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Overview Process analytical technologies (PAT)
Single vial and Batch

[ Measurement instrumentation

Electro-thermal analysis Broad band dielectric Through-vial impedance

(Lyotherm) spectroscopy spectroscopy (TVIS)

[ Fundamentals

Dielectric properties of Dielectric properties of ice

water and solutions and frozen solutions

Applications

Temperature Ice nucleation and Sublimation Shape of ice
calibration solidification end point NESS
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Diffusive drying (desorption)

= 5 ™

Vacuum
applied

Drug
solution

Ice  Annealing \L
formation

Sublimation drying

stoppering
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P
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Temperature / °C

-10to -20 °C

Lyophilization Process

Pressure / pbar

Pore formation in
the ‘dry’ layer

—-40 to =55 °C

100 to 400 uBar

Il (optional) 1 \Y
Time /h
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Lyophilization Process

chamber
pressure (Pcy)

Capacitance

manometer(pressur@
gauge)

Ice interface temper

Drying chamber
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( Freeze Dryer Shelf =

Operating parameters :
(A) shelf temperature (ramp)
(B) chamber pressure

(C) condenser temperature

shelf
temperature (Tg)

//
Silicon oil
Cooling/heating
system

Condenser
“surface”

1
‘\
!
/!
.
N
Condensing,

temperature (Tcp)

Direct expansion of

chamber ‘- )

(vPcp)

refrigerant, (like a
standard fridge)
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Vacuum

pumping
system

Critical process parameters:

Ice nucleation temperature (T,)

Rate of change of the product
temperature (dT,/dt):

Phase behaviour of solid/solute fraction
Critical temperature (e.g. collapse), T,
Vial heat transfer coefficient

Porosity of the ‘dry’ fraction of the
product that develops during primary
drying (R, = 1/ Porosity )

Ice interface temperature (Tj) < T

Primary and secondary drying end points
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Process analytical technologies (PAT) for freeze-drying
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Process Analytical Technology (PAT)

PAT, as defined by the ICH, is “a system for designing, analysing and controlling the
manufacturing through timely measurement (during the process) of critical quality
and performance attributes of raw and in-process materials and the process with the
goal of ensuring final product quality”

ICH, 2009. International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use
Topic Q8(R2): Pharmaceutical Development.

sinele vial techni Batch techniques

NEIE Vial TECHIIAHEs e Pressure rise test (PRT)

e Temperature probes , Primary drying
TC RTD e Comparative pressure

measurement (CPM)
o Wireless : Tempris®; TrackSense®
e Microbalance (CHRIST GmbH)
e Heat flux transducers (MicroFD, Millrock)

end point

e Manometric temperature Predictions of

measurement (MTM) oroduct
e Time domain laser absorption temperature,
spectroscopy (TDLAS) drying rate
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Louis Rey 1960s

STUDY OF THE FREEZING AND DRYING OF TISSUES
AT VERY LOW TEMPERATURES

L. R, Rey

Laborateire de Zovlogie-Physiologie, Fiofe Normale Supéricure, Paric

Tue outstanding interest of the freeze-drying technique is that it prov
a possibility for long-term preservation of highly alterable structures.

Platinum
electrodes

The method has had a great number of applications in the field of

istochemistry since the pioncer work of Almann (18¢9c)

and Gersh (sr;?:}. ' S,de_arm

Manyv authors kave tho t, too, that it would be ;mw..:‘.)h: 1Oty to

preserve life in frozen and dried animal tissues. It has been shown long to ini"a'e crys'a”iza"'on
ago, by Becquerel (1936) that, as far as the cells of certain plants and lower

animals are concerned, highly dehydrated material could be kept over aﬂd aVOid SUperCOOling

very long periods of time and would resist extreme conditions of

histology an

L& 7\1{‘{’{1’.UYC~

Unfort tely, animal cells are not very resistant and they are not able \
to loose a great amount of water. Luyet and Hartung (1941), Rostand Th f
(1946), Parkes (1951} and Polge, Smith and Parkes (1949), have shown ef:mocoup e
that ent chemical substances and especially glveerol offer very good 7

ar L\pcnments inour

protection against cold inju We have done

laboratory, and we have studied the protective action of glycerol by the
use of tissue-culture and organ-culture techniques (Rey, 1957, b and d).
In a sccond group of researches, our intention was to find out the
conditions of lyophilization which would be able to give the best preserva-
tion of the fine cytological structures of the tissue-cells, and which, if

possible, would preserve life.

