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PAT tools for freeze drying

Primary drying

Product

Feasible

Compatible w/ autom.

Method Measurement principle . Sterilizabili
P P end point temp. solid-state moisture scale-up ty loading system
cM Absolute pressure of the chamber - - - - + + +
Pirani gauge Nitrogen pressure of the chamber - - - - + + +
Comparative Absolute vs. nitrogen pressure of + _ _ _ + +
b CM vs. Pirani  the chamber
3 PRT (e.g. Rise of the absolute chamber 1 X 23
-g MTM, DPE) pressure + + - + - + +
§ Condenser Increase in nitrogen pressure + . _ . 3 +
& pressure
§ TDLAS Flow and composition of the gas + +1 - +1 -3 + +
2 Lyotrack Composition of the chamber gas + - - +1 + + +
RGA Composition of the chamber gas + - - +1 + +4 +
Dew point Dew point temperature of H20 - - - - + +4 +
Windmill Water vapor flow + - - - -3 + +
Raman Inelastic scattering of radiation by _ _ + _ s _ ~
product
NIR / FT-IR Absorption of radiation by product - - + + -5 - -
TC Product temperature + + - - - - -
RTD Product temperature - + - - - + -
TEMPRIS Product temperature + + - - + + +
§ OFS Product temperature + + - - - + -
o Soft-sensor Product temperature + + - - + + +
[ . . . .
£ Dielectric Polarizability of the product _ _ ~
o spectroscopy + + + +
= XRPD Diffraction of the radiation by the _ _ + _ c _ ~
f product
Microbalance  Loss of mass of the product - - + -5 - -
Heat transfer  Heat flow from the shelf to the _ _ _ . _ ~
monitor product
NMR Relaxation of the magnetic + . + . s _ -
spectroscopy ~ moments of the product
Photographic  Position of the sublimation + _ _ _ s + ~
observation interface in the product

1average value. Only applicable in freeze-dryers with 2fast closing valve, 2external condenser chamber, *additional isolation system or 3 ‘line of sight’ to the sample.

Pharma

Raman and Near-Infrared Spectroscopic Methods for In-Line Monitoring of Freeze-Drying

Process. Ari Kauppinen Dissertation, 2015, University of Eastern Finland.



Outline

» PAT in the Laboratory: Case Studies in
evaluating the heat flux sensor technology

— Summary and conclusions

» PAT in the Laboratory: Case Studies in
evaluating head space moisture

— Summary and conclusions
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PAT in the Laboratory: Case Studies
in evaluating the heat flux sensor
technology



Heat flux sensor Concept

Heat flux sensor (Accuflux™) introduced by Millrock Technology Inc. (Kingston,
NY) as a new monitoring PAT tool for freeze drying.

> Differential thermocouple sensor | W center
» Mounted directly on freeze-dryer shelf > oS

- e o
> Measures 3.6 X 3 cm - e AR
» Equipped with a built-in thermocouple to measure shelf |

temperature (ANSI Type T)

A\

Equipped with 2 cm of stainless steel tape (scaffold) mounted
around the sensor = even standing of monitored vials

» Sensors fixed on shelf with electrically conductive silver filled
epoxy
» Records data every 30 sec

> Heat flux output: W/m?
> Experiments performed on a Millrock Magnum® Series freeze
dryer
Pharma Shelf [l AccuFlux Sensor | Scaffold



Heat flux measurements in freeze drying

> Heat flux (W/m?2) and shelf temperature T, (°C) measured by the Accuflux™ sensor.
» Product temperature T, (°C) is measured via thermocouples located on the top of the sensor.

