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m How to Manufacture Product with Consistently
High Product Quality?

Suppt—#— Flow—8—|| pH —8—|| pH —#— Flow—8— Flow—8#—
Temp—— RPM—— Press—— Temp—4&— RPM—— Conc—#—

@+++Q+ N> B

CQA (e.g. purity)

---------- = Critical Quality Attributes (CQAs):
Be?[ches * pH .
Particles
Purity/ Content uniformity
* Impurities (Endotoxins, HCPs, DNA)
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TUL ICH Q12 motivation: Life Cycle Management! e ISPE
WIEN Need for Holistic control strategies 5

Control Strategy: Manufacturing Control Strategy:
What we submit What we implement

_ Facility,
Material and Process Commercial Equipment, IT,

Fg:r?tl:gr Control Process Automation,
GMP

PHARMACEUTICAL
ENGINEERING .

Congratulations to the Authors of the 2017 Article of the Year
Prof. Christoph H; 9. PhD, Christian Woibelin 9. and Thomas Zimmer . PhD
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m oS ICH Q12: Established Conditions (ECs)

ICH HARMONISED GUIDELINE

EC may vary in their level of detail:

Technical and Regulatory Considerations for Pharmaceutical

Product Lifecycle Management ¢ A parameter based approach. in which product development prior to_regulatorv

Core Guideline
e submission provides g limited understanding of the relationship between inputs and
resulting quality attribufes, will include a large number of inputs (e.g., process parameters

o and material attributes)falong with outputs (including m-process controls).

Eadorsed on 16 November 2017 ¢ An enhanced approach with mcreased understanding of mteraction between mputs and

product quality attributds together with a cormresponding control strategy can lead to

EC for Manufacture and identification of ECs tha are focused on the most important input parameters along with
Control are binding outputs, as appropriate.

information or elements in ¢ |In certam cases. applying knowledge from a data-rich environment enables a performance

the dossier conce rning the based approach i which ECs could be primarily focused on control of unit operation

outputs rather than process iputs (e.g.. process parameters and material attributes). For

manufacture and control of example, a performance-based approach could be considered for manufacturing process

a ph armaceutical prod uct steps with m-line continuous monitoring (e.g., using appropriate process analytical

technologies such as NIR for the control of a blending process).
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TUL S ICH Q12 Performance Based Approach:
wiEN R Process Control Strategies based on Digital Twins

w2

Control Strategy

lmplementation Options Lawrence Yu

3rd PQRI/FDA Conference on
Advancing Product Quality,
March 22-24, 2017

Enhanced Level 1
Approach :::;ﬁ:t‘fc
4 control +

Flexible process
parameters to respond
to variability in the
input material attributes

Level 2
Reduced end product testing + Flexible
critical material attributes and critical
process parameters within design space

i

Traditional Level 3
End product testing + Tightly constrained
ApproaCh material attributes and process parameters

(i
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m Control Strategy Tasks

e Declare Established Conditions along ICH Q10 and ICH Q12 along the
product life cycle

e Need for workflows for Digital Twin Generation and Adaptation

» Case Studies
1. Benefits of Model Predictive Control (intensified Fedbatch)
2. Obstacles for Continous Upstream Biomanufacturing
3. Benefits of Digital Twins for Integrated Continuous Process Design
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TUl .~ Your PE Article has been awarded the 2018 e ISPE
wienJl - Roger F. Sherwood Article of the Year Award! |

seed main

8 . 1 0. 201 9 (@] ® harvest clarification capture
Robert, Christoph, and Emilie,

Your article, “Continuous Manufacturing in Biotech | | = _S-B- — =
Processes: Challenges for Implementation,” . . -= ] _@”
has been named the 2018 Roger F. Sherwood Article of the Year! @D G D G @D

Congratulations and thank you for your contribution
to the industry and to ISPE.

https://ispe.org/pharmaceutical-engineering/about/article-year-award Identify

purification polishing product

il

i

o]
o]
= =)
— o
o

Thanks and congratulations again!

