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Chapter 1: Introduction

Resumen

En general, en un proceso de liofilizacion, la formulacién que se desea deshidratar
o secar debe congelarse primero y, a continuacion, el disolvente congelado se
elimina mediante un proceso de sublimacién a presion reducida, seguido de un
proceso de desorcion para la eliminacion del disolvente no congelado. Por lo tanto,
en el proceso de liofilizacion se llevan a cabo dos etapas importantes: (1)
congelacion, durante la cual la mayor parte del disolvente se convierte en sélido
congelado; y (2) secado, durante el cual se elimina casi todo el disolvente
(congelado y descongelado) de la formulacion. Dependiendo del mecanismo de
secado, el proceso de secado se divide en dos etapas, secado por sublimacién (o

secado primario) y secado por desorcién (o secado secundario).

Aunqgue la aplicacion de procesos de liofilizacion en la industria farmacéutica y bio-
farmacéutica est4d siendo cada vez mayor, se trata de procesos altamente
consumidores de energia y de tiempo. Dados los altos costes de inversion y de
operacion, existe una motivacion econémica considerable para disefiar procesos de
liofilizacion fiables y que funcionen en condiciones 6ptimas de operacion. Asi, en el
presente estudio se abordan tres cuestiones fundamentales que son pertinentes
durante el disefio, optimizacién y escalado del proceso de liofilizacion: (1)
comprension de la etapa de congelacion y su impacto en el proceso de secado
posterior; (2) el analisis detallado y comprensién del proceso de transferencia de
masa Yy de calor durante el secado primario; y (3) el analisis detallado, entendimiento

y optimizacion de la etapa de secado secundario.

La etapa de congelacion dicta la morfologia de los cristales de hielo y el tamafio
medio y la distribucion de tamafios de los mismos que, a su vez, influye en varios

parametros criticos relacionados con la liofilizacion. El caracter aleatorio del grado

2
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de sobre-enfriamiento durante la etapa de congelacion afecta a las caracteristicas
del hielo, dando como resultado cierta heterogeneidad entre viales y lotes, lo que
origina nuevos retos en el desarrollo, optimizacién y escalado del proceso de
liofilizacion. Por lo tanto, comprender y controlar el paso de congelacion es de suma
importancia. En el presente estudio se discuten ampliamente diferentes tecnologias

desarrolladas con el objetivo de controlar el grado de sobre-enfriamiento.

La etapa de secado primario es la mas larga y critica, influyendo significativamente
en la calidad del producto y en la economia del proceso de liofilizacién. Los procesos
de transferencia de calor y materia son los principios fundamentales que afectan el
proceso de sublimacién. Asi, una mejor comprension de la transferencia de materia
y de calor durante el secado primario permite mejorar el disefio, optimizacién y
escalado del proceso de liofilizacion. Se han realizado estudios de sublimacion para
estudiar la relacién entre las variables independientes, a controlar, y las variables
dependientes, o de salida, del secado primario. Ademas, los estudios sobre el efecto
de la posicién de los viales en las variables y parametros del proceso de secado
primario revelaron diferencias significativas entre los viales situados en el centro y
en el borde del conjunto de viales colocados en las bandejas del liofilizador. El
entendimiento de los procesos de transferencia de materia y de calor durante la fase
de secado primario fue la base para el desarrollo de un nuevo enfoque, denominado
enfoque de la rampa de temperatura (TRA), con el fin de disefiar un proceso de
liofilizacién 6ptimo y fiable. El empleo de la aproximacion TRA ha permitido optimizar
el proceso de liofilizacion eficazmente para dos formulaciones modelo, aplicando
relativamente pocos datos experimentales y condiciones de operacion. Ademas, en
el presente estudio se abordé la aplicacién novedosa de un espacio de disefio de

procesos (PDS) para la etapa de secado primario del proceso de liofilizacion.

Aunqgue la mayor parte del disolvente se elimina durante la fase de secado primario,
es posible que aun quede una cantidad significativa de disolvente al final del secado
primario, relacionada con el disolvente no congelado. Por lo tanto, es necesaria una
etapa adicional de secado, a una temperatura elevada, para reducir el contenido de
humedad residual del producto a un nivel aceptable. En el contexto de un proceso

de liofilizacion, esta etapa adicional de secado se denomina secado secundario. En




Summary

este trabajo, se realizaron estudios experimentales de liofilizacion de una
formulaciébn de medicamento farmacéutico para estudiar la relacion entre las
variables a controlar y los parametros del secado secundario o caracteristicas
finales del producto. Los resultados de estos estudios se utilizaron para desarrollar
nuevamente un espacio de disefio de procesos (PDS), en este caso para la etapa
de secado secundario, del cual se pudieron seleccionar las variables 6ptimas de

procesado.

1.1. Summary

During a freeze-drying process, the formulation is first frozen and, then, the frozen
solvent is removed by a sublimation process at a reduced pressure, followed by a
desorption process for the removal of the unfrozen solvent. Therefore, two equally
important major processes are taking place during a complete freeze-drying process:
(1) freezing, during which the majority of the solvent is converted into a frozen solid;
and (2) drying, during which almost all the solvent (frozen and unfrozen) is removed
from the formulation. Depending on the drying mechanism, the drying process is
further classified into two steps, namely; sublimation process (primary drying) and

desorption process (secondary drying).

Although the use of a freeze-drying process in the pharmaceutical and
biopharmaceutical industries is increasingly growing, it is an energy and time
consuming process. Therefore, due to the high investment and running cost, there
is a considerable economic motivation to design a robust and optimum freeze-drying
process. With this regard, the present study addresses three key issues, which are
relevant during freeze-drying process design, optimization and scale-up: (1)
understanding of the freezing step and its impact on the subsequent drying process;
(2) detailed analyses and understanding of mass and heat transfer during the
primary drying; and (3) detailed analyses, understanding and optimization of the

secondary drying step.

The freezing step dictates the ice crystal morphology, size, and size distribution,

which, in turn, influences several freeze-drying related critical parameters. The
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random nature of the degree of supercooling during the freezing step affects the ice
habit and results in vial-to-vial and batch-to-batch ice habit heterogeneity. This, in
turn, adds significant challenges during development, optimization, and scale-up of
the freeze-drying process. Therefore, understanding and controlling the freezing
step is of paramount importance. In the present study, several technologies,
developed with the aim of controlling the degree of supercooling, have been

extensively discussed.

The primary drying step is the longest and most critical step. Consequently, it
significantly influences the product quality and process economy of the entire freeze-
drying process. Heat and mass transfers are the core principles of the sublimation
process. Thus, a better fundamental understanding of the mass and heat transfer
during the primary drying allows a greater efficiency during the process design,
optimization and scale-up. Sublimation studies were performed to examine and to
establish a fundamental understanding of the relationship between the primary
drying input and output parameters. Furthermore, studies on the effect of vial
position on the primary drying output parameters revealed significant differences
between vials located at the center and edge of the vial array. This fundamental
understanding of the mass and heat transfer during the primary drying step was the
foundation to the development of a novel approach, called temperature ramp
approach (TRA), to design an optimum and robust freeze-drying process. Freeze-
drying process design using the TRA for two model formulations demonstrated that
an effective freeze-drying process could be designed using very few experimental
setups. In addition, the present study discussed a novel approach for the
development of a process design space (PDS) for the primary drying step a freeze-

drying process.

Although most of the solvent is removed during the primary drying step, there might
still be significant amount of solvent, related to the unfrozen solvent, remained at the
end of the primary drying. Therefore, an additional drying step at an elevated
temperature is necessary to reduce the residual moisture content of the product to
an acceptable level. In the context of the freeze-drying process, this additional drying

step is termed as secondary drying. Experimental studies using a pharmaceutical
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drug formulation were performed to examine and to understand the relationship
between the secondary drying input and output parameters. The results of these
studies were then utilized to develop a process design space (PDS) for the
secondary drying step, from which optimum processing parameters could be
selected.

1.2. Justification

The majority of the existing literature focusses on mathematical modeling to design
an optimized freeze-drying process, which requires additional expensive computer
software. Furthermore, the mathematical models are developed based on several
assumptions, and thus several experiments could be necessary to verify the
resulting process parameters. Given the growing demand of the pharmaceutical and
biopharmaceutical industries in implementing the freeze-drying process as a major
drying unit operation, there exists a need for a systematic, scientific, and result-
based process design and optimization approach. To address this point, this study
aims on understanding the fundamentals of the freeze-drying process and
developing different experimental-based approaches to design and optimize a
freeze-drying process. Designing an optimum and robust freeze-drying process is
certainly a high priority among pharmaceutical and biopharmaceutical industries,
and thus the findings presented in this study will allow readers to understand the
fundamentals of transport phenomena in a freeze-drying process and to apply
scientific, easy-to-use and experimental-based approaches during freeze-drying
process design and optimization. In doing so, the results and discussions presented
in this research work advances the use of effective experimental-based approaches
during freeze-drying process design, optimization, scale-up and transfer. Fresenius
Kabi is a healthcare company, which implements the freeze-drying process as a
major drying unit operation for some of its marketable products. Therefore, Fresenius

Kabi would also significantly benefit from the research work presented in this thesis.




Resumen

1.3. Objectives

Freeze-drying is commonly used in manufacturing labile pharmaceutical and
biopharmaceutical products with the aim of extending their shelf life. However,
freeze-drying process is a time and energy intensive process that could take from
several days to weeks if the process is not well optimized. It is still common practice
to design freeze-drying process using trial and error approach and, as a
consequence, commercial freeze-drying processes are often neither robust nor
efficient. Understanding formulation characteristics and their effect on freeze-drying
processes, as well as a profound understanding of the heat and mass transfer
processes during the freeze-drying process, allows greater efficiency in process
development and optimization. Furthermore, designing a freeze-drying process
based on a scientific understanding of the process minimizes problems encountered
during scale-up and transfer. Therefore, a simplified approach based on a detailed
heat and mass transfer analyses of different model pharmaceutical formulations will
be developed for designing an effective and robust freeze-drying process. In
addition, scaling-up a freeze-drying process from laboratory scale to manufacturing
scale is another challenge during freeze-drying process design. Difference in mass
and heat transfer between the different equipment is one critical scale-up issue.
Laboratory and manufacturing scale freeze-dryers could have different design
performances, which could cause variability in heat exchange and vapor transport
systems. Differences in degree of supercooling during freezing arising due to
differences in cleanness of manufacturing environments is another major factor
during scale-up. Differences in degree of supercooling cause differences in vapor

transport rate and significantly impacts drying temperature and time.
The main objectives of this thesis work are listed below:

e To develop a profound understanding of mass and heat transfer in freeze-
drying process by performing sets of sublimation experiments using two
model formulations and pure water using different process parameters (i.e.,

chamber pressure and shelf temperature). Mass and heat transfer
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parameters will be calculated and the effect of the different process

parameters on heat and mass transfer coefficients will be analyzed.

To elucidate the effect of process parameters (i.e., chamber pressure and
shelf temperature) on heat transfer uniformity across a shelf. This requires
the calculation of overall heat transfer coefficient of vials at different positions
(i.e., front edge, center, rear edge and side edge) and at different
combinations of chamber pressure and shelf temperature. Understanding
this relationship allows selection of process parameters that provide
improved heat transfer uniformity as well as improved overall drying rate

during the primary drying.

To utilize the expertise and knowledge acquired from the above mentioned
experiments and analyses to develop a novel and scientific approach, called
“Temperature Ramp Approach”, for an effective, optimized and robust
freeze-drying process design for any given formulation. The new approach
will be tested experimentally for two model formulations and the resulting
process parameters will be compared with the process parameters obtained

using process design space approach of the same formulations.

To develop a scientific approach for the construction of a process design
space of the primary drying step of a freeze-drying process. The process
design space is an important tool to study the dynamic relationship of the
input process parameters with product temperature, sublimation rate, and
product quality. Process design space sets process boundaries, within
which process optimization and robustness studies can be performed
without compromising product quality. The new approach will be tested

experimentally using the two model formulations.

To understand the influence of the critical input process parameters on the
critical output parameters of the secondary drying step of a freeze-drying
process. Furthermore, to optimize and construct a process design space of

the secondary drying step for a drug formulation from Fresenius Kabi.




Resumen

1.4. Thesis structure

The complete PhD thesis manuscript is divided in 5 main chapters.

This first chapter succinctly describes the summary, justification and objectives of

the research work.

Chapter 2 presents the state of the art of the subject. Here, a detailed discussion of
the fundamentals of the freeze-drying process, including an in-depth discussion of
the three phases of the freeze-drying process, i.e., freeze, primary drying, and
secondary drying phases are given. In the freezing sub-section, the physicochemical
changes that occur during the freezing phase and their impact on the freeze-drying
process are discussed. Furthermore, currently available alternative technologies for
the application of controlled nucleation are discussed. In the primary drying sub-
section, a detailed discussion on the heat and mass transfer during the primary
drying phase is given. In the secondary drying sub-section, a brief discussion on the
importance of the secondary drying phase is given. Furthermore, this chapter
presents a detailed discussion on the overview of a freeze-drying equipment and on

the relationship of formulation properties and a freeze-drying process.

Chapter 3 presents a detailed description of the experimental techniques employed

in this work, including all the materials, methods and devices.

Chapter 4 presents the major findings, results and discussions of this work. In the
first sub-section of this chapter, detailed analyses of the heat and mass transfer
during the primary drying phase, focusing on the effect of input process parameters
on output parameters are given. Such analyses provide fundamental understanding
on the freeze-drying process. In the second sub-section, an innovative approach,
called temperature ramp approach (TRA), for the design of a robust and optimum
freeze-drying process of model formulations is discussed. In the third sub-section,
another innovative approach for the construction of a process design space (PDS)
is discussed. The PDS is a tool that could be used during process design, scale-up
and transfer. In the last sub-section of this chapter, understanding and optimizing

the secondary drying step is discussed. Furthermore, a detailed discussion on the




Thesis structure

effect of the critical input parameters on the critical output parameters during the
secondary drying is given. Also, construction of a process design space (PDS) for

the secondary drying phase is discussed.
Chapter 5 presents the main conclusions of this research work.

Finally, the Appendices collected copies of articles already published (or submitted
to publication) in peer-reviewed journals, including a review article on the importance
of the freezing step in the freeze-drying process, which makes part of the state-of-
the-art chapter, as well as a list of contributions and publications in international

congresses and conferences on this topic.
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Chapter 2: State of the art

2.1. Fundamentals of a freeze-drying process

Drying is one of the key unit operations in pharmaceutical and biopharmaceutical
industries, especially used to remove solvents (usually water) from liquid drug
formulations with the purpose of converting them into solid forms without
compromising their pharmaceutical and therapeutic properties. The main reason
behind this conversion is that a drug formulation in its solid state allows the
immobilization of the active drug substance as well as the excipients, hence
significantly reducing chemical and physical degradation pathways, such as
hydrolysis, oxidation, isomerization, condensation, racemization and reactions with
other components in solution [Franks, 2007]. An extended stability of the
formulations containing active pharmaceutical ingredients (APIs), even at ambient
temperature, is then achieved [Bosca & Fissore, 2014]. In addition to the stability
benefits, drug formulations in solid forms have the advantages of easing handling
and storage, and reducing transportation costs [Walters et al., 2014]. In contrast to
the above advantages, solid or freeze dried products have some disadvantages,
such as they are not as convenient to administer as a sterile, ready-to-use solution;
freeze dried products require additional reconstitution and transfer steps during
administration (because of this, sterility assurance may be compromised); and due
to expensive equipment and manufacturing costs, freeze dried products are,

generally, more expensive than ready-to-use solutions.

Several drying technologies are already in use or under development in
pharmaceutical and biopharmaceutical industries. These include freeze-drying
[Pikal, 2006; Bhatnagar et al., 2013; Kharaghani et al., 2017], foam drying [Ohtake
et al., 2011; Jangle & Pisal, 2012], spray drying [Cheow et al., 2010; Ohtake et al.,
2010; Cortés-Rojas et al., 2015], spray freeze-drying [Sonner et al., 2002; Cheow et
al., 2011; Wanning et al., 2015; Ali & Lamprecht, 2017], supercritical fluid drying
[Reverchon et al., 2009; Jin et al., 2012], convective drying [Gabel et al., 1998] ,

12
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microwave drying [Farrel et al., 2005; de Jesus & Filho, 2011] and more recently
electrostatic drying [Xie et al., 2015]. A detailed review of these drying technologies
is given elsewhere [Walters et al., 2014]. Selection of an efficient drying process
often presents challenges, because it requires the consideration and evaluation of
many critical parameters. These include physical properties of the product, drying
temperature, residual water content, quality and shelf-life of the dried product, ease
of process design, scalability, capability to implement the technique in a GMP (Good
Manufacturing Practice) environment, ease of control of critical process parameters,
and investment and operational costs of the drying process. The challenges arise
from the fact that all the available drying technologies only fulfill few of the factors
listed above. Therefore, the selection process requires an intensive evaluation and
comparison of the different drying technologies, especially considering the final
product attributes. In addition to the above factors, the cost of raw materials might
also have an impact on the selection of the drying process [Walters et al., 2014]. For
instance, for high value products, as it is often the case with pharmaceuticals, the
cost of the raw ingredients may be the primary driver that dictates the selection of a
drying method, as low yield or product recovery less than 100% may not be
acceptable [Walters et al., 2014].

Despite the abundance of drying technologies available, the vast majority of these
techniques, in their current state, are not directly applicable for the processing of
pharmaceutical and biopharmaceutical products due to many reasons, including: (1)
unknown effect of energy source on structure/stability of the products, (2) energy
efficiency, (3) scalability, and (4) inability to achieve low residual water content
[Walters et al.,, 2014]. This might be the reason why the vast majority of the
pharmaceutical and biopharmaceutical industries are currently using freeze-drying
or lyophilization as a drying technique. Despite its shortcomings, such as high
production costs, high investment and maintenance costs, and low throughput,
freeze-drying is a well-established drying method that successfully passes regulatory
bottlenecks. Some of the most important reasons that freeze-drying established itself
as a common drying process are; (1) low temperature process is beneficial for most
of the heat sensitive active pharmaceuticals, (2) it has long been accepted by

national and international authorities, which regulate the granting of product licenses,
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(3) the ability of running the process under conditions of absolute sterility, (4) the
rapid reconstitution of the dried product at the point of use, and (5) freeze-dried
products are widely recognized and accepted products in the market [Franks, 2007].
In this context, the main focus of industries is to optimize the drying process, so that
an elegant product is obtained at the shortest possible processing time. Optimization
of a freeze-drying process requires a detailed understanding of the formulation and
the process itself. The broad use of freeze-drying process is supported by the fact
that, in 1998, lyophilized pharmaceuticals accounted for 11.9% of all new injectable
or infusible drugs, but, by 2015, they made up half of all such new drug introductions
[Shanley, 2017].

The use of freeze-drying as a method of preservation is not a new idea and can be
traced back to prehistoric times when, for example, the Eskimo preserved fish by
dehydration in the cold Arctic winds. Given the complexity nature of a freeze-drying
process as well as the limited knowledge of refrigeration and vacuum technologies,
industrialization of freeze-drying process was not an easy task until 1930s, when the
need arose to preserve large volumes of heat-sensitive blood products and the then
newly discovered antibiotics [Ward, 1997]. Recently, advances in refrigeration and
vacuum technologies have enabled freeze-drying process to expand within
pharmaceuticals and biopharmaceuticals industries to encompass a wide range of
products, such as vaccines, proteins, vitamins, therapeutic enzymes and many
others. Through the years, it has become clear that freeze-drying process offers
additional advantages compared to alternative drying methods in addition to
stabilization. First, freeze-drying process allows heat-sensitive pharmaceutical drugs
to be dried at low temperature, hence reducing the extent of degradation as well as
therapeutic properties of the drugs. Second, freeze-dried products have a very high
specific surface area, which enables a rapid and complete reconstitution of the
products [Ward, 1997].

Freeze-drying is a drying unit operation with a core principle of removal of solvent
from a liquid formulation, in which the formulation is first frozen and then the frozen
solvent is removed by sublimation, at a reduced pressure, followed by a desorption

process for the removal of the unfrozen solvent. Therefore, two equally important
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major processes are taking place during a complete freeze-drying process; (1)
freezing, during which the majority of the solvent, up to 95% [Tang & Pikal, 2004], is
converted into frozen solid, and (2) drying, during which almost all the solvent (frozen
and unfrozen) is removed from the formulation. The drying process is further
classified into two steps, based on the mechanism of the drying process, namely

sublimation (primary drying) and desorption (secondary drying).

During the freezing phase, the liquid formulation is frozen and eventually converted
into a solid form. In the frozen solid form, a phase separation of the solvent, usually
water, and the rest of the solutes occurs, which is a key phenomenon for a
Iyophilization process. This is because, if this separation does not occur, a fully solid
frozen formulation with a greatly reduced vapor pressure will be formed and the
formulation cannot be lyophilized [Kasper & Friess, 2011]. Most of the water
(approximately 80% to 95% [Tang & Pikal, 2004], depending on the formulation)
crystallizes into hexagonal ice crystals and the rest of the solvent (approximately 5%
to 20%) remains unfrozen entrapped within the solutes. During the freezing process,
the concentration of the solute increases to a maximum, as water is removed
because of crystallization, above which a further increase in concentration is not
possible. The solute at this state is termed as “maximally freeze-concentrated

solute”.

During the primary drying phase, the frozen part of the solvent, mostly 80% to 95%,
is removed from the formulation through a sublimation process. Sublimation is the
process of converting a solid phase directly into gaseous phase without passing
through the intermediate liquid phase. In freeze-drying, the driving force of the
sublimation process is the pressure difference between the vapor pressure of ice at
a given target product temperature and the ice condenser pressure, which is
identical to the chamber pressure. The chamber pressure is, therefore, reduced to a
pressure well below the vapor pressure of ice at the given target product temperature
to initiate the sublimation process. Additionally, continuous heat supply is provided
to compensate the heat removed by the sublimation process and to maintain the

target product temperature during the entire primary drying phase.
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During the secondary drying phase, the unfrozen part of the solvent, mostly 5% to
20% of the total solvent, is removed from the formulation through a desorption
process. Desorption is the process of removal of liquid phase into gaseous phase
via evaporation of the liquid. In freeze-drying, the driving force for the desorption
process is the temperature difference between the product temperature and the
evaporation temperature of water at a given pressure. In order to facilitate the
evaporation of water at low temperatures, the chamber pressure is usually kept very
low, mostly similar to the chamber pressure during primary drying. At the same time,
the temperature during the secondary drying is increased to allow faster desorption
rate. Depending on the heat sensitivity of the formulation, a secondary drying

temperature as high as 45 °C could be used [Tang & Pikal, 2004].

A complete evolution of a freeze-drying process can be described using Figures 1
and 2. As llustrated in Figure 2, the freezing step consists of different
physicochemical changes (cf. section 2.1.1). During the first change, the solution is
cooled down to its equilibrium freezing temperature (7y), point A, and the solution
during this stage is called cold solution. Since solutions do not start freezing at their
Ty, they remain liquid for certain degrees below their T, (from point A to point B). The
state of a solution during this stage is called supercooled solution, and the degree
that a given solution retains its liquid state below T is called degree of supercooling.
At point B, the supercooled solvent starts to freeze by creating a stable ice nucleus.
The temperature at which the first ice nucleus starts is called nucleation temperature
(T,) and the process is called primary nucleation. Since crystallization is an
exothermic process, the temperature of the solution increases rapidly to its T (point
C). During the nucleation period, which is also called secondary nucleation, (point B
to point C), many ice crystals are generated, encompassing the entire solution

volume.
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Figure 1. Graphical depiction of the freeze-drying process. Upper figure shows typical
temperature and pressure profiles, while the lower figure shows how freezing, sublimation
and desorption of a solution progresses with regard to the temperature and pressure

profiles. Tf, equilibrium freezing temperature; and T,,, nucleation temperature.

The number of ice crystals formed during the secondary nucleation period are
dependent on the degree of supercooling, which takes-up the heat generated during
the exothermic crystallization process. Upon further cooling of the solution, the ice
crystals, generated during the nucleation period, grow and the solution further

freezes (from point C to point D). However, simply lowering the temperature to the
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final freezing temperature does not guarantee complete solidification of the solution.
Thus, a holding time at the final freezing temperature (from point D to point E) is
necessary to allow complete solidification of the freezable solvent. During freezing
of the solution, there is a significant increase in solute concentration, as the available
liquid solvent decreases with freezing. This increase in solute concentration
increases the amount of adsorbed solvent, as shown from point B to point E of the
lower part of Figure 1. Both the freezing and adsorption interfaces progress until a
critical concentration of the solute is achieved, above which further freezing or
adsorption of the solvent is not possible. At this point, the solution is regarded as a
completely solidified solution, denoted by point E. Analyzing point E, up to 10% of
the initial water content remains unfrozen, bound or adsorbed within the solute
matrix. The amount of unfrozen water depends on the type and concentration of the
solute and it typically ranges from 5 to 20% [Tang & Pikal, 2004]. The freezing
process is shown in the phase diagram of water (Figure 2) as liquid water crosses
the melting/freezing interface and changes into frozen water, when temperature is

decreased at atmospheric pressure (Pym)-

Once all the freezable liquid is solidified, the sublimation process is started by
reducing the chamber pressure and increasing the shelf temperature into a
predefined value (point F, Figures 1 and 2). During the sublimation process, strict
control of the product temperature is required as this defines the product quality and
drying rate. However, in a freeze-drying process, a direct control of the product
temperature is not possible and this is usually done by a proper manipulation of the
chamber pressure and shelf temperature. The optimum combination of chamber
pressure and shelf temperature that produces the desired product temperature is
then held until all the frozen solvent is sublimed, point G. As displayed in Figure 2,
sublimation of the frozen water is triggered when the chamber pressure reaches a
minimum pressure. At a target product temperature for primary drying (T,t1°), the
maximum chamber pressure for primary drying (P.m1°) corresponds to the vapor
pressure of ice at T,t1°. However, at this point, the driving force for sublimation,
which is the pressure difference between the vapor pressure of ice at T,t1° and
chamber pressure is null, leading to an extremely slow or no sublimation process.

To increase the sublimation process, the chamber pressure is further reduced to a
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target chamber pressure for primary drying (P.t1°), while keeping T,t1°. At a given
T,t1° the lower the chamber pressure, the higher the driving force for the
sublimation process, and hence the faster the drying rate. However, the minimum
chamber pressure is limited by the capability of a freeze-drying equipment to
properly maintain it during the entire primary drying phase [Ganguly et al., 2013 &
2017; Kshirsagar et al., 2019].

Patm [— B-E:
Solid Me\ltmg
Eriezmg

Evacuation

Pressure [mbar]
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1G-H H-1 P
A J
Tpt1° 0.01 Tpt2°

Temperature [°C]

Figure 2. Progression of a freeze-drying process through a phase diagram of water. Py,
atmospheric pressure; P.m2°, maximum chamber pressure for secondary drying; P.m1°,
maximum chamber pressure for primary drying; P.t1°, target chamber pressure for primary
drying; T,t1°, target product temperature for primary drying, and T,t2°, target product
temperature for secondary drying. The letters A-l correspond to the same process phases

as in Figure 1.

Once all frozen solvent is sublimed (Point G, Figure 1), product temperature is
increased (point H, Figure 1), while keeping low chamber pressure, to remove
adsorbed (unfrozen) solvent via desorption. Desorption is evaporation of adsorbed
liquid solvent through the dried product. Desorption process continues until the
desired final moisture content and glass transition temperature of the dried cake is
achieved (point I, Figure 1). Figure 2 shows the desorption process of unfrozen
water, in which product temperature is increased to a point beyond the triple point
temperature of water. At a target product temperature for secondary drying (T,t2°),

the maximum chamber pressure for secondary drying (P.m2°) corresponds to the
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vapor pressure of liquid water at T,,t2°. However, at this point, the driving force for
evaporation, which is the temperature difference between actual product
temperature (T,t2°) and the evaporation temperature at P.m2° is null, leading to an
extremely low or no desorption rate. To increase the desorption rate, the chamber
pressure is kept as low as possible. Low chamber pressure decreases the
evaporation temperature of liquid water, and hence at T,t2°, the driving force for
evaporation is increased. In most cases, chamber pressures for primary and

secondary drying are kept identical.

2.1.1. Freezing

The following sub-section has been published as a review article on the Journal of
Pharmaceutical Sciences (see Appendix A.l1). The structure of the published

document has been slightly modified to fit to this particular document.
2.1.1.1. Introduction

Freeze-drying is a drying unit operation with a core principle of removal of solvent
from a liquid formulation, in which the formulation is first frozen and then the frozen
solvent is removed by sublimation, at a reduced pressure, followed by a desorption
process for the removal of the unfrozen solvent. Therefore, 2 equally important major
processes are taking place during a complete freeze-drying process; (1) freezing,
during which most of the solvent, up to 95%, [Tang & Pikal, 2004] is converted into
frozen solid, and (2) drying, during which almost all the solvent (frozen and unfrozen)
is removed from the formulation. The drying process is further classified into 2 steps,
based on the mechanism of the drying process, namely sublimation (primary drying)

and desorption (secondary drying).

Freezing is the first operation in a freeze-drying process and is, of course, a critical
step because if the product is impaired from the start, there is obviously no interest
to go further [Rey, 2010]. During the freezing step, most of the water is converted
into solid by forming a network of ice crystals and this step dictates ice crystal
morphology, size, and size distribution, which, in turn, influence several critical

parameters, such as dried product resistance, primary and secondary drying rates,
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extent of product crystallinity, specific surface area, and reconstituability of the dried
product [Searles et al., 2001a]. The influence of freezing on the subsequent drying
process can be well described using the governing transport phenomena equations
of a freeze-drying process. During the primary drying phase of a freeze-drying
process, heat and mass transfer should take place in “close-equilibrium”, so that the
change in product temperature during the entire primary drying period remains
insignificant, usually within 2 °C-3 °C. Therefore, for the purpose of calculations, a
pseudo steady-state in product temperature can be safely assumed, and hence the
equilibrium in heat and mass transfer during primary drying is given as in Equation
1.

Q = AHgn (1)
where, Q[W] is the overall heat transfer rate to a given vial; AH[J/g] is the heat of

sublimation of ice; and m [g/s] is the overall mass transfer rate from a vial.

Furthermore, the overall heat and mass transfer rates can be expressed as in
Equations 2 and 3, respectively.

Q = AK,(Ts — Tp) 2
where, 4,[cm?]is the outer surface area of a vial; K,,[W/cm?2.K] is the overall vial heat

transfer coefficient; T([K] is the shelf temperature; and T,[K] is the product

temperature.

Pi(Tp)_Pc

o= SRl 3)

Rp(r)

where, P;(T,)[mbar] is the vapor pressure of ice (function of product temperature,
T,); P.[mbar] is the chamber pressure; and R, (r)[mbar.s/g] is the resistance to mass

transfer of the dried product (function of pore radius, r).

Substituting Equations 2 and 3 into Equation 1 gives:

Pi(Tp)_Pc

AyK,(Ts — T,) = AH; o)

(4)
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All the parameters in Equation 4 are as described previously. Equation 4 can be
used to analyze the effect of the freezing step on the primary drying of freeze-drying

process.
Effect of freezing on resistance to mass transfer of the dried product (R,(r))

As mentioned earlier, the predominant and direct impact of the freezing step is on
the formation of ice crystal habits, such as size and morphology, and this, in turn,
impacts the pore size of the dried product after the ice crystals are sublimed. Large
ice crystals leave large pore radius in the dried product and, consequently, they have
low resistance to mass transfer. In contrast, small ice crystals leave small pore
radius, which hinder the transport of water vapor significantly. Therefore, the
resistance to mass transfer of the dried product is inversely related to the size of ice

crystals that are formed during the freezing step.
Effect of freezing on product temperature (T,,) and vapor pressure of ice (P;)

As mentioned in the previous section, the direct impact of the freezing step is on the
resistance to mass transfer of the dried product, R,,, and, as a consequence of this,
many other parameters, such as product temperature, T,,, vapor pressure of ice, P;,
overall vial heat transfer coefficient, K,,, and mass transfer rate, m, are affected.
Although the effect of the freezing step on these parameters is rather complex, it can
be studied by evaluating the governing heat and mass transfer equations.
Rearranging Equation 4 for product temperature, the following equation is obtained:

AHg (Pi(Tp)_Pc)

Tp - TS h ApKyRp (1)

®)

To evaluate the effect of the freezing step on product temperature, T,,, from Equation
5, the following condition must be met: The input process parameters, that means
the shelf temperature, T,, and the chamber pressure, P, should be kept unchanged.
Now, let us consider 2 proprietary products, product A and product B. For product A,
the freezing protocol produces few and large ice crystals, and hence low R,,. On other

hand, the freezing protocol for product B produces many and small ice crystals, and
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hence high R,,. According to Equation 5, this results in lower product temperature for
product A than for product B. This is because, at low R,, the endothermic mass
transfer process is dominant, and thus takes up substantial energy from the process.
If this substantial energy take-up is not compensated by increasing the heat transfer
rate (rate limiting process), the product temperature decreases. At the same time,
according to the phase diagram of water, the vapor pressure of ice, p;, decreases as
product temperature decreases. Consequently, the term (P;(T,,) — F.) in Equation 5
decreases, resulting in a reduction of mass transfer rate. The reduction in mass
transfer rate reduces the energy take-up from the process, and thus the product
temperature slightly increases. This cycle repeats itself until a new equilibrium in
heat and mass transfer rate is achieved. This analysis implies that, for product A
(with low R,), the energy input (i.e., the shelf temperature) can be increased to shift
the heat transfer rate from a rate limiting process to a process in equilibrium with the
mass transfer rate, so that the product temperature remains at the predefined target

product temperature from the start of the process.

