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Benefits of Lyophilization eisPAT

“40% of biologically based products have to be freeze dried”

http://www.genengnews.com/gen-articles/lyophilization-growing-with-biotechnology/1083

“80% of the available products lyophilized in vial”

https://www.pharmpro.com/article/2017/03/lyophilization-basics

Lyophilization commonly used for

Small Molecules Drugs (e.g. penicillin) Azithromycin

Large Molecule Drugs (e.g. proteins, DNA) |_nJect|0n.® 3.:., =
Microorganisms (e.g. bacteria, virusus) (Zithromax®) | S
Blood products -
Zoster vaccine
(Zostavax®)
Lyophilization Powder Easy to transport
Freezing
Sublimation - -
Low moisture Increased Stability
Desorption content
. y,
More surface Easy to Dissolve

LEICESTER
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Applications (in the news) ...... Remdesivir eISPAT
W

= s !
e e T

Existing first line of defense Critical to treat this season’s COVID-19 Critical to treat a seasonal COVID-19
Studying drugs that are already approved fo Y-ghapead proteins that stick 1o the virus Viaccines mimic enough of the viral infection

Iradol\srdseussbseeimsymem SARS-CoV-2. These can be manufactured 1o frigger the body's immune response which

- B
e Developed for Ebola (2008) %"f - *}% ¥ TS
e Re-purposed experimental =% va el
drug treatment for Covid-19 s

cyclodextrin for solubility

e co-formulated with - 9 »-@e-

& freeze-dried Covid 19 therapies and vaccines
\ = A A
T \_ i |
Bemsivir \qaemsivir . J . \ "-,-‘mr )
e e ™ h

Stops Replication
or Blocks Virus ;{"g -f& fg ﬁ
U S
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Challenges of Lyophilization eisPAT

Complex 3 stage process

2. Cost: energy & GMP
Long process (up to 5 days)

3. Difficult to scale-up

Variation within batch

1,‘ DE MONTFORT
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Design space

Product Design : Formulation

e Stability (chemical & physical) and packaging compatibility <

e Critical product temperature@(“Tg’ and/or T,,)

Process Design : Lyophilization

Structure of
frozen product

Iy
v

DE MONTFORT
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Maximize
crystallization &
ice crystal size

NG

Modification of
frozen stlructure

1° Drying

Ko7 )8(Ry

NG

Seth&PC

N
- Product Temp.

- Drying rate

eisPAT

2° Drying

Moisture 1
content



Louis Rey 1960s

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

L. R, Rey

Labvrataire de Zovlogie-Physiologie, Evofe Normsale Supécicure, Parie

TaE outstanding interest of the freeze-drying technique is that it provides
a possibility for long-term preservation of highly alterable structures.
iber of applicati

Platinum
electrodes

ns in the field of

The method has had a great n
and histochemistry since the pioncer work of Almann (18¢9c)

o). Side-arm

Many authors have thought, too, that it would be poss ble totoy to

e to initiate ¢ lizati
ago, by Becquerel (1936) that, as far as the cells of certain plants and lower rys'a o

animals are um(ctnul Iu'rh]\ dehydrated material could be kept over aand aVOid SuperCOOIing

very long periods of time and would resist extreme conditions of

preserve life in frozen and dried animal tissues. It has been showt

tempersture,
Unfort

¢ are not able \
, Rostand
wve shown

t very resistant and

tely, antmal cells are
great amount of water l uyet and Hartung

(1946), Parkes (1951) and Polge, Smith and Parkes (194

to loose a

Thermocouple

hemical substances and especially

ry. We have done

gainst cold inj experiments in our

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-
al structures of the rissuc Is, and which, if

possible, would preserve life.

tion of the fine cytolog

At first, and A».ur\l‘n; to what we said in 1957 at the Royal Society,
the freezing must be done in a very precise way, because there is no
which has undergone denaturation

" Thermic buffer”

use arvis

¢

with great care a tissu
s¢ of freezing. It 1s likelv that a glveernl preimpregnation
woul lx necessary. However, we have had much evidence in our work
(1957 d) and we agree perfectly well with Meryman (1957) that the most

harmful peniod of the action of low temperatures on living tissues
during thawing. One could think then, that, if we avoid t

previous drving, it would be possible not to use glyeerol I')l’!h“

provided that the freezing period hort. ‘This is 2 theoretical ,:umr of

view, compromise solutions are not excluded and we can reasonably
ST’

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

Biopharma Process Systems
Impedance analysis (Zsind ) at a single

Designed to measure temperatures
relevant to freeze-dried formulations

frequency (1 kHz) with * glass transition (T;’)
differential thermal analysis (DTA) * ice melting (T,,) and eutectic (T,)
e Pin electrode (pair) 10000 — 2.0

signilicant
softening of Rozen

matosial @l - 45,0
clogros s O

Minos wplurn and platoau /
evants at

-l W 1000 Sabeim it
v.bic E onset at
ﬁ -1 and -49 degrees C -1 degress C -
=k —
g g T 2
s 100 - - 2
g 5
L g 1 £
e Integrated within cryostat £ mENEERIE ZHoating it e
[} =——[0TA Heating s B - 23 g
9 -6F degrees C :
= incicrting ki e 3
E 10 stabilising sugpsling
i eurtactic mcdt
biopharma process systems
1 T T T T T T T T T +3 0
-100 -80 -0 -70 -50 -50 -40 -0 -20 =10 4]

Temperature (“C)

Ward & Matejtschuk , 2010 in Freeze Drying/ Lyophilization
of Pharmaceutical & Biological Products 3™ ed. Rey,L &

May JC eds, Informa Press, New York
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eisPAT

Design space solutions ......