Model-based
Data o
Best, sdenee Variabilit et
Susan F. Sandler i

Senior Director, Editorial

ISPE - Connecting Pharmaceutical Knowledge

PAT tools
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m S Digital Twins as central tool to
s capture and provide knowledge

Inverse

Analysis

)
[
© @2 £ INFORMATION & CONSISTENT
a 3 g.EXPERlMENTAL DESIGN DATA SET
QO 0O
= ?)
= A
s 2
° (v, ) AN
ered QAS
\‘/;fe‘ad Process Process Variablds czmd“‘t
gasin Parameters BDW
CPPs
and CQAs
\RMASJ . 7

OPTIMIZED & PREDICTIVE
CONTROL

KNOWLEDGE &
MODELLING

Predictive
Processing
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i Workflow to control knowledge by Digital Twins:

Minimum Model for VCC

Step 1.1

Setting up a mass-balance of target
value related States

Step 1.2
Setting up a mass-balance of the
necessary State

Step 2 ¢ A\ 4

Specification of unknown Variables

Step 3 *

_ 5 Setting up Mechanistic Links

Step 4 +

Verify Mechanistic Link

LStep 51 *

Check Model Inputs
Step 6 +
Backpropagation
Step 7 +
Verify Model

dcyce k n Vinj
- — . C —_ S = C 1
at (u—kp) - cvec j=17, "tvce (1]
dcpce k n Vin,j 12
—_— . C _ P - C
dt D " Cvcc j=17y, " tpcc
dcasn _ n Vinj =
at Gasn - Cvece j=17y, Casn 3
3
k=)
=2
L= . CAsn 3]
— Mmax 4
Casntkasn -
kpu
kp = kD,min et
ca
— . ST 0 70 140 210 280
asn dasnmax C;llsn +Kasn2 process time [h]

Contents lists available at ScienceDirect

Process Biochemistry

ELSE ER journal homepage: www.elsevier.com/locate/procbio

Workflow to set up substantial target-oriented mechanistic process models @Cmsmﬂ(
in bioprocess engineering

Paul Kroll®", Alexandra Hofer?, Ines V. Stelzer™®, Christoph Herwig®"

DCC [10%-cells/L]

70 140 210 280
process time [h]

FmM1

"
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e’ Automated Model

— °
> Adaptation Workflow
= , 20
5100 . 3
2 i 2
@ 50 i 210 Extract data +
= s Identify phases
] Fooq (0]
0 0 ———— :
0 10 20 30 40 0 10 20 30 40 Define states
t[h] t[h] (Pathways)
= 10 E 20 Select
2 £ combination of
g 5 210 ; X kinetic links
g 7 g |
< o I Fit model to the
0 — d o o a g . : data
—. 0 10 20 30 40 0 10 20 30 40
< t[h] t[h]
o Optimal
;0-5 I Metabolism pathway FERTEED
g Gox, Aox 2|
£ Gox,Aox f
o g fe
L~ ox -
% 0 ' : Aox |
2 o 10 20 30 40 - '
» 0 10 20 30 40
t [h]
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m oS Real Time Implementation of Digital Twins:
Process transparency with meaningful parameters

1V) Contirons Improvement | Disturbance

Process Monitoring Observer Digital Twin

via Data Mining Variable
N N Q >
M1 Process Oplimization J Genﬁgg&?gﬁ;{fwss :“’ > = < %ﬁ%
) 0 - F— moe

- L" M

Optimal , | Controllzd Actual COA&

(Ppkpp k- Contoler f Systen CPPkpP _’Productivity \—T—/ \ /N é /N ?
B Il Proces Inputs Inputs
BN Monitoring

\_/ e.g:
Feedback Kalman Filter

Ext. Kalman Filter

uw | y e Unscented Kalman Filter
OPC server @ MatrikonOPC Particle Filter...

