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6 Why do we freeze-dry?

A

m Removal of water (or another solvent) at very
low temperatures, thereby avoiding any ,,.
damage caused by conventional drying
methods R A
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m Easier and safer than dosing a dry powder in a .
vial (uniformity in fill weight, no dust control to e e
deal with cross-contamination or operator
exposure) [different pro/cons in FD of granules]
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m Inefficient, long process [possible .,
optimization, continuous operation] iik
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m The equipment is expensive Sl O y
-eo) THT N
m Recovery of biological activity e s T
m |l IS more convenient to administer a sterile, The freeze-drying steps

ready-to-use solution
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g 25 year of FD Applications at POLITO

- Freeze drying of proteins and
pharmaceuticals in bulk and in vial

— o — %
—

- Freeze drying of food, coffee,
chocolate, probiotics

- Freeze drying of inorganic materials
(scaffolds, catalysts, geologic
samples...)

4.00e-03
a

3.00e-03

- Freeze drying for recovery of cultural
heritage (books, documents,..)

2.00e-03

"

- Cycle development and scale up

- Improved design of freeze-dryers

- Development of PAT tools (balance,
smart vial, DPE, PDT,..)

Product temperature during
o [ e ]
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6 Quality by Design in Lyophilization

= QbD process development strategy

Real Time
"| Release testing

r = PAT <
I
|
Y
. . Determine
Define Quality o . .
Target Product > Cri;ﬁg:::iﬂy Risk Assessment |- Design Space » Control Strategy In? orrcl)t;:;lna;t
Profile (QTPP) (CQAs) P
A
—» DoE
Advanced
Modelling Process
Control

From Juckers et al., Processes 2021, 9, 1600. https://doi.org/10.3390/pr9091600
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LYO@ Process development: role of modelling

Research Team

What can be done by modelling? Relate monitored variables and some product
properties (product T, residual ice and mositure, porosity, collapse, melting,..) to process
parameters [easy or moderate]; relate directly CQA to CPP [hard, current research goal]

Process development and History

CQA identification

Small scale
development data

ER—— Process risk assessment

) for criticality Digital Twins
Data analysis of | pased on patient | Cross functional

Gmﬂfﬂi‘ batch perspective risk assessmernt Validated Process models
isto - .
i Identify potential Multiple runs at

{‘:]EF small scale

Deriving CQA
In-gilico

Test wider range
Input to Process of process

characterization [N A% FS RN 7 EEL T parameters

and comparability FRMERES T snEll
between scales

operating
. . rangey
Is it possible to garantee the same thermal Univariate/
] in di ? Multivariat
history to the product in different apparatus: Mul ,.:?EBE“ E}

Figure from Juckers et al., Processes 2021, 9, 1600.
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LYO@ A model-based approach is useful to ...

Research Team

- To understand both process and equipment, to be able to evaluate the
effect of modifications in process conditions and equipment characteristics on
final product properties;

- To understand proteins behavior and denaturation, and develop improved
formulations (using MD simulations)

- To design an efficient monitoring system to measure product temperature
and the residual water content (to establish the end of the primary drying);

- To build an efficient control system that pr— o —
design monitoring
optimizes the drying process, takes into account the constraints
on the product quality, takes into account the characteristics of
the equipment (heating/cooling rates), manages the process if Mathematical
something goes wrong. modeling
- For off-line optimisation (by Design space) or in- i
line optimisation (by using a control system or a soft
sensor to build and refine in-line the design space) Frocess

Freeze-drying process development and control — A model-based— ASM Medal Mini Symposium 2022



LYO

Research Team

Mathematical modeling:
6 Examples 1D, 2D, 3D

- Simulated
~ Experimental

Temperature
profile prediction s’

