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1. Systems Engineering

(a short introduction for people in pharmaceutics)




Science and Engineering Imperial College
H.A. Simon, “The Sciences of the Artificial” (1996, 39 edition) London

m Science
— aim: understanding of nature

~ examples: Physics, Chemistry, Biology/Biochemistry

m Engineering

— aim: manipulation of nature to achieve specific objectives

~ examples:
— Civil/Mechanical/Electrical/Chemical Engineering
~ Pharmacy
- Medicine




Systems Engineering ImpEr Chsca @

m Systems: complex entities comprising multiple interacting
components
— potentially complex components
— potentially complex interactions
—>complexity can arise both from the components themselves
and from their interactions

m Engineering : focuses on achievement of specified objectives

m Distinguishing characteristics:

~ Mathematical models are used to capture scientific knowledge
on component behaviour
— not necessarily “first-principles” models

— Model integration: from components to systems

— Model-based activities use advanced mathematical techniques
to extract value out of models
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Engineering Objectives
What do we want to achieve?
What do we care about?

Decision Space

T REVIISTE objectives

1
1
1
1
1
1
1
1
1
L

End-use function/efficacy; economic efficiency; What decisions do we have at our disposal? <“i
safety & environmental impact; ... What can we manipulate/change? E
| | |
v i
Q)
System of Interest Q
What part of the universe relates 2,
what we can change to what we care about? 'Q
Q
S
S e | Mathematical Model of the System of Interest )
g i Quantify effects of what we can change on what we care about Q.
g oy
! <
S — 3
=} Model-Based Activities |

Use the model to understand system behaviour;
explore decision space in an extensive (complete?) and efficient manner;
Identify optimal decisions
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2. Pharmaceutical Systems




Key drivers in pharmaceutical industry ImpEr Chsca @

Therapeutic

Raw Pharma Drug R rape

Materials Manufacturing Product

m External

~ end-use functionality & effectiveness — Regulation

- other product quality attributes (e.g. stability) ’g’zc‘fﬁﬂhe sutabilty of either a

drug substance or drug product for
its intended use. This term includes
such attributes as the identity,

N Internal strength, and purity.”
—- R & D efficiency
time-to-market

Economic
o _ viability
efficiency of manufacturing

competitiveness & competition
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‘_________________\

|
|
- T—> HumanBody ——>
|
/

\_________________—

Therapeutic
Effect

Ravx_/ Pharma . Drug
Materials Manufacturing Produc

Step 1: Drug Substance manufacturing Step 2: Drug Product manufacturing
Producing the active pharmaceutical ingredient (API) Producing the drug delivery form (tablet, capsule etc.)

Dry blending
Continuous mixing/blending (PF/CST/other)
Delumping (eliminate soft aggregates)

Reaction

Distillation

Crystallisation

Agitated filter drier

Centrifuge (horizontal; vertical)

Screw conveyor / feeder

Granulation (fluid bed; high-shear wet)
Single plate filter Drying (fluid bed; tray; spray)
Roller compactor;

Milling

Fluid bed coating of particulates

Drier (pan; tray/shelf))
Milling (wet; dry)

Sensors
Hopper/storage: transfer to tablet press /capsule filling machine
Encapsulation

Compaction

Coating of tablets




: _ Imperial College
Pharmaceutical systems — @

—_—_—_—_—_—_—_—_—_\

Therapeutic

 ——
Human Body Effect

/

|

Ravx_/ Pharma . I Drug

Materials Manufacturing | Product
|

\_________________—

Step 3: Oral Absorption/Pharmacokinetics
Getting the drug into the systemic circulation

Step 4: Pharmacodynamics
Therapeutic effect on body

* Bioavailability: the extent to which the dose Time of maximum
reaches systemic circulation drug concentration

Dose

Absorption

~,  drug concentration

\
\ ]
\ - - Maximum (peak)
| )
1
: (Cmax)

v

e — ; Bioavailability

F Permeability Systemic Circulation

Area-under-Curv
(AUC)

concentration —

Metabolism

| Plasma drug

=
3
D

Nature Reviews | Drug Discovery
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Decisions

solvent/additive,
unit ops, recipes, dosage form

impurities wet/dry gran. dosage amount
direct comp.
\ v \
Drug substance Drug product <> Drug delivery: <> Drug delivery:
manufacturing manufacturing Oral absorption & PK pharmacodynamics

polymvorph, Content uniformity Cmax, AUC Efficacy, Safety

morphology, PSD,
purity

Objectives/KPIs




Scaling down our ambition? | | Imperial College
From real to surrogate objectives London

m Many decisions & constraints; complex interactions

—> Process Systems approach: effective/efficient exploration of decision space

= BUT..

~ incomplete knowledge/understanding of parts of the system
— inability to handle modelling complexity of entire system
— organisational silos & barriers

—> from real to surrogate objectives

Properties Properties of
| F:)f | final | Bio- | | Therapeutic
Drug availability Effect

Intermediates
Product

Unit Operation Integrated Process Pharmacokinetic Pharmacodynamic
Modelling Modelling Modelling Modelling
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2a. Drug substance manufacturing

Drug product Drug delivery: — Drug delivery:
manufacturing Oral absorption & PK pharmacodynamics




Drug substance manufacturing 'L'gﬁgr(')ﬂ College @

m Closest to chemicals/fine chemicals sector,
e.g. in terms of unit operations

— reaction, distillation, crystallisation, filtration, drying...

m Key challenges for model-based engineering approach

complex molecules

complex chemistry
batch/semi-batch operations
(some) solids

mixing imperfections/scale-up

batch-to-continuous conversions




Drug substance manufacturing

Reaction recipe optimisation & scale-up

Reagent, pH
control
addition

profile?
Impeller

speed/size /

) I ion ?
Heating/ ocatio

cooling
profile ?