/ Freezing __ Primary drying / Secondary drying

n

Tp
Thermocouple (TC)
Heat flow: Heat flow: Heat flow:
from vial to shelf from shelf to vial from shelf to vial

> LyoPAT™ software calculates vial heat transfer coefficient (K,) [W/mZ2.°C]:

_ heat flux
7 (Ts _ Tp)
> LyoPAT™ software also calculates an estimated product temperature T;, o (°C), when K, of a given
process is known. heat flux — Kv xTs
p, est = —K

v

.’ Cor'lolls F’ha rma



LyoPAT"™ User Interface

Required input parameters

A heat flux sensor offers a closed loop control of the whole process

1) Vial characteristics

Le Uy

N

U

number of (product) vials
Mass of vial

vial inner surface area
vial outer surface area

K, (predetermined)

) Product characteristics

Concentration (g/g)
Critical temperature of the
product (Tg', Tc or Te)

3) Fill characteristics

=
=

:r

Coriolis P

Fill volume (ml)
Fill weight (mg)

CYCLE:
PHASE:
STEP#:

PLCTIME: 14:22:06

MIN | SHELF SETPOINT:
MIN | SHELF TEMPERATURE:
MIN | CONDENSER TEMP:

PRODUCT AVE:

VACUUM SETPOINT :

50°
19.2°
19.5° VACUUM P :

o000

100 MTORR
711,900 MTORR

- Batch Data

- Heat Flow Settings

?
Thermal eq. (+/- Wisqm) :

PRODUCT NAME :[ 20150824_LyoPAT_Run2_LB.rcp | PRODUCT # [ 20160824_LyoPAR _Run2_LB.rcp |DESCRIPTION:| 20150824_LyoPAR_Run2_LB.rcp

Concentration (%wiw) | 8.7
Spec Ht Solids (Cp) | 0.00
vial Fill (mi) | 2.0

Humber of Vials Extra-freeze Below Tc (°C)

Outer Vial Diam (cm)
Inner Vial Diam (cm)
Mass of Vial (g)

— Freezing Conditions

Heat Flow (Wisq m) | 400 |

Supercooling Temp (°C) | -5.0
Critical Temp. - Te (°C) | -32

— Primary Drying

Product temp. Tp=Tc _E[

| | Pressure @

Primary Drying (mTorr)

— Secondary Drying

Temp. @ 2nd Drying (°C)
Secondary Drying ImTurr]

2nd Ramp Rate (“Cimin)

Extra-frz hold time (min)
Extra Freeze Step

END OF PRIMARY DRYING

Pressure dif. (mTorr)
Heat Flow (Wisgq m) [II

Time @ 2nd Drying (min)
Final Temperature (“C)

Prim Vac start (mTorr) | 100

2
% Sub Grav Trigger 00 |

Final Vacuum (mTorr)

- Alarms
Cond Overload (°C)

Vac Overload (mTorr)
Power Qutage (min) -m

Rev. 2.02NS

RECIPE :

20150824_LyoPAT_Run2_LB rcp

Kv Sublimation (W/sqm q  Control Options "
- - PRODUCT TEMPERATURE 7 NUCLEATION FREEZING DRYING
Coeffof Sublimation ((mermocoupie ) ( none | [ Recipe ) ( Recipe |
Pres.
= [(Accunux | [ Accuux |
SENSOR STATUS _
REAR SENSOR

MIDDLE SENSOR
CORNER SENSOR

Nuc Pressure | 50,000 |mT

Heat Flux: -38 Wim*2
Shelf Surface Temp 204 °C
Kv: 287  Wim*2°C)

LyoPAT DATA

LyoPAT GRAPH

—_
)

AT c =
A A i i i'lil ‘J

Note: Need to determine critical temperature of product (e.g. DSC, FDM)

harma



Heat flux sensor testing procedure

Basic tests: verification of procedure and evaluation of
basic parameters

Linearity (Heat flux vs. AT)

Repeatability

Robustness (vial position, moisture between shelf and vials)
Sensor position (corner vs. center)

Comparability of results obtained from Accuflux™ & LyoPAT™ to other PAT
tools (e.g. Tp st vVS. measured T, (TC), end of primary drying by

comparative pressure measurements)
Comparability of K, determined from Accuflux™ & LyoPAT™ vs. K,

gravimetric

Vollrath et al. J Pharm Sci (2017), in press

Pharma



Basic tests: Potential applications of
Accuflux™ (heat flux measurements)”