On the other hand, at high R, the endothermic mass transfer process becomes a
rate limiting process, and the excess energy input from the dominant exothermic
heat transfer process causes the product temperature to increase. At the same time,
according to the phase diagram of water, the vapor pressure of ice, P;, increases as
product temperature increases. Consequently, the term (P;(T,,) — F.) in Equation 5
increases, resulting in an increased forced mass transfer rate. Depending on the
increase in the magnitude of the forced mass transfer rate and the product
temperature, a microcollapse or a complete collapse of the product might occur. This
analysis implies that, for product B (with high R,), the energy input, that means the
shelf temperature, might need to be decreased to shift the heat transfer rate from a
dominant process to a process in equilibrium with the mass transfer rate, so that the
product temperature remains at the predefined target product temperature, avoiding
product damage. In general, the impact of the freezing step on the different

parameters can be summarized as follows:
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r X ice crystal size
R, o« *
P
R, xT,

P; x T, Provided T, and P, are kept unchanged (6)

1
T, P; oc;

. 1

m X E, Tp
Therefore, it is of paramount importance to study the nature of the freezing step
during development, optimization, transfer and/or scale-up of the freeze-drying

process.
Effect of freezing on mass transfer rate (m)

The effect of the freezing step on mass transfer rate is not a straight forward
relationship. On one hand, mass transfer rate is inversely related to the resistance
to mass transfer of the dried product, R,. On the other hand, mass transfer rate is
directly related to the product temperature, T, and hence to the vapor pressure of

ice, P;, provided that the shelf temperature and chamber pressure are kept

unchanged (Equation 6).

As can be deduced from Equation 6, large ice crystals are correlated with low dried
product resistance and with low product temperature. Further, Equation 6 shows the
relationship of dried product resistance and product temperature with mass transfer
rate and, according to this equation, the lower the dried product resistance, the
higher the mass transfer rate and, on the other hand, the lower the product
temperature (or the vapor pressure of ice), the lower the mass transfer rate.
Therefore, the overall effect of the freezing step on mass transfer rate is dependent
on the relative effect of the freezing step on the dried product resistance and the
product temperature. Therefore, the advantage of having high mass transfer rate
due to low dried product resistance could be offset by the low product temperature,
unless the processing parameters (shelf temperature and chamber pressure) are set

to keep the product temperature at the predefined target product temperature.
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In addition to the above impact of the freezing step on freeze-drying process, it is a
critical step with regard to biological activity and stability of the active pharmaceutical
ingredient, especially for pharmaceutical proteins [Carpenter et al., 1994; Bhatnagar
et al.,, 2007 & 2008; Searles, 2010; Connolly et al., 2015]. Therefore, a thorough
understanding of the physico-chemistry of the freezing process is essential for
understanding how both formulation composition and process conditions influence

the quality of the freeze-dried product [Nail et al., 2002].

The aim of the current review is to gather existing information on the physicochemical
phenomena involved during the freezing process and how these phenomena impact
the subsequent drying step of the freeze-drying process. In addition, modification of
the freezing process and different techniques used to actively control the degree of
supercooling during freezing will be reviewed and discussed along with their impact
on freeze-drying process performance. In this sense, this review stresses the
importance of understanding the fundamental principles of the freezing step during
the freeze-drying process, as well as its significant impact on freeze-drying process
development, optimization and scale-up. In addition, an update of the available

techniques for the active control of the degree of supercooling is addressed.

2.1.1.2. The freezing process

In general, the freezing process consists of 3 stages namely, (1) cooling stage, in
which the liquid formulation is cooled from its initial temperature to the freezing point
temperature; (2) phase change stage, in which the first ice nucleus formation and
ice crystal growth are taking place; and (3) solidification stage, in which all the ice
crystals grow to an extent that no further ice crystal growth is possible [Dalvi-Isfahan
etal., 2017].

2.1.1.2.1 Cooling stage

During the cooling stage, the temperature of the formulation is decreased until the
first ice nucleus starts to be formed. The temperature at which the first ice nucleus
is formed is known as ice nucleation temperature, T,,. When an aqueous system is

cooled at atmospheric pressure, it does not freeze spontaneously at its equilibrium
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freezing point [Kasper & Friess, 2011]; rather, it retains its liquid state to a certain
degree. The equilibrium freezing of aqueous systems requires, among other things,
that an ice crystal nucleus is made available at the equilibrium freezing point of the
system and that appreciable temperature differences within the system do not exist.
Supercooling arises when, at least, one of these conditions is not met [MacKenzie
et al., 1997]. Supercooling is therefore defined as the ability of an aqueous system
to retain its liquid state below its equilibrium freezing point. During the supercooling
state, which is a nonequilibrium and metastable state, water molecules form clusters
with relatively long-living hydrogen bonds with similar molecular arrangements to ice
crystals [Kasper & Friess, 2011; Petzold & Aguilera, 2009]. Since this process is
energetically unfavorable, the molecular clusters break up rapidly until an adequate
amount of molecules associate in 3 dimensions to form a thermodynamically stable
aggregate, so-called critical nucleus, which provides surfaces suitable for crystal
growth [Dalvi-lsfahan et al., 2017]. Depending on the cooling rate used, 2
supercooling states can be observed. The first is global supercooling, in which the
entire liquid volume achieves a similar level of supercooling, and the secondary
nucleation zone encompasses the entire liquid volume. Solidification then
progresses through the already nucleated volume [Searles et al., 2001a]. Slow
cooling rates, such as shelf-ramp cooling, lead to global supercooling. The second
is local supercooling, in which a small fraction of the volume is supercooled to the
point of primary and secondary nucleation. The nucleation and solidification fronts
are in close proximity in space and time, with the front moving into the non-nucleated
liquid [Searles et al., 200l1a]. Figure 3 shows a typical freezing curve of a
pharmaceutical liquid formulation. The equilibrium freezing point of this formulation
is shown as point A and, because freezing does not start at point A, the formulation
retains its liquid state until point B, in which the first ice nucleus is formed. The state
of the formulation from point A to point B is termed as supercooling state and the
degree that the given formulation retains its supercooling state is termed as degree
of supercooling. The degree of supercooling is quite variable and it is affected by
several factors, such as foreign particles, container surface area, process conditions,
sample volume, composition of the matrix, and contact area between sample and
container [Dalvi-Isfahan et al., 2017]. The aforementioned and other factors are

responsible for the random and stochastic nature of ice nucleation. As will be
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discussed later more in detail, the variation in degree of supercooling from sample
to sample affects the drying behavior of these samples during primary drying and
this, in turn, hinders the effort to design robust and economically optimized freeze-
drying processes. Therefore, the ability to control the degree of supercooling or ice
nucleation during the freeze-drying process is essential to produce batches with
consistent and similar freezing behaviors. Freezing methods aiming to control the
ice nucleation during the freeze-drying process are currently available. Some of them
have yielded successful experimental results at laboratory scale [Konstantinidis et
al., 2011; Awotwe-Otoo et al., 2014; Esfandiary et al., 2016]. However, only limited
data are still available at industrial scale [Chakravarty et al., 2012; Azzarella et al.,

2016]. These methods will be discussed more in detail later in this review.

2.1.1.2.2 Phase change stage

Phase change stage (referring to a phase change from liquid to solid) starts once a
formulation reaches its ice nucleation temperature (T,), point B of Figure 3, in which
the first ice nucleus appears. The appearance of the first ice nucleus is called primary

nucleation.

Primary nucleation is an extremely fast process, and hence it is difficult to observe
either by eye or on a cooling thermogram except as a starting point of the secondary
nucleation [Searles et al., 2001a]. Secondary nucleation (from point B to C of Figure
3) immediately follows primary nucleation and it is characterized by the addition of

ice nucleation sites.

Formation of ice crystals is an exothermic process and, for this process to continue,
the heat given off must be removed. This heat is removed by the supercooled
solution, which is at a certain degree below the equilibrium freezing temperature.
During this process, the supercooled formulation only absorbs limited amount of
heat, and hence the temperature of the solution increases quickly to its equilibrium

freezing temperature where formation of ice crystals ceases, point C of Figure 3.
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Figure 3. Freezing curve of a typical pharmaceutical formulation obtained during a shelf-

ramp freezing experiment (authors’ own results). T, equilibrium freezing temperature; and

T,, ice nucleation temperature.

The amount of heat absorbed during secondary nucleation determines the total
number of ice crystals formed, which, in turn, depends on the degree of supercooling.
Higher degree of supercooling allows bigger amount of heat to be absorbed during
the exothermic crystallization process and this grants the formation of many ice
crystals.

The mass fraction of freezable water that crystallizes during nucleation (x) can be
calculated according to Equation 7, in which the extent of supercooling is used to
absorb the heat of crystallization up to the equilibrium freezing point [Searles et al.,
2001a]:

— Mwn _ (Tf_Tn) Cow (7)
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where, m,,, is the mass of water crystallized at nucleation; m,,, is the mass of
freezable water; Ty is the equilibrium freezing temperature of water; T, is the ice
nucleation temperature; C,,, is the heat capacity of water (around 4.2 J/g.K); C is the

mass fraction of solutes; C is the mass fraction of solutes in the maximally freeze
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concentrated state; and AH,, is the latent heat of fusion of water (334 J/g) [Kumano
et al., 2007]. The amount of total crystallizable water and unfrozen water is mainly
influenced by the composition of the formulation and is not influenced by the ice

nucleation temperature [Geidobler & Winter, 2013].

In addition, the rate of ice crystal growth (freezing rate) is dependent on the degree
of supercooling. At higher degree of supercooling (i.e., lower ice nucleation
temperature), the ice crystal growth rate is faster. This is because the relatively
colder shelves of the freeze dryer remove the heat generated during ice formation
faster. The rate of crystal growth (G) can be expressed as a function of degree of

supercooling, as shown in Equation 8 [Petzold & Aguilera, 2009]:
G = BAT)" 8
where, AT, = Ty — T, (degree of supercooling); and g & n are experimental constants.

On the other hand, if a solution has a low degree of supercooling, meaning small
temperature difference between the equilibrium freezing point temperature and the
nucleation temperature, only a small amount of the heat of crystallization can be
absorbed by the supercooled water. This results in the instantaneous freezing of only
a small fraction of freezable water, and hence the formation of just a few ice crystals.
In addition, the ice crystal growth rate of a solution with low degree of supercooling
is slow, as the relatively warmer freeze dryer shelves have low driving force to
remove the crystallization heat. A pictorial depiction of the freezing process at high
and low degrees of supercooling is shown in Figure 4. Figure 4a shows the freezing
phenomenon in the case of a high degree of supercooling (i.e., 13 °C). As discussed
earlier, higher degree of supercooling leads to a higher amount of water to crystallize
during secondary nucleation (cf. Eq. 7) and to faster rate of freezing (cf. Eq. 8). This,
in turn, leads to the formation of many ice nucleation sites during secondary
nucleation producing many small ice crystals. By contrast, Figure 4b shows an
example of a low degree of supercooling (i.e., 3 °C). In this case, it is apparent that
a lower amount of water crystallizes during secondary nucleation (cf. Eq. 7), yielding

very few large ice crystals.
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It is also known that ice crystal morphology is a function of the degree of
supercooling. Generally, 3 different types of ice crystal morphologies can be
observed during freezing of a solution [Petzold & Aguilera, 2009; Shibkov et al.,
2003]: (1) at high degree of supercooling (Figure 4a), because of the fast freezing
rate, the water molecules arrange randomly around the ice nuclei, creating irregular
dendrites or needle-like crystals; (2) at low degree of supercooling (Figure 4b), the
freezing rate is slower and the water molecules have sufficient time to arrange
themselves to form regular hexagonal crystals, called dendrites; (3) at high cooling
rates, many ice spears can originate from the center of crystallization without side

branches, called spherulites.
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Ty =-15°C producing needle-
like ice crystals
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Figure 4. Pictorial depiction of the freezing phenomena: effect of the degree of supercooling
on ice crystals size, number, and morphology. (a) Freezing phenomena with high degree of
supercooling, and (b) freezing phenomena with low degree of supercooling. Ty, equilibrium

freezing temperature; and T,,, ice nucleation temperature [Geidobler & Winter, 2013].

Supporting this idea, Tammann reported the influence of nucleation temperature on
ice crystal morphology [Knight, 1967]. Specifically, samples frozen at low degree of

supercooling (i.e., warmer nucleation temperature) yield dendritic structures,
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whereas samples frozen at high degree of supercooling (i.e., colder nucleation

temperature) yield crystal filaments [Searles, 2010; Knight, 1967].

2.1.1.2.3 Solidification stage

Once stable ice nuclei are formed, their growth proceeds by the addition of water
molecules to the interface, which is termed as solidification. Point C of Figure 3
shows the onset of solidification. During solidification, the ice crystals grow, reducing
the availability of liquid water. This, in turn, increases the solute concentration in the
formulation, which is referred to as freeze-concentration [Searles, 2010]. The
increase in solute concentration during freezing is a function of temperature only and
is independent of the initial concentration [Franks, 1998]. On further cooling, the
solute concentration increases to a critical concentration, above which the
concentrated solution undergoes either eutectic freezing or vitrification [Kasper &
Friess, 2011].

A eutectic mixture is formed when a solute crystallizes from a freeze-concentrated
solution [Nail et al., 2002]. For example, mannitol, glycine, sodium chloride, and
phosphate buffers are known to crystallize on freezing if present as the major
component [Searles, 2010]. The eutectic temperature (T, ) is the lowest temperature
at which a solution remains liquid and, at this point, the freeze-concentrate saturates
and eutectic freezing or solute crystallization occurs [Kasper & Friess, 2011]. It is
only below the eutectic temperature that a crystalline system is considered

completely solidified [Nail et al., 2002].

For binary mixtures, the eutectic temperature depends on the solubility of the solute
and it could generally be said that the lower the solubility of a given solute, the higher
is the eutectic temperature [Nail et al., 2002]. For multicomponent systems, the
general rule is that the crystallization of any component is influenced or hindered by

the presence of other component [Franks, 2007].

On the other hand, vitrification occurs in amorphous solutions where solutes do not
crystallize during freezing. The fact that amorphous solutes do not crystallize at their

eutectic temperature is due to their complex microstructures [Franks, 2007].
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Freezing of water and, consequently, increase in solution concentration cease when
the solution viscosity is close to 102 Pa:s [Blond et al., 1997]. At this viscosity level,
the state of the freeze-concentrated solution is expected to change from a rubbery
to a glassy solid, a process known as glassification or vitrification [Blond et al., 1997].
The temperature at which this transition occurs is referred to as the glass transition
temperature of the maximally freeze-concentrated solution (7). Ty is shown in the
supplemented phase diagram, Figure 5, as the intersection of the freezing point
depression curve of water in the presence of amorphous solute and the glass
transition curve. Ty is the point on the glass transition curve, representing a reversible
change between a viscous rubberlike liquid and a rigid glassy system [Nalil et al.,
2002; Kasper & Friess, 2011]. T, depends on the composition of the solution, but is
independent of the initial solute concentration [Franks, 1998; Hatley & Mant, 1993;
Her & Nail, 1994].

The most important difference between freeze-drying a crystalline solution and an
amorphous solution concerns the definition of the maximum allowable product
temperature during primary drying. In a crystalline solution, complete solidification of
the solution occurs below the eutectic temperature, and hence the eutectic
temperature is defined as the maximum allowable product temperature during
primary drying. On the other hand, complete solidification of an amorphous solution
occurs below the glass transition temperature of the maximally freeze-concentrated
solution (7). Although, in most cases, T, is used to define the maximum allowable
product temperature during primary drying, the collapse temperature (7.) of an
amorphous solution more precisely defines the temperature at which a structural loss
of the product occurs. In addition, T, is several degrees higher than T/, as the high
viscosity of the sample at a temperature close to T; prevents viscous flow [Tang &
Pikal, 2004]. Thus, to maximize process efficiency, T, can be used to define the
maximum allowable product temperature during primary drying. Eutectic melting
temperatures are relatively high compared to glass transition temperatures, allowing
a higher product temperature during primary drying and resulting in much shorter
drying processes [Kasper & Friess, 2011]. If the product temperature during primary

drying exceeds either the eutectic temperature (for a crystalline solution) or the
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collapse temperature (for amorphous solutions), a structural breakdown of the dried
product occurs. This structural breakdown is commonly known as meltback (for a
crystalline solution) or collapse (for amorphous solutions) [Nail et al., 2002]. In
relation to this, the physical state of some drugs, that means crystalline versus
amorphous, may have a significant effect on drug potency loss; crystalline drugs are
more prone to lose potency [Gupta et al., 2004; Connelly et al., 2015]. Drug potency
and insolubility share a common origin: structural and thermodynamic drug
properties. A potent drug forms a stable complex, that is, a complex with an
unfavorable free energy of dissociation. Similarly, an insoluble drug forms a stable
crystal, that is, a crystal with an unfavorable free energy of dissolution [Gupta et al.,
2004; Connelly et al., 2015]. Because amorphous drugs are markedly more soluble
than their crystalline counterparts, they represent the most energetic solid state of a
material, and thus they provide the biggest advantage in terms of solubility and
bioavailability [Hancock & Parks, 2000; Rumondor et al., 2016]. The higher aqueous
solubility can potentially translate into higher bioavailability compared to a
formulation consisting of the crystalline form of the drug substance. Recently,
amorphous solid dispersions have been used as formulation solutions to improve
drug solubility and bioavailability [Purohit et al., 2018].

Moreover, the microstructural differences between crystalline and amorphous frozen
solutions result in significantly different behaviors during the freeze-drying process.
Thus, the interstices among the ice crystal matrices of a crystalline solution consist
of an intimate mixture of small crystals of ice and solute, whereas the interstitial
region in amorphous solutes consists of solid solution and unfrozen, amorphous
water. Therefore, in a crystalline solution, nearly all water is frozen and can be easily
removed during primary drying without requiring secondary drying. However, in an
amorphous solution, up to 20% of unfrozen water is associated with the solid
solution, which must be removed by desorption during secondary drying [Nail et al.,
2002]. Characterization of a lyophilization formulation is therefore essential to better
understand the effect of the freezing step on the subsequent drying process. Several
techniques are available to characterize a lyophilization formulation in its frozen
state. Differential scanning calorimetry, modulated differential scanning calorimetry,

and differential thermal analysis are used for the determination of glass transition
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temperature of the maximally freeze-concentrated solution (7;), and eutectic
temperature (T,,,), [Her & Nail, 1994; Ma et al., 2001; Schawe, 2006; Sacha & Nalil,
2009; Ward & Matejtschuk, 2010; Knopp et al., 2016] whereas freeze-drying
microscopy is used for the determination of the collapse temperature (T,) [Passot et
al., 2006; Meister & Gieseler, 2009; Depaz et al., 2016; Horn & Friess, 2018].

It is common that crystalline bulking agents, such as mannitol, polyethylene glycol
(PEG), and glycine, are added to amorphous lyophilization formulations to facilitate
the primary drying [Johnson et al., 2002]. In such circumstances, a thorough
understanding of the extent of crystallinity of the crystalline bulking agents is crucial
in terms of process performances as well as storage stability. Bhatnagar et al.
[Bhatnagar et al.,, 2011] studied the effect of sucrose concentration on the
crystallization of PEG. They reported that sucrose concentration above 5 (% w/v)
effectively hindered PEG crystallization during freeze-drying, whereas PEG was
crystallized in a formulation with sucrose concentration up to 10 (% w/v) when PEG
was covalently linked with recombinant human growth hormone. While PEG
crystallization during freezing allows primary drying to be performed at elevated
temperature and decreases primary drying time, failure of PEG crystallization during
freeze-drying leads to crystallization during storage, which might affect protein
stability. Low temperature Xray powder diffractometry is one of the techniques used
for qualitative determination of crystallinity on mixed frozen formulation [Cavatur &

Suryanarayanan, 1998].

The illustration of the supplemented phase diagram (see Figure 5) summarizes all
the physicochemical changes that occur during freezing and the subsequent drying

process for a selected proprietary formulation, named as A.

As can be observed in Figure 5, a solution “A”, having a certain initial solute weight
fraction, is cooled down according to a typical freezing protocol (red broken line

starting at “A”).
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Figure 5. Supplemented phase diagram describing the low temperature behavior of a
selected proprietary solution “A”. T,,,(w), melting or freezing temperature of pure water; T,,,
ice nucleation temperature; Ty (w), glass transition of pure water; T, (s), melting or freezing

temperature of solute; T, (s), glass transition temperature of solute; Ty, glass transition

temperature of maximally freeze-concentrated solution (for an amorphous solution); T,
collapse temperature; and T,,,, eutectic temperature of a frozen crystalline solution [Searles,
2010; Kasper & Friess, 2011; MacKenzie et al., 1997; Franks, 1998; Liu, 2006].

The freezing line crosses the equilibrium freezing curve, demonstrating the fact that
solutions do not instantaneously freeze at their equilibrium freezing temperatures.
As discussed in section 2.1.1.2.1, the solution passes through a supercooling state
before the formation of the first ice nucleus. After the formation of the first ice
nucleus, additional ice crystals are created during the secondary nucleation, until the
temperature of the supercooled water reaches the equilibrium freezing curve. The
number of ice crystals formed during the secondary nucleation is dependent on the

degree of supercooling (cf. section 2.1.1.2.2).

Once the secondary nucleation is completed, additional heat is removed by cooling
the solution further and the remaining water freezes and solidifies when the
previously formed ice crystals grow [Kasper & Friess, 2011]. If the cooling rate is
slow, the solidification process follows the equilibrium freezing curve of the solution
until it intersects the equilibrium solubility curve and this demonstrates that

solidification is only proceeding by the growth of ice crystals formed during
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secondary nucleation. During the solidification process, the concentration of the
solution increases as more water is removed by ice crystal growth and this increase
in concentration is independent of the initial concentration (it only depends on
temperature) [Blond et al.,, 1997]. At the point of intersection of the equilibrium
freezing curve and the equilibrium solubility curve, the solution reaches a critical
concentration, above which the supersaturated solution undergoes, depending on

the nature of the formulation, either eutectic freezing or vitrification.

Crystalline formulations undergo eutectic freezing, in which the solute crystallizes
below the eutectic temperature. During the eutectic freezing, the unfrozen water is
released from the supersaturated solution as the solute continues crystallizing and
this free water immigrates to the frozen water and further crystallizes. If 100% solute
crystallization is assured, it could be concluded that all the available water is also
frozen. This means that, during freeze-drying of a crystalline formulation, all the
water can be removed by sublimation, as shown in Figure 5. Crystalline formulations
can be freeze-dried a few degrees below their eutectic temperatures without the

need for secondary drying.

Amorphous formulations, on the other hand, undergo vitrification, in which the solute
concentration continues to increase as more water freezes below the eutectic
temperature. Freezing of water ceases when the freeze-concentrated solution
changes from a rubbery to a glassy solid. This transition is marked by the intersection
of the freezing curve and the glass transition curve in Figure 5. The temperature at
which a transition from rubbery state to glassy solid is taking place is known as the
glass transition of the maximally freeze-concentrated solution, 74. In amorphous
formulations, the glassy solid consists of amorphous solutes and frozen (as well as
unfrozen) water. Depending on the initial concentration of the solute, the unfrozen

water in the glassy solid can be as high as 20% [Nail et al., 2002].

Primary drying of amorphous formulations can be performed at a few degrees below
T, (as seen in Figure 5) until all the frozen water is removed. At the end of primary
drying, the water content of the dried product is still significantly high, which accounts
for the unfrozen water. During the freeze-drying process, the unfrozen water is

removed by a desorption process (more commonly known as secondary drying).
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During the secondary drying, the temperature of the formulation is increased to
facilitate desorption of unfrozen water through the pores of the dried cake. It is,
however, important to note here that the increase in temperature during the
secondary drying should not lead to a temperature of the sample above the glass
transition temperature, and hence the secondary drying curve should remain below

the glass transition curve during the complete process (Figure 5).

As demonstrated in Figure 4 and in the above sections, the random nature of the
degree of supercooling is the main factor for the formation of heterogeneous ice
habits during freezing. These heterogeneous ice crystals have significant effect
during the drying process, as they impose differences in resistance to water vapor
flow, which lead to heterogeneous product temperatures and drying behaviors. In
addition, freezing may affect the physicochemical properties of a formulation, such
as protein denaturation, pH shifts, and degradation reaction. Therefore, the
knowledge of the freezing step and its impact on the product quality and process
performance is a critical step for a successful process development and scale-up. In
this context, the ability to control the degree of supercooling during the freezing step
is essential in achieving consistent ice crystal habits, and hence drying behaviors.
Several technologies are available with the aim of controlling the degree of
supercooling (nucleation) during the freezing step of a freeze-drying process, which

will be discussed in the next section in detail.

2.1.1.3. Technological alternatives for the active control of ice nucleation and

their impact on the freeze-drying process

The impact of the freezing step on the whole freeze-drying process is yet the least
understood topic mainly because: (a) freezing a given formulation is not the final goal
of a freeze-drying process and, as a consequence, it may be thought that achieving
just a solidified formulation is sufficient for the subsequent drying process. This leads
to the exclusion of the freezing step from discussions of freeze-drying process
optimizations and failures; (b) the freezing step accounts, in most of the cases, for
less than 15% of the total freeze-drying time and this turns the attention of many
product development engineers and scientists to the optimization of the primary and

secondary drying steps, neglecting the potential impact of the freezing step; and (c)
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the complexity of the freezing process, lack of variety of freezing methods equipped
with freeze dryers, and the difficulty of controlling the ice nucleation make it difficult
to investigate the effect of different freezing methods on the freeze-drying process.
This is why many freeze-drying process designers use the most easily available
freezing method, the shelf ramp method.

Nevertheless, the freezing step has been identified by some researchers as a
particularly important step, which must also be monitored and controlled, as it
impacts both the primary and the secondary drying steps. With this regard, there are
several studies that deal with the effect of the freezing step on the freeze-drying
process [Searles et al., 2001a; Konstantinidis et al., 2011; Esfandiary et al., 2016;
Roy & Pikal, 1989; Searles et al., 2001b; Pikal et al., 2002; Lu & Pikal, 2004;
Rambhatla et al., 2004; Liu et al., 2005; Abdelwahed et al., 2006; Hawe & Friess,
2006; Nakagawa et al., 2006 & 2009; Petersen et al., 2006a; Hottot et al., 2007 &
2008; Passot et al., 2009; Awotwe-Otoo et al., 2013; Geidobler et al., 2013; Kuu et
al., 2013; Ullrich et al., 2015; Pisano & Capozzi, 2017; Fang et al., 2018]. The primary
reasons that explain this influence rely on the structure (morphology), size, and
number of ice crystals formed during freezing (cf. Figure 4). When the ice crystals
sublime during primary drying, they leave a porous structure behind, through which
water vapor flows. The size of the pores determines the resistance to water vapor
flow (mass transfer) during primary and secondary drying, as shown in Equation 6.
Larger ice crystals leave larger pores behind, and during primary drying, this means
less resistance to mass transfer and faster drying rate. On the other hand, larger
pore sizes reduce the surface area available for diffusion of the unfrozen solvent and

decrease the rate of desorption during secondary drying.

The correlation between ice nucleation temperature (T,,) and ice crystal size or
morphology was established many years ago. In 1925, Tammann reported that
samples frozen at a high nucleation temperature yielded dendritic ice crystals,
whereas samples frozen at low nucleation temperature yielded crystal filaments
[Knight, 1967]. In 1969, Thijssen and Rulkens reported that the freezing rate is an
important determinant of pore size and drying rate in freeze-drying of liquid food

products. For a 20% dextran solution freeze-dried in slabs, a faster cooling rate
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during freezing resulted in smaller pores and therefore higher resistance and slower
drying rates [Thijssen & Rulkens, 1969]. Roy and Pikal [Roy & Pikal, 1989] reported
that the ice nucleation temperature in vials with thermocouples was higher than in
vials without thermocouples, resulting in a higher primary drying rate. Recently,
Searles et al. [Searles et al., 2001a] demonstrated a strong correlation between the
ice nucleation temperature and primary drying rate. They showed that an increase
in ice nucleation temperature by approximately 12 °C increased the primary drying
rate of a model formulation by approximately 37%. A decrease in product resistance
with increasing ice nucleation temperature has been reported by Rambhatla et al.
[Rambhatla et al., 2004] In their study, they used the ice fog method to obtain
different ice nucleation temperatures for 4 model formulations. They observed up to
38% reduction in product resistance when increasing the ice nucleation temperature
by 8 °C. Nakagawa et al. [Nakagawa et al., 2006] demonstrated a clear relationship
between ice nucleation temperature and ice morphology. In their study, they used
ultrasounds to control the ice nucleation temperature. They reported that an increase
in nucleation temperature from -8 °C to -2 °C changed the ice habit from small, many,
and heterogeneous ice crystals to large and dendrite ice crystals. Similarly, Awotwe-
Otoo et al. [Awotwe-Otoo et al., 2014] and Esfandiary et al. [Esfandiary et al., 2016]
observed a significant primary drying time reduction because of a higher ice

nucleation temperature achieved by using the controlled ice nucleation method.

During freezing, the cooling rate and the ice nucleation temperature can be
controlled by means of different technologies, aiming to improve the impact of the
freezing step on the subsequent primary and secondary drying processes, as well
as on the final product quality, such as physical state of the sample, residual moisture
content, and reconstitution time. Various methods that allow for the direct control of
the freezing step have been proposed. Although such methods have demonstrated
potential for process improvement at laboratory and pilot plant scales, their
applicability to commercial-scale manufacturing of regulated products seems to be
very difficult to achieve, due to economic, sterility, and safety concerns [Awotwe-
Otoo et al., 2014]. These different technological alternatives are discussed in detail

in the following sections.
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2.1.1.3.1 Precooled shelf freezing

In the precooled shelf freezing method, samples are placed on shelves, which are
cooled to a predefined temperature. Searles et al. [Searles et al.,, 2011a] used
shelves precooled between -40 °C and -44 °C and they found that the median
nucleation temperature for the precooled shelf frozen samples was increased by
around 3.5 °C as compared to samples frozen using a shelf ramp freezing. They also
demonstrated that samples placed on a shelf at -44 °C nucleated over a wide range
of temperature, indicating the limitation of the precooled shelf method to enable a
consistent nucleation temperature across the vials. The effect of different loading
shelf temperatures was studied by Hottot et al. [Hottot et al., 2007]. In their study,
they measured the mean ice crystal size in the frozen matrix and reported

insignificant effect of the loading temperatures on ice crystal sizes.

Comparing precooled shelf freezing to quench freezing, Dawson and Hockely
demonstrated that 1% (w/v) trehalose formulation frozen by liquid nitrogen exhibited
a fine filamentous directional network of ice crystals, had less resistance to vapor
flow during drying and reconstituted faster, whereas freezing by placement on a -50
°C shelf yielded a leafy mixed-orientation appearance with a higher resistance to

vapor flow compared to liquid nitrogen frozen samples [Dawson & Hockley, 1992].

In general, the effect of different loading temperatures on subsequent process
parameters, such as nucleation temperature, ice morphology, and drying rates

should be systematically assessed if this method is going to be used.

2.1.1.3.2 Freezing with annealing

Annealing is a process step in which samples are maintained at a specified
temperature for a period. Annealing can be carried out as a holding temperature
during the initial cooling but, more commonly, it is a postfreezing warming and
holding step, followed by recooling [Searles, 2010; Randolph & Searles, 2002]. More
often, annealing is used to facilitate crystallization of active or bulking agents, but it
also has a profound effect on improving consistency in inter-vial ice crystal size and
drying behaviors [Tang & Pikal, 2004; Searles, 2010; Liu, 2006; Searles et al.,
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2001b]. The mechanism of ice crystal morphological change during annealing, as
demonstrated by Searles [Searles, 2010], is due to the difference in surface free
energy between small and large ice crystals. According to Kelvin’s equation, ice
crystals with smaller radii of curvature induce a higher vapor pressure, and hence
on increased bulk mobility due to annealing, ice crystal regions with smaller radii will
melt preferentially as a consequence of their higher vapor pressure, which induces
higher free energy compared to ice crystal regions with larger radii [Randolph &
Searles, 2002]. In addition, higher temperature during annealing increases the
diffusional mobility of the annealed species and, in turn, increases the diffusion of
the melted ice crystals into the surviving ice crystals in the time scale of the annealing
process. Therefore, the choice of temperature and time during an annealing process
is a critical step. Furthermore, annealing can also promote the completion of freeze
concentrate (devitrification), as rewarming up to a temperature above T, allows
amorphous water to crystalize [Kasper & Friess, 2011; Searles et al., 2001b].
However, annealing is not a suitable process for formulations susceptible for
denaturation and degradation above their glass transition temperature. In addition,
the benefits of shorter drying time may be offset by the additional time required for

the annealing cycle.

The reported data on the impact of annealing on the subsequent drying processes
are, until recently, controversial. Pikal et al. [Pikal et al., 1983] found that annealing
resulted in larger ice crystal sizes for small (5 pL) samples that were frozen rapidly
between glass coverslips. With sublimation studies in a 13-uL microbalance
apparatus, Pikal et al. also showed that annealing resulted in circa 50% decrease in
the area-normalized dry product resistance for an amorphous formulation and up to
60% for a crystalline formulation, but actual drying rates were not presented.
However, annealing was not tested on products frozen and dried in vials. On the
other hand, Lu and Pikal [Lu & Pikal, 2004] reported that annealing of a mannitol-
trehalose sodium chloride formulation increased the dried product resistance, and
hence the primary drying time. They hypothesized that the increase in dried product
resistance of the annealed samples was because of the crystallization of solutes
during annealing, preventing microcollapse during drying. Liu et al. [Liu et al., 2005]

reported 10% and 17% primary drying time reduction when comparing a shelf ramp
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freezing with freezing and annealing at -10 °C for 4 h and with freezing and annealing
at -2.5 °C for 4 h, respectively. Unfortunately, the source of the reduction in primary
drying time in the study by Liu et al. is not clear, as the average product temperatures
during primary drying for the 3 freezing protocols were identical while using the same
shelf temperature and chamber pressure. This is because if annealing had helped
to reduce the resistance to vapor flow, one would expect to see a reduction in product
temperature if the shelf temperature and chamber pressure were identical. Searles
et al. [Searles et al., 2001b] reported that a 3.5-fold enhancement in primary drying
rate can be achieved after annealing of amorphous sucrose, hydroxyethyl starch or
mixture of both. On the other hand, a recent study by Esfandiary et al. [Esfandiary
et al., 2016] showed that, compared to a freezing protocol without annealing, up to
20% increase in primary drying time was observed when the same formulation was
annealed at -15 °C for 2 h. As demonstrated by these authors, the reason for this
increase in primary drying time was the strong top crust formed in the annealed
samples. In addition, our recent study showed insignificant effect of annealing on
amorphous formulation with high solid content (18.5 wt%). It was showed that the
increase in cycle time due to the annealing step was higher than any reduction in
cycle time in the subsequent drying process.

