SimulationsPlus
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Mechanistic Models are Important for in vitro —in vivo
Extrapolation

MembranePlus™

In vitro permeability simulation software

Evaporation

RAN AR AE AN S 4

" ,'

Apical :—?55 | d\
. plastic binding,
Solution __nowspecicioz) W "B U R

Apical UWL |1 ’
L 1
\ ﬁaﬂ Transporters IMembrane\
Membrane 4. Entry/Exit
-

[} 4 :
\ J| Paracellular
I Diffusion
|
|
|

N

Metabolism
14
14 1, L
Basol *I Membrane
/ \Membrane Transporters *| Entry/Exit /‘\

1
Filter Support L] : i A
Basolateral UWL ‘ _;

g T g T WRiler
Basolateral ~ Loss ’ D : Diffusion il
Solution (plastic binding, U permeability
nonspecific loss) '
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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)

SimulationsPlus
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in vitro-in vivo Extrapolation of Digoxin Efflux —
Determining Intracellular Unbound Km

The intracellular unbound P-gp K, for digoxin was found to be 95.3 uM 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

Evaporatio
...... PaUa s
3 4 12
Apical Loss ¢
P 4 (plasticbinding\ Diffusi 35 L]
Solution _ nonspeciic oss) =S __pitmSOn ° 10
Apical UWL 3 ® ® °
\ ﬁﬂ’l Transporters v Membrane\*/ < 8
Membrane A Entry/Exit i g 25 A ° o
A A =
Cytosol { 9 A ° e
y | = 2 A A A 6 x
|| Paracellular = A é
| Diffusion % 15 A b
n«_s 4
2
Basol V1 Membrane I 0.5 L]
Qembrane Transporters 41 Entry/Exit /‘\ ® a ° [ ® ° b
" : 0 0
Filter Support HH A 01 N 10 100 1000
Basolateral UWL " .
---------------------------------------------------- i------------'ﬁt-------------- Donor Concentration (uM)
Hopyiee o ilter
Loss Diffusion .
SB:IS::::“I (plastic binding, DU = permeability ®Papp A>B APappB>A @ Efflux Ratio
nonspecific loss) ’
SuMAtoB 10uMAtoB 50uMAtoB 100uMAtoB 300uMAtoB
= 10° = 10° = 10 = 10— = 107 7 b
=S = = T ) L2y = = =
2 10 2 104 2 10 2 10 2 10
c c o b c c c
2 100 T e O 1) 2] .2 100 .2 100 .g 100 .2 100‘
® T, ® ® 4 ®
s 10" 5 10 s 10 5 10 = 107
g é £ 10 ﬂg = qu:: 10 < [+
8 107 o o 107 8 wg e o 10 gT o 10
g E@ g 3|3 5 g 3 g
3 107 S 10 8 10? o 10 S 107
10* 10* v 107 v 107 . 107 v
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 . .
Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h) m S’mulatlonsplus
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in vitro-in vivo Extrapolation of Digoxin Efflux —
Predicting in vivo Absorption

Hum IV Bolus 1.5 mg Ochs 1978

Cp-Venous Return-Hum IV Belus 1.5 mg Ochs 1978
[m] Cp-Venous Return-Hum IV Bolus 1.5 mg Ochs 1878 Obs.
=-= Urine-Hum I/ Bolus 1.5 mg Ochs 1578

_y )
0
% 10" %
£ =z £
c - c
] £ 2
= I} =
10 e g
= o t
@ o [}
[£] Record: Hum IV Bolus 1.5 mg Ochs 1978 . Q
c Total simulation time (h): 190 c
=] . 3 =]
1 b 1
S s ez N 2 S
107} o . 20
cmax (ng/mL): 25.4 16.95
Tmax (h): 1 k15
I AUC 0-inf (ng-h/mL): 121.5  113.0
{ AUC 0-T (ng-h/mL): 95,06 112.6 F10
i cMax Liver (ng/mL): 15.60 5
107 . v v , 0
0 50 100 150

