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Through Vial Impedance Spectroscopy
Single Vial PAT

% Multichannel
Non- perturbing to packing of vials 2\\/> =l

Thin flexible cables
(0.5-2m)

* Stoppering
unaffected

Temperature calibration

* using nearest neighbour vial(s)

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

CH3 Cr CHS
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TVIS theory
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Electrical impedance and material attributes

Liquid state (Maxwell-Wagner) Features
Cs
1 Cq Relaxation frequency
MV ‘& . Electronic * Strongly dependent on the
s + = polarization L. .
' conductivity of the solution
Grofthus mechanism (Proton hopping) ow
C * Hence dependent on temperature
o )
OJ
z oe ° .
QO &/@ | — Dielectri ittivit
Dipolgpolarization@ () 5+ Ielectric perml i y
e 7 (O ye==== > P
s/ VO i & * Constant across the TVIS specrum
¢ 8

-

Electrode

Product filled in vial
(i.e. aqueous solution)
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Electrical impedance and material attributes

Features

Relaxation frequency

Solid state (frozen) MW process shifts

to low frequency

The dielectric relaxation of ice appears

Dielectric permittivity
« ~100 at low frequency

e ~ 3 at high frequency
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Frozen state (dielectric relaxation)

L- and D- orientation defects
Dominant at T > 235 K or —40 °C)

Bk FoWes, b1
T w0
FoREEaT o e
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o e e

lonic defects
(similar to Grotthus mechanism)
Dominant at T < 235 K or —40 °C)

ks é:'ﬁ e
‘O‘ o;r -O - O’ o
ot ] =
P é) Oy FoRy"

.

\

Product filled in vial
(i.e. frozen product)
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Electrical impedance and material attributes

Maxwell-Wagner & ice relaxation
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Overview

TVIS temperature

calibration

Phase behaviour of the

Temperature prediction
in primary drying

solid/solute fraction

Characterization of critical

process parameters

DE MONTFORT
UNIVERSITY
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> Glass transitions and
devitrification
> Primary-drying
end-point
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CASE STUDY 1

TVIS temperature calibration

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

TC in nearest neighbour vial

Thermocouple
(TC)

T ¢ 2

A
Fill factor(9) = B

Placing a thermocouple . A
at the TVIS sensing

node allows for the

calibration of the

temperature inside the Sample. height within
TVIS vial to a precision the electrode region,A{
of +/-0.4 C

(see next two slides)

TN T N

AN A\ N R A AN 1

R N N N N N N SO

TVIS sen.sing o[ HElectrode height, B

N
}ﬂ

Plain vial TVIS vial
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1. Triangulation method
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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

0.40 1 wo o o

0.35 S °)essee © © © oo oeoe 00

0301 ¢ ¢ | Max uncertainty :

0.25 - ee 0.3-0.4°C
$
LOZO 1ee -
+

0.15 we -

010 -

0.05 - °

0.00

-50.0 -40.0 -30.0 -20.0 -10.0
Temperature \°C
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Temperature calibration for the TVIS vial:

2. Tempris® method

DE MONTFO

UNIVERSI

LEICESTER

C'/ pF

Typical uncertainty :
0.3 - O 4 °C

-C"/pF
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technology

TVIS spectra

3.0
(-] '
o5 ] ° oooo“oo........... TVIS with
(] '
20 - *%%0q, wireless
i5 % sensor
. Qo
10 TVIS without ®ee0cooes oo,
05 | wireless sensor
00 T T T
2 3 4 5 6
Log Frequency
0.8 -
0.7 -
8%
06 - : 8
o] TVISwith & %
. i —%° o]
04 3 wireless sensor 48 *o
0.3 -%96 558 9
021 ®®64400000000®®” VIS without )99
8(1) ] wireless %00
' ) 3 sengor 5 6
Log Frequency

DMU LyoGroup

13




CASE STUDY 2

Phase behaviour of the solid/solute fraction

The behaviour predicted by DSC is
not always evident in-vial!!

