@ CHRIST

MODELING OF LYOPHILIZATION PROCESSES | I

a1l Ll i




@ CHRIST

Agenda
= Background
= Modeling of lyophilization

= Model validation

= Summary




@ CHRIST

Background

» Gold standard of drying processes

= 60% of biologics would not be available without
lyophilization

» Increasing number of biological products

* Rising demand

» Deep understanding of process interactions +

control strategy necessary for improved product

Discover
the range

Innovative pilot

q u al Ity ~ o ‘ : / ,' freeze drying systems
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Background
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Removal of frozen ice by sublimation
Decrease of chamber pressure
Increase of shelf temperature
Usually longest process step
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Secondary drying

Removal of bound
water by desorption

Further increase of
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Critical process parameters

Freezing Primary drying Secondary Drying
Shelf temperature Shelf temperature Shelf temperature
Cooling rate Chamber pressure Chamber pressure
Uncontrolled vs. controlled Duration Duration
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Background
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Product
Temperature constraint

- 100 Tp < TC

Crystalline: T, = T ect
Amorph:T. = Tcollapse

Chamber pressure (mbar)

Determination
= Low temperature thermal analysis
= Freeze-dry microscope

0,1

——Shelf temperature (°C) — Hottest vial (°C) — Coldest vial (°C) Chamber pressure (mBar)

Product temperature not directly controlled but established through process conditions

» Methods necessary to reliably predict the product temperature and primary drying
endpoint that can be used in process development and process control
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Background

= What is Modeling?
= Creating a simplified image of reality
= Examples:
»Art and literature
»Engineering
= What is simulation?
,Simulation is the reproduction (...of the behaviour..) of a system with its dynamic
processes in a model that can be experimented with in order to obtain knowledge
that can be transferred to reality” VDI 3633
» Modeling and simulation shift a problem-solving process from reality to an

abstracted copy
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Background

Why modeling and simulation?

» Knowledge can be gained about systems that cannot be experimented with in
reality or only with considerably greater effort

Simulations can be repeated at will
Simulated models are fully observable

The time and cost of projects can be significantly reduced

Advantages Disadvantages
Alternative to experiments Unrealistic
Improved system understanding Construction effort, limited resources
Capturing system complexity Credibility

Simplification of real world Lack of transparency
Decision support
Strategy determination
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Modeling of lyophilization

| Real Timc?
= Process model deepen process knowledge Momehe
= Process development, control and optimization
r—— PAT [
= Technology transfer |
: . |
= Failure analysis — *
Dty (Luilitsy Til iecem"llll;ei . . ontinu
"ll;?z%iicte IES)]SES; —> e ;x(t(t?ril)%l :;slty » Risk Assessment » Design Space » Control Strategy > Ime rotvemae;t
| DoE
RerEas Advanced
_Y, Modelling - Process
Short Cut : Control
o Movingmesh (o [Helgers et al. 2021,
T‘ g sublimation interface Processes 2021; 9(1),172]
Freeze dried layer . 5 "

Discrete Element Method + CFD for
single particle simulation

L

l:--:-

ical-chemical (Rigorous)
Process Model

Mass and energy balances
with primary and
secondary drying

[Klepzig et al. 2020, Processes 2020; 8(10),1325]
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Modeling of Ilyophilization
Energy balance: vial bottom

0 Tyial _ Tyial _Tproduct

Ts— Tyial
( ) vial pvial ot vial Ryial vial product hproduct product
Energy balance: product
oT am
product product
(2) Myroduct * Cp,product at at * Cp,product * Tproduct

Tyial— Tproduct

= kproduct ’ ’ Aproduct + Mgyplimation hsublimation

hproduct

Mass balance: combined solid and vapor phase (prim. drying)

Psublimation—PC A

9 Psolid
5 —sola .y — .
( ) ot product pvapor MvaporK product

Mass balance: bound water (sec. drying)

dc
(6) bougzi water Vproduct — _kBW . (WBW — WBW,Eq)
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Modeling of lyophiliz

» Pseudo-steady state modeling

ation

dQ —
— = Ay Ky (Tonerr — Tp) Heat transfer
-1
1 Lfrozen : : Coupled heat and mass transfer
<K_ + P (Tshezf — Ti) =K, - (Tshelf — Tp) !—Ieat transfer to sublimation d0 i
v Tfrozen interface = = Msupi —-
dm Di ~Pc
dt P R, Mass transfer B
X=0
dried
dQou Pi — Pc
7t=AHsum'Ap'R—p Modeling task
Interface of sublimation x=l,, [F————————————— K > Determine primary drying product temperature
! > Determine primary drying endpoint
| frozen :
Main application
X=lo | ! + Process development, optimization and control
______________________ inn