At first, and according to what we said in 1957 at the Royal Society,
the freezing must be done in
o with great care a tissue which has undergone denaturation

a very precise way, because there is no

use any

__Thermic buffer”

in the course of freezing. It is likelv that a glveerol rrcin:]‘n gnation
would be necessary. However, we have had much evidence in our work
(1957 d) and we agree perfectly well with Meryman (1957) that the most
harmful period of the action of low temperatures on living tissues is
nk then, that, if we avoid thawing by

Cerol Impregonanon,

provided that the freezing period is short. ‘This is a theoretical poiat of

during thawing. One coulk

previous dryving, it would be possible not to use ¢

view, compromise solutions are not excluded and we can reasonably

1o

Rey (1960) Study of freezing and drying of tissues at very low temperatures. In Parkes
and Audrey eds. Recent research in freezing and drying, Blackwell, Oxford.
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Lyotherm

I Designed t t t
B|opharma Process Systems esigned to measure temperatures

relevant to freeze-dried formulations

Impedance analysis (Zsind ) at a single « glass transition (T')
frequency (1 kHz) with * ice melting (T,,) and eutectic (Ty,)
differential thermal analysis (DTA)

e Pin electrode (pair) 10000 — 2.0
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Ward & Matejtschuk , 2010 in Freeze Drying/ Lyophilization
of Pharmaceutical & Biological Products 3™ ed. Rey,L &

(% DE MONTEORT May JC eds, Informa Press, New York
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Measurement within glass vials

Freeze-thawing and freeze-drying
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Spectroscopy Systems (sub Hz to 10 MHz)

ZGS active sample Cell

Alpha-series
dielectric {
spectrometer

|
¥ RS
Temperature
controller 1 >
| ‘9.

TVIS vial on new cradle
to be placed in the cryostat
of Novocontrol BDS

(% D%JNICI)ENRTE(I?TRYT 2-electrode sample cell
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Non-invasive measurements: Lyosense ..... LyoDEA ...... TVIS

Individual vials In process

Electrodes on
outside of vial
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Through Vial Impedance Spectroscopy

Non- perturbing to packing of vials

Thin flexible cables
(0.533 mm)

* Stoppering
unaffected

Low thermal mass of
electrodes

* no interference with heat
transfer & drying rates

Non-sample invasive
e noimpact on ice nucleation
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Junction box
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System configuration
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Dielectric Loss Mechanisms :

|.  The polarization of the water dipole in liquid
water at 20 °C, with a dielectric loss peak
frequency of ~ 18 GHz

S

electronic

atomic

103 10° 10° 1012
_microwa ve_ infrared | VIS AUV_

Frequency in Hz

https://en.wikipedia.org/wiki/Permittivity
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Dielectric Loss Mechanisms : Glass vial containing water

II.  Maxwell-Wagner (MW)* polarization of the
glass wall of the TVIS vial at +20 °C, with a
dielectric loss peak frequency of 17.8 kHz

Measurement vial C
S
CG _I I_
A\
Rs
‘W Electronic = G[otthus mechams lonic diffusion
‘W polarization 3 .H/.\. ‘@
+ - E + -
‘B D L.,/.\:\.)
+ - +
+ Atomic + - Dlpolar polarlzatlon
+0 . polarization ,
+ " @ @
. < 5
+ -

" Glass waII
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Interfacial or space charge
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3
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0.0