0%; 1% and 15% IgG

1% Sucrose, 4% Mannitol, 20 mM Histidine,
0.01% Tween 20

LEICESTER

8§ ey DMU LyoGroup i




Conventional Method : mDSC

Sample Amount (mg)

1% 18G 51.2 DSC Q2000 V24.11 Build 124
15% IgG 773 (TA Instruments)
Excipients 82.3
Step Description

1 Isothermal for 2 min

2 Ramp 10 °C/min to -50 °C (mark end of cycle 1, data storage off)

3 Isothermal for 5 min
Ramp 1.5 °C/min to -15 °C
Isothermal for 10 min

Ramp 1.5 °C/min to -50 °C (data storage on, sampling interval 1 s/pt, modulate + 0.23 °C every 60 s)

N o o b

Isothermal for 8 min (data storage on, sampling interval 1 s/pt)

8 Ramp 1.5 °C/min to 25 °C (mark end of cycle 2)

8§ e 7 NIBSC OMU LyoGroup &5~




0% IgG mDSC 1% 1gG

1% sucrose, 4% mannitol 1% sucrose, 4% mannitol
20 mM histidine, 0.01% Tween 20 The rmogra ms 20 mM histidine, 0.01% Tween 20

-0.012 -0.012

[=14]
= &0 DSC data
> -0.014 2 0014
0 2
== -0.016 o
= = -0.016
2 0018 ®
> < -0.018
®  .0.020 >
C |-
§ 002 5 -0.020

—0024 T T 1T T T T 7T T T T T 1 17T LI B B | LI LI | '0.022

-15
Temperature /°C Temperature /°C
15% IgG P
1% sucrose, 4% mannitol T, onset (°C)

-0.023 20 mM histidine, 0.01% Tween 20 g
-;.‘3 -0.024 Non reverse Reverse
> -0.025 heat flow heat flow
2 .0.026
*g -0.027 0% IgG -39.5 -39.5
=
g o 1% IgG ~31.9 ~32.1

-0.029 ’ ’

-0.030 =

- 15% IgG -33.5

Temperature /°C
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5 Channel TVIS System connected to Telstar LyoBeta
(National Institute for Biological Standards and Control)

Standard TVIS vial, 5 mL Type 1 Tubular

Impedance Glass Vial from Schott,
spectrometer Hungary, VC005-20C

Electrode material Copper Adhesive Tape
Pass through 1181 3M

_ Electrode dimension 10 mm high and 19 mm
Junction box .
wide

Vial array Position of the - 3 mm

electrode from vial

base

Sample Water for Irrigation

Borio IgG in 2 formulations

Fre€ze Dryer Weight 3 g (Fill factor 0.9)

DE MONTFORT
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Loading the freeze-dryer

Sample height within [ 19 "™ T
the electrode region, A 3'“"“

m
(7 mm)

0mm

Standard vial TVIS vial

TCx TVX
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0% IgG

_ 1% Sucrose, 4% Mannitol, 20 mM Histidine, 0.01% Tween 20

Q - Standard-unmodified vial

1% IgG
1% Sucrose, 4% Mannitol 20 mM Histidine, 0.01% Tween 20
- TVIS-modified vial connected to CH2

- Standard-unmodified vial with TC2
- TVIS-modified vial connected to CH3

- Standard-unmodified vial with TC3

OOOE®®

- Standard-unmodified vial
15% IgG
1% Sucrose, 4% Mannitol, 20 mM Histidine, 0.01% Tween 20
- TVIS-modified vial connected to CH1
- Standard-unmodified vial with TC1
- TVIS-modified vial connected to CH4
- Standard-unmodified vial with TC4