> A robust, repeatable PAT tool for measurement and process monitoring
> Reliable estimation of important parameters (T, K,)

 Estimated product temperature in good agreement with
thermocouple (TC) readings

» Kv determination and product temperature estimation
—  K,(LyoPAT) < K (gravimetric)
» Detection of nucleation events
— Monitoring freezing step in random and controlled nucleation
» Monitoring of progress of primary drying
— Determination of end point of primary drying by Accuflux™ in good
agreement with TC and AT
— Not as batch representative as comparative pressure measurements
> Quantification of radiation effects
— Typical radiation
— Atypical radiation

> — Vollrath et al. J Pharm Sci (2017), in press
"’ Coriolis F’har“r_na



Heat flux sensor testing procedure

Case studies: test of heat flux sensor performance under a
variety of different conditions

e different vial
size:
= 1cc, 3cc, 5cc

e different shelf
load
= full / partial
load

In progress: other
primary
packaging, other
product types

Solids content

Fill volume

Cycle parameters: Freezing protocol, P, T,
Study secondary drying kinetics in amorphous

formulations: sucrose and sucrose/BSA
mixtures

In progress: Preliminary studies on design
Space creation

:r Pharma Factors affecting heat flux measurements



Heat flux sensor testing procedure

variety of different conditions

Case studies: test of heat flux sensor performance under a

e~

Solids content
Fill volume
Cycle parameters: Freezing protocol, P, T,
Study secondary drying kinetics in amorphous

formulations: sucrose and sucrose/BSA

mixtures

In progress: Preliminary studies on design

Space creation

» different vial
size:
= 1cc, 3cc, 5cc

e different shelf
load
= full / partial
load

In progress: other
primary
packaging, other
product types

g Pharma Factors affecting heat flux measurements Container



Heat flux sensor testing procedure

Case studies: test of heat flux sensor performance under a
variety of different conditions

e different vial
size:
= 1cc, 3cc, 5cc

e different shelf
load
= full / partial
load

In progress: other
primary
packaging, other
product types

Solids content

Fill volume

Cycle parameters: Freezing protocol, P, T,
Study secondary drying kinetics in amorphous

formulations: sucrose and sucrose/BSA
mixtures

In progress: Preliminary studies on design
Space creation

‘
Form./Process “ |

:r Pharma Factors affecting heat flux measurements



Case studies with heat flux sensor:
Experimental set up

Shelf setu
Process setup =nell setup
Freezing:

Controlled nucleation :at -5°C (Millrock FreezeBooster®)
Random nucleation: -1 °C/min = -50 °C

Primary drying setup:

Shelf temperature: -25 °C

Chamber pressure : 100 mTorr

Secondary drying setup:

Shelf temperature: 30 °C

Chamber pressure : 100 mTorr

TC vials

Formulations/vial size

> Sucrose solutions (at different
concentrations) with/without 10
mg/mL protein (BSA)
TC vials
> 10R vials

> Fill volume: variable

:’ Coriolis Pharma

Binpharmaceutical Research and Development Serviee Vollrath et a/. J Pharm SCI' (2017), /'n press



Case study I: Impact of freezing protocol

Freezing stage Primary drying
- 500 — 150
~ o4 0 - E l
3 , y - 20
E’ L I-J-500 § %"" 120 g g
5 -20- -1000 % % 90 =
il =) 5 o o
é - -1500 L = 60 7 g_ =
8 0 L 2000 & = ] 35 a
1} -2500 £ 304 CN1 CN2 CN3
0.0 05 1.0 1.5 2.0 25 3.0 E T . T . T
Time (freezing) [h] 10 20 30
- 500
5 L P N \r° ;.g NE 150
= " * F-s00 = )
e N\ z S 120- i}
g 20 N 1000 E 1= c §
@ | 1500 & ) 90 ittt di, Q3
& w0 5 3 ] M‘.‘l‘“ g 8‘
k] - -2000 £ = 60 4 = 3
4~ [e]
T T T T T T T T T " -2500 8 1 -
0.0 0.5 1.0 1.5 2.0 25 3.0 T 30 - RN 1 RN 2 RN 3
Time (freezing) [h] = T T T T T
Shelf temperature setpoint 10 20 30
Product temperature (thermopcouple)
- = - Heat flux Time [h]