=4, K- (Tshelf - Tp)
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Modeling of lyophilization

» Pseudo-steady state modeling

aq
E =4y K, (Tshelf - Tp)

(i n Lfrozen
Kv kfrozen

dm _ , Pi—Pc

dt P R

p

Heat transfer

-1
) (Tsnerr = Ti) = Ky (Tsnerr — Tp) Heat transfer to sublimation
interface

Mass transfer

Coupled heat and mass transfer
— dQ dm

Frin AHgyp; I

= Calculation of partial pressure of water with new sublimation-pressure equation

= K, and R, are model parameter
K - pc

K, = Koy + ———"—
v 0 1‘l'KZ'pc

Dependence on:

» Vialtype + -position
» Freeze dryer

» Shelf temperature

Rl : Ldried

R, =Ry +
P 0 1‘|'RZ'Ldried

Dependence on:

» Formulation

» Freezing protocoll

» Manufacturing environment
» Microcollapse
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Model validation

Step 1

Step 2 Part 2

Model derivation Comparison Sim./Exp. Ao impactof T
experimental model 5 Decision criteria 111-
Derive conceptual model parameter determination 2 ecision criteria I1I-
dellin, & accuracy & precision:
Tools: (modeling dep) Tools: goorormode g 1 cm?f,?'mpm of
1. Literature data i 1. Error propagation of z e
2. Prior knowledge experiments = = 2l error
Implement conceptual 2. Impact of error of model g (one-parameter-at-a-
model parameter determination on 5 time) '
simulation result precision) 2 -
Ttz i 3. Analysis of separated effects
Checi: equations far Decision criteria I - f@ccuracy) | [TQpenmenfaldaatobe” |
1. Syntax Verify computerized model flglsabmty-' tic
2. Dimensional analysis mu:nbers l4——Sensitivity = accuracy not reached——
3. Mass and energy balances 7 . Simulation of R ‘1’:5
I e TlaE o
No xlﬂiﬁed case Smif o Simulate experimental data 2. DoE/MC-based
) COmMparison w: ools: N i of model
Tools: ) analytical short cuts 1. Field experiments for model TEAE T BE .
1. One-parameter-at-a-time it PR and perform statistical expermment
P validation at individual DoE evaluation = [T sm——
study i of paints of operation of of 1
2. Design of Experiments B I e [ model accuracy war
including model and il - and precision w
operating parameters to detect Som
gross errors Step 3 i
P Statistical evaluation b
obviously wrong — —— Accuracy and precision s o E
eCls1on criferia 11 - f del ali )
sensitivity: 2 mcz exp;q;:];:; y Modeling error <
— : expertmental error
Toaols:
sl paoperes | y Decision aiteria IV: )
(database) == = N, 1. Characteristic target
2 Comelations Establish modsl Pareto diagram of Model is verified and "\ |values (yield, purity...)
3. Lab-scale experiments & G ; = o 00€ 1S VETINAC 2 : e
i — Pmpa;:,gm determination concept ;mmdlfg_:ﬁ& s, distinctly quamttatlvely N 2 I.nteraclwn diagram
4, Lab-scale experiments for RETHHIE, 4 /A
model validation at different F p
points of operation (DoE) = 3, PLS re A
tep 2 Part 1 -
: bl 1 of effects and P i
:?:I‘;‘:tﬁ;l;";‘_“ ng experimental el € Model parameter determination concept
1. Energy balance equipment 2
2. Fluid dynamics (Tracer) =
3. Phase equilibrium 2
4. Mass transfer kinetics 4. Coefficient of
(5. Reaction, equilibrium and correlation (R?)
kinetics)
v [Klepzig et al. 2020, Processes 2020; 8(10),1325]
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Model validation — Model parameter determination

40 11 Topgcr=| o
f (Position) . |
- A -K. (T —-T ,
Heat transfer dt v Ky (Tonery = Tp) Product Temperature constraint L S
I
-1 T r0duct< TCoIIa se = Jf_ I
Heat transfer to 1 Lrozen) ~ V=K (T T i i
sublimation interface \ g + k - ( shelf — i) =Ky ( shelf — p)
v frozen
d_m _ Pi—Pc Equipment constraint ——
Mass transfer dt p Jowwy < Ju coefficient(K,)
Su ax
Coupled heat and aQ dm
—=AH——
mass transfer dt subl 44

Equipment characterization

» 1.1 Shelf temperature distribution (Tsperr)