- Standard-unmodified vial

OCOOE®
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Freeze drying cycle

65

Temperatur Ramp Cumulative (mbar/min Set pressure
Step e (°C) (°C/min) Time (min) Time (h) ) (mbar)  Notes
Equilibrium phase 4 30 0 1000 Equilibrate
Freezingramp -50 -0.45 120 2 F 1000 Freeze to below maximal solidification point (determined by FDM/thermal m
Freezing hold 50 60 3 F 1000 Soak to equilibrate whole batch at frozen state
Re-heatingramp -15 0.58 60 4 F 1000 Warm to annealingtemperature (temperature will need to be determined e/
Annealing hold 1 -15 120 6 F 1000 Annealing (time will need to be determined empirically)
Re-coolingramp 50 -0.58 60 7 F 1000 Re-freeze to be below maximal solidification point
Re-cooling hold 50 60 8 F 1000 Soak to equilibrate whole batch at frozen state
Re-heatingramp -30 0.33 60 9 ¥ 1000 Second warming
Annealinghold 2 -30 90 11 ¥ 1000 Second annealing
Re-coolingramp -50 -0.67 30 11 ¥ 1000 Re-freezing
Re-cooling hold 50 120 13 ¥ 1000 Soak to equilibrate whole batch at frozen state
Vacuum applied -50 0.00 1 13 999.6 0.2 Apply vacuum
Primary dryingramp -10 0.67 60 14 0.2 Ramp to primary drying temp (determined by thermal method/FDM)
Primary drying hold -10 1800 44 0.2 Primary dry
secondarydrying 30 0.07 600 54 0.2 Slow ramp to secondary drying conditions
secondary drying 30 600 64.02 0.2 Secondary dryingto achieve ambient temperature stability
back-fill with 25 30 64.52 0.7 Back fill to inert atmosphere and partial vacuum, then stopper in dryer
€ Critical .
temperature
4" determination Tonets > Tc . , . y
. =, o () o
el =4 N
o 5 & Temperature (possible : S = 3
= = - - because of 2 8 8 z
) 3 calibration . 3 > = E
b 3 sublimative s = s :
S \° ) ® 2 s 2
P 0 ! B cooling) T @ ® 3
o 1 3 o 2 g %
2 | i Slow 2° dryi = °
f igs r ow rying ram |
2 -20 - Critical temperature T (Tj) , rving ramp |
£ r SR B (0. 07 °C min~?) to |
Q 1 . i
= a0 | avoid collapse /
60 1120 6060 120 6060 0 T800 600 600 3
Time/h

DE MON Anneal temperature and time and critical T¢ (Té) need to be determined empirically .Condenser temperature (not shown)

@E UNIVEI should be 10-20°C below minimum shelf T,e.g. -=70 °C
LEICESTER

-
l‘..‘

4.0

3.0

2.0

1.0

0.0

Chamber pressure/mbar
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Re-heating of 15% IgG, 1% sucrose, 4% mannitol, 20 mM

histidine, 0.01% Tween 20
-0.023

-0.024
-0.025
-0.026
-0.027
-0.028
-0.029
-0.030

Rev heat flow W/g

DSC data

-50

-45

> <.> <
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> <.> <
0a®
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C <
020
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]
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(7 mm)
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-40

1
Sample height within 1
the electrode region, A% ™

-35 -30 -25 -20 -15

Temperature / °C

JImm
Omm e

Im
0 mm

TV1

100 Hz

Temperature/ °C

peak

1
C 100 kHz

0.24
0.22
0.20
0.18
0.16

eoasos®on.ouyteagestete’e ™"’

2.5

3.0

3.5 4.0
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Re-heating of 15% IgG, 1% sucrose, 4% mannitol, 20 mM

histidine, 0.01% Tween 20
-0.023

-0.024
-0.025
-0.026
-0.027
-0.028
-0.029
-0.030

Rev heat flow W/g

-50

-45
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(7 mm)
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1
Sample height within 1
the electrode region, A% ™

-35 -30 -25 -20 -15

Temperature / °C

JImm
Omm e

Im
0 mm

TV4

100 Hz

Temperature/ °C

peak

1
C 100 kHz

3.6

3.2

2.8
2.5

2.4

2.3

2.2

2.1
0.2

0.2
0.2
0.2
0.1

TC data
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AR .:." : !
_ : f{,
] 1 ,.95'
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T o A
Lee oot estoronaanettossatatmatetons®™™” = I '
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Re-heating of 1% IgG, 1% sucrose, 4% mannitol, 20 mM

histidine, 0.01% Tween 20
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What does this mean?