2.1.1.3.3 Quench freezing

Quench freezing refers to the process of immersing sample containers either into
liquid nitrogen, liquid propane, dry ice- acetone, or dry ice-ethanol for a period that
assures complete solidification [Kasper & Friess, 2011]. Quench freezing is
characterized by a fast cooling and fast freezing. Fast cooling tends to stabilize
metastable states by retaining greater quantities of unfrozen water, whereas fast
freezing tends to promote a finer subdivision of the ice. High cooling rates tend to
increase both nucleation and crystal growth rates [MacKenzie et al., 1997]. It has
also been reported that quench freezing results in a directional freezing. Thus, Hsu
et al. [Hsu et al., 1995] observed that freezing of vials in dry ice-isopropanol yielded
directional solidification. Dawson and Hockely also demonstrated that a 1% (w/v)
trehalose formulation frozen by liquid nitrogen exhibited a fine filamentous directional

network of ice crystals [Dawson & Hockley, 1992].
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The impact of quench freezing on freeze-drying process optimization is not a well-
studied subject yet; however, as the quench freezing promotes the formation of
heterogeneous ice crystals, its applicability in manufacturing scale processes is

minimal [Kasper & Friess 2011].

2.1.1.3.4 Vacuum-induced surface freezing

The concept of vacuum-induced surface freezing was introduced by Kramer et al.,
[Kramer et al., 2002] based on the mechanism that favors evaporation of cold water
when the pressure of a solution is reduced at a given temperature. In these
circumstances, the associated enthalpy of vaporization causes sufficient cooling of
the solution surface to produce a thin film of ice. Kramer et al. proposed the following
procedure to perform vacuum-induced surface freezing: the vials were placed on a
precooled shelf at +10 °C and the chamber pressure was reduced to a predefined
value required to cause incipient surface freezing of the solution. This pressure was
determined by visual observations and they set it at 1 mbar. After 5 min under these
conditions, the solution exhibited a surface freezing to form an ice layer thickness of
1-3 mm. To avoid further boiling of water and melting of the ice surface film, the
chamber pressure was released to atmospheric pressure as quickly as possible and,
simultaneously, the shelf temperature was reduced to 3 °C—-4 °C below the onset of
melting of ice in the frozen formulation. After holding the solution at these conditions
for 1 h, ice crystal growth was completed and the shelf temperature was further
reduced to -40 °C to complete the solidification phase of the freezing step. These
authors claimed that the vacuum-induced surface freezing method produced large
chimney-like ice crystals, which, in turn, yielded a reduction of up to 20% in primary

drying time.

Liu etal. [Liu et al., 2005] also studied the impact of vacuum-induced surface freezing
on subsequent primary drying. They reported up to 12% primary drying time
reduction compared to a standard shelf ramp freezing. Contrary to the method by
Kramer et al. described previously, Liu et al. modified the vacuum-induced surface
freezing method as follows: the shelf temperature was first lowered down to -10 °C
and the chamber pressure to 0.8 mbar. After a visual observation of ice crystals on

the top surface, the freezing step was completed by quickly lowering the shelf
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temperature to -45 °C and holding. The reason for the lower shelf temperature, as
compared to the original procedure, was because the latent heat of vaporization at
higher shelf temperatures was not sufficient to lower the temperature of the sample
at the bottom of the vial. In this case, complete nucleation might take longer than 5

min and “puff-off” of the sample could take place.

A recent study by Oddone et al. [Oddone et al., 2014 & 2016] reported that the
vacuum induced surface freezing method improves intra-vial and inter-vial drying
behavior uniformity, as well as moisture content of model formulations. These
authors also reported that the effective pressure to induce ice nucleation was
formulation dependent. In addition, Oddone et al. [Oddone et al., 2017] studied the
effect of vacuum-induced surface freezing on secondary drying. Although the time
required to achieve the same moisture content during secondary drying was longer
for samples frozen using vacuum-induced surface freezing as compared to normal
freezing, the overall time (primary and secondary) was shorter. In addition,
consistency in vial-to-vial moisture content was improved using vacuum-induced

surface freezing as freezing protocol.

In general, this method is associated with a high water boiling risk if some processing
parameters, such as shelf temperature and chamber pressure, are not carefully
selected. Moreover, only few experimental results are available so far to support its

effectiveness and scalability.

2.1.1.3.5 Ice fog freezing technique

The use of ice fog to nucleate ice crystals was first proposed by Rowe [Rowe, 1990]
and implemented for the freeze-drying process by Rambhatla et al. [Rambhatla et
al., 2004] The concept of ice fog technique relies on the use of cold nitrogen as a
heat exchange medium. When cold nitrogen gas enters the product chamber, ice
crystals are formed from the water vapor inside the chamber. These ice crystals are
then forced into the vials, due to the slightly higher pressure outside the vials, and
serve as nucleation seeds. The primary advantage of this technique is the
improvement of the uniformity of ice nucleation among vials. In addition, Rambhatla

et al. reported that the ice fog technique can also be used to perform freezing at a
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defined nucleation temperature. With this aim, Rambhatla et al. used ice fog
technigue to nucleate samples at different nucleation temperatures ranging from -1
°C to -12 °C [Rambhatla et al., 2004]. As a first approach, they used nitrogen at -40
°C and reported a successful nucleation at 3 different temperatures (-3 °C, -7 °C,
and -12 °C). However, complete nucleation of all vials took as long as 30 min. In
addition, they found no significant differences in dried product resistance of the
samples nucleated at the 3 nucleation temperatures, although a 10% increase in
primary drying time, resulting from 8 °C increase in nucleation temperature, was
reported [Rambhatla et al., 2004]. The reason for this, according to the authors, is
that the long time required for complete nucleation of the samples at a temperature
far above their T, favors annealing and Ostwald ripening, which increases the ice
crystal size, and hence reduces the dried product resistance of samples nucleated
at low temperatures. To tackle this problem, the same authors modified the technical
setup of the ice fog technique and the temperature of the nitrogen entering the
chamber was reduced from -40 °C to -50 °C. These improvements enabled them to
achieve complete nucleation, in all the vials studied, in less than 5 min. Using this
setup, they reported nearly 30% reduction in primary drying time when comparing
samples nucleated at -11 °C with samples nucleated at -1 °C [Rambhatla et al.,
2004].

In a follow-up study, Patel et al. [Patel et al., 2009] used a modified version of the
ice fog technique called reduced pressure ice fog technique. In this technique, before
the introduction of cold nitrogen, the pressure inside the chamber was evacuated at
a desired nucleation temperature, as shown in Figure 6. Different reduced pressures,
namely from 800 to 64 mbar, were tested. However, the results obtained at high
pressures were not satisfactory at all. They reported that, in a pressure range from
66.7 to 64 mbar, complete nucleation of one shelf load was achieved in less than a

minute.
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Figure 6. Pictorial depiction of the original ice fog method, as described by Patel et al. [Patel
et al., 2009]. In this method, once the vials reach the desired nucleation temperature, cold
nitrogen gas is introduced into the product chamber. The ice fog is generated from the
humidity inside the chamber.

However, there was no explanation given on why the higher pressure range was not
successful or why the reduced pressure technique shortened the nucleation time.
The most probable reason could be that, owing to the large pressure difference
between the cold nitrogen chamber and the drying chamber, the high suction power
of the drying chamber was able to draw a large amount of cold nitrogen gas. This
amount of cold nitrogen gas was then able to nucleate much more water vapor inside
the chamber, which was sufficient to seed all the vials within short periods of time.
This could also explain the reason why high drying chamber pressure ranges were
not successful. High chamber pressure reduces the pressure difference between the
cold nitrogen chamber and the drying chamber, thus limiting the amount of cold
nitrogen entering into the drying chamber. Therefore, the amount of cold nitrogen
introduced into the chamber, either via reduced drying chamber pressure or
increased cold nitrogen chamber pressure, and the ability to uniformly distribute the
nitrogen within the drying chamber, especially for manufacturing freeze-dryers with
many and large shelves, define the success of the ice fog technique. The
aforementioned reasoning is also supported by the full load experiment (3 fully

loaded shelves) performed by Patel et al. [Patel et al., 2009], in which the reduced
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pressure ice fog technique was not able to nucleate all the vials uniformly and in a

short period, even at the lowest chamber pressure.

An industrial scale ice fog technique is currently available from Linde Gases, in
collaboration with IMA Life North America, under the trade name of VERISEQ®
nucleation technology [Chakravarty et al., 2012; Azzarella et al., 2016; Brower et al.,
2015], and from Millrock Technology, Inc., under the trade name of FreezeBooster®
Controlled Nucleation Technology. In the case of industrial scale ice fog method, the
ice crystals are first formed by mixing cold nitrogen and water vapor in a device, such
as an ejector, outside the product chamber. The ice fog is then introduced into the
product chamber once the vials reach the desired nucleation temperature

[Chakravarty et al., 2012], as shown in Figure 7.

Gaseous nitrogen

Ventilation
Liquid nitrogen Aseptic
grade filter

Under pressure

Aseptic

c
o
® = )
= D grade filter
FRACARARAAe | s8] Steam
== = 598
X
== = = 5
PR | H
>
- = ice fog into folkey
—{ =
—{ —

Figure 7. Pictorial depiction of the modified (industrial) ice fog method, as described by
Chakravarty et al. [Chakravarty et al., 2012]. In this modified method, ice fog is generated
outside the product chamber in a mixer, mixing cold nitrogen gas with water vapor. The ice

fog is then introduced into the chamber once the vials reach the desired nucleation

temperature.

It has been reported that, for freeze dryers having 1.1 m? and 2.5 m? shelf area,
introduction of ice fog for 30-50 s was sufficient to nucleate all the vials [Chakravarty
etal., 2012]. However, the number of vials used in these tests was far away from the
full capacity of the freeze dryers and the success of ice fog technique cannot be

guaranteed yet. In another study, Azzarella et al. [Azzarella et al., 2016] reported
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successful ice fog controlled nucleation in industrial scale freeze dryers with shelf
areas of 15 m?, 39 m2 (45,540 vials), and 56 m? (195,960 vials), yielding a reduction
of up to 19% in product primary drying time and up to 40% improvement in batch
homogeneity. They have also reported that, to successfully induce nucleation for
bigger freeze dryers, jacketed walls are required to reduce thermal gradient across

the shelf stacks.

In general, even though the ice fog freezing technique is a promising method for the
active control of nucleation, especially from inter-vial and intra-vial homogeneity

points of view, more studies are needed to support its success at industrial scale.

2.1.1.3.6 High-pressure shift or depressurization freezing

High-pressure shift freezing has been a common practice in freeze conservation of
foods [Otero & Sanz, 2000]. In this method, the samples are exposed to high
pressure while their temperature is lowered. According to the phase diagram of
water, liquid water can be kept unfrozen well below its equilibrium freezing
temperature under high pressure conditions. When the desired temperature is
reached in the product, pressure is released, inducing uniform supercooling
throughout the sample. This is due to the fact that the increase in pressure affects
the whole sample instantaneously and at the same time. Thus, this supercooling
induces uniform formation of nuclei throughout the sample (regardless of its shape
or size), so that the latent heat is released, raising the sample temperature to the
corresponding equilibrium freezing temperature. Freezing is then completed at
constant pressure, usually at atmospheric conditions, and by lowering the shelf
temperature. The higher the pressure and the lower the product temperature before
expansion, the more is the ice formed [Otero & Sanz, 2000; Zhu et al., 2005;
Fernandez et al., 2006; Otero et al., 2009]. This is consistent with the fact that a

higher degree of supercooling produces many ice crystals.

The main advantage of high-pressure shift freezing in the food industries is related
to the big amount of ice instantaneously formed after expansion [Otero et al., 2009].
By contrast, formation of few and large ice crystals is the main goal in the freeze-

drying process. This can be achieved by manipulating the parameters of the high-
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pressure shift freezing method, such as the pressure difference before and after
expansion and the product temperature before expansion. A small pressure

difference and high product temperature produce few and large ice crystals.

Application of high-pressure shift freezing to a freeze-drying process was first
introduced by Gasteyer et al. [Gasteyer et al., 2007] The procedures of the freezing
method they have used in their patent are identical to the one described previously,
which comprise (1) cooling the materials to near or below their equilibrium freezing
temperature in an elevated pressure; (2) decreasing the pressure to induce ice
nucleation; and (3) further cooling the materials up to complete solidification. As
described by these authors, the possible mechanisms for inducing ice nucleation
using high-pressure shift freezing are (1) an initial elevated pressure increases the
concentration of dissolved gas in a solution and a rapid decrease in pressure at low
temperature reduces the gas solubility. As a consequence, the gas is released from
the supercooled solution, forming cold bubbles, which trigger nucleation; (2)
depressurization causes evaporation of some liquid in the solution and the resultant
cooling from the endothermic evaporation process may initiate the nucleation; and
(3) on depressurizing, the cold gas in a close proximity to the solution freezes some
vapor and these ice crystals re-enter the solution and act as seeds or surfaces to
initiate nucleation. As part of the patent supporting examples, Gasteyer et al.
reported a reduction in primary drying time, stating an average difference in water
loss of about 21% when comparing samples frozen using high pressure shift freezing
with samples frozen using shelf-ramp freezing. The primary drying conditions in both
freezing methods were identical [Gasteyer et al., 2007]. One of the main advantages
of controlled ice nucleation is to improve vials freezing behavior consistency and,
consequently, to achieve uniform ice sublimation. However, this was not achieved in
the example provided by these authors [Gasteyer et al., 2007]. In their example, the
averages plus or minus standard deviations of the water loss for the vials studied
were 86.1 + 3%, in the case of samples frozen using high-pressure shift freezing,
and 65.2 £ 0.93%, in the case of shelf-ramp frozen samples. This demonstrates that
shelf-ramp freezing produces a better ice sublimation uniformity than high-pressure

shift freezing.
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The applicability of high-pressure shift freezing was demonstrated both at laboratory
(1 m? shelf area) and small industrial scale (5 m? shelf area) freeze dryers by
performing repeated tests, where the ice nucleation temperature was controlled
within 1 °C of their equilibrium freezing point [Bursac et al., 2009]. Bursac et al.
[Bursac et al., 2009] reported a 27% decrease in primary drying time for 5 wt%
sucrose freeze-dried by applying high-pressure shift freezing as compared to shelf-
ramp freezing. In addition, the same authors reported improved dried product
uniformity, demonstrating a reduction in absolute standard deviation in the residual
moisture content of the sucrose cakes from 4.6% down to 2.1%. In another study,
Konstantinidis et al. [Konstantinidis et al., 2011] reported 40% reduction in primary
drying time for a 5 wt% mannitol solution when using high-pressure shift or
depressurization controlled nucleation. In other more recent studies by Awotwe-Otoo
et al., the advantage of controlling ice nucleation using high-pressure shift or
depressurization technique has been demonstrated [Awotwe-Otoo et al., 2013 &
2014]. For the formulations studied, they reported up to 21% reduction in primary

drying time, although the difference in residual moisture content was insignificant.

The high-pressure shift or depressurization freezing technique at industrial scale is
available from Praxair, Inc., under the trade name of ControLyo™, Nucleation On-
Demand Technology. However, experimental studies demonstrating the success of

this technique at this scale are not yet available.

In general, it could be said that high-pressure shift or depressurization freezing
technique is an effective tool for controlling the degree of supercooling or ice
nucleation during the freeze-drying process. That is because this technique relies on
inducing ice nucleation based on pressure manipulation, and the isostatic nature of
pressure (i.e., even application of pressure to all containers under treatment) offers
significant advantage in terms of (1) covering a wide range of sample sizes (potential
for ease of scalability); and (2) inducing ice nucleation over a wide range of sample
sizes instantaneously and simultaneously (potential for improving freezing uniformity
within as well as between batches and potential for reducing freezing time). In

addition, as described by Rampersad et al. [Rampersad et al., 2010], a freeze dryer
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requires minimum adaptation to accommodate the high-pressure shift or

depressurization freezing technique.
2.1.1.3.7 Ultrasound-powered freezing

The application of power ultrasounds for active control of freezing food products has
been proven to be effective [Petzold & Aguilera, 2009; Li & Sun, 2002; Sun & Li,
2003; Kiani et al., 2013]. Many authors have reported that ultrasound vibration can
be used to initiate ice nucleation at a desired freezing temperature [Nakagawa et al.,
2006; Inada et al., 2001; Saclier et al., 2010; Kiani et al., 2012]. Ultrasound-powered
freezing process is generally accomplished according to the following steps
[Nakagawa et al., 2006; Hottot et al., 2008; Saclier et al., 2010]: (1) cooling the
sample down to a desired nucleation temperature; (2) applying ultrasound power at
a certain frequency and for a period; and (3) further reducing the temperature until
complete solidification, as shown pictorially in Figure 8. The mechanism of inducing
ice nucleation by using ultrasounds remains uncertain. However, regardless of the
mechanism, it has been clearly demonstrated that the application of ultrasounds has
a notable and quantifiable effect on ice nucleation [Saclier et al., 2010]. Different
theories have been proposed to describe the mechanism of ultrasounds-induced ice
nucleation. The first proposal was provided by Hickling [Hickling, 1965]. Based on
this proposal, extensive collapse of cavitation bubbles produced by ultrasounds
generates local zones of high pressure for a very short period of time. These high-
pressure zones increase the local degree of supercooling, which acts as a driving
force for ice nucleation. On the other hand, Zhang et al. [Zhang et al., 2003] reported
a delay on the onset of ice nucleation after the application of ultrasound irradiation.
They attributed this delay not only to the collapse of cavitation bubbles, but also to

some other variables responsible for ice nucleation.
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Figure 8. Pictorial depiction of ultrasound-powered freezing as described by Nakagawa et al.
[Nakagawa et al., 2006]. In this method, controlled ultrasound power is applied to the

shelves, once the vials reach the desired nucleation temperature [Nakagawa et al., 2006].

A complete different mechanism of ultrasound-triggered ice nucleation was reported
by Dodds et al. [Dodds et al., 2007]. This mechanism is based on a molecular
segregation theory, which explains that the driving force for nucleation is the
pressure gradient around the cavitation bubble, resulting in a pressure-controlled
diffusion of particles. These particles are composed of a number of molecules,
which, on segregation, create a nucleus. In addition to the aforementioned
mechanisms, Chow et al. [Chow et al., 2003, 2004 & 2005] reported that ultrasound
irradiation may also trigger secondary nucleation. They hypothesized that the
movement of fast and powerful cavitation bubbles fragments the ice crystals already
created, producing additional new ice crystals (termed as secondary nucleation).
Because of these phenomena, ultrasound irradiation creates numerous and small

ice crystals even at relatively high ice nucleation temperature.

The use of ultrasound-powered controlled ice nucleation for freeze-drying

applications was first reported by Nakagawa et al. [Nakagawa et al., 2006], who
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implemented an ultrasound system to control the freezing step during freeze-drying
of proteins in vials. These authors reported that ultrasound power can be used to
initiate ice nucleation of model pharmaceutical formulations at a preselected ice
nucleation temperature. However, the relationship between the ice nucleation
temperature and the ultrasound process parameters was not described. Other
studies suggested that pulse or acoustic power [Inada et al., 2001; Saclier et al.,
2010; Kiani et al., 2012; Chow et al., 2003], ultrasound duration [Li & Sun, 2002;
Kiani et al., 2012], number of cavitation bubbles [Chow et al., 2005], and initial
oxygen content [Amira et al., 2014] influence the ice nucleation temperature, and ice
crystal size and shape. Nakagawa et al. [Nakagawa et al., 2006] reported a clear
correlation between ice nucleation temperature and ice crystal size during
ultrasound-powered controlled ice nucleation. Small and numerous ice crystals were
obtained at low nucleation temperature (higher supercooling degree), whereas large
and directional ice crystals (dendrite type) were obtained at high nucleation
temperature (lower supercooling degree). They also reported a significant reduction
in primary drying time, up to 60%, when the ice nucleation temperature was
increased from -8 °C to -2 °C. In another study, Passot et al. [Passot et al., 2009]
reported an improved intra-vial homogeneity in sublimation by using ultrasound-
controlled ice nucleation. In addition, up to 14% reduction in primary drying time was
reported by changing the freezing protocol from shelf-ramp freezing to ultrasound

controlled freezing [Passot et al., 2009].

In general, ultrasound-powered controlled ice nucleation could be considered a
promising alternative for controlling ice nucleation during freeze-drying. However,
some drawbacks associated with the ultrasound technology need to be addressed.
These include (1) the heat dissipated during ultrasounds application may alter the
freezing process. Hence, optimum acoustic power and duration should be
determined, which could represent a challenge; (2) Nakagawa et al. [Nakagawa et
al., 2006] reported that vials having poor mechanical contact with the shelf surface
might be less affected by the ultrasound vibration. In addition to this, application of
uniform ultrasound vibration across a single shelf surface, as well as across the shelf
stack, might be a challenge in an industrial scale freeze dryer; (3) scalability of the

freeze-drying process to industrial scale. In this regard, the optimum ultrasound
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power and duration obtained in a laboratory scale freeze dryer might not be directly
applied to an industrial scale freeze dryer. This means that scaling up the ultrasound
process could present a huge challenge; and (4) the application of strong and
intensive vibration on the freeze dryer shelves obviously creates particulate matters,

which jeopardize the sterility of the process.

2.1.1.3.8 Electrofreezing

Although the effect of electrofreezing on the freezing of water droplets in the
atmosphere was reported as early as 1861 [Dufour, 1862], the first trials to induce
ice nucleation in supercooled water droplets by high-voltage electric fields were
carried out by Rau [Rau, 1951] in 1951. Electrofreezing is generally carried out
according to the following protocol [Shichiri & Araki, 1986; Petersen et al., 2006b]:
(1) cooling the sample to a desired nucleation temperature; (2) applying an electric
field, in a continuous or pulsed manner, to the supercooled sample to induce ice
nucleation; and (3) further reducing the temperature up to complete solidification.
Although many scientists tried to study the mechanism of electrofreezing to induce
ice nucleation experimentally [Shichiri & Araki, 1986; Shichiri & Nagata, 1981;
Mandal & Kumar, 2002; Hozumi et al., 2003] and theoretically [Xia & Berkowitz,
1995; Vaitheeswaran et al., 2005; Wei et al., 2005], the basic mechanism is still
controversial. However, bubble formation and breakdown induced by the electric
field are believed to be the most accepted mechanisms [Shichiri & Araki, 1986;
Petersen et al., 2006b].

Application of electrofreezing in the freeze-drying process is still not a well-
developed technology because of many drawbacks associated with an
electrofreezing process in typical freeze-drying applications. These include its
relative complexity and high costs associated to its implementation and
maintenance, the invasive nature of the method, and the incompatibility with
solutions containing ionic species (e.g., NaCl). In addition, the effectiveness of
electrofreezing is also electrode-dependent [Hozumi et al., 2003], which adds more
complexity to the method. In relation to the applicability of electrofreezing in the

freeze-drying process, Petersen et al. [Petersen et al., 2006b] reported that
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electrofreezing can be used to selectively choose nucleation temperature during the

freezing step, and hence reduce the primary drying time.

In general, electrofreezing is a method that needs a thorough study for its
applicability in freeze-drying application. This method requires the need of an
electrode in each container system, questioning the application of this method in a
freeze-drying process at industrial scale, as well as introducing apparent sterility

concerns.

2.1.1.3.9 Ice crystals distribution from condensed frost

Controlled ice nucleation using pressure differential ice fog distribution from a cold
condenser was first introduced by Ling [Ling, 2014a]. This method is based on the
following steps: (1) cooling down a product placed inside a product chamber to a
predetermined temperature; (2) creating sufficient volume of ice fog in a separate
condenser chamber, which is connected to the product chamber using a vapor port;
and (3) opening the vapor port between the condenser chamber (which is at a
pressure higher than the product chamber pressure) and the product chamber.
During this operation, ice fog from the condenser distributes rapidly and evenly

through the vapor port into the product chamber, which acts as nucleating agent.

In the original ice fog method, the ice fog is created from the humidity inside the
product chamber by introducing cold nitrogen gas, which, according to Ling, has
some drawbacks. These include inability to nucleate large number of vials
simultaneously at a controlled time and temperature, producing significant vial-to-
vial heterogeneity in nucleation temperature (owing to the time difference between
the first and the last frozen vials), and requirement of significant retrofit to implement
it [Ling, 2014a]. Ling reported that creating a sufficient amount of ice fog, according
to the size of the product, in an external chamber (such as a condenser chamber),
resolves the aforementioned drawbacks of the original ice fog method. In contrast to
the aforementioned advantage of ice fog from an external condenser chamber
reported by Ling [Ling, 2014a], the same author [Ling, 2014b] reported, in an
accompanying patent, that the amount of ice fog produced in a limited volume of

condenser chamber was insufficient to nucleate large number of vials. In the new
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patent, Ling reported that volume limitation of the condenser chamber can be tackled
by producing a condensed frost (solid) instead of a suspended ice fog (gas) [Ling,
2014b], (Figure 9). During the opening of the isolation valve between the product
chamber and the condenser chamber, the sudden change in pressure creates strong
gas turbulence in the condenser chamber. This turbulence is capable of breaking
any loosely attached condensed frost into ice crystals and these ice crystals travel
to the product chamber and act as nucleating agent. However, Ling’s patents [Ling,
2014a; Ling, 2014b] do not contain experimental results to support any of the claims
and advantages, as well as to prove the effectiveness of the methods in a large-

scale freeze-drying process.

Relief valve

Moisturized
Aseptic grade  back fill gas
Under pressure filter

Vacuum pump

Figure 9. Pictorial depiction of ice crystals distribution from condensed frost, as described by
Ling [Ling, 2014b]. In this method, the condenser chamber is used to create ice crystals by
introducing moisturized gas after cooling it down to below -50 °C. Once the isolation valve is
open, the ice crystals are distributed to the product chamber due to the pressure difference
between the 2 chambers [Ling, 2014b].

With this regard, Geidobler et at. [Geidobler et al., 2012] reported a similar approach
of controlled nucleation. This approach is based on the following steps: (1) cool down
and equilibrate the product inside the product chamber to a desired temperature; (2)
Cool down the condenser to around -50 °C to -80 °C and spray sterile water to load
the condenser with ice; (3) depressurize the freeze dryer (both product and
condenser chambers) to a predefined vacuum set point; (4) Re-pressurize the freeze
dryer using a venting valve connected to the condenser. During re-pressurization,
the venting gas passes through the cold condenser to the product chamber, carrying

ice crystals [Geidobler et al., 2012]. According to these authors, the predominant
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mechanism for induction of nucleation is that loosely attached ice from the
condenser surface is blown into the product chamber during re-pressurization, even
though in situ generated ice crystals might also have contribution [Geidobler et al.,
2012]. The success of nucleation in this approach, according to these authors, was
nearly 100% for small scale batch sizes. In addition, Geidobler et al. [Geidobler et
al., 2013] reported a significant improvement in specific surface area and primary
drying time of several formulations containing bovine serum albumin and monoclonal
antibody, when comparing shelf ramp freezing and precooled shelf methods with the

previously stated controlled nucleation approach.

The approach developed by Geidobler et al. [Geidobler et al., 2012] is under
development by different companies, such as GEA Lyophil GmbH, under the trade
name of LYOSPARK™ controlled nucleation, and Martin  Christ
Gefriertrocknungsanlagen GmbH, under the trade name of LyoCoN controlled
nucleation. In general, the most significant limitation of this approach, as it is in
almost all controlled nucleation techniques, is the ability to uniformly and instantly
trigger nucleation at large-scale freeze dryers. It is therefore crucial that freeze dryer
manufacturing companies deliver reliable and useful experimental data regarding

the effectiveness of this approach at industrial scale freeze dryers.

2.1.1.3.10 Gap freezing

Gap freezing is a relatively recent concept introduced by Kuu et al. [Kuu, 2012; Kuu
et al., 2012], which is performed according to the following steps: (1) creating a gap
between the cooling shelves and the vials by using low thermal conductivity spacers
and a stainless steel tray; (2) placing the vials on the tray; and (3) applying a step
change of temperature, usually directly up to the final temperature. During the step
change in temperature, the actual cooling rate of the samples is determined by the
heating and cooling capabilities of the freeze dryer [Kuu et al., 2013]. The gap
freezing concept is designed to eliminate directional freezing of solutions, which, as
the authors claim, happens when vials are directly sitting on the cooling shelves.
This is due to the fact that the much higher heat transfer rate from the bottom shelf
to the vials than from the top shelf to the vials causes freezing to start at the bottom

of the vials, moving then upward. During this upward freezing phenomenon, solutes
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are pushed upward in the vials, resulting in a solute concentration at the top of the
vials, which can eventually form a “skin layer” at the cake surface and, subsequently,
increasing the dried product resistance to vapor flow during primary drying [Kuu et
al., 2013]. Therefore, Kuu et al. [Kuu et al., 2012 & 2013] reported that the gap
freezing method can avoid the upward freezing phenomenon and promote a uniform
freezing of solutions both from bottom and top directions, avoiding formation of a
highly concentrated skin layer. Even though the exact mechanism for increasing the
ice nucleation temperature was not described, the authors also reported an increase
in ice nucleation temperature of samples frozen by using the gap freezing method
as compared to samples frozen by conventional shelf ramp freezing [Kuu et al.,
2013].

Kuu et al. [Kuu et al., 2013 & 2014] performed different studies to explain the effect
of gap freezing on freeze-drying performance, mainly by comparing the results
obtained with those from the conventional shelf ramp freezing method. However,
more studies are still needed to explain the advantages of gap freezing over the
other controlled ice nucleation methods, in terms of freeze-drying process
performance, ease of scaling up, and ease of implementation in an industrial scale

freeze-drying process.

2.1.1.4. Summary

Freeze-drying is a very commonly used drying unit operation in pharmaceutical and
biopharmaceutical industries, mainly for the purpose of removing solvents from
unstable liquid formulations. The shelf life of unstable liquid formulations can be
significantly extended if the solvents, which facilitate chemical and physical
degradation pathways, are removed from these formulations. During a freeze-drying
process, the formulation is first frozen and, then, the frozen solvent is removed by a
sublimation process at a reduced pressure, followed by a desorption process for the
removal of the unfrozen solvent. Therefore, 2 equally important major processes are
taking place during a complete freeze-drying process: (1) freezing, during which
most of the solvent is converted into a frozen solid; and (2) drying, during which
almost all the solvent (frozen and unfrozen) is removed from the formulation. The

drying process is further classified into 2 steps, based on the mechanism of the
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drying process, namely sublimation process (primary drying) and desorption process
(secondary drying). Freezing is the first step in the freeze-drying process and the
fundamental understanding of the physicochemical changes during freezing is of
paramount importance due to the fact that the freezing step dictates ice crystal
morphology, size, and size distribution, which, in turn, influence several critical
parameters, such as dried product resistance, primary and secondary drying rates,
extent of product crystallinity, and reconstituability of the dried product. In addition,
freezing is a critical step with regard to biological activity and stability of the APIs,

especially pharmaceutical proteins.

Physical changes during freezing take place in 3 distinct phases: (1) cooling stage;
(2) phase change stage; and (3) solidification stage. During the cooling stage, the
temperature of the solution is lowered below its equilibrium freezing temperature until
the first ice nucleus starts to be formed. The temperature at which the first ice
nucleus is formed is known as ice nucleation temperature. The physical state of a
solution below its equilibrium freezing temperature is called supercooling and the
degree to which a solution retains its supercooling state before formation of the first
ice nucleus is called degree of supercooling. In other words, the degree of
supercooling is the temperature difference between the equilibrium freezing
temperature and the ice nucleation temperature. The degree of supercooling
determines the number, size, and morphology of ice crystals and, consequently,
many other critical parameters during the drying phase of the freeze-drying process.
The degree of supercooling is quite variable and it significantly differs from container
to container, being affected by several factors such as foreign particles, container
surface area, process conditions, sample volume, composition of the matrix, and
contact area between sample and container. This random nature of the degree of
supercooling affects the ice habit and results in vial-to-vial and batch-to-batch ice
habit heterogeneity. This, in turn, adds a significant challenge during development,
optimization, and scale-up of the freeze-drying process. In addition, the degree of
supercooling at different manufacturing scales can be affected due to the differences
in particulate levels, which adds additional challenges to the scale-up of a freeze-
drying process. During the phase change stage, formation of ice nuclei is taking

place. The number of ice nuclei formed, the rate of ice growth, and the ice crystals
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size depend on the degree of supercooling. The higher the degree of supercooling,
the more crystallization heat can be absorbed by the supercooled solution, and the
more fraction of water instantly freezes, resulting in many ice crystals. Solutions with
small degree of supercooling, on the other hand, absorb only a small amount of the
heat of crystallization. This results in a small fraction of freezable water to instantly
freeze, and hence the formation of very few ice crystals is favored. During the
solidification stage, the ice crystals formed during the phase change stage grow in
size, increasing the concentration of the solution. Solidification stops when, for a
crystalline solution, all the solute and the solvent crystallize, whereas, for an
amorphous solution, the increase in concentration of the solution prevents further
growth of ice. For crystalline solutions, complete solidification is achieved below the
eutectic temperature of the solution, whereas, for amorphous solutions, complete
solidification is achieved below the glass transition temperature of the maximally

freeze-concentrated solution.

The variation in degree of supercooling is the major challenge during the freeze-
drying process development and scale-up. Therefore, its control during the freezing
step is of paramount importance. Several alternative technologies, developed with
the aim of controlling the degree of supercooling during the freeze-drying process,

have been reviewed here and are summarized in Table 1.