Real part Capacitance

Log Frequency

18 kHz : :
Imaginary part Capacitance
20.3°C & yp P
F 1
peak 2T[R5(CG+C5)

Log Frequency

% TVIS range H

BDS range
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Dielectric Loss Mechanisms

Il.  Maxwell-Wagner (MW) polarization of the glass
wall of the TVIS vial at +20 °C, with a dielectric
loss peak frequency of 17.8 kHz

Measurement vial C
S
c.
_IW\_
R

| Electronic 2 Grotthus mechanls lonic diffusion
7 poIarlzatlon - @
i m
‘B e @.-. +
+ =
+ Atomic + Dlpolar polarlzatlon
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—>
+ @vm@ C%
+

" Glass wall” Water

l,‘ DE MONTFORT
95 UNIVERSITY

LEICESTER

C'/ pF

_CII / pF

0.8

0.6

0.4

0.2

0.0

Real part Capacitance

Log Frequency

1 Imaginary part Capacitance

F, T=
peak ZTERS J« (CG +CS)8 GHz

................
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Dielectric properties of ice
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Dielectric Loss Mechanisms

IIl.  The dielectric polarization of ice at -20 °C, with a
dielectric loss peak frequencies of 2.57 kHz

Measurement vial
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CG I I '
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11 Co
e A\
Rs
+ - +
Electronic
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+ E 5 +
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Dielectric Loss Mechanisms

IV. The dielectric polarization of ice at —-40 °C with a
dielectric loss peak frequencies of 537 Hz.

Measurement vial

Cs()
o e Lo
| | Co
e\ \ /e
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+ - +
Electronic
polarization - lonic defects
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TVIS Applications
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CASE STUDY 1

TVIS temperature calibration

Method 1 : Triangulation
Mehod 2 : Tempris®
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1. Triangulation method

Placing a thermocouple
at the TVIS sensing
node allows for the
calibration of the
temperature inside the
TVIS vial to a precision
of +/- 0.4 C

(see next two slides)

DE MONTFORT

UNIVERSITY

LEICESTER

TC in nearest neighbour vial

Thermocouple
(TC)

AN N N N N

Fill factor (@) = B

A

~

A N R N G Ve R N NN

Sample height within
the electrode region, A

E\
N
A -

TVIS sen.sing node

Plain vial

Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278

Electrode height, B
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1. Triangulation method
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+\-°C
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Temperature uncertainty
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TC in nearest 3 neighbour vials

1X2)X3
1M L12 L 13

Max uncertainty :

0.4°C :
‘N 51 ) 52) 53

61 | 62 | 63

81 X 82 | 83
91 L 92 | 93

101 X102 {103 X 1
111)112) 113

........ S 74 72 s ee

4 156 7 X8 9 )10
14 X 15 L 16 X 17 X 18 X 19 X 20

22 231242526 )27 X 28 ) 29 | 30 ¥
32 L33 L34 L 35136 )37 )38 )39 _49“"
42 | 43 ) 44 | 45 ) 46 | 47 ) 48 X 497) 50

SI SL S )55 )59 |60
SA SLHEL SL68L69)70

sY s)Y78)79) 80
JOLLOEODE

s s ) s )e7 X9 Y9 100
04)Y(105Y(106) 107) 108 )109) 110

114115 116) 117 118) 119120

Min uncertainty :
0-0.1°C

125126127 128 129) 130)
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Temperature \°C

Chamber window

Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278
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Temperature calibration for the TVIS vial:
1. Triangulation method

Temperature uncertainty TC in nearest 3 neighbour vials
during re-heating phase
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Temperature calibration for the TVIS vial:

2. Tempris® method

Typical uncertainty :
0.3 - O 4 °C

. SenNs0r

C'/pF

-C"/pF

technology

Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278

TVIS spectra
3.0
(] '
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. OO
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4.5 - Shelf Temp.--- _ -0

Temperature Calibration

Log Fpeak

* Foea¢ Profile during annealing has ‘similar’
profile with product temperature.