15% IgG, 1% sucrose, 4% mannitol, 20 mM histidine, 0.01% Tween 20 TC1
-0.012 .
3 Excipient only O -29 °C
> -0.014 2
s} UV A F--------mmmmmmmmm e
=  -0.016 =
® o B. Temperature ramp
2 .0.018 © )
> o continues through T,
Fu -0.020 o
S E
S 0022 K
_0.024 LI I LI B T 1T 11T T T T
50 -45 -40 -35 -30 -25 20 -15 . L ..
Temperature /°C A with B suggests a glass tr?nsmon
TV1
] - A. Increased dielectric
0.023 15% IgG 0.24 rease
= 0024 o polarizability suggests
§ 10.025 + excipients %0'22 i increased mobility
% -0.026 =0.20 A
5 -0.027 O
S 0028 o84 .
0029 it !
0030 L 016 oo . . |
2.5 3.0 3.5 4.0
Temperature /°C Time/ h
DE MONTFORT
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LEICESTER

24 ]




What does this mean?

1% IgG, 1% sucrose, 4% mannitol, 20 mM histidine, 0.01% Tween 20 TC3
-0.012 . . B. Temperature ramps

3 Excipients O P mp 1 -
-0.014 o through the transition 1 _

2 S~ fo) -

§ -0.016 D ___3_21'_ _C_: ___________________________ :

® ' 2

& -0.018 © -37.5°C___

> Q

g -0.020 o

< &

S -0.022 K

-0.024

-0.012
20
2 0014
2
(o]
=  -0.016
5
< .0.018
>
2
c  -0.020
(@]
=
-0.022
DE MONTFORT
UNIVERSITY

LEICESTER

A with B suggests Ecrystafllization
(i.e. devitrification)

TV3
0.16 - , .: R
1% 1gG A. Reduced dielectrig polarizability
\__\ ~0.15 - suggests decreased r:nobili.t,i/
=0 2.5 3.0 3.5 4.0

Temperature /°C Time/ h

-:‘.'-" N|BSC DMU LyoGroup
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Summary: “unexpected” phase behaviour at low IgG

-32

DSC T, (Onset) (°C) | ~39.5 | ~33.5

TVIS data TV1 TV4 TV2 TV3
devitrification (°C) N/A - - -31 -31

glass transition (°C) N/A -29 -30.5 | -38.5 -37.5 |

CPP: critical process parameter

De-vitrification Glass transition
The process of devitrification is not The glass transition of the excipient
observed by the mDSC method only formulation by mDSC is similar to

the in-vial response of 1% IgG
Devitrification occurs in-vial for the
low concentration of IgG (1%) (excipient only studies by TVIS were

not undertaken)
Devitrification is suppressed by the

higher concentration of 1gG (15%)

@?‘!E‘EST’?RTE?W {-“;’ N|BSC DMU LyoGroup 26




CASE STUDY 4

Primary drying end point

Separation between sublimation (primary drying)
and diffusive desorption (secondary drying)

0%; 1% and 15% IgG
1% Sucrose, 4% Mannitol, 20 mM Histidine, 0.01% Tween 20

LEICESTER
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Comparative pressure measurement

WNNJVA iu!i:lla:ld

chamber pressure (P, ‘pressure’ (Pcy)

(any location)

Capacitance
manometer Pch
(pressure gauge)

Ice interface temper

ture] T.

Ice vapour pressure

, VP,

A 4

&,

L

Pirani
(pressure gauge)

p

Silicon oil

( Freeze Dryer Shelf j— Cooling/heating

B system
Valve to close|the duct [T Condenser
(PreSS ure \‘I, temperature (T¢p)
rise test) ‘

-——

Condensing
chamber *~%

(VPcp) &

Direct expansion of
= refrigerant, (like a
L standard fridge)

Vacuum

pumping
system

l_* DE MONTFORT
i UNIVERSITY
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Transmitter

Wireless

Software

—_
nit (IRU)

Thermocouple

Wired
(front only)