Key objective: minimise loss of batches due to
unacceptable impurity levels
(~€100k per batch)
Approach: mass-transfer limited dissolution of
solid raw material*
kinetics of main & side- reactions*
hybrid multizonal/CFD modelling
dynamic optimisation of recipe

Imperial College
London

API (s) ]

Dissolution in aqueous solution

API (aq) &

Y
FBH" + OH" ]—

Addition of sulphuric acid

Formation of iptermediate

A\ 4

[ API hemisulphate

side component

Decomposition

\ 4
[ IMPURITY X ]

* Coupling with small-scale experiments



Hybrid multizonal/CFD equipment modelling Imperial College
Agitated tank equipment London

CFD model (Fluent®) Multizonal model (sPROMS)

¢ total mass conservation * zone population balances

* momentum conservation * growth, nucleation/attrition kinetics
¢ network mass/energy balances

CFD — Multizonal Multizonal —> CFD

* phase mass fluxes between zones ¢ zone density/viscosity

¢ volume-averaged zone energy
dissipation rate

Bezzo, Macchietto & Pantelides,
Comput. chem. Engng. (2004), 28, 501-511; AIChE J. (2005), 28, 1169-1177




Reaction recipe optimisation & scale-up Imperial College
Results Langan

m Optimise addition profile to minimise impurity formation

m Eliminate mixing imperfections

m Keep reactor out of “danger region”

~ low pH, high temperature

m Optimal recipe validated experimentally




Drug subst-ance.manufacturing | Imperial College

Crystallisation from solution London

m Models based on 1-dimensional particle size distributions
(PSD) are now routine from technological point of view

m Models incorporate all key phenomena
~ nucleation (primary + secondary)
— growth
— attrition
— agglomeration

m Model-based engineering approach

1. model identification based on experimental measurements
— requires small number of batch experiments

2. dynamic optimisation for recipe optimisation
3. model-based scale-up




Drug substance manufacturing

Crystallisation from solution n

Temperature Profile

global_spec

ial College

Kinetics of crystallisation
* nucleation (primary and secondary)

« growth

Solubility and physical properties

Relative saturation

Equipment configuration (power input)

Initial conditions (temp, volume, comp)

population balance
models

Primary nucleation
/ : D50 and Span using

Crystal size [mu]

Volume density [m3/m3.um]

4000 8000 12000
Time[s]

16000 20000 4000 8000 )

Time[s




Solution crystallisation case study — 1
(GSK/PSE*) Selen

. . . *Bermingham, Cocchini,
| B d tC h see d e d CcooO I N g C rySt d I I ISA t IoN ”Model-gased Decision Support for Design and Operation of

Pharmaceutical Crystallisation Processes: Efficient Workflows

Of an A P I frO M an o rga N | C SO | vent for Validation Against Experiments and Scale-up”

Paper #84c, AIChE Annual Meeting, Minneapolis, October 2011.

m Sampling strategy

~ solute concentration and PSD throughout the
crystallisation

— not standard sampling regime

m Data set of 8 experiments varying
agitation

supersaturation

Exp
seed PSD  [w
Seed Load %
Stirrer speed RPM

T S e e d i n g Seeding Temp degC

Holding time hrs

Cooling rate Final Temp degC

Cooling time hrs no cooling

Rate of cooling deg/min na

Holding at final temp hrs

Total exp time hrs




Solution.crystallisation case study—1 Imperial College
Experimental data London
m Solute concentration (HPLC)

= PSD (laser diffraction)
= Morphology (microscopy)

SRR ERE:

Particle Size Distribution

variability from
measurement
technique

Volume (%)

-\‘U
P % s
= plate-lik€ crystals




Solutio.n crystallisation cas.e study — 1 | imperial College
Dominant mechanisms and hypothesis London

m Process designed to induce high level of nucleation
following seeding

» Dendritic breeding/ activated surface nucleation
~ nucleation as a result of dendritic growth on surface of seed crystals
— mainly occurring at high supersaturation, typically post seeding.

m Throughout the process
— growth of seed crystals and the nuclei

— attrition (contact nucleation)
~ breakage (evidence of breakage observed at low supersaturation)




Solution crys.tallisation case study -1 imperial College
Key physical phenomena London

m Dendritic breeding Mersmann et. al, Chem. Eng. Sci. 57 (2002) 4267 — 4275

*\12
_ B = k —mexp( [Kl:l}(lcri/;; )l ) )

Jap = BsAr

= Growth

—C. (L
~ mass transfer int (L)

P crys

— surface integration
G(L) =k, exp

m Breakage (taken from milling literature)

Vogel & Peukert, Chem. Eng. Sci. 60 (2005) 5164 — 5176




Solution crystallisation case study — 1
Parameter estimation

Parameter

Initial Guess

Optimal
Estimate

Width parameter RR distribution
Location parameter RR distribution
Dendritic breeding - K

Dendritic breeding - In(ks)
Stokes-Einstein - alpha

Surface integration - kg
Surfaceintegration-g
Surfaceintegration - Ea,g

Breakage - k

Breakage - yprime

3.00E+00
2.60E+02
4.14E-01
-3.20E+01
1.00E+00
5.97E-05

1.00E+00
5.50E+03

2.00E+02

1.00E-04

3.11E+00
2.33E+02
4.14E-01

-3.85E+01
1.75E+00 |

1.00E-04
1.25E+00
2.85E+03
3.13E+02
4.22E-04

Imperial College
London

Dendritic breeding
not active?!