Electrical Impedance Spectroscopy Process Analytical Technology

Test object is measured at a range of discrete frequencies

4 -
Real part Capacitance
3
w -
Q 5 0.0056 M KCl
~~ 5| ——20°C N | e
O
1 I e e O I
.o
0 T T T T T T L T 1
1 2 3 4 5 6 7 8 9 10 11 12
Log Frequency
0.8 - 18 kHz Imaginary part Capacitance
56 kHz203°C
0.6 4 537Hz20°C
: 40°c 18 GHz
w 0.0056 M KCI
— 0.4 1 o
&} e,
0.2 %
st
N s Y .
0.0 T T T I. T i T il T

1 2 3 4 5 6 7 8 9 10 11 12
Log Frequency
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eisPAT

Design space solutions ......

Electrical Impedance Spectroscopy Process Analytical Technology

Test object is measured at a range of discrete frequencies

Novocontrol BDS
Broad Band Dielectric Spectroscopy (sub Hertz to 10 MHz)

Formulation development Process development
IDE TVIS
Inter-digitated electrodes Through-vial impedance spectroscopy
Micro-sample measurement for in vial measurement

2 . DE MONTFORT
@* UNIVERSITY 10
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Spectroscopy Systems (sub Hz to 10 MHz)

eisPAT
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Spectroscopy Systems (sub Hz to 10 MHz)

Novocontrol

BDS system

eisPAT

l,‘ DE MONTFORT
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Spectroscopy Systems (sub Hz to 10 MHz)

OPTION 1 Inter-digitated microelectrode array
IDE: 2 pL volume

IDE
Adapter -
Cover spacer
slip
Placed on a
cradle

( % DE MONTFORT ™
UNIVERSITY * DMU LyoGroup 13
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Spectroscopy Systems (sub Hz to 10 MHz)

OPTION 2 TVIS vial 2-3 ml volume

Copper
foil

( % DE MONTFORT
XY INVERSITY 3% DMU LyoGroup 1



The story so far ........

* Note that the technologies described so far are only capable of
measurements during freeze-thawing cycles

e A bit like a DSC style measurement

(8 ey S8 DM LyoGroup



Design space solutions ......

Electrical Impedance Spectroscopy Process Analytical Technology

Bespoke instrumentation
Integrated within freeze-drying platforms

Process development Formulation development
TVIS Z-FDM
Through-vial impedance Impedance-enabled
spectroscopy freeze-drying microscopy

Innovate UK Obps

( % DE MONTFORT biopharma procass systems
XY INVERSITY 3% DMU LyoGroup 1



Spectroscopy Systems : TVIS

Modified glass vial

TVIS (Through-Vial Impedance
Spectroscopy)

Pass
through

Placed within the dryer

C’ 3 .

» ‘ i
N Les==Tunction box
- > Hf‘j! ", :

rl | -
e
i "ﬁ/ N\
\ ‘ ] ih 2
— ‘wk @ @4 - |
cu' & g o )
| h Lyosepse @) %, ¥
{ ’. N ‘ ' - g

spectrometer

( 3,; DE MONTFORT
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Spectroscopy Systems : Z-FDM

Developed in partnership with
Biopharma Process Systems B
on Innovate UK funded FAstLyo ™
project ref. 133425 (2018-19)

Integrated within the FDM stage

(8 ey S8 DM LyoGroup



Dielectric Loss Mechanisms

4 _
The polarization of the water Real part Capacitance
dipole in liquid water at 20 C, with 3 -
a dielectric loss peak frequency of ~ ,
18 GHz > g~ 80
O
+ 1 e e oo
—g'+ig" ~ I
EA Eie (. 0 i &«—— TVIS range —> 8003“1()
€ dipolar T 1 2 3 4 5 6 7 8 9 10 11 12
l Log Frequency
atomic S , 0.8 - Imaginary part Capacitance
electronic
0.6 1 18 GHz
w SN
| | | 90.4 -
103 10° 10° 1012 101° >
'microwave |infrared|vis/uv | L.) 0.2 -
Frequency in Hz
https://en.wikipedia.org/wiki/Permittivity 0.0 . . . . . . e . . . :

Log Frequency
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Dielectric Loss Mechanisms

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 _“_
e\ \
Rs
. Electronic T~ Grotthus mechams lonic diffusion
" polarization © ~ "N @
z E—> s "/.\'
e W

+
Atomic + - Dipolar polarization
T o)
. polarization , . S & "
<>

Orn® * g B PANCTRNOR
/‘ZUCO‘X %{JP

Iass walll ~ Water
DE MONTFORT
UNlVERSlTY

LEICESTER

C'/pF

Real part Capacitance

4 5 6 7 8 9 10 11 12
Log Frequency

18 kHz Imaginary part Capacitance
20.3°C

18 GHz

4 5 6 7 8 9 10 11 12
Log Frequency
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Dielectric Loss Mechanisms

4 _
Il.  Maxwell-Wagner (MW) polarization Real part Capacitance
of the glass wall of the TVIS vial at 3 e
+20 C, with a dielectric loss peak =
o 9 - 0.0056 M KCl
frequency Of 17.8 kHZ 5 .....................................................
Measurement Vial 1 4 el ra v arnre nva e erang ]
Cs
CG _I I_ 0 . TYIS ralnge .H | | | | . ......... :
— 1 2 3 4 5 6 7 8 9 10 11 12
—‘VV‘— Log Frequency
0.8 - Imaginary part Capacitance
e Grotthus mech msr@lonlc diffusion
- R e
: po:Earlzatlon+ _ @ @ 0.6 - 18 GHz
ﬁ o,
B On @ - 0.0056 M KCl
o~ -8 %/.\:\./'@‘. >o_4 1 S Y
Atomic + - Dipolar polarization < 0.2 | .
. polarization , . ) 5 ' " . . ; .
X A\ 6_ %05000000000000000°° .."-__ ._,-'.' ."'..
@m@ % ‘0; \%@ d\\ 0.0 - T T T T  E— ..““.I“". T T T 1
*'QUC@ %JP 1 2 3 4 5 6 7 8 9 10 11 12
-3 x
- L
Iass wall’ Water og Frequency
DE MONTFORT
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Dielectric Loss Mechanisms

