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Outline

e Freeze-drying and the design space
e Introduction of Through Vial Impedance Spectroscopy (TVIS) Technology

e TVIS Applications for Determination of
> Heat transfer coefficient through the vial base K,
» Dry layer resistance which
impedes the of water vapour sublimation R;
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LYOPHILLIZATION STEPS

1 Produict freezes

€ > < > &— >
Shelf 4. Secondary drying
+20 C —\ temperature _ /‘ =
\ reduced Drying /
/ end point

15 C SRR Must happen

b ter: ¥ l,\’.?.‘?.‘.{‘{fl‘ ............................................................. below collapse
35 C o temperature,
50 C eg. 1,=-314C

Annealing of product to optimize ice formation

Shelf Product
Temperature Temperature

4 Sy ) n D : 1 \
| - Freezing 2 -Annealing 3-P y Drying 4 - Secondary Drying

Freeze-drying steps: freezing, anneallng primary drylng secondary drying

Biopharma Technology Ltd (BTL),n.d.
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Primary Drying

e The sublimation of ice from the frozen product to achieve a
dried layer of solute

e The product temperature should be lower than T

Conversion of solid : o ®

(ice) to vapor in PO

chamber called e?® y

sublimation ) E

) o -
° 5 Condenser
. 3 AP ™, Vacuum Pump
) S

-: Dry Cake .. Pressure gradient between
T T Sublimation Front - g |hlimation front and chamber
L
| )

Thermal Fluid Shelf

Frozen Solution

Heat Transfer

Heat and mass transfer in primary drying Schwegman, 2011
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Design Space for Primary Drying
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Design Space

Product temperature
(T,)

Use a range of

chamber pressures at a
fixed shelf temperature
(equipment settings)

to establish the
relationships between
sublimation rate and the
product temperature

ainjesadwa] J|I9Ys

Sublimation Rate (dm/dt)
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Design Space

Product temperature
Repeat at different shelf P

temperatures

(Ty) -20°

ainjesadwa] J|I9Ys

Sublimation Rate (dm/dt)
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Design Space

Product temperature
And then map on the P

T o
equipment constraints ( p) o% -20 )
(chocked flow) (P, =P, ) 30
and the product constraint ?g
= S 20° |F
(collapse) T, =T, _g o
° =y
To complete the design % 10° g'
space (as shown by the o 3
yellow triangle) 5 |3
-g -4 ’ . 0 =
Then operate at the apex £ / ®
of the triangle to drive 2 _ o _\________,,T ===%_1¢°
process efficiencies n 0 30°  -25
-40

Chamber Pressure (Pc) 50 — 300 mTorr
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Through Vial Impedance Spectroscopy (TVIS)
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http://www.nibsc.org/

Through Vial Impedance Spectroscopy (TVIS)

Impedance measurements across a vial rather than within the vial
Hence “Through Vial Impedance Spectroscopy”

Features
Single vial “Non-product invasive” T V] S
Both freezing and drying characterised in a single technique ‘J

Stoppering still possible and on-perturbing to the packing of vials

Mesoscale of unfrozen fraction accessible by assessing the temperature
dependence of impedance

On going TVIS development for multiple scales with top down electrodes:
» Product Development (Microplate, Micro-vial, or Single vial)
» Mini-Pilot (Small population clusters of vials)
> Scale up to Batch (Large population cluster of vials)
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Through Vial Impedance Spectroscopy (TVIS)

Freeze Dryer and TVIS System

TVIS System

Junction box

Pass-through

Impedance test vial

Virtis Advantage Pro
Freeze Dryer
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TVIS Response Surface

Imaginary Part of Capacitance

= Frzen solid

— 0.3

o2 C PF

Primary drying

low frequency

low frequency
High frequency

/\ Annealing = Re-heating and Re-coolin_c/\
Liquid state Liquid state—f
N

Real Part of Capacitance
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C'/ pF

C"/pF

TVIS Response Surface

Freezing Process
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* The magnitudes of C; and C are proportional to the area of interface between the
frozen mass and the glass adjacent to the electrode (A4).

Constant (K;) Constant (K¢)

— CGZ c'" _ CGZ
maxl = 2(Cs + CG) maxz — 2(Cs + CG)
. (K44 )? . (K¢ 4, )? 2
2(KsAy + K Ay) Z(KSAZ + K Az) Ice smibIAime
= = kA dg 44 4
) - S RnRl

kA,
Primary Drying>

C” max1 > C”

max?2

* In case of a flat sublimation interface, the interfacial area between the frozen layer

and the juxtaposed glass wall (A) will decrease in proportion to the remaining ice
volume
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TVIS Technology: Principle

* The capacitance spectrum is dependent on both the electrical resistance
and electrical capacitance of the vial contents.