Most of these technologies have been successfully tested at laboratory scale, but
their potential use at industrial scale is still under progress. The lack of experimental
data concerning the effectiveness of these technologies at industrial scale, as well
as the potential expensive investment are the major factors preventing companies
from implementing them. It is therefore evident that more research and experimental

data are necessary to justify their effectiveness, especially at industrial scale.
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Table 1. Summary of alternative freezing technologies and their advantages and

disadvantages with regard to the active control of ice nucleation for freeze-drying

applications

Freezing
methodologies

Method description

Advantages®

Disadvantages®

References

Pre-cooled shelf
freezing

Vials are placed on shelves
cooled to a pre-defined
temperature

Increases T,

Easy to scale up
Non-invasive
Retrofit not needed

Inability to select T,
Formation of heterogeneous ice
crystals

[Searles et al., 2001a;
Hottot et al., 2007]

Freezing with annealing

Vials are held at a specified
temperature above Ty
during cooling or re-
warmed after freezing

Increases ice crystals size

Increases drying rate

Increases Intra- and inter-
batch ice crystal
homogeneity

Easy to scale up

Non-invasive

Retrofit not needed

Inability to select T,

Sensitive to annealing temperature
and time

May promote degradation of
sensitive APIs

Additional process time due to
annealing step

[Tang & Pikal, 2004;
Searles, 2010;
Esfandiary et al.,
2016; Cavatur &
Suryanarayanan,
1998; Searles et al.,
2001b; Lu & Pikal,
2004; Liu et al.,
2005; Randolph &
Searles, 2002; Pikal
et al., 1983]

Quench freezing

Vials are immersed in a cold
bath

Increases T,
Non-invasive

Inability to select T,

Difficult to scale up

Formation of heterogeneous ice
crystals

Retrofit needed

[MacKenzie et al.,
1977; Dawson &
Hockley, 1992; Hsu
etal., 1995]

Vacuum induced
surface freezing

Vials are placed on a pre-
cooled shelf and chamber
pressure is reduced to

promote surface freezing of

Increases T,

Increases drying rate

Increases Intra- and inter-
batch ice crystal
homogeneity

Inability to select T,
Risk of “puff-off” and boiling
Difficult to scale up

[Liu et al., 2005;
Kramer et al., 2002;
Oddone et al., 2014,

Ice fog freezing
technique

the solution Retrofit not needed 2016 & 2017]
Non-invasive
Ability to select T;, .
Increases drying rate Retrofit needed [Chakravarty et al.,

Ice fog is injected into cold
vials as nucleating agents

Increases Intra- and inter-
batch ice crystal
homogeneity

Good repeatability

Possible to scale up

Invasive

Less effective at industrial scale
(needs more experimental
support)

Expensive

2012; Azzarella et al.,
2016; Rambhatla et
al., 2004, Patel et al.,
2009; Brower et al.,
2015]

High pressure shift
/depressurization
freezing

Instant nucleation is induced
by reducing the pressure
after vials are cooled to a
desired nucleation
temperature at an elevated
pressure

Ability to select T,

Increases drying rate

Increases Intra- and inter-
batch ice crystal
homogeneity

Good repeatability

Easy to scale up

Could be effective at
industrial scale (needs
more experimental
support)

Retrofit needed
Invasive
Expensive

[Konstantinidis et al.,
2011; Awotwe-Otoo
etal.,, 2013 & 2014;
Gasteyer et al, 2007;
Bursac et al., 2009;
Rampersad et al.,
2010]

Ultrasound powered
freezing

Instant nucleation is induced
by applying ultrasound
power after vials are
cooled to a desired
nucleation temperature

Ability to select T;,
Increases drying rate

Retrofit needed

Strong vibration creates particulate
matter and thus sterility concern

Difficult to scale up

Difficult to optimize the process

[Petzold & Aguilera,
2009; Nakagawa et
al., 2006; Hottot et
al., 2008; Passot et
al., 2009; Li & Sun,
2002; Sun & Li,
2003; Inada et al.,
2001; Saclier et al.,
2010]

Electrofreezing

Nucleation is induced by

applying electric pulse after

vials are cooled to a
desired nucleation
temperature

Ability to select T,,
Increases drying rate

Retrofit needed

Invasive

Incompatibility with solutions
containing ionic species

Expensive

[Shichiri & Araki, 1986;
Petersen et al.,
2006b; Hozumi et al.,
2003]

Ice crystals distribution
from condensed frost

Ice crystals are injected into
cold vials as nucleating
agents

Ability to select T;,

Increases drying rate

Increases Intra- and inter-
batch ice crystal
homogeneity

Good repeatability

Possible to scale up

Retrofit needed

Invasive

Less effective at industrial scale
(needs more experimental
support)

Expensive

[Geidobler et al., 2012
& 2013; Ling, 2014a
& 2014b]

Gap freezing

Vials are placed and cooled
in a stainless tray, which is
in a certain gap from the
shelf

Reduces “skin layer” at the
top

Increases drying rate

Possible to scale up

Inability to select T,

Slow freezing process might offset
benefits of drying rate

Retrofit needed

Increases equipment height

[Kuu, 2012; Kuu et al.,
2012; 2013 & 2014]

T,, ice nucleation temperature; T,, glass transition temperature of the maximally freeze concentrated solution
2 Advantages and disadvantages sections include author’s opinion.
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2.1.2. Primary drying

Primary drying is a term that represents the first drying step during the freeze-drying
process. During this step, sublimation of the frozen solvent (usually water) is carried
out. Sublimation is a process of converting a solid phase into a vapor phase without
passing through the intermediate liquid phase. As displayed in Figure 10, the
sublimation interface of water lies below the triple point of the phase diagram, which
consists of low pressure and low temperature. To perform the primary drying, the ice
condenser temperature is reduced to below -60 °C, and the system pressure is
evacuated to a pressure below the vapor pressure of ice at a target product

temperature for primary drying, P;(T,t1°).
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Figure 10. Phase diagram of water. Demonstration of sublimation and deposition. T,t1°,
target product temperature during primary drying; T,,, ice condenser temperature; P;(T.,),
vapor pressure of ice at ice condenser temperature; P.t1°, target chamber pressure during

primary drying (equivalent to the pressure at the ice condenser chamber); and Pl-(Tptlo),

vapor pressure of ice at a target product temperature for primary drying.

As shown in Figure 10, sublimation continues as long as the target chamber pressure
during primary drying, P.t1°, remains below the vapor pressure of ice at the target
product temperature, P;(T,t1°) (i.e., P.t1° << P;(T,t1°), circular symbol in Figure 10).
However, sublimation of frozen water releases significant amount of water vapor,

which leads to an instant increase in chamber pressure. If this water vapor is not
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removed, the system reaches dynamic equilibrium and ice sublimation ceases.
Thus, the continuous removal of water vapor is vital for the continuity of the ice
sublimation. The purpose of the ice condenser is to continuously remove the water
vapor generated during the sublimation process and to maintain the chamber
pressure. The underlying principle of water vapor removal through ice condenser is
that, at the ice condenser temperature (typically from -60 °C to -80 °C) and pressure
(typically from 0.20 mbar to 0.05 mbar), water exists as a solid phase (diamond
symbol in Figure 10). Therefore, any available water vapor is immediately converted
into ice at the condenser coils through a process known as de-sublimation or
deposition. Therefore, not only the continuous removal of water vapor is important
during primary drying, but also the rate and the capacity of ice deposition are equally
important. The rate of ice deposition is dependent on the temperature of the ice
condenser. Low ice condenser temperature means that the difference between ice
condenser pressure (equivalent to P.t1°) and vapor pressure of ice at ice condenser
temperature, P;(T.,), is large (i.e., P.t1° >> P,(T.,)), which allows higher ice
deposition rate. On the other hand, the capacity of ice deposition is dependent on

the available total surface area of the ice condenser coils.

Sublimation of ice is an endothermic process, and thus takes up energy from the
system. This energy take-up reduces the shelf surface temperature where the vials
rest and, subsequently, the product temperature decreases. If proper energy is not
supplied during the sublimation period, the product temperature will decrease until a
point where its corresponding vapor pressure and the chamber pressure reach
dynamic equilibrium. At this point, there is no net ice sublimation. Therefore, it is vital
to maintain the product temperature at a predefined target value for the continuity of
the ice sublimation. Freeze-drying equipment are supplied with product shelves,
which are designed in such a way that the heat transfer fluid circulating through them
is capable of precisely controlling the temperature of the product shelves in the range
of -55 °C to +55 °C [Nail et al., 2002]. This feature is used to supply all necessary
energy to compensate the energy take-up due to the endothermic sublimation
process. Once the chamber pressure is reduced to its set value, the shelf
temperature is increased to supply energy to the product and, consequently, the

product temperature increases, increasing the sublimation rate of the frozen ice. The
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increase in sublimation rate, in turn, increases the energy consumption from the
system and reduces the product temperature. This cycle continues until the energy
consumption from the sublimation of ice and the energy supply from the heating
shelves reach equilibrium. At this point, the product temperature reaches quasi
steady-state condition and stays fairly constant throughout the entire primary drying
period, provided that the shelf temperature and chamber pressure have not been
modified. A well-designed freeze-drying process is a process that balances the
energy consumption and supply, so that the product temperature stays constant
within pre-defined target product temperature throughout the entire primary drying

period.

Primary drying is completed once all the frozen water is sublimed. There are several
ways of detecting the completion of primary drying [Patel et al., 2010]. Some of the
most common are: comparative pressure measurement of pirani and capacitance
manometer, product temperature or shelf surface temperature response, and

pressure rise test.

Comparative pressure measurement of Pirani and capacitance manometer

The difference in working principle between a Pirani gauge and a Baratron MKS
capacitance manometer gives the opportunity to use these vacuum gauges as an
indication for the completion of primary drying. A Pirani vacuum gauge works on the
principle of measuring the thermal conductivity of the gas in the drying chamber,
whereas a Baratron MKS manometer measures the absolute pressure in the drying
chamber, independent of the gas composition [Patel et al., 2010]. The Pirani gauge
reads about 60% higher than the Baratron MKS capacitance manometer during
primary drying when essentially all of the gas in the chamber is water vapor. This is
because the thermal conductivity of water vapor is ~1.6 times the thermal
conductivity of nitrogen [Patel et al., 2010]. Such differences can be used to detect
the end of primary drying, which is the point where the Pirani pressure starts to
sharply decrease (i.e., onset), indicating that the gas composition is changing from
mostly water vapor to nitrogen (i.e., sublimation is “essentially” complete) [Patel et
al., 2010].
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Product temperature or shelf surface temperature response

The most widely used method to detect the end of primary drying is the product
temperature response. As discussed previously, the product temperature stays fairly
constant during the primary drying phase for as long as there is sublimation of ice.
The product temperature starts increasing toward the shelf temperature set point,
indicating the completion of ice sublimation. In most cases, the point at which the
product temperature crosses the shelf temperature set point is taken as an indication
for the completion of primary drying [Patel et al., 2010]. Although primary drying can
be completed in the monitored vial (s) even just slightly after the product temperature
starts to increase, the monitored vials might not be representative of the whole batch.
In addition, thermocoupled vials nucleate at higher temperature, resulting in low
product resistance, and hence faster drying rate [Patel et al., 2010]. Thus, primary
drying times from product temperature response may be seriously biased, and the

actual primary drying time may be much longer.

To minimize the biased response of product temperature, an alternative approach is
to use shelf surface temperature response. During primary drying, the shelf surface
temperatures are certain degrees (depending on the sublimation rate) below the
shelf temperature set point. The difference in shelf temperature set point and shelf
surface temperature is solely due the presence of ice sublimation, which consumes
energy from the shelves. Similar to the product temperature response, the shelf
surface temperature starts increasing toward the shelf temperature set point,
indicating the completion of ice sublimation. The advantage of this approach over
the product temperature response is that the temperature measurement is not
invasive, avoiding the effect of temperature sensors on nucleation temperature.
Moreover, unlike the product temperature response, which is based on a single vial
measurement, the shelf surface temperature response is the effect of several vials
surrounding the point of measurements, giving better representation of the whole
batch.
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Pressure rise test (PRT)

The PRT is a test on the rise (increase) of pressure when the drying chamber is
isolated from the condenser. As mentioned earlier, during the ice sublimation period,
there is a continuous generation of water vapor, which is continuously removed by
the condenser. During the pressure rise test, the condenser is briefly isolated (for ca.
25 s) from the drying chamber and, during this brief isolation time, water vapor
accumulates inside the drying chamber as long as there is ice sublimation. The
accumulation of water vapor yields a momentarily rise in chamber pressure and this
rise in chamber pressure is analyzed to evaluate the completion of primary drying.
The PRT is performed several times during the primary drying period and primary
drying is marked as completed when there is little or no pressure rise. This is
because, at the end of primary drying, there is no accumulation of water vapor to

cause pressure rise, as all the ice is sublimed.
2.1.2.1. Transport phenomena during primary drying

As mentioned previously, primary drying is a term given to a process of conversion
of frozen solvent (mostly water) directly into vapor via sublimation. Therefore, during
the primary drying, there is a transport of mass (i.e., water vapor) from the ice. The
mass vapor transport is an endothermic process, and hence it consumes energy
from the system. It is therefore necessary to have an exothermic process to
counterbalance the energy consumption due the mass transport and to keep the
system in an energy equilibrium state. An energy equilibrium state is a state where
the input and output energy are equilibrated to keep the system at a constant product
temperature (T,). The exothermic process during the primary drying refers to an
energy transport, in a form of heat, to the system. This is usually performed by

manipulating the shelf temperature (T,) on which the sublimating product rests.

The driving force for the vapor mass transport during primary drying is the pressure
difference between the vapor pressure of ice (P;) and the condenser pressure (P.,).
While P, (which is equivalent to P.) is a user defined value, P; is a value that depends
on the product temperature of the frozen materials (T,,). Therefore, it is extremely

important to consider here that the energy equilibrium state alone does not have a
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relevant meaning during the primary drying, unless the concept of T, and F,, is
included. To put this in other words, regardless of the user defined process
parameters during the primary drying (i.e., T, and P.), energy equilibrium state will
always be achieved, but the T,, at which the energy equilibrium state is achieved is
the most important factor. This is because the T, at which the energy equilibrium is
achieved defines both the process efficiency and product quality during the primary
drying. Because T, is influenced by both user defined processing parameters (i.e.,
T, and P.), the energy equilibrium state during the primary drying is simultaneously
affected by heat and mass transfer phenomena. Heat and mass transfer during the

primary drying will be discussed more in detail below.
2.1.2.1.1 Heat transfer

The underlining principle of a freeze-drying process lies on a heat transfer both from
and to the product. During the freezing step, heat is transferred from the product to
the system, reducing the temperature of the product; whereas, during the drying
step, heat is transferred from the system to the product to increase and maintain the
temperature of the product. In either case, the source of the heat transfer is the

temperature of the heat transfer fluid, which circulates and controls the Tg.

During the primary drying, heat is transferred from the system to the product; thus,
the temperature difference between T, and T, is the driving force for heat transfer. In
general, the overall heat transfer rate from a given vial during the primary drying can

be expressed as (Equation 9):

Q = A,K,(T; — Tp) (9)
where, Q[W] is the overall heat transfer rate to a given vial; 4,[cm?] is the outer
surface area of a vial; K,[W/cm?K] is the overall vial heat transfer coefficient of a

vial; Tg[K] is the shelf temperature; and T,[K] is the product temperature.

As reported in the literature [Pikal et al., 1984] and shown in Figure 11, there are
three different mechanisms of heat transfer during the primary drying, namely direct

conduction, conduction through the water vapor gas and radiation. Therefore, the
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overall vial heat transfer coefficient, K,,, may be expressed as the sum of the three

heat transfer contributions (Equation 10) [Pikal et al., 1984]:
K, = K.+ K, + K, (10)

where, K.[W/cm?2-K] is the heat transfer coefficient contributed from direct conduction
from the shelf to the vial glass at the point of contact; K,[W/cm?-K] is the heat transfer
coefficient contributed from the conduction through the gas between the shelf and
the vial bottom; and K, [W/cm?2K] is the heat transfer coefficient contributed from the

radiative heat transfer.

Radiation

>§Wall
=

Direct

Conduction

through gas 1 ‘ /Tss

Figure 11. Heat and mass transfer from and to a vial during the primary drying step of a
freeze-drying process. Ty, shelf temperature; T,,, freeze-dryer inner wall temperature; Ty,
vial outer surface temperature; T, shelf surface temperature; T,, product temperature; P;,

vapor pressure of ice; P,, chamber pressure; P.,, ice condenser pressure; P,, pressure

inside a vial; R, dried product resistance to water vapor flow; Ry, stopper resistance to

water vapor flow; and R_,, ice condenser resistance to water vapor flow.

Heat transfer through direct conduction is directly proportional to the contact area of
a vial and the shelf. Attributed to the design of the vials, the contact area is much
smaller than the total area of the vial bottom. The contact area of a vial can be
determined using a print test [Pikal et al., 1984] or a detailed analysis of the vial

bottom. Theoretically, heat transfer by direct conduction can be estimated using
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Equation 11, provided that the area of contact, the thermal conductivity of the vial,

and the thickness of the vial bottom are known.
. k
Q.= Aconz (Ts — Tpc) (11)

where, Q.[W] is the rate of heat transfer due to direct conduction; A.,,[cm?] is the
area of contact between the vial bottom and the shelf; k[W/cm-K] is the thermal
conductivity of the vial; d[cm] is the thickness of the vial bottom; and T,.[K] is the

product temperature due to heat transfer through direct conduction.

However, in practice, calculation of Q, is not possible, as determination of T, cannot

be realized.

Heat transfer from conduction through the gas is caused due to energy transfer from
the gas molecules inside the chamber to the vial surface. The gas molecules inside
the chamber are in constant movement. During this movement, they carry some
kinetic energy and, upon collision with the vial surface, some energy might be
transferred from the gas molecules to the vial surface. The heat contribution from

conduction through the gas can be given as (Equation 12):

Qg = Kg (Ts — Tpg) (12)
where, Qg[\N] is the rate of heat transfer due to conduction through the gas;
Kyz[W/cm?K] is the heat transfer coefficient due to conduction through the gas; and
T,4[K] is the product temperature due to heat transfer from conduction through the

gas.

As in the case of heat transfer via direct conduction, it is difficult to estimate the
relative contribution of heat transfer from conduction through the gas to the total heat
transfer. However, it has been reported that Qg is dependent on the gas (chamber)
pressure and on the separation distance between the vial bottom and the shelf [Pikal
et al., 1984]. Thus, Qg increases with increasing chamber pressure and with

decreasing the separation distance.
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Thermal radiation is energy emitted by matter that is at non-zero temperature
[Incropera et al., 2007]. While the transfer of energy by conduction or convection
requires the presence of a material medium, the energy transfer through radiation is
transported by electromagnetic waves. Thus, energy transfer through radiation does
not require the presence of a material medium. In fact, radiation transfer occurs most
effectively in a vacuum [Incropera et al., 2007]. Radiation heat transfer is a function
of the difference in the fourth powers of the absolute temperatures of the two
surfaces in question. In freeze-drying, radiation heat transfer is a sum of two
contributions; radiative heat transfer between the walls of the product chamber and
the vial surfaces and radiative heat transfer between the shelf surfaces and the vial

surfaces. The total rate of radiation heat transfer can be expressed as (Equation 13):
Qr = Av€6 (Tvt - Tv‘}s) + AVECS(T:; - Tv‘}s) (13)

where, Q,[W] is the rate of heat transfer due to radiation; ¢ is a radiative property of
a surface termed as emissivity. € values are given in the range of 0 and 1 and they
provide a measure of how efficiently a surface emits energy relative to a black body.
A block body has an ¢ value of 1 and it is regarded as an ideal emitter. & strongly
depends on the surface material and finish. § is the Stefan-Boltzmann constant (§ =
5.67 X 108 W/m2.K*); T, [K] is the freeze-dryer inner wall temperature; T,,[K] is the

vial outer surface temperature; and T[K] is the shelf surface temperature.

Equation 13 can be further simplified as:

Qr = A K (Tw - Tvs) + A,K,, (Tss - Tvs) (14)
where, K,;[W/m?K] and K,,[W/m2K] are, respectively, the radiation heat transfer
coefficient from the chamber wall to the vial surface and from the shelf surface to the

vial surface, and given as:

Krl &b (Tw + TUS)(TVLZI + Tvzs) (15)

IR

Kz = €6 (Tss + Tos) (Tss + T5%) (16)

IR

K., and K,, strongly depend on the temperature of the surfaces.
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The magnitude of the energy transferred via radiation is highly dependent on the

temperature difference, emissivity and the surface area of the surfaces.

It has been reported that the relative contribution of the three different heat transfer
mechanisms is dependent on T; and P. [Pikal et al., 1984]. However, regardless of
the relative contribution of the different heat transfer mechanisms, knowledge of the
overall vial heat transfer coefficient, K,, (cf. Equation 10), is the most important factor
to analyze the overall heat transfer rate to a vial. K, strongly depends on T, P., and

vial characteristics (i.e., vial thickness, vial surface area, and vial bottom curvature).
2.1.2.1.2 Mass transfer

As discussed previously, mass transfer during the primary drying is characterized by
water vapor flow from the frozen water interface to the condenser coils. The flow of
water vapor in a freeze-drying process overcomes different resistances to mass
transfer. These resistances include resistance due to the dried product, R,;
resistance due to a vial stopper, R,.; and resistance due to the ice condenser, R,
(cf. Figure 11). The driving force for water vapor flow during the primary drying phase
is the pressure difference between the vapor pressure of ice, P;, and the ice
condenser pressure, P.,. The overall mass transfer rate from a given vial can be
expressed as (Equation 17):

. Pi(Tp)— Pcn
_ 17
m Rp(r)+Rst+Rcn ( )

where, m[g/s-vial] is the overall mass transfer rate from a given vial; P;(T,)[mbar] is
the vapor pressure of ice (function of product temperature, T,); P.,[mbar] is the ice
condenser pressure; R, (r)[mbar-s/g] is the resistance to mass transfer of the dried
product (function of pore radius of the dried product, r); Ry [mbar-s/g] is the

resistance to mass transfer of a vial stopper; and R_,[mbar-s/g] is the resistance to

mass transfer of an ice condenser.

The vapor transport through the dried product can be expressed as follows (Equation
18):

71



Fundamentals of a freeze-drying process

_ Pi(Tp)_ Py
P Rp(r) (18)
where, m,[g/s-vial] is the mass transfer rate through the dried product; and P,[mbar]

is the pressure inside a vial.

Analyzing Equation 18, a high R, (r) hinders vapor transport, and thus the energy
consumption from the system is reduced, increasing T,. An increase in T,, increases
P; and, according to Equation 18, m, increases, provided that P, is held constant.
However, since the high R, (r) hinders any increase in vapor transport, the net result
of this process is that the water vapor forces itself through the dried product,
generating a so called micro-collapse. If the micro-collapse is not sufficient to
establish energy equilibrium state in the system (i.e., a balance in energy input and
output in the system), a further increase in T, occurs. This leads to an eventual
collapse or melt-back of the product. To avoid such product damage, the energy
supply must be reduced (i.e., reducing T;), so that an energy equilibrium state is
reached at a target T,,. In conclusion, in a product with a high R, (r), the mass transfer
rate through the dried product is a rate limiting factor. Thus, the heat transfer rate
should be adjusted, so that the system reaches an energy equilibrium state before
product damage occurs.

On the other hand, a low R,(r) promotes vapor transport, and thus the energy
consumption from the system increases, decreasing T,,. A decrease in T, decreases
P; and, according to Equation 18, m, decreases, provided that F,, is held constant.
Unless the energy supply to the system is increased (i.e., increasing Ts), T,, continues
decreasing until an energy equilibrium state in the system has been reached. To
avoid such unwanted decrease in mass transfer rate, the energy supply to the
system must be increased (i.e., increasing T), so that the energy equilibrium state
of the system is reached at a target T,,. In conclusion, in a product with a low R, (1),
the heat transfer rate is a rate limiting factor. Thus, the heat transfer rate should be
adjusted, so that the system reaches an energy equilibrium state at the highest

possible mass transfer rate (i.e., corresponding to target Tp,).
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The vapor transport through the vial stoppers can be expressed as follows (Equation
19):

Py—Pc
Rst

Mg = (19)
where, mg[g/s-vial] is the mass transfer rate through the semi-stopper opening; and

P.[mbar] is the chamber pressure.

During a freeze-drying process, vials are closed using stoppers in a so called semi-
stoppered position. Although the opening of the semi-stoppered stoppers is sufficient
to allow vapor transport without imposing significant resistance, differences in
stopper design and wrong stoppering might impose differences in vapor transport

rate during the primary drying.

Analyzing Equation 19, a high R, hinders vapor transport from inside the vial to the
chamber, and thus increases F,. An increase in P, increases i, but decreases m,,
(cf. Equation 18). However, if m, is greater than my, there will be a continuous
increase in P,, resulting in a continuous decrease in m,, until it equals mg. As
analyzed previously, a decrease in r, reduces the energy consumption from the
system, and thus T, increases, unless the energy supply is adjusted. This may lead

to product damage or even to stopper removal if there is a significant increase in B,.

On the other hand, if m, is less than mg,, the resistance due to stoppers will be
negligible. Therefore, the limiting mass transfer resistance becomes the resistance
from the dried product. For a typical freeze-drying process, m, is much less than
mg:, and thus the resistance to vapor transport due to the stoppers can be safely
assumed negligible, unless the opening of a semi-stoppered vial is wrongly

decreased.

The vapor transport through the condenser duct can be expressed as follows
(Equation 20):

(20)
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where, m.,[g/s-vial] is the mass transfer rate through the condenser duct; and

P.,[mbar] is the ice condenser pressure.

The resistance of the condenser to vapor transport is a contribution of two factors:
resistance to vapor flow through the condenser duct, and deposition rate and
capacity of the condenser coils.

If the condenser duct imposes resistance to vapor transport, there will be an increase
in P.. Furthermore, if the deposition rate of the condenser coils is less than the vapor
transport rate, there will be an increase in both P, and P,,. A resistance to vapor
transport due to the condenser can be easily identified by observing the P.. If the P,
stays at the set point during the entire primary drying period, the resistance to vapor

transport due to the condenser can be considered negligible.

In general, as reported by Pikal et al., [Pikal et al., 1984], the major resistance to
vapor transport during the primary drying period comes from the dried product and
the overall mass transfer rate from a given vial during the primary drying can be
expressed as (Equation 21):

vy = FPilTp)= Pen (21)

T Ry
All the parameters are as defined previously.

As mentioned previously, after some transient time during the initial period of a
primary drying, an energy equilibrium state must be reached. During the energy
equilibrium sate, the energy input and output are in equilibrium, and thus the product
temperature becomes fairly constant. The energy equilibrium state during the

primary drying can be expressed as follows (Equation 22):

Q = AH,m (22)

where, AH,[J/g] is the heat of sublimation of ice.

Substituting Equation 9 for Q and Equation 21 for i, Equation 22 can be expressed

as follows (Equation 23):
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A,K,(T, — T,) = AH, PilTp)= Pen (23)

Rp(r)
All the parameters are as defined previously.

For known m, T,, and P, (or F;), Equation 21 can be used to calculate R,(r).
Furthermore, Equation 23 can be rearranged to calculate K, at any given T, and P,,,.

Note that P., is equivalent to P..

2.1.3. Secondary drying

For amorphous formulations, the amount of water remained after completion of the
primary drying is significantly high, which could potentially affect the storage stability.
The remaining water after the primary drying for amorphous formulations are
attributed to the unfrozen water, which remains adsorbed within the solute matrix (cf.
Figure 1). The unfrozen water for amorphous formulations could range from 5-20%
(depending on the solid content of the formulation) of the initial water content [Tang
& Pikal, 2004]. On the other hand, the water content of fully crystalline formulations
after the completion of the primary drying is insignificant, which is attributed to the
fact that all available water might be crystallized during the freezing step. With this
regard, Pikal et al. reported that unfrozen water adsorbed on the surface of the
crystalline product might be responsible for some water content of crystalline

formulations after the primary drying [Pikal et al., 1990].

In either case, removal of any residual water content after the end of the primary
drying is essential to reduce the residual moisture content, and hence to increase
the glass transition temperature of the dried product (7). T, is strongly related to the
storage stability of the product. It is important to store a dried product at a
temperature well-below its T, otherwise the dried product may be meltdown and
damaged during storage. Furthermore, the Ty is strongly dependent on the residual
moisture content of the dried product. The presence of water in a dried product acts
as a plasticizer and enhances mobility of the dried product. This, in turn, significantly

reduces the Ty of the dried product.
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In a freeze-drying process, the secondary drying is a term used to describe the
process of removal of any adsorbed (unfrozen) water through a desorption process.
The following processes are taking place during a complete desorption process
[Pikal et al., 1990]: (1) adsorbed water is diffused from the interior matrix of an
amorphous solid to the surface of the solid; (2) evaporation of the water from the
solid surface; and (3) vapor transport from the interior of the dried product all the way
to the ice condenser. The first two processes, i.e., diffusion of adsorbed water to the
surface and evaporation of water from the surface, are believed to be the rate limiting
processes during the secondary drying. Therefore, to overcome the previously
mentioned rate-limiting factors, the temperature during the secondary drying period
is increased to a temperature as high as 40 °C [Colandene et al., 2007; Abdul-Fattah
et al., 2008]. The maximum temperature during the secondary drying is limited by
two factors: (1) the temperature sensitivity of formulation components, in which case,
some formulation components cold lose their therapeutic properties or other
functionalities at high processing temperatures; and (2) glass transition temperature
of the formulation, mainly for amorphous formulations. Because of the significant
amount of water content left after the completion of the primary drying, the T, of
product is very low. Therefore, both the heating rate and the final drying temperature
of the secondary drying should be chosen, so that the actual product temperature
always stays below the momentary glass transition temperature of the product. The
T, of the product increases with continuous loss of water; therefore, secondary drying
is often performed at a final temperature as high as 40 °C [Colandene et al., 2007,
Abdul-Fattah et al., 2008]. The product is held at the final drying temperature for as
long as the final residual moisture content reaches an acceptable level, usually less

than 2 wt% on a dry basis.

From process efficiency perspective, performing the secondary drying at high
temperature—short time rather than low temperature—long time is advantageous.
However, both the ramp rate and the final drying temperature for the secondary

drying step should be chosen considering the characteristics of a given formulation.
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2.2. Overview of a freeze-drying equipment

The entire freeze-drying process is a combination of three distinct processes, which
involves freezing of a liquid formulation and drying through sublimation and
desorption processes, with the latter two processes usually performed under
reduced pressures. In the majority of freeze-drying processes, the liquid formulation
is filled into a primary packaging container (e.qg. vials or blisters) and loaded onto the
shelves of a freeze dryer. The shelves are then gradually cooled down until the liquid
formulation is completely solidified. Once solidified, the chamber pressure is reduced
and the shelf temperature is raised, which initiates the sublimation process. The
sublimation process continues until all the frozen solvents are removed. After the
sublimation process has been completed, the shelf temperature is further increased
to facilitate the removal of unfrozen solvent through a desorption process. To
accomplish these three distinct processes in a single equipment, a synchronized
operation of several devices is necessary. The different devices of a freeze dryer
equipment, grouped into components, are displayed in Figure 12 and are discussed
below.

Control system

Inert gas

Ventilation

[

Vacuum pumps

Drying chamber t‘

Chamber door Drainage

Circulation
pump Compressor Compressor Vacuum system

Shelf cooling system Condenser cooling system
Figure 12. Schematic of a typical industrial freeze-drying equipment, showing the major
components. T, shelf temperature; T, product temperature; F,, chamber pressure; Ty, ice

condenser temperature; and F,,, ice condenser pressure.

The drying chamber is usually a square cylindrical chamber, which contains several

heat transfer shelves. The heat transfer shelves, or simply known as product
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shelves, are designed in such a way that a heat transfer fluid is uniformly circulating
through them. The heat transfer fluid is used to precisely control the temperature of
the product shelves during the freezing and drying processes, which ranges from
approximately -55 °C to +55 °C [Nail et al., 2002]. The flow rate of the heat transfer
fluid to the shelves is controlled by temperature measurement thermocouples
located at the inlet and outlet of the heat transfer fluid. The drying chamber also
contains several thermocouples for product temperature measurement (non-aseptic
process), a pressure and vacuum tight door to load and unload the products,
pressure gauges for chamber pressure measurement, and different ports, such as
ventilation port, pressure back-filling port, and drainage port.

The ice condenser cooling system is a sub-component of the refrigeration
component of a freeze-drying equipment. The ice condenser cooling system consists
of mainly a compressor, a condenser, and an expansion valve. This component is
used to cool the ice condenser coils down to a required temperature, usually from -
60 °C to -80 °C. The refrigeration method used in the ice condenser cooling system
is known as “direct expansion”. In this method, the ice condenser coils serve as an
evaporator and the refrigerant evaporates directly into these coils. Some advantages
of the direct expansion method are: simple to manufacture, energy efficient, and can
achieve low temperatures. These advantages of direct expansion make it suitable to
cool the condenser, but its limited accuracy, which is usually within ~5 °C, makes it

unsuitable for shelf cooling system [Ward, 1997].

The shelf cooling system is another sub-component of the refrigeration component
of a freeze-drying equipment with core purposes of providing and maintaining the
shelves at predefined temperatures. As displayed in Figure 12, the shelf cooling
system contains a refrigeration process, in which a refrigerant fluid is circulating
through a compressor, a condenser, an expansion valve and a heat exchanger.
Additionally, it contains a separate process fluid or heat transfer fluid, usually silicon
oil, which circulates through the heat exchanger, an electrical heater, and the
shelves with the aid of a circulation pump. Since the direct expansion method used
in the condenser cooling system does not provide a well controllable cooling system,

the shelf cooling system uses a method known as “diatherm fluid circulation” [Ward,
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1997]. In this method, the heat exchanger serves as an evaporator and the heat
transfer fluid, which passes through the heat exchanger is used to cool or heat the
shelves. With this method, the shelves can be maintained to typically within £1 °C,
in a temperature range of between -55 °C and +55 °C [Ward, 1997; Nail et al., 2002].
One disadvantage of this method is that it must necessarily include a pump to force

the diatherm fluid around the circuit.

This pump produces heat, which is dissipated back into the system, thus reduces
the efficiency of the cooling system. A second disadvantage of the diatherm fluid
circulation cooling mechanism is that the process fluid, silicone oil, becomes highly
viscous below temperatures of around -50 °C, resulting in pumping difficulties.
However, since most freeze-drying processes do not require such low shelf
temperatures, this method is often the method of choice for shelf cooling systems
where strict temperature control is the main priority [Ward, 1997]. Since the diatherm
fluid is not subjected to high pressures, flexible tubing may be used which enables
the movement of shelves within the freeze-dryer, thus allowing shelf-stoppering

mechanisms to be used.

In some cases, a single refrigeration system can be used, in which the refrigerant is
shared between the condenser and the shelves. During the freezing phase of the
process, full capacity of the refrigeration system is directed toward the shelves,
ensuring maximum cooling of the shelves. During ice condenser cooling period, the
entire capacity of the refrigeration system is switched to the ice condenser expansion
valve, again ensuring maximum cooling of the ice condenser. During this period, the
shelf temperature might increase a few degrees. Although this increase in shelf
temperature has insignificant effect on the process, a short ice condenser pull-down
time is required in order to prevent significant increase in shelf temperature. Modern
freeze dryers have an ice condenser pull-down time of less than 30 minutes for a
temperature range from +20 °C to -45 °C. During drying period, the capacity of the
refrigeration system is shared between the ice condenser and the shelves, in which
the majority of the refrigeration capacity is used to maintain the temperature of the
ice condenser, whereas a small fraction of the refrigerant is reserved for precise shelf

temperature control. It is important to note here that the cooling mechanisms of the

79



Overview of a freeze-drying equipment

ice condenser and the shelves do not change even if a single refrigeration system is
used. This means that a direct expansion cooling mechanism is employed for the ice
condenser and a diatherm fluid circulation cooling mechanism is employed for the

shelves.

