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Freezing of a formulation:
More complicated than we thought....

e (started with) Ice nucleation
o (followed by) Ice crystal growth




Ice Nucleation: the complication

* |Ice Nucleation: A minimum crystal is formed with a critical radius,
which can be then expand and grow.

* |ce Nucleation Temperature
The temperature at which the solution starts fogmce crystals.
Below the equilibrium freezing point =Super-cooling

Stochastic Nature: dependent upon
Process variables: shelf-temperature, cooling passsure...
Formulation variables: composition, concentratiargurity, etc.
Surface properties of the container.
Nucleation sites either in the solution or on tbatainer surface
*** Heterogeneity ***




Freezing: A Critical Step in a Lyophilization Process

The Freezing Impacts
Subseguent Steps of the Process
Primary and Secondary Drying (via different ice formation)
Quality of the Finished Product :
Physical Attributes and Stability
Batch Uniformity :
Stochastic Nucleation
Heterogeneity of Drying Rate
Quality Attributes of the Product

....More significant in large-scale




Freezing: A Critical Step in a Lyo

ohilization Process

Historically, freezing has been given litt

lyophilization, because of

e attention in phareudical

Randomness of ice nucleation and growth — not sasgntrol

Different environment and concerns
manufacturing

In R&D lab and

Recently,increased attention by Drs. Searles, Pikal, Andrie

An important issue in development and large sealaufacturing

 Economic and yet robust lyophilization process

* High batch uniformity and product

guality

And yet, the impact of freezing in pharmaceutical
lyophilization has to be studied more ...




OUTLINE

. Impact of Freezing on Lyophilization Process Optinzation:
Primary and Secondary Drying

* |Impact of Freezing on Product Quality: Case Studies
o Cake appearance

Inter-vial and intra-vial uniformity

Cake integrity

Reconstitution time

Container-Closure system

In-process stability

Long-term storage stability (shelf-life)

o O O O O O

o Production throughput
o Practical applicability of freezing methods
o New freezing methods ?




A Case Study:

Lyophilization of a Concentrated Formulation In

a High Fill-Depth




Challenges In the freeze-drying of dosage forms
with a high fill-volume /depth

* |Long freeze-drying cycle time
(mainly, primary-drying time)
* High degree of intra-vial heterogeneity

* Unaesthetic cake appearance

.... Exacerbated by the formulation
concentration




Addressing the Challenges

Through altering

* Ice crystal size
Annealing, Nucleation Agent (Agl),
vacuum-induced freezing ...

* |ce distribution
Two-step freezing

 |ce Interconnection
Annealing...

 Ice crystal habit
Co-sovient (TBA)

and combinations



MODEL FORMULATION: SBECD Solution

 Sulfobutylether-beta-cyclodextrin (SBECD)
e Formulation: 15% SBECD

Prob

Fill volume :15 mL
Vial Size : 30 cc (tubing)
Fill-depth: ~ 3 cm

ems In Lyophilization of Similar Products:

_ong lyo cycle time

Unacceptable cake appearance

_ow batch uniformity




Impact of Freezing on Lyophilization
Process Optimization:

Primary and Secondary Drying




Optimization of Freeze-drying Processes

yEE dm
HeEUWSEE dt

Heat
transfer




Optimization of Freeze-drying Processes

Primary-Drying: an Ice-Sublimation Process with
Coupled Mass Transfer and Heat Transfer

Mass dm m_(PTP'P)

Transfer (R, +R,)
P = 2.7El3>exp[- 6145/(Tp + 273.15)]

@:DH dm

X

dt > dt

Heat
Transfer




Optimization of Freeze-drying Processes

Primary drying: dry faster without collapsing theguct

Tp < T collapse * Increasel's /Tp/R,
Mass * Increase Kv (thusp

dm_ (R~ R)
UEUSEd dt (R, +R.) /P;0) by increasing P

e Decrease Pc alon
P, = 27E13>exy- 6145/(Tp+273.15)] with increasing Ts J

* Decrease Rs:
change the geometr
(shelf spacing, vapo
tube size) of the
lyophilizer

Heat
transfer




Optimization of Freeze-drying Processes

Primary drying: dry fast without collapsing the guat

Tp < T collapse

Mass d_m _ (PTP' )

Transfer Wski (Rp +R,)
P = 27E13>exy]- 6145/(Tp# 27315)]

Change Rp

by modifying
freezing !

