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Session Description and Objectives

This talk will cover several aspects of
scientific oral solid dosage form design
based on an understanding of the
critical physical, chemical, and
mechanical properties of pharmaceutical
Ingredients. In addition, recent
advances in our understanding of in vivo
conditions is providing greater
appreciation of in vivo environment in
which dosage forms must perform. This
allows us to imagine more in vivo
relevant dissolution test methods.

+ Relate physical, chemical, and
mechanical properties to oral product
design and development.

» Understand oral in vivo environment
and its impact on drug dissolution.

* Envision more in vivo predictive
dissolution methods.
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Science can do better than | don’t know for an answer

Some questions I've tried to answer

[+ What particle size (and size distribution) do | need to achieve satisfactory content
uniformity for a tablet formulation?

Drug/Maerial
properties

* What particle size do | need to achieve adequate dissolution in vitro and in vivo?

"+ How can we characterize and use the mechanical properties of a pharmaceutical material?
E E * How much of a non-brittle excipient do | need to add to a formulation containing a very
% g:’ brittle drug?
Sa * What are critical material attributes of excipients (Excipient Performance)?
"+ How can we more efficiently develop a tablet dosage form quickly, confidently, and with a
, small amount of drug?
g % | * What are the critical processing parameters that impact formulation CQA?
£ E * How will an oral dosage form perform in vivo?




-or example, physical properties: What particle size do | need to achieve

satisfactory content uniformity?

API with known particle size distribution
. 009
00 .0

Particles end up in a tablet based
on “random chance”

Simplifying Assumptions
* Log normal distribution
* Drug load is low
* No segregation




Theory

References

+ Johnson MRC 1972, Particle size distribution of the active ingredient for solid dosage forms of low
dosage. Pharm Acta Helv 47:546.
+ Yalkowsky SH, Bolton S 1990. Particle Size and Content Uniformity. Pharm Res 7(9):962.

d', = geometric mean diameter

;M0 D) swie, (G b =g g
A’ =3 —1¢ “|=—1 10" o,=geometric standard deviation
t ol 100

p = true density

C, = Coefficient of variation to pass

CU criteria (C, =3.84 to pass USP CU
with 99% confidence)

Rohrs BR, Amidon GE, Meury RH, Secreast PJ, Skoug CJ, et al. 2006. Particle size limits to meet USP content uniformity criteria for
tablets and capsules. Journal of Pharmaceutical Sciences 95(5):1049-1059.



What particle size do | need to achieve adequate dissolution in vivo?

% dissolved in 30 min in USP Apparatus 2

Very simple dissolution mass transport equation for spherical particles Rapidly disintegrating Tab. (Solubility, dg* ﬂg]

Higuchi Hiestand Equation

dM Satirwied | Cmomeeirk Prons. [amavad 41 3 W uim
Bulubdty | Mo s
Olamatas | %, 13 | g, =10 | o108 I (R
— 4T[DaAC tognl | dm | 0w » 0 | w
dt | 2w | 0 | W | W | u
' i : | W L 13 i | aa
Major Assumptions: : e T8 I BT
* log normal distribution (d,, o,) | om | 7 | w [ v | w |
: gl g | e T T Mol on
* Sink conditions el | 0m | w0 | W | W | w
L 2 : im | @ L L.
+ Diffusion layer thickness & 00 [wm | 3 | u | w | »
. - Wwl | bm | W 0 " "
» Other assumptions for impact ) T R S
of hydrodynamics are possible T
g Lt R W | On L W L LN |9
* Diffusion layer thickness He | w | m | u | u
* = particle radius ILT_ L L -
AR WOl | B e 190 i 1%
X r yo i Cir Um : T [0 1] 1o " "
Diffusion Lﬂ'{EI’,h 1 | " - " i M
E [ ; 10 gl yam [ Im b ] L]
* W, Higuchi and EN. Hiestand. Dissolution rates of finely divided drug powders |, Effect of a distribution of particle e .. = .. .
sizes in a diffusion-controlled process. ) Phamm S¢i, 5267-71(1963) J - - - - -
* RJ.Hintz and K.C. Johnson. the etlect of particle size distnbution on dissolution rate and oral absorption. Int J Amidon GE. 2011. Oral Solid Dosage Forms. In Sinko P, editor

N 19.17 | \
Pham. 51:3-17 {1365) Martin's Physical Pharmacy and Pharmaceutical Sciences, 6th

ed.: Wolters Kluwer. p 563-593.
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How can we characterize and use the mechanical

properties of a pharmaceutical material?