Increased mass
transfer and
surface integration
to enable
rapid depletion
of supersaturation

Significant
breakage




Solution crystallisation case study — 1
Testing of model predictions vs.
experiment not included in parameter estimation

m Exp. 4: no cooling, desupersaturation only
= Good fit of solute concentration and dc,

= Model underestimates fines and coarse
tail of PSD

i

5000 10000 15000 20000
Measurement Time

5000 10000 15000 20000 0
Measurement Time

——Predicted = Experimental ——Predicted = Experimental

s
London

60

40

20

0 -

0 5000 10000 15000 20000
Measurement Time

——Predicted =  Experimental

Exp. 4 - d84

5000 10000 15000 20000
Measurement Time

——Predicted = Experimental

Underestimation thought to be due to inherent error in laser diffraction
measurement of PSD of non-spherical particles




Solution crystallisation case study — 2
(Pfizer/PSE*) London

m Batch cooling crystallisation
~ no seeding

—167T03?}§

= Primary nucleation .
3k3T3% In S

m 2-step growth mechanism

G(L) _ kd (L) Cbulk - Cz’nt (L)

% crys

—F C. (L)—C
*Garcia-Munoz, Yu, Pinto, Bermingham, — k eXp Aag nt ( ) sat
g

“A Model-Centric Solution to Link Content Uniformity Targets R T ,0
with API Particle Size Specifications and Process for a QbD Exercise” crys
Paper #202d, AIChE Annual Meeting, Minneapolis, October 2011.

g




Solution crystal.lisa:cion (-:ase study — 2 imperial College
Recipe optimisation London

m Key focus: constraints on APl = Objective: minimise batch time
particle size distribution

= Control: temperature ramp rate

— compliance with targets on

Content Uniformity of _ .
tablets = End-point constraints

— attain content uniformity targets

Lower Bound

Upper Bound ~ dsgtarget™1 < dso [MM] < dsg 1rgertl
— dgo/dy [-] < dgo/dy, target

— ensure yield
- 0 [-] = (c-cg,)/c,e < 0.001

— stop crystallisation at end of batch
- T..4,01<T[eC]<T,.,,.,+0.1

target target

Cummulative Probability (%)

- - ] r c rrrcccE - c rreccf r r o rrccceg L]
10° 10" 10° 10° 10* N Path COnStralnt

Equivalent Spherical Diameter (microns)

— ensure crystal purity: G [um/s] < 0.01




Solution crystallisation case study — 2 imperial College
Results from a “similar” case study London

Original Recipe Optimal Recipe

| | | |
Growth rate peaks at ~0.08 um/s
=» too much impurity

New temperature profile

|
=
2
g
&

growth rate now below
Original temperature profile 0.01 pm/s at all times

B

SN
Peak growth rate reduced by a factor of 8

Batch time increased by 13%




Drug substance manufacturing
Batch-to-continuous manufacturing

= Improved product quality
control

— stable continuously
controlled operations

m Efficient manufacturing
~ lower capital cost
~ lower operational cost
— smaller footprint

m Better handling of “difficult”
products (e.g. metastable
polymorphs, optical isomers)

— ability to operate in
narrow region

Imperial College
London

m Batch or Continuous ?

Choice depends on...

difference in economics
material to be produced
scale of production
certainty of demand

in-house experience and
the willingness to invest
in non-standard practice
/ workflows

guantitative assessment & comparison

Require

of optimised alternatives




Drug substance manufacturing
Crystallisation: from batch to continuous

m Batch

Easy scale-up of recipe from lab to
plant

Good traceability of off-spec product

Freedom to change recipe to ensure
high yield / low material loss

Easy scale-down of production
(reacting to demand)

Flexibility in equipment utilization (for
other products)

Variability of product quality from
batch to batch

Low plant availability / asset utilization
Storage and handling steps
Labour intensive

Imperial College
London

High plant availability

m Continuous

— less maintenance / cleaning
Lower capital cost
Lower operating cost

— including manpower and energy
Improved product quality control

Challenging and (usually) custom
process design

Poor traceability of off-spec product

Complex startup, shutdown and
emergency procedures

Minimum throughput (turndown)
requires better demand planning

Energy and raw material cost of startup
and shutdown




. : : f At Imperial College
Multi-stage continuous cooling crystallisation

level_contfsl 3
lewel @ llertinl @
PSD |sensord0l

PSD |sensor

s product_purnp001

product_pump

Rl ative saburation

szl dre o)




' ' i At Imperial Coll
Multi-stage continuous cooling crystallisation |[jkireasac @




' - : et Imperial College
Multi-stage continuous cooling crystallisation  |jkisrkedadas @
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Multi-stage continuous cooling crystallisation  |jkisrkedadas @
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Multi-stage continuous cooling crystallisation  |jkisrkedadas @




Multi-stage continuous cooling crystallisation [ Res iy
onaon |

Not quite so simple

Multi-stage continuous process

Total volume same as batch case, distributed equally among stages

Temperature range (95°C — 25°C) same as in batch case, distributed equally among stages
Flowrate = 90% of [batch size]/[batch time]

Exit Span
supersaturation (um) (%)

Batch 79.4 78.3
Continuous

1-stage 0.303 75.5 157.7 Both D50 and Span
2-stage 0.263 109.1 168.2 increase with more

stages
3-stage 0.239 120.8 170.6

4-stage 0.224 126.7 171.7 (and much higher
5-stage 0.214 129.9 172.2 compared to batch

operation
6-stage 0.208 132.4 172.4 g )
Diminishing

Unacceptably
improvement high




Multi-stage continuous cooling crystallisation [ Res iy
Not quite so simple

Exit Span
supersaturation (um) (%)

Batch 79.4 78.3
Continuous

6-stage (simple) 0.208 132.4 172.4

4-stage (simple) 0.224 126.7 171.7

4-stage

(volumes: 10%, 20%, 30%, 40%) 0.152 124.1 175.5
4-stage

(++ AT: 40%, 30%, 20%, 10%) 0.063 118.7 171.2
4-stage

(++ flowrate reduced by 1/6) 0.052 119.2 170.1

4-stage

(++ total volume increased by 50%) 0.034 119.4 168.1

Some improvement achieved
More formal optimisation approach required




Drug substance ma?ufacturing imperial College
Some conclusions London

m Closest to chemicals/fine chemicals sector,
e.g. in terms of unit operations

— reaction, distillation, crystallisation, filtration, drying...

m Key challenges for model-based Potential pitfalls
engineering approach 1. Bad choice of models
2. Insufficient/inappropriate
coupling of models &
complex chemistry experimentation
Lack of understanding/use
of optimisation technology

— complex molecules

batch/semi-batch operations
(some) solids

~ mixing imperfections/scale-up 1

— batch-to-continuous conversions
Failure to derive
sufficient value from

m ...mostly within scope of
existing teChnOIOgy? modelling investment ?




