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TITULAR:  MILLENNIUM PHARMACEUTICALS, INC
Asunto: RESPUESTA ACCION OFICIAL DE FONDO

MAURICIO PATINO BONNET, mayor de edad, vecino de esta ciudad, identificado como
aparece al pie de mi firma, en mi calidad de apoderado de MILLENNIUM
PHARMACEUTICALS, INC, por medio del presente memorial y dentro del término legal
correspondiente, presento respuesta a la accién oficial notificada mediante el oficio No. 418

del 27 de enero de 2015, en los siguientes términos:

I.  MODIFICACIONES A LAS REIVINDICACIONES

Se presenta junto a este memorial un nuevo capitulo reivindicatorio que consta de veintiséis

(26) reivindicaciones, las cuales han sido enmendadas de la siguiente manera:

e Se modifico la reivindicacién 1 para precisar que el objeto es una formulacion liofilizada,
indicar que el aminoécido libre incluye 125mM de arginina, establecer que la proporcién
entre azlcar no reductor y anticuerpo es 730:1 y se eliminaron los términos “al menos” y
“superior @”

e Asi mismo, se modifico la reivindicacion 6 para eliminar el término “al menos”.

e Adicionalmente se incluyeron las nuevas reivindicaciones 4-6, 8, 10, 11, 13, y 15-25. El
soporte de estas reivindicaciones se encuentra en la descripcion de la solicitud tal como fue
presentada originalmente. A continuacion se precisan lo apartes de la descripcion que

sirven de soporte para las modificaciones:

- Reivindicacion 1 se encuentran en la antigua reivindicacion 12, la linea 6 pagina 40
y la linea 11 pagina 106.

- Reivindicacion 10 se encuentran en la linea 13 pagina 43.

- Reivindicacion 11 se encuentran en la linea 5 pagina 44.

- Reivindicacion 13 se encuentran en la linea 7 pagina 21.

- Reivindicacién 15 se encuentran en la linea 1 pagina 8.
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Philippi
Prietocarrizosa

- Reivindicacion 16 se encuentran en las lineas 11 a 15 de la pagina 65.

- Reivindicacion 17 se encuentran en las lineas 8 a 11 pagina 50.

- Reivindicacion 18 se encuentran en las lineas 8 a 12 pagina 50.

- Reivindicacion 19 se encuentran en la linea 23 pagina 44.

- Reivindicacion 20 se encuentran entre la linea 24 pagina 63 a la linea 1 de la pagina
64.

- Reivindicacion 21 se encuentran en la linea 5 pagina 59.

- Reivindicacién 22 se encuentran en la linea 12 pagina 59.

- Reivindicacién 23 se encuentran en la linea 10 pagina 52.

- Reivindicacion 24 se encuentran en las lineas 23 a 24 pagina 53.

- Reivindicacion 25 se encuentran en la linea 5 pagina 54.

e Se ajustaron y renumeraron las reivindicaciones dependientes conforme a las enmiendas

antes indicadas.
Las modificaciones antes precisadas se ajustan a las disposiciones del articulo 34 de la
Decisién 486 toda vez que ellas no implican una ampliacion a la materia divulgadas en la
solicitud tal como fue presentada inicialmente.
Basandonos en el alcance de las nuevas reivindicaciones, me permito proceder a dar respuesta

a cada una de las objeciones realizadas por el examinador en el oficio antes citado.

ll. CLARIDAD DE LA SOLICITUD

e En opinién del Examinador, la Reivindicacion 1 carece de claridad en cuanto ésta no
define los ingredientes, los excipientes, y la cantidad de dichos componentes en la
composicién reivindicada. El Examinador expresa que no es admisible usar las
definiciones de los componentes por sus grupos funcionales, tales como un aminoacido
libre, azucar no reductor, y el epitopo del anticuerpo. En procura de superar esta
objecidn, la Reivindicacion 1 ha sido modificada para especificar que el aminoacido es

arginina en una cantidad especifica y remover el término “al menos”.

e ElI Examinador ha objetado ademas el uso de los términos “al menos” y
“aproximadamente” en la Reivindicacion original 6. La Reivindicacion original 6 ha sido

modificada para eliminar los términos “al menos” y “aproximadamente.”

¢« ElI Examinador rechaza la Reivindicacion original 7 debido a que esta es una
reivindicacion de un producto independiente y solamente puede existir una
reivindicacion de producto independiente en una solicitud de patente en Colombia. Con
el fin de dar respuesta a este cuestionamiento, la Reivindicacion original 7 ha sido

modificada para hacer que esta reivindicacion dependa de la Reivindicacion 1.
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e Finalmente, la Reivindicacion original 9 es negada porque no es claro el método de
elaboracion de la formulacion reivindicada ya que éste es definido por el resultado a ser
alcanzado, pero no define el planteamiento del proceso. La Reivindicacion original 9 ha

sido cancelada.

lil.  UNIDAD DE INVENCION

El Examinador considera que la solicitud contiene diversos conceptos inventivos, que no estan
relacionados entre ellos. El solicitante respetuosamente disiente de esto. Todas las
reivindicaciones dependen una de otra y por ende, estan vinculadas entre si. Algunas
reivindicaciones se refieren a elementos que se agregan adicionalmente a la composicion, pero

eso sdlo limita aiin mas la composicion, es decir, el concepto inventivo comun.

De acuerdo con la nueva reivindicacion 1 es evidente que el concepto comun de las
reivindicaciones es una composicion que comprende un anticuerpo anti-a4p7, un aminoacido
libre, y un azicar no reductor. Este concepto se repite en todas las reivindicaciones
dependientes, las cuales pueden contener estos tres elementos, y otros componentes

adicionales, sin que el agregar estos ultimos haga que el concepto inventivo varie.

IV. NOVEDAD Y NIVEL INVENTIVO

Respecto a los requisitos de patentabilidad, el Examinador ha objetado a las reivindicaciones
como faltas de actividad inventiva conforme a Cleland et al., WO01/78779, y Parikh et al. En
opinién del Examinador, una persona versada en la materia podria haber aplicado las
ensenanzas de Cleland et al., para estabilizar otras proteinas, como inmunoglobulina humana
o humanizada o un fragmento de unién del mismo antigeno obteniendo especificidad de union
para a4B7 (D2), o vedolizumab (D3) Cleland et al., emplearon proporciones de 600-1800:1, sin

embargo encontraron que la proporcién optima era 360:1.

El objetivo de Cleland et al., era encontrar la cantidad minima de excipiente que proporcionara
estabilidad (primera sentencia de la conclusion, pagina 318 y 319 columna izquierda, segundo
parrafo). El aztcar en una relacion de 360:1 (60mM) brinda estabilidad optima con un minimo
de excipiente. El incremento del aztucar a 100mM proporciond solamente una leve mejora y
concentraciones mas altas no resultaron en mayores incrementos en la estabilidad (pagina 317
columna derecha, pagina 318 columna izquierda). Por ende, una persona versada en la técnica
no tendria ninguna motivacién a partir de las ensenanzas de Cleland para preparar una
formulacién estable del anticuerpo descrito en D2 usando la formulacion reivindicada con

proporciones mucho mas altas y mayor cantidad de excipiente requerido por la solicitud

presente.
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Ademas, como se puede observar en la especificacion en la pagina 43, Ejemplo 3 y Figura 8,
solutos mayores pueden conducir a tiempos de secado mayores. Una mayor ilustracion de este
concepto es dada por Tang y Pikal (2004) en su articulo “DESIGN OF FREEZE-DRYING
PROCESSES FOR PHARMACEUTICALS: PRACTICAL ADVICE", Pharm, Res. 21:191-200

(Ver Anexo). La figura 3 muestra que solutos mayores conducen a largos periodos de

secado primarios y en la columna 2 de la pagina 198 se establece que solutos mayores

incrementan el tiempo de secado secundario. Los autores en esta referencia mencionan

(Introduccién) que un tiempo de secado largo conduce a altos costos de manufactura.