Solid dose formulation ingredient and process selection
requires an understanding of:

»  Mechanical properties of APl and excipients

*  Properties ofmlxt-ures @echam’cal Properties \
+  Impact of processing

® Elasticity (stiffness)

Mechanical Properties = properties of ® Plasticity (hardness)
a material under an applied stress or ® Viscoelasticity
after a stress has been applied. ® Brittleness

® Strength (tensile)
¢ Bonding

Slide 9



Mechanical Property Characterization methods

;@uasrstatlc testing / Dynamic testing
| | ' ]
- Prepare test specimen . .
| - Test during compression
- Slow compression, decompress v 4
: - Often “high” speed
- Test after compression i

brittleness, hardness, elasticity)

- Apply “Engineering” type tests (eg:

Slide 10
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- Instrumented Tablet Press
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Measured Properties (Complimentary methods)

Quasi Static Measurements Dynamic Testing Measurements
Compression Pressure (CP
Elasticity (E') Compression Pressure (CP)

Dynamic Indentation Hardness (H,)
Quasi-static Hardness (H,)
Tensile Strength  (TS)

Tensile Strength (TS)
Solid Fraction (porosity) (SF)

Compromised Tensile Strength (TS0 Tablet Hardness

Brittle Fracture Index (= fn(TSTSo ) Tabletability profile (CP-TS)
Bonding Index (=TS/Hd) Compressibility profile (CP-SF)
Strain Index (=Hd/E') Compactibilty profil (T5-5F)
Degree of.V!s‘coeIasncnty (= Hd/Ha) T
Compressibility Index (CP-SF)

Tabletability Index (TS-CP) Machine Speed Efiec
Compactibiity Index (TS-SF) Tablt Press Simulation

CICE -



Quasistatic Mechanical Properties of APl and Excipients

Elastic Modulus Deformation Pressure Brittle Fracture  yon prittle
Ma@rmi Young's Modulus (GPa) Material Dynamic Hardness, MPa Viterial BT
Calcium carbonate 88 Stiff Sucrose 1046 Hard
Calcium phosphate 48 NaCl 653 Mm‘ﬂmﬂ-‘ cellulosc 0,03
Sorbitol 45 Lactose Monohydrate 515 Acctaminophen 0.3
Lactose Monohydrate 24 Acetaminophen 25 Thuprofen (ot A) 0.06
Lactose Spray Process 14 Lactose beta anhydrous 251 Lactose, Spray Dned 012
Theophylline 13 Ibuprofen Lot A 162 Asprm 0.19
Acetaminophen 12 Microcrystalline cellulose 168 Caffeme 047
Microcryst. cellulose 10 Aspirin 55 Phenacetin 043
o - B
Pregelatinized Starch 6 N: f:j:::su”;?a E 10 w . o
Ibuprofen 5 o lﬂﬂm 07
Stearic acid 4 Methenanine 03
Maize starch 4 Elastic U-3466%K B l'3|

rittle
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Properties of Formulations (Mixtures)
Binary Mixture Model (50-50 mix)

(equal sized monodispersed spheres)

Interaction Theory X=0.5
10 | ¥ 0.25

9 | (I-x)* 025
16 | 2x(I-x) 0.5

X.= volume fraction of |

It DAB=(DAA * ©11)" = Geometric Mean

log(D,. ) ~ x, log((DAAYxglog(11 1) = Ex log(®

Pharm %0 Slide 13 -



Example Binary Excipient Mixtures (Follow Power Law of Mixes)
MCC, SDLactose, DiCal, Mannitol, Corn Starch