*  Determination of critical vials

» 1.2 Maximum allowed sublimation flux Jyay

* Ice slab testing

» 1.3 Vial heat transfer coefficient K,

Am-Ahgyp /At

o K:

4

Avial (TS,PD_Tproduct)

* Gravimetric determination

Ty

roauce determination with WTM

Formulation characterization

> 2.1 Collapse temperature Tcojiapse

DSC, LT-FDM, Literature

» 2.2 Dry layer resistance

Experiment with product solution

_ A-(Pice—PC)
m

Determination with MTM measurement and fitting

to pressure rise data
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3 soo0
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[Juckers et al. 2021, Processes 2021; 9(9),1600]
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Model validation

Step 1

Model derivation

Step 2 Part 2

Comparison Sim./Exp

Assess impact of T
xperimental model ol
Derive mncept:;al ﬁllodel pa.le'anmter dimarraTn g Jecision ;’ileria. I_Il-
delling 4 ACCUE: recision:
Tools: (mo g depth) Tools: errors on model g- 1 Cm:ga:m.sfm of
1. Literature data i 1. Error propagation of z e
2. Prior knowledge experiments = - Al
Implement conceptual 2. Impact of error of model £ (one-parameter-at-a-
model parameter determination on =3 fime) )
simulation result precision) a -
Tools: i 3. Analysis of separated effects
Check rEETTiT Decision criteria I - (accuracy)
1. Syntax Verify computerized model flglsabmq{' tic
2. Dimensional analysis n. s l4——Sensitivity = accuracy not reached——
3. Mass and energy balances J 2. Simulation of N ‘1’:5
i implifie o
No x aomg case s‘xﬁ? Tools Simulate experimental data 2. DoE/MC-based
Todls: _ analytical short cuts 1. Field experiments for model obtained fhrough Dot pan comparison of madel
. One-parameter-at-a-time validation at individual DoE pevah:.alion — (mm?i(.P arameter)
;ml;le?s' o . of paints of operation 00f of model a — P
i.rllcl ;.gn momm ¢ 2. Data reconciliation P e ¥ [l
operating parameters to detect e
gross errors Step 3 ‘:::
= proofs the model s ot Statistical evaluation =
obviously wrong Afcuracy and precision o )
of model equals reals X
(expetq;a]gnt) tY Mode.!mg error <
expertmental error
Tools:
1. Physical properties N \ (Decision criteria IV: )
s e . |1 Characteristic target
3, Lab-scale experiments & Establish model parameter e retodiagram of Model is verified and “,  |values (yield, purity...)
error propagation determination concept - distinctly quantitatively |2 Interaction diagram
4, Lab-scale experiments for validated R
model validation at different F O -
points of operation (DoE) =3 3 l;l_g_ .
§ Step 2 Part 1 R
i bli 1 of effects and s s -
:?:IT:&";{EE = experimental determination 2 Model parameter determination concept
1. Energy balance equipment 2
2. Fluid dynamics (Tracer) =
3. Phase equilibrium 2
4. Mass transfer kinetics 4. Coefficient of
(5_. Ra_act‘m equilibrium and correlation (R?)
v [Klepzig et al. 2020, Processes 2020; 8(10),1325]
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Model validation — Comparison Sim./EXp.

DoE/MC-based comparison of model and experimental error (Multi-parameter

study)

Case study

» Saccharose (amorph excipient)

Accuracy

= Correct prediction of experimental \

data within parameter set

accuracy: low accuracy: high accuracy: low accuracy: high
precision: high precision: low precision: low precision: high

Precision [Sixt et al. 2021, Processes 2018; 6(6),66]

» Effect of uncertainties of model parameter on simulated results
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Model validation — Comparison Sim./EXp.

= Design of Experiments
» Fractional factorial design
= Repition of centerpoint for statistic evaluation

Primary Drying
Shelf Temperature Chamber Pressure Fill Volume  Temperature Ramp
°Q) (mbar) (mL) (°C/min)

-+ 0 0.15 2 1
+—t— 0 0.05 2 0.2
——+ -25 0.15 1 1
++— 0 0.15 1 0.2
e -25 0.05 1 0.2
+—+ 0 0.05 1 1
—t -25 0.05 2 1
—+— -25 0.15 2 0.2

cr -12.5 0.1 1.5 0.6

cr -12.5 0.1 1.5 0.6

Cp -12.5 0.1 1.5 0.6

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809] [Juckers et al. 2021, Processes 2021; 9(9),1600]
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Model validation — Comparison Sim./EXp.