> Freezing: Heat flux measurements give more insights into degree of homogeneity in
freezing behavior of vials.
> Primary drying: no impact of freezing protocol on heat flux measurements

FPharma
Vollrath et al. J Pharm Sci (2017), in press



Case study II: Impact of degree of shelf
loading

A
60 500
o
Fully loaded shelf (n=3) § . _q %
o =) .
772 vials 3 - = > No apparent impact of degree
Y = = ] .
2 j - of shelf loading on heat flux
e e measurements.
Time [h]
B . . > Potential to design a cycle
o _ filling only a small number of
i e = vials
Partially loaded shelf (n=3) & ,_ - =
2 !/ |-500 2
. £ o
150 vials 2 -30- 8
= -~ -1000
B =60 - T ' 1
0 20 40 60
Time [h]
— —- --- Shelf temperature run 1-3 [°C]
» — —-- --- Heat flux run 1-3 [W/m?]
.’ Pharmes

Vollrath et al. J Pharm Sci (2017), in press



Case study III: Impact of solids content

[W/mz2*°C]

K

150
5 % sucrose A 125 25
— 10% sucrose
— 120+ —— 20% sucrose % ~
“é ——50% sucrose | &' 100 — i" - — 20
E 90 E % = > —
Z = 5 Ty Be0008 45 O
3 X = = S
& 601 - e
” 2 50- i £
Q © =
I 304 ] e
H 25 - - 5 ¥>
0
10 15 20 25 30 35 4( 0 I I I T T 0
50 Time (primary drying) [h] 0 10 20 30 40 50
s, TS sucrose. Sucrose concentration [% w/v]
0% surone = HF[W/m] kv [W/m?*e]
» Decrease in heat flux with increase in product concentration
—> higher product resistance leads to lower sublimation rates
> > K, stayed constant for product concentrations 5 — 20 %
—~ T, increases with lower sublimation rates

> Linear correlation between heat flux and product
concentration

-> facilitates process adjustment for different product
concentration Vollrath et al. J Pharm Sci (2017), in press

Time (primary drying) [h]
» Pharma



Case study IV: Impact of fill volume

20 0.6cm 1.1cm 1.7cm
—1ml B
—3ml 125 25
—5ml i
9 < 1004 ® . L 20
* E o
N )
£ 19 = 755 15 %
2 E £
> < 50~ —10 =
D >
&= 25 L. 5 ¥
0 T T T T T T T T
0 15 30 45 60 0 | I I ] I 0
Time (primary drying) [h] 1 2 3 4 S
Filling volume [ml]
140 — 1ml
—3ml
g 1204 ——5ml m HF [W/m’] [ Kv [W/m?*°C]
E 100
X
80 . . . .
:—? > Fill volume/fill height has no influence on heat flux
© 60
i and K,
401 > heat flux limited by vial bottom not ice thickness
20 » P.and T, adjustment not necessary for higher fill

o 15 30 45 60
Time (primary drying) [h] volumes, only longer primary drying times needed

FPharma
Vollrath et al. J Pharm Sci (2017), in press



Case study V: Studying kinetics during

secondary drying

» Correlation of heat flux during
secondary drying to residual
moisture (r.m.) content of the
samples

» Heat flux decreased asymptotically in a
similar way as compared to the water
loss over time up to appr. 1.5% w/w

» Currently the sensitivity is not yet
good enough to detect end of
secondary drying.