%+ Simulation

1D: Modeling of freezing step: " epenmentaaata | S |
. . - £.|
prediction of cake porosity [ E/ [-
l t, h i;L
= 2D and 3D modeling of vials (using COMSOL) it
to highligth role of radiation 5: R
. . . J
(and convection in the freezing step) ‘W R
L) IR | N b z=H(t)
ffffffffffff z=L —— IEVlj Nitrogen
. . . Dryer shelf 5 ooooa
= Multiscale modeling of equipment g || oonono
= Other modeling approaches (CFD, QMoM and 5 || OOmomnD
Monte Carlo at very low pressure, ....) N Vacuum
pump
o OI O/\ 5 | Condenser —@
@ Q ° °
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9 Quality attributes

= Recovery of biological activity (formulation
& processing conditions)

» Rapid and complete reconstitution
= Stable at the desired storage conditions
= Low level of residual moisture

= Appearance of the Ilyophilized product
(collapse, cracking, powder ejection, skin
on the top surface, puffing, lifted cake,
inconsistent texture)
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8 Critical Process & Product Parameters

"™ Freezing: cooling & freezing rate, nucleation temperature, annealing
™ Primary drying:
= maximum allowable product temperature

= drying rate (product resistance to vapor flow, resistance to heat
transfer, driving force to heat and mass transfer)

™ Secondary drying:

= maximum allowable product temperature, and its residual moisture
dependence — S —
e R

Product quality attributes
Process duration

The Ishikawa diagram

From Juckers et al., Processes 2021, 9, 1600
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Risk Analysis

= The Occurrence — Impact
diagram quantifies Risk

= Scores are obtained from
Failure Mode Effect
Analysis (FMEA)

From Juckers et al., Processes 2021, 9,
1600. https://doi.org/10.3390/pr9091600

Chamber pressure rise

Freezing step
variation

]
Excipient
variation |

Relative Impact

Shelf temperature
variation

Relative Occurence

| Equipment not
up to date

Table 1. Qb risk assessment: FMEA.

Risk Impact Occurrence Comment
Shelf temperature affects drying rate in both phases, too high
Shelf temperature variation 8 2 value could cause collapse but a low value leads to long drying
times, once freeze drying recipe is set, temperature easy to control
. High pressure could lead to melt back, during MTM pressure is
Chamber pressure rise 3 10 increased in an interval that is safe for the product
Freezing step sets the foundation for drying phases, once freezing
Freezing step variation 7 4 recipe is set the temperature can be controlled easily but stochastic
nature of nucleation still leads to small deviations in ice crystal size
Equipment not up to date 9 1 Uncallb}'aled measurement units lread deviation from recipe,
prevention through maintenance intervals
Excipient variation 7 1 Formulation has high impact because it sets the failure mode,
P once formulation is set, composition can be good controlled
Fill level 3 1 Increased height can lead to collapse if the process is rigorously

optimized, but fill level can be controlled easily
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9 Reliability Assessment in a Freeze-Drying Process

Undesired cooling velocity
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8 Freezing

m Supercooling & freezing rate

(a) Solution lee muclei
AR superconling
I o B nucleation
@SP C freezing point depressionto T,
_ 5 = |p CRfreeze-concentration e Crystals
o S — -
=0 & g R
o b b, :
g ] =)
= eutectic” ~ E
£ o g
£ .40l ice + concentrated : Vs
s solute ! E ' :’ = -
l_
= Unfrazen fraction
glass :}’;’? ;E%-?:
-80}F o PR
I Freazing Time *f-,‘ﬁfff-’éj,
0 , 1 Target Temperature : - :rf;-?;uﬁ'-ﬁ
Volume fraction @, - |2 me ] bR
me Slow Cooling Fast Coaling

Eutectic solid ar

Critical Process Parameters Maximally eryocencentrated matrix
= Supercooling/nucleation temp.