Considerando la informacién anterior, una persona que conociera la informacién de Tang y

Pikal (2004) Pharm. Res. 21:191-200 no optarian por usar este tipo de solutos.

Tang y Pinkal sefalan ademds que concentraciones del tamponante deberian ser

minimizadas para asequrar una alta estabilidad del producto. Como puede advertirse por

nuestras reivindicaciones y Ejemplos, las cantidades de tamponante y otros solutos son altas.

Tomado en conjunto, la técnica sugiere que una persona versada en la técnica no deberia

producir una formulacién de anticuerpos con tan altas cantidades de solutos como la

actualmente reivindicada. Estas altas cantidades de soluto resultarian en largos tiempos de

manufactura, por ende altos costos y quizds ademas resulte en compromisos para la
estabilidad. Por lo tanto, no se esperaria que el producto reivindicado fuera comerciaimente
viable. Sin embargo, el producto reivindicado es estable, como se puede observar en las tablas
comenzando en la pagina 62 de la especificacion. La conclusion en la pagina 62 es que las
formulaciones reivindicadas son estables por 38 meses a 5°C y por 30 meses a 25°C/60%

humedad (los ultimos datos obtenidos para el tiempo de la presentacion) Este es un efecto

técnico especial no pronosticado por Cleland.

Ademas, D2 y D3 no ensefian o sugieren las formulaciones reivindicadas. Cada anticuerpo
tiene sus propias caracteristicas y cualquier componente en la formulacion puede afectar
positiva 0 negativamente su estabilidad. En consecuencia, no es posible predecir que

formulacion serd util para estabilizar un anticuerpo anti-a4f7 basado en la formulacién del

anticuerpo rhuMAb HER2 descrito en Cleland, cuya secuencia del aminoacido es muy

diferente de la secuencia del anticuerpo en la invencion reivindicada.

Sea esta la oportunidad para hacer énfasis en que las proteinas, y mas aun los anticuerpos,
son altamente sensible a los componentes que estén presentes en la composicion. Dado que
la secuencia de aminoacidos de la proteina de la presente invencion es distinta de la indica en
D2 y D3, no es posible para ningun técnico versado en la materia si un compuesto va a afectar
positiva o negativamente la estructura secundario, terciaria o cuaternaria del anticuerpo,

impidiendo que se una al antigeno objetivo.
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Siendo de esta manera, no hay razén para preferir el componente mencionado en D1 sobre
otros componentes reportados como estabilizadores de proteina o anticuerpos. Por lo tanto, el

Examinador se equivoca al aseverar la falta de actividad inventiva de las reivindicaciones.

Dado que la presente solicitud cumple con las disposiciones de los articulos 30, 14, 16y 18 de
la Decision 486, respetuosamente solicito a ese Despacho que se proceda con la concesion de

la presente solicitud.

V. ANEXOS

Nuevo capitulo reivindicatorio conformado por 6 reivindicaciones.
Articulo “Design of Freeze-Drying Processes for Pharmaceuticals: Practical’” Advice”, Tang y Pikal
(2004) Pharm, Res. 21:191-200

VI. PETICION

Por todo lo anterior, considero que las objeciones presentadas por el Examinador han sido
superadas, que el nuevo capitulo reivindicatorio es claro y conciso, y que la invencion
reivindicada cumple con los requisitos de patentabilidad. Por consiguiente, solicito
respetuosamente que el Despacho proceda a conceder el privilegio de patente para la solicitud

de la referencia.

Vil.  NOTIFICACIONES

Recibiré notificaciones en la Carrera 9 # 74-08, Oficina 305, en la ciudad de Bogota D.C.

Del Senor Jefe de la Direccion de Nuevas Creaciones,

A’P \
MAURICIO PATINO BONNET
C.C. 11.342.699 de Zipaquijra
T.P. 73.583 del C.S. de la J.

PPU Ref 79179/1
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REIVINDICACIONES

Una formulacion estable que comprende una mezcla de un azucar no reductor, un
anticuerpo anti-a4p7 y un aminodcido libre, en la que la formulacién es liofilizada y la
proporcion molar de aztcar no reductor respecto al anticuerpo anti-a4p7 (mol:mol) es

de 730:1; en donde el aminoécido libre incluye 125mM de arginina.

La formulacion de la reivindicacion 1, en la que dicha formulacion comprende ademas

un agente buffer.

La formulacion de cualquiera de las reivindicaciones precedentes, en la que dicho
azucar no reductor se selecciona del grupo que consiste en manitol, sorbitol,

sacarosa, trehalosa y combinaciones de los mismos.

La formulacion de acuerdo con la reivindicacién 3, donde dicho azticar no reductor es

Sucrosa.

La formulacién de acuerdo con la reivindicacion 4, donde la cantidad de sucrosa es

de 45% a 55% (p/p) de sucrosa.

La formulacion de cualquiera de las reivindicaciones precedentes, donde dicha

formulacion comprende més del 25% de un anticuerpo anti-a4p7 por peso.

La formulacion de acuerdo con la reivindicacion 2, donde dicho agente buffer es

histidina.

La formulacién de acuerdo con la reivindicacion 6, donde la cantidad de histidina es

de 3% a 6% (p/p)

La formulacion de cualquiera de las reivindicaciones precedentes, en la que dicha

formulacion comprende ademas un tensioactivo.

La formulacién de acuerdo con la reivindicaciéon 9, donde dicho tensioactivo es

polisorbato 80.

La formulacion de acuerdo con la reivindicacién 10, donde la proporcién molar de

surfactante a anticuerpo es 1:1.

Reivindicaciones 04 de junio de 2015
Presentadas junto con la respuesta al art.45
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La formulacion de cualquiera de las reivindicaciones precedentes, donde dicha

formulacion comprende de 5% a 10% del anticuerpo anti-a4f7 antes de la liofilizacidn.
La formulacion de acuerdo con la reivindicacién 12, donde la sucrosa es 10% (p/v)

La formulacion de acuerdo con la reivindicacion 12, donde la proporcion molar de

aminoacido total respecto al anticuerpo es mayor que 400:1.

La formulacion de acuerdo con la reivindicacion 12, donde la formulacion comprende
60 mg/ml de anticuerpo anti-a4p7, 10% (p/v) de azlcar no reducido y 125mM de

aminoacido libre.