> Data viewing software (LyoView ™) identifies the peak frequency
(Fpea) @nd peak amplitude (C”,¢5¢) in the imaginary part of the
capacitance spectrum

* In general terms:
> FpeacCan be used to monitor phase behaviour (ice formation, glass
transitions) and product temperature
> C'peaccan be used to monitor the amount of ice remaining during
primary drying, from which the drying rate and end point may be
determined.
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TVIS Application
Heat Transfer Coefficient (KV) Determination
(Test sample: 2 mL water in 10 mL vial)
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Primary Drying Modelling : Heat and Mass Transfer

dm (P ice — P CHAMBER) 4
- ‘A,

Chamber pressure

e R\pq (Periamper) Stopper resistance R,
dq dm
ac = \ar -
t t [propuct & Pice Dry layer resistance R,
K, determination
dq AT e Thickness of Ice Layer (d,;)

E = AVK V(TSHELF _ TPRODUCT)

—6144.96
In(PICE) = | — + 24.02

PRODUCT

dm/dt - sublimation rate (g/hour/vial)

| Shelf To,e,r |
Y

Internal cross sectional area of one vial (A)

A, - cross-sectional area of the vial (cm?)

P, - Vapour pressure at ice sublimation interface (Torr)  Tsueir - Shelf temperature (K)

Pcuavier - Chamber pressure (Torr)

Tpropuct - Product temperature at the bottom of vial (K)

Rps- Area normalized product and stopper resistance d\ce - Thickness of the ice layer calculated (cm)

dg/dt - heat flow to the product
L - Latent heat of sublimation (J g1)

AT - Temperature different between ice sublimation
front and the bottom of the vial (K)

TANG, X.C., NAIL, S.L. and PIKAL, M.J. (2005) Freeze-drying process design by manometric temperature measurement: design of a smart freeze-dryer. Pharmaceutical Research 22 (4) pp. 685-700.
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Temperature / °C

Heat Transfer Coefficient (KV) Determination

The product temperature (T propycr ), Which derived by TVIS as T(F..,,) or by
thermocouple (TC), is one of parameters needed for K,, determination

TSHELF

0 7 Temperature Calibration o 10 Appllyingre:covers
-10 - =~ 1 : TSHELF
Calculate O 5o |  Vacuum
220 - S '
E> Tpropycr from Log &
-30 - Re-Cooling Foeak (TVIS) ¢ -30 -
40 AU s 10.97x2 + 99.202x - 229.59 & TC
-50 . . . = -40 ‘ ‘
2.5 3.0 3.5 4.0 10.5 11.0 11.5
Log Fpeax Time /h
0.3 - Primary drying
Sublimation rate (dm/dt) L .0.244 pF = 2 g water TPRO?CUCT a;‘_slzm/dt
. . 0.2 rom
is estimated by TVIS ~ Drying rate (dm/dt)
Test sample is 2 mL water ﬁ ~0.3 g/h
filled in 10 mL vial O 011
KV
determination
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Heat Transfer Coefficient (KV) Determination

e First convert dm/dt to dg/dt using

the latent heat of sublimation K, values for 10 mL tubing vials (2 mL fill volume)

L =2844 ) g1 . Ao O.H.T.C (water exp.) |
( g ) o 80 A O.H.T.C (ice exp.) J 70
Q Heat radiation (water ex ’ =
L am _ — aq [s] 70 - O Heat radiation EICG exp. )IO ) 60 O
dt dt c I ® Kv from TVIS - <
o . 60 - @©
) - 50 ¥
dm/dt =03g/h 5 & 50 - \ 2
1 - 2844 ) g1 e o A 408 3
8 =40 - =%
dg/dt =853 1/h = O 305 S
Jq:) T 30 - 2 "(_'U’
dq — O - 20T
dt > 10,7 . - 10 ©
TsheLr =-20°C © -
0 . . 0
Tpropucr = = 34.2°C 0 30 60 90
A, =0.0045 m? Pressure (Pa)