MCC PH 101 and Lactose
10,60 - 100,60
! SD
£
)
£ 100
A 10
]
v
@
=
2 -k
0

0 100,00
% Lactose SD

MCC PH 101 and Mannitol
_Eu 10.00 L = 1000.00
=
-
fﬂ 100 g + 100,00
v
"a
5
™ 010

% Mannitol

MCC PH 101 and Dicalcium
1000 —Phosphate——— 100000

MCC PH 101 and Dicalclum
1000 —Phosphate— 1000.00

t
z L | £ -
) ' ) |
c 3 c !
o ] v ]
[ s
- -t
! vi o
3 Y
= 3 = ]
c 5 &
e I - !
f N _f
L00 100.00 1.00 100.00
0 100 0 100
% Dicalcium phosphate % Dicalcium phosphate
MCC PH 101 and Corn Starch ihactose SD and Dicalcium o
10.00 1000.00
\ - Phosphate
= 7
1) c
& o
- @ 100
.
i ]
) % X
W =
E E 3
7]
" o010

10.00 ] 4
% Corn Starch . o
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Tesnsile Strength

Mannitol and Dicalcium
009~ Phosphate, 0™

—=-Di

Q.10 1000

% Dicalcium phospha

Amidon GE. 2011. Oral Solid
Dosage Forms. In Sinko P,
editor Martin's Physical
Pharmacy and Pharmaceutical
Sciences, 6th ed.: Wolters
Kluwer. p 563-593.




Effect of the Addition of a Non-brittle Material to a Brittle Drug
(Methenamine, Flurbiprofen, Drug X

Very Brittle 1.0

“Glass-like” ’
08 -
[ ]
o
0.4 el
| Lo
e — -~ (- Adding only 30% of a non-
02 - ma | dpelbel—— | rittle excipient makes the
i e ’ A
. . S mixture much less brittle.
s ¥
Non-Brittle 00 & . | |
0 20 40 60 80 100

% Drug Mixed with Excipient




Formulation Mechanical 1 snnc Sy
' . Brittle Fracture Index (BFI) vs %API -
Properties | .
Formulation = Drug + Excipients —watt] 080 |
;'_'.‘:.*I'.".'.i"._.__ u?ﬂ ; o
Reduce a multicomponent mixturetoa == 060§
' i swiswame 1 L 050 F
binary mixture of: e ® o |
Component 1: Drug T 233
Component 2: Excipients ““’“‘— 210 8
(eg: MCC + SDLactose +...) e L o e e s
— - 0 2 & 60 80 100
;——~ % AP! in Blend

Predict critical mechanical properties of a formulation as a
function of:

* Drug load

* Excipient selection and quantity

* Tablet solid fraction/compression pressure

Amidon GE. 2011. Oral Solid Dosage Forms. In Sinko P, editor
Martin's Physical Pharmacy and Pharmaceutical Sciences, bth ed.:
Wolters Kluwer. p 563-593.
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Process Parameters

Tensile strength, MPa,
of pure material at
solid fraction =0.85

Tensile strength (MPa)
MD
L

Iyer R, Hegde S, Zhang Y-E, Dinunzio J, Singhal D, Malick A, Amidon G 2013. The Impact of Hot Melt Extrusion and Spray Drying on Mechanical Properties
and Tableting Indices of Materials Used in Pharmaceutical Development, Journal of Pharmaceutical Sciences 102(10):3604-3613.

Phﬂaﬁls'l %0 Slide 17 -



Al anm manes At sianthidavisinn adnihilank Annnmn - fanrme artinkhe el m cmnnllae
We can more efficiently develop a tablet dosage form quickly with a smaller

amount of drug

A more scientific approach to formulation development;

» Requires more data (physical, mechanical properties, processing impact)
and more predictive relationships

+ Improves efficiency of dosage form design and development by using
predictive models and data

+ Can use a material sparing approach: resource and time savings

A
10,000g 1000g 100g or less

daps
Pharm 3@ Slide 18 .