La formulacion de cualquiera de las reivindicaciones precedentes, donde el
anticuerpo anti-a4B7 una region de union al antigeno de origen no humano y una
porcién de un anticuerpo de origen humano, donde el anticuerpo anti-a4p7
humanizado tiene unién especifica para el complejo a4f7, donde las regiones de

unién al antigeno comprende los siguientes CDRs:

Cadena liviana: CDR1 SEQ ID N°: 11
CDR1 SEQID N°: 12
CDR1 SEQ ID N°: 13

Cadena pesada: CDR1 SEQ ID N°: 8
CDR1 SEQID N°: 9
CDR1 SEQ ID N°: 10

La formulacion de cualquiera de las reivindicaciones precedentes, donde la

formulacion es estable a 25°C y 60% de humedad relativa por 12 meses.

La formulacion de acuerdo con cualquiera de las reivindicaciones 1 a 11, donde la

formulacion es estable a 25°C y 60% de humedad relativa por 24 meses.

La formulacion de acuerdo con cualquiera de las reivindicaciones 1 a 11, donde la

formulacion tiene menos de 5% de humedad.

La formulacién de cualquiera de las reivindicaciones precedentes, donde el

anticuerpo anti-a4p7 comprende una region de cadena pesada que tiene 95% de

Reivindicaciones 04 de junio de 2015
Presentadas junto con la respuesta al art.45
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22,

23.

24,

25,

26.

identidad con los aminoacidos 20 a 140 de la secuencia SEQ ID N° 2 y una region de
cadena liviana que tienen 95% de identidad con los aminodcidos 20 a 131 de la

secuencia SEQ ID N° 4 o los aminoécidos 21 a 132 de la secuencia SEQ ID N° 5.

La formulacion de cualquiera de las reivindicaciones precedentes, donde la

formulacion se almacena como una dosis tnica en un vial.

La formulacion de acuerdo con la reivindicacion 21, donde el vial contiene 300 mg de

anticuerpo anti-a4p7

La formulacion de cualquiera de las reivindicaciones precedentes, donde la

formulacién tiene mas de 55% de isoforma cargada.

La formulacion de cualquiera de las reivindicaciones precedentes, donde la

formulacion tiene mas de 95% de anticuerpo monomérico

La formulacién de cualquiera de las reivindicaciones precedentes, donde la

formulacion menos del 2,5% de agregado.

La formulacion de cualquiera de las reivindicaciones precedentes, donde dicho

anticuerpo es vedolizumab.

Reivindicaciones 04 de junio de 2015
Presentadas junto con la respuesta al art.45
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Review

Design of Freeze-Drying Processes for Pharmaceuticals:

Practical Advice

Xiaolin (Charlie) Tang' and Michael J. Pikal™?

Received July 30, 2003; accepted Ociober 8, 2003

Design of [recze-drying processes is often approached with o “trial and error” experimental plan or,
worse yel, the protocol used in the first laboratory run is adopted without further attempts at optimi-
zation. Consequently, commercial freeze-drying processes are often neither robust nor efficient, It is our
thesis that design of an “optimized” {reeze-drying process is not particularly difficult for most products,
as long as some simple rules based on well-accepted scientific principles are followed. [t is the purpose
of this review to discuss the scientific foundations of the freeze-drying process design und then 1o
consolidate these principles into a set of guidelines for rational process design and optimization. General
advice is given concerning common stability issues with proleins. but unusual and difficult stability issues
are beyond the scope of this review. Control of ice nucleation and crystallization during the freezing step
is discussed, and the impuct of freezing on the rest of the process and final product quality is reviewed.
Representalive freezing protocols are presented. The significance of the collapse temperature and the
thermal transition, denoted 7,', are discussed, and procedures for the selection of the “target product
temperature” for primary drying are presented. Furthermare, guidelines are given for selection of the
optimal shell temperature and chamber pressure seltings required to achieve the target product tem-
perature without thermal andfor mass transfer overload of the [reeze dryer. Finally, guidelines and
“rules” for optimization of secondary drying and representative secondary drying protocols are pre-

sented.

KEY WORDS: lyophilization; freeze drying; seccondary drying; formulation.

INTRODUCTION

Freeze drying, also known as lyophilization, is widely
used for pharmaceuticals to improve the stability and long-
term storage stability of labile drugs, especially protein drugs
(1,2). Freeze-dried formulations not only have the advantage
of better stability, but also provide easy handling (shipping
and storage) (3,4). Frecze drying is a time- and energy-
intensive process Lthat could take days or even weeks to finish
il the [reeze-drying cycle is not optimized (1.5-7). The stabil-
ity of the drug during freeze drying and storage (8) and the
duration of the cycle are the two major considerations for
freeze-drying process optimization. Given a freeze-drying
process yielding a stable product, the shorter freeze-drying
cycle has the advantage of higher throughput for a given
dryer, and therefore a planl may use fewer [reeze dryers for
a given amount of product. A nonoptimum freeze-drying pro-
cess may compromise drug stability, take longer, and cost
moare than is necessary.

In order lo design an optimum [reeze-drying process,
process development scientisls need 1o know the critical prop-
erties of the formulation and how Lo apply this information to

! School of Pharmacy, University of Connecticut, Storrs, Connecticul
06269-2092.

*To whom correspondence should be uddressed. (e-mail: pikal@
unconnym.uconn.edu)

191

process design. The critical formulation properties include the
collapse temperature of the formulation, the stability of the
drug, and the properties of the excipients used. The macro-
scopic collapse temperature of the formulation (T.) is the
lemperature abave which the freeze-dried product loses mac-
roscopic structure and collapses during freeze drying (9). 7_is
usually about 2°C higher than 7', which is often associated
with the glass transition temperature in the [rozen state (10),
or equals the euteclic temperature (7,,) if solutes are crys-
tallized in the frozen solution. In a mixture of crystalline and
amorphous freeze concentrate where the crystalline phase is
in excess, the amorphous phase collapses if the product tem-
perature is above T," (or collapse lemperature of amorphous
phase), but gross or “macroscopic” collapse will not occur
unless the product temperature is above both 7' and T,
Bewween 7,' and T, the amorphous phase collapses onto the
surface of crystalline phase, and the crystalline phase provides
mechanical support (11). Therefore, in a mixture of amor-
phous and crystalline phases dominated by crystalline phase,
the 7, is close to T,,. In order te produce an acceplable
freeze-dried product, it is always required Lo freeze dry a
formulation at the temperature lower than T. (1,2).

The stability issue is particularly important for protein
drugs, Proteins are sensitive to the stresses imposed by freeze
drying and are easily degraded or decomposed during the
process. The low temperature of [reeze drying does nol guar-
anlee protein stability because many proteins experience cold
denaturation or denaturation at interfaces (protein-air and

GI2-ATE L BRAIEOT L © 26 Flenum Publishing Corparation
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protein~ice) (12-15). Fortunately, thermodynamic instability
caused by low temperature or other stresses does not neces-
sarily mean unfolding during freeze drying if the rate of un-
folding is sufficiently slow on the time scale of the process sa
that drying is over belore significant unfolding can aceur. If
so, this means that the protein might safely be freeze-dried at
a lemperature far higher than 7', allowing a much faster
drying process. This issue is discussed in more detail later in
this review.

In general, the optimum freeze-drying process is that
which achieves the highest drug qualilty for the least cost,
which requires optimization of all the cantrollable stages of
freeze drying. This review is intended Lo serve as a guideline
1o rational process design and optimization.