= Vial heat transfer coefficient K, g o (bm-AH;)/A¢
= |ce sublimation test, experiments dublets, 95% confidence Ay - (Ts — Ty)
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[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]
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Model validation — Comparison Sim./EXp.

= Dry layer resistance R,

R - Ldried
= Manometric temperature measurement, 95% confidence Ry = Ro + 17 R, - Lyrioa
__ 120000 —

Q i
& 100000 4
[
% 80000 eS| Average dry layer resistance
Iz
‘® 60000 ¢
°
@ 40000 ;
E 20000 P S Dry layer resistance of MTM
0
0 0,001 0,002 0,003 0,004
Dry layer heigth (m)

—+—R_p(m/s) -e-CP1 -¢-CP2 -o-CP3

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]
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Model validation — Comparison Sim./Exp. o225 o
| 5 B B
= Vial 1.1 vs. WTM#1 12
11 #7
10
9 #4 #5
15 3
6
13 i
e 3
& 2 [#1
£ N mrC =
g @ ++—
.; 9
o o ®+—+
E 7 REAN © ++++
’ o —++
5
®cP
. il
3 ®
3 5 7 9 11 13 15 @ +—+-
exp. drying time (h) @+
—++

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]
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. . . . 1 2 3 4 5 6 7 8 9
Model validation — Comparison Sim./Exp. =
13 #6 #8
: 12 ]
» Vial 12.6 vs. WTM#8 1 #
]E-)o #4 #5
28 8
7
6
23 .
= 3
) 2 | #1
é 18 1 #2 #3
F
g @ ++—
< 13 @ +—+
k: ¢ @ ++++
8 - o —++
.2 ecrp
3 ®
3 8 13 18 23 28 ® +—+
exp. drying time (h) @+
""" +20% ----- -20% —++

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]



sim. drying time (h)
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Model validation — Comparison Sim./EXp.

= Centerpoint (experiment repeated three times

= Simulation error smaller than experimental

Optimized process parameters lead to decrease

Y
[¢)]

l ® 11
14
13 o 1.2
12 ® 29
o ® 105
10 |
o | 10.6
8 | ® 115
7 ® 116
¢ 12.5
5 6 7 8 9 10 1 12 13 14 5 @126
exp. drying time (h) MTM

***** +200/o oo —200/0

Drying heterogenity detectable in accordance to experiments

++++

12
CP 10 o
8
6
4 s
'%‘. "'.b?
- s 2 S -
"-" 0.. q.'
o B S
FOOE |
o
——++ ++——
+——t -—
--®-+ Experiment ---e-- Simulation

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]
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Model validation — Comparison Sim./EXp.

= Product temperature determination edge vial, Centerpoint

1.1

0 )

Primary drying duration (h)

——Mean value experiments = ——Simulation

Good agreement of results in
beginning but with increasing
process duration temperatures
drift apart

Temperature (°C)

1 2 3 4 5 6 7 8 9
15
14 #7
13 #6 #8
12
11
10
9 #4 #5
8
7
6
5
4
3
2 | #1
_2 [ #3

1.2

Primary drying duration (h)

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]
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. . . . 1 2 3 4 5 6 7 8 9
Model validation — Comparison Sim./EXp. E _
E #6 #3
= Product temperature determination center vial, Centerpoint J
9 #4 #5
-25 8
2 4 6 8 10 1 ;
-30 5
] 4
. L 5 :
-35 / e i 2 [
L et i I
20 = I il A,": ! 2 #
Bl
-50
o
-55 <
Primary drying duration (h) v
=]
—DMean value experiments ——Simulation g
o
g
S
Simulation and experiments in good agreement -
-50

Primary drying duration (h)

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]
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Model validation — Comparison Sim./EXp.

» Product temperature determination edge vial

-20

Temperature (°C)

L L
-15 10
g -20
£
525
[+
z -30
_35 4 L
: ﬂ’\
-4
1.1 ++++ : 1.2 +4+++
-45
Duration (h) Duration (h)
1 2 3 4 5 6 7 8 9
15
14 #7
13 #6 #8
12
11
10
0 oo 0no 0__onD 0 9 #4 #5
With more optimized process conditions predicition accuracy increases g
:
4
3
2 (#1
1 - #2 #3

[Juckers et al. 2022, Pharmaceutics 2022; 14(4),809]
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IN

termediate conclusion

Time effort needed

Simulation n
= |ce sublimation test
= Each experiment ~1day

4 pressure values, 2 shelf temp. .
(double determined) .
~16 days

Experiment

Freezing ~ 3h
Primary drying ~4-25h
Defrosting ~2h

11 experiments
~15-20 days

Dry layer resistance MTM
~5 days

Simulation

For one study no significant time decrease
but K, equipment parameter

Used vial with freeze dryer does not need
to be re-determined

~5-20s
1200 simulations = 6,5h/Number PCs
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Model validation