(SChOtt Typel glass 10 ml tUbing vial ) Brills, M., and Ramusson, A. (2002) Heat Transfer in Lyophilization. Int
KV =37 W m32K1 [@ 40 Pa, 400 uBar] J Pharm 10;246(1-2):1-16.
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TVIS Application
Product Resistance (Rp ) Determination
(Test sample: 2 mL protein solution fill in 10 mL vial)
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Dried Product Resistance (RP) Determination
of Protein Solution

Preparation: 50% v/v Protein Solution Freeze drying Protocol
30 -
& 20 -
v 10 - Apply Vacuum
S5 0 -
©-10 -
$ .20 -
£-30 -
@ -40 -
42% W/V -50 \ \ \ \ \

Protein Soluti 0 5 10 15 20 25
oHen Time /h

16 mL * A 50% v/v protein solution 2 mL has

16 mL | | protein 0.042 g

2 mL Protein 1 g has ~0.3 g (unfrozen water)
unavailable water (Pang 2014)
* Therefore unfrozen water of protein is
|:> 0.3x0.042=0.0126¢
* The weight of ice is approximately 2 —
50% v/v Protein Solution 0.042-0.0126=1.932¢g

Pang, X.-F. (2014) Water: Molecular structure and properties. Singapore, Singapore: World Scientific Publishing Co Pte.
y F y ‘ .
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Product characterization:
Opportunity for Protein Solution

* Low frequency process may hold information on the state/properties of the protein
layer, inc. progression and end point of secondary drying

3 3
w2 w 20
o o L
0 Ll Ll Ll Ll Ll L 111 0 Ll RN Lt el Ll
10 10° 10° 10* 10° 10° 10" 10° 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
1.00 1.00

2000000
g _
8000000 0.25
Feeseeey
Pt
OO0 OE

"[pF .
¢ o ¢ k
3
T T T T T 1

o | J [
_\-0.50* ————————————
O e |
-0.25 — | |
L |
0 ] Lol Lol Lol Lol 0 | \I\_\_HW\__\_\_H—\WH__\J LT Ll Lol il

10 10° 10° 10* 10° 10° 10" 10° 10° 10 10° 10°
Frequency (Hz) Frequency (Hz)
High frequency process Low frequency process

(start of primary drying) (end of primary drying)
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Dried Product Resistance (RP) Determination
of Protein Solution

100 | _______________ = 5 -
- : I e —
Prirlwary drying process S
-0.75 — (]48.9to—42.1°c) & 3 -
LL o 0 2 - T
2 o
~-0.50 _ 1
L)-o 25 0 —_—
' _ 10 15 20_ 25 30 35 40
0 | |!1 llll| Lol = e I | Calibrati d Tf!me|/hF duri
10t | 102 _10% _.1.04> 105 106 all .ratl.on ata tor og. peak AUNINEG
annealing is used to predict the product

Frequency (Hz) 12 kHz temperature (T(Fpeae)

_35 -
* The peak at high frequency (~¥12 kHz) is due to theice layer ¢ T
- Ice layer peak decreases during the early stages of T -40 '/"* .
primary drying (< 25 h) because the peak amplitude is % 45 48.1°C (3h)
proportional to the volume of the ice layer g Taverace
* The peak at low frequency is due to the dry layer £.50 | eI
|_
- Dry layer peak increases during the later stages of 55 T(Feeac) 49.4 °C (2.5h)
primary drying (> 27h) because the peak amplitude is 10 15 20 o5
proportional to the volume of the dry layer Time/h
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Dried Product Resistance (RP) Determination

of Protein Solution
* The different types of resistance to mass transport (water vapour flow)

dm (P,,; — PCHAMBER ED am _ <P ice — P CHAMBER) A,
dt \ R,+RS+RC dt kp
Product resistance (Rp) is ~ 80% of the total mass _
transfer resistance (Pikal, Roy and Shah (1984). dm/dt = the rate of mass transfer for the
Chamber to water vapour or sublimation rate
condenser R (g/hour/vial)
resistance A
Pce = the equilibrium vapour pressure of
. ice at the sublimation interface
: temperature (Torr
Semi-stoppered Sublimation.rate P ( |
resistance o’ o o « ® e Pcuaveer = the chamber pressure (Torr)
o ~
b ®° ° o R, = the area normalized resistance of
Dried Rried Product the dried product (cm?-Torr-h-g1)
Dried product Product (Rp) { e o } A, = the cross-sectional area of the
i ® o o
resistance ICE Watef o product (cm?)
2 Heat “.vapor lce-product interface
She |f TANG, X.C., NAIL, S.L. and PIKAL, M.J. (2005) Freeze-drying process design by manometric temperature