2b. Drug product manufacturing

Drug substance
manufacturing

<
I

r------\

Drug product
manufacturing

T

A L L L T

Drug delivery:

Oral absorption & PK

Imperial College
London .ng

<+

Drug delivery:
pharmacodynamics




Drug product manufacturing 'L'};ggg?,' e

m Quite different to standard
chemicals sector

— mostly solids-based
operations/transformations

Dry blending
Continuous mixing/blending (PF/CST/other)
Delumping (eliminate soft aggregates)

Screw conveyor [ feeder

Granulation (fluid bed; high-shear wet)

Drying (fluid bed; tray; spray)

Roller compactor;

Milling

Fluid bed coating of particulates

Hopper/storage: transfer to tablet press /capsule filling machine
Encapsulation

Compaction

Coating of tablets




Drug product manufacturing & Process Systems Engineering Imperial College
Challenges & potential contributions London

= Key challenges m Process Systems Engineering has
— complex materials limited pOtentia| for COntributing to
— multiple solids phases new fundamental science

— particle size-dependent m BUT it can provide a
chemical composition systematic, formal framework for

— incomple.te understanding of — capturing all existing knowledge &
the physics understanding

- handling of solids-related — first-principles or empirical

aspects — integrating knowledge across entire

- population balances processes

= potentially multi-

) ) — deriving maximum value from existing
dimensional

knowledge
~ modelling of integrated

processes m It can also support new science by

~ equipment scale-up — identifying & prioritising needs

— helping in assessing domain knowledge
(e.g. model discrimination)




Modelling of integrated solids processes Imperial College
Typical examples London

Compaction process Spray drying process

[

[h.oda’ae@mocAlesddsdNEE & : Wl = o |[WEE | ¥ | &

@ . " Key results - Active feeder
e

Compaction process i | K i Key results - Spray dryer

Key results -

4

l'” Interface | Spedfication | Topalogy [ PPROMS language | Praperties




Drug product manufacturing — Example imperial College @
Agglomeration process optimisation London

m Fine particles to be

F

agglomerated = 2

m Product particles to be within
certain size range

Coarse
particles
recycle

m All other particles recycled

~ coarse ones crushed |
. . T Coarse
in a mill - e screen

m OPEX a strong function of Fines T Fines f

recycle screen

recycles of fine & coarse . e

Interface SpeciFicatiDn| Topology | GPROMS language | Properties

particles i,

=>» need to balance OPEX
and CAPEX (agglomerator,




Agglomeration rr.model validation imperial College
Agglomeration kernels London

m Size-independent kernel
— agglomeration rate independent of particle size

B=5(xT,0,...,t)

— all events equally favoured

m Smoluchowski’s shear kernel

— large-large events favoured £ =5, (X,T, w,.--,t)(Ll +L, )3

m Equipartition of kinetic energy kernel (EKK)

— large-small events favoured 1 1

_+_
L5

B=p(xTo,...t)(L+L,)

For a given range of operating conditions (temp, binder content etc.)
— which agglomeration kernel best describes system?
— what are the values of the kernel parameter(s)?




: : Imperial College
Agglomeration experiment #1 @

Fine powder, binder Quantiles
continually added during measured every 20

experiment i nr@

Lab-scale

fed-batch
agglomerator

Unit initially
contains coarse
particles




Agglomeration model validation - Results after 1t experiment Imperial College
Size-independent kernel London

95% confidence interval: £ 11%
v 2 Lack-of-Fit test: OK

lowsheet, agglomerator, holdup,

merator.holdup_sensor .quantiles

Measurements W7 Major iteration no quantiles = & Measurements W 7: Maior iteration

50% quantile - good fit 90% guantile - good fit




Agglomeration model validation - Results after 1t experiment Imperial College

Smoluchowski shear kernel London

95% confidence interval: v. large
v 2 Lack-of-Fit test: FAIL

Flawsheet, agglomeratar, holdup

50% quantile - not so good 5% quantile - bad fit




Agglomeration model validation - Results after 15t experiment Imperial College
EKK kernel bl

95% confidence interval: £13.5%
v 2 Lack-of-Fit test: OK

Flowsheet. agglomerator . holdup_sensor . quantiles Flowsheet, agglomerator, holdup_sensor .quantiles

0 1000 2000 3000 4000 so0o0 &00o Fooo [u] 1000 2000 3000 4000 s000 &000 Fooo
Time Tirme

no quantiles = 1 + Measurement ts I13: Major iteration no quantiles = 2 + Measuremen ts 13 Major ikeration

5% quantile - good fit 10% quantile - good fit

Flowsheet. agglomerator . holdup_sensor . quantiles Flowsheet . agglomerator. holdup_sensor .quantiles

0 1000 2000 3000 4000 s00o0 &00o Fooo [u] 1000 2000 3000 4000 s000 &000 Fooo
Time Tirne

no quantiles = 5 + Measurement ts I13: Major iteration no quantiles = & + Measuremen ts Ml 13: Major iteration

50% quantile - good fit 90% guantile - good fit




Agglo.mer.ation model validation | imperial College
De5|gn|ng the an experlment London

Feed rate of fine particles?
(constant throughout
experiment) Measurement

times are fixed
~ at20min
| intervals

Initial volume of
coarse particles?