THREE STAGES OF FREEZE DRYING

A typical freeze-drying process consisls of three stages;
that is, freezing, primary drying, and secondary drying, Freez-
ing is an efficient dessication step where most of the solvent,
typically water, is separated from the solutes to form ice. As
[reczing progresses, the solule phase becomes highly concen-
trated and is termed the “freeze concentrate.” By the end of
freezing, the [reeze concentrate usually contains only about
20% of water (w/w), or less than 1% of total water in the
solution before ice formation. The freezing slage typically
takes several hours to finish. Primary drying, or ice sublima-
tion, begins whenever the chamber pressure is reduced and
the shelf lemperature is raised 1o supply the heat removed by
ice sublimation. During primary drying, the chamber pressure
is well below the vapor pressure of ice, and ice is transferred
from the product to the condenser by sublimation and crys-
tallization onto the cold coils/plates (<-50°C) in the con-
denser. Typically, the primary drying stage is the longest stage
of freeze drying and optimization of this stage has a large
impact on process economics. Secondary drying is the stage
where water is desorbed from the freeze concentrate, usually
at elevated temperature and low pressure. Some secondary
drying occurs even al the very beginning of primary drying as
ice is removed from a region, but the bulk of secondary drying
occurs after primary drying is over and the product tempera-
ture has increased. Secondary drying normally takes only
hours, and the opportunily for time reductlion by process op-
timization is limited (16). With an optimum freeze-drying pro-
cess, the [reeze-drying process is oplimized for all the three
slages,

Freezing

Freezing is the first stage of {reeze drying and is the stage
where most of the water is removed from drug and excipients,
the system separates into multiple phases, and the interlaces
between ice and drug phase form. Freezing often induces
many destabilizing stresses, particularly for protein drugs.
These stresses include increase of protein concentration that
enhances the protein-protein inleraction leading to aggrega-
tion, pH change arising from crystallization ol buffer salts,
reduced hydrophaobic interactions caused by the “dehydra-
tion" effect of ice formation that removes bulk water from the
protein phase, formation of large ice~-aqueous interfaces, and
an enormous increase in ionic strength (16). The introduction
ol the ice-aqueous interfaces and pH shifts arc well-known 1o

Tung and Pikal

cause protein stability problems. The pH shift during [reezing
can be minimized by optimal choice of buffer salts (i.e., avoid
phosphate, succinate, and tartrate) or by reducing buffer con-
centration to several mM (17-19). Protein degradation at the
ice~aqueous interface can be minimized by increasing protein
concentration (i.e., “saturate” the protein-ice interface) and/
or by using surfactants (14). For a given protein formulation,
process design also plays a very important role in protein
stabilization.

Cooling Rare

One practical process approach to stabilization is to mini-
mize the surface area of ice by growing large ice crystals
which can be achieved by reduced supercooling. The degree
of supercooling is the temperature difference between the
thermodynamic or equilibrium ice formation temperature
and the actual temperature at which ice begins to form, which
is usually around 10 to 25°C lower but changes with cooling
rale and other [actors. Higher supercooling results in more/
smaller ice crystals and larger ice specific surface area. Dif-
ferent freezing methods, like liquid nitrogen freezing, loading
vials onto precooled shelves, or ramped cooling on the
shelves, give different supercooling effects with normally the
highest supercooling with liquid nitrogen freczing of small
volumes and the lowest supercooling for the precooled shelf
method (20). It was reported that slow cooling (0.5°C/min)
caused larger supercooling effects than the precooled shelf
method (20). However, the precooled shelf method gave large
heterogeneity in supercooling between vials, which is unde-
sirable (20). Normally, it is nol practical lo manipulate the
supercooling by changing the cooling rale in a freeze dryer
because the cooling rates are usually limited to less than 2°C/
min, and the degree of supercooling is unlikely to change
within such a small range (21). Slow freezing has the potential
to increase the protein damage in syslems prone to phase
separation because phase separation is a kinelic process and
provides enough time for the process to occur (22), If phase
separalion causes separation of protein and stabilizer, the sta-
bilization effect will be lost. Phase separation is most common
when polymers are used for stabilizers (23,24). Slow freezing
also prolongs the time the protein exisls in a concentrated
fluid stale where biomolecular degradation reaclions are ac-
celerated. We find a moderate cooling rate (about 1°C/min) is
a pood compromise. A cooling rate of this magnitude yields
moderate supercooling with moderale ice surface area and a
reasonably fast freezing rate, which is generally best for both
those formulations prone o phase separation and those
where phase separation is nol an issue. [1 also (usually) pro-
duces uniform ice structure both within a given vial and [rom
vial-to-vial.

Freezing Temperature and Time

After freezing, the formulation should be in solid state;
that is, the drug phase should be below 7' if amorphous or
below T, if it is in the crystalline state. This condition re-
quires the shell temperature for freesing be set below 7, or
T, and the preduct balch must be kept at the lemperature
long enough such that all solution has translormed into solid.
Because of the limited thermal conductivily between vials and

shelf, complete freczing requires significant time. The frecz-
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ing time depends on [ill volume; that is, the larger fill volume
takes longer to [ully frceze (1). Generally, we use a final shell
temperature of ~d0°C i the 7" or 7, is higher than -38°C;
otherwise, we use a temperature 2°C less than 7' or T, and
allow time for complete freezing. The final temperature is
held for 1 h if the [ill depth is less than or equal tol ¢cm or 2
hif the [ill depth is greater than 1 cm. Fill depth greater than
2 ¢m should be avoided when possible, but if necessary, freez-
ing time should be increased proportionately.

Annealing

Anealing is simply holding the product at a temperature
above the final freezing temperature for a defined period to
crystallize the potentially crystalline components (usually,
crystalline bulking agent) in the formulation during the freez-
ing stage. An annealing step is frequently necessary to allow
elficient crystallization of the crystalline bulking agent, such
as mannitol or glycine. Failure to crystallize the bulking agent
has the potential of depressing the 7,' and compromising
storage stability by crystallizing from the solid during storage
(25). If the bulking agent crystallizes during primary drying,
vial breakage may result, which is common if a high fill depth
of concentrated mannitol is used (26). Vial breakage can be
prevented by crystallization of mannitol during freezing using
slow freezing or by avoiding a temperature lower than about
-25°C until the mannitol has completely crystallized.
Completion of crystallization may be facilitated by annealing.
The annealing temperature should be between the T, of
amorphous phase and 7., ol bulking agent 1o give a high
crystallization rate and complete crystallization. Sufficient an-
nealing time is needed for completion of crystallization. The
optimum time depends on the ratio and properties of the
bulking agent used. A high mass ratio of bulking agent to
other solutes (>80% of total solute, recommended) crystal-
lizes much [aster than a lower ratio (<50% of total solute, not
recommended) (Tang and Pikal, unpublished). A low anneal-
ing temperature may tend to produce high crystallinity be-
cause supersaturation is higher at low temperature, bul the
crystallizalion rate may be too low becuse ol high viscosity.
The oplimum annealing condilions are a compromise be-
tween crystallinity and crystallization rate. For mannito! or
glycine, a temperature of -20 or -25°C and an annealing time
ol 2 h or longer are suggested if the fill depth is | cm or more.
Annealing conditions can be studied using either frozen so-
lution X-ray diffraclion or DSC procedures 1o evaluate the
development of crystallinity (27; Tchessalov et al.,, unpub-
lished). Annealing often has effects beyond crystallization of
solutes.