y: measurements/outputs (e.g. offgas)
Process Information u.: sys:em n:ptuts (e.g. feedlngtratt_es)
Management System x: system states (e.g. concentrations)
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Advanced Control needs
Digitized Laboratories

— | -

vl

- @
o BIOUT
e

Wi AT g ,
Y=t = / ¢ 'Gas analyzer

/ AR .
; Z : Ay LA ‘Gas mixer
" Local MIR it ) A1 - (B :
oca - ump-module iNIR Instruments| :
vl [ & P =%

[ evaluati JTIE

e

w
Stirrer

) e Temperature

FT-MIR - [ - pH, DS
7'_“5!!!‘!_"'.'3“!"' 3 Optical fiber Reactor A Reactor B. Reactor.C. Reactor D

(AgX) (Fed-Batch) (Fed-Batch) (Fed-Batch) (Batch)
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" Digital Twin Based
Advanced Control

PID MPC
0.1 0.1
measured
| T Rt selpo'-.lt
I |
2 :
o 0.05 0.05
| e T e

o

0 0

0 50 100 150 200 0 50 100 150 200
Inputs (u) + 103 Productivities

= PID 3
% 0.01 L =
X CE
9 =2
8 0.005 =,
S o1
=)

0 0
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Digital Twin Based
Advanced Control

0.08

0.06

0.04

gs(g/(g*h))

0.02
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PID

200

0.08

0.06

llllllllll Set point
=== online
measured

0.04

0.02

—&— Penicillin

—— Mannitol

Kager, J., et al. (2019).
Submitted

Ulonska, S., Kager, J., et
al. (2018). Chemical
Engineering Science,
191, 459-467.

Ulonska, S., Kager, J., et
al. (2018). In Computer
Aided Chemical
Engineering (Vol. 43).
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Master DSP by Robust USP

CASE STUDY ON TUNABLE PROMOTERS FOR
CONTINUOUS UPSTREAM PROCESSING
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Bioprocess Cascade Npro-BVS
Continuous Cultivation scheme
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m Population Analysis by
s Online Flow Cytometry

e Does an online FCM enable to monitor the drop in productivity?
o Can we gain more knowledge about populations with specific staining??

250 . , ‘ ‘ — .
. --m--Fed-Batch, p=0.08 [h], IPTG Induction
--C--Chemostat, D=0.09 [h]; lactose Induction
--4£--Chemostat, D=0.1 [n"]; IPTG Induction
200 i
. [
= 150 i
= P
=) it
£ P
- 100 + i
= i e
® bl
504
. T
e Qi g
0-fdrd = A - @
77
T T T T T T '1//>
0 20 40 60 80 100 )
Induction time [h] Laser @)
)
b) @
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' Population Analysis by
L= Online Flow Cytometry

e FL3 vs FSC - PI staining commonly used for live-dead determination but...

Non-stained cells Partially permeabilized

I
]
]
)
I
)
)
I
)
)
I
|
]
I
]
I
]
]
)
)
I
)
: Fully permeabilized
|

I

]

]

I

]

]

I

I

cells (OM) cells (OM + IM)
Unknown function
Between 90-100% of
VIABLE recovery after cell NON-VIABLE
sorting and plating
Sassi & Delvigne; under review Increase in membrane permeability
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Population Analysis by
Online Flow Cytometry

Induced Chemostat

Starvation

30 40 50

30 40 50
Time (h)

[ —&— mean FL1 of partial stained cells
—&— mean FL1 of non stained cells

60

60

—6— % of partial stained cells
—6— % of non stained cells

70 80

70 80

—=&— % of productive subpopulation
——©— % of non producti bj b

POp

High dynamics in subpopulations lead to decrease in productivity...
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" Population Analysis by
L= Online Flow Cytometry

L

10= 103 104 105 1 oS
FSC-A

High dynamics in subpopulations lead to decrease in productivity...
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MANUFACTURING CONTROL STRATEGY:
DEMONSTRATE MANUFACTURING CAPABILITY

|dentify robust operating ranges PARs and NORs

|ldentify holistically critical process parameters




m S Why integrated process modelling (IPM)?