Use EKK kernel for !k . Constraint

solving optimal _ o
experiment design ' = Volume of material within the tank

problem should not exceed 95% of tank volume
during experiment

Either kernel could be
used in practice




Agglomeration model validation - Results after 2" experimen Imperial College
Size-independent kernel London

95% confidence interval: £ 8%
v 2 Lack-of-Fit test: FAIL

Measurements W16 Major iteration no quantiles = & Measurements M 16: Major iteration

50% quantile - good fit 90% guantile - good fit




Agglomeration model validation - Results after 2" experimen

EKK kernel

Imperial College
London

95% confidence interval: £ 2%
v 2 Lack-of-Fit test: OK

Flowsheet. agglomerator . holdup_sensor . quantiles

1000 2000 3000 4000 s000 &000 7000
Time

no quantiles = 1 + Measuremen ts  [lS: Major iteration

5% quantile - good fit

Flowsheet. agglomerator . holdup_sensor . quantiles

1000 2000 3000 4000 s0oa &0o0 000

+ Measurements  S: Major iteration

50% quantile - good fit

Flowsheet, agglomerator, holdup_sensor .quantiles

1000 2000 3000 4000 5000 6000 Fona
Time

na quantiles = 2 + Measuremen ts  [S: Major iteration

10% quantile - good fit

Flowsheet . agglomerator. holdup_sensor .quantiles

1000 2000 3000 4000 s000 &000 Fooo
Tirne

uantiles = & + Measurements IS Major iteration

90% guantile - good fit




Drug .pro?luct .manufactu ring — Example | imperial College
Optimization of agglomerator capacity London

) MODEL sizing_of_recycles (SPML UC1 - Sizing of recycles) @ A gglom era tor too

ko raXqa@EHeas <22 Td2 8y
- a

@ | ’ large = too many coarse
particles to be recycled

Agglomerator too
small = large amount

#I of fines to be recycled

Recycle ratio (-)

1 1.5

Agglomerator volume (m3)

Fines Coarse Total ® Optimalvalue




Imperial College
London .ng

2c. Oral absorption & pharmacokinetics

Drug substance
manufacturing

Drug product
manufacturing

,--------\

Oral absorption & PK

.:. Drug delivery:
'

[
T
[

4

Drug delivery:
pharmacodynamics




Processing of oral dosage forms in body Imperial College
London

An extremely simplified view

Bioavailability Transport

Time of maximum .
drug concentration to S |te

' v = = . Maximum (peak)

“7 drug concentratio Of a Cti on

(Cmax)
Dosage form A

(tablets, capsules)

- Plasma drug
3 concentration — "

o

¥ ‘ W/ Drug in
Dissolution in = L et 5 systemic
gastro-intestinal tract | \Q¥S S0 2 j circulation

Absorption
through

intestine wall v
Excretion Metabolism

in liver




Key factors influencing bioavailability

- E
-

Drug physical properties -
Dosage form
(tablets, capsules)

— solubility, hydrophobicity, pKa
— dissolution rate

Dissolution in

D rug fo rm u Iatio n gastro-intestinal tract ‘ \rw : ‘ y

- immediate vs. modified release
(delayed, extended, sustained)

Gastro-intestinal tract physiology
— gastric emptying rate (GER)

— fed vs. fasted state

Metabolism

— enzyme induction or inhibition by
other drugs and foods

Personal factors (age, disease state)

~ may affect both Gl physiology and
pharmacokinetics

Imperial College
London

Transport
to site
of action

Drugin
systemic
circulation '

Absorption
through

intestine wall
Excretion Metabolism

in liver




: : Imperial College
Modelling of oral absorption Léindn

Nernst Brunner equation Permeation equation

(Section 6) Q 0 (Section 8)

@
/—) Y L ~ ~
CapsuleTablet [Disintegration» AP! particles | Dissolution :> {[;l{:s-:}lued drug  [‘Permeation > Absorbed drug
¥ D PR = ool jssoi)

' ( :'!fl:l w .. [Precipitation : -

'@1 . a _T . .
Classical nucleation :& 28 \.30 drug concentration
S

theory (Section ?} @P
¥ c:;
"

Mew solid form )
(Xnep)

' v = = - Maximum (peak)
drug concentratio

(Cmax)

g

3 concentration —

o

(6 uonoesg)
Sl@pow Jsueld ]

Area-under-Cu
(AUC)

~ Plasma drui

Intestinal membrane

K. Sugano, Expert Opin. Drug Metab. Toxicol. (2009) 5, 259-293.




Modelling of oral absorption HpeNa Coxene .PSQ

4

Parameters Equations

I:I Constant Standard Fot=0 Dose (Xapip.1=0) + Chemical formula .

........;0......
O Changes with time Differential equation
Eg. 6-17

Constant, depends on Gl position

anfen [enu|

Solved by integration
Changes with time and Gl position

KER)

. + Chemical structure/physicochemical property

- End feed parameter for integration

REXERE X KK o

+ Crystal

s Eq.4-5 .
e energy o 7 Gl transit \
eeeccccce® [/ ! .mode|s

Eq. 9-1, 9-2,

.. ® ©® 000000 0 oy
¢ Lipophilicity ¢
s (Koo o

....O.......
+ Dissociation
¢ constant

v
. K -
% .(. i).......o ! &| Nucleation
> Eq.7-9
: >

_ Absorption
6-5 . Eq.8-4

Eq.
=
+

cocecectiiane..

L d .
e Chemical formula

.. o000 000O0O®OOSOOSOOSS
lL ) P Eq.8-4
Eq812 —4 p,, [ EA:8-9 a

K. Sugano, Expert Opin. Drug Metab. Toxicol. (2009) 5, 259-293.
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Modelling of oral absorption @

m Increasingly detailed first-principles models
are being developed to predict bioavailability ...