The primary purpose of the ice condenser is to remove the water vapor generated
during the drying process. Before the first sublimation process is started, the
pressure inside the product container, in the drying chamber and in the ice
condenser is the same. Once sublimation starts, the pressure in the product
container increases due to a continuous accumulation of water vapor and this
creates a pressure difference between the product container and the drying
chamber. Due to this pressure difference, the water vapor flows from the product
container to the drying chamber and the drying chamber pressure starts to increase.
This again creates pressure difference between the drying chamber and the ice
condenser and the water vapor flows from the drying chamber to the ice condenser.
It is therefore critically important to remove the water vapor in the ice condenser in
order to keep the pressure differences and to ensure the progression of the
sublimation process. This is done by cooling the ice condenser to a very low
temperature (usually down to -80 °C), so that the water vapor is condensed and
converted into ice on the ice condenser coils. The ice condenser capacity in terms
of ice deposition rate as well as total ice deposition capacity should match with the
sublimation rate and with the total water vapor, which sublimates during a single
freeze-drying process. To put it in other words, the ice condenser should be able to
depose all the water vapor at the same rate as the maximum possible sublimation
rate during a drying process. If water vapor is not removed from the drying chamber,
the chamber pressure increases until it equilibrates the vapor pressure of ice and

the sublimation process reaches a dynamic equilibrium.

The vacuum system is an integral part of a freeze-drying equipment, which could
consist of redundant vacuum pumps. The vacuum system is used to evacuate the
pressure in the drying chamber and in the ice condenser to any desired value. The
sublimation process can only start when the chamber pressure is lower than the

vapor pressure of ice at the desired product temperature. For example, the vapor
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pressure of ice at -30 °C is 0.380 mbar and, for sublimation process to take place,
the chamber pressure should be kept at a pressure below 0.380 mbar. The vacuum
system should be too robust to maintain the chamber pressure at a user defined

pressure during the entire process.

Finally, the control system is equipped with many communication and
instrumentation lines to serve as a communication interface between the user and
the freeze dryer. All necessary parameters, such as shelf temperature, chamber
pressure, cooling rates, heating rates, holding times, and others are provided from
the user. The control system uses these input parameters to precisely control the
operation of the different parts of the equipment. Additionally, the control system
registers different process output parameters, such as shelf temperature (T;),

product temperature (7,), chamber pressure (F;), ice condenser temperature (Tc,,),

ice condenser pressure (P.,), and others.

2.3. Formulation design and the freeze-drying process

Freeze-drying is an energy intensive, time consuming, and economically expensive
process [Pikal, 1985; Nail & Gatlin, 1993; Rambhatla & Pikal, 2003; Patel et al., 2010;
Mortier et al., 2016]. Therefore, rational design and optimization of the freeze-drying
process is of a paramount importance. The freeze-drying process usually consists
of three steps: freezing, in which a liquid formulation is converted into a frozen solid
state; primary drying, during which the frozen solvent is removed from the product
via sublimation; and secondary drying, during which the unfrozen solvent is removed
from the product via desorption. It is understandable that deeper knowledge of a
formulation and its critical parameters, such as freezing behavior of the formulation
(phase separation, protein denaturation, and pH shifting), glass transition
temperature of the maximally freeze-concentrated solute (7y), collapse temperature
of the formulation (T,), eutectic temperature of the formulation (T,,,), stability of the
active ingredient during preparation, and properties of the excipients are essential
for the efficient and rational design of a freeze drying process [Tang & Pikal, 2004;
Liu, 2006; Wang, 2000; Carpenter et al., 1997].
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Characterizing and developing a rational lyophilization formulation have been a
practice for the design of efficient and robust lyophilization process. As early as 1972,
MacKenzie discussed how the freeze-drying process could be affected by different
formulations by measuring melting temperature (T,,), eutectic temperature (T,,),
glass transition temperature (7,), glass transition temperature of the freeze
concentrate solute (7;) of a water/sucrose system and collapse temperatures (T,) of
NaCl/sucrose system [MacKenzie, 1972]. Pikal reported that, because eutectic and
collapse temperatures vary over an enormous range, determining the maximum
allowable product temperature during primary drying is extremely important and is
the first step in formulation and process development [Pikal, 1990a; Pikal, 1990b;
Pikal & Shah, 1990]. Franks pointed out that an understanding of a freeze-drying
formulation can remove most of the empiricism from the freeze-drying cycle
development [Franks, 1992 & 1989]. In addition, many research and review articles
demonstrated the importance of formulation characterization for the design of a
freeze-drying process [Carpenter et al., 2002; Wang, 2010; Ward & Matejtschuk,
2010 & 2019; Passot et al., 2005 & 2010; Remmele et al., 2012]. There is therefore
a significant interest in understanding the interrelationship between the formulation
characteristics and the freeze-drying process parameters. With this aim, the
objective of this section is to present a more detailed discussion of critical formulation
properties and on how these critical properties could be applied for a rational freeze-

drying process design and optimization.

2.3.1. Interrelationship between formulation properties and the freeze-
drying process

When the topic of freeze-drying process design and optimization is raised, it is more
than clear that the next question to follow is about the formulation properties, such
as, among others, T;, T., and T,,. This demonstrates that a rational design of a
lyophilization formulation is indispensable for the rational, economical, and robust
freeze-drying process design. During the primary drying phase of a freeze-drying
process, the sublimation rate is limited by the maximum allowable product
temperature, which, in turn, defines the pressure difference for mass transfer. The

maximum allowable product temperature of a formulation is defined from the
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knowledge of Ty or T, of an amorphous formulation and from T,, of a crystalline
formulation. For example, an amorphous formulation with a T, of -45 °C limits the
maximum allowable product temperature during the primary drying phase to a
maximum of -45 °C. At a T, of -45 °C, the corresponding vapor pressure of ice of
this formulation is 0.072 mbar, which is very close to the minimum value of P, that
most modern freeze dryers support at their full load capacity. This extremely small
pressure difference means that the sublimation rate during the primary drying is very
slow. The slow sublimation rate combined with other factors, such as total solid
content, fill volume, and fill height could significantly extend the drying time of the
formulation. Therefore, in this case, modification of the formulation to improve the T,

is necessary.

The interrelationship of formulation properties and freeze-drying process parameters

is depicted in Figure 13.

API concentration and stability
Excipient concentration
Choice of bulking agents

Choice of stabilizer
Choice of buffer

Formulation design/ Choice of solvent
Total solid content

State of crystallinity ationd
Phase separation optimization
pH shift

Formulation Formulation
properties in frozen @ properties in dried
state

Dried product appearance

Residual moisture content
Reconstituability

Glass transition and structural relaxation

Recrystallization of excipients

Freezing protocol (annealing?) Freeze-drying process
Maximum allowable product temperature design/optimization
Chamber pressure
Shelf temperature
Dried product resistance
Primary drying time
Secondary drying time
Fill volume/fill height

Figure 13. Interrelationship between formulation and the freeze-drying process and its role

during process design and optimization. T,, glass transition temperature of the maximally

freeze-concentrated solute; T,, collapse temperature; and T,,,, eutectic temperature.

As illustrated in Figure 13, the development of a lyophilization formulation starts by
defining the appropriate Active Pharmaceutical Ingredient(s) (APIs) and their
concentrations. In most cases, the APIs need additional constituents that provide
them a stable environment during processing and storage. Therefore, the first step

is to design a lyophilization formulation that contains all the required APIs, excipients
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and their concentrations. The selection of the composition and concentration of the
excipients requires a comprehensive understanding of the physical, chemical, and
biological properties of the active ingredient. Once a lyophilization formulation is
designed, the next step is to characterize the formulation in a frozen state, indicated
by number 1 in Figure 13. Characterization of the formulation in its frozen state
provides critical formulation properties, such as T, or T, of an amorphous formulation,
T,, of a crystalline formulation, degree of crystallinity of a formulation, phase
separation, and pH shifts. It is critical for both the process and formulation stability
that these properties lie within acceptable ranges. If the excipients yield a significant
deviation on the formulation properties, formulation optimization should be
considered before starting designing the freeze-drying process. This is indicated by
number 2 in Figure 13. For example, a formulation with a very low T; or T, might
need to be reformulated with the addition of collapse temperature modifiers aiming
to facilitate the sublimation rate during the primary drying. Alternatively, crystalline
bulking agents with high T,, can be added to support the amorphous formulation.
With such modification, the primary drying could be performed at a T,, higher than T
or T, and the processing time can be shortened [Depaz et al., 2016; BjeloSevi¢ et al.,
2018]. Furthermore, a significant pH shift during the freezing step could influence
protein stability, and thus re-designing the formulation with alternative buffering
agent should be considered.

Designing a freeze-drying process for an optimized formulation requires the
knowledge of the critical formulation properties as well as the process itself. As
indicated by number 3 in Figure 13, the critical formulation properties could be
obtained from the characterization of the frozen formulation. For example, if a
formulation is predominantly crystalline, annealing might be important to assure
complete crystallization of the excipients. The maximum target product temperature
during the primary drying step is defined based on T; or T, for amorphous
formulations and based on T,, for crystalline formulations. The optimum critical
process parameters, such as P, T,, and drying time (t,), can then be defined from
the knowledge of heat and mass transfers in the freeze-drying process. As indicated

by number 4 of Figure 13, the results from the freeze-drying experiments, such as
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ty4, could provide useful information to further optimize the formulation. Examples of
formulation optimizations include: (1) decreasing the excipients concentration to
reduce total solid content of the formulation; and (2) increasing the APIs
concentration to reduce the total fill height of the formulation, while keeping the same

APIs concentration per vial.

Once the freeze-drying process is performed, the freeze dried products are
characterized to obtain critical product quality attributes of the dried product. These
include product appearance, residual moisture content, reconstituability, storage
stability, glass transition of the dried product, and pH shift during storage (number 5
of Figure 13). Analyzing the storage stability data is critical to draw valid conclusions
on the effect of the freeze-drying process on storage stability of the formulation
[Abdul-Fattah et al., 2007a & 2007b]. For example, a dried product with a high
moisture content (higher than 5 wt%) might lose its rigidity during storage, which
leads to product damage and APIs degradation. In this case, re-designing the
secondary drying processing conditions (i.e., drying temperature and time) is
necessary. In addition, crystalline excipients, such as mannitol, might form crystal
hydrates during storage, which could significantly affect storage stability of proteins
[Yu et al., 1999, Hawe & Friess, 2006]. In such circumstances, re-designing the
annealing step should be considered to allow complete crystallization of crystalline

solutes during the freezing step (number 6 of Figure 13).

In addition to the effect of the freeze-drying process on storage stability, the
formulation itself can impose long term stability issues on freeze dried formulations
[Pikal et al., 1991], such as pH shift of the formulation and interaction of the
formulation components during storage. Thus, formulation related stability issues

can be minimized by re-formulating as indicated by number 7 of Figure 13.

2.3.2. Formulation design and optimization

Application of the freeze-drying process lies in a wide range of materials; however,
the most widely used application involves products of pharmaceuticals and
biopharmaceuticals industries. These products mainly comprise proteins, enzymes,

hormones, vitamins, biologicals, vaccines, and antibiotics. These products are
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commonly prepared as an aqueous formulation, and, unless stored at very low
temperature (-70 °C), their shelf life is limited to a matter of days or weeks [Jennings,
2008]. Freeze-drying provides a means by which the shelf life of these products can

be greatly extended without compromising their therapeutic properties.

Every lyophilization formulation consists of, at least, one key component with a
therapeutic or diagnostic property, termed as Active Pharmaceutical Ingredient
(API). The API requires, for various reasons, the addition of other components, which
are termed as excipients. During formulation development, the main purpose of the
excipients is usually directed to the preparation of a stable environment for the API
[Jennings, 2008].

2.3.2.1. APl concentration and stability

The concentration of the APl is usually defined based on the therapeutic efficiency,
purity, and the required final dose of the API. It is important to note here that the
stability of the APl should be maintained prior to lyophilization (i.e., during
preparation and freezing) as well as in the dried product (i.e., during storage). To
achieve such stability, the APl may require other constituents or excipients. The
addition of excipients may be required to provide [Jennings, 2008]: (a) correct range
of pH values; (b) additional bulk to prevent physical loss of the active ingredient; (c)
a stabilizing environment for the active ingredient in both its liquid and dried states;
(d) protection of the active ingredient during the freezing process; and (e) protection
against oxidation. The selection of the composition and concentration of the
excipients requires a comprehensive understanding of the physical, chemical, and

biological properties of the active ingredient.

2.3.2.2. Excipients

Excipients are defined, according to International Pharmaceutical Excipients Council
(IPEC), as substances other than API, which have been appropriately evaluated for
safety and are intentionally included in a drug delivery system for the following
purposes: to aid in the processing of the formulation during its manufacture; to

protect, support or enhance stability, bioavailability, or patient acceptability; and/or
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to enhance any other attributes of the overall safety and effectiveness of the final
product during storage or use [The International Pharmaceutical Excipients Council,
2017].

Table 2. Thermal properties of some of the most commonly used bulking agents and

stabilizers in lyophilization

Excipients T,[°C] T. [°C] T, [°C] References
Sucrose -32 -31 +75 [Chang & Randall, 1992;
Trehalose -29 -28.5 +118 Taylor & Zografi, 1998;
Sugars L o8 30.5 +114 Franks, 1992; Her & Nail,
actose - oY 1994; Adams & Ramsay,
Maltose -30 +100 1996]
Mannitol -35 -1.4 +13 [Chang & Randall, 1992;
i - . _ Adams & Ramsay, 1996; Yu
Polyols Sorb_'mI 46 54 1.6 et al, 1998; Her & Nail,
Inositol 1994]
Glyc?ne -62 -4 +30 [Passot et al., 2005; Lueckel
Amino Analine -65 et al, 1998, Chang &
acids Arginine +42 Randall, 1992; Mattern et al.,
Histidine -33 +37 1999
Polyethlene glycol 13
(PEG)
Dextran 11 [Bell et al., 1995; Levine &
. . Slade, 1998; Adams &
Polymers Polyvinylpyrrolidone 25 24 +180 Ramsay, 1996; Willemer,
(PVP) 1999]
Ficoll
Polyvinylalcohol (PVA)
Acetic acid
Citric acid -53 +11
Potassium phosphate 65
dibasic
Potassium acetate
. Potassium citrate [Chang & Randall, 1992;
B:ffeer:gg Sodium acetate -64 Franks, 2007]
9 Sodium Chloride 60
dihydrated
Sodium citrate -41 +69
Tris base -51
Tris HCI -65
Zinc chloride -88

Ty, glass transition temperature of the maximally freeze-concentrated solution; T, collapse temperature; Ty, glass
transition temperature

In freeze-drying application, excipients are classified, based on the purpose they
provide, as follows: solvents (water, oil or organic solvents), bulking agents
(mannitol, glycine, hydroxyethyl starch or bovine serum albumin (BSA)), stabilizers
(disaccharide, such as sucrose or trehalose), buffering agents (tris, histidine, or
citrate), collapse temperature  modifiers (dextran, maltodextrin, or

polyvinylpyrrolidone (PVP)) and miscellaneous agents (tonicifying agents and
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antimicrobial agents). The most widely used excipients used in freeze-drying

process are listed in Table 2.

2.3.2.3. Solvents

The selection of a solvent for a formulation requires the same degree of awareness
as for the other excipients in the formulation. In the case of hydrophilic constituents,
water is the most preferred solvent system. However, there may be instances where
freeze-drying from other solvent systems, such as organic solvents or mixtures of
water and organic solvent, may offer advantages over simply drying from an
aqueous solution [Teagarden et al., 2010; Vessot & Andrieu, 2012; Kunz & Gieseler,
2018; Kunz et al., 2018 & 2019]. In some instances, solubility of a drug substance in
water may only be achieved at a pH value that could result in significant degradation
during the time frame of dissolution of the formulation components, filtration, filling,
and freezing. In such instances, the addition of an organic solvent may increase the
solubility of the drug at a formulation pH that provides adequate stability prior to
freeze-drying [Wittaya-Areekul & Nail, 1998]. One significant concern of using
organic solvent systems is the residual amount of the solvent that could have a
significant impact on the toxicity of the final product. In the case of tert-butanol (TBA),
for example, the initial concentration of TBA has a significant impact on the residual
TBA level in an amorphous formulation. Wittaya-Areekul and Nail demonstrated that,
in a 5% sucrose formulation, the threshold TBA concentration for eutectic
crystallization is about 2%. Below this concentration, the TBA remains dispersed in
the amorphous phase, whereas, above the threshold concentration, it is primarily
present as part of the eutectic mixture [Wittaya-Areekul & Nail, 1998]. Since removal
of TBA from an amorphous phase is relatively more difficult than from a crystalline
phase, the highest level of residual TBA was observed at an initial TBA concentration
just below the threshold level [Wittaya-Areekul & Nail, 1998]. On the other hand, the
residual level of TBA showed no dependence on the initial TBA concentration in a
glycine/TBA/water system. This is consistent with TBA being present as crystalline
material regardless of its concentration, since both glycine and TBA appear to

crystallize readily in the presence of the other solutes. The potential advantages and
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disadvantages of using organic solvents in freeze-drying application are given

elsewhere [Teagarden & Baker, 2002; Teagarden et al., 2010].
2.3.2.4. Bulking agents

Most pharmaceutical formulations contain a very low amount of active constituent
and, as a result, the percentage of solid in the formulation may be significantly small.
When a formulation with small solid content (less than 2 wt%) is lyophilized, some of
the product might be carried out of the container as a result of the flow of water vapor
during the drying phase [Jennings, 2008]. Therefore, to prevent such a loss in
product, to provide product elegance, as well as to increase the mechanical strength

of a formulation, its solid content is increased by the addition of a bulking agent.

Amorphous bulking agents, such as glucose, maltose, and lactose are less preferred

due to their low T,, which results in an extended drying time.

Crystalline bulking agents, such as mannitol and glycine are perhaps the most
commonly used bulking agents in lyophilization. The main advantage of these
bulking agents is that, if crystallization of the formulation during freezing is assured,
the crystalline structure provides a strong supporting structure to the active
constituents and prevents product loss from the container. Moreover, the crystalline

structure of the formulation allows the sublimation process to be carried out at a T,

higher than T, of the amorphous part, and hence shortens the drying time.

Depending on the freezing protocol, a potential annealing step and the processing
conditions during primary and secondary drying steps, mannitol can crystallize in the
a-, B-, 8-modifications or as a mannitol hydrate [Cannon & Trappler, 2000; Pyne et
al., 2002; Lu & Pikal, 2004]. Moreover, the presence of other excipients, like buffering
agents and lyoprotectants or proteins can both inhibit and promote mannitol
crystallization [Pikal et al., 1991; Kim et al., 1998; Lueckel et al., 1998]. The presence
of mannitol hydrate can lead to stability problems during storage, due to the release
of hydrate water upon its conversion into the anhydrous crystal forms [Hawe &
Friess, 2006]. In addition to the main application of mannitol as a bulking agent,

several approaches have been described the use of amorphous state mannitol as

89



Formulation design and the freeze-drying process

lyoprotectant to adequately stabilize active protein via molecular interactions [Izutsu
et al., 1994; Costantino et al., 1998]. Crystallization of mannitol can be retarded and
amorphous mannitol can be produced, for example, by adding NaCl, boric acid or
sodium tetraborate [Telang et al., 2003; Yoshinari et al., 2003; Izutsu et al., 2004;
Srinivasan et al., 2017]. Therefore, the use of mannitol as crystalline bulking agent,
in combination with an amorphous lyoprotectant (stabilizer), could present a versatile
solution during freeze-drying formulation design [Johnson, et al., 2002; Horn et al.,
2018a].

In addition to mannitol and glycine, crystalizing amino acids have also demonstrated
a potential for alternative bulking agents [Horn et al., 2018b]. According to Horn et
al., unlike mannitol and glycine, amino acids can crystalize at low amino acid to sugar
ratio [Horn et al., 2018b]. This promotes the use of less excipient concentration, and

hence less solid content in a lyophilization formulation.

In general, while the principal role of the bulking agents is to provide supporting
structure for the active constituent, interaction between the bulking agent and the
active constituent is possible [Jennings, 2008]. As a result, the bulking agent must
be selected with consideration of the possible interactions between the bulking agent

and the active constituent or other excipients in the formulation.

2.3.2.5. Stabilizers

While labile pharmaceutical products are generally quite stable in aqueous solution
for short time, a pharmaceutical product must have adequate stability over storage
periods of many months, typically several years. Thus, labile pharmaceutical
products are typically freeze-dried in an attempt to achieve adequate storage stability
[Pikal, 2010]. However, the process itself presents significant stress on the active
constituents, which may cause instability problems by, for example, inducing
conformational changes in many proteins subjected to freezing, drying and
rehydration [Ward, 1997]. Such stability problems are normally minimized by a

combination of proper process control and formulation optimization.
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Stabilizers are usually added to lyophilization formulations in order to suppress the
instability problems of active constituents during the freeze-drying process. Even
though the mechanism of stabilization is not completely understood, it is suggested
that the mechanism of proteins stabilization by adding a stabilizer falls into two
general classifications; “thermodynamic mechanisms” and “pure kinetic
mechanisms” [Pikal, 2010]. A stabilizer that functions by increasing the free energy
of denaturation operates via a thermodynamic stabilization mechanism. Stability is
conferred by shifting the equilibrium between “stable” native conformation and
“unstable” unfolded conformation toward the native state. The “solute exclusion
hypothesis”, generally believed to be a major factor in stabilization during freezing,
and the “water substitute hypothesis”, often used to rationalize the stabilizing effect
of saccharides during drying, are examples of thermodynamic stabilization
mechanisms. Conversely, a stabilization strategy that functions by slowing the rate
of the degradation process, without significantly affecting the equilibrium constants,

operates via a pure kinetic mechanism [Pikal, 2010].

The solute exclusion hypothesis is a stabilization hypothesis for the stabilization of
proteins during freezing. Solutes that stabilize protein during freezing, generally
termed as “cryoprotectants”, are those solutes (such as polyols, sugars, amino acids
and polyethylene glycol (PEGS)) that stabilize the native conformation of protein at
the freezing temperature and concentration. Such solutes tend to be “excluded” from
the surface of the protein and therefore induce “preferential hydration” of the protein.
The thermodynamic consequence of “solute exclusion” and “preferential hydration”
is to increase the chemical potential of the native protein. That is, as the solute is
excluded from the protein interface, the surface tension of the solution is increased
and the proteins are preferentially bound to the water rather than to the solute.
Therefore, the free energy of unfolding is increased by the solute, which is equivalent

to stabilization of the native conformation [Pikal, 2010].

The water substitution hypothesis is a stabilization hypothesis for the stabilization of
proteins during drying. Solutes that stabilize proteins during drying are termed as
“lyoprotectant” (such as trehalose, sucrose, and lactose). During drying, the critical

stress factor is the reduction of water to low levels, thereby removing the assumed
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stabilizing influence of hydrogen bond interactions between protein and water. This
hypothesis states that stabilizers can form hydrogen bonds at specific sites on the
surface of the proteins and substitute the thermodynamic stabilization function of
water that is lost during drying. Therefore, unfolding of the protein is
thermodynamically inhibited during the drying process (i.e., the free energy of
unfolding is increased by the hydrogen bonding), and enhanced storage stability is

the result of native structure preservation [Chang et al., 2005].

Regardless of the mechanism, a stabilizer or combination of stabilizers should be
chosen taking into considerations factors, such as stabilizing performance during
freezing as well as drying, interaction with the active constituent or other excipients,

and their acceptance as excipients in pharmaceutical products.
2.3.2.6. Buffering agents

Control of pH is crucial in the lyophilization of formulations as the pH of a formulation
is strongly correlated to the pharmaceutical stability of the active constituent. For this
reason, buffering agents are added to freeze-drying formulations in order to
suppress any pH change during processing as well as storage. A buffer solution is
defined as a solution consisting of a weak acid and its salt formed by a strong base,
or a weak base and its salt formed by a strong acid. The main function of a buffer
solution is to resist changes in the pH of the solution [Jennings, 2008]. As most
therapeutic agents are stable in a very narrow pH range, selection of a suitable
buffering solution and its concentration are particularly important during formulation

design.

During selection of an appropriate buffering solution, the following important
properties should be considered: (1) high collapse temperature, which allows higher
T,, during the primary drying, and hence faster drying rate; (2) non-volatile, to avoid
buffer evaporation during processing, thus to avoid significant pH shifts; and (3) high
glass transition temperature. Higher glass transition temperature of the buffer

solutions assures better storage stability of the lyophilized products [Shalaev, 2005].
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Crystallization of buffer components, resulting in massive pH shifts, may also present
significant stress for active components, especially proteins [Pikal-Cleland et al.,
2002; Sundaramurthi & Suryanarayanan, 2011]. Shalave et al. studied citrate,
succinate and tartrate buffer solutions for their crystallization behavior and their
effect on pH of the formulation. They had reported that the pH shift of citrate buffer
was insignificant owing to the amorphous nature of the buffer solution, whereas the
pH shift of succinate and tartrate was found to be significant, which is attributed to
the crystallization of the buffer solutions during lyophilization [Shalaev et al., 2002].
Therefore, if the pharmaceutical stability of an active constituent is sensitive to pH
shifts, buffer crystallization must be avoided. One way of minimizing buffer
crystallization is to formulate with a very low weight ratio of buffer to other solutes
[Pikal et al.,, 1991]. In addition, buffer crystallization could be inhibited using

amorphous excipients [Sundaramurthi & Suryanarayanan, 2011].
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3.1. Materials and equipment

3.1.1. Materials and formulation preparation

Model formulation 1 (MF1) was prepared from trehalose, purchased from Pfanstiehl,
Inc. (Pfanstiehl, Inc., Waukegan, IL, USA), and water for injection (WFI) obtained
from Fresenius Kabi Deutschland GmbH (Fresenius Kabi Deutschland GmbH,
Friedberg, Germany). To prepare MF1, the required amount of trehalose and WFI
were weighed using a precision balance (Sartorius AG, Goéttingen, Germany) and
dissolved using a laboratory magnetic stirrer (IKA-Werke, Staufen, Germany).
Trehalose was used as received. In all the experiments of this study, MF1 was
filtered using 0.22 um pore-size filters (PALL Corporation, Port Washington, NY,
USA) prior to filling the vials. The filtration setup used in this study is displayed in
Figure 14.

Figure 14. Filtration setup used in this study.
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Model formulation 2 (MF2) was prepared from sucrose, purchased from VWR (VWR,
Darmstadt, Germany), and water for injection (WFI), obtained from Fresenius Kabi
Deutschland GmbH (Fresenius Kabi Deutschland GmbH, Friedberg, Germany). To
prepare MF2, the same procedure as for MF1 was used. In all the experiments of
this study, MF2 was filtered using 0.22 um pore-size filters (PALL Corporation, Port
Washington, NY, USA) prior to filling the vials.

Fresenius Kabi drug formulation (FK1) was prepared from a preparation protocol
provided by Fresenius Kabi. For confidentiality reasons, the detail composition of
FK1 will not be given here. However, lyophilization relevant properties of FK1 are

summarized in Table 3.

In addition to the 3 previously mentioned formulations, WFI was used to perform
some sublimation experiments. The formulations and their relevant characteristics

used in this study are summarized in Table 3.

Table 3. Summary of formulations used in this study and their critical properties relevant to

the lyophilization process. The values of Ty and T, presented herein were obtained from this

study
Formulation Excipient APls Solvent Solid T, [°C] T.[°C]
content
[wt%]
Model Formulation Non
1 (MF].) Trehalose WFI 10 -29.2 275
Model Formulation Non
2 (MF2) Sucrose WFI 20 324 311
Fresenius Kabi  Trehalose, Several
drug Formulation emulsifier, APls WFI and ) B
(FK1) andco-  (confidential) oil 18.5 35.2 29.0
emulsifier,

Water for Injection - Non WFI 0 - -

Ty, glass transition temperature of the maximally freeze concentrated solution; T, collapse temperature of the frozen
solutions; and WFI, water for injection.
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3.1.2. Container-closure system

The container-closure system of a lyophilization process consists of elastomeric
stoppers, glass vials and aluminum crimps. As discussed previously, lyophilization
is a process based on heat and mass transfer. Thus, the type and design of the glass
vial and the stoppers have significant influence on the outcome of the process.
Considering the glass vial, side and bottom thickness, and bottom flatness or
concavity are the major factors that lead to heterogeneity in heat transfer [DeGrazio,
2010]. In the case of the stoppers, design of the venting system plays a critical role
for the vapor transport during the drying period of the lyophilization process. In this
sense, the total area available for water vapor transport is a critical design factor for
freeze-drying stoppers, as differences in the venting area could lead to differences

in the resistance to the water vapor transport.

To avoid differences in heat and mass transfer due to the container-closure system,
identical glass vials and stoppers were used throughout the experimental studies of
this thesis. The glass vials were clear 10-mL tubing vials purchased from SCHOTT
AG (SCHOTT AG, Mainz, Germany) and were used as received.

Figure 15. Container-closure system (10-mL vials and igloo single vented stoppers) used in

all freeze-drying experiments.

The elastomeric stoppers were ready-to-sterilize Igloo single vented stoppers from

West Pharmaceutical Services, Inc. (West Pharmaceutical Services, Inc., Exton, PA,
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USA). The stoppers were also used as received. The container-closure system used
in this study is displayed in Figure 15.

3.1.3. Freeze-dryer

The freeze-dryer used in this study was a four-shelf model purchased from HOF
(HOF Sonderanlagenbau GmbH, Lohra, Germany), which has an internal condenser
configuration system, as displayed in Figure 16. The shelves, the chamber walls and
the condenser are manufactured from stainless steel, whereas the chamber door is

manufactured from acrylic Plexiglas.

Figure 16. HOF laboratory freeze dryer used throughout the studies.

The dimension of each shelf is 300 mm X 300 mm, giving a total usable shelf area
of 0.36 m?, with a shelf spacing fixed at 75 mm. The condenser has a capacity of 6
kg of ice. The refrigeration system of the freeze dryer consists of two small duty
compressors, working with R404A refrigerant. The condenser is cooled using a
direct expansion system, providing an ultimate condenser temperature of -75 °C,
whereas the shelves are cooled indirectly using silicon oil as a thermal fluid. In the
case of the shelves, the refrigerant is used to cool the silicon oil in a separate heat
exchanger, which then flows through an electrical heater where a precise control of
the heating and cooling rates of the shelves is taking place. The silicon oil circulates
in a closed loop with the help of a circulation pump.

117



Chapter 3: Materials and Methods

The temperature range of the shelves is between -55 °C and +50 °C, and the
electrical heater provides up to 1.2 °C/min cooling and heating rates. The
temperatures of the silicon oil at the inlet to and outlet from each shelf are measured
and the overall average temperature is taken to monitor the shelf set point
temperature. Each shelf has a capacity for 176 vials (based on 10-mL tubing vials).
The vacuum system of the freeze dryer is controlled by a Leybold oil sealed vacuum
pump, which provides an ultimate vacuum up to 10 pbar on a dry run basis. The
vacuum is controlled using a Pirani vacuum gauge, which measures from 100 to
0.001 mbar.

The HOF freeze dryer can be operated on manual mode or on fully automatic mode
using a Siemens controller. The automatic control system has 15 freezing steps, 1
evacuation step and 23 drying steps. The set point vacuum during the drying step is
controlled via a nitrogen bleed valve and the vacuum pump. Moreover, the freeze
dryer is equipped with a proper alarm system, to ensure that the user is provided
with an accurate failure message. The freeze dryer does not have an automatic
stoppering system. Thus, the vials were taken out of the chamber and stoppering
was performed manually outside the freeze dryer.

Product temperature measurements were performed using 3 type K thermocouples,
which are connected to the freeze dryer, and 8 wireless thermologgers (Lives
International, Timis, Romania). The wireless thermologgers and the positioning of
the temperature probes inside vials are displayed in Figure 17. All data from the
freeze dryer were obtained from a printout of a Yokogawa chart recorder and the
minimum printing speed of the chart recorder was 1 set of data per hour. For this
reason, product temperatures from the wireless thermologgers were used to analyze
all experimental results of this study. The wireless thermologgers have a dedicated
software that enables to remotely activate the thermologgers before the start of an
experiment and to extract the data after the experiment. In this study, product

temperatures using the wireless thermologgers were measured every 20 s.
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Figure 17. Wireless thermologgers used for product temperature measurements throughout
the studies.

3.2. Methods

3.2.1. Formulation characterization wusing differential scanning
calorimetry (DSC)

DSC is a thermal analysis method that measure the difference in heat flow rate (in
Watt) between a sample and a reference material as a function of time and
temperature, whilst the sample and the references are subjected to a controlled and
identical temperature program. During a controlled temperature program, a physical
change in the sample could lead a heat to flow into the sample or out of the sample,
resulting in enthalpy or heat capacity change of the sample. Heat flows into the
sample as a result of physical changes that require energy (endothermic process),
such as glass transition, melting and evaporation. Conversely, heat flows out of the
sample as a result of physical changes that dissipates energy (exothermic process),

such as crystallization, curing, and oxidation.
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In the present study, the glass transition temperature of frozen formulations (T,) and
dried products (T;) were determined using a TA Instruments Q2000 series
differential scanning calorimetry with refrigerated cooling system (RCS) (TA
Instruments, New Castle, DE, USA), as depicted in Figure 18. All analyses were
performed using Universal Analysis software (TA Instruments, New Castle, DE,
USA). Glass transition temperatures were reported as the midpoint of the glass

transition curve.

For frozen formulations, the following protocol was applied: (i) a sample of 10—-15 mg
was weighed into aluminum sample pans, which were then hermetically sealed. An
empty, hermetically sealed, pan was used as a reference; (ii) the RCS was set on
continuous mode and the nitrogen supply was set to 50 mL/min; (iii) the solution
samples were first equilibrated at 40 °C for 2 min and then frozen to -60 °C at a rate
of 20 °C/min; (iv) the frozen samples were held at -60 °C for 10 min before heating
to 40 °C at a rate of 10 °C/min.

it

Figure 18. Q2000 series differential scanning calorimetry used throughout the studies.