= Cooling rate

= Annealing
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8 Freezing

m Supercooling & freezing rate (relevance of freezing temperature)

= Supercooling is not uniform within the batch of vials
= Cake morphology and hence R, changes from vial to vial

= Non-uniform structure inside the vial

0-12_r|1||r|||||||1||||1||r|1||r||_
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Nucleation temperature SEM micrographs of mannitol 5% as
produced by batch freeze-drying
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m Controlled nucleation methods
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LYO@ Focus on Freezing: Controlled nucleation

= VISF: The “easiest” and cheapest way to control
nucleation: O

= it requires no hardware

. . . 30 |-
= any equipment can be easily retrofitted €
[
_— .- N
= there are limited sterility concerns .
ags - - o i
(related to sterilization of large valves required for *
rapid depressurization) o
140 D °
I P 100
pm
133
x 80
I126 £ &
Il B S
] 8 » 60 |-
119 E g
r M- d Qo
A EIEFed FPArEen drertra T i Bh 40 |-
112 2200 20 40 60 80 100 120 o0
02 04 06 08 10 S - 0
holding time, h Arsiccio et al., EJ.PS 128, 210 (2018)
i ol bk e Pisano & Capozzi, CERD. 125, 119 (2017)
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Focus on Freezing:
.. modelling and prediction of cake porosity

r 117171

=0
r=f ---=---

Selection of cooling rate

(and nucleation temperature)

N

Freezing

¥

Input parameters from
limited number of
experiments

.

Prediction of product
morphology

!

Prediction of primary drying times and
thermal stresses for the product

y

Design Space

Freezing: Energy balance for temperature
profile inside vials

Use of empirical laws for ice crystals size

Pisano & Capozzi, Prediction of product morphology of lyophilized drugs in
the case of Vacuum Induced Surface Freezing, Chem. Eng. Res. Des. 125
(2017) 119-129

« Enthalpy model (Arsiccio et al, 2017)

« Stochastic model, with population balance

Colucci et al., A new mathematical model for monitoring the temporal
evolution of the ice crystal size distribution during freezing in
pharmaceutical solutions. Europ. J. Pharm.Biopharm. 148 (2020) 148—-159

« Simplified stochastic approach using Poisson
equation? [thermal interaction between vials]
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Freezing:

LYO@ modelling and prediction of cake porosity

Research Team

Bl 7T A EEEES ] Empirical results evidence
s} ~ Simulated relationship between ice front
a Experimental | )

velocity and temperature
gradients (modelling confirms role
of T gradients and freezing rate)

Temperature b
profile prediction |¢

+* Simulation 2
+* Validation upon

experimentaldata | “
0
=
v and 8 evaluation % , 5:
** From simulated T profiles N .
— [ ¥
New Polito approach: J L ICE CRYSTALS -3
~ c
Entha|py balance SIZE PREDICTION é o .
‘ 5 k ++ Use of models i ~_zmm

- . niroze <+ Validation using SEM analysis
Frozen
'h
Arsiccio et al., Cryst. Growth Des. 2017, 17, 4573-4581;

EuroDrying 2017
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@ Primary Drying Secondary Drying

Sublimation rate: Maximum allowable product

= Driving force (P,..-P.)

temperature: in the case of
amorphous excipients, the maximum

" Resistance to mass transfer (R,): allowable product  temperature

product, stopper, equipment significantly varies with the residual
e — _ moisture within the product.
¥ 97 )
::: 05 L .riﬂ?.f ] ;5 T
h [ G‘_Cf_ji—);'p - 1 £ b
oéﬁ?j-" — Dk ‘ . , J}
O‘l |||||||| é ||||||||| :I' ||||||||| 6I ||||||||| é |||||||| ;u a 0 0.2 G-';W_O.E 0.8 10

Critical Process Parameters

Critical Process Parameters = Shelf temperature
= Shelf temperature = Secondary drying time
= Pressure = Pressure, no impact
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g Cycle Development. Objectives (Primary drying)

Maximum allowable sublimation rate: Choked flow

Maximum product T: collapse _ _
Choked flow in straight ducts

000014 From CFD simulations
% 0.00012 0.04
& — — De-ree.... 38 Pa
£ 0.0001 _ B | [D=700 L=1400 | bepa DB R
*b._‘.c 1 Tsherr=-15' "
= 0.00008 S 003¢
= =
= -
= 0.00006 3
2 ©
E 0.02 ¢
£ 0.00004 ’ z v
= : T Tsheas=-25' 2
= J =
F 0.00002 y E

0 o Topar=-30 £ 0017

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Chamber pressure [mbar] 0.00¢

. Operating point
T p<T et —T crit T_p>T crit condenser pressure, Pa
Figure 4. Exemplified Design Space (solid line: product temperature isotherms, dashed line: shelf

temperature isotherms, dashed dot line: equipment constraint).