Heat

transfer




Freeze-drying : Experimental Design

* Freeze-dryer: a pilot-scale Virtis Lyophilizer ( 8sq. ft.)
* Freeze-drying cycle:
Freezing various methodswere explored

Primary drying : shelf temperature —10 or O°C,
chamber pressure: 90 mT

Secondary drying ramp 0.1 °C/min, hold at 40°C
for 6 hours

Product temperatures:
Below the collapse temperature (-206C)
*** No Collapse !l ***




Control Batch (single freezing 0.3C/min):
Determination of end-point of primary-drying

chamber pressure (pirani gauge)

chamber pressure
(capacitance manometer) ®

shelf temperature average product tempearture
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Primary-drying time: > 3 days !!

per 20 sec.), 10 x N, mass flow (SCCM)

Pressure (microns), pressure rise (microns




Determination of the End-point of Primary-drying

* Correlations between pressure-rise-test (PRT)
and other process variables

W

PRT criterion (4 microns/20 second) was establishl

M

e Automatic determination of the end of primary diyi
(ice sublimation) of other batches with differerddzing
methods




Impact of freezing on drying (ice-sublimation) rate
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Impact of freezing on drying (ice-sublimation) rate
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Impact of freezing on drying (ice-sublimation) rate

(o)) (o)) ~ ~ (00]
ol o ol o
(0]
C)

ol

~
(2]
—
e
—
L
E
o
(@)
§=
>
©
-
]
£
—
o

product tempearture (

1
o

Control Ann.-2.5  Two- Vac.
deg.C step freezing
freezing

Shortened primary drying tim®T, directly measured)

Lowered the product temperaturd ,I's and Pc

unchangeadwhich compromisethe primary drying
time reduction




Estimation of thdaximum Attainable Saving Percentag
(SP) by changing freezing

SP=(1- ﬁ? ) 300% Accuracy: +/- 5%

,C




Maximum Attainable Savings in Primary-drying

Time-savings in primary drying benefiting from various freezing

High
savings

(drying
faster)

Low
savings

(drying
slower)

\4

TBA co-solvent (savings ~50%)

Two-step freezing+annealing-2.5 Y€avings ~40%)
Adding Agl nucleate(savings ~25%)

Two-step freezing+annealing-10 BGvings ~25%)
Vacuum freezing +annealing (savings 23%)
Annealing -2.5 °Qsavings 25%)

Two step freezingsavings 12%)

Vacuum freezingsavings 12%)

Annealing —10 °{savings 10%)




Impact of Freezing on Secondary Drying: Moisture

* Annealing,

e Two-step freezing

=  Slight higher

e Vacuum-induced freezing

 Crystal size or inter connection increased
 Total surface area decreased.

Addition of nucleating
agent (Agl) = | Considerably highev{

(higher nucleation temp.) (Doubled)

Adding TBA = | No viable change




* The freezing processignificantly impacts
the primary drying rate, and, to some
degree, the secondary drying rate

* Particularly true in the freeze-drying of a
formulation of high concentration / high-
fill depth.




Impact of Freezing on the Product
Quality :
Cake appearance




Visual Observation of Freezing Behavior (Examplés

Single-step (slow)
«—— freezing:

Forming high

concentrated core

Two-step freezing —
(super-cooling at —10°C):
Fast freezing

more homogeneous ice
formation




Visual Observation of Freezing Behavior

Freezing with TBA:
<«— Needle-like large Ice

crystal

Freezing top-down In

most vials (80%)

Vacuum-induce freezing
Freezing top-down —
Large, vertical ice crystal




Visual Observation of Freezing behavior

Freezing with Nucleating agen
T (Ag)):

- Increased nucleation tem(s}
o -2°C (w. Agl)
-17°C (w/o Agl)

» Typical dentritic ice

crystals



Impact on Cake Appearance (Examples)

* Single Freezing:

Slight shrinkage in the

bottom -
Coarse-grained

irregularity in the middle

* Stepwise+ annealing
* Adding 5% TBA :

Best cake appearance !




Impact of Freezing on the Product
Quality :
Inter-vial and intra-vial uniformity




Inter-vial Uniformity:

e Stochastic nature of ice nucleation resulted Iin
Inter-vial heterogeneity In the drying rates and
compromised inter-vial uniformity of batch;

* The higher super-cooling, the lower inter-vial
uniformity of the batch.

(Searles, et al, 2000)




Impact of Freezing on the Product Quality :
Intra-vial Uniformity
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Importance of the Intravial Uniformity

Possible Impacts:
* Process the consequent primary drying,

* Quality of finished product :
Stablilization effectiveness of the excipients,
Crystallization of buffer components

Intravial moisture distribution, etc




Importance of the Intravial Uniformity

Possible Impacts:
* Process the consequent primary drying,

* Quality of finished product :
Stablilization effectiveness of the excipients,
Crystallization of buffer components

Intravial moisture distribution, etc

* Slow Freezing Can Increase Concentration Shiftsfo

Components ”

FDA Guide to Inspect Lyophilization of Baterals,
Shepherd (2007)




Impact of Freezing on the Product
Quality :
Reconstitution Time




Impact of Freezing on Reconstitution

Freezing Process

v

lce crystal sizes and distribution.