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

Measurement vial
Cs()
¢
11l
1 | Co
e\ \ /N
R,
+ +
Electronic
¥ polarization 5 L- and D- orientation defects
+ E 5 +
B g e, et
d | Pt oSl oV
- momic s Smam SR e
.. polarization, ¥k I 3y
+- Sy
@m@
+ - +
+ B8 - +
lass wall Ice

LEICESTER
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Real part Capacitance

1 2 3 4 5 6 7 8 9 10 11 12
Log Frequency

. Imaginary part Capacitance

2.6 kHz
-20°C

4
T T T T 1 f I f T i 1

1 2 3 4 5 6 7 8 9 10 11 12
Log Frequency
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Dielectric Loss Mechanisms

4
IV. The dielectric polarization of ice at
-40 T with a dielectric loss peak 3
frequencies of 537 Hz. L
2
S~
M t vial © '
rement vi
easurement via C, (o) 1
C; 0
| | Co
AN
R
S 0.8
+ +
Electronic
" polarization ¥ lonic defects 0.6
+ e e (similar to Grotthus mechanism)
= "
* @ @ o ,é)»ﬁ dﬂr z Q-O4
+ + ‘O’ ““CE);TED “OIV’ O“Q’ I:>O’ o U 5
+M- Aomic +.O__00 OO LD X T g5
+ . polarization , Yo
d B @vm@ i 0.0
N
Iass wall’ Ice
DE MONTFORT
UNIVERSITY
LEICESTER

Real part Capacitance

1 2 3 4 5 6 7 8 9 10 11 12

Log Frequency

Imaginary part Capacitance

537 Hz
-40 °C

------

1 2 3 4 5 6 7 8 9 10 11 12

Log Frequency
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Dielectric Loss Mechanisms

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

. 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

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

. The dielectric polarization of ice at

-40 C with a dielectric loss peak
frequencies of 537 Hz.

Note: Process Il only seen in TVIS vial; in Z-
FDM process Il is replaced by electrode
polarization impedance)

1,* DE MONTFORT
% univERsITY

C'/ pF

1 kHz Lyotherm
measurement frequency

Real part Capacitance

— 20.3°C

0.0056 M KCI

@sssssssnsannns an
L I I I I I 1

3 4 5 6 7 8 9 10 11 12

Log Frequency

Imaginary part Capacitance

18 GHz
0.0056 M KCl

3 4 5 6 7 8 9 10 11 12

Log Frequency
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TVIS publications suggestive of Z-FDM applications T‘_’!S

* Smith, G. & Jeeraruangrattana, Y. 2019, "Chapter 5 Through-Vial Impedance Spectroscopy (TVIS): A New Method
for Determining the Ice Nucleation Temperature and the Solidification End Point  n Freeze Drying of
Pharmaceutical Products, eds. D. Fissore, R. Pisano & A. Barresi, 1st edn, CRC Press, Florida, United States

e Jeeraruangrattana, Y., Smith, G., Polygalov, E. and Ermolina, I. (2020) Determination of ice interface temperature,
sublimation rate and the dried product resistance, and its application in the assessment of microcollapse using
through-vial impedance spectroscopy. European Journal of Pharmaceutics and Biopharmaceutics, 152, pp. 144-163

e Smith, G., Jeeraruangrattana, Y., Ermolina, I. (2018). The application of dual-electrode through vial impedance

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

e Arshad, M.S., Smith, G., Polygalov, E., Ermolina, I. (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

e Smith, G., Arshad, M.S., Polygalov, E., Ermolina, I. (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

e Smith, G., Arshad, M.S., Polygalov, E. and Ermolina, I. (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.

LEICESTER
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Dielectric relaxation of ice

5 mL water in

10 mL glass TVIS vial

(1 pair of 10/19 mm
height/width electrodes)

2 pL water over IDE

(90 pairs of gold interdigitated electrodes)
1.6 kHz temperature sensitive

0.0

1 2 3 4 5 6 1 2 3 4 5 6
Log Frequency Log Frequency
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Applications in freezing (nucleation temperature,
ice growth rates, solidification end point)

Observations on Sample Size

Case study of 5% w/v Sucrose Solution

(8 ey S8 DMU LyoGroup =



35 - Nucleation of 0.5uL of 5%
‘\ /'___I -~
~__” 1 e N
— 3 ¢ s 0 00 0 o : Ir—-t\ I‘, Sucrose
E | * 1 1 oo
X ] | : : Pl
w ] l . R
< 25 Ly T2
= | . ' ! - | -
E‘D : 0# E .+.0000000000011\ I‘\
S 2 e AT gL T A/ \2,
- (2 r--t 4t ! -
E NS | PN
e
. PRnlN | \
| J/ \\___JI | i . Jepe . i i i
ce oo r Ay | B. Ice solidification Time difference between time
g 3 ] . | end point time/temp =t p0|.n'Fs.A a.nd B. is the ice
< ] | ‘. | _ solidification time and hence
- E \ . .
225 4 | M (3, provides an opportunity to
[S) | i . | — .
2 : | e . measure ice growth rates at the
= 7 | | !
| . |
15 ] ' A. Nucleation ! C. Mean ice growth
176 - | Temperature/timg Temperature — 17.9
- | | I 1
] I ! |
6'178 _4_____._|0 ¢ ., . | : :__
- :‘._+i__:______._._9___,. _____ I
L 8o ¢ ° ! * ol {5
3 e e b o |-
(1] -1 . :
£ : . lce solldlflcat|bn e |
2 -18.4 3 L | U
] | time=1.2s |
-18.6 3 s e e

1 1 1

1 2 3
Time (s)

0
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Ice growth rates

e 1 mL of 5% w/w sucrose has 0.95 g water
e Assumption: unfrozen fraction comprises 80:20 ratio of sucrose to water
e |t follows that 0.0125 g (0.05 x 20/80) is bound and produces 0.9375 g ice