From Marchisio et al., Europ. J.
From Juckers et al., Processes 2021, 9, 1600 Pharm. Biopharm. 2018, 129, 45
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@ Cycle Development. Choked flow conditions

Real systems: butterfly IM,, P
valve or mushroom foses )
valve is present I"'"" “ 4

CFD results for the flow-
through butterfly valve

with different disk shape: ! | l,m,

(a) simple flat disk and g |

(b) complex profiled disk; — F== ".in - Lo

mushroom valve in different ,...... =} et

conditions (c, d). I S

Velocity magnitude (m/s) A 9 A s g)
Valve distance Sublimation rate

From Barresi, Use of CFD for the Design and Optimization of Freeze-Dryers, Chap. 9. Freeze
Drying of Pharmaceutical Products (Fissore, Pisano & Barresi, Eds), CRC Press, 2020.
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@ Cycle Development. How

m \\Vhat combination of shelf temperature and pressure results in a
pharmaceutically acceptable product, and meets the constraints on
product temperature and vapor flow rate?

= The identification of those process conditions that produce an
acceptable product was traditionally based on trial & error

past

= Proven acceptable ranges around shelf temperature and pressure
set-points

= New approaches based on QbD which is based on a thorough
understanding of the process

present

= Constraints on product and equipment are explicitly considered
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@ Cycle Development. How

m Guidance for Industry suggests that ... Quality ... should be builtin ...

Process Proces ¢
i S ou
CCh)nlfdtlthnSt ; ® ® Process @ O,,.4 temperature &
(shelf temperature an vapor flow rate trends)
pressureg
®
®
In-line control Process
® ©® (qnodel-based ® ® monitoring
controllers) (PATS)

Off-line design
® (DoE, model-based
approaches)
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6 Cycle Development. In-line control

. LyoStar, it is an expert system based on DPE+ estimations and model-based control so as to
determine the optimal shelf temperature that minimizes the primary drying time.

i

o ! ’ ! ) -[ PROCESS }
20F - :
\ FPRESSURE RISE
oL : TEST s
- H

g :: Fimen
.g : DYNAMIC PARAMETERS 2

- . Nea L
2 ESTIMATION T TS
& | e
=y Tovm® «— | PR A A N
= i O USKR trwen 87ars. | INPUT DATA |
[k o ol
= CONTROLLER Tan B Ao 7

,'Mn-u.i‘!ﬂlﬂrﬂnr“ﬂiﬂri: — ==
-
e i Faidor MOUEL CF THE PROCESS
*snay —
To O e Taw
40 [ CNRRSROOT ORI ZATEN ':

Pisano et al. (2010) J. Pharm. Sci. 99(11): 4691-4709
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6 Cycle Development. In-line control

LyoStar/LyoDriver: sequence of control action and influence of Tshelf_max

243 —
300 F Tl Yy 3‘ i . :
= t=0min | &
280 =2 _ - B
d B “T'----_4 Example of a sequence of control B
g 2 . . 2
tg) EsscomncifasFnarmunsnanmam] actions calculated in three E
PR TP PR P | 1 by . ﬁ
300 T successive steps when a feedback
- 7—.[-. 1 controller is used (prediction »
e i T e -1  horizon equals to the drying time) 0
£ 240 paoRonses e ae e §E 8
‘_3:300._3::;': - E &
:c'.. o - i t=60min :’ 4 :
~ H - ubd mnx
e b Y= 1  Figure 5. Influence of Ty, o, (solid line: 253K, dashed :
w0 fp Fmmmeeeooo - : o L
E : ] line: 263 K; dotted line: 273 K; dash-dotted line: 283 K) on " "0 40 &0
240 M,_,.,_.,,,_,._-____. the t.e1.11per ature at t.he. bottom nft.l'!.e wvial lu]:pf.hr graphl, on o Time, h
BT o aa e ma B e the thickness of the dried layer (middle graph), and on the
: e drying time (lower graph) when the feedback algorithm is = e
280 = ) - used to control the primary drying (h, is equal to the o 65 : ki
- 1 . duration of the primary drying, .= 30min, Thne=241K, g ] ]
260 = postheating is not allowed). :J: Al =
240 potd R - - = i ]
PO T O P SV TP W T o B t"ﬁj" -
0 30 60 90 120 150 180 210 P o T T T T T T
Time, min - 2500 260 270 280 290 S0 310 320
. . ] Maximum fluid temperature, K
Pisano et al. (2010) J. Pharm. Sci. 99(11): 4691-4709
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6 Cycle Development. In-line control