S [E 5]
Freeze dryer - j K

il

Teflon Tube %

Antenna <—
. —
- _Wireless probe <

)J) Sensing tip
RTD
%[ l%
LB
Sensing
element

dry_
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Comparative pressure measurement (CPM)

Capacitance Chemical
Electrode Structure Getter Pump
(Metal on Ceramic) Sevisor Capsule (Absolute Manometers)

Diaphragm

Electronics PCB

Zero Pot(s)

Measurement (Px) Side,
C d to Sy

Reference (Pr) Side,
Capacitance Electrodes -/ High Vacuum

Sensor tube
Electrical

feedt'rwl - g;; g; I__A:

To vac
systen

« DE MONTFORT
"s UNIVERSITY
LEICESTER

Capacitance manometer

A
I8
2 3

0
@

S=8=
2= B
Z=58
==
o=
R=
m
=

»

Pirani gauge

WNNIVA iua:ma:ld

Pressure changes position of a diagraph with
alters the electrical capacitance of the system

Sensitive to total pressure

Capacitance T

e
Resistance T%

Gas molecules collide with the element and
removes heat changing the resistance

Sensitive to type of gas,
e.g.,N,, H,0

DMU LyoGroup 29




Comparative pressure measurement (CPM) Steady state:
036 3, __| chamber saturated with water vapour

WNNOVA o 43341344 ’ ‘ Pirani 5034 i Constant prOdUCt temperature .
" Eg'gg (heat goes in is balanced by heat going out)
£0.28 1
3 0.26 - 2> Endpoint >
£0.24 .
Eié Capacitance ~ 0223~ "TTTTIIo—————————
= manometer ~ 0.20 3
on 0.18 1 T T T 1
25 30 35 40 45
Time/ h

e Comparative pressure measurement (CPM):
o Capacitance manometer responds to absolute gas pressure
o Pirani response to water vapour is ~ 1.6 x that of the capacitance manometer
o Therefore, Pirani output is higher than the CM while water vapour is being generated
e When drying is complete the Pirani converges on the capacitance manometer
But when has an asymptote been reached?

Schneid (2008) Aaps Pharm.sci.tech, 9, 729-739
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Pressure Rise Test (PRT)

0.36

Vapour pressure rises . 0.34

0000000| [Bo00odn]  Eox
000000 | [ADGG0O°| 50

=0.28
- alve - ?0.26
}‘ o 0 0.24
ol
”” 0.22
(T () 020
Condenser Condenser o5 30 35 40 45

Time/ h

* Pressure rise testing (PRT)
o Brief (up to 30 s) isolation of the valve between drying chamber and condenser
o Results in spikes (pressure rises) in both Pirani and capacitance manometer readings

o Reason:
» water vapour is released from the product during the drying stages
» Vapour can not vent to the condenser when the valve is closed
» Pressure rise occurs until the valve is opened again

Schneid (2008) AAPS Pharm Sci Tech, 9, 729-739
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Through Vial Impedance Spectroscopy
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TVIS Sublimation end point

lce mass retracted
A fromside walls

[— [r—
| = . | | = .- |

C'(100kHz)

Recovery

2 min before
visual endpoint

e

i
A Visual

endpoint

Time/ h

l,‘ DE MONTFORT
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2 ( 0.2h
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Drying of a protein formulation 15% 1g6, 1% sucrose, 4% Mannitol, 20 mM Histidine, 0.01% Tween 20
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Prima ry drylng 1% 1gG, 1% Sucrose, 4% Mannitol, 20 mM Histidine, 0.01% Tween 20
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Take home messages from this talk

TVIS provides ....

e |dentification of ‘real’, in-vial thermal transitions (critical events,
such as devitrification of amorphous phases)

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

e |dentification of true sublimation (primary drying) end point

o Vapour sensing technologies, such as CPM, can not differentiate
between source of water vapour (ice or adsorbed water)

o Thermal measurements can also detect cooling from desorption of
water adsorbed in the unfrozen fraction
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Summary of Applications

Dielectric loss peak

Log peak frequency Temperature calibration

(FpEak)