Estimated from:
0.5 pL of 5% sucrose (produces 4.688E-04 g ice)

e |ce formation time = 1.2 s (12 data points)
e |ce growth rate: 4.688E-04 /1.2 =0.39 mg/s

Relevance : ice crystal size? Rp and drying rates

( % DE MONTFORT
@ [INVERSITY * DMU LyoGroup 29



Applications in primary drying
(drying rate, product collapse)

Freeze drying of 5% sucrose (0.05uL)

Studied by Image analysis

DE MONTFORT

@gmggfzsnv 3% DMU LyoGroup 30



FDM protocol

Liquid state ice growth ice solidification sublimation end of primary drying

FDM freeze-drying 30 .. Time period . - 1,000

of 5% sucrose 20 :: for image ' | E 900

solution (0.05 plL) L 10 analysis by F 800
° ! - 700 g
g ° | F 600 =
2 -10 : F =
© ; - 500 Y
o -20 | - S
Q . E 400 O
£ -30 : 300 O
O TN TS : /‘- : a
— -0 | E 200

-50 . | /o E 100
'60 1T r . 11 1t 1 1 1 1 1t 1T T T [ T T T 1 -|*- T 1 : — 1 T T T 1 : O
0 10 20 30 40 50 60
. . + Temperature
Time (min)
————— Pressure
2, DE MONTFORT :
% NB: Temperature and pressure

@ UNIVERSITY P P DMU LyoGroup 31
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MATLAB® Image analysis (pixel counting) | Fom primary-drying

of 5% sucrose soln
1. Global templet generation — dried product image (0.05 pL) at-35°C

Global pixel :
527515

MATLAB®

=

Dried product image
2. Threshold test image — frozen image or drying stage image

Pixel for central
> area: 86317

MATLAB®

—

Product during drying

(8 ey S8 DM LyoGroup o



Pixel analysis

A —vacuum applied

5.E+05 30 - - 100
03 F 90
4.E+05 10 - - 80
i ®e v =1858.6x2- 207962x + SE+06 - —
" &J 0 ".... R2 =0.9999 C 70 E
O 36405 | Y ] " - 60 S
5 3 -10 7 .'. C —
o © ] % - 50 2
o O -20 ] Y, s =
O 2.E+05 g— ] Y - 40 %
< o -30 E .'0. i 30 &
l_ E .‘; =1 s e 1E+063 3E+07 :
1.E+05 -40 1 hY R-09934 C 20
] nEssmmsoommo= n n
i L] C
-50 E : .n. N 10
p ! ... C
0.E+00 —60 ] 1 1 - 1 1 1 1 1 1 ...I! 1 1 1 1 - 0
30 35 40 45
Time (min)
A: Application of vacuum
S
@BE%%NF{E’?_PJ NB: Temperature and pressure * DMU LyoGroup 33
X)) LEiCESTER measured every 100 ms



Drying rate determination

Weight fraction of sucrose

0.05

(5% Sucrose)

Weight fraction of water 0.95|i.e. 95 % water
Weight fraction of bound water (1) 0.0125
Weight fraction of freezable water 0.9375

(1) based on 80:20 ratio of sugar to water in freeze-concentrated solution

Sample volume 0.05|uL

Freezable water 0.0469|uL

Freezable water in mg 0.0469|mg of ice

Total pix before drying starts 466873

1 pixel (a) 1.004E-07|mg of ice

Gradient of linear part (b) 132110|pixel per min (yellow line)

Drying rate (a x b) 0.0133|mg min-1
Drying rate (B) 0.00080g h-1

Area of perimeter of sample (A) 0.00342| cm?
Specific drying rate (B/A) 0.233)g h-1 cm2

Example drying rate from a 10 mL glass tubing vial is 0.25 g h!

Vial diameter : 22 mm Internal area : 3.8 cm
Specific drying rate : 0.065 g h™t cm™2

Difference due to differences in heat transfer etc.

Z# DE MONTFORT
% univERsITY

Area of perimeter 0.62 mm

0.00342 cm?

EHT = 10,00 kV Sucrose01.tif
WD =9.34 mm
I Probe=_ 100 pA

% UNIVERSITY
LEKSTER 7 Dec 2015

SE1 200 X

NB: Sample thickness assumed from the
Lactose sample analysed in the same setup.

EHT = 10.00 kV Quartz 5 Lactose_20.tif
WD = 14.90 mm ey

IProbe=_ 100 pA NTS BSD 200kx VY SNERSY o

* DMU LyoGroup 34



Drying rate at different gradient

Application of vacuur\

+ Temperature

5.E+05 30 ~ ! | 100
Jeoeoscy <—A ————— Pressure 90
20 A | e Alldata
] | Initial
4.E+05 10 ] Lo . Midde 80
(@] ] | ." B . End
o 0 ] : 1Y Linear (Initial) 70 ’g
(73] B | L .
—_— ) . w e Poly. (Middle) Ne)
% 3.E+05 S 10 1 ! e poly. (End) 60 =
a = - | - y = 1858.6x% - 207962 + SE+06 -
- © ] I ' L) R? =0.9999 8
- 1 a
o] L -20 1 ! ‘ ., a
Q 28405 g— ] ; . o
-30 b . -
S — >, e
4 ] : a
- . | X .
1.E+05 40 ] : " . ‘.'1.. .
50 3 E C ad "»..-. *,":1622?:;:-':1‘?;:;:1%3.E+O? 10
] ! "o
0.E+00 -60 T T T T T T T T t? T T T T T 0
30 35 40 45

Time (min)

Drying Ra_te_s . NB: Temperature and pressure
* AtAlnitial - 0.00080g h- measured every 100 ms
e At B: Middle —0.00050 g h'!

At C: Middle — 0.00041 g h?