Vollrath et al. J Pharm Sci (2017), in press

." Pharma

Partial pressure of
water vapor [mbar]

&g 20 — 5% sucrose L0
:g:l _
310 -1
I
8 _
I

0 0

I I I [ I
0 5 10 15 20

Time (2™ drying) [h]

B

80 —% 3
o 10 mg/ml BSA |
g_ 5% sucrose - 2
5 h |
=
£

Time (2™ drying) [h]

Heat flux
—4— Residual moisture
—_— Partial pressure of water vapor by FMS

Residual moisture [%]

Residual moisture [%]



Case study VI: Feasibility of design space
creation with more parameters

Chart Title

» Measure heat flux under different conditions (Ts and Pc) within 1 run and create a
preliminary design space with multiple parameters

Pharma



Case study VI: Feasibility of design space

creation with more parameters

30

-31

-33

Tp (average) at different Ts

G
[l

@
~

W
v}

a1

-43

-45

‘.‘r

Ct

Bioph

Heat flux as a function of Pc

Tp as a function of Pc 120
Pc (mTorr)

40 50 60 70 80 90

100 —

-25°C
A "

35°C '
- 30 40 50 60 70

/ 1
[

1 |
w W
u O

o )
O O

Heat flux (W/m?2)

Pc (mTorr)
—&—Heat Flux, -30C  —@—Heat Flux, -35C —@=—Heat Flux, -25C

Kv as a function of Pc

T Heat Flux 1
—— _7_7_"""-7——-,_,_,_ 103.4
W — 98,68
93,96
89,24

84,52 8

79,80

75,08

RUIERIELY
Kv (W/mZ2.°C)
@

70,36
65,64 4
60,92

586,20

30 40 50 €0 70
Pc (mTorr)

—8—Kv,-30C —8—Kv,-35C —@—Ky,-25C

80

80

90

90



Summary

> Factors affecting heat flux measurements
— Solids content: Higher concentration = lower heat flux
— Freezing protocol: freezing stage

> Factors with no significant impact on heat flux measurements
— Freezing protocol: primary drying stage
— Degree of shelf loading

— Potential to use smaller batch sizes - <7 vials in cycle development
(application of micro freeze dryer)

— Fill volume/fill height (1-5 mL/0.6-1.7 cm)

> Accuflux™ sensitive enough to monitor secondary drying progress up to a
residual moisture level of ~ 1.5% w/w.

> Feasibility to create a preliminary design space with multiple parameters in one
run, further investigations needed.

Pharma



PAT in the Laboratory: Case Studies
in evaluating head space moisture



Aim

» Evaluation of application as non-invasive high throughput method for
product and process characterization

— Product characterization (e.g. batch homogeneity after freeze drying)
— Process characterization

» Lighthouse FMS-1400 headspace moisture system
— 6R vials used for all studies
— Comparison against golden standard method (Karl-Fischer)

Pharma



Frequency Modulation Spectroscopy (FMS)

> Principle: Determination of residual moisture St

— None-destructive and fast method, 100%  Container
control possible S —

— Suitable for complete shelf mapping and f\MmV\zwAw%%\“"M M

identification of “hot” and “cold” spots on
the shelves?

— Quick characterization of drying efficiency Radio ®

Frequency

and homogeneity as a function of the cycle scltor
(temperature and time)?

> Possible applications:

— Information about product homogeneity
including influence of different formulations
on drying homogeneity

— Characterization of product, indirect WP, & S———
characterization of drying process

=

AMPLITUDE

o

CONCENTRATION

FMS Absorption Signal (V)
=

»
(=)
o —v—

— Stability study concerning vials with different
residual moistures

1 Cook I a., Ward KR. Headspace Moisture Mapping and the Information
That Can Be Gained about Freeze-Dried Materials and Processes. PDA J

Pharma Pharm Sci Technol. 2011;65(5):457-467.
doi:10.5731/pdajpst.2011.00760



Establishing a correlationship between headspace
moisture and direct moisture measurements

KF/ Lighthouse up to 3%
40
35

3,0

25 -
o 2,0 5
z S

1,5 e T

po ¥
10 _._.i--"' y=0,4244x+0,5568
2 _
05 e R2 =0,9735
0,0
0,0 1,0 2,0 3,0 4,0 5,0 6,0

Moisture (mbar)

> Linear correlation between moisture measured by headspace analysis
(FMS) and by Karl Fischer (KF)

— Valid for 5% sucrose up to ~3% cake residual water content

:’ Coriolis Pharma



Min.