= ..and are being used by the pharmaceutical industry

m Both in-house and commercial tools
— GastroPlus™ (Simulations Plus Inc.)
— Simcyp™ (Certara Inc.)
~ PK-Sim® (Bayer Technology Services)




3. Systems-based Pharmaceutics

Imperial College
London .Pge-

Drug substance
manufacturing

<>

Drug product
manufacturing

<+

Drug delivery:

Oral absorption & PK

<+

Drug delivery:
pharmacodynamics




Scaling down our ambition? | | Imperial College
From real to surrogate objectives London

m Many decisions & constraints; complex interactions

—> Process Systems approach: effective/efficient exploration of decision space

= BUT..

~ incomplete knowledge/understanding of parts of the system
— inability to handle modelling complexity of entire system
— organisational silos & barriers

> from real to surrogate objectives

Properties Properties of
| F:)f | final | Bio- | | Therapeutic
Drug availability Effect

Intermediates
Product

Unit Operation Integrated Process Pharmacokinetic Pharmacodynamic
Modelling Modelling Modelling Modelling




From .real to surrogate olc.)jectives imperial College
A price worth paying? London

Drug substance 5| Drug product Drug delivery: , Drug delivery:
manufacturing manufacturing oral absorption & PK < ~~ pharmacodynamics

m Silo thinking

~ reflected in both tools and organisational structures
m Too many iterations ...

~ between product design and manufacturing process design

~ between subsequent manufacturing steps

- between bioavailability targets and drug product/process development
= ... and other inefficiencies

~ no central repository of consistent knowledge
~ many, long learning curves
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Systems-based Pharmaceutics — | @

solvent/additive,
unit ops, recipes, dosage form
impurities wet/dry gran. dosage amount
direct comp.
\ !
Drug substance Drug product «—> Drug delivery: P Drug delivery:

manufacturing manufacturing Oral absorption & PK pharmacodynamics

! | ! !

polymorph, Content Uniformity Cmax, AUC Efficacy, Safety
morphology, PSD,

purity = Quantify effect of decisions & disturbances

— uncertainty in process knowledge

—~ common cause variability

on Key Performance Indicators
— Critical Quality Attributes
~ process economics, operability, safety

= From surrogate objectives to true KPIs
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Systems-based Pharmaceutics — Il @

solvent/additive,
unit ops, recipes, dosage form
impurities wet/dry gran. dosage amount
direct comp.
\ !
Drug substance Drug product «—> Drug delivery: P Drug delivery:

manufacturing manufacturing Oral absorption & PK pharmacodynamics

! | ! !

polymorph, Content Uniformity Cmax, AUC Efficacy, Safety
morphology, PSD,
purity

» Efficiently/effectively explore decision space
— use advanced mathematics to reduce trial-and-error
approaches
m Manage risk by quantifying impact of uncertainty

~ model uncertainties
— external disturbances, e.g. excipient characteristics




Systems-based Pharmaceutics — Il .
_ Imperial College
Illustrative example of

integrated manufacturing/oral absorption modelling

London
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4. Fundamental challenges & opportunities




2 . Imperial College

ODP-DO ADDIrOg London

Engineering Objectives

What do we want to achieve?

Model-Based Activities

Use the model to understand system behaviour;
explore decision space in an extensive (complete?) and efficient manner;

I What do we care about? _ 5 le-
i | End-use function/efficacy; economic efficiency; What deciSTONS O We Tave at our disposal:
i safety & environmental impact; ... What can we manipulate/change?

| |

o - Systems-based

= System of Interest Pharmaceutics

N

o What part of the universe relates

) what we can change to what we care about?

N

;5 —— Multiscale

> . modellin

L o Mathematical Modeljof ti;; 0 _f Interest

i gi Quantity effects of what we can change on what we care about

| g1

i |

I Q:

i O

i ok

i <

1
1
1
1
1
1
1
1
1
L

Identify optimal decisions

PSE

Incorporation of
molecular decisions

o[ [buonippb iaprsuc)

B - 7/¥
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4a. Material properties & behaviour in SbP




Material properties & behaviour for SbP Imperial College
(a partial view) London
Needs

= increased accuracy of Vapour/liquid equilibrium
prediction

reduced reliance on Mechanical properties ——

, Manufacturing models
experimental data N

- drug substance
= Next-generation Solubility - drug product

models (e.g. for - organic solvent

e - aqueous
crystallisation) (incl. pH effects)

In-vivo models
- oral absorption/

prediction of behaviour of  Growth/dissolution rate —— o
pharmacokinetics

new materials

molecular super-structure Transport properties
descriptions Membrane permeability

=» Incorporation of molecular

decisions in optimisation  14t0rig) pehaviour Macroscopic models




Material properties & behaviour for SbP Imperial College
(a partial view) London

—> Vapour/liquid equilibrium

Complex fluids

—> Mechanical properties —— )
Manufacturing models

> - drug substance
( ) Solubility - drug product
- organic solvent

—>

I Crystalline solids —| - aqueous
] (incl. pH effects)

\ DR — In-vivo models
- oral absorption/
pharmacokinetics

> Growth/dissolutionrate ——

Micellar phases ———

Transport properties
Membrane permeability

Thermodynamic phases Material behaviour Macroscopic models




Crystalline solid phases

Most pharmaceutical APls are in
crystalline form

Polymorphism

— same APl molecule may appear in several
crystalline forms (“polymorphs”) in nature

— thermodynamically: one stable, others meta-stable

Crystalline form determines physical
properties affecting both manufacturing &
bioavailability

— solubility, dissolution rate

— mechanical strength

Polymorphism is key aspect of
drug approval & patent protection

=» important to identify all “stable” polymorphs

Imperial College
London

Ritonavir
(Norvir®- Abbott Labs)
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Unit cell is determined by:
e |attice lengths a, b and ¢

e |attice angles a, 6 and y

e positions of all atoms

P, i=1.,N, j=1.,Z

i

min G =
ab,c.a,p,y.r; [(T,P) Accurate evaluation
via multiscale molecular/

All low-energy quantum mechanical modelling
local minima Kazantsev, Karamertzanis, Adjiman & Pantelides (2011)