For dried products, the following protocol was followed: (i) a sample of 8-10 mg was
weighed into aluminum sample pans, which were then hermetically sealed. An
empty, hermetically sealed, pan was used as a reference; (ii) the RCS was set on

continuous mode and the nitrogen supply was set to 50 mL/min; (iii) the dried
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products were first equilibrated at 40 °C for 2 min and then cooled down to 0 °C at a
rate of 5 °C/min; (iv) the samples were held at 0 °C for 2 min before heating to 100

°C at a rate of 10 °C/min.

3.2.2. Formulation characterization using freeze drying microscopy
(FDM)

In most cases, the glass transition temperature of the maximally freeze concentrated
solution (Ty) is used to define the maximum allowable product temperature during
the primary drying period of a lyophilization process. However, it is currently a trend
to use the collapse temperature (T,.) of an amorphous formulation. This is because,
depending on the formulation, T, can be several degrees higher than T;, and thus
the primary drying can be performed at a higher product temperature. Referring to
Table 3, T, for all the formulations studied in the present study was higher than T;;
specifically, T, for FK1 was 6 °C higher than T;. Performing the primary drying at a
higher product temperature enhances the sublimation rate (cf. section 2.1.2), and

thus significantly improves process efficiency.

Freeze drying microscopy (FDM) is a device used for the determination of the
collapse temperature of amorphous formulations. An FDM consists of a cryo-stage,
where sample temperature and pressure can be precisely controlled, and a
microscope, through which the morphology of the sample during a controlled freeze-
drying program may be observed. The cryo-stage consists of a cooling system, an
electrical heater, a vacuum pump and a vacuum gauge. All these components of the
FDM enable the user to program and to precisely control a temperature in the range
of -90 °C to +40 °C, and a pressure up to 10 pbar. In addition, the cryo-stage consists
of a quartz cover slip, a glass cover slip and a metal spacer for sample placement.
The microscope, on the other hand, is equipped with a high speed digital camera to
capture images of the sample during the experiment. A complete freeze-drying cycle
can be programmed in a dedicate software, LinkSys 32 (Linkam Scientific
Instruments, Surrey, UK), where all operations can be automatically and precisely
controlled. The images are stored in the software database and can be used to

determine the T, of a sample from image analysis. The images were analyzed to
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determine the collapse temperature (T;), which was defined as the temperature
where a clearly observable structural change on the interface of the dried and frozen
formulation was observed.

The FDM used in the present study was a Lyostat 2 (Biopharma Technology Ltd.,
Winchester, UK) as displayed in Figure 19.

Figure 19. Lyostat freeze drying microscopy used for the determination of collapse

temperature (T,) of samples used in this study. Image courtesy: Biopharma Technology Ltd.

The following program was used to determine the T, of the formulations studied: (i)
a sample of 2 uL was placed on a quartz cover slip and covered using a glass cover
slip. To allow sublimation of the sample, a 70 um thick metal spacer was placed
between the quartz and glass cover slips; (ii) the solution samples were frozen to -
40°C at a rate of 20°C/min and held for 5 min to allow complete solidification; (iii)
after freezing, the vacuum was reduced to approximately 0.1 mbar and maintained
at this condition until an approximately 2—3 mm dry layer thickness was achieved;
(iv) the samples were further heated at 5 °C/min to a temperature marginally lower
than the T, obtained from DSC, and then the heating rate was decreased to 0.5
°C/min, aiming to observe a structural change at a higher temperature resolution; (v)
the samples were heated until complete structural damage was observed and

images of the samples were captured throughout the experiment.

122



Chapter 3: Materials and Methods

3.2.3. Residual moisture content determination using Karl Fischer
titration

The Karl Fischer titrator is commonly used to determine water content of solid or
liquid samples, with water content values as low as 1 ppm. The basis for water
content determination of the Karl Fischer titrator is based on the reaction of iodine
with water in the presence of sulfur dioxide and a reagent. Initially, Karl Fischer used
pyridine as a reagent to neutralize the acids formed during the reaction of iodine with
water and sulfur dioxide [Fischer, 1935]. However, the Karl Fischer reaction based
on pyridine was highly dependent on pH value of the medium, and hence Scholz
developed a pyridine-free Karl Fischer reagent with imidazole as a base [Scholz,
1982].

Scholz proposed the following reaction scheme to be used for the Karl Fischer water

content analyses [Scholz, 1982]:

1. ROH + SOz + RN — (RNH)-SOzR

2. (RNH)-SO3 R + 2RN + I2 + H20 — (RNH)SO4 R + 2(RNH)|

This results in the following general chemical equation, which is currently in use for

water content analysis based on Karl Fischer reaction:
ROH + SO + 3RN + I; + H,O — (RNH)*SO4 R + 2(RNH)I

According to the above reaction, the Iz reacts quantitatively with H20 and serves as
a basis for the water content determination. In a coulometric Karl Fischer titration,
the necessary iodine is directly and electrochemically generated at a generator

electrode according to the following half-reaction:
2 — 12 + 2e-

The amount of water titrated by coulometric technique is determined from the
amount of electrical current given in Coulomb, designated as C, used to generate
iodine and from the stoichiometric reaction of iodine and water. For an

electrochemically optimized Karl Fischer cell, the current conversion efficiency for
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iodine production is assumed to be 100%. Since current and time can be accurately
measured, no standardization of the coulometric Karl Fischer reagents is necessary.
For this reason, coulometry is designated as absolute method. Coulometric Kar
Fischer analysis is suitable for samples where residual water content is in the range
of 1 ppm to 5 wt%.

Figure 20. Karl Fischer coulometric titrator with thermoprep oven used throughout the

studies.

The Karl Fischer titrator used in the present study was a coulometric titrator with
thermoprep oven (Metrohm, Herisau, Switzerland), as displayed in Figure 20. In this
setup, a sample is heated in the thermoprep oven, releasing its moisture. The
moisture is then conveyed to the measuring cell with the aid of a gas flow, where it
is reacted with iodine. The Karl Fischer titrator is controlled using a dedicated
software, Tiamo™ 2.5 (Metrohm, Herisau, Switzerland). The following water content
determination program was used throughout the study: (i) measure a blank vial to
consider water content from the vial and the serum stopper; (i) measure a standard
sample to check the functionality of the device. In the present study, a standard
sample with 1 wt% water content was used; (iii) a sample of 70—100 mg was weighed
in a vial and immediately sealed using the serum stopper; (iv) the sample vial was
inserted into the thermoprep oven, heated to 100 °C; (v) continuous measurement
for a minimum extraction time of 10 min. However, the stop criteria for the
measurement was set based on a drift value of 5 pg/min, and hence the actual

measurement duration could last longer than 10 min. A drift indicates the quantity of
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water that enters the measurement cell over a defined time and with a drift value of

5 pg/min, it could be assumed that all the residual water in the sample was removed.

3.2.4. Other experimental details

Other specific characterization techniques and experimental protocols are provided

in each section of the Results & Discussion chapter.
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4.1. Heat and mass transfer analyses during primary drying

4.1.1. Background

Sublimation of a frozen sample is the core process principle of the drying step of a
freeze-drying process. Sublimation is an exothermic process, and hence it requires
a sustained source of energy to maintain the process. During the drying step, energy
is supplied, in a form of heat, to the system through the product shelves, which could
be heated to and maintained at any desired temperature. Thus, a better
understanding of the combined mass and heat transfer during the drying step allows
a greater efficiency during the design, optimization, and scale-up of a freeze-drying

process. Further, it minimizes problems that could be encountered at industrial scale.

The aim of this section is to evaluate the effect of different input processing
conditions (i.e., shelf temperature (T;) and chamber pressure (P.)) on different output
parameters, such as product temperature (T;), sublimation rate (m), overall vial heat
transfer coefficient (K,), and resistance to mass transfer of the dried product (R,).
Furthermore, the effect of vial position on the previously mentioned output
parameters is discussed. Such knowledge enables to establish a fundamental
understanding of the interactions between input and output parameters during the

freeze-drying process.

4.1.2. Experimental details

Sublimation experiments using model formulation 1 (MF1) and model formulation 2
(MF2) were performed. Table 3 shows some details of the model formulations. The
product temperature (T») and the sublimation rate (1) were directly determined from

the sublimation experiments. Whereas, the resistance to mass transfer of the dried
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product (R,) and the overall vial heat transfer coefficient (K,) were calculated from

the mass and heat transfer equations as given in Equations 24 and 25, respectively.

_ Pi(Tp‘)_ Pc (24)

P m

R

where, R,[mbar-s/g] is the resistance to mass transfer of the dried product; P;[mbar]
is the vapor pressure of ice calculated from the product temperature (Tp); P.[mbar]
is the camber pressure; and m[g/s] is the sublimation rate obtained gravimetrically
from the sublimation experiments.
K, = AHS#'_TP) (25)

where, K, [cal/s-cm?-K] is the overall vial heat transfer coefficient; A,[cm?]is the outer
surface area of the vials used in this study, T[K] is the shelf temperature; T,[K] is the
product temperature; and AHg[cal/g] is the heat of sublimation of ice. There are some
differences in the literature reported AH, values. 660 cal/g, [Pikal et al., 1985; Kuu et
al., 2009], 667 cal/g [Tang et al., 2005], 676 cal/g [Rambhatla et al., 2006], 680 cal/g
[Pikal et al., 2005; Zhai et al., 2005]. Further, Feistel and Wagner determined a value
for AH, of approximately 679 cal/g for a product temperature in the range -35 °C to -
10 °C, which is relevant during the primary drying phase of the freeze-drying process
[Feistel & Wagner, 2007]. Considering all the above reported AH, values, an average

value of 670 cal/g was used throughout this study.

The sublimation rate was determined gravimetrically. For this purpose, 50 selected
sample vials were weighed before and after the freeze-drying experiments. The
sample vials were systematically placed to represent different vial groups, which
could have different sublimation rates and product temperatures, within the vial
array. Figure 21 displays the placement of the sample vials and thermocoupled vials
for all the experiments performed in this study. For example, in Figure 21, vials
numbered 1-8 represent a vial group referred to as “front edge”, vials 9-17 represent
“side edge outer”, vials 18-26 represent “side edge inner”, vials 27-42 represent
“center”, and vials 43-50 represent “rear edge”. The sublimation rates obtained from

the numbered vials of the same group were used to calculate the average
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sublimation rates of their corresponding group. A laboratory analytical balance
(Sartorius AG, Gottingen, Germany) was used to weigh the sample vials. The
sublimation process was terminated by backfilling the product chamber using dry
nitrogen and the vials were heated to 20 °C before the product chamber door was
opened. This step was included to prevent condensation from the surrounding
moisture from forming on the cold stoppers and penetrating into the extremely
hygroscopic dried product. Once the product chamber door was opened, the sample

vials were immediately fully stoppered and re-weighed.
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Figure 21. Vial placement for the sublimation experiments of this study. “Numbered vials”

)
<

Door side

represent vials weighed before and after the freeze-drying experiment. “T-signed vials”
represent vials with thermocouples for product temperature measurement of the different

groups of vial arrays.

Itis well known that dried product resistance and product temperature increase when
product dried layer thickness increases [Fissore et al., 2011; Kodama et al., 2014;
Scutella, 2018]. Therefore, to include the maximum effect of the dried product
resistance during the determination of the sublimation rate, the sublimation
experiments were stopped once the frozen solution was almost completely sublimed.
This was performed by visually observing the dried layer of the front edge vials. Thus,
all the sublimation experiments were terminated once the dried layer of the front

edge vials reach close to the vial bottom. The exact drying time for the calculation of
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the sublimation rate was obtained from the product temperature profile of the
wireless thermologgers. Primary drying time, by definition, starts when the shelf
temperature attains the desired shelf set point temperature for primary drying. Thus,
regardless of the product temperature, the starting time for the calculation of the
sublimation rates was defined as the time at which the shelf temperature attained
the desired set point temperature. It was experimentally determined that, at low
chamber pressure and low shelf temperature, up to 4 hours were required to achieve
a pseudo steady-state condition in product temperature. Whereas, up to 2 hours
were required to attain a pseudo steady-state condition in product temperature at
high chamber pressure and high shelf temperature conditions. Although the time
required to achieve a pseudo steady state in product temperature was highly
dependent on the processing conditions and formulation solid content, the values
obtained in this study were significantly longer than the values reported in the
literature [Pikal, 1985]. Therefore, the definition of the starting time used herein
considers the real effect of different processing conditions and formulations on the
sublimation rate, before the product temperature attained a pseudo steady-state

condition.

4.1.3. Results and discussion

4.1.3.1. Effect of vial position on primary drying output parameters

The variation of the primary drying output parameters, such as product temperature
(T,), overall vial heat transfer coefficient (K,), and sublimation rate (), with respect
to vial position poses significant challenge during freeze-drying process design,
optimization, scale-up, and transfer. Thus, to design a robust freeze-drying process
that encompasses the entire vial position, a proper understanding of such variation

is of paramount importance.

Figure 22 displays the effect of vial position on T, K,,, and m, at constant and low P,
(P. = 0.05 mbar) and different T, values, for MF1. Compared to the rest of the vial
groups, the center vials have the lowest T, K,, and m values; whereas the front

edge vials have the highest values (Figure 22a-d). This is attributed to three
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important factors: (1) because the center vials are completely surrounded by other
neighboring vials, the available surface area for heat transfer is smaller than the
surface area of the edge vials. This limits the heat input to the center vials, reducing
K, although the processing conditions are the same for all vial groups; (2) the
packing density (vials per shelf surface area) of the center vials is higher than those
of the edge vials, and thus the center vials have higher heat demand per shelf
surface area. This increases the heat consumption from the central part of the shelf
and, in turn, reduces the shelf surface temperature.
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Figure 22. Effect of vial position on product temperature (T,), overall vial heat transfer
coefficient (K,) and sublimation rate () at low chamber pressure (P.) (P. = 0.05 mbar) and
different shelf temperatures (Ty) for 10% trehalose solution (MF1).

Therefore, compared to the edge vials, the center vials run at lower shelf surface
temperature, and thus at lower T,; (3) the edge vials receive additional heat input
from an atypical heat transfer via radiation from the walls and doors of the freeze
dryer [Pikal et al., 2016]. This increases K,, and hence T, of the edge vials.
Particularly, as the front edge vials are exposed to the acrylic freeze dryer door,
which have higher temperature and emissivity compared to the side walls of the

dryer, they receive higher heat input from the atypical radiation. Supporting this, the
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experimental results (Figure 22a—d) demonstrated highest K, and T,, values for front

edge vials.

At constant P., an improvement in heat transfer uniformity was observed with an
increase in T;. Thus, at T, = -5.0 °C, the percent differences?® in T,, and K,, between
the front edge and center vials were 15.7% and 65.6%, respectively (Figure 22a);
whereas, at T, = -20.0 °C, the percent differences in T, and K, between the front
edge and center vials were 16.9% and 83.1%, respectively (Figure 22d). Despite the
improvement in heat transfer uniformity at higher T, the percent difference in m
between the front edge and center vials for the two shelf temperatures was identical
(47.6%). Although increasing Ty did not improve the variation in sublimation rate
among vials resting at different locations, it did significantly improve the values of the
sublimation rates.

As with low P, (Figure 22), intermediate P. (P, = 0.15 mbar) and different T; showed
similar trend (Figure 23) with regard to the effect of vial position on T,, K,,, and .
Thus, for all the T, studied, the lowest and the highest primary drying output

parameters correspond to the center and front edge vials, respectively.

Considering similar T, and different P, for example Figure 22d and Figure 23b, the
influence of vial position on T, and K,, at low P, was stronger than at high P,. At F, =
0.05 mbar, the percent difference in T, between the front edge and center vials
was16.9% (Figure 22d); whereas, at P, = 0.15 mbar, the percent difference was 5.3%
(Figure 23b). Also, the percent difference in K,, between the front edge and center
vials, at P. = 0.05 mbar, was 83.1% (Figure 22d); whereas, at P. = 0.15 mbar, the
percent difference was 58.3% (Figure 23b).

. I —value 2
1 The percent difference was calculated as; 1zaiue 1-value 21]

[(ualue 1+value 2)
2

* 100
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Figure 23. Effect of vial position on product temperature (T,), overall vial heat transfer

coefficient (K,,) and sublimation rate (i) at intermediate chamber pressure (P.) (P, = 0.15

mbar) and different shelf temperatures (T;) for 10% trehalose solution (MF1).
This clearly demonstrates that, at higher P, the variation in T, and K, with respect to
vial position is minimized. These observations, which are in agreement with literature
data [Pikal et al., 1984], are a direct result of the improved heat transfer due to
conduction through the gas at high P.. However, although high P. improves the heat
transfer uniformity and, consequently, improves the variation in T, and K, with
respect to vial position, the corresponding improvement in sublimation rate ()
variation was very small. Thus, the percent difference in m between the front edge
and center vials at P, = 0.05 mbar was 47.6% (Figure 22d), whereas, at P, = 0.15
mbar, the percent difference was 42.9% (Figure 23b). This is because, while T, and
K, are a direct result of the heat transfer part, n depends on both the heat transfer
(through T,,) and the mass transfer (through P. and R,) (see Equation 24). Thus,
although the T, of the center vials at A, = 0.05 mbar was very low (-38.6 °C)
compared to the center vials T,, at B, = 0.15 mbar (-31.1 °C), the driving force for
sublimation (i.e., Pi(Tp) — P.) at these two conditions was comparable. This is

because, the low P, compensates the decrease in P; due to low T,,.
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Figure 24. Effect of vial position on product temperature (T,), overall vial heat transfer
coefficient (K,,) and sublimation rate () at low chamber pressure (P,) (P. = 0.05 mbar) and

different shelf temperatures (Ts) for 20% (w/w) sucrose solution (MF2).

Figure 24 illustrates the effect of vial position on the primary drying output
parameters at P, = 0.05 mbar for MF2, showing similar trend to that observed in
Figure 22 for MF1. While MF1 has 10% (w/w) solid content, MF2 has 20% (w/w)
solid content, illustrating that MF2 imposes greater dried product resistance to water
vapor flow during the primary drying phase, provided that there is no microcollapse
in both formulations. Comparison of Figure 22d and Figure 24d illustrates that, at the
same processing conditions (i.e., same T, and P.), a product with a higher dried
product resistance yields smaller T, difference between the front edge and center
vials than a product with lower dried product resistance. For example, at P, = 0.05
mbar and T; = -20 °C, the percent differences in T,, and K, between the front edge
and center vials for MF1 were 16.9% and 83.1%, respectively (Figure 22d).
Whereas, for MF2, the percent differences in T, and K,,, at the same P, and T, were
10.9% and 48.7%, respectively (Figure 24d). This demonstrates that, in a similar way
to high P, high solid content improves the heat transfer uniformity within a vial array.

However, the improvement in heat transfer uniformity in products with high solid
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content did not guarantee an improvement in . Thus, the percent differences in m,
at P, = 0.05 mbar and T, = -20 °C, between the front edge and center vials for MF1
was 47.6%, whereas for MF2, it was 72.7% (cf. Figure 22d and Figure 24d).

In conclusion, it is extremely important to analyze the effect of vial position not only
from the heat transfer perspective (i.e., T,, and K,,), but also from the mass transfer
perspective (i.e., m). In this sense, although certain processing conditions could yield
significant improvement in heat transfer uniformity across a vial array, the
corresponding center vials m (i.e., the minimum m) could be smaller than at other
processing conditions, where remarkable variation in T,, and K, exists. Because m
is an extremely important factor during freeze-drying process design and
optimization, selection of an optimum processing condition, with regard to vial
position, should be made considering a compromise between an improved heat
transfer uniformity and the highest possible m.

4.1.3.2. Effect of shelf temperature on primary drying output parameters

This section illustrates the relationship between T, and the primary drying output
parameters at constant chamber pressure. Figure 25 displays results of MF1 at a P,

= 0.05 mbar and P. = 0.15 mbar for both front edge vials (FE) and center vials (C).
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Figure 25. Dependency of primary drying output parameters on shelf temperature (T;), at
constant chamber pressure (P,), for MF1. (a) at a P, = 0.05 mbar and (b) at a P. = 0.15 mbar.
FE, front edge vials; C, center vials; T,, product temperature; and K, overall vial heat

transfer coefficient.
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As illustrated in Figure 25, at a given P, a direct relationship between T, and T, for
both vial groups was observed. This is consistent with the fact that reducing T, at a
constant P, reduces the heat input to the system. Thus, the energy equilibrium state
of the system is achieved at lower T,. Further, at a given P, there is a direct
relationship between T,, and m. Thus, reducing T, at a constant P, reduces both T,

and m.

Interestingly, the influence of T; on T, was found to be P. dependent. Here, it is
meaningful to compare the T, of center vials, as the heat source of this vial group is
predominantly the shelf temperature. Thus, while decreasing T, by 15 °C, at P, =
0.05 mbar, decreased T, and m of center vials by 8.1% and 50%, respectively
(Figure 25a), a decrease in T, by 13 °C, at B, = 0.15 mbar, decreased T,, and m of
center vials by 15.1% and 61.5%, respectively (Figure 25b). This finding is relevant
to the robustness of a freeze-drying process, and thus a freeze-drying process at
low P, is more robust to variations in T; compared to a freeze-drying process at high
P..

The relationship between Ty and K, was rather complex. The calculation of K,
assumes that the driving force for the heat flow to the system during the primary
drying is only the temperature difference between the shelf and the product
(Equation 25). Thus, it only assumes that the source of energy for heat transfer is
the T; and neglects any additional energy source for heat transfer. Therefore, the
validity of the assumption in Equation 25 is highly dependent on the relative
contribution of T; to K,,. At low T, the contribution of the direct conduction heat
transfer mechanism (a direct result of the T) to K, becomes weaker. Thus, the
energy equilibrium state of the system is mainly sustained from the energy input via
the conduction through the gas and radiation. Therefore, the interpretation of K,
values may require careful consideration when values at different processing
conditions are compared. For example, K,,, T, and m for front edge vials, at P, = 0.15
mbar and at T, = -30 °C, were 15.89*10* cal-st.cm2K, -32.1 °C and 0.05 g-h1,
respectively. Whereas, at P, = 0.15 mbar and at T; = -20 °C, K,,, T, and m for front

edge vials were 7.27*10* cal-s1-cm2K, -29.5 °C and 0.17 g-h%, respectively. Thus,
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although the K,, values showed that the energy input to the front edge vials, at the
former processing condition, was much higher than that of at the latter, the

corresponding T,, and m showed the opposite evolution (Figure 25b).

On the other hand, K,, of the center vials, at a given P. and different T, remained
fairly constant, demonstrating that the source of the input energy to the center vials
is predominantly from the product shelves.

4.1.3.3. Effect of chamber pressure on primary drying output parameters

As discussed previously, the driving force for the sublimation of ice is the pressure
difference between the vapor pressure of ice (P;) and the chamber pressure (£.).
Thus, variation in P, has a direct influence on the sublimation of ice from the vials.
As displayed in Figure 26, increasing F,, at constant Ty, yields an increase in K, T,
and m.
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Figure 26. Dependency of primary drying output parameters on chamber pressure (P,), at
constant shelf temperature (T) (Ts = -20 °C), for MF1. FE, front edge vials; C, center vials;

T,,, product temperature; and K,,, overall vial heat transfer coefficient.
Furthermore, a significant decrease in T, difference between the front edge and
center vials was observed as P. increases. At low P, the driving force for the

sublimation of ice (i.e., Pi(Tp) —P,), even at low T,, is large. Consequently, the

energy consumption from the system becomes significant, yielding a shelf surface
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temperature (T,s) much lower than the corresponding shelf temperature (T,). This
mainly influences the center vials, where the primary energy source is Ti.
Conversely, the front edge vials could receive additional energy from atypical
radiation, which could be significant if Ts; low. This leads to a large difference in T,

between the front edge and center vials at low P..

At high F,, on the other hand, sublimation of ice does not start unless T,, is too high
to yield a P; greater than P.. Thus, due the absence of sublimation at low T,, the
energy consumption from the system is very low. Consequently, most of the energy
input at the start of the primary drying is utilized to increase T,. In this case, T,
increases until the energy consumption from ice sublimation becomes significant to
counter balance the energy input. Therefore, the energy consumption from the
system is only significant at high T,,. To produce such a high T,, of the center vials,
the Ty, must also be high (only slightly lower than the corresponding T). At such high
Ty, the energy input from the direct conduction becomes more significant compared
to the energy input from the atypical radiation. Furthermore, the relatively warm
water vapor (attributed to the high T,) significantly increases the energy input from
the conduction through the gas. Consequently, the T, difference between the front

edge and center vials, at high P., becomes small.

Figure 27 demonstrates the influence of P, for a formulation with high solid content
(MF2), which shows a similar trend to a formulation with low solid content (MF1,
Figure 26). However, at a given F,, the T, difference between the front edge and
center vials was smaller for MF2 than for MF1. This is attributed to the high solid
content of MF2, which yields high dried product resistance during the primary drying
phase. In this sense, the high dried product resistance of MF2 reduces the
sublimation of ice, and thus the energy consumption from the system. Consequently,
at similar processing conditions (i.e., T; and P,) to MF1, the energy equilibrium state
of MF2 is achieved at higher T,,. Therefore, at similar processing conditions, the shelf
surface temperature (T,) for MF2 is higher than for MF1. This increases the heat
transfer contribution from the direct conduction and conduction through the gas,

which, in turn, improves the heat transfer uniformity of MF2.
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Figure 27. Dependency of primary drying output parameters on chamber pressure (P,), at
constant shelf temperature (T;) (T = -20 °C), for MF2. FE, front edge vials; C, center vials;

T,,, product temperature; and K,,, overall vial heat transfer coefficient.

4.1.3.4. Effect of shelf temperature and chamber pressure on primary drying
output parameters at similar product temperature

As can be deduced from the previous discussions, different combinations of
processing conditions may yield similar T,,; however, the corresponding m and K,
could be significantly different. Since the final goal of a freeze-drying process
optimization is to identify the processing conditions that yield the desired T, and the
highest m, identifying such processing conditions is very critical during freeze-drying
process design and optimization. In this section, the effect of different processing
conditions that yield similar T, of the front edge vials (vials with the highest T,, in the

array) on m and K,, will be discussed.

Similar T,, during the primary drying step could be obtained by proper manipulation
of the processing conditions (i.e., T, and P.). Figures 28 and 29 illustrate that low P.—
high T; and high P.—low Ty combinations could yield similar T,, although the exact

value are formulation and container-closure system dependent.
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Figure 28. Dependency of primary drying output parameters on chamber pressure (P,) and
shelf temperature (Ts), at similar product temperature (T,) of front edge vials, for MF1. FE,
front edge vials; C, center vials; T,,, product temperature; and K,,, overall vial heat transfer

coefficient.

As illustrated in Figure 28, there was a significant decrease in m of the front edge
vials, as one goes from low P.—high T, combination to high P.—low T, combination.
This demonstrates that, although similar T, at all the F.—T; combinations were
achieved, the high P.—low Ty combination yielded lower m. This is a direct result of
the driving force for sublimation, Pi(Tp) — P.. At similar T,,, P; is also similar, and thus
the driving force for sublimation decreases as P, increases, which, in turn, decreases
m. On the other hand, T, of the center vials increased from low P.—high T
combination to high P.—low T, combination. This is because, at an increased F,,
sublimation of ice does not start unless T, is high enough, so that the corresponding
P; becomes greater than P.. As illustrated in Figure 28, however, the m of the center
vials were much lower at the high P.—low T, combinations than those of at the low
P.~high T; combinations although the former produced higher T,. This is because,
the increase in P;, due to increase in T,, does not balance the increase in F,, and
thus Pi(Tp) — P, becomes small. A further increase in T,, at a constant P,, could
increase T,, which, in turn, increases P; and Pl-(Tp) — P.. However, this would lead
for T,, of the front edge vials to increase above the target T,. This implies that, at a

given T, high m are obtained at low P.—high T, combinations.
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The increase in K, when moving from low P.—high T, combination to high P.—low T,
combination is related to the calculation of the K,,. Again, referring to Equation 25,
the form of the equation assumes that the sublimation rate, m, is generated because
of an energy input derived from the temperature difference between the shelf and
the product (i.e., T; — T,). At low P.—high T; combinations, the T; — T, is very high (for
example, at 0.05 mbar/-10 °C, T, — T, for front edge vials is = 21.4 °C, Figure 28).
Thus, T; — T, could be the main driving force for the energy input to generate the
corresponding sublimation rate. This is also supported by the insignificant sensitivity
of K, to changes in T — T, at 0.05 mbar/-

10 °C of the front edge vials (i.e., from 21.4 °C to 18.4 °C) changes K, by only 14%

— T,. For example, a 3 °C decrease in T,

(as calculated using Equation 25 and assuming the same ). Conversely, at high
P.~low T; combinations, T; — T,, is very low (for example, at 0.25 mbar/-30 °C, Ty — T,,

for front edge vials is = 1.0 °C, Figure 28).
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Figure 29. Dependency of primary drying output parameters on chamber pressure (P,) and

shelf temperature (Ts), at similar product temperature (T},) of front edge vials, for MF2. FE,

front edge vials; C, center vials; T,,, product temperature; and K,,, overall vial heat transfer

coefficient.

Thus, the contribution of T; — T, to the corresponding sublimation rate is very little.

Hence, other source of energy input, such as radiation and conduction through the
gas could also be responsible to generate the sublimation rate. Therefore, at high

P.—low T, combinations, the validity of Equation 25 to calculate K, is very weak. This
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is supported by the significant sensitivity of K, to changes in T; — T,,. For example, a
3 °Cincrease in Ty — T, at 0.15 mbar/-30 °C of the front edge vials (i.e., from 1.0 °C
to 4.0 °C) changes K,, by 75% (as calculated using Equation 25 and assuming the

same m).

As displayed in Figure 29, the dependency of m and K,, on T, and P. for MF2 was

similar to the dependency observed for MF1.

In conclusion, at a given T, of the front edge vials, low P.~high T; combinations yield
the highest m for the front edge vials. However, m of the center vials (vials with the
lowest m in the vial array) is the limiting factor during the freeze-drying process
design and optimization. Therefore, selection of the optimum processing condition
for the freeze-drying process should vyield the maximum allowable product
temperature of the front edge vials and the maximum possible sublimation rate of

the center vials.

4.1.3.5. Effect of shelf temperature and chamber pressure on resistance to

mass transfer of the dried product (R,)

The resistance to mass transfer of the dried product (R,) is dependent on several
parameters, namely: (1) the freezing step, which is related to the formation of
different ice crystal sizes and morphology; (2) the formulation, which is related to the
total solid content and total fill volume; (3) the container system, which is related to
the available inner cross-sectional area; and (4) the processing conditions during
primary drying, which is related to the possible formation of microcollapse. During
the freezing step, the random nature of the ice nucleation event leads to the
formation of different ice crystal sizes and morphologies, which, in turn, could lead
to differences in R, among vials of the same batch. Thus, formation of small and
many ice crystals during the freezing step leads to high R,, whereas formation of
large and few ice crystals leads to small R, (cf. section 2.1.1.2.2). The total solid
content is another important factor that could influence R,,. Thus, a formulation with
high solid content could impose high R,, compared to a formulation with low solid

content. The influence of fill volume on R, is related to the total length of the dried
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product. In this sense, R, increases as the length of the dried product increases. The
available inner cross-sectional area of a container system is also another factor that
could influence R,. In this regard, assuming similar vapor flow rates, large inner
cross-sectional area imposes low overall R, as the vapor flow rate is distributed
across the cross-sectional area. The primary drying processing conditions are
responsible to cause variations in R,,, mainly on vials rested at the different locations
of a vial array. In this sense, if the primary drying processing condition yields a T,
close to the T, of a given formulation, vials located at the edge of the vial array could
form microcollapse, as they have higher T,, compared to vials located at the center.

Formation of microcollapse could significantly reduce the R, of the product.

Assuming the same formulation (i.e., solid content and fill volume) and the same
container system (i.e., inner cross-sectional area), the uncontrollable freezing event

and the primary drying processing conditions could cause variations in R,,.

Figure 30 displays R, values for MF1 at different processing conditions.
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Figure 30. Influence of primary drying processing conditions and vial positions on resistance
to mass transfer of the dried product (R,) for MF1. (a) at a P, = 0.05 mbar and (b) ata P, =
0.15 mbar. FE, front edge vials; C, center vials; T,,, product temperature; and P,, chamber

pressure.

Although the formulation and container system in all these experiments were
identical, there was observable differences in R,, with regard to different processing
conditions and vial positions. As displayed in Figure 30a, the R, of the front edge

vials was larger than that of the center vials in all the processing conditions studied
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herein. It is well known that R, increases as the dried layer thickness increases.
Thus, because the dried layer thickness of the front edge vials was larger than that
of the center vials when the sublimation experiments were stopped (attributed to the
faster sublimation rate of the front edge vials), their corresponding R, was larger than
the R, of center vials. Also, noticeable differences in R,, among the front edge vials
at the different processing conditions (Figure 30a) were observed. This could be due
to the possible formation of microcollapse at high T, range, which could further

reduce R,.

Conversely, Figure 30b displays a mixed trend in R,, with regard to vial position. At
T, of -17 °C and -20 °C, the front edge vials had smaller R,, than that of the center
vials, whereas, at T, of -25 °C and -30 °C, R,, of the front edge vials was larger than
R, of the center vials. At the former processing conditions, the T,, of the front edge
vials was very close to the collapse temperature of MF1 (-27.5 °C), and hence there
is a high probability of microcollapse formation. The formation of microcollapse could
be responsible for the smaller R, values of the front edge vials although they had a
large dried layer thickness compared to the dried layer thickness of the center vials.
Furthermore, the larger R, of the front edge vials at the latter processing conditions
showed the absence of microcollapse, which is in agreement with their T, being

much lower than the collapse temperature of MF1 (-27.5 °C).
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Figure 31. Influence of primary drying processing conditions and vial positions on resistance
to mass transfer of the dried product (R,) for MF2. (a) at a P, = 0.05 mbar and (b) ata P, =
0.15 mbar. FE, front edge vials; C, center vials; T,, product temperature; and F,, chamber

pressure.