Annealing above the glass transition temperature of T’
causes growth of ice crystals, which decreases the product
resistance to flow ol water vapor and results in shorter pri-
mary drying time (28,29). Also, the product specific surface
area is reduced, which decreases the water desorplion rate in
sccondary drying and may lead to increased residual moisture
content in the linal product or demand longer secondary dry-
ing (30). Suggested freezing process are summarized below.

Normal Freezing Process for Amorphous Products

. Load vials onto the shell and allow to come to 5°C;
hold for 15 to 30 min.
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2. Cool to -5°C without ice formatien and hold for 15 to
30 min (this normally results in improved homogeneity of
crystallization, both intra- and inter-vial).

3. Decrease the shell temperature to a final shell tem-
perature of —-40°C (all solutes in solid stale) at about 1°C/min.

4. Hold for 1 h if fill depth is less or equal to 1 cm or 2
h if the fill depth is greater than 1 cm,

Thermal Cycle To Achieve Sohute Crystallization (Crystalline
Drug or Bulking Agent)

1. Step 1 to 3 as above.

2. Bring product temperature to 10 to 20°C above 7,
but well below the onsel of eutectic melt and hold for several
hours.

3. Steps 3 and 4 as above freezing process for amorphous
products.

Primary Drying

The next step of freeze drying process design is Lo opli-
mize the product temperature (7},). The product temperalure,
which depends on the properties of formulations, shelf tem-
perature and chamber pressure of the freeze dryer, and con-
tainer system, cannol be directly controlled during primary
drying. Therelore, it is difficult lo optimize the [reeze-drying
process for a given pharmaceutical formulation even when its
T and T, arc known, Because primary drying normally con-
sumes the largest fraction ol the [reeze-drying cycle lime,
optimizalion of this portion of the process has signilicunt eco-
nomic impact (2). Even with highly skilled development sci-
entists, optimization of primary drying can require a number
of time-consuming experimental studies. Consequently, many
formulations are [reeze dried using conditions that are far
from optimum. Nonoptlimized [reeze-drying processes may
enormously increase the process time and may compromise
praduct quality and/or produce regulatory concerns. The phi-
losophy of primary drying is to choose the optimum 1arget
product temperature (7}, bring the product 1o the target
product temperature quickly, and hold the product tempera-
ture roughly constant al the largel lemperature throughout all
of primary drying.

Targer Praduct Temperature

The product temperature should always be several de-
grees below T in order to obtain a dry product with accept-
able appearance. The lemperature difference between 7, and
T, is called the temperature safety margin, It is well-known
that high producl temperature yields a fast process, with each
1°C increase in product temperature decrensing primary time
by about 13% (1). Therefore, an optimized freeze-drying pro-
cess runs with the product temperature as high as possible (2).
In other words, the target product temperature should be as
close as possible to 7. However, the risk of collapse is high il
product lemperature is loo close to 7. Consequently, the
optimum (argel product is 4 compromise between safely and
freeze-drying time. We suggesl that a small safety margin
(2°C) be used if freeze-drying time is long (e.g., more than 2
days), a large safety margin (5°C) be used if [reeze-drying
time is short (<10 h), and a safety margin of 3°C be used il
primary drying time is somewhere between 2 days and 10 h. In
general, 7|, should not be higher than ~15°C or the heat and

\
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mass transfer capabilities of the freeze dryer may be over-
loaded. Overloading of the [reeze dryer typically causes loss
of chamber pressure control and product temperatures in ex-
cess of the target. Overloading of the [reeze dryer may occur
for both laboratory and manufacturing freeze dryers. Mass
flow overloading is common for some laboratory freeze dry-
ers where the cannection pathway between the freeze-drying
chamber and condenser is oo small to handle the high rate of
mass transfer. Overloading of manufacturing freeze dryers
normally arises from limited heat flow caused by an undersized
refrigeration system (Rambhatla and Pikal, unpublished).

Targer Product Temperaiure for Protein Formulations with
LowT,'

Current dogma requires that prolein formulations be
freeze dried at a tlemperature lower than both 7. and 7, (2).
It is also assumed that protein drugs are unstable above T,/
but stable below T,’. This assumption is based on the concept
that the rate of unlolding is fast above 7,' but very slow in the
“solid state” below T,'. However, data directly supporting
this concept are not available. Freeze drying below 7,' often
demands a very low target product lemperature and therefore
a very long process, particularly when the protein formulation
has a very low T’ due lo a lormulation containing both su-
crose (or trehalose) and salts.

Protein drug formulations ususlly contain stabilizers such
as sucrose or irehalose, which have high viscosity after [reeze
concentration. It has been reparted that the folding kinelics of
GCN4-P2', a simple a-helical coil derived [rom the leucine
zipper region of bZIP Iranscriptional activator GCN4, was
correlated to system viscosity in relatively low viscosity solu-
tions (31). Assuming unfolding involves some viscous flow of
surrounding solvent and assuming validity of of the Stokes-
Einstein relationship [i.e., the reaction rate is inversely pro-
portional o system viscosily (12,32}, the high viscosity of a
polyol-rich system may decrease the protein denaturation
rate to a degree that the unfolding cannot occur in the time
frame of freeze drying, even il freeze dried at a lemperature
higher than 7,'. However, one still needs to avoid collapse.
Collapse may be avoided by using an excess of bulking agent
(i.e.. mannitol or glycine) The formulation with both stabi-
lizer and crystalline bulking agent has a collapse temperature
close lo the eutectic temperature of the bulking agent added
(eutectic temperature for glycine, or mannital = =3°C), which
is typically much higher than 7," of maost stabilizers (7' for
sucrose, trehalose = =34 C) (Chang et al., unpublished), Sev-
eral recent reports show that at least some protein formula-
tions can be freeze dried at temperatures higher than 7'
without damaging stability (29,33), so there is some empirical
evidence lo support the abave theoretical concepts.

Thus, theoretical considerations and some data suggest
that provided there exists a high degree of coupling between
protein unlolding kinctics and viscosity, the unfolding rate
should be negligibly small in saccharide systems even when
the system is thermodynamically unstable and the tempera-
ture is above T,'. The correlation between the unlolding half
life and viscosity is expected to be of the form (34):

hi,=A-7"

where A is a conslant of proportionality, 1 is the system vis-
cosity, and « is the coupling constant. The following (Table 1)

Tang and Pikal

Table L Calculated Protein Unfolding Half-Life (v, ,) in Sucrose
Freeze Concentrate

% Sucrose T g (h), ti2 (h)

(wiw) (°C) a 1 a 0.5
65 ~15 124 x 107 3.68 % 107
70 -19 1.05 = 10° 1.12 x 10°
75 -24 2.97 x 10° 597 % 10°
BO -30 2.10 x 10 1.59 % 10

Al a sucrose concentration of 80% w/w, the systems are al the maxi-
mum freeze concentrate composilion and the sucrose concenirations
are from the equilibrium liquidus line. The viscosity data are from the
literature (46).

was calculated for freeze concentrates of a hypothetical pro-
tein and sucrose at different temperatures. The calculated
resulls suggest that there is not enough time for the protein to
unlold before it is dried even though it is freeze dried at
~15°C, which is more than 20°C higher than its 7,'. Ol course,
these calculations assume strong coupling (« = 0.5) between
unfolding kinetics and viscosity. Recent studies in this labo-
ratory indicate strong coupling, at least for the proleins siud-
ied. We find the « values for phosphoglycerate kinase and
B-lactoglobulin are 1.94 and 0.68, respectively (Tang and Pi-
kal, unpublished)

Therefore, it is worthwhile to freeze-dry low 7' protein
formulations al a target producl temperature higher than its
T,' (using a crystalline bulking agent lo avoid macroscopic
collapse) and compare its stability with the resulis ol samples
[reeze dried below 7,'. One may find that instability is not an
issue.