. . J. Chem. Theory Comput. 7, 1998-2016
via effective global oo

search techniques intra inter inter
Karamertzanis & Pantelides (2004) — U + U electr disp/rep

J. Comput. Chem. 26, 304-323

+PV T35
+PV T35
+PV




5th Blind Test for Crystal Structure Prediction [T
Cambridge Crystallographic Data Centre, 20101 London

N\ )
\/gf s—o

S

A
o

Molecule XX

benzyl-(4-(4-methyl-5-(p-tolylsulfonyl)-1,3-thiazol-2-yl)phenyl)carbamate

= Largest ever molecule considered under blind test conditions

" Entries by 14 research groups worldwide

= Two correct predictions? (Imperial College London, U. Cambridge)
= Both using Crystal Predictor? for global search
= Different methods for final refinement of the structures

1 Bradwell et al. (2011), Acta Cryst. B 67, 535-551.

2 Kazantsev, Karamertzanis, Adjiman, Pantelides, Price, Galek, Day & Cruz-Cabeza (2011),
International Journal of Pharmaceuticals 418, 168-178.

3 Karamertzanis & Pantelides (2004), J. Comput. Chem. 26, 304-323.




Lattice Energy (kJ mol™)

5th Blind Test: Molecule XX

Kazantsev, et al. (2011), International Journal of Pharmaceuticals 418, 168-178.

Stage I: Global search
cconsizlerezl in search

enumerated

6 torsion angles

: 4,000,000 structures generated

within 12 major space groups
(P1, P-1, P2,, P2,/c, P2,2,2, P2,2,2,,
Pna21, Pca21, Pbca CZ/C Cc and C2)
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* Search B4
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Lattice Energy (kJ mol?)

Imperial College
London

Stage Il: Local refinement

1,500 most stable structures
from Stage I.
PBEO/6 3lG(d p) QM theory level.
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5t Blind Test: Molecule XX Imperial College
Kazantsev, et al. (2011), International Journal of Pharmaceuticals 418, 168-178. London

Overlays of experimental & predicted structures

rms, = 0.099 A rms,s = 0.197 A




- Y Imperial College
ADb initio crystal structure prediction

Predicted vs. experimental

structure overlays

Good agreement,
but stability order not yet quite right

L. Yu, Acc. Chem. Res. ,
2010, 43, No. 9, 1257-1266

Vasileiadis, Kazantsev, Karamertzanis,
Adjiman, Pantelides. Acta Crystallographica
B, 2012, (accepted for publication)

Methodology also applicable to API salts & co-crystals (but still rubbish for APl hydrates)
Karamertzanis, Kazantsey, Issa, Welch, Adjiman, Pantelides & Price (2009), J. Chem. Theory Comput. 5, 1432-1448.
Kazantsev, Karamertzanis, Adjiman & Pantelides (2011), J. Chem. Theory Comput. 7, 1998-2016.




Ab initio crystal structure prediction
Current research — addressing (some) gaps

Unit cell is determined by:
e |attice lengths a, b and ¢

e |attice angles a, 6 and y

e positions of all atoms | RRVAL \ = \ S
i=1.,N, j=1.,Z o Efficient
computation
of entropic

: contributions
[ m I n ]G Vasileiadis, Karamertzanis,
a )

P,

,b,C,Ol,ﬂ,]/, rji | (T ,P Accurate Adjiman & Pantelides
. h li AIChE Annual Meeting
U intra -|-l andling (Pittsburgh, Oct.2012)

of dispersion/ ' ' '~

U intra LU nr rePlfHO LPV

[ it +PV

electr




Material properties & behaviour in SbP

(a partial view)

Complex fluids

Crystalline solids

Micellar phases

Thermodynamic phases

Vapour/liquid equilibriu

> Mechanical properties

Solubility
- organic solvent

- aqueous

(incl. pH effects)

Growth/dissolution rate

 Transport properties

Membrane permeability

Material behaviour

Imperial College
London

1odels

Equilibrium .
- drug product

In-vivo models
- oral absorption/
pharmacokinetics

Non-equilibrium

Lovette, Browning, Griffin,
Sizemore , Snyder & Doherty (2008)
“Crystal Shape Engineering”
Ind. Eng. Chem. Res., 47, 9812-9833.

Macroscopic models
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4b. Design Space in pharmaceutical manufacturing
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Op-DO Approad London .ng

Incorporation of
molecular decisions

Engineering Objectives
What do we want to achieve?

What do we care about?
End-use function/efficacy; economic efficiency;
safety & environmental impact; ...

O QO WE 1dve dt OoU disposal?
What can we manipulate/change?

N
]

ves

t

jec

System of Interest

€ universe relates
what we can change to what we care about?

What part o

— Systems-based
Pharmaceutics

tob

eviisi

Multiscale
N . I‘ delli
Mathematical Modellof the Z72cC) 7 of Interest

Quantity effects ot what we can change on what we care about

Adapt model

1
1
1
1
1
1
1
1
1
L

Model-Based Activities

Use the model to understand system behaviour;
explore decision space in an extensive (complete?) and efficient manner;
Identify optimal decisions

e.qg. Design Space
_ determination

TS9N [bUOnNIppo aaoprsuc) T




Design Space E\)ﬁgr(l)ﬂ College @

The multidimensional combination and interaction of
input variables and process parameters

that have been demonstrated to provide assurance of quality
International Conference for Harmonisation: Draft Guidance Q8 (Revision 1)

External

Disturbances PHARMA
Processing SYSTE M

Decisions

Regulatory flexibility:
Working within the Design Space is not considered to be a “change”
Design space is proposed by the applicant and is subject to regulatory assessment and approval