(8 ey S8 DMU LyoGroup =
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Freeze drying of 5% sucrose (0.05uL)

Studied by Z-FDM

DE MONTFORT
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Matlab — Pixels counts

5.E+05 +

4 E+05 -

3.E+05 -

2.E+05 -

1.E+05 -

0.E+00 -

Log C' (1.6 KHz)

[ [ [ [
) w = (&)
L L1 1l 11 I . |

=
=
I ]

: +
-30 . : 40
.31 e ecsn®e y = 1858.6x2 - 207962x + 5E+06 ! |
2 _ : : I 35
O 3 ! R? =0.9999 . ! :
o 1 I |
o -33 '._%.l A | | ! 30
Pt . % | | ! 25
-34 | I |
3 | | !
© -35 . . ; 20
g 3 — s
£ - | I :
2 -38 L ; 10
-39 ! E 5
‘40 |IIII|IIII|IIIII|IIII|IIII|IIII|IIII|IIII|:.I.I*|IIII|IIII|I:III|IIII| O
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Time (min)

12 +——
0.E+00

Pressure (ubar)

B— ooa“'"a

Drying: Image analysis vs
Capacitance during drying of
0.05 pL 5%sucrose

y =2E-05x+ 14.894
R?=0.9934

1.E+05 2.E+05 3.E+05 4.E+05 5.E+05
Pixels

Linear relationship between real part
capacitance C’ and pixel count (ice

content) confirms the opportunity to
use Z-FDM for drying rate estimation

I: Application of vacuum. Primary drying starts
II: Both gradients of imaginary and real part
capacitance change towards the end of drying
Il : end of primary drying

IV: Ramped to RT and capacitance remains
unchanged with temperature
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Annealing of 5% sucrose (0.05uL)

Studied by Z-FDM
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@gmggfzsnv 3% DMU LyoGroup ss



<<

* DMU LyoGroup 39

m é\\\\\\\\\\\\\\\\\\ \  ;\\\\\\\\‘\\\\\\\\\\\\..

= .
-
- B

o~

(zHM 9'1T) D 807 (zH) 9'1) ,, D 801 ), aJmesadws]



0.05 ulL 5%sucrose

Annealing (1.6KHz)

Excursions in
temperature
just above

the glass
transition

(1eqrl) sunssaud

200

180

160
40
20
00
0
0

aouelpede)
|eay 307

Structural
changes on
re-heating
decrease with
each

S 8 °NA®S§TSND
aoueloede) D, °4njesadwal

Aseui3ew| 307

2
-25
3
3

annealing

90
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5
Time (min)

30

DE MONTFORT
UNIVERSITY
LEICESTER

i

&



Applications in primary drying : product collapse

Collapse of 5% sucrose (0.5 uL)

Studied by Z-FDM

DE MONTFORT
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TASC - image analysis of sucrose solution

Reduces operator error in the analysis of the
collapse temperature and can use for drying rate.

r1000.0 1.00

8
o
%
%

%
o o
@ w
a 8

F100.0

-.. ;
15.0 s : ..... 0.80
o/ -
? 1 o 0.75
10.0 A / |
? | oo 0.70
5.0 o 100 e
P 4 122737 27 Septeber 2016
l'- Temp -333°C Viac 4.73¢-03m8 Ramp Row 3 Rate 0.5°C/min Lot 20°C
0.0 / 1o 1 0.60
Yo |
- . - 0.55
7] L") 1 5
T P o ! 1 £ 0.50 E
E > / | 1 ‘g -
F 100 = /) | 1 > 0.45
- Y/ 1
- 1 0.40
15.0 - / . 1
-~ /4 1
[ oo / 1 . o 0.35
0.04 / : 1 0.30
V4 1 1
5.0 / 1 0.25
{ / | ! o
, ! T -32.
30.04 / 1 C Fo.01
Je - v 0.15
< =
-35.0+ | +0.10
° 0.05
| T(onset) =33.3°C -
L Lo.001
1,600 1,700 1,800 1,900

Time(sec)
123003 27 September 2016
Temp -32.1°C Vac 4.25¢ 03m8 Ramp Row 3 Rate 0.5'C/min Limit 20°C

Adapted from: Ward, K. and Matejtschuk, P., 2019. Chapter 1 Characterization of
Formulations for Freeze-Drying In: K. R. WARD and P. MATEJTSCHUK, eds, Images coinciding with TASC features
Lyophilization of Pharmaceuticals and Biologicals: New Technologies and

Approaches. 1 edn. New York: Humana Press, pp. 1-33. (A) onset of collapse at -33.3°C, and

(B) full collapse occurring at -32.1°C
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Cozll_apse Observation at 1 kHz

1.9

log C' (1kHz)

1.7

=
()}
1

log C" (1kHz)

Temperature (°C)
A
(6]

&

1.8 ~

Vacuum applied

l_®

L Lo ¢ -.‘—\.'_..‘

20
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25
Time (min)

30

35 40

NB: 0.5 pl of 5%
Sucrose soluiton
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Take home messages (from measurements at 1.6 KHz)

e Real and imaginary part capacitances can be used for the
determination of ice nucleation and ice growth rates

e Pixel analysis works for drying rate determination

e Real capacitance has a linear relationship with pixel count, and
hence ice mass, so can be used for drying rate determination

e |maginary part capacitance can be used to study the annealing
process but requires further work in order to be able to
determine the glass transition temperature.

o Selection of a higher measurement frequency is likely to provide the
answer to the glass transition temperature assessment

e Step changesin drying rate (observed from real part capacitance)
can be used to determine the collapse temperature

e Relevance of the results is questionable because of differences in
sample size, heat transfer etc. to product container
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Through Vial Impedance Spectroscopy (TVIS)

* TVIS measurement relate to both the electrical resistance and electrical capacitance

of the vial contents.