Max.

Aver.
SD

‘.‘r

Case study I: Using FMS to study moisture
distribution as a function of formulation

0,65
2,04
0,91
0,22

» Conservative cycle used: Cake appearance acceptable, minor shrinkage in some vials
» Significant inhomogeneity in moisture distribution with sucrose
» Addition of protein improved homogeneity in moisture distribution

FDO2 5% sucrose FDO2 5% sucr 25 mg/ml BSA
Sh2 5% w/Vv sucrose solution, 6R vials, 2.5 ml fill sh3 25 mg/ml BSA, 5% w/v sucrose solution, 6R vials, 2.5 ml fill
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

0,958 0,811 0,812 0,848 0,852 0,859 0,844 0,876 0,849 0,868 0,831 0,897 0,995 1,032 1,106
0,843 0,866 0,764 0,911 0,807 0,825 0,832 0,853 0,91 0,98 0,831 0,88 0,918 0,868 1,01
0,895 0,865 0,802 1,126 0,837 0,823 1,062 1,061 0,914 1,221 0,83 0,981 0,967 0,945

0,783 0,825 0,818 1,065 0,808 0,868 1,09 0,93 0,901 1,446 0,837 0,952 0,843 0,929 0,898

0,847 1,06 1,132 0,821 1,116 0,954 1,141 0,976 1,137 1,027 0,888 1,087 0,835 0,807
0,986 0,791 0,845 0,774 1,6 1,43 0,941 1,236 0,966 0,888 1,05 0,899 0,997 0,837

0,766 0,839 0,794 0,817 1,135 0,921 0,767 1,504 0,892 1,109 0,921

0,917 0,845 1,461 0,988 1,238 1,323 1,073 1,373 1,107 0,949
0,946 1,647 1,015 1,308 1,466 1,213 0,787 0,881 0,797
0,747 0,84 1,097 1,165 0,982- 1,265 1,213 1,099
1,399 1,297 0,808 1,351 1,31 1,007 0,93 1,093 1,275

0,823 0,79 0,767 1,087 1,431 1,277 1,081 0,789 1,44 0,965

1,073 1,471 1,331 1,126 0,999 1,016 1,155 0,918
0,755 1 1,226 1,686 0,991 1,087 1,017 0,877 0,809

1,165 1,158 0,835 0,832 1,394 0,846 1,432 1,314 0,903 0,774 0,987 0,792

0,808 0,769 0,878 0,806 1,108 1,27 1,313 0,829 1,261 0,832

0,921 1,156 0,846 0,933 0,928 0,766 0,749 0,835 1,265

0,886 0,884 0,832 0,785 1,173 0,775 0,837 0,764

0,754 0,799 0,876 0,765 0,81
0,772 1,037
0,746 0,813

0,844 0,758 0,773 0,793

Coriolis Pharma

Biopharmaceulical Research and Development Service

Min.

Max.

Aver.
SD

0,25
0,66
0,38
0,08



Case study II: Using FMS to study moisture
distribution as a function of cycle

5% sucrose solution, 6R vials, 2.5 ml fill

f00a secae | CONSErvative cycle

Optimized cycle
Sh2 .