Define model task and
application

Derive conceptual model

Tools:
1. Literature data
2. Prior knowledge

Step 1
Model derivation

Tools:

Check equations for

1. Syntax

2. Dimensional analysis

3. Mass and energy balances

(modelling depth)

]

Implement conceptual
model

I

Tools:

1. One-parameter-at-a-time
study

2. Design of Experiments
including model and
operating parameters to detect
gross errors

= proofs the model is not
obviously wrong

Toaols:

1. Physical properties
(database)

2. Correlations

3. Lab-scale experiments &
error propagation

4. Lab-scale experiments for
model validation at different

points of operation (DoE)

Verify computerized model 1—‘

Decision criteria I -
Plausability:
1. Characteristic

Establish model parameter

determination concept

1 of effects and

Tools (stepwise bling
of equations):

experimental determination

1. Energy balance equipment
2. Fluid dynamics (Tracer)

3. Phase equilibrium

4, Mass transfer kinetics

paypeas jou uo!ﬁpauJ

Parsto diagram of
standardized effacts, a =
005

Step 2 Part 1

No

Step 2 Part 2

Comparison Sim./Exp.

Tools:

1. Error propagation of
experiments

2. Impact of error of model
parameter determination on
simulation result precision)

3. Analysis of separated effects

parameter determination
errors on model

Step 3

Statistical evalu@

(accuracy)
l¢——>Sensitivity = accuracy not reached——
Yes

: LL
Tools: Simulate experimental data
1. Field experiments for model obtained fhrough Dot pan
validation at individual DoE e tical
of paints of operation of of 1
2 Data o pros model accuracy

Lo and precision

Acuracy and precision

Model parameter determination concept

of model equals reality
(experment) _«

Yes
Model 1s verified and
distinctly quantitatively
validated

PALOEAT JOU LOTSIIAL] —»

.. |2 Interaction diagram

accuracy & precision:
1. Comparison of
model and

i al error
(one-parameter-at-a-
time)

2. DoE/MC-based
comparison of model
and experimental error
(mulfi-parameter)

X3

Modeling error <
expertmental error

Decision criteria I1V:
1. Characteristic target
values (yield, purity...)

3. PLS re; ion

(5. Reaction, equilibrium and fog‘leaﬁt;:g\m(&?)f
kinetics)
v [Klepzig et al. 2020, Processes 2020; 8(10),1325]
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Model validation — Statistical evaluation

= Statistical evaluation endpoint

I |
: : Fill volume
1 |

|

*I

Shelf temperature primary drying

Parameter interaction and

strength in good agreement

I 1
1 1 1
|
L (I
I Chamber pressure | :
1 | I
[ | 1 [
I I I - -
1 Shelf temperature primary drying*Fill volume
I I | I I
1 | I I
| | | ' '
(I | Shelf temperature primary drying*Temperature ramp
1 I I I I
I | I I
| I | ] |
U Temperature ramp | |
| 1 L 1 |
I I I I
1 | L ' .
(I Shelf temperature primary drying*Chamber pressure
1 1 . 1 |
1 1 1 ]
-4 -3 -2 -1 0 1 2 3 4
I Experiment I Simulation
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Model validation — Statistical evaluation

= Statistical evaluation product temperature

i

Shelf temperature Primary dryin [ 1

Chamber pressure

|

1
Temperature ramp

I |
| |
— | I
| |
-
Shelf temperature*Fill volume I !
— ! I
I |
n | |
Shelf temperature*Chamber pressure I I
— I |
- | |
Shelf temperature*Temperature ramp | !
— I 1
I |
. ——
Fill volume !
— : !
1 I
2 -1 0 1 2 3
I Experiment e Simulation

Parameter interaction and
strength in good agreement

but effect of fill volume

overpredicted in simulation
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Summary

Model validation based on established validation workflow

Model is verified and distinctively,
guantitatively validated
= Design space definition and

= Example systems: Saccharose (amorph)

= Model derivation and implementation control strategy development
possible 2
= Establishment of model parameter determination concept V4

= Parameter show expected physical behaviour

Endpoint determination through Design of Experiments
» Results in good agreement
= Temperature determination through Design of Experiments

» In good agreement for center vials, rising prediction for edge vials with optimized

process parameters
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Thank you for your attention!

Alex Juckers, M.Sc.
a.juckers@martinchrist.de
+49552250078320