Monitoring Phase Behaviour
(ice nucleation temperature
and solidification end points

FPEAK temperature calibration
for predicting temperature of
the product in primary drying

Drying rate surrogate (from
dC”peay /dt)

-

Liquid
0.8 - State
Solid '
0.6 - |
s :
\\0.4 N :
[8) :
1 0.2 1 |
0.0 T F * T |+ |
1 2 PEAK3 4 Frenc 5

Log Frequency

-

-18°C

-

Drying time

'5.0.4

_CII /
o
w

Log Frequency

Log Frequency

C' (real part of the complex capacitance) is highly sensitive to low ice volumes; therefore it could
be used for determination end point of primary drying
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* Fppa¢ Profile during annealing has ‘similar’ 9 5 ¢ e I
profile with product temperature.

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
drying
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Temperature Prediction in Primary Drying TS

-10 -
. . O
e Temperature calibration curve selected < ,, |
. . . . 8 ...o"'."..
for temperature prediction in primary S
. E -30 .‘..,.c".'.
drying : T(Fpeax) =
g— 40 4 ee* y = -4.7474x2 + 56.64x - 160.16
5 } R?=0.9998
_50 T T T T T 1
2.6 2.8 3.0 3.2 34 3.6 3.8
Log Fpeax
e Good agreement between product
temperature (by TC) and T(F¢,) ; Shelf Temperature (T)
O
. . O\
Before drying during drying v during drying
>S5
T(Fpgak) > Tp T(Fppak) < Tp E l
o
] . — T> T Fogar)
dQ dm —50 T T T 1
L.
dt dt 12 13 14 15 16
Time / h
T(FPEAK) TC T(FPEAK)

) dQ
»%%% dt ‘ ‘o dt 48



Compensation of C"PEAK by T(Focay)

T(Fpga) during primary

eisPAT

13.67 h

0.90 - c 1.0 - R
drying is used for L . Som L L
0.88 - compensation ._,.A.o"" AAAAA o® S 0.9 - __C__EEAK 3 en_b\
~ o ~ -~ £ 075 1
<0.86 - x 0.8 -
o P L ! 0.70 ‘ . .
V084 - o y=-8E-05x2-0.0016x + 0.8962 s 0.7 : B T
' o R? = 0.9993 “ 06 - :
0.82 - ' 13.67 h drying
0.5 - starts
0.80 T T T T 1 |
45 40 35 30 25 20 04 B | |
Temperature /°C 12 ! 14Time/h 16 18
3 0.4 - S -30 7 i Thermocouple
£ 03 - o 32 - |
- 195 pbar b 195 pbar
Q i > -34 -
L 0.2 T i
> O 36 -
§ 0.1 - g_ 38 - |
A 0.0 T T 1 & -40 - N
-50 -45 -40 ? -30 -25 42
Temperature / °C a4 v
12 14 16 18
Time /h
2 DE MONTFORT
@ UNIVERSITY 49
LEICESTER



Drying rate calculation eisPAT

1.0 -
(0.83 pF, 14.3 h)

0.8 -
L
o
S~ 06 - EI:cfrzt:e ?an:pljwith.in

< (0.47 pF, 17.4 h) e ’

b 0.4 - Height of ice layer

0.2 -

0.0 TTTTTTTTTT TTT T T T 77T TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT 1

12 14 16 18 20 22 24
Time / h

e Drying rate (g/h) for C"pgay

C peax initiat) — CPeak (end) ) ice mass within electrode region

Drying rate = (— _
Tlme(end) _Tlme(initial)

N
C peak (initial)

: 0.83-0.47, 3.69
Drying rate = ( ) x
17.4-14.3" 0.83

=0.52g-h™
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Summary eisPAT

e Temperature calibration of the TVIS parameter (Fpg k) for ice during an
additional temperature cycling stage applied to a prediction of ice temperatures
during the initial (few hours) of primary drying

e Temperature compensation of TVIS parameter (Cpg4x) allows for an accurate
estimation of ice mass during primary drying as evidenced by comparable

results of drying rate between the determined by TVIS and that determined
(gravimetrically) by loss weight

Non-invasive real time information for characterising the freeze drying
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Future Work eisPAT

e Development mapping a drying characteristics
from lab scale to production
o Determination of heat transfer coefficients (Ky)

o Determination of dry layer resistance (Rp) to
predict drying efficiency

e |nvestigation the molecular dynamic
of the unfrozen fraction
o Monitoring product stability

o Examine the mechanical strength of
the freeze dried product (i.e. collapse
behaviour)

e Develop (new) continuous drying technologies
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eisPAT

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 -], Evgeny Polygalov

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

LEICESTER
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Further Reading eisPAT

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
PHARMACEUTICAL . . . .
PRODUCTS Davide Fissore, Roberto Pisano, Antonello Barresi
Hardback
£118.00
CRC Press

November 13,2019

Reference - 214 Pages - 4 Color & 66 B/W lllustrations
ISBN 9780367076801 - CAT# K405807
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

eisPAT

DE MONTFORT
UNIVERSITY

LEICESTER

55



Glass Transition (T,') Determination eisPAT

5% w/v Lactose solution

o Legend - 5E-13
23 —— Unfrozen fraction 1E12 5 ° Initial (5.3 3
2 P ‘o Name Vale  Ewor A=
@ = ! ¥ g 1
8 B RS 3 @O ¢0 ° Capacitance 1| 2.548E-12 |4.06E-14 (1.6%) e
a [ OOQOQ 4 . Resistance 1 | 3.699E+9 | 1.46E+8 (4%) =
22 . = - Capacitance 2 | 1.072E-13 | 3.18E-15 (3%) L ~
. ] . 2E-13
Q0 O 251E43 % Resistance 2 | 2602E+8 | 2.78E+6 (1.1%) M
3 . Capacitance 3 | 1.817E-12 | 2.2BE-14 (1.3%) FA1E-1%
2 1 1.26E-13 o ®
n 290 28 IUUW!EMUWJB' l'uwl- !"O' C oo
T T T T T T
10 100 1000 10000 1E+5 1E+6
x 20 - Frequency / Hz
cC
2612 4 5 _83 e JF e
19 - 5005 Name Vale  Emor Esez
1E-12 = 4 Capacitance 1| 2 253E-12 | 243E-14 (1.1%)
9 Qoge 9 Resistance 1 | 9.546E+8 | 133E=7(14% | 4E-13 ('-)
LL 501E43 9 ? Capactance 2| 8707E-14 | 304E-15082%)  Fop 4o =
i @ Resistance 2 1250Es3 | 147E+6(1.2%) -~
18 - O 2543 4 Capactance 3| 2.149E-12 |BagE-15 039%) [ 2E-13 11
126E43 F1E12
—Eoon
17 — 8.31E-14
T T T T T T