. . . . . | BEd
e Model impurity clearance over multiple unit operations =,
e Meet the target with highest probability! o
CQA (e.g. impurity - %EF _____________
concentration) E* @%@E$+
A O o v

Suppl-|| Flow8|] pH &
Terv@-| | RPMB-]| Pres§-

pH —8-] | Flow8-| | Flow8-
Temi§—| | RPME-] | Conel-

O ey
@+++Q+ R
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Relationship of
How to achieve IPMs? ENIRC PR, and CRA
CPPs |

L]

* Two sources of variance per unit operation: CMAS | pharmaceutical | CQAS
® Variance in load Input o,,‘;;‘;;o,, Output
Materials :‘lrf:::::tls or

® \Variance in process parameters

A CQA of an output material may become a CMA
if it becomes an input material of another unit operation

Fermentation and Primary Recovery Purification
* Farmaritation Chromatography Column 1
o Cell Lysis = * oarapy —_— Drug Substance
S « Chromatography Column 2
« Precipitation « Chromatography Column 3
« Clarification ography
s : = I c = =
ccQapolu-1 = F(PPy-1,coqainit) ccQApod,u = f(PPu,ccqapodu—1) = =
model variability - __ =< model variability — _ _ > S S
777777777777777777777777777777777777 8 S
k<l k=4
prediction with prediction with . Q! o1
o e 3 3 &
< model Variability < model Variability 5 ._: 5:
(s} \ [e] | 3 gl S
G| [m s =, process Qe - process g 9, =
:pararneter: :parameter: [ : :
1 variability | | variability 1 1 1
i i i i i i
1 I 1 1 1 1
1 I 1 1 1 1
1 I 1 1 1 1
1 A I 1 1 ) 1
| H h : . [ h. |
CPP CPP 1‘ CQA
|
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| exputec B
Integrated Process Modelling Ap Boehringer

as integral part of PCS Il 1ngelheim

EN w[ 1] [ m' wlT] [=[T] [«[T] [=[T] [=[1] Drug Substance
e e R e R e e ) [t = [ = e
W Il U‘! Ndibw If ‘‘‘‘‘ o [ L B [ It b [ : T :

EN o 8 i P - A I - N I N I g PN -7 I
o [1] 0 = I = I = N TN TN
ud_l} V-q'_w1 | _-\! e ;‘P -q_l‘ B = - -1 | _4 | |
uqu aq ) | oq-m |ﬁ—_> |ﬁ1_ Iq_ Iq_l |q"\ — —

feepoenaeb

[ — HMW %)
? ’
5 i

......
[ Homoguinm delhosen Cututin Ty e Olehine 4 k1Y [ il ]

Zahel et al. 2017

w1

U i
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Results of Integrated Process Modelling

Concatan
ated
Predictive
Models

Real
historic
al data

Probability Density

Probability Density

I

IPM Simulation - CQA 1 (1000 Runs) &

H

Simulation, 00S: 1.13 %, PPK: 0.76 (80.0% CI of standard deviation) 5

W uot 8

2 uo2 °

1 m uos3 B
W uvo4

o M uos g

2

W uos §

uo7 ;;

Real, 00S: 0.09 %, PPK: 1.04 (80.0% CI of standard deviation) 8
Bulk

— LSL

C

Article

CQA 1L

8 &5 2

S

8 & 2

S
s

0SS events [%] for PRI2
50 0 50

% change in setpoint of PP

0

% change in variance during manufacturing of PP

. bioengineering

Life Cycle Companion

50

exputec B

-~

s GC 1: pH
CC1: column loading density
=== CC 1: wash strength
CC 1: elution strength
GC 1: end of pooling
CC2:pH
~—— CC 2: column loading density
-CC 2: gradient sope
CC3:pH
CC 3: column loading density
CC 3: gradient slope
CC 3: wash strength