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11
0,958 0,811 0,812 0,848 0,852 0,859 0,844 0,876 0,849 0,868 0,831 0,897 0,995 1,032 1,106
0,843 0,866 0,911 0,807 0,825 0,832 0,853 0,91 0,98 0,831 0,88 0,918 0,868 1,01

0,895 0,865 0,802 1,126 0,837 0,823 1,062 1,061 0,914 1,221 0,83 0,981 0,967 0,945
0,783 0,825 0,818 1,065 0,808 0,868 1,09 0,93 0,901 1,446 0,837 0,952 0,843 0,929 0,898

0,847 1,06 1,132 0,821 1,116 0,954 1,141 0,976 1,137 1,027 0,888 1,087 0,835

0,986 0,791 0,845 0,774 1,6 1,43 0,941 1,236 0,966 0,888 1,05 0,899 0,997 0,837

0,839 0,794 0,817 1,135 0,921 1,504 0,892 1,109

1,461 0,988 1,238 1,323 1,073 1,373 1,107 0,949

Min. 0,65 0,922 0,946 1,015 1,308 1,466 1,213 0,787 0,881 0,797
Max. 2,04 1,097 1,165 0,982 1,265 1,213 1,099
Aver. 0,91 1,399 0,808 1,351 1,31 1,007 093 1,093 1275

SD 0,22 0,823 1,431 1,277 1,081 0,789 1,44 0,965

1,331 1,126 0,999 1,016 1,155 0,918

0,991 1,087 1,017 0,877 0,809

1,165 1,158 0,835 0,832 1,394 0,846 1,432 1,314 0,903 0,774 0,987

0,878 0,806 1,108 1,27 1,313 0,829 1,261 0,832

0,921 0,933 0,928 0,835 1,265

0,886 0,832 0,785 1,173 0,775 0,837
0,81

1,037

0,781

0,813 0,794 0,791 0,787

0,793

12 13 14 15

SD

» With a less conservative/more optimized cycle: More uniform moisture distribution (batch homogeneity)

» More radiation effects with more conservative cycle
:’ Coriolis Pharma

Binpharmaceutical Research and Development Service

Min.
Max.
Aver.

0,39
1,02
0,56
0,08



Challenges with headspace measurements

=
(93]

Moisture (mbar)
o
o n

— AN 0N < N O N0 OO0 a9 N OO < Wi
N < 00 &N O O < 1 00N &N O
— N AN OO T TN O NN 00 OO

Time (min)

» Still not a high throughput method
— But much quicker than KF!

» Equilibration time needed before measurements are performed
on the day of the measurement

- Need for product specific method development and validation
(against KF)

:' Coriolis Pharma



Summary

» Headspace moisture is high(er) throughput tool for moisture measurement
(as compared to traditional KF method)

— Method needs to be developed and validated for each
formulation/container closure configuration

» Headspace moisture is a versatile tool in product and process
characterization

— Application during equiment characterization?

> Factors affecting batch homogeneity
— Formulation: Higher batch inhomogeneity with no protein
« Minimum protein conc. for improvement of homogeneity?
— Optimizing freeze drying cycle
« Conservative vs. Optimized cycles
« Impact of more aggressive cycles, as studied by FMS?

>
» Pharma
[



Questions?

/

company

privately held,
independent service
provider
established in 2008

-

techniques

innovative analytical and

technical equipment,

focus aggregate and

particle characterization

~N

people

research

4 )

interdisciplinary team of

highly qualified scientists

~ 60 FTE (all academic,
70% with PhD)

;‘y

science

4 )

cutting edge research in
the field of protein
sciences with top

publications

service

—

\_

expert scientific board:
Prof. Dr. G. Winter
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Employing the heat flux sensor as a PAT tool in
freeze-drying: Freezing (CN vs. RN)