measurement: design of a smart freeze-dryer. Pharmaceutical Research, 22 (4), pp. 685-700.
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Dried Product Resistance (RP) Determination
of Protein Solution
dm (P,CE — PCHAMBER) »

dt Rp Chamber pressure
Ice vapour pressure calculated from the
calculated from Tpzpcr the temperature of condenser
product temperature (as (Teonpenser) (in case of
derived by TVIS or CHAMB condenser is in the freeze
Thermocouple) R‘p @ dry chamber)
[ —6144.96 n(PCHAMBER) = ( '96> +24.02
In(P cp) = <T ) +24.02 l T conpenser
PRODUCT
dm/dt can

estimate by TVIS

Cross-sectional area of product is calculated by using internal diameter of test vial
For example, Schott Typel glass 10 ml tubing vial has internal diameter 2.2 cm therefore,
Ap = 3.8 cm?
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Dried Product Resistance (RP) Determination
of Protein Solution

* The drying rate (dm/dt) estimated by TVIS is one of parameters used for determination of
dried product resistance (R;)

* First convert C",, from TVIS to Ice mass

1.0 - 2.5 -
w 0.8 - 2.0 - 1.93 g water
- 0.657 pF =1.98 g water |:> —
>~ Q0
2 0.6 1 = 15 -
n H . (%]
304 - C PE{:KIS proportl?nal to é Lo
(@) the amount of ice ‘
0.2 y - 0.0003X2 _ 0.0355X + 0.9772 .g 0.5 | y = 0-001)(2 = 0.107)( + 2.9457
0.0 . . . 0.0
10 15 20 25 ) ' ' '
Time / h 10 15 20 25
: : : Time /h
* Then, calculate drying rate (dm/dt) using time = 0.10 - /
S~

derivative of ice mass 0 0.08 -
y = 0.001x2 - 0.107x + 2.9457 2 0.06 -

v o0 0.04 -
dm/dt = 0.002X - 0.107 .; y =-0.0021x + 0.107
 0.02 -
0.00 , | |
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Temperature/°C

Drying rate (g/h)

Dried Product Resistance (RP) Determination
of Protein Solution

307 —6144.96
T In(P cp) = T + 24.02
SHELF PRODUCT
-40 - A
\-E LSy T In(P ) <—6144.96) \ 9402
-50 o n - ]
-48 °C CONDENSER TCONDENSER
- 2
y = -0.0044x2 + 0.2488x - 67.453 A, =3.8cm o
70 10 . 20 ) (Schott Typel glass 10 ml tubing vial)
Time /h
- dm/dt |
0.10 -
0.08 - y =-0.0018x + 0.0921
0.06 - @
0.04 - dm/dt By — P, — PC y
0.02 - p = — )
0.00 , | | T
10 1> Time / h 20 25
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Dried Product Resistance (RP) Determination
of Protein Solution

100 -
- 5% BSA annealing 1 h (Ref. 3)

O
o
1

- 2% BSA annealing 1 h (Ref. 3)

(00]
o
1

| ';Rp assuming constant temperature (48 °C) 2% BSA non annealing (Ref. 4)

- 2% 1gG non annealing (Ref. 4)

~
o

(o))
o
1

« 2% Lysozyme non annealing (Ref. 4)

(O
o
|

o

- 0.5% BSA annealing 6 h (Ref. 3)

I
o
|

5% Glycine non annealing (Ref. 2)

w
o
1

4% Protein solution annealing 1 h (poly 3rd)

N
o
1

« 4% Protein solution annealing 1 h (constant)

[EEN
o
|

R'p / Dry layer thickness (cm-Torr-h-g*)

- 0.5% BSA annealing 1 h (Ref. 3)

0 0.1 0.2 0.3 0.4 0.5 0.6

o

Dry Layer Thickness (cm)
1. GIESELER, H., KRAMER, T. and PIKAL, M.J. (2007); 2. JOHNSON, R.E. et al. (2010); 3. LEWIS, L.M. et al (2010)
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Summary & Future Work

K, value determination possible.

Increase the drying time over which T(Feak) maybe determined by increasing
the fill volume of ice.