Thomas Zahel !, Stefan Hauer !, Eric M. Mueller 2, Patrick Murphy 2, Sandra Abad 3,
Elena Vasilieva 3, Daniel M?uler 3, Cécile Brocard %, Daniela Reinisch 3, Patrick Sagmeister 1
and Christoph Herwig * ©

- Integrated process modelling identifies PPs that are holistically critical
- Impose a sufficient & holistic control strategy

Boehringer
Ingelheim

Integrated Process Modeling—A Process Validation

25



m S Control Strategy Tasks

Declare Established Conditions along ICH Q10 and ICH Q12 along the product life cycle

e Process control strategy comprising
 Control single unit operations
 Control transitions between unit operations
» Control for constant product output along the full process chain
» Use Data Science when PAT is not feasible

« Demonstrate Manufacturing Capability
* Identify robust operating ranges NORs
« Identify holistically critical process parameters

11.10.2019 | Ch. Herwig
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Data Fusion and Data Integrity

ﬁ =
BLOCKCHAIN

!———! S -

... data from Sensors

100

—— Dok do2
20| —— Dok doa(

Dok do2
—— Dok do21TOHL
—— Do d021T1pH
—— Dot do2TipHL

Permittivity [pF/cam]

-2
-4

0.5 o
10

1
25 Process Time (h]
30

Value

Bioassay [dimensionless]

PDA Journal

of Pharmaceutical Science and Technology

PDA
B
Provable Data Integrity in the Pharmaceutical Industry based on
Version Control Systems and the Blockchain

Valentin Steinwandter and Christoph Herwig

PDA Journal of Pharmaceutical Science and Tech
Access the most recent version at doi 10.5731/pdajpst 2018 00941

2019,



Control Strategy via Similarity Analy5|s

* Aim:
* Analyze elution profiles from
different cycles

Outlet UV 280

AEFITIIIFIONF )3)3}?77333:??

L

DUAPIUL
N ’ oo o
- / \ AEX_Cyde2
/
8 \ —— AEX_Cyde3 97
c
& 1s —— AEX_Cyded 96
= AEX_CydeS
95
Commerdal Phase IIT

Chroma Feature 1

Outlet UV 280 [dimens

TOST equivalence test

-2

Difference in means

cccccccc

E Commerdal
[0 Phase Il
= CI of diff. in means
—— ADR
PCAC

ut, =
g
= Lift L My
mAB product =
with acid wash Y4 i >
B Y7 2 v
REGENERATE — S
remave acid,
epar - waste i
LH | — .

Equivalence testing approach prevents
- Direct assessment of suitability for pooling of cycles
- Let detect degradation effect in continuous operations




Q12 Digitalization enablers
for the product life cycle

FeC A

11.10.2019 | Ch. Herwig

Digitalization ﬁ
Process :

- Connectivity L E [:]”
. Data Science Characterization =
« Knowledge * Scale down models Bp o

Share

PAT & Digital Twins

Controls - Efficient tools to
capture and

- MPC provide
« Data Science b knowledge




m S Common denominators:
s Collaborative Analytics for successful control strategies

« Digitalization is not enough to achieve control strategies
« Common Denominators are

Holistic Data Domain

Management: Knowledge
Fuse Dev & Based Data

Manufacturing Sciences

Knowledge

Good Data captured and
Quality eepeyed i
_ - Digital Twins and
& Integrity 1 - business
Collaborative pluibesst
Analytics
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Thank you
for your attention!
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Univ.Prof. Dr. Christoph Herwig
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Gumpendorferstrasse 1a/ 166 - 4

A-1060 Wien, Austria ‘ BIRD-C
emailto: christoph.herwig@tuwien.ac.at

™\ Boehringer
||||| Ingelheim

bacterlal ghost platform technology

Tel (Office): +43 1 58801 166400
Tel (Mobile): +43 676 47 37 217
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