v

Porosity/Wettability

v

Reconstitution (time, foaming

r




Annealing versus Reconstitution Time
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(Jeff Blue, et al. Amer. Pharma. Rev. 2009 )




Impact of Freezing on the Product
Quality :
Cake Integrity




Powder Dusting (Cake Blow-off) Issue

Formulation:

less than 2%solid content
(5 ml fill in 15 mL vials)




Freezing and Solutions for Cake Blow-0

Cycle optimization:
Adding an annealing step

In combination with other optimization in primary
drying and secondary drying

* Improved the cake appearance

 Resolved the powder dusting issue




Impact of Freezing on the Product
Quality
Container-Closure System




One more under-studied
and yet troublesome subject in product freeze-dryin

Freeze-dried Product (Finish)
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Freezing and Vial Breakage

e Often-Found :

Dried products, at least partially (@rystalline State

Example: Mannitol-containing formulation
e Well-Studied:
Rapid Volume Expansion
due to

Rapid Crystallization Process




Freezing and Vial Breakage

Freeze-drying a peptide formulation

Ramp from 5 to —45 °C
@ rates 0.2-1 °C/min
Hold at —45 °C for 3 hours. —>

Up to 50% vial breakage

Observation

- No vial breakage with water

- Not correlated to shelf cooling rate

Freeze-thaw protein formulations

(G. Jiang, PDA J. Sci. Technol. 2007



Freezing and Vial Breakage

Modifying the cooling rate and the terminal
freezing temperature (to a higher temperature)

N

Vial breakage totally eliminatebl




Impact of Freezing on the Product
Quality :
In-Process and Long-term Stability




Impact of Freezing on Product Shelf-lif

Freezing impact on protein stability:
* [ce-interfacial denaturation

 Crystallization of excipients;
e pH shift , Na Phosphate 7 => <3

K Phosphate 7=> 6

* Phase separation Na Maleate 5=>7

Histidine 5=> 5

(Pikal et al. Review, 2007)




Impact of Freezing on Product Shelf-lif

Example . Freeze-dried hGH formulation solids

e |dentical formulation compositions

Sample A: Cooling rate 0.35 C/min

Sample B: Cooling rate 0.72 C/min

Completely amorphous
(indistinguishable by XRPD)

v

» Relative disorder degree of B to A was 2.5

« Sample B showedlagher reactivity than sample A

( Mosharraf, 2004 )




Impact of Freezing on the Scaling-Up :

Production Throughput




Throughout of Lyophilization Production:
Small-diameter Vials vs. Large-diameter Vials

* Fora single batch using 50-mL vial saves nea®)% In
primary drying time as compared to using 30-mL ial

However

* Thethroughput of units wassignificantly reduced by using
a larger diameter vials in larger production dryers
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... worthwhile to optimize the lyophilization process
for a high fill-depth product in smaller vials ...

INg freezing proces




Impact of Freezing on the Scaling-Up :

Practical Applicability of
Freezing Methods




Practical applicablility of freezing methods: Pros &Cons

Formulating with co-solvent:

Pros: drying fast and good product uniformity ...

Cons: interaction with drugs, regularity, facilissues ...

« Two-step freezing (super-cooling holding):
Pros: good intravial homogeneity; drying slighfegt

Cons: (no significant)

- Annealing:
* Pros: drying fast, (high batch uniformity in largcale)
e Cons: Intra-vial heterogeneity...

Two-step freezing + Annealing «

elegant cake; drying much faster,
high intra-vial and inter-vial uniformity




Impact of Freezing on Scaling-up

« Vacuum-induced freezing:

Difficult to scale up ...

- Adding nucleating agent:

Pros: drying fast, intravial heterogeneity...

Cons:Impractical in pharmaceutical product..

Indeed, nucleation temperature has
significant impact on the drying rate and
product quality!




Impact of Freezing on Scaling-up

* Nucleation temperature difference between thetab the
manufacturing environment: 3~10 deg.C, even mojg

o Cycle time different,

0 Some quality attributes different

e Different vials may results in different nucleatio
temperatures

o Low uniformity of production batch



Impact of Freezing on the Scaling-Up :

New Freezing Methods ?




New Freezing Methods ??

From “Adding Nucleating Agent” to New Technologies
Controlled Ice-Nucleation for Lyophilization !!!

Controlled Icenucleation by
lce-fogging (Pikal, et al. 2004/07)
Ultrasounds (Andrieu et al. 2006)

Electro-Freezing (Petersen, et al6200

Depressurization e(& @Praxair, 2008)

Changing the surface characteristics
of inner wall of vials ?



Freezing Impacts on

* Processing

* Product Quality ~
* Throughput

* Container-closure System

* Stability

Importance of Optimizing and Controlling
Should Never Be Underestimated !