m Model Predictive Control, which determines the optimal combination
of shelf T and pressure that minimizes the primary drying time.

— Dynamic Optimization — d
+

% v ¥ | Optimization | u » Procass

e T I

| Constraints |

o 19 ey
Model l———

— Model

Figure 3. Mass flow rate of water vs operating conditions in the case

where drying rate islimited (1) by mass transfer resistance or (2) by heat
transfer resistance. The solid line identifies the cost function that has to

be minimized.

i — = Pisano et al. (2011) Ind. Eng.

10 5 260

assiih, © B0 g Chem. Res. 50: 7363-7379
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6 Cycle Development. In-line control

= The same control logics previously described can be used coupled with
other monitoring devices, e.g. the soft-sensors. This novel tools can
also be exploited to evaluate the batch unevenness and, thus, calculate
the best heating policy for the most critic vials.

T ShE”:
[

Al bl e
09050s0505050

, (@003 ol sy An observer, or software sensor,
4/ 8 8] M—— allows to monitor immeasurable
interesting process variables like
K qu o the product temperature and interface
monitored vials position, just measuring one or
Y more temperatures.

vials with
thermocouple

identification of

the target vial

{ Bosca et al. (2013) Drying Technol. 31, 1744-1751

cycle control/
optimization

|—e— very low
—e— low
aé i average
« 0.4{—— high
© |—=— very high

Developed also in-line controller based on fuzzy logic

AT

°C

fluid”
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@ Cycle Development. How

m Guidance for Industry suggests that, ... Quality ... should be builtin ...

Process Process out
_ ou
CCh)nlfdtlthnSt ; ® ® Process @ O,,.4 temperature &
(shelf temperature an vapor flow rate trends)
pressureg
®
®
In-line control Process
® ® (qnodel-based ® ® monitoring
controllers) (PATS)

Off-line design
® (DoE, model-based
approaches)
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3 Cycle Development. Off-line

m Design Space of primary drying

[Giordano et al. (2011) J. Pharm. Sci. 100 (1): 311-324 ]
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6 Cycle Development. Off-line

Figure 5. Examples of design space in case the uncer
tainty of the model porameters & taken into sccount
{dmhed lines identify the boundary of the design space
when parameter uncertainty & not taken into secount;
Tius =241 Kl Upper graph: Sclid lines design space
houndary for various values of prohahility of sumess
{ox, =g, = 10%). Lower graph: Solid lines: design space
houndary in ease of variauz values of parameters uncer
tainty (e, = @y, prohahility of suocess = 99.95%).

p,Pa

Figure 4. Examplesof design space. Upper graph: design

space obtained in ense the maximum alowed product tems
perature & 241K (thick lingl. Thin salid lines ndicate
apernting conditions (T and p) resulting in the same ]
drying time, while dotted lines refer tooperating eonditions =
giving the same maxi mum sublimation flux. Lower graph: ED
maximum sublimation flux versus chamber pressure for =
various vahes of shell temperature (solid lnesl. Dashed

lines identify the maximum product temperature.