Bridging In Vitro = In Vivo studies for Oral Products

Standard industrial product

Gl Physiology is complex
RO P dissolution tests are not

Slide 19




Dissolution Testing: The Future

Need to transition to multiple dissolution methodologies for different purposes

+ Quality control (eg: Good, Fast, and Cheap, for change control)
* In Vivo Predictive (eg: not necessarily Fast or Cheap, but “Better” for QbD, IVIVC purposes)

In vivo Predictive Dissolution (IPD) should:
¢ Be physiologically relevant
* Consider drug properties: (acid, base, neutral)

* Consider dosage form properties (dose, applied technology)
* Address “Kinetic Properties”

* Utilize appropriate dissolution methodology from several options (no less, no more)
® Current compendial methods (eg: Apparatus 1,2,3,4)

* Multicompartment systems: Gastrointestinal Simulators (eg: GIS, ASD, TIM) ﬁ
® Other (pH Dilution, etc)?

* |ntegrate/consider absorption rate
* Multiphase systems to simulate absorption: (eg: Biphasic, polymer membrane systems) ﬁ

Phaaﬁf] %0 Slide 20 -



Goal: Integrate physical chemistry and physiology into a dissolution
system that is kinetically relevant

Transport to
blood
- . Absorption
Disintegration T 2 ] dMdt = k, C,
T ' s
é‘ﬁ ' '-'-T'-u' T
s CRAS M .00, 9 o0
@ — ¥ AT
o Intestinal transit
Gastric emptying dM/dt = ~0.5 ml/min
dM/dt = k M, S =
l.'..--' Solution
]
+ Dissolution (?) Dissolution
dMy/dt = DA (C, - C,) . dMy/dt = (D/hg JA(C, - Cy)

Phaﬁf] 30 Slide 21 -



Dissolution media

Bicarbonate buffer is the primary buffer of the intestinal
tract and in fact of all biology

It has interesting properties that have important
biological and drug delivery implications

* Complex, unconventional buffer behavior

* Low in vivo buffer capacity




Bicarbonate Buffer: Reactions and Rates
Kﬂ HI .
(0,(aq) + H,0 =2 H,C0; = H" + HCO;

"  [H*][HC0;]
Ko = KoKy ~10°% or pka*6.04  Ka =0 )
K Ky s <
C0,(aq) + H,0 ngwg H(05 5 H™ + HCO;
_ [HyC04] _[HT][HCOs]
.8 [C0;(aq)] Residence time of co, . [H,C04]

generated in aqueous

Kp
Ko = PR 10+ boundary layer of K= Kr o 10733
. f dissolving particles is too Ky
1
completely!

e o1
L K, ~5x 10105

Phaﬁf] 30 Side 23 -



We know: GI buffer +15% CO, @ pH=6, 6.5, 7( 104mM HCO;

At the dissolving drug surface: C0,(aq) + HE(J*—HEC 031—H Y+HCO; k=0

Ko Ky
In the bulk liquid: ~ C0,(aq) + H,0¢H,C0,«H* + HCO; k, and k, = Instantaneous
<.«  What phosphate buffer concentration
“\ __.. Might represent bicarbonate buffer? 150

i \ g 100
§ \ 3
; \ | @ 50 IBU
I | Weak Acids : If‘"‘“ ?l

"‘ Commaon butteér concentration * 0
i \ = 50 mM phosphate 40 10 60
i : Time (Minutes)
|
| B

5mM f IBU tablet

phosphate *

-.. J :‘:
~u
3 "\
’ o
-
=4
=
m
=
% Dissolved
¥
[
]
[]
[ ]
L]
[ .}
L]
]

o o o o

Drug ok - |ty | Dvnag Ineriavit Saduboiimy TimE tMinutEﬂ




Bicarbonate Buffer Concentration and Buffer Capacity as a function of
pH and %CO,

Bicarbonate Buffer Concentration (mM),
Buffer Capacity in parentheses (mmol H+ /L/pH)
% C0,

o | 5% | 10% | 15% | 20% | 4% | 60%
55 | 019 | 0381 | 057 | 076 | 15 | 2.29(061)
6 06 | 12 | 18 | 241 | 48 | 7.3
6.5 19 C[3s120)[5.713.0(762(42)D 1523 | 2285