Random Nucleation (RN): Controlled Nucleation (CN):
- 600 153 - 600
E 1 400 10 1400
1 200 5 4 200
] Heat Flux from ] 0 0 : 0
] vial to shelf 1
-5 -decreases -200 -5 3 1-200
104 -400 g -103 1 -400
g ] @ 1 < - 3 ] <
=153 600 E o 153 1600 E
5 E ] = 2 3 ] 2
£ 20 -800 = s -20 1-800 3
° ] Heat Flux from T 3 2 3 b 3
g o vial to shelf < E = s &
2 -30 increases - -1200 2 - 2304 1-1200 £
-35 3 - -1400 -35 3 1-1400
40 3 L ] ~ -1600 40 3 1-1600
-45 4~ —— Shelf Setpoint (1-3) N -1800 453 Shelf Setpoint (1-3) 11800
-50 3 :rodtchlt Ter:gerature (1-3) \——1-2000 _50_§ —— Product Temperature (1-3) 12000
| S 1 1 —— Heat Flux (1-3) ]
-55 r T . T - -2200 55 F—r———— ] .2200
0 1 2 3 00 0,5 10 15 20 25 30
Time (freezing) [h] Time (freezing) [h]

Heat flux sensor can reliably indicate nucleation events

Difference between RN and CN visible

- thermodynamic evidence that freezing with CN is more repeatable than
with RN
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Employing the heat flux sensor as a PAT tool
in freeze-drying: Primary drying
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. - Pressure Capacitance
T T 0

- - - Shelf Setpoint
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—— Product Temperature

Time (1 drying) [h]

% sucrose/

Fill volume

5%/3ml
20%/3ml

5%/1ml
5%/5ml

:' Coriolis Pharma

1" drying AP, AT(T-T)
[h] [mTorr] [°C]
22

35.6 0.3

40.9 16 0.0
22.5 7 -0.1
65.9 13 1.2

» Determination of end
point of primary drying by
Accuflux™ in good
agreement with T, and AT.

» Accuflux™ detected end
of primary drying before
pressure difference
between the pirani &
capacitance gauge
reached O.

» Not as batch
representative as
comparative pressure
measurements.
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Product temperature estimation by

heat flux measurements

heat flux — Kv *Ts

T =
p est —Kv

» Although the heat flux measurements do
not take all heat transfer effects into
account, the result is in good accordance
with the thermocouple readings

» Simplified handling: no
Thermocouple needed

» Non invasive tool: no impact on
drying behavior!
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Employing the heat flux sensor as a PAT tool
in freeze-drying: Secondary drying

Heat Flux [W/m’]

25

20+

151

10

r.m. =1.6 %

— Heat Flux

— Heat Flux comparison
—HB— Residual Moisture
— Product Temperature
— Shelf Temperature

2.5

2.0

1.5

1.0

0.5

0.0

Pharma

6 8 10 12 14 16 18 2
Time (2" drying) [h]

-0.5
0

Residual Moisture Content [9%]

>

A\

Heat flux and residual moisture
curve show the same course

Further time points between 6
and 20 h are necessary to define
if heat flux measurements can
indicate the end of secondary

drying
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Determination of mass and heat transfer
coefficients by heat flux

Shelf setup

Coriolis Pharma

Bigpharmaceulical Research and Developmel

Process setup
Product: Water

Freezing:
— Controlled nucleation at -5 °C

— Freezing to: -50 °C
(1 °C/min)
Primary drying:
— Shelf temperature: 0 °C;
— Chamber pressure: 100 mTorr
Secondary drying:

— Shelf temperature: 30 °C
(0.1 °C/min)
— Chamber pressure: 100 mTorr

Calculations

K heat flux

v(LyoPAT) - (TS _ Tp)
K t

v(grav) — Av * (TS _ Tp)

With shelf temperature (T,); product
temperature (T,); AH, is the heat of
sublimation (2594.4 J/g). dm/dt
corresponds to the mass loss over time.
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Determination of mass and heat transfer
coefficients by heat flux measurements (ctd)

20

K, (LyoPAT™) [l K, (gravimetrically)

dm/dt
T Qradiation
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i layer
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0

Corner Rear
sensor sensor

K, [W/m?*K]
—
(e]

ul

> In all cases the K., Value was higher than the K, qpary Values.

» The corner K, values for LyoPAT™ and the gravimetrical method are higher
- sensor is affected by radiation effects

> Next software version comes with calibration/adjustment function
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