Giordano et al., JPS 100, 311 (2011)
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LYO@ Cycle Development. Off-line

* Improved cycle design using dynamic Design space and Tshelf multiple steps

20 —+——————— 20
257.5 [
m
280 115 &
» 255.0 270 0 2
L 1 =
3 . R | 45
2 _ E 250 5
a 250.0 E 240 1 1 1 1 1 u
o | 2
§ 247.5 £ 250 —_—
p i S gas] E
'S 245.0 : :
= . 240 :
242.5 i I
235 '
240'0 N 1 A 1 L 1 N 1 A 230 . . , i '
25 26 27 28 29 30 B e ——
chamber pressure, Pa time. h
r
FIG. 6j ‘(.‘omparison between lhc.dcsign space calculated at Larea/ FIG. 3. Example of cycle determined via dynamic design space for
L =99% for a 5% (w/w) sucrose solution (L =5 mm) when the dependence - : FRD
S A 9 R S st pe sucrose 10% (w/w). Top graph: evolution of fluid temperature (solid ling)
of R, Vs'_ Laiea on proc.cssmg condlllo-ms is considered (dark-grcy)t and and chamber pressure (dashed line). Bottom graph: evolution of the pro-
wh(:'n this dependence is neglected (light-grey) (color figure available duct temperature. The hmut temperature (dashed honzontal line) and the
online). drying end-point (vertical hine) are also given.

Pisano et al., In-Line and Off-Line Optimization of Freeze-Drying
Cycles for Pharmaceutical Products. Drying Technol. 31: 905-919, 2013
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@ Cycle development via Design space
The problem of batch heterogenity

Ko wmi!
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Figure 2. Effect of vial position on the value of the heat transfer
coefficient. (2) Contour plot of K, at P, = 10 Pa (only half of the batch
is shown). (b) Vial groups as dassified by the position on the shelf:
(®) A; (gray dot) B; (slant-hashed dot) C; (horizontal-hashed dot) D,
and (O) E. (c) Distribution of K, for E vials. The solid line is the
Gaussian distribution calculated according to the mean value and
standard deviation shown in Table 1.
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Fissore et al., Model-Based Framework for the Analysis of Failure Consequences
in a Freeze-Drying Process. Ind. Eng. Chem. Res. 2012, 51, 12386-12397
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Effect of a process deviation
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Figure 8. Comparison between the probabilistic distrbution of the
maximum product temperature and of the drying time for B and E
vials as calculated for the two-step cyde identified in Figure 7 (solid
line), and for the same recipe but in presence of a process deviation
(dashed line). The area evidenced in gray indicates when the
temperature of the product is higher than its limit value.

Figure 7. Design space of a 3% (w/w) sucrose solution processed in B
and E vials. The various curves refer to various values of Ly, ;/L: (solid
line, dark gray area) 1%, (dashed line, gray area) 12%, and (dotted line,
light gray area) 99%. The symbol (O) corresponds to (1) P. = 5 Pa
and Ty =258 K, (2) P, =5 Paand Tyy= 253 K, and (3) P.= 11 Pa
and Ty = 253 K.
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gRisk-Based Design of a Freeze-Drying Cycle for Pharmaceuticals

The risk related to the selected operating
conditions for the freeze-drying process is
calculated using mathematical modeling,
focusing on product temperature, that
should be kept below a limit value, as a
critical quality attribute

The role of Human error can also be included
see Demichela et al., fchem 2018, 6, art 419

doi: 10.3389/fchem.2018.00419

1%

=10 L]
ﬁ -
P* C
Figure 5. Values of the risk as a function of shelf temperature at

different chamber pressure (M, 8 Pa; O, 10 Pa; A, 12 Pa; #, 15 Pa; [,
18 Pa; and e, 20 Pa) compared with the limit risk values.
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3 Cycle Development (including freezing step). Off-line

mm Design Space of freezing

Calculated using Arsiccio et al. model
Maximum product temperature in PD
d 250.5
. 266 .
Pore size 250 e
:- — 249.5
=
Mannitol-detailed §'262 249
0.2 0.4 0.6 0.8 g 260 248.5
Cooling Rate, K min™’ [ _
§ 258
g 247.5
S 256
z 247
254
246.5
252"

0.2 0.4 0.6 0.8
Cooling Rate, K min™’

0.2 0.4 0.6 0.8
Cooling Rate, K min™'