Temperature/°C

e Assuming thermal equivalence between
the thermocouple (TC) vial and TVIS vial,
then the temperature calibration from
annealing might be employed for the
prediction of temperature during primary

CII/ pF

drying
N 5 et Log Frequency
' O -10 -
O\ o®
o -20 - see
> ._...o"".-...
E -30 | o.o~".’.....
8 .40 1 Lee**""  y=-4.7474x + 56.64x - 160.16
& RZ=0.9998
& '50 T T T T T 1
26 28 30 32 34 36 3.8
7 Log Fpeak
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Temperature Prediction in Primary Drying

e Temperature calibration curve selected
for temperature prediction in primary

drying : T(Fppax)

e Good agreement between product
temperature (by TC) and T(Fy¢a)

Before drying
T(Fppak) > Tp

during drying

T(Fppak) < Tp

C J(

T(Fpgax)

l,‘ DE MONTFORT
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Temperature /°C

Temperature /°C

I y = -4.7474x2 + 56.64x - 160.16
‘ R? = 0.9998
2.6 2.8 3.0 3.2 3.4 3.6 3.8
Log Fpeax
Shelf Temperature (Ts)

12

13 14 15 16
Time / h
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CASE STUDY 2

Ice solidification end point
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Solidification period
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Temperature Profile of Frozen Water

10 Hz
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Solidification time for ice formation increases with the salt concentration

1.8h(-11.9 °C)

1.97 h (-10.5 °C) 1.73 h(-11.7 °C)

1.7 h (-14.1 °C)

<
(8 o T R S )
_.D. (ol
N m
g
4
%. -
© ~N 1) < o n o wn o wn o
o 1) ~ ~ ~ N N o - o o
4d/(zH 0T),D 4d/(zHN 2°0).D
< i
O S 21,
o )
~ £
g i
S
........................... PR 2 S |
o ~ 0 < o O n O 1n O un O
o o ~ ~ ~ N N N 4 +H o o
4d/(zH 01).D 4d/(zHIN T'0),D
< i
e D S S
N ¢ .W H
.......................... e T R =
N
(7p]
) T T T m_ I T T T T T
o LN o Ln W N O 0 VW < N O
o ~ ~ — - 4 O o o o o
4d/(zH 0T1),D © 4d/(zHIN T°0),D
L
< [%)
%---------------s-------mf .............................. B
) g
B . Ny -W ............................
~
R
0 & 9O ©v N O ©® © % N 9O
@V o o — — — i o o o o o
4d/(zH 01).D 4d/(zHIN T'0),D

3.0

2.5

Time/h

2.0
DMU LyoGroup

1.5

Z'Q'ime/%\'S 3.0

1.5

3.0

2.5
Time/h

2.0

1.5

2.5
Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278

DE MONTFORT
UNIVERSITY

LEICESTER

4

&


https://dora.dmu.ac.uk/handle/2086/20278

CASE STUDY 3

Determination of in-vial Glass Transition temperature (T;)
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Glass Transition Temperature

Thermocouple Annealing
(
(
. J .
TVIS vial Tc .(Ial TVIS records every 10 seconds
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C' (0.2 MHz) during Re-heating
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CASE STUDY 4

Freezing and annealing of mannitol solution

Freezing mannitol Crystallization in Re-crystallization Change in crystal
solution mannitol formulations events structures
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Crystallization events at freezing step for 5% mannitol

Ice

nucleation End of ice
formation
1a 1b
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TVIS and XRD results for solution of 5% mannitol showing crystallization detected by TVIS
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Recrstallization (dehydration) and de-vitrification? on

annealing of 5% mannitol
Annealing through Tg’
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Recrstallization (dehydration) and de-vitrification? on

annealing of 5% mannitol
Annealing through Tg’
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CASE STUDY 5

Sublimation end point
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Sublimation
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CASE STUDY 6