10 100 1000 10000 1E+5 1E+8

-9.99 -16.74 -23.15 -29.25 -35.05 -40.59 -45.88 -50.93°C

1OOO/T (K) 2E12 4 e $55%2, 6.33 h lewe Jeete

Name Value Emor
|Capan:itanca 1|6038E12 249613 (41%) 6E-13
Resistance 1 | 4057E+7 | 1.8E+6 (4.4%)
Capacitance 2 | 9 643E-14 | 7 79E-15 (8.1%) |- 4E-13

~Q

1E-12 o ©

e Below T,  the changes in product &

501E13 o ve

C'/F
d4/.0-

. . o & Resistance 2 | 2.392E+7 | 4.07E+5(1.7%)
resistance follows Arrhenius 2615 4 i g 22012 o000
e Above T, VTF function models S S Sitvattnt e N

the resistance profile. Frequency / Hz
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Lactose Dried Product

Resistance (R;)
(PICE

Py

Rp =

—P CHAMBER) .2
P
dm/dt

£ i
2 - :

m
[
1

0.2, 04 0.6 0.8
Dry Layer Thickness (cm)

0!

Drying rate /

Pressure / torr

Temp. /°C

h-g?

0.3

0.2

0.1

0.0

0.5 -
04 -

0.3
0.2
0.1
0.0

1 e ::o,'ﬁ c ISPAT
T e T(FPEAK) | 5 5
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Lop oy o (614496 524 02 |

) n(P cp) = TporT, .

| 0.270 ;Torr
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Lactose Dried Product

Resistance (R;)
~  (Pip —P CHAMBER)
Rp = ( dm/dt Ap

& o0 02 04 06 038 1
Dry Layer Thickness (cm)

S SPAT

Top layer
Fine pores

Middle layer
Micro-collapse

Bottom layer
Full collapse
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Examples of Biopharmaceuticals Therapy eisPAT

Growth hormone

fe Schemee ,
@ s_g Eutrop

Adipose l ‘ Liver

v tissue
:."w :~ vt e @
Cr, ' ,

555555555

Indirect
effects

Direct
effects

Platelets T Y.
.
. '—Red blood cell

‘Factor VIII helps blood to clot

¢

Treatment hemophilia

Without replacement therapy

!

PD-1 Blockade (nivolumab)

£ Tumor
Lack of clotting factor VIII cell
allows bleeding to >

continue.

“0»

: 0PDIVOoner

 Sterile concentrate

« Wolumab

IV use

99

With replacement therapy

4C
Y . The additional factor VIII - Ty
@ L : ) ' from replacement therapy /
% — Wil ' helps stop and prevent Nivolumab
’ A\ & Dbleeding.



Monoclonal antibodies (mAb)

&

mADbs used for treatment cancer

Table 1 FDA-approved mAbs for use in oncology

eisPAT

— Mafketad b s Target Firs.t aPproved Repor.ted mechanisms Approval
indication of action year

Rituximab (Rituxan) Biogen Idec/ Chimeric IgG1 CD20 Non-Hodgkin’s Lymphoma ADCC, CDC, Induction of 1997
Genentech Apoptosis’

Trastuzumab (Herceptin)  Genentech Humanized IgG1 ~ HER2 Breast Cancer Signal Inhibition, ADCC’ 1998

Alemtuzumab (Campath)  Sanofi-Aventis Humanized IgG1 ~ CD52 B cell Chronic Lymphocytic CDC, Induction of 2001

Leukemia Apoptosis®

Ibritumomab tiuxetan Biogen Idec Murine IgG1 CD20 Non-Hodgkin's Lymphoma Radioisotope 2002

(Zevalin) Delivery (Y)

Tositumomab (Bexxar) GlaxoSmithKline  Murine IgG2a CD20 Non-Hodgkin’s Lymphoma Radioisotope 2003

Delivery ('), ADCC, CDC,
Induction of Apoptosis’

Cetuximab (Erbitux) Bristol-Myers Chimeric IgG1 EGFR Squamous Cell Carcinoma Signal Inhibition, ADCC, 2004
Squibby/Eli Lilly of the Head and Neck cbc?

Bevacizumab (Avastin) Genentech Humanized IgG1 ~ VEGF Colorectal Cancer Signal Inhibition’ 2004

Panitumumab (Vectibix) Amgen Human IgG2 EGFR Colorectal Cancer Signal Inhibition, ADCC® 2006

Ofatumumab (Arzerra) Genmab/GSK Human IgG1 CD20 Chronic Lymphocytic Leukemia ~ ADCC, CDC" 2009

Denosumab (Xgeva) Amgen Human IgG2 RANKL  Bone Metastases Signal Inhibition 2010

Ipilimumab (Yervoy) Bristol-Myers Human IgG1 CTLA-4  Metastatic Melanoma Signal Inhibition™ 2011
Squibb

Brentuximab vedotin Seattle Genetics ~ Chimeric IgG1 CD30 Hodgkin Lymphoma ADC 2011

(Adcetris)

Pertuzumab (Perjeta) Genentech Humanized IgG1 ~ HER2 Breast Cancer Signal Inhibition, ADCC”® 2012
Genentech Humanized IgG1 ~ HER2 Breast Cancer ADC, Signal Inhibition, 2013

nTrastuzu mab emtansine

UNI (Kadcyla)