Mannitol 5% " arsiccio and Pisano (2018)
J. Pharm. Sci. 107: 1586-1596
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@ Cycle Development. Off-line

m Design Space of freezing: Protein stability
Surface-Induced Denaturation Prevailing  Bulk Denaturation Prevailing

b

X 265 100(3) X 265 100 (®)
o o
= .
S 260 % g 260 -
2 * X 2
£ 60 “x & 60 “
= 255 > F 255 =
.g 40 3 .g 40 3
T T
S 250 L 35 250 | 2
= S P = f
- pd

02 04 06 08 02 04 06 08

Cooling Rate, K min™ Cooling Rate, K min™

Design space showing the stress for the protein (percentage of

unfolded protein, normalized by its maximum value in the design
space). The red isocurves identify the conditions resulting in the
same total extension of the ice-water surface area, reported in
dm?/g (solvent mass is used as reference) on the curves.

Arsiccio et al. (2020) Pharm. Dev. Technol. 25 (7): 823-831
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6 Cycle Development — secondary drying. Off-line

- : : Process Optimization :
Design Space of secondary drying 210 e rresesaeanene e s ierennnane
— 1 T T T T Tt
350 — TR IRV UL M VMU U WU 300 :" ;""""'"""; ]
330 Fs (A) ] %O200F e
EH - T 280 F =
= 310 = 270 L ]
2 290 260 | (A)-
= I 7250 N TP TP SRR TP R
i | 310 - 1 T 1 T T 1
250 L 300 |
S M 290 F
330 L ;"' 280 -
¥ 310
& 200f
270
250

Pisano et al. (2012) Drying Technol. 30:1307-1316
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@ Cycle Development — secondary drying. Off-line

50 — | |
(a) : —0—C_,03
il —o—CS'tO.S i .
| —o—c, 10| | Design space
" ’ Sl obtained by a single
o | s't : L] ] .
L test using in-line
30 2 S Cs0= 6% . .
TS el m R NIRS monitoring
25+ '
20—"I

15

w [

The limit fluid temperature is shown as a function of the drying time.
Curves correspond to different Cstranging from 0.3 to 3%. The dashed line represent
theboundary operating conditions to meet the constraint on the Ty of the product.

Bobba et al. (2021) Design of Secondary Drying by in-line Near-Infrared Spectroscopy Drying Technol.
DOI: 10.1080/07373937.2021.2008423
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6 In-line vs. Off-line optimization

= The design space of the process is defined by the set of operating conditions (shelf
temperature, chamber pressure, duration of the drying step) that allow to fulfill

product quality requirements, i.e. to maintain product temperature below the
maximum allowed value

v The design space can then be used to identify the "best" operating conditions, i.e. to
minimize the duration of the primary drying.

v' Mathematical modeling can be used to “build" the design space, starting from few

experiments planned for characterizing the system, thus reducing the experimental
effort.

= Traditionally, biotechnology processes are operated with fixed controls. In the QbD
paradigm, a dynamic control strategy is used to operate the process:

v’ a PAT is used to monitor the state of the product, and almathematical model can be
exploited to calculate the suitable control actions.
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Vapor flow field in
the chamber

Global 3D representation of pressure contour
plots computed for all the plates in the small
scale apparatus (S) and in the large scale
apparatus (L) when the clearance between the
plates is 100 mm. The operating pressure set
in the CFD code is 10 Pa and the mass flux is
1 kg m2 hl,
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@ Mathematical modelling (CFD) — Freeze-dryer

. ?

Effect of the clearance

Large scale apparatus,
configuration 1 (14+1)

a b C
Absolute Pressure, Pa. Contour plot on 15t(a), 11™"(b) and 14t (c) plate.

a b C

Large scale apparatus,
configuration 4 (17+1)

Absolute Pressure, Pa. Contour plot on 1st(a), 13"(b) and 17" (c) plate.
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Process monitoring by mapping pressure over shelf

Wireless MicroPirani (WMP) sensors.
The sensing element for each device
consisted of a silicon die with two