Primary drying rate models

Assumptions of a planar ice interface
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Pice(condenser) =~1 Mbar Tice(condenser) = —75°C
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Drying rate based on vapour pressure measurement
MTM TDLAS

dryer chambe
Freeze dryer chamber Freeze dryer chamber

__Condenser

S __Condenser

Fiber optic
cable from
laser

e Increase the pressure in the freeze dryer ~ ® Laser assembly tube is connected

(same as PRT) between chamber and condenser

e MTM combines the pressure rise data with ¢ Drying rate determined from
a mathematical equation to predict drying o Laser light absorbed is proportional to the
rates concentration of gas/water vapour

o Doppler effect used to determine velocity

. of the vapour
From drying rate calculate: vapou

(i) heat transfer coefficient; (ii) batch ‘average’ temperatures (@ ice front & ice base),
(iii) drying endpoints, (iv) dry layer resistance
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Heat and Mass Balance: Assumptions

1. All heat received by product is used only for
sublimation of water.

2. Sublimation front moves from the top of cake
parallel to the vial bottom

Reality: :::a E;;;

Not flat!! Change of shape
~ "']’ /;L,/

Mass lost

3. The contribution of radiation component to
the vial heat transfer coefficient is constant
within entire operation temperature range
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Heat received

ice sublimes in

1

Pikal et al. (1984) J Pharm Sci 73:1224
Temperature measurements have to be
completed before 15% of the ice mass
is removed before the assumption of a
planar ice-surface interface is seriously
violated

horizontal plane
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Heat and Mass Balance: Assumptions

1. All heat received by product is used only for
sublimation of water.

2. Sublimation front moves from the top of cake

parallel to the vial bottom

ice sublimes in

_ . Mass lost _
Reality: | [ horizontal plane
Not flat!! Change of shape
— ) Heat received
3. The contribution of radiation component to Pikal et al. (1984) J Pharm Sci 73:1224
the vial heat transfer coefficient is constant Temperature measurements have to be
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within entire operation temperature range

completed before 15% of the ice mass
is removed before the assumption of a
planar ice-surface interface is seriously
violated
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TVIS application in studying ice mass shape

Shape of ice mass
changes as it reduces

Step height reduces
during primary
drying
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TVIS application in studying ice mass shape

Shape of ice mass

Step height reduces changes iﬁ__l_EIFEduces

during primary
drying
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TVIS application in studying ice mass shape

Shape of ice mass
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TVIS application in studying ice mass shape

Shape of ice mass
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Front of shelf: linear for 1.29 h

0.10 A' to B'": period selected for regression analysis; 0.3h to 1.25h
Gradient = -0.009
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Mid-way to the centre : linear for 2.33 h

0.08 -
A' to B'": period selected for regression analysis; 0.4h to 2.2h
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Centre of the shelf : linear for 3.23 h
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A' to B': period selected for regression analysis; 0.4h to 3.16h

Linear region
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Rule of thumb, that the planar interface
should exist up to between 15 and 25% loss

of ice mass

Depends on the position of the vial on the
shelf

TVIS can qualify the exact time period
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Take home messages from this talk

TVIS provides ....
e Temperature prediction for primary drying

e Non-invasive determination of ice nucleation temperature (and
ice solidification end point)

e |dentification of primary drying end point

e Qualification of batch process models (MTM, TDLAS) in terms of
the assumptions in the model (planar ice interface)
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Summary

Dielectric loss peak Dielectric constant

Log peak frequency Temperature calibration | Low frequency Ilce nucleation

(Fpeak) (ice phase) (100 Hz) onset time and
temperature

Spatial measurements
of ice temperature
possible with multiple

nodes
Peak amplitude Ice mass & sublimation | High frequency Ice solidification
(Cpeak rate (100 kHz) end point
Annealing end-point Glass transition

temperature
Devitrification

Sublimation end
point
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Thank you for listening!
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