Chamber Pressure

Primary drying is carried out at low pressure to improve
the rate of ice sublimation. The chamber pressure (P.) im-
pacts both heal and mass transfer and is an importan{ param-
eter for freexze-drying process design. £, should be well below
the ice vapor pressure al the targel producl temperature to
allow a high sublimation rate. The sublimation rate 15 the
mass ol ice sublimed (g) per unit time (hour), which can be
represented by Eq. (1).

dm P .- P.

@ TR R, m

where, dm/dr is ice sublimation rate (g/hour per vial), P, is
the equilibrium vapor pressure of ice at the sublimation in-
terface temperature (Torr), and R, and R, are the dry layer
and stopper resistance, respeclively, to water vapor Lransport
from the sublimation interface (Torr-h/g) (28). (Throughout
this work, we use units consistent with those used on labora-
tory and commercial [reeze-drying equipment in the USA.
Thus, the pressure unit used is Torr (or mTorr), rather than
the 81 unit of Pascals (Pa). The reader is reminded that 0.1
Torr is 100 mTorr and 13.3 Pa.] With this choice of units, the
magnitude of the area normalized resistance represents
(roughly) the time, in hours, required to freeze dry a 1-em-
thick frozen preduct at a temperature of -20°C, provided the
resistance were to remain constant. The area normalized
product resistance (R,) and resistance (R,,) are related by,
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1"?[, = R, A, where A, is the cross-sectional area of the
product,

The sublimation rate is proportional o pressure differ-
ence between the vapor pressure of ice and the partial pres-
sure of water in the chamber (£;), this difference being the
driving force for ice sublimation. P, is essentially the same as
chamber pressure during primary drying. Al given product
temperature (i.e.. given ice vapor pressure), the smallest
chamber pressure gives the highest ice sublimation rate. How-
ever, very low chamber pressure may cause problems, such as
contamination of product with volatile stopper components
or pump oil {35), and alse produce larger heterogeneity in
heat transfer, thereby giving larger product lemperature het-
erogeneity between vials (36). [n most applications of practi-
cal interest, the chamber pressure varies from 50 to 200
mTorr. [t is difficull to maintain consistently chamber pres-
sure much below 50 mTorrr, and there is little reason to use
pressures much higher than 200 mTorr. It has been reported
that moderate chamber pressure (100-150 mTorr) gives op-
timal homogeneily of heal transfer in a set of vials (36).
Therefore, the optimum chamber pressure is a compromise
belween high sublimation rate and homogenous heat transfer.
Equalion (2) may be used to chose the “optimal” chamber
pressure at known target product temperature (7,,).

Pc =029 - ]Umum Th [2>

where P_ is chamber pressure (Torr) and 7, is product tem-
perature (°C).

Shelf Temperature Required To Achieve Target
Product Temperature

Often, the most time-consuming part of freeze-drying
process design is the delermination ol the shelf temperature:
time profile that efficiently achicves the targel product tem-
perature during primary drying. The product temperature
during primary drying is typically 5 to 40°C lower than shelf
temperature and changes with chamber pressure, shell tem-
perature, heat transfer coelficient of the container (1ypically,
vials), thermal history of the formulation, and even with the
freeze dryer. At constant chamber pressure and shell tem-
perature, the producl temperature changes as drying pro-
gresses, often increasing 1 10 3°C rom beginning to the end of
primary drying (36). Product temperature can be measured
by several methods, including thermocouples, or RTD tem-
perature sensors in selected product vials, and by pressure
rise measurement (manometric temperature measurement)
(37). Manometric temperature measurement (MTM) is a pro-
cedure to measure the product temperature al the sublima-
tion interface during primary drying by quickly isolating the
freeze-drying chamber [rom the condenser for a short time
and subsequent analysis ol the pressure rise during this period
by [litting a theoretical relationship (MTM equation) to the
pressure rise data (37-39). The thermocouple or RTD
method measures the product temperature at the bottom of
vials whereas the MTM method measures the product tem-
perature al the ice sublimation interface, which is usually 0.5
to 2°C lower than at the vial bottom. The MTM method has
the advantage of minimal human intervention during set-up
of the freeze-drying process (i.e., no need for an operator 10
place manually temperature sensors in the vials). Also, MTM
analysis yields accurate producl resistance, which can be used
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to characterize the heat and mass transfer in real time during
primary drying (38). This information may be combined with
heat and mass transfer equations to allow the calculation of
the vial heat transfer coefficient and, thus, to develop an op-
timum freeze-drying cycle during the very first freeze-drying
experiment (39).

The product temperature is usually higher at the front
and side or back and colder in the interior, a result of addi-
tional radiation heat transfer from the door and chamber
walls to the edge vials {36). This product temperature hetero-
geneily can be minimized by use of thermal or radiation
shields, such as empty vials around the sample vials and alu-
minum foil on the inside ol the chamber door (39). For a
given formulation with a given target product temperaiure,
the shelf temperature can be estimaled by using coupled
steady-state heat and mass transfer theory. The heat transfer
rale 10 vials may be described by Eq. (3) (36).

dQ "

F:%GO':".V'KV'(T,—R,} (3)
where (O is energy received by each vial from the shelf (cal’
vial), dQ/dt is heat transfer rale (cal/hour per vial), A, is the
outer area of vial bottom (em’), K, is heat transfer coefficient
(calis:em™K), T, is product temperature (°C) at the bottom
ol the vial, T, is shell temperature ("C), and 3600 arises [rom
converstion of the heat flow units from cal/s per vial into cal/h
per vial. The shelf temperature required (o obtain a given
product lemperature may be calculated from a combination
of Egs. (3) and (4) in the form (36,39),

dagQ dm
o AHc o (4)
1 dQ (1 I,
nete e (7 w) =

where AH, is heat of ice sublimation (cal'g), /.. is ice thick-
ness (cm), and k, is the thermal conductivity of ice
(cal-K '-em 's7'). The term in /. accounts lor the tempera-
ture difference across the frozen layer. The heal transfer rate
or heat flow in Eq. (5) is dependent on target product tem-
perature ai the sublimation interface (7,,) and product resis-
tance (R,). The product resistance is formulation and concen-
tration dependent with higher solute concentration yielding
higher product resistance. The heat transler coefficient of vi-
als (K,) mainly depends on the type of the vial and chamber
pressure, and can be represented by Eq. (6) (36),

£ SR 332-10°" P
v T 14 KD P

(6)
where the first term, KC, is the sum of the contact and Lhe
radiative heat transfer parameters (cal/s-em®-K), and the sec-
ond term expresses the heat transfer from the shell 10 vial
bottom by gas conductivity, in which P is the gas pressure
(Torr) and KD is a parameler that is related to the average
distance between the shelf and the vial bottom (40). The tub-
ing vials have greater heat transfer by contact conductivity
(i.e., greater KC values) and greater gas conductivity (i.e.,
smaller KD values) than molded vials. Representative data
for KC and KD are given in Table 11. As a good approxima-
tion, high solute concentration (>10%) corresponds to high
area normalized producl resistance (5 Torr-cm®h/g), and low

(>
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Tauble IL Vial Heat Transfer Parameters®
A, A,

Type {em?) {em?) 10° KC KD
10 cc tubing 4.71 3.80 2.64 3.64
20 cc tubing 6.83 572 203 3.97
30 ec molded 8.31 6.07 1.82 5.18
100 ce melded 17.2 143 1.52 6.97

A, is the outside cross-sectional area of vials, and A, is the inside
crass-seclional area of vials. KC has the same unit as K, {cal/
sec:.em™K) and KD has the unit Torr™.