Simulation Time (h)

104

1

Hum PO Tab 0.25 mg PS 6.5 um

7

Cp-Venous Return-Hum PO Tab 0.25 mg PS 6.5 um

2 ] Cp-Venous Return-Hum PO Tab 0.25 mg PS 6.5 um Obs.
2 Cp-Venous Return-Hum PO Tab 0.25 mg PS 6.5 um Err
=

[m]
a

Record: Hum PO Tab 0.25 mg PS &.5 um|
Total simulation time (h): 178
Result Obserwv Simul
Fa (5): o 78.09
FOp (%): 0 78.08
F () 0 74.71
Cmax (ng/mL): 1.26 1.214
Tmax (h]: 169.5  169.9
AUC 0-inf (ng-h/mL}: 93.55 i18.8
AUC 0-T (ng-h/mL): 8,435 100.5
cMax Liver (ng/mL): 1.807

: —T 7T 0
166 167 168 169 170 171 172 173 174 175 176 177 178

Simulation Time (h)

Percent (%)

Concentration (ng/mL)

Hum PO Tab 0.25 mg PR 51 um
v Cp-Venous Return-Hum PO Tab 0.25 mg PR 51 um
W O  Cp-Venous Return-Hum PO Tab 0.25 mg PR 51 um Obs
W T Cp-Venous Return-Hum PO Tab 0.25 mg PR 51 um Err
=
100
F95
Record:  Hum PO Tab 0.25 mg PR 51 un)
Total simulation time (h): 180 F90
0 Resylt observ  simul 85
10°; S e B 0
: 0 23.15
Cmax (ng/mL): 0.45 0.477 k75
Tmax (hj: 170 170.9
AUC 0-inf (ng-h/mL): 8.257  B83.53 k70
AUC O-t (ng-h/mL): 3.435 52,76
CMax Liver (ng/mL): 0.610 M5
60 R
-
M55 e
SR 60 &
bas %
o F40 A
H F356
o F30
F25
F20
F5
F10
5
166 167 168 169 170 171 172 173 174 175 176 177 178
Simulation Time (h)

A: Observed (symbols) vs. predicted plasma conc
B: Observed (symbols) vs. predicted plasma conc
(Jounela, 1975).
C: Observed (symbols) vs. predicted plasma conc
(Jounela, 1975).

B

C

. (blue) and urinary excretion (red) of digoxin (Ochs, 1978).
. (blue) of digoxin for a PO formulation with 6.5 um radius particle size

. (blue) of digoxin for a PO formulation with 51 um radius particle size

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

Plasma Concentration (,g/mL)

Mon-Linear Oral Valacyclovir

PepT1

ACAT Simulation Assuming Englund
5.0
4.5
40 1ol
- o
30 g\ &
5 | o

4100 mg
M 250 mg
4 500 mg
O750 mg
1000 mg

2.00 4.00 6.00 8.00
Time (h)

10.00

12.00

25

20

15

AUC (ug-h I mL)

Valacyclovir Saturable Influx Transport
Assuming Eng. PepT1 Alone

—4— Observed

—m- GastroPlus
Simulation

200 400 600 800

Dose (mg)

1000

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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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

GastroPlus simulations of nonlinear dose dependence
for midazolam using in vitro K, and V., and iv PK
(Agoram et al., 2001)

160
—Pred 7.5 mg
140 —Pred 15 mg
g . *» Obs7.5mg
£100 s Obs 15 mg
=
8 = Obs 30 mg
s 80
S 60
%]
5
g 4
20
0
0 2 Timﬁa (h) 8 10 12
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
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Summary

* Number of different processes contribute to net drug absorption

 Different in vitro assays are avallable 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

&8 SimulationsPlus
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Small Sample of Published Examples
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Small Sample of Published Examples

Fosinad: 15 frmsary 2021 | Rorimod 2 Murch 21 | Acupiod: 12 Masch 2021
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