Peak amplitude

(ice phase)

Spatial measurements
of ice temperature
possible with multiple
nodes

Ice mass & sublimation

Dielectric constant

Low frequency Ice nucleation

(100 Hz) onset time and
temperature

High frequency Ice solidification

(Cprak) rate (100-200 kHz) end point
Annealing end-point Glass transition

temperature
Devitrification
Sublimation end
point
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Further Reading

Lyophilization of Pharmaceuticals and Biologicals pp 241-290 | Cite as

Through Vial Impedance Spectroscopy (TVIS): A Novel
Approach to Process Understanding for Freeze-Drying
Cycle Development

Authors Authors and affiliations

Geoff Smith 5], Evgeny Polygalov

e Introduction to TVIS theory
e Description of the measurement principles
e Dielectric loss and relaxations mechanisms (liquid and frozen states)
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Further Reading

Chapter 5 Through Vial Impedance Spectroscopy (TVIS) A New Method for
Determining the Ice Nucleation Temperature and the Solidification End point

CRC Press

Taylor & Francis Group

# AboutUs~ Resources ~ Textbooks ~ Featured Authors

Home / Pharmaceutical Science / Manufacturing & Engineering

Freeze Drying of Pharmaceutical Products

FREEZE DRYING OF 1st Edition
Pl I’\]l;ag\[()“ggﬂu\l Davide Fissore, Roberto Pisano, Antonello Barresi
Hardback
£118.00
CRC Press
November 13, 2019 (@ paaie)
ROBERTO PISANO Reference - 214 Pages - 4 Color & 66 B/W lllustrations

ANTONELLO BARRESI

. ISBN 9780367076801 - CAT# K405807
Oz Series: Advances in Drying Science and Technology
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https://www.crcpress.com/Freeze-Drying-of-Pharmaceutical-Products/Fissore-Pisano-Barresi/p/book/9780367076801

TVIS publications
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Jeeraruangrattana, Y., Smith, G., Polygalov, E. and Ermolina, |. (2020) Determination of ice interface temperature,
sublimation rate and th Nucleation Temperature and the Solidification End Point  1ent of microcollapse using
through-vial impedance spectroscopy. European Journal of Pharmaceutics and Biopharmaceutics, 152, pp. 144-163

Smith, G., Jeeraruangrattana, Y., Ermolina, |. (2018). The application of dual-electrode through vial impedance
spectroscopy for the determination of ice interface temperatures, primary drying rate and vial heat transfer
coefficient in lyophilization process development. European Journal of Pharmaceutics and Biopharmaceutics

Smith, G., Arshad, M.S., Polygalov, E., Ermolina, |., McCoy, T.R., Matejtschuk, P. (2017). Process Understanding in
Freeze-Drying Cycle Development: Applications for Through-Vial Impedance Spectroscopy (TVIS) in Mini-pilot
Studies. Journal of Pharmaceutical Innovation, 12 (1), pp. 26-40 Key observation was the potential to measure
temperature non-invasively

Arshad, M.S., Smith, G., Polygalov, E., Ermolina, |. (2014). Through-vial impedance spectroscopy of critical events
during the freezing stage of the lyophilization cycle: The example of the impact of sucrose on the crystallization of
mannitol. European Journal of Pharmaceutics and Biopharmaceutics, 87 (3), pp. 598-605

Smith, G., Arshad, M.S., Polygalov, E., Ermolina, |. (2014). Through-Vial Impedance Spectroscopy of the Mechanisms
of Annealing in the Freeze-Drying of Maltodextrin: The Impact of Annealing Hold Time and Temperature on the
Primary Drying Rate. Journal of Pharmaceutical Sciences, 103 (6), pp. 1799-1810

Smith, G., Arshad, M.S., Polygalov, E. and Ermolina, |. (2013) An application for impedance spectroscopy in the
characterisation of the glass transition during the lyophilization cycle: The example of a 10% w/v maltodextrin
solution. European Journal of Pharmaceutics and Biopharmaceutics, 86 (3 Part B), pp. 1130-1140.
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