144



Heat and mass transfer analyses during primary drying

Unlike MF1 (Figure 30), MF2 (Figure 31) showed a trend where R, values of the
front edge vials were smaller than that of the center vials at all the processing
conditions studied herein. This clearly demonstrated the presence of microcollapse
in the front edge vials at all the processing conditions. This is also in agreement with
the T, of the front edge vials being very close to or even slightly higher than the

collapse temperature of MF2 (-31.1 °C).

In general, assuming other factors, such as formulation solid content, fill volume, and
container system are fixed, the R, of a given formulation could be significantly
influenced by the processing conditions. That is, unless the T, of all the vials remains
sufficiently below the collapse temperature of the formulation at all possible
processing conditions, the presence of microcollapse could yield a significant

variation in R,,.

4.1.4. Conclusions

As the core principle of the drying phase of a freeze-drying process involves mass
and heat transfer, a proper understanding of these combined transport phenomena
allows greater efficiency during freeze-drying process design, optimization, and
scale-up. With this regard, the influence of the primary drying input parameters (i.e.,
shelf temperature and chamber pressure) on the output parameters, such as product
temperature, sublimation rate, overall vial heat transfer coefficient, and resistance to
mass transfer of the dried product, have been extensively discussed. Furthermore,
the influence of vial position on the primary drying output parameters has been

discussed.

In all the combinations of shelf temperature and chamber pressure studied, the
highest product temperature, sublimation rate, and overall vial heat transfer
coefficient were observed in the front edge vials, whereas the lowest were observed
in the center vials. Considering different processing conditions with regard to the
influence of vial position, high chamber pressure-high shelf temperature
combination improves the uniformity of product temperature and overall vial heat

transfer coefficient. However, high chamber pressure—high shelf temperature
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combination might not represent the most optimum processing condition with regard
to the highest possible sublimation rate. In this regard, the highest sublimation rate,
at a given T,, was observed at low chamber pressure-high shelf temperature
combinations. Furthermore, a freeze-drying process at low P, was found to be more

robust to variations in T, compared to a freeze-drying process at high P..

Finally, although the drying section of the freeze-drying process is simultaneously
influenced by several parameters, the ultimate goal of the optimization process
should yield the maximum allowable product temperature of the front edge vials (vial
group with the highest product temperature) and the maximum possible sublimation

rate of the center vials (vial group with the lowest sublimation rate).
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4.2. Freeze drying process design using a temperature ramp
approach (TRA)

The following sub-section has been submitted in a form of research article to

International Journal of Pharmaceutics (see Appendix A.2). The structure of the

published document has been slightly modified to fit this particular document.

4.2.1. Introduction

Although the entire freeze-drying process is an energy intensive, time consuming,

and economically expensive process, the primary drying step is the longest and most
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critical step [Patel et al., 2010; Mortier et al., 2016]. As a result, this step significantly
influences the product quality and process economy of the freeze-drying process.
Consequently, there is a growing interest in the pharmaceutical and
biopharmaceutical industries to optimize the primary drying step with regard to both
product quality and processing time. Optimization of the primary drying step requires
significant knowledge of the process, the formulation, and the interrelationship

between the process and the formulation.

Figure 32 displays the interrelationship between the formulation properties and the
freeze-drying process. As shown in Figure 32, there are several formulation
properties and process parameters that could play an important role during the

optimization of the primary drying step.

API concentration and stability
Excipient concentration
Choice of bulking agents

Choice of stabilizer
Choice of buffer
Choice of solvent

Total solid content

T orT,
Teu
Target product temperature
State of crystallinity

Phase separation
pH shift /

Formulation
properties in frozen
state

Formulation design/

Formulation
properties in dried

Dried product appearance
Freeze-drying process Residual moisture content
Freezing protocol (annealing?) design/optimization Reconstituability

Chamber pressure Glass transition and structural relaxation
Recrystallization of excipients

Shelf temperature
Dried product resistance
Primary drying time
Secondary drying time
Fill volume/fill height

Figure 32. Interrelationship between a formulation and freeze-drying process, and its role

during the freeze-drying process design and optimization.

As displayed in Figure 32, characterization of the formulation in its frozen state
provides critical formulation properties, such as the glass transition temperature of
the maximally freeze-concentrated solution, T,, collapse temperature of an
amorphous formulation, T,, eutectic melting temperature of a crystalline formulation,
T.., and degree of crystallinity of the formulation. Such information is useful to define
the target product temperature for the primary drying step (T,t). A formulation with
very low T; or T, might need to be reformulated with the addition of collapse

temperature modifiers to facilitate the sublimation rate during primary drying.
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Alternatively, crystalline bulking agents with high T, can be added to support the
amorphous formulation. With such modifications, primary drying can be performed
at product temperatures higher than T; or T;, and the processing time can be
shortened [Depaz et al., 2016; BjeloSevic¢ et al., 2018; Horn et al., 2018; Anko et al.,
2019; Pansare & Patel, 2019].

Freeze-drying process design and optimization could be initiated once the optimum
formulation is defined. Notably, understanding the freezing step is also essential to
design and optimize the primary drying step [Kasper & Friess, 2011; Awotwe-Otoo
et al., 2015; Ullrich et al., 2015; Esfandiary et al., 2016; Fonte et al., 2016; Goshima
etal., 2016; Pisano & Capozzi, 2017; Assegehegn et al., 2019a; Colucci et al., 2019;
Vollrath et al., 2019]. From the perspective of a freeze-drying process, optimization
of the primary drying step implies working at a chamber pressure (P.) and a shelf
temperature (T;) that yield the T,t of a given formulation. Performing the primary
drying above T,,t leads to product damage and, hence, to the rejection of the product.
Whereas, performing the primary drying below the Tt leads to an unnecessarily long
drying time and to an unoptimized and economically expensive freeze-drying

process.

Heat and mass transfers are the core principle of the sublimation process during the
primary drying step. The driving force for the mass transfer is the pressure difference
between the ice vapor pressure at the sublimation front (P;) and the chamber
pressure (i.e., Pi(Tp) — P.). To initiate the vapor mass transport during the primary
drying, the P, is lowered to a pressure less than the P; at a target product temperature
(T,t). The sublimation of ice is an endothermic process, and thus it takes up energy
from the system. It is therefore necessary to have an exothermic process to
counterbalance the energy consumption due to the mass transfer process and to
keep the system in an energy equilibrium state. An energy equilibrium state is a state
where the input and output energies are equilibrated to keep the system at a constant
T,,. The exothermic process during the primary drying refers to an energy transport,
in the form of heat, to the system. This is usually performed by manipulating the

temperature of the shelves (T;) on which the sublimating product rests. The driving

149



Chapter 4: Results and Discussion

force for the heat transfer is the temperature difference between T, and T,, (i.e., Ts —
T,). To initiate heat transfer during primary drying, T, is increased above T,.
However, depending on the processing conditions (i.e., T; and FP.), the formulation
(i.e., solid content), and the freezing step (i.e., ice crystal size and morphology), the
energy equilibrium state could be achieved at a T,, far from T,t. Therefore, the aim
of the primary drying optimization is to achieve the energy equilibrium state of the
system at T,t. In the freeze-drying process, T, is indirectly controlled through the
manipulation of the processing conditions (i.e., T, and P.). In the majority of cases,
the optimum processing conditions are achieved through a trial and error approach,
which leads to unnecessarily long experimental setups. Furthermore, the resulting
freeze-drying processes are neither robust nor efficient. In an attempt to minimize
the trial and error experiments, researchers have developed mathematical models
for the determination of the optimum processing conditions based on the governing
heat and mass transfer equations [Schoen et al., 1995; Brills & Rasmuson, 2002;
Pikal et al., 2005; Gieseler et al., 2007; Velardi & Barresi, 2008; Kuu & Nail, 2009;
Giordano et al., 2011; Koganti et al., 2011; Fissore et al., 2011; Bosca et al., 2013;
Kodama et al., 2013 & 2014; Fissore & Pisano, 2015; Chen et al., 2015; Mortier et
al., 2016; Zhu et al., 2018; Sharma et al., 2019]. The mathematical models provide
an opportunity to simulate several combinations of input process parameters during
the freeze-drying process design; however, their success is highly dependent on the
accuracy of model input parameters and on the assumptions of the model equations.
Furthermore, since some input parameters are obtained from non-drug experimental
trials, verification of the resulting optimum processing conditions may require the

execution of several freeze-drying experiments using the actual drug formulation.

Considering the broad use of the freeze-drying process in the pharmaceutical and
biopharmaceutical industries [Shanley, 2017], there is a huge interest to develop a
simple-to-use and reliable approach to design an optimum and robust freeze-drying
process for any given drug formulation. To address this issue, this study presents a
novel approach, called Temperature Ramp Approach (TRA). This simple-to-use
experimental-based TRA could be applied to design an effective freeze-drying
process using a few experimental setups. The TRA considers some important

general issues and experimental procedures, as described below:
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Defining the target product temperature for the primary drying step. As
discussed previously, knowledge of a formulation and its critical properties
are vital during freeze-drying process design. The sublimation rate is
dependent on several parameters, namely P; or T,,, P., and the resistance to
mass transfer of the dried product. To maximize the sublimation rate during
primary drying, it is important to work at the highest P; (this corresponds to
the highest T,,) and at the lowest P.. However, the maximum allowable T,
during the primary drying is limited by the T. of amorphous formulations or
by the T,, of crystalline formulations. Such parameters are obtained from
formulation characterization in its frozen state (cf. Figure 32). Several
techniques are available to characterize a lyophilization formulation in its
frozen state. Differential scanning calorimetry, modulated differential
scanning calorimetry, and differential thermal analysis are used for the
determination of T; and T, [Her & Nail, 1994; Ma et al., 2001; Schawe, 2006;
Sacha & Nail, 2009; Knopp et al., 2016; Ward & Matejtschuk, 2019],
whereas freeze-drying microscopy is used for the determination of T,
[Passot et al., 2005; Meister & Gieseler, 2009]. On the other hand, the
minimum P, is limited by the capability of the freeze-drying equipment
[Ganguly et al.,, 2013 & 2017; Kshirsagar et al., 2019]. Patel and Pikal
reported that most manufacturing dryers cannot control chamber pressures
below 0.06 mbar and there is no additional advantage in sublimation rate for

chamber pressures above 0.40 mbar [Patel & Pikal, 2013].

Designing experimental setups to perform the temperature ramp
experiments. An effective design of experiments (DoE) is essential to avoid
repeated experimental setups. Thus, it is recommended to gather literature
knowledge about similar formulations and, if necessary, to perform some
preliminary freeze-drying experiments. This study demonstrated that, using
an effective DoE, only three temperature ramp experiments are needed to

design an optimum freeze-drying process of a model formulation.

Defining optimum processing conditions after analysis of the results

obtained from the temperature ramp experiments. It is well-known that vials
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located at the periphery of a tray, commonly known as edge vials, have
higher T,, and sublimation rate compared to vials located at the center of a
tray [Pikal et al., 2016; Scutella et al., 2017a; 2017b & 2018a; Pikal et al.,
2018]. These heterogeneities in T, and drying rate pose significant
challenges during freeze-drying process design and scale-up. On one hand,
defining the process variables based on center vials T, could cause the edge
vials to exceed the maximum allowable T, and, consequently, suffer product
damage. On the other hand, defining the drying time based on the
sublimation rate of the edge vials could cause significant damage to the
center vials as they generally need longer drying times during the primary
drying step. The approach detailed in this study incorporates such T, and
sublimation rate variations caused due to vial location on a shelf. This
guarantees the robustness of the process and facilitates process scale-up

and transfer.

e Performing a sublimation rate determination experiment. The purpose of this
experiment is to define the optimum drying time (t;) during the primary
drying step. Because center vials have the lowest sublimation rate, a
gravimetric approach could be utilized to determine the sublimation rate of

the center vials at the previously defined optimum processing conditions.

e Performing a verification experiment. This experiment aims to verify the
previously defined optimum T,-P.-t; profile. Visual inspection of the dried
products and product temperature profiles could be used to assess the

success of the freeze-drying process.

Therefore, the primary objective of this study was to utilize the aforementioned TRA
to design a freeze-drying process of two model formulations. It has been
demonstrated that the successful design of a robust and optimum freeze-drying
process using only three temperature ramp experiments was possible for the two
model formulations studied. Thus, compared to expensive and time-consuming trial
and error experimental approach, the TRA detailed in this study has several

advantages with respect to development time and material savings. Furthermore,
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considering the simple and effective design strategy of the TRA, developmental
engineers and scientists at any level of experience and lyophilization knowledge
could utilize it to design an effective freeze-drying process for any given drug

formulation.

4.2.2. Materials and methods

4.2.2.1. Materials

All vials used in this study were 10-mL tubing vials purchased from SCHOTT AG
(SCHOTT AG, Mainz, Germany). The stoppers were Igloo single vented gray
stoppers from West Pharmaceutical Services, Inc. (West Pharmaceutical Services,
Inc., Exton, PA, USA). The temperature ramp approach was used to design a freeze-
drying process of two model formulations. Model formulation 1 (MF1) represents a
formulation with an intermediate solid content and is a solution containing 10% (w/w)
trehalose. Trehalose was purchased from Pfanstiehl, Inc. (Pfanstiehl, Inc.,
Waukegan, IL, USA). The second model formulation (MF2) represents a formulation
with a high solid content and is a solution containing 20% (w/w) sucrose. Sucrose
was purchased from VWR (VWR, Darmstadt, Germany). The two model
formulations were prepared using water for injection obtained from Fresenius Kabi
Deutschland GmbH (Fresenius Kabi Deutschland GmbH, Friedberg, Germany). The
trehalose and sucrose powders were used without further treatment. All the solutions
used in this study were filtered using 0.22-um pore size filters (PALL Corporation,
Port Washington, NY, USA) before filling into the vials, aiming to remove any

particulate matter that might have been introduced during preparation.
4.2.2.2. Methods
Differential Scanning Calorimetry (DSC)

A TA instruments Q2000 series differential scanning calorimetry (DSC) with a
refrigerated cooling system (RCS) (TA Instruments, New Castle, DE, USA) was used
to determine the T; of frozen samples. The following program was employed to

determine the T; of MF1 and MF2. A nitrogen supply at 50 mL/min was provided to
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the system using the continuous mode of the RCS. A sample of 10-15 mg of MF1
or MF2 was weighed into aluminum sample pans, and the pans were hermetically
sealed. An empty hermetically sealed pan was used as a reference. The program
detailed in section 3.2.1 was used for the determination of T; of the frozen
formulations. The T, values were obtained during the heating period from -60 °C to
40 °C at arate of 10 °C/min. These T, values were analyzed using Universal Analysis

software, and they were reported as the midpoint of the glass transition curve.
Freeze-Drying Microscopy (FDM)

A Lyostat 2 freeze-drying microscopy (Biopharma Technology Ltd., Winchester, UK)
was used to determine the T, of the model formulations studied. The program
detailed in section 3.2.2. was used to determine T, of MF1 and MF2 samples. Images
of the samples were captured throughout the experiment, and the T, was defined as
the temperature at which a clearly observable structural change of the frozen

solution was observed.
Freeze-drying experiment

HOF laboratory freeze dryer (HOF Sonderanlagenbau GmbH, Lohra, Germany), as
detailed in section 3.1.3, was used to perform all the freeze-drying experiments. All
the freeze-drying experiments were carried out using 10-mL tubing vials, and for
each of the experiments, 176 vials (one fully loaded shelf) were filled with 5-mL
solution and placed on one of the four shelves of the freeze dryer. To reduce the
effect of atypical radiation, a 4-mm thick polystyrene foam block and an aluminum
foil were used to cover the acrylic chamber door of the dryer door. Product
temperature measurement was performed using eight wireless thermologgers (Lives
International, Timis, Romania), which were set to record product temperatures every
20 s. The freezing step was kept identical for all the TRA experiments, as follows:
cooling from +5 °C to -10 °C at 1 °C/min, 90 min holding at -10 °C; further freezing
to -40 °C at 1 °C/min and 240 min holding at -40 °C. During the primary drying, the
shelf temperature was ramped down at 1 °C/min within the shelf temperature range
given in the DoE (see Table 4). During the ramping down period, a 3-hour holding

time was defined at different shelf temperature points, and the steady state product
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temperature was recorded at these shelf temperature points (see Table 4). Product
temperatures of the front edge vials and center vials were measured using four
thermologgers for each vial group. At each of the shelf temperature points, the
product temperature measurements obtained from the four thermologgers were
used to calculate the minimum, maximum, average, and standard deviation of the

product temperature.
Design of Experiments (DoE)

DoE allows the simultaneous determination of the effects of all potential input
variables on the output responses. In addition, it allows investigations on how the
process response changes as input variables fluctuate within allowable limits. DoE
requires a profound scientific background of the formulation and the process. In
addition, preliminary experiments using the specified drug formulation could be
necessary to facilitate the development of an effective DoE. For the primary drying
step of the freeze-drying process, the critical input process parameters are T, and
P, whereas the critical output parameters are T,,, t;, and sublimation rate. Therefore,
based on prior knowledge and some preliminary experiments using the model
formulations, a customized DoE for both model formulations was developed and is

presented in Table 4.

Table 4. Customized design of experiments (DoE) for MF1 and MF2

Experiment Primary drying input parameters

number Ts points for TRA (°C)?

P, (mbar) Range of T (°C)

10% (w/w) trehalose solution (MF1)

1 0.05 [0.0, -20.0] 0, -4, -8, -12, -16, and -20

2 0.10 [-5.0, -24.0] -5, -10, -14, -18, -22, and -24

3 0.15 [-15.0, -33.0] -15, -17, -21, -25, -29, and -33
20% (w/w) sucrose solution (MF2)

1 0.05 [-8.0, -24.0] -8, -10, -14, -18, -22, and -24

2 0.10 [-13.0, -31.0] -13, -15, -19, -23, -27, and -31

3 0.15 [-15.0, -32.0] -15, -17, -21, -25, -29, and -32

aT, points are selected from the predefined range of Ty to perform a holding step during the TRA experiments. The
quantity and value of the T; points within a given range are user defined.
MF, model formulation; TRA, temperature ramp approach; P,, chamber pressure; and Ty, shelf temperature

The biggest advantage of the TRA is that the T, range during the DoE can be

extended to any desired range, as long as the upper T limit does not lead to product
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collapse. Furthermore, the entire TRA experiment should be completed before the

frozen ice is completely sublimed.

Determination of sublimation rate

In order to define the optimum drying rate for any fill volume, determination of
sublimation rate at the optimum processing conditions (processing conditions that
yield the highest possible product temperature of the edge vials and, at the same
time, the highest possible sublimation rate of the center vials) is important.
Sublimation rate was determined gravimetrically. For this purpose, 16 selected
sample vials, which were systematically placed to represent vial groups with the
lowest sublimation rates, were weighed before and after the freeze-drying
experiments. It has been experimentally determined that, at the optimum processing
conditions, center vials yield the lowest product temperature, and thus the lowest
sublimation rate. Therefore, the 16 sample vials were placed at the center of the vial
array. A laboratory analytical balance (Sartorius AG, Goéttingen, Germany) was used
to weigh the sample vials. To stop the sublimation process immediately, the vacuum
of the product chamber was released using dry nitrogen. At the end of the
sublimation process, the product chamber was too cold to cause condensation of
the surrounding moisture into the cold stoppers and into the extremely hygroscopic
dried product. To prevent this issue, the vials were heated to 20 °C before the
product chamber door was opened. Once the product chamber door was opened,
the sample vials were immediately fully stoppered and re-weighed. The minimum
sublimation rate of the 16 sample vials was taken to calculate the drying time of the
primary drying step. To avoid any effect of the freezing step, the freezing protocol

used during the TRA experiments and the sublimation experiments was identical.

It has been reported that the resistance of the dried product increases as the length
of the dried layer of the product increases [Kuu et al., 2006; Fissore et al., 2011;
Kodama et al., 2014; Scutella et al., 2018b]. This implies that the sublimation rate
decreases as the thickness of the dried product increases. Therefore, to consider
the minimum sublimation rate, the sublimation process was stopped when a
reasonable dried layer thickness of the center vials was achieved. Since the dried

layer of the center vials was not visible, the dried layer of the front edge vials, which
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was visible through the acrylic door of the dryer, was used as a guide to stop the
sublimation process. Thus, the sublimation process was stopped after the dried layer
of the front edge vials reached the vial bottom. The exact drying time for the
calculation of the sublimation rate was obtained from the center vials product
temperature profile. The definition of the starting and finishing time for the

sublimation process is given in section 4.1.2.
4.2.2.3. Results and discussion
Characterization of frozen formulations

The T; of both model formulations, as determined using the DSC experiment
described previously, were in excellent agreement with literature reported data [Her
& Nail, 1994; Chang & Randall, 1992]. The T, of the model formulations were
determined from a subjective assessment of images that were captured during the
experiment. Although the determination of the T, values involves subjective
evaluation of images, they provide important information on the structural change of
a formulation at a microscopic scale, which is similar to a structural change that could
occur during a freeze-drying process. Thus, the T, can precisely define the T,t during
the primary drying step of the freeze-drying process. The T, of both model
formulations were in excellent agreement with literature reported values [Adams &
Ramsay, 1996]. The Ty, T,, and Tt of both model formulations are summarized and

presented in Table 5.

Table 5. Summary of formulation critical properties for MF1 and MF2.

Formulation Solid content (mg/g) T, (°C) T. (°C) Tyt (°C)
MF1 100 -29.2 275 [-29.5, -28.5]
MF2 200 -32.4 -31.1 [-32.5, -31.0]

MF, model formulation; Tg’, glass transition temperature of the maximally freeze-concentrated solution; T, collapse
temperature of an amorphous formulation; and T,t, target product temperature for primary drying

Optimization of primary drying using TRA

The main objective of optimizing the primary drying step of a freeze-drying process

is to balance the heat and mass transfer of the process during the sublimation step
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so that T,, remains within a desired range during the entire primary drying step. Even
knowing T, and T, the optimization of the primary drying step is challenging. On one
hand, T,, which depends on formulation properties, processing conditions, and
container-closure system, cannot be directly controlled during the primary drying
step. This leads to several trial and error experimental studies aiming to achieve the
optimum processing conditions. Although several mathematical models available
today are helpful in reducing the experimental burdens necessary to optimize the
primary drying step, several time- and material-consuming verification experimental
studies could still be required. On the other hand, differences in product temperature
and sublimation rate of vials located at the periphery and at the center of the vial
array make the optimization effort even more challenging. In this sense, the
challenge arises from defining an optimum T-P.-t, profile, considering all vials in the
array. In addition to being optimum, robustness of the process is an important factor.
Accordingly, the process should withstand small deviations in Ty and P., and
considering such deviations, the drying time should allow all vials to complete the

sublimation of the ice before proceeding to the secondary drying step.

The TRA developed in this study uses few experimental studies to define optimum
processing conditions of a given formulation during primary drying. In addition, the
approach is developed to consider the differences in product temperature and
sublimation rate of vials at different locations. Because the TRA works better for
formulations that show insignificant change in T,, as thickness of the dried layer (LRp)
increases, determination of the relationship between T, and Lg, of a given
formulation is an important part of the TRA. This could be easily performed by
following the change in T, during the progress of a primary drying at a selected T;-F,
combination. As long as the T, during this experiment stays lower than T, T, or T,
of the formulation, any T,-P. combination can be used. For the two model
formulations studied here, once the T, reached pseudo steady-state condition, the
change in T, as a function of Lg, was insignificant, demonstrating that the dried layer
imposes similar resistance to vapor transport regardless of its thickness (see Figure

33). On the other hand, for formulations that show strong dependency of T,, on Lg,,

the TRA gives vital information to examine how T, changes as L, increases and T
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decreases. In such circumstances, multiple T, during the primary drying, could be
employed. The two model formulations described previously (cf. Table 4) were used

to discuss the use of the TRA to design an effective freeze-drying process.

—— MF1
MF1
—— MF1

MF2

Temperature [°C]

Ave AT, = 1.1 °C i
i . -
_ P

6 8 10 12 14 i6 18 20
Time [h]

Figure 33. Dependency of product temperature (T,) on dried layer thickness of

model formulation (MF)1 and MF2.

Determination of product temperature (T,): As discussed previously, T, is a key
variable during TRA process development. Thus, correct determination of the T, is
very important. Nail et al. described some recommended best practices for product
temperature measurement [Nail et al., 2017]. The factors that significantly influence
T, are T, and F,, and the primary goal of TRA is to evaluate the effect of these factors
on T, for a given formulation and at a given container-closure system. The core
advantage of TRA is its ability to analyze several combinations of T, and P, in a single
experimental setup, thus minimizing the number of experimental studies. Some
representative T, profiles of both model formulations for front edge vials (FE) and
center vials (C), measured during the TRA experiments, are displayed in Figure 34.
In these experiments, the container-closure systems used were identical; therefore,
the influence of variation in vial heat transfer coefficient on product temperature can

be safely assumed as negligible.
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Figure 34. Product temperature profiles of selected temperature ramp approach
experiments; (a) model formulation (MF)1 at P, = 0.10 mbar, (b) MF2 at P, = 0.10 mbar. C,

center vials; FE, front edge vials, T, product temperature; and P, chamber pressure.

Table 6 presents results and statistical analyses of the T, for FE and C of both model
formulations. For each vial group, four thermologgers were used to measure T,,, from
which the minimum (Min), maximum (Max), average (Ave), and standard deviation
(SD) of the T,, were calculated (cf. Table 6).

The calculation of the Min, Max, Ave, and SD at each T, point considers a pseudo
steady-state condition in T,, (except at the first T; point). Thus, because the first few
T, measurements at each T; point showed transient behavior, they were not
considered for the calculation of Min, Max, Ave, and SD. The T, range used for the
calculation of Min, Max, Ave, and SD at each T, point are displayed in Figure 34. For
each vial group and at each T, point, the Min, Max, Ave, and SD were calculated
from T, measurements (approximately 1800 data points) obtained using the four
thermologgers. Thus, in addition to being statistically significant, the reported T,

values are accurate representations of the experiments studied herein.

The statistical results (Table 6) show that regardless of the processing conditions
and the formulation, the differences between the maximum and minimum T,, and the
standard deviation at the first T, point were higher than those at the rest of the T;
points. This was attributed to the longer time required to reach pseudo steady-state
condition in T, at the start of the primary drying. For this reason, the first T, point was

not included in further analysis of the TRA results. Differences in maximum and
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minimum T, at the rest of the T, points (see Table 6) were consistent and small (less
than 1 °C), demonstrating that at all T; points, the change in T,, was insignificant. The
SD of the T,, measures the precision or uniformity of the data points at each of the T

points.

Table 6. Product temperature results and statistical analyses of MF1 and MF2 obtained from
TRA experiments according to the DoE (Table 4). Statistical analysis includes minimum

(Min), maximum (Max), average (Ave), and standard deviation (SD) of T;, at each T point

studied
Statistical analysis of product temperatures (°C)
Front edge vials Center vials
P. (mbar) Ts (Ff%';“S Min? Max” Ave® sp¢ Min? Max” Ave® sp¢
MF1
0.0 -34.8 -27.7 -30.4 1.90 -40.4 -33.2 -36.7 1.77
-4.0 -28.8 -27.8 -28.2 0.23 -34.4 -31.2 -31.9 0.76
0.05 -8.0 -29.0 -28.5 -28.8 0.16 -32.8 -31.1 -32.0 0.42
! -12.0 -29.8 -29.2 -29.5 0.18 -32.6 -31.5 -32.2 0.31
-16.0 -30.6 -30.0 -30.3 0.26 -33.1 -32.3 -32.8 0.25
-20.0 -31.4 -30.6 -31.0 0.29 -34.0 -33.2 -33.7 0.22
-5.0 -33.9 -275 -29.5 1.62 -37.6 -30.5 -33.7 1.81
-10.0 -28.7 -28.0 -28.3 0.15 -31.3 -29.6 -30.3 0.50
0.10 -14.0 -29.1 -28.7 -28.9 0.11 -31.5 -30.0 -30.6 0.40
: -18.0 -29.9 -29.4 -29.7 0.16 -31.9 -30.8 -31.3 0.30
-22.0 -30.8 -30.2 -30.5 0.17 -32.8 -31.9 -32.4 0.26
-24.0 -31.2 -30.6 -30.9 0.16 -33.2 -32.4 -32.8 0.23
-15.0 -33.2 -28.1 -30.3 1.24 -35.5 -31.0 -33.1 1.09
-17.0 -28.8 -27.8 -28.2 0.27 -31.1 -29.4 -30.2 0.42
0.15 -21.0 -29.5 -28.7 -29.0 0.22 -31.3 -30.2 -30.7 0.27
. -25.0 -30.5 -29.6 -30.0 0.24 -32.1 -31.4 -31.8 0.19
-29.0 -31.6 -30.7 -31.1 0.23 -33.7 -33.2 -335 0.14
-33.0 -33.2 -32.4 -32.8 0.23 -36.0 -35.5 -35.8 0.10
MF 2
-8.0 -35.1 -29.5 -30.8 1.26 -40.8 -32.9 -35.6 2.00
-10.0 -30.3 -29.7 -30.1 0.13 -32.9 -32.0 -32.3 0.21
0.05 -14.0 -31.1 -30.9 -30.9 0.05 -33.0 -32.5 -32.8 0.12
. -18.0 -31.5 -31.2 -31.3 0.08 -33.7 -33.2 -335 0.11
-22.0 -31.9 -31.4 -31.8 0.12 -344 -34.1 -34.3 0.08
-24.0 -32.1 -31.5 -31.9 0.19 -34.7 -34.4 -34.6 0.07
-13.0 -34.1 -30.3 -31.2 0.84 -36.8 -31.6 -33.7 1.26
-15.0 -31.0 -30.6 -30.8 0.14 -325 -31.4 -32.0 0.34
0.10 -19.0 -31.8 -31.1 -31.4 0.21 -33.1 -32.2 -32.7 0.25
: -23.0 -32.4 -31.7 -32.0 0.19 -33.9 -33.3 -33.6 0.18
-27.0 -33.0 -32.4 -32.6 0.18 -35.0 -34.5 -34.8 0.14
-31.0 -33.8 -33.2 -33.4 0.15 -36.4 -36.1 -36.3 0.09
-15.0 -30.5 -29.0 -29.6 0.34 -34.1 -30.9 319 0.73
-17.0 -30.1 -29.4 -29.7 0.24 -31.8 -31.1 -31.4 0.14
0.15 -21.0 -31.1 -30.4 -30.7 0.26 -32.6 -32.1 -32.3 0.12
: -25.0 -31.9 -31.1 -31.6 0.25 -33.6 -33.1 -33.4 0.11
-29.0 -32.8 -31.9 -32.4 0.23 -34.8 -34.4 -34.6 0.09
-32.0 -33.4 -32.6 -33.1 0.23 -36.0 -35.6 -35.8 0.09

#Minimum value for each vial group represents the minimum T,, considering all four thermologgers used.

® Maximum value for each vial group represents the maximum T, considering all four thermologgers used.

¢ Average value for each vial group represents the average T, considering all four thermologgers used.

d Standard deviation value for each vial group represents the standard deviation considering all four thermologgers
used.

MF, model formulation; TRA, temperature ramp approach; DoE, design of experiments; T,, product temperature; T,
shelf temperature; and P., chamber pressure
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As presented in Table 6, the SD for all combinations of T, and P. studied, except for
the first T point, was well below 1 °C. Since the SD values are calculated based on
statistically significant numbers of data, the average product temperature (T,ave)
values presented in Table 6 can be considered as accurate representation of the T,

at the given T, and P, values.

Determination of optimum processing conditions: As discussed previously,
optimum processing conditions during primary drying define values of Ty and P,
which allow the energy equilibrium of the system to be achieved at T,t. As shown in

Table 6 and reported in the literature [Pikal et al., 2016 & 2018; Scutella et al., 2017a;
2017b & 2018a], the front edge vials have higher T,, compared to the center vials.

Thus, the T,ave values of the front edge vials (Table 6) were utilized to analyze the
T, t during the primary drying step.

-28.0

P, = 0.10 mbar = 28, P, = 0.15 mbar
" O 20,
8] o
s - .
° £
5° 230
= B 3L
o o -32.
2. g
£ g o
8- 5 3B ' '
5 § -34. m  Raw data-Front edge vials
El : Raw gata-Front edgel vials 3 ’gég | ® Raw data-Center vials
o Raw data-Center vials S -35.0 — Fitting curves
g —— Fitting curves o -35.54 ; '
-33.04 ; : -36.0 ' '
' ' -36.5 : ,
-33.5 T T T T T r T -37.0 34— T T T T —— Tt T
-26.0 -24.0 -22.0 -20.0 -18.0 -16.0 -14.0 -12.0 -10.0 -8.0 -34.0 -32.0 -30.0 -28.0 -26.0 -24.0 -22.0 -20.0 -18.0 -16.0
(a) Shelf temperature [°C] (b)  shelf temperature [°C]
30.0 -29.0
30.5] P, = 0.10 mbar 20.5 ] P. = 0.15 mbar
310 o ccm oo -30.0
o 315 3059
2, -32.0 | I ’21'2’ ”””””
o el S, -31.5
g 325 N N o -32.0 /
® -33.04 ' ! 3 -3254-------- L
© -33.54 ' ' © -33.0 ' '
a ' ' 5 ' '
£ -34.0 ' ' 2 -335] . :
9 3257 ¢ . E -34.01 ! .
bt j 3ac ] ' '
B -35.04 m Raw data-Front edge vials S -345 ! _
-8 s ; @ Raw data-Center vials ;g -35.0 ] : B Raw data-Front edge vials
< \ —— Fitting curves 3 -35.59 , L] R_aw data-Center vials
& -36.04 ' ' S 36.0] ! — Fitting curves
36.5 a i
' ' -36.5 4 . '
37.0 4+— T T T T T T T T T -37.0 T r T T T T
-32.0 -30.0 -28.0 -26.0 -24.0 -22.0 -20.0 -18.0 -16.0 -14.0 -34.0 -32.0 -30.0 -28.0 -26.0 -24.0 -22.0 -20.0 -18.0 -16.0
© Shelf Temperature [°C] (d) Shelf Temperature [°C]

Figure 35. Product temperature dependence on shelf temperature for front edge and center
vials at a selected chamber pressure; (a) Model formulation (MF)1 at P, = 0.10 mbar, (b)
MF1 at P, = 0.15 mbar, (c) MF2 at P, = 0.10 mbar, and (d) MF2 at P, = 0.15 mbar. F,,

chamber pressure.