* Data from Rel. 40.

solute concentration (<1%) corresponds o low area normal-
ized resistance (1 Torr-cm®h/g) (28). Thus, resislance may
roughly be estimated from solute concenltrations. For a given
target product temperature (7)) (therefore given P}, the
optimum chamber pressure (P.) is calculated by Eg. (2).
Next, the mass transfer rate (dmi/dr) is calculated by Eq. (1),
the heat transfer rate (dQdi) is calculated by Eq. (4), the vial
heat transler coefficient is calculated by Eq. (6) (given P_and
type of vials), and finally the shelf temperature needed 1o
achieve the target product temperature can then be evaluated
from Eq. (5). The calculated shelf temperatures required 1o
achieve the larget product temperatures are plotted in Fig. .
These data assume tubing vials are used. This chart, although
not highly accurate, can be used as a guideline for initial
selection of shell temperature using only limited formulation
data. Once the process starts, the shell tlemperature needs to
be readjusted il the product temperature deviates from the
target temperature. Because non-steady-state effects persist
for about one-hall hour after a shelfl temperature change, the
she!ll temperature should not be increased until after the shelf
temperature is stable [or at least half an hour. As a rough rule,

Tang and Pikal

product temperature changes by 1-2°C for each 5°C change
of shell temperature. The shell lemperature is kept constant
until product lemperature exceeds the targel producl tem-
perature by a predetermined tolerance (1 or 2°C). The ad-
justment of shelf temperature is not recommended after pri-
mary drying is more than two-thirds over because not all vials
finish primary drying at the same time, and near the end of
the process, an increase in product temperature in a thermo-
couple vial might simply indicate the end of primary drying in
that vial. Moreover, once primary drying is aboul two-thirds
finished, additional shell temperature adjustments are not
necessary.

Overloading of Freeze Dryer

Care musl be taken not to overload the heal and mass
transfer capabililies ol the freeze dryer. The arrows in Fig. 1
show the estimated shell temperature above which the mass
flow exceeds | kp/h/m?, which is roughly the maximum load
for a lypical manufacturing [reeze dryer that can be main-
tained without risk of overload. Figure 1 is highly approxi-
mate. The exact overload conditions of a specilic [reeze dryer
can only be obtained from suitable operational qualification
(0Q) data. Figure 2, which is calculated using the same strat-
egy as for Fig. 1, shows the estimated mass flow as a function
of calculated shell temperatures at different product resis-
tances. This figure can be used as a guide if the freeze-dryer
overload condilions are known. The real-time heat flow dur-
ing primary drying can easily be calculated by Eg. (1) il ac-
curate product resistance values from manometric lempera-
ture measurement are available (38) or by the heat transfer
equation, Eq. (3), if the vial heat transfer coefficient (K,) and
product lemperature are known. The vial heal transler coel-
ficient can be calculated using Eq. (6) for a given vial 1ype
(Table 1I) where the “optimum™ chamber pressure (P.) is
calculated from Eq. (2) (36).
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Fig. 1. Initinl shell temperature estimation for given farget product temperatures at diflerent
solute concentrations (i.c., different dry layer resistance in pnmary drying): circles = low dry

layer resistance (solids =1%), squares
triangles

medium dry layer resistance (10% > solids >1%),
high dry layer resistance (solids =10%). Calculations used Egs. {1)-(5) as described

in the text. The arrows specify the maximum shelf temperatures above which mass and heal
transfer overload of a “typicul” manufacturing dryer 15 hkely.
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Fig. 2. Estimated mass flow in primary drying as a function of shelf temperature
al different product resistance: circles = low dry layer resistance (solids =1%), tri-
angles = high dry layer resistance (solids =10%). Calculations performed using Eqgs.
(1) (4) and a procedure similar to that used to generate Fig. 1.

If at any time during primary drying the calculated heat
or mass [low is close to the overload value, the shell tempera-
ture should be adjusted down. Thus, the condenser overload-
ing problem can be avoided il real-time heat or mass flow
data are available (i.e., from MTM data or any other source),
and the overload sublimation rate is known.

Primary Drying End Point

The primary drying time is directly related to the ice
sublimation rate and is determined by numerous factors, in-
cluding chamber pressure, shelfl temperature. heal transfer
coefficient of vials, fill volume, and product resistance (40).
The primary drying time can roughly be estimated from the
calculation of heat and mass flow via Eqs. (3) and (4). Primary
drying time estimates for tubing vials are plotted in Fig. 3 as
a function of 7, — 7). These estimates are crude approxima-
tions, but can be used as an initial guess of the primary drying
time with litile input data required.

The end point of primary drying can be detected by scv-
eral different methods. At the end of primary drying, there is
no ice present in vials (i.e., no ice sublimation and no hecat
removal by sublimation); thus, the product temperature in-
creases 1o the shell temperature, and the vapor compasition
in the [reeze-drying chamber changes from essentially all wa-
ter vapor during primary drying to mostly air or nitrogen (36),
Thus, product temperature data indicate the end poinl of
primary drying when the product temperature approaches the
shell temperature. Normally, the product lemperature as a
function of time shows a slecp increase in temperature at the
end of primary drying, [ollowed by a plateau. Frequently, the
vials containing thermocouples are not representative of the
batch as a whole because of lhe bias in freezing behavior.
Thermocouple vials usually have less supercooling, larger ice
crystals, and [aster ice sublimation, and, therefore, shorter
primary drying time (41). Drying differences between ther-
mocouple vials and the rest of the batch could be a serious
problem, especially for manufacturing where the bias in freez-

ing behavior is more pronounced. Also, in manuflacturing,
thermocouples are usually placed in front-row vials for maxi-
mum sterility assurance. Front-row vials finish primary drying
far earlier than the inlerior vials due Lo atypical radiation heat
transfer effects (36). Thus, thermocouple vials are nol repre-
sentative both because of heal transfer eflects and because ol
[reezing-bias-induced mass transfer effects. Among the other
methods that can be used, those methods that sense the tran-
sition in gas composition in the chamber from water vapor to
nitrogen are perhaps easiest to use. Dew point sensors, which
can detect the vapor composition change or the relative hu-
midity in the freeze-drying chamber, shows a sharp dew point

Mean Value of “Ts-Tp"