Hous::g . | e metal filaments, one deposited on a
ec“°"'/°,s MoKl suspended diaphragm acting as the
~ / Mfggu‘;‘;a”‘ Pirani filament and the other on the
' substrate as a Resistance Temperature
e % Detector (RTD). The Pirani filament
_— o reacted to changes in ambient gas
Ud/ pressure, composition, and

temperature and the RTD was used to
Buropean Jounal of haascntics and Bopharmacutics 169 G021 523 both measure ambient gas
temperature and compensate for its
variation over the course of drying. The
sensors were encapsulatedin a

Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics

L)

ELSEVIER journal homepage: www.elsevier.com/locate/ejpb package having the same footprint as a
n 20 cc glass tubing vial. The height was

Wireless sensor networks for pharmaceutical lyophilization: Quantification | %& selected such that the system is

of local gas pressure and temperature in primary drying undamaged during stoppering

Andrew Strongrich?, Alina Alexeenko "

operations.
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2-scales modeling

Sublimation flow

rate in each vial
(and thus in each plate)

Tshelf, Pchamber

. time t+
time t At
/ CFD calculation \ / 1-D model of a vial \
8.E-03 N 0.70
= € 068 |
= S 066 [
6.E-03 | = o064 fooo——ou
Z o062 |
§4.E-03 - 0'263%
2E-03 | .f 238 /
P=P(x,y,z)
0.E+00 237t At
238 238 239 239 Time
T, K

Pressure profile in the chamber and over Temperature profile in the vial and time evolution
each plate at time t of the system in the time interval (t, t+At)
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6 Process understanding: multi-scale modelling

The use of a dual scale model can be very useful to predict the
batch characteristics in different pieces of equipment and estimate
the variances.

% of total vials

*u of total vials

L Industnal-scale

Lab-scale

i i 1l il 0%
9 10 11 12 -34 =33 -32 =31
Drying time, h Maximum product temperature, *C

Lab-scale Jipe;,

"F-——rnJ—q—uur.

Indusirial-scale 430%

% of total vials

% of total vials

Drying time and maximum
product temperature
distribution in pilot and
Industrial scale apparatus.

A different approach:

various classes of vials are modelled in
detail, using correlations for hydrodynamics
obtained by CFD simulations.

Ref. Rasetto V., Marchisio D.L., Fissore D. and Barresi
A.A., 2010, On the use of a dual-scale model to
improve understanding of a pharmaceutical freeze-
drying process. J. Pharm. Sci. 99 (1), 4337-4350
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Process modifications: spray-freeze drying

= Spray freeze-drying allows the massive production of
pharmaceuticals for dry powder inhalation, and a more precise
control of particle size compared to spray drying

= Spray-freeze is followed by freeze-drying: different technical

solutions are available (fluidized beds, trays, ..)
[see Ishwarya et al., Trends Food Sci Technol 41, 161 (2015)]

= Modelling is essential to optimize process conditions and predict

influence of PSD 65 Rhrrr
6[};
55§
50 F
45 F
40 £
35

Drying time, h

0|
Generation of packings of 55""”""’“““{:‘6‘3“ i 5
gfanlﬂesusngEM paramm.rsrm"’ 20:IIIIlllIIIII||||||||IIII|IIII|II|||||||
simulations at pore scale 10 20 30 40 50 60 70 80 90

Capozzi et al., Powder Technol. 343 (2019) 834-846

Particle diameter, h
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== |nsight into the molecular mechanisms at basis of freezing and
drying stresses

= Clarifying the role of various excipients as cryo- and lyo-protectants
== Buffers

== Clarifying the role of surfactants at interfaces

== |nsight into aggregation mechanisms of proteins

== Design of the optimal formulation

R. Pisano Preservation of proteins during lyophilization. A molecular dynamics approach
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or is some of our publications, please contact us
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Politecnico di Torino
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Besca G. (2013), Colelle .M. (2015), Zelenkeva T (2015),
Oddene T. (2016), Capezzi €.C. (2019), Colucci 2. (2020),
Ansiccio A. (2020), Bobba 6. (2022), Harguindeguy M. (2022),
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Process monitoring
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Process control & cycle development
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Process Analytical Technology and Quality by Design
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