UREECTor _ _ _ Imperial College
Model-based Design Space determination  IXsislsly

Large number
of inputs

N\

Multiple
processing steps

Impractical to determine Design Space experimentally

=» model-based approach




QaeEETor . R Imperial College
Model-based Design Space determination  IXsislsly

Large.number / Multiple
of inputs '
processing steps

Di:::fl;:zi:es PHARMA
SYSTE M Product

veawons  MIODEL

Computational Algorithms




Design Space — a graphical perspective snpenialiColege @

London

Design Space
(actual)

Range of
interest

> p1
Design Space
(computed)
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Design Space — a graphical perspective snpenialiColege @

Design Space
(actual)

Range of
interest

> p1
Design Space
(computed)




London

Design Space — a graphical perspective snpenialiColege @

Design Space
(actual)

Range of
interest

> p1
Design Space
(computed)




Design Space Imperial College @
A process systems engineering perspective London

m Quantification of “process flexibility” (i.e. size of Design Space)

— a key concern of process systems research from mid-1980s to late 1990s

~ cf. Halemane & Grossmann, AIChE J, 29, 425-433 (1983); Dimitriadis & Pistikopoulos, Ind. Eng. Chem. Res., 34,
4451-4462 (1995); Mohideen et al., AIChE J., 42, 2251-2272 (1996)

— Decide on how to measure the size of the Design Space
— ...then design the process so as to maximise it

process design

Model dx/dt decisions

Variables design space
parameters
Mathematical model  f (X(t), X(t),v, p

-0
H/—‘ Design Space
Initial conditions | (x(O), X(0),V, p) =0, Vpe (“feasible region”)
Product, Process h (X(t), X(t), V, p) >0

& Economics constraints




Design Space: a simple example Imperial College
(paper #417f, 2009 Annual AIChE Meeting, Nashville, TN) London

m Batch reactor 2A C

— require at least 80% B in final product

m Process parameters
~ operating temperature, T

— assumed constant over batch

~ processing time, 7

m Optimal nominal values
- T=287K
— =260 min

=>» economic benefit ~ $160/min




Asimple.example D Imperial College
1. Design Space specifications London

= Design Space in terms of process parameters T, T

m Specifications
— At least 80% of B in final product

~ Economic performance of at least $128/min
— 80% of theoretical optimum of $160/min




SRPI examp.le . Imperial College
2. Superscribing hyper-rectangle London

eratute (K)

290 300 310 320
Processing Time (min)




Imperial College
2 region gete atIC London .ng
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Design Space lﬂ\)ﬁgrcl)ﬂ College @

= Any point in the region
- Te[282.3K, 292.1K ]
~ 1€ [276.5min, 319.5 min]

is guaranteed to deliver
— aproduct with at least 80% B
~ an economic performance of at
least $128/min
Algorithms exist for
determining an inscribed BUT...

hyper-rectangle directly * For multidimensional problems,

f : bl £l computed ranges for individual variables
or transient propoliems or large tend to be very narrow

dimensionality e ...and may exclude many feasible points
(e.g. Samsatli, Sharif, Shah, Papageorgiou of practical interest

(2004), AChE J., 47, 2277-2288) * Effects of model uncertainty?
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Simple example revisited @

m Batchreactor 2A—=>B—>C

_E
= Kinetic rate constants kj(.)e 4T, j=1,2
m Kinetic parameters estimated from experimental data

=>» subject to uncertainty

85% Confidence Ellipsoid 85% Confidence Ellipsoid 85% Confidence Ellipsoid
5050

Q 5040 - 1 /

5030 - ]

N 5020 '

E— 5010 -
5000 -
4990 -

0 . . . T T . 4980
0 002 004 006 008 01 012 2580 2600 2620 2640 2580 2600 2620 2640 2660

R.kj0(1) R.Eil1) R.Ej(1)

@ Optimal point ® Optimal point @ Optimal point

Pre-exPonentiaI Activat.ion Pre-exponential Arrhenius factor
Arrhenius factors energies vs. activation energy for 2A - B




Effect of kinetic parameter uncertainty on
predicted process KPls London
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Model-based Design Space determination @

Model
Uncertainty

Di:::fl;:zi:es PHARMA
SYSTE M Product

veawons  MIODEL

Computational Algorithms




Effect of kinetic parameter uncertainty on design space
Independent Gaussian distributions, o = 0.01%

Probabilistic Design Space for Batch Reactor

Imperial College
London
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Effect of kinetic parameter uncertainty on design space Imperial College
Independent Gaussian distributions, o = 0.1% London

Probabilistic Design Space for Batch Reactor
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Effect of kinetic parameter uncertainty on design space Imperial College
Independent Gaussian distributions, o = 1% London

Probabilistic Design Space for Batch Reactor
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Probabilistic Design Space @

Deterministic DS 0=0.01%

m Any model-based techniques can determine only the
probability of any set of inputs belonging to the Design Space

m Requires quantification of the model uncertainty

~ an integral part of formal model validation/parameter estimation
procedures
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Given ajpoint u in the process input spacej..

Sampling

of parameter space
(low-discrepancy Sobol’ sequences)

Probability distribution of

model parameters
(from model validation)

3
*
%) . +
LIS L
2 * . "

—

batchwise transfers

Model evaluation 2

for given (u, 0) 1:;”'
combination i

Seeded cooling Milling of API dissolution/
crystallization API crystals permeation into
of API from propanol systemic circulation

Probability of
point u belonging to
the Design Space
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5. Concluding remarks
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Concluding remarks @

» Pharma: an industry in transition =2 challenges & opportunities

m Process Systems Engineering:
integrating framework for existing & new scientific knowledge

m Concept of “risk” is central to regulatory framework
=>» uncertainty quantification moves centre stage

= Modelling technology
~ probabilistic modelling = high-performance computing ?
~ interdisciplinary usage =» user interfaces ?
— formal validation of tools themselves ?
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