Investigate the dependence of K, son chamber pressure for design space
determination

R, value determination possible:

Investigate uncertainties in temperature measurement to provide for more
reliable estimates of Rp (compare RTDs vs TCs)

Calculate Product Temperature for heat flux (dg/dt) and Kv

Use equivalent circuit modelling to fit spectra and develop a TVIS surrogate
temperature model

Characterise a wide range of materials, formulations and process parameters,
inc. nucleation temperature, fill volume, freezing rate, annealing
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Summary of Applications of TVIS

TVIS registers thermal events through changes in the sample resistance
associated with

» Discontinuous changes in viscosity (glass transition, collapse)
» Change of state (e.g. ice formation and eutectic formation)

Temperature control might be possible through improved modelling and
calibration (Equivalent circuits)

Primary drying (loss of ice) is monitored through changes in the strength of the

dielectric loss peak (or step in the real part capacitance)
» Enables drying rate determinations for Kv and Rp calculations

Meso-structural information extracted through the (non-Arrhenius)
temperature dependence of the resistance

Mechanisms of annealing may be elucidated from changes in resistance with
time (during the heating-hold phase) and from the absence of any changesin T

Future (with non-contact system)

» Opportunities to track the physical characteristics over a range of scales, from micro-
titre plates to collections of vials
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TVIS Application
Other Applications
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Through Vial Impedance Spectroscopy (TVIS)

Electrodes are attached to the external surface of a vial
The vial is filled with the sample to fill factor (®) of 0.9

The height of liquid fill
The height of active electrode

Fill factor (P) =

The sample has both resistive & capacitive properties

The glass vial has both resistive & capacitive properties

But glass resistance is so high therefore it e
behaves primarily as a capacitor. I o
In freeze drying, the sample is frozen 3
and dried by sublimation to obtain a ‘dry’ layer 1 SN o o
The dry layer is predominantly capacitive due TT
to its low moisture content / high resistance u

Exception - Proteins
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Through Vial Impedance Spectroscopy (TVIS)

* Impedance is a frequency dependent parameter largely because the
impedance of a capacitance is dependent on the frequency of the applied
field, whereas an ideal resistor has zero frequency dependence

|cf
ICI _E— _E_
4l \\ 4] o
v Fliquemy(;; L S ;f:qumy[;uz‘) oo oo Flzquemy(;uz“) U
* By fitting the impedance spectrum of a composite object then one can
extract the sample resistance and capacitance
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Imaginary Part Capacitance : Characteristic Response
« Atw->0,C =0 0.2 -

« Asthe frequency increase, C Cipf
increases to maximum (C"max then
decreases to 0 as the frequency

Wirde
0.1
* Atafrequency of
a) — 1 . .
max — in radians
RS(CS+CG)
— 1 .
fmax — 27Rs(Cs+CG) in cycles per seconocll ;
C.2 1 2 3 4 5 6
c" = G 0¢ w Log f/H W > oo
max = 5005 + CG) ogt/hz
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Product characterization

—TVIS Data
——Product Temperature * Log Fpeak Profile of freezing step
o ---- Shelf Temperature s shows the ice nucleation process:

> Solution is cooled at e

w
o

» Solution super-cools and
starts ice nucleation at @
This points is referred as
“‘onset of ice nucleation”

=
Ul

» Crystallization or

occurs during (C
- -30 period and continues until the
end point of solidification at Q

AN o
(6]
Temperature / °C

\~

0 0006
1.4

0.6 0.8 1.0 1.2
Time / h

1.6
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Product characterization:
Glass transition, Eutectic Crystallization, Collapse

Smith G et al (2013) Eur J Pharm Biopharm 85 (3)1130-40 Arshad MS et al (2014) Eur J Pharm Biopharm 87(3):598-605
10 . Glass transition of 10% maltodextrin DE16-19 900 - Suppression of mannitol
eutectic by sucrose
9 700 -
-19%0.5°C
= , £ 500 -
~ -7 - ~
[ o
© 6 © 300 -
— (0]
. 17 °C by DSC 100 -
ot orov—0"
e T I I e B e A -100
-35 -30 -25 -20 -15 -10 -5 1

Temperature / °C
|

0.20 - | |
S Startof Tramp | | collapse A suddenly change in
% 0.15 - | | :
° = | | the capacitance
2 0.10 - i i demonstrates the
©
Z 005 - | | collapse of cake
Q |
©
o 0.00 - | |
£ L
S -0.05 - | |
_8 | |
N -0.10 =

|

6 7 8 . 9 10 11
Time /h
Smith G et al (2014) Pharmaceutical Technology 38(4)
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