7 |602(19) | 1204 | 807 N1 | 4817 | 7226
75 |18.04(25)] 3808 [ 5743 | 76NN | 22851

50 mM phosphate buffer capacity at pH 6.5 = ~25 mmol H* /L/pH

Slide 25




In Vivo Buffer Capacity: Humans Fasted State s

Sampled through Gl Tube ,
. .t
f | Stomach {:1
) 1 ’ 1
g 1“ ] [ #'l 1 (] ] |
E ' Tima b
19 | .
N Stomach Duodenum iziw
0 ;
E. ull b (] ] |
l.'i Expected Time 4
: 1 - _ ™ buffer :
E um ;E.IDECIW of  Jejunum ] W
0 ! ! T ! ! T ! icarbonate i;
B o o ¢ & ' 8 1 @ :
ﬁﬂ'ﬂh) ﬁu : ‘ 0 '

Tima {h)

«&- Buffer Capacity Stomach Buffer Capacity Duodenum == Buffer Capacity Jejunum

Ref: B. Hens, etal. Low Buffer Capacity and Alternating Motility Along The Human Gastrointestinal Tract: Implications for in vivo Dissolution and Absorption of

lonlzable Drugs. Accepted Molecular Pharmaceutics (2017).



Intestinal Water Content (by MRI)

Fasted state
S0 i, weallied o

Liguid contents of the: stamach (Fig. 4], small bowed (Fg. 38), multiple mtensity
progection image of mdividual small bowel water packets, olour coded and

- A x evtracted from images (Fig. 3C).
A 200 - .
200 [1\ 120 - e b60-90 mL

150 |

100 4 ‘

Gastric volume (mL)
Total small bowe| water content (mL) [D

l . 20
: T2
1] 1 T T T ¥ ¥ T T Y 1 T T I [+ J¥ F— i + g — - .
10 0 10 20 30 40 50 60 70 8O D0 100110120 10 O 10 20 30 40 60 00 70 BO ©O 100110120
Time (min) Tima (min)

Mean Total Intestine Water Content before and after 240 ml

Mean Gastric Violume before and after 240 mil

DMMudie,..,LMarciani. Molecular Pharmaceutics. 11:3039-3047 (2014).
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Physiologically relevant conditions we now know
better... and can integrate into dissolution test conditions

* Stomach emptying rate (t,, ~ 13 min) variable (complicated)
» Buffer concentration low, 5-15 mM bicarb (lower for PO 4)

* Buffer type: bicarbonate (equivalent phosphate)

* pH (stomach: 1-5, duodenum: 3-6, jejunum: 5-7)

* Fluid volume (60-90 mL in small intestine)

What about:
* Hydrodynamics?
* Absorption?

Slide 28




Hydrodynamic Parameters that Govern In Vitro and In Vivo Dissolution
(Jim Brasseur (UColorado) Computational Fluid Dynamics

A Nsialsis
10k 11
|
ZLEETN g ||II —
Model P G\ . Y o i | =ww
Intestinal ...~ particle path . . o it LAl
ntestina i | i
Tk ow o3 N 02b ’\/II\' I|
. ".1 |
I : 4 X |
Iawj" In vivo
» shear -
rates™1 - b e/t
1 1087 *
Convection -~.
Simulations: Brasseur, Wang , Behafarid 0 F
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Modular Gastrointestinal Simulator (GIS)
[ N\

Realistic volume, pH, buffer capacity, hydrodynamics (to extent possible)

Phaaﬁf] %0 Slide 30 -



Selection of Impeller (Hydrofoil) Types and Vessel Shapes Considered
Goal: Physiologically relevant shear rates and well mixed

Images via Google Images
Graphic via Thermopedia.com “Mixers”

Slide 31




Hydrofoil and vessel design examples. Goal: Achieve assess/achieve shear rates

Compartment 300mL Dish Stomach @ 100RPM |  300mL Flat Vessel 75mL Duodenum &
@ 125RPM Jejunum @ 125RPM
Vol. Avg. SR [s] 10.55
!’ | e 1 B
— — - T -
Velocity Profile
[ms”!]