Fig. 3. Esimated primary drying time as a funclion of temperature
driving force for different solute concentrations: circles = low dry
layer resistance (solids =1%), squares = medium dry layer resistance
(10% > solids >1%), triangles = high dry layer resistance (sohds
=10%). Calculations were performed using Eqgs. (3) and (4), assum-
ing heal transfer coelficients and geometry typical for tubing vials and
assuming a l-cm-thick frozen cake. In this approximate calculation,
drying time is proportional lo frozen cake thickness and inversely
proportional to 7, - T,.. To use Fig. 3, the shelf temperature, T, is
eslimated using Fig. 1 as instructed in the text, and for the rough
estimate provided by Fig, 3, the targel product temperature, T, may
be substituted for T;,.
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decrease 2t the end of primary drying due to the vapor com-
positions in the chamber changing from almost 100% water
vapor to essentially 100% nitrogen. Comparative pressure
measurement also works well. The thermal conductivity pres-
sure gauge (Pirani pressure gauge) is calibrated against air
and shows higher vapor pressure during primary drying be-
cause the thermal conductivity of water vapor is about 1.5
times that of air or nitrogen. At the end of primary drying, the
pressure difference between the thermal conductivity pres-
sure gauge (Pirani gauge) and capacitance pressure gaupe
(MKS Baratron gauge, which measures actual pressure) de-
creases and approaches zero (9,41). A variation of the classi-
cal pressure rise test, called the MTM method (39), is another
very sensitive and promising method to indicate the end point
of primary drying. The vapor pressure of ice determined by a
fit of pressure rise data to the MTM equations approaches the
chamber pressure when no ice remains {39). The MTM
methad differs from the classical pressure rise test in thal the
MTM procedure removes the impact of water desorption
from the freeze concentrate, and does not require “calibra-
tion" for each application 1o determine how much pressure
rise is needed for a “not dry" decision. Experiments have
shown that the MTM method can detect the pressure of only
three vials with ice in a 50-liter laboratory freeze dryer (39).

When thermocouple vials are used to indicate the end
point of primary drying, an additional “soak time™ or salety
margin for primary drying time of at least 10% of the primary
drying time of the thermocouple vials is helpful to make sure
all ice has been removed. The soak lime is the period of
extended primary drying after the end point of primary drying
as delermined by thermocouple response. This soak time re-
quirement is due primarily to the bias in primary drying be-
havior between thermocouple vials and the rest of the batch.
Here we suppose Lhe thermocouple vials are placed in the
center of the array. The drying bias is larger if the thermo-
couples are placed in the front row, as is lypical, and a longer
“soak lime" is necessary, at least 20% of the primary drying
time for thermocouple vials. A soak lime is not needed with
the other methods of end point detection.

The primary drying time is usually longer for manufac-
turing freeze drying due to grealer supercooling in the sierile
and “particle [ree” environment in manufacturing as well as
less radiation heat transfer from the door and walls. If labo-
ratory-developed processes that are based on a fixed time for
primary drying are used withoul modification, there is a high
risk of meli-back or collapse problems. The melt-back or col-
lapse problem results from shelf temperature elevation before
the end of primary drying, and the resulling increase in prod-
uct temperature mells or at least collapses the product at the
vial bottom, We suggest extending Lhe Jaboratory drying time
by at least 20% 1o scale-up processes that do nol use anneal-
ing and thus have the potential for large freezing bias.

Secondary Drying

The last stage of freeze drying is termed “secondary dry-
ing.” In this stage, water that did not freeze is removed by
desorption [tom the solute phase. Immediately after primary
drying, an amorphous product still contains a fair amount of
residual water (5-20% on a dried solids basis, depending on
the formulation). The objective of secondary drying is to re-
duce the residual moisture content o a level optimal [or sta-
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bility, which is usually less than 1%. The shelf temperature in
secondary drying is much higher than that used for primary
drying so thal desorption of water may occur al a practical
rate.

Heating Rate and Chamber Pressure

The shell temperature should be increased slowly for
secondary drying because a fast lemperalure ramp might
cause collapse of amorphous products. Because of the fairly
high residual moisture content in the amorphous product
early in secondary drying and, thus, low glass transition tem-
perature, the potential for collapse is greatest early in second-
ary drying. A ramp rate of 0.1 or 0.15°C/min for amorphous
products is generally a safe and appropriate procedure, but
this slow ramp rate need not be maintained once the product
temperature reaches ambient temperature. Crystalline prod-
ucts do nol have any potential for collapse during secondary
drying, and a higher ramp ralte is suggested for such products
(0.3 or 0.4°C/min). The water desorption rale does not de-
pend on chamber pressure, at least if the chamber pressure is
less than about 200 mTorr, but is very sensitive 1o product
temperature (30). Because the chamber pressure in primary
drying is also appropriate {or secondary drying, it is not ncc-
essary to change chamber pressure for secondary drying.

The Shelf Temperature and Secondary Drying Time

The products should be kept at “high” temperature [or a
period sufficient to allow the desired water desorption, Usu-
ally, it is betler to run a high shelf temperature for a short
time than a low temperature for a long period (30). The rea-
son is that the water desorpiion rale decreases dramatically
with time al a given temperature and times longer than 3-6 h
at a given temperature do little 1o further reduce the moisture
contenl. Amorphous products are more difficull to dry than
crystalline products; thus, higher temperatures and longer
times are needed 1o remove the absorbed water, The second-
ary drying condilions also depend on the solute concentra-
tion. At higher solute concentration {i.e., >10% solids in so-
lution), the dry praduct has smaller specilic area, and it is
more diflicult 10 remove the absorbed water; thus longer
times and/or higher lemperatures are needed to finish sec-
ondary drying. Normally, drying times of 3-6 h al the terminal
lemperature is optimal with the terminal tlemperature varying
accordingly to the formulation, but is narmally in the range 40
1o 50°C, even for proteins. Note that protein denaturation in
the relatively dry solid stale is nol an issue below about 100°C
(Pikal et al, unpublished). [We have observed protein dena-
turation in the relatively dry (<15% water) solid state 10 be
well over 100°C for human growth hormone (42; Pikal et al.,
unpublished) as well as with several other proteins, and when
the formulation is very dry, the denaturation temperature
may be aver 150°C. Hageman (43) makes much the same
observation for bavine growth hormone.] The optimum sec-
ondary drying time can be determined by real-time residual
moisture measurement during secondary drying by extracting
samples from the [reeze dryer without interrupting the freeze
drying (i.e., use of a “sample thief”) and measuring their
moisture content using Karl Fischer titration (KF), thermal
gravimetric analysis (TGA), or near IR spectroscopy (44).
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Design of Freeze-Drying Processes

The real-time (in sit) moisture content can also be measured
by a modified MTM method provided the actual moisture
content at the end of primary drying is measured (39). Near
IR also has potential for “in-process™ measurement of water
content if the working standard curve is well calibrated (45).

It is well-known that high waler content normally de-
creases the storage stability of drugs. Therefore, the product
is usually freeze dried lo very low residual moisture content
(about 0.5%). However, low moisture content in [reeze-dried
products does not guarantee best storage stability, at least for
proteins and more complex biological products. On rare ac-
casions, there is an intermediate moisture content for which
the product has optimal storage stability (42.43). If the target
moislure content is an intermediate level, design of secondary
drying is more difficult. Usually, a combination of long drying
times (6 h) and low shell temperature (about 0°C) are best,
but the exact conditions must be determined by trial and
error,
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