ADccH

LEICEST—=

60



RESEARCH ARTICLE

Interdigitated electrodes

Prediction of Lyophile Collapse Temperature by Dielectric Analysis

KENNETH R. MORRIS?, SEAN A. EVANS®, ALAN P. MACKENZIE:,
DONALD SCHEULE?, and NICHOLAS G. LORDI®

2Pharmaceutics R & D, Bristol-Myers Products, Hillside, NJ, *College of Pharmacy, Ruigers University, Busch Campus,
Piscataway, NJ, and Pharmaceutics R & D, Bristol-Myers Squibb Pharmaceutical Research Institute, New Brunswick, NJ,
“University of Washington, Seattle, WA, and Lyophilos, Mercer Island, WA, 9Physics Department, Case Western Reserve University,
Cleveland, OH, and “College of Pharmacy, Ruigers University, Busch Campus, Piscataway, NJ

e Interdigitated electrodes have been
used in past for the prediction of
lyophile collapse temperature

ABSTRACT: A new method for predicting lyophile collapse temp based upon diel lysis (DEA)
af frozen two component systems s presented. The method, called the wke off frequency model (TOF), relies both
on the inherent ability of DEA (o detect molecular motion and on the abrupt change in viscosity experienced by a
frozen sample undergoing a glass-liquid Collapse rempe for binary glass forming systems (an
antibiotic, sucrose, trehalose, or sorbitol, with water) were in good agreement with the values reported in ithe
literature, DEA was easily able to detect glass transitions poorly defined by differential scanning calorimetry
(DSC). Conservetive lyophilization cycles for simple systems can be quickly determined on the basis of the TOF

// / model.
gold response Comb -‘——"'/:://// Introduction may precede the abserved Te by varying intervals up to
A / Dielectric analysis (DEA) has been used extensively several degrees C (7). It was thought that DEA m‘lght
Hilti provide a more sensitive and accurate measure of Tg' for

.

gold excitation comb —— i

i

A platinum RTD ——

contact pads

metal ground plate B

ceramic base

A: Showing individual components of a
single surface, co-planer, interdigitated-
comb sensor and B: the complete sensor

Mackenzie, A. P., Evans, S. A. and Morris,. Prediction of Lyophile Collapse Temperature by Dielectric Analysis Prediction of Lyophile Collapse Temperature by

Dielectric Analysis, PDA J Pharm Sci and Tech 1994, 48 318-329.

in polymer science for determining the charactenistics of
polymer films (1}, There is also 2 considerable history of
DEA in the study of molecular properties including
those of biological molecules (2-6). With the advent of
commercially available instruments (see Experimental),
some preliminary pharmaceutical applications have been
explored in our lab. The current work summarizes
efforts to characterize representative frozen agueous
systemis intended for lyophilization for the purpose of
determining the highest allowable temperature for pri-
mary drying without collapse.

Pikal (7) has shown that there is a correlation between
collapse temperature (Te) and the glass transition tem-
perature (Tg') of glass ferming systems. There are,
however, difficulties in the determination of Tg' by the
common methads such as differential scanning calorim-
ctry (DSC), conductivity, etc. DSC may require rela-
tively high concentrations in sysiems with very low
enerpy transitions and direct current or single frequency
resistivity measurements depend on ionic content and
do not easily distinguish first order from higher order
transitions, It has also been documented that the Tg'

Received September 15, 1993, Accepted for publication May 18, 1894,
This work was presented in part on 5/14/92 in Newark, DE ar the

reasons deseribed below. As with most techniques, we
have come to view DEA as complementary to classical
thermal technigues for the complete characterization of
such transitions. This report will present the basis of our
“model” for predicting the Tc based on DEA results.
This is a new application of the technique and the
development of our model may provide an approach
that will prove useful in the study of other pharmaceuti-
cal processes and systems,

Background

Basically, DEA involves the construction of a capaci-
tor in which the sample to be examined is the dielectric
material between the capacitor plates. A sinusoidal
voltage of fixed amplitude and known frequency is
impressed across the capacitor and the resulting current
is followed with time. Changes in the phase of the
current relative to that of the applied voltage are then
used to calculate the dielectric constant (e). Since e is
ultimately a function of frequency and temperature, it is
not a constant and is simply referred to as permittivity or
relative permittivity. This concept may be described
mathematically in terms of the force that the dielectric
material experiences in the capacitor, For a static field

Spring Thermal Analysis & on

in the Food, Pharmaceutical and Cosmetic Industries sponsored by
the Thermal Analysis Forum of Delaware Valley and as a paster ar
the Eastern Regional AAPS Meeting on 6/2/92 in New Brunswick,
MJ.

Authar 10 whom correspondence should be addressed: Dr. Sean AL

Evans, ImmuLogic Pharmaceutical Corp., 610 Lincoln Streer,
Waltham, MA, 12154,

318

M Il's relationship (cgs system) (8) for a non polar
dielectric is

D=¢F (1)
where D is the displacement force, £ 1s the electric field
inside the capacitor (D = £ in vacuo), and  is the

POA Journal of Pharmaceutical Science & Technology
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Example interdigitated electrode (gold on

eisPAT
glass)

Width of the
electrode 3.5

mm @
—
: 9.0
micru =
IDE1 - 10 x 10 um - 90 puirs
10 um
Electrode g width

Commercial IDE — Micrux™
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Design of IDE holder

L s

(081 - 101 0 un 40 i

-

Theoretical sample height

" *IDE height
* different height 0.75 mm
of IDE adaptors
used for initial IDE is lower than the
assessment: .
0.85 mm adapter and sample height
0.90 mm derived between
0.95 mm difference between then
1.00 mm

IDE adaptor size

IDE dimensions:
10x6x0.75 mm

eisPAT
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