Pharm %0 Slide 32 -
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GIS Modular Setup (3D designed and printed)
with inner dissolution vessel and outer water jacket

Stomach Vessel (300+ mL) Duodenum and Jejunum Vessel (50-100 mL)

Ports for tubing,
pH probe, etc

Stirrer motor

Stirrer motor housing

housing

Inner Vessel
Inner Vessel
QOuter, slip-on
Outer water water jacket

jacket




Gastrointestinal Simulator: GIS 2.0 |

Slide 34




Graphical User Interface

- e e e
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Simulating Absorption: Polydimethyl siloxane

(PDMS) Membrane to simulate Absorption:

3 ® Structure based prediction can
vield PDMS partition and
J s ¥ — Koonu diffusion coefficients

—
i

Metoprolol (Tartrate) = I{atu;:mfun
#= Dipyridamole

Measured LogPppms (12hr)

* Technology available to make
thin membranes (<10 um)

0- Benzoic Acig/ R = 0,981
: (excluding Keloprofen)
Y g— Nﬁl‘m LWPFDME = Umﬁx prﬂ_w"n.g?1
A4 R = 0.889
(including Ketoprofen)
[ — Caffeine LogPpows = 0.669 x LogP., - 0.942
#2 T T T 1
2 0 2 4 6

Calculated LogPq.w
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Mass Transport Analysis of GIS

)

4o, G060

L-u“ =wD e o)

| G,(2): Solubility
Q!(N— '.l. Al 'J_ Cy(t): Bulk concentration

Vim: Molar volume of the drug

D: Diftusion coefficient of drug molecules

)nmlt,grﬂum  Diffusion coeffic
' Ry: Radius of particle
.Partu.

S’l =14 ﬁmﬂfw + ﬂsmm-
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Prediction vs. Experiments for 800 mg Ibuprofen Tablet in GIS 1, = 13min

pH in duodennm

in jef e b1 [ rogipr
'pll in ]f]uuumw : s sty Rt

6.5

52 58
° 2 . 0 80 X T » o e 80 1w 12
amoya) Time(min)
i Mass dissolved in stomach " Mass dissolved in duodenm - Mass dissolved in jejumm
Pradicted mass " ﬁ
600
10 i :
6 5 %0} 3 Predicted mass
P ¥ 7 400
L = 20} i
o 5 L ]
10} 200
Expenimental
mass
0 0 . . .
0 20 40 60 60 W0 12 0 20 40 60 80 0

Time (min) Tiroe (min) 0 IJJ_" w_lao 100 120




Conclusions

* The properties of oral tablet formulations are “predictable” and can be more
scientifically designed and developed.

* We are learning more and more about the in vivo environment of the Gl tract
(Gordon Amidon and others have spoken about this at this meeting)

* We are working to integrate physiologically relevant “conditions” into dissolution
equipment and experiments (Gastrointestinal Simulator (GIS))

* GIS tests have demonstrated enhanced discrimination in dissolution profiles of a
variety of drugs and dosage forms (

* Very much a work in progress! See published research with more to come.

We continue to move away from “Guided Empiricism”* toward scientific formulation
development, characterization, and performance.
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Work to date: Human Gl and GIS-related publications from U-MI labs (2010-2018)
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1
i
4

Mudi, D. M., Amiden, G. L; Amidon, G. E. Physiologieal Paramgters for Oral Dolivary and in Vitro Testing. Mol Pharmantutics 2010, 7, (5), 1388-1405
Mhudi, D. M.; Shi, X, Ping, H.; Gao, P, Amidon, G. L., Amidon, G. E. Mechaniitic analyss of salute transpart i & in witro physiological two-phate divsolution apparatus. Biopharm. Drug Ditpos, 2012, 33, (7), 378-402,
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13,

14
15

Scivmoes 2004, 57, 152-163
Matsul, £; Tiuma, Y., Amidon, G, ., Amidon, G.L In Vitra Dissakation of Mlaconazale and Dipyridamoks in Gastredntestingl Simalator (GIS], Predicting in Vivo Distelutian snd Drug-Orug Interaction Caused by Acid-Reducing Agents
Molecwlor Pharmareutics 2008, 12, (7), 1418-2428

Tsume, ¥.; Tabeuchi, 5., Matsa, K; Amidon, G, [; Amedon, G. L. In witro disselution methadology, minkGastromtestingl Smmulator [mGiS), predicts better in vivo dissolution of 2 weak base drug, dasatinb, Curopean fourmal of
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