162



Freeze drying process design using a temperature ramp approach (TRA)

Evaluation of the optimum processing conditions was performed using regression
analyses of the T,, of the front edge vials as a function of T, at the P, studied (Figure
35).

As can be deduced from Figure 35, the experimental data fit the regression analysis
equations (polynomial curve fitting equations) fairly well (R?= 0.97). Thus, accurate
determination of the optimum processing conditions is possible. The shade area of
Figure 35 displays the range of T,t, as defined previously (cf. Table 5), and the
corresponding optimum T, range at a given F,. For example, the range of the Tt for
MF1 was defined from -29.5 °C to -28.5 °C (cf. Table 5). As displayed in Figure 35a,
the optimum range of T at a P. of 0.10 mbar was obtained from -17.0 °C to -11.5 °C.
The optimum range of T at a given P, was defined on the basis that the T, of the
front edge vials remained within the predefined range of T,,¢ (Figure 35). Similarly, at
the optimum T, the range of T, for the center vials varied between -31.1 °C and -
30.4 °C (arrow lines, Figure 35a). Alternatively, the regression equations from Figure
35 could be used to calculate the optimum T at the corresponding P,. Using similar
analyses, the optimum range of T, for MF1 and MF2, at all the P. studied, are

summarized and presented in Table 7.

Table 7. Range of optimum T as a function of the P, studied and the corresponding range of
T, for MF1 and MF2 fluids

Range of T, at optimum processing conditions (°C)P

P, (mbar) Range of optimum T, (°C)?

Front edge vials Center vials
MF1
0.05 [-12.0, -6.0] [-29.5, -28.5] [-32.3, -31.9]
0.10 [-17.0, -11.5] [-29.5, -28.5] [-31.1, -30.4]
0.15 [-22.5, -19.0] [-29.5, -28.5] [-31.1, -30.4]
MF2
0.05 [-28.5, -15.0] [-32.5, -31.0] [-35.8, -33.0]
0.10 [-26.0, -16.5] [-32.5, -31.0] [-34.5, -32.3]
0.15 [-29.5, -22.0] [-32.5, -31.0] [-34.9, -32.5]

2The range of optimum T, was calculated using the regression equations (curve fitting equations) on the basis that
the corresponding front edge vials T,, range remained within the predefined T,t (shaded area in Figure 35).

bThe range for center vials T, was calculated using the regression equations (curve fitting equations) in the optimum
T, range (cf. Figure 35a).

MF, model formulation; F., chamber pressure; Ty, shelf temperature; T,,, product temperature; and T,,t, target product
temperature.
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It is well known that the sublimation rate depends on P.. Thus, depending on P,
similar T,, values could produce different sublimation rates. Consider, for example,
two optimum processing conditions of MF2 from Table 7: (1) P. = 0.05 mbar and T;
= -28.5 (at this processing condition, T,, of the center vials was -35.8 °C); (2) P, =
0.15 mbar and T; = -29.5 (at this processing condition, T,, of the center vials was -
34.9 °C). The driving force for the sublimation of ice (PL-(Tp) — P,) for both selected
processing conditions can be calculated from the knowledge of the ice vapor
pressure (P;) at the corresponding product temperatures (T,). At processing
condition 1, P;(T,) — P. = 0.155 mbar, whereas at processing condition 2, P;(T,) — P,
=0.076 mbar. Furthermore, for the same formulation and similar T,,, it could be safely
assumed that the dried product resistance is the same. With such a valid
assumption, the terms Pi(Tp) — P, and sublimation rate have similar qualitative and
gquantitative meanings. Thus, a higher P; (Tp) — P, is directly translated into a higher
sublimation rate. This analysis implies that although processing conditions 1 and 2
are defined as optimum processing conditions for MF2 from a T,, perspective, they
yield significantly different sublimation rates. In this particular example, although the
energy equilibrium state of the system at processing condition 2 is achieved within
Tyt (cf. Table 7), the corresponding sublimation rate is significantly lower than at
processing condition 1. This leads to a prolonged primary drying time, and hence to
an unoptimized primary drying step. Given the importance of such knowledge and
information during the optimization of the primary drying step, it is therefore essential
to identify the range of P. that yields the highest sublimation rate. This is done by
plotting the driving force for the sublimation of ice (P; (T,,) — P.) against T, of the front
edge vials, as displayed in Figure 36. It is important to mention here that because
the center vials have the lowest T, and thus the lowest P; in the vial array, the P;

values in Figure 36 were calculated from T, of the center vials.

Figure 36 shows that for both model formulations, enhanced sublimation rates are
obtained at lower P. and higher T,. Furthermore, Pi(Tp) — P, at P, of 0.15 mbar was
very low, suggesting that performing the primary drying at a chamber pressure above

0.10 mbar would not provide any advantage in terms of sublimation rate. Therefore,
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the optimum chamber pressure for MF1 and MF2 could be defined in the range of
0.05 to 0.10 mbar (shaded area of Figure 36).
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Figure 36. Dependency of the driving force for sublimation of ice, PL-(Tp) — P, on chamber

pressure and product temperature; (a) Model formulation (MF)1 and (b) MF2. P;, ice vapor

pressure; T,, product temperature; and P., chamber pressure.

Hence, referring to Table 7 and considering the aforementioned analyses, the final

optimum processing conditions (i.e., T, and P,) for both model formulations were

defined and are presented in Table 8.

Table 8. Final optimum processing conditions for MF1 and MF2

%Jgg:;m Fe Range of optimum T; (°C) Range of T,, at optimum processing conditions (°C)
Front edge vials Center vials
MF1
0.05 [-12, -6.0] [-29.5, -28.5] [-32.3, -31.9]
0.10 [-17.0, -11.5] [-29.5, -28.5] [-31.1, -30.4]
MF2
0.05 [-28.5, -15.0] [-32.5, -31.0] [-35.8, -33.0]
0.10 [-26.0, -16.5] [-32.5, -31.0] [-34.5, -32.3]

MF, model formulation; P, chamber pressure; T,, product temperature; and T, shelf temperature.

Determination of optimum primary drying time: Once the optimum processing

conditions of a formulation were defined, the next step in the TRA scheme was to

define the primary drying time of a given fill volume. Therefore, experimental

determination of the sublimation rate at a set point, selected from any of the
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previously defined ranges of optimum processing conditions (see Table 8), should
be performed. In this study, the following set points were chosen to determine the

primary drying time of MF1 and MF2:

e For MF1: P, = 0.075 mbar, T,
e For MF2: P. =0.075 mbar, T,

-7.0°C
-16.0°C

As outlined in the materials and methods section, sublimation rates of the center
vials were determined gravimetrically, and the results are presented in Table 9. As
shown in Table 9, the T,ave of the front edge vials for both model formulations were
well within the T,,t ranges (cf. Table 5). This demonstrates the accuracy and reliability
of the TRA design strategy, which was also supported by the fact that the standard
deviations of the sublimation rate for both model formulations were also very low.
Once reliable sublimation rates of the center vials were determined, the optimum
primary drying time could be calculated either from the minimum or average

sublimation rates.

Table 9. Results of the sublimation rate determination experiments at the selected

processing set point

F ;
roqt edge Center vials
vials
Formulation T* Tvb e
(°C) (°C) (g/h-vial)
Ave SD Ave SD Min Max Ave SD
MF1 -29.10 0.70 -32.44 1.51 0.130 0.151 0.140 0.007
MF2 -31.06 0.20 -32.94 1.09 0.086 0.105 0.095 0.005

2The average and standard deviation values were calculated from temperature measurements obtained from three
thermologgers (approximately 4500 data points).

> The average and standard deviation values were calculated from temperature measurements obtained from four
thermologgers (approximately 6000 data points).

°The Min, Max, Ave and SD of the sublimation rate were calculated from 16 center vials.

MF, model formulation; Ave, average; SD, standard deviation; Min, minimum; Max, Maximum; T,, product
temperature; and m, overall mass transfer rate from a vial.

Verification experiment: Aiming to confirm the reliability of the freeze-drying
process design strategy detailed in this study, the selected optimum processing
conditions were experimentally verified. During the verification experiments, the
previously selected optimum processing set point and the minimum sublimation rate

(cf. Table 9) were employed. To assess the success and reliability of the TRA design
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strategy, T, was checked, and a visual inspection of the dried products was
performed. To minimize possible variations in the drying behavior due to the freezing
step, the freezing protocol during both verification and TRA experiments were kept
identical.

Figure 37 shows product temperature profiles of the verification experiments. There
are different techniques to define the end of primary drying, and hence to evaluate
the adequacy of the selected primary drying time [Patel et al., 2010]. One technique
is to use the product thermocouples response. In general, the point where the
thermocouple response starts to offset from steady-state represents the end of the
primary drying. However, a more conservative approach is to use the point where T,
approaches the shelf set point temperature. As shown in Figures 37a and 37b, the
T, responses of the center vials started to offset from their steady-state values before
the start of the secondary drying, demonstrating that the drying time allocated to the
process was adequate.
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Figure 37. Experimental verification of the optimum processing conditions obtained using
TRA. (a) Product temperature profiles of front edge vials (FE) and center vials (C) for model
formulation (MF)1; (b) Product temperature profiles of front edge vials (FE) and center vials

(C) for MF2. P, chamber pressure.
Furthermore, the completion of primary drying was supported by the physical
appearance (damage-free) of the dried cakes, as displayed in Figure 38a and 38b.
Although assessment of the physical appearance of a dried cake is subjective, some

literature guidelines [Ullrich et al., 2015; Patel et al., 2017; Haeuser et al., 2018;
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Ohori et al., 2019] have been followed to determine an acceptable appearance of a
freeze-dried cake.

Figure 38. Physical appearance of the dried product after the verification experiments: (a)
Model formulation (MF)1 and (b) MF2.
Table 10 presents the comparison between the T, estimated from the TRA

experiments and determined from the verification tests. The TRA estimated values
presented in Table 10 represent the T, values obtained from Table 8 at P. = 0.10

mbar.

Table 10. Comparison of the TRA estimated and experimentally determined parameters at

the selected optimum processing set point

TRA estimated values Experimentally determined values
Front edge .
. Center vials
Formulation Frocitalesdge Center vials vials
T,(°C)}? T,(°C)°
T,(°C) T,(°C) Ave SD Ave SD
MF1 [-29.5, -28.5] [-31.1, -30.4] 288 045 -31.1 135
MF2 [-32.5, -31.0] [-34.5, -32.3] -31.3 0.45 -32.4 1.09

2The average and standard deviation values were calculated from temperature measurements obtained from three
thermologgers (approximately 4800 data points).

b The average and standard deviation values were calculated from temperature measurements obtained from five
thermologgers (approximately 10300 data points).

TRA, temperature ramp approach; and T,,, product temperature.

As can be deduced from Table 10, the average T, of both the front edge and center
vials obtained from the verification experiment remained well within the range of the

T, values estimated from the TRA tests. This demonstrates that the TRA freeze-
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drying process design strategy described in this study produces very accurate and
reproducible results. This enables process scientists to design the freeze-drying
process of a given pharmaceutical drug formulation based on a scientific and
experimental-based approach rather than through a trial and error approach.
Furthermore, the TRA employs a few and well-defined experimental runs, providing

remarkable potential for savings in terms of development time and material.

4.2.3. Conclusions

The design strategy of a freeze-drying process for pharmaceuticals and
biopharmaceuticals is far from optimum. In most cases, a trial and error experimental
approach is employed during the designing, scaling-up, and transfer of the freeze-
drying process. This approach is often material and time consuming, and the
resulting freeze-drying processes are neither optimum nor robust. In this study, we
described a novel simple-to-use and experimental-based approach, called
temperature ramp approach (TRA), for the design of an optimum and robust freeze-
drying process for any pharmaceutical and biopharmaceutical drug formulations.
Proper formulation characterization and definition of a narrow range of target product
temperatures during the primary drying step are necessary before performing the
TRA experiments. An effective design of experiment (DoE) that contains a reliable
range of process parameters (i.e., shelf temperature and chamber pressure) was
developed based on a profound scientific understanding of the model formulations
and the freeze-drying process. Furthermore, a few preliminary experiments were
performed to better define the range of shelf temperatures at a given chamber
pressure. One of the core advantages of the TRA is that a wide range of shelf
temperatures can be tested in a single experiment, provided the complete TRA
experiment is performed before the completion of the ice sublimation. The DoE was
used to perform temperature ramp experiments, from which all necessary
information to define optimum processing conditions for the primary drying step was

obtained.

The proposed TRA considers variations in product temperatures and sublimation

rates across a shelf. Accordingly, product temperature of the front edge vials and
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sublimation rate of the center vials were used to define the optimum processing
conditions. In this sense, the optimum processing condition was selected, so that
product temperature of the front edge vials is kept within a pre-defined target product
temperature and, at the same time, the highest possible sublimation rate of the
center vials is achieved. This assures the effectiveness and robustness of the
resulting freeze-drying process. Compared to the mathematical models that may
require several freeze-drying experiments for optimization and verification, the TRA
detailed in this study produced more realistic, reliable, and accurate results,
demonstrating the potential for significant savings in terms of development time and
material. Experimental verification with both model formulations, at the optimum
processing conditions, showed excellent agreement between the TRA-estimated
and the experimentally determined product temperature and sublimation rate values.
Finally, coupled with an effective DoE, the proposed TRA for the freeze-drying
process design considerably reduces development time and material, and, at the
same time, significantly improves the effectiveness and robustness of the resulting

freeze-drying process.
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4.3. Freeze drying process design using a process design space
(PDS) approach

The following sub-section has been published in a form of research article in Journal

of Pharmaceutical Sciences (see Appendix A.3). The structure of the published

document has been slightly modified to fit this particular document.
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4.3.1. Introduction

Freeze-drying or lyophilization is a drying unit operation that is frequently used in
pharmaceutical and biopharmaceutical industries to convert labile liquid formulations
into a solid state with the aim of improving their long-term storage stability [Pikal,
1990a; 1990b]. Despite being a method of high relevance for these industries,
freeze-drying is an energy intensive, time consuming, and economically expensive
process [Patel et al., 2010; Mortier et al., 2016]. Therefore, the rational design and
optimization of the freeze-drying process is of paramount importance. It is
understandable that a sound knowledge of a formulation and its critical properties
are essential for the efficient and rational design of a freeze-drying process [Tang &
Pikal, 2004; Liu, 2006; Wang, 2010; Goldman et al., 2018; Ward & Matejtschuk,
2019]. Formulation critical properties include the freezing behavior of the formulation
(phase separation, protein denaturation, and pH shift), glass transition temperature
of the maximally freeze-concentrated solution (T,), collapse temperature of the
amorphous formulation (T,), eutectic temperature of the crystalline formulation (7,,,),
stability of the active ingredients during preparation, and properties of the excipients.
Knowledge of such formulation properties and the freeze-drying process itself
significantly eases the design of a robust and optimum process. Whereas an
optimum process minimizes the process time, a robust process addresses minor
process deviations and maintains the predefined quality target product profiles
(QTPP).

The primary drying step of the freeze-drying process is, typically, the most critical
and longest processing step. Consequently, the majority of the optimization efforts
are performed in this step. As reviewed in a previous paper [Goshima et al., 2016],
the freezing step has a significant effect on the primary drying rate; this is attributed
to the morphology, and the number and size of ice crystals formed during the
freezing step. The ice crystals leave a porous structure of dried product upon
sublimation, which determines the permeability and resistance to water vapor flow
through the dried product. The larger the ice crystals formed during the freezing, the
larger the pore radius of the porous dried product, and hence the lower the resistance

to water vapor flow. This facilitates the drying rate during the sublimation step of the
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freeze-drying process. In general, the influence of the freezing step on the different
freeze-drying parameters can be summarized as shown in Equation 26. A more

detailed analysis of Equation 26 is given in section 2.1.1.1.

r = f(ice crystal size)
1
R, =f(2)
1
Ty =f(Rp,7) Provided T, and P, are held constant (26)
P = f(Tp' Rp)
1

m=f(=,T

f(Rp )

where, r[cm] is the pore radius of the dried product; R,[mbar-s/g] is the resistance to
mass transfer of the dried product; T,[°C] is the product temperature; P;[mbar] is the
vapor pressure of ice; T,[°C] is the shelf temperature; P.[mbar] is the chamber

pressure; and m[g/s] is the overall mass transfer rate from a vial.

During the primary drying step, the chamber pressure, P., is reduced to trigger the
sublimation of the ice crystals and, simultaneously, the shelf temperature, T, is
increased to provide energy to the sublimation process. The endothermic
sublimation of ice and the exothermic heat input processes are occurring in “close
equilibrium”. Thus, the change in product temperature during the primary drying is
insignificant, provided that the shelf temperature and chamber pressure are held
constant. One major factor for a slight change in product temperature during the
primary drying could be the increase in dried product resistance caused by an

increase in dried layer thickness.

In a freeze-drying process, the product temperature is indirectly controlled through
the manipulation of the shelf temperature and chamber pressure. In the majority of
cases, the manipulation of the shelf temperature and chamber pressure is realized
through a trial and error approach, which leads to unnecessary long experimental
setups. Further, the resulting freeze-drying process is neither robust nor efficient. In
an attempt to minimize the trial and error experiments, researchers have developed
mathematical models for the determination of the optimum processing conditions

based on the governing heat and mass transfer equations [Pikal et al., 2005;
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Gieseler et al., 2007; Velardi & Barresi, 2008; Kuu & Nail, 2009; Sundaram et al.,
2010; Giordano et al., 2011; Koganti et al., 2011; Fissore et al., 2011; Bosca et al.,
2013; Kodama et al., 2013; Kodama et al., 2014, Fissore & Pisano, 2015; Chen et
al., 2015; Mortier et al., 2016; Van Bockstal et al., 2017; Arsiccio & Pisano, 2018;
Zhu et al., 2018; Sharma et al., 2019]. In these mathematical models, two input
parameters, namely the overall vial heat transfer coefficient and the resistance to
mass transfer of the dried product, are experimentally determined. The overall vial
heat transfer coefficient is typically determined from a water sublimation test,
whereas the resistance to mass transfer of the dried product is determined using the
drug formulation. The determination of these parameters from a non-drug
formulation and from a single experimental run could lead to a significant error during
the optimization of the process [Kodama et al., 2014]. The authors’ experimental
results show up to 18% difference in the overall vial heat transfer coefficient
determined from water sublimation tests and from drug formulation sublimation tests
(see Table 11).

Table 11. Differences in vial heat transfer coefficients (K,,) of a drug formulation and water
for injection. Note that the experiments were performed using identical vials and stoppers.

Authors’ own experimental results

Overall vial heat transfer coefficient, K,*10* (cal/s.cm?K)

Fe (mbar) 7 C0) . Water for Injection .
Drug formulation Difference (%
[WFI]
-10.0 1.895 1.934 2.06
0.05 -17.0 1.952 1.871 4.15
-20.0 2.127 1.869 12.10
-10.0 3.044 3.044 0.00
-15.0 2.847 3.093 8.64
0.10
-20.0 3.131 3.165 1.09
-24.0 2.764 3.182 15.10
-15.0 4.169 4.624 10.90
0.15 -18.0 4.508 4.229 6.19
-25.0 3.485 4.144 18.90

P., chamber pressure; and Ty, shelf temperature
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Further, determination of the dried product resistance from a single experimental run
may not represent different processing conditions. Processing at a product
temperature close to the T, could introduce a microcollapse on the dried structure,
yielding a considerably reduced dried product resistance compared to the dried

products without microcollapse.

Following the roll out of the International Conference on Harmonization (ICH)
Q8(R2), the application of quality by design (QbD) has become an integral part of
the formulation and process development for pharmaceutical products [Patel et al.,
2015]. An essential feature of the QbD philosophy is the design space (DS), which
is defined, according to ICH Q8(R2), as a multidimensional combination and
interaction of input variables and process parameters that have been demonstrated
to provide the assurance of critical product quality [https://www.ich.org/home.html].
Given the high interest of the pharmaceutical industries in implementing the QbD
concept in their formulation and process development platforms, there exists a

requirement for a systematic, scientific, and result-based DS construction strategy.

To address this point for a freeze-drying process, this study presents a new approach
for the construction of a process design space (PDS) using a customized design of
experiments (DoE). A PDS is a space enclosed by critical input process parameters
of a given process, within which the output parameters and the critical quality
attributes (CQAs) of the product remain within the desired limit. A PDS ensures both
process efficiency and product quality, and hence its advantages and applications
during the freeze-drying of pharmaceutical products are significant. Because freeze-
drying is an energy intensive process, designing the most optimum freeze-drying
process is certainly one of the highest priorities for pharmaceutical industries. In this
regard, a PDS provides an opportunity to define optimum process parameters while
maintaining product quality. Further, a PDS significantly eases the freeze-drying
process scale-up and transfer, and ensures consistent product quality during large-
scale commercial manufacturing. A PDS provides information on how possible
process deviations during scale-up, transfer, or manufacturing influence the output
parameters and CQAs, and offers an opportunity for an early and systematic

mitigation system for the case where the output parameters and CQAs are outside
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the PDS. Possible process deviations during scale-up, transfer, or manufacturing
could be caused by differences in freezing conditions at lab and manufacturing scale,
and differences in equipment design. In such circumstances, equipment
characterization is necessary to assess the differences between equipment and to
adjust the processing conditions. Adjustment of the processing conditions could be

significantly facilitated using the PDS.

In a freeze-drying process, it is important to consider that a PDS contains the input
parameters that provide the maximum possible sublimation rate during the primary
drying step. As can be deduced from Equation 26, the sublimation rate is dependent
on several parameters, namely, ice vapor pressure or product temperature, chamber
pressure, and dried product resistance to mass transfer. To maximize the
sublimation rate during primary drying, it is important to execute at the highest vapor
pressure of ice (this corresponds to the highest product temperature) and at the
lowest chamber pressure. However, the maximum product temperature during
primary drying is limited by the T, of an amorphous formulations or the T,, of an
crystalline formulations. Conversely, the minimum chamber pressure is limited by
the capability of the freeze-drying equipment [Ganguly et al., 2013 & 2017,
Kshirsagar et al., 2019]. In this sense, a PDS offers a method to identify the product
and equipment limitations and to select the most optimized and robust process

parameters for a given formulation.

Although profound prior scientific knowledge of both formulation and process is
indispensable for building an effective DoE, it also significantly assists in minimizing
the number of experiments necessary to construct a PDS. Using an effective DoE,
less than 20 freeze-drying experiments can be performed to develop the PDS of a
pharmaceutical formulation. As mentioned earlier, the primary drying is the most
critical phase in terms of process economics and overall product quality. Thus, the
focus of this study is on the construction of the PDS for the primary drying phase of
the freeze-drying process. Although the mathematical models provide an opportunity
to simulate several combinations of input process variables during the PDS
construction, their success is highly dependent on the accuracy of the model input

parameters and the assumptions of the model equations. In this sense, the
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experimental-based PDS construction approach detailed in this study offers an
alternative method for the construction of a freeze-drying PDS. In addition, although
the mathematical models may need fewer experimental setups than the
experimental approach presented herein, the advantages of the experimental
approach over the mathematical models are several folds. These include: (i) the
utilization of unique and easy procedures to construct a PDS using the data obtained
solely from freeze-drying experiments of a given drug product. This eliminates the
assumptions on heat transfer coefficient and dried product resistance, thus providing
highly accurate results. For this reason, the PDS developed in this study is termed a
product-based PDS; (ii) unlike the current representation of a freeze-drying PDS,
this study uses shelf temperature versus chamber pressure curves with narrow
ranges of product temperatures as contour lines. This facilitates the selection of the
most effective and optimized process parameters for a given formulation; and (iii)
the PDS presented herein incorporates the variation in product temperatures and
sublimation rates of vials at different locations of a shelf. This guarantees the
robustness of the process and facilitates the process scale-up and transfer.
Moreover, presenting a product-based PDS offers more realistic and reliable results

if there is an intention of using the PDS for regulatory purposes.

Finally, it is worth pointing out that Chang and Fischer reported construction of a
freeze-drying PDS based on experimental approach, aiming to explain the use of a
single-step freeze drying cycle for a crystalline formulation (i.e., use of high shelf
temperature (as high as 40 °C) and low chamber pressure to avoid using secondary
drying) [Chang & Fischer, 1995]. Consequently, it is apparent that the approach
followed by Chang and Fischer is based on a rather different concept.

4.3.2. Materials and methods

4.3.2.1. Materials

Sucrose was purchased from VWR (VWR, Darmstadt, Germany) and trehalose was
purchased from Pfanstiehl, Inc. (Pfanstiehl, Inc., Waukegan, IL, USA). The two raw
materials were used without further treatment. Water for injection was obtained from

Fresenius Kabi Deutschland GmbH (Fresenius Kabi Deutschland GmbH, Friedberg,
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Germany). All vials used in this study were 10-mL tubing vials purchased from
SCHOTT AG (SCHOTT AG, Mainz, Germany). The stoppers were Igloo single
vented gray stoppers from West Pharmaceutical Services, Inc. (West

Pharmaceutical Services, Inc., Exton, PA, USA).

Two model formulations were used for the development of the PDS. Model
formulation 1 (MF1) was a 10% (w/w) trehalose solution; model formulation 2 (MF2)
was a 20% (w/w) sucrose solution. Water for injection (WFI) was used to prepare all
the solutions used in this study. Aiming to remove particulate matters that could be
introduced during preparation, the model formulations were filtered using 0.22 pm
pore-size filters (PALL Corporation, Port Washington, NY, USA) prior to filling the

vials.
4.3.2.2. Methods
Differential Scanning Calorimetry (DSC)

The glass transition temperature of the frozen samples (7;) was measured using a
TA Instruments Q2000 series differential scanning calorimetry with refrigerated
cooling system (RCS) (TA Instruments, New Castle, DE, USA). Sucrose and
trehalose solutions were prepared as described previously and a sample of 10-15
mg was weighed into aluminum sample pans, which were then hermetically sealed.
An empty, hermetically sealed, pan was used as a reference. The heating/cooling
protocols applied were previously described in section 3.2.1. The T, values were
determined using Universal Analysis software and were reported as the midpoint of

the glass transition curve [Her & Nail, 1994].
Freeze-Drying Microscopy (FDM)

The collapse temperature (T,.) of the model formulations was determined using a
Lyostat 2 freeze-drying microscopy (Biopharma Technology Ltd., Winchester, UK).
Sucrose and trehalose solutions were prepared as described previously and a
sample of 2 uL was placed on a quartz cover slip and covered using a glass cover

slip. To allow sublimation of the sample, a 70-um thick metal spacer was placed
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between the quartz and glass cover slips. The experimental protocol was detailed in
section 3.2.2. Images of the samples were captured throughout the experiment and
the collapse temperature (T,) was defined as the temperature where a clearly

observable structural change of the frozen solution was observed.

Freeze-drying experiment

All freeze-drying experiments were performed using a HOF laboratory freeze dryer
HOF Sonderanlagenbau GmbH, Lohra, Germany), as detailed in section 3.1.3. The
freeze dryer was equipped with a Pirani gauge for chamber pressure control and
three type K thermocouples for the measurement of the product temperature.
Freeze-drying experiments of both model formulations were performed using 10-mL
tubing vials. For each of the model formulations, 176 vials (one fully loaded shelf)
were filled with 4 mL solution and placed on one of the four shelves of the freeze
dryer. During the sublimation rate determination experiments, the fill volume was
selected to be higher than the design fill volume (3 mL) to bring equivalence in dried
product resistance and sublimation rate. For example, consider a sublimation
experiment that was stopped after an average 60% of a given (5 mL) fill volume was
sublimed. This is equivalent to a complete sublimation of 3 mL fill volume, and thus
brings equivalence in dried layer thickness (i.e., dried layer resistance) and
sublimation rate. The freeze dryer had an acrylic chamber door and to reduce the
effect of radiation, the door was covered with a 4-mm thick polystyrene foam block
and an aluminum foil. Eight wireless thermologgers (Lives International, Timis,
Romania) and the three type K thermocouples were used to measure product

temperatures.

Although the presence of temperature probes could impact the freezing and drying
behavior of the probed vials, such impact could be minimized by using thin
temperature probes. Thus, both the type K thermocouples sensors and wireless
thermologgers used in this study were less than 1 mm thick. Product temperatures
using the wireless thermologgers were measured every 20 s. The freezing step was
held constant for all freeze-drying experiments as follows: 1 °C/min down to -10 °C

and 90 min holding time; further freezing to -40 °C at 1 °C/min and 240 minutes
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holding time. Conversely, the primary drying was changed according to the DoE, as
indicated in Table 12.

Table 12. Custom designed full-factorial design of experiments (DoE) for model formulation

1 and model formulation 2

Experiment Primary drying input Primary drying output parameters
number parameters
P, (mbar) T, (°C)

-5.0%
-10.0
0.05 -13.0°
-15.0
-20.0
-10.0
-15.0
-20.0
-25.0

0.08

Ooo~NOoO|Oh WNE

e  Product temperature of front

10 -15.0 ;
11 170 edge_ and_ center vials
12 0.10 20.0 *  Sublimation rate of front
13 250 edge and center vials
14 -17.0

15 -20.0

16 0.15 250

17 -30.0

18 -20.0

19 0.20 -25.0

20 -30.0

2 Experiment only for model formulation 1

b Experiment only for model formulation 2

P., chamber pressure; and Ty, shelf temperature
The shelf surface temperatures (Figure 42) were measured using the wireless
thermologgers in a fully loaded shelf. For this purpose, the thermologgers were
inserted into bottomless 10-mL vials and they were arranged to have a clear contact

with the shelf surface.

Determination of sublimation rate

The sublimation rate was determined gravimetrically. For this purpose, 50 selected
sample vials were weighed before and after the freeze-drying experiments. The
sample vials were systematically placed to represent different vial groups, which
could have different sublimation rates and product temperatures, within the vial
array. Figure 39 displays the placement of the sample vials and thermocoupled vials
for all the experiments performed in this study. For example, in Figure 39, vials

numbered 1-8 represent a vial group referred to as “front edge”, vials 9-17 represent
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“side edge outer”, vials 18-26 represent “side edge inner”, vials 27-42 represent
“center”, and vials 43-50 represent “rear edge”. Maximum, minimum, and average
sublimation rates of each vial group were calculated from the sublimation rates

obtained from the numbered vials of the same group (cf. Figure 39).
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Figure 39. Vial placement for the sublimation experiments of this study. “Numbered vials”
represent vials weighed before and after the freeze-drying experiment. “T-signed vials”
represent vials with thermocouples for product temperature measurement of the different

groups of vial arrays.

A laboratory analytical balance (Sartorius AG, Gottingen, Germany) was used to
weigh the sample vials. The sublimation process was terminated by backfilling the
product chamber using dry nitrogen and the vials were heated to 20 °C before the
product chamber door was opened. This step was included to prevent condensation
from the surrounding moisture from forming on the cold stoppers and penetrating
into the extremely hygroscopic dried product. The freeze dryer available did not have
an automatic stoppering mechanism. As a result, once the product chamber door
was opened, the sample vials were taken out of the chamber, immediately fully

stoppered and re-weighed.

It is well known that dried product resistance and product temperature increase as

product dried layer thickness increases [Fissore et al., 2011; Kodama et al., 2014;
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Scutella et al., 2018a]. Therefore, to include the maximum effect of the dried product
resistance during the determination of the sublimation rate, the sublimation
experiments were stopped once the dried layer of the front edge vials was close to
the vial bottom. This was performed by visually observing the dried layer of the front
edge vials. At the end of the sublimation experiments, up to 70 wt% of the initial
water content of the edge vials was removed, whereas, for center vials, up to 50 wt%
of the initial water content was removed. Further, this procedure allows
determination of consistent loss of water during the different sublimation

experiments.

The exact drying time for the calculation of the sublimation rate was obtained from
the product temperature profile of the wireless thermologgers, as detailed in section
4.1.2. Such definition of the starting time considers the real effect of different
processing conditions and formulations on the sublimation rate, before the product
temperature attained a pseudo steady-state condition. That is, the calculation of the
sublimation rates considered the transition period at the beginning of the primary
drying. Thus, any bias in sublimation rate calculation that could occur due to the

transition period was avoided.

Design of Experiments (DoE)

DoE is a structured analysis of experiments wherein input parameters are changed,
and differences and variations in output parameters are measured. DoE allows the
simultaneous determination of the effects of all potential input variables on the output
responses, as well as investigations on how the process response changes as input
variables fluctuate (random and systematic variation of the process parameters)
within allowable limits. This requires a profound scientific background of the
formulation and process and, further, preliminary experiments using the specified
drug formulation could be required to facilitate the development of an effective DoE.
For a freeze-drying process, the critical process input and output parameters of the

three steps are well known. They are depicted in Figure 40.

As the focus of this study was on the PDS development for the primary drying step,

the DoE only considered the input and output parameters of the primary drying step
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of the freeze-drying process. Based on prior knowledge and preliminary experiments

using the model formulations, a customized full-factorial DoE for both model

formulations was developed as displayed in Table 12.

Process input parameters

Process output parameters

Freezing step
Cooling rate
Holding temperature/time
Final freezing temperature/time
Annealing temperature/time

Freezing step
Nucleation temperature
Degree of supercooling
Ice crystal size/morphology
Degree of crystalinity
pH

Primary drying step
Chamber pressure
Shelf temperature

Y

Primary drying step
Product temperature
Sublimation rate
Drying time

Secondary drying step
Chamber pressure
Shelf temperature
Drying time

Secondary drying step
Residual moisture content
Glass transition temperature
Reconstitution time

Figure 40. Critical input and output process parameters of a typical freeze-drying process.

4.3.3. Results and discussion

Characterization of frozen formulations

Representative DSC thermograms for MF1 and MF2 are displayed in Figure 41i. For

MF1, T; was observed at a temperature of -29.2 °C; for MF2, T; was observed at a

temperature of -32.4 °C. The T, values of MF1 and MF2 obtained in this study were

in excellent agreement with previously reported values [Her & Nail, 1994; Chang &
Randall, 1992].

Freeze-drying microscopy images of MF1 and MF2 are displayed in Figure 41ii. The

T, of both model formulations obtained in this study were also in excellent agreement

with the values reported in the literature [Adams & Ramsay, 1996].
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0% (wiw) Trehalose solution (MF1)|
————  20% (whw) Sucrose solution {MF2)

Heat Flow (Wig)

a5

EoUp Temperature (“C) Universal V. 5A TA Inst

10% (w/w) trehalose solution (MF1)
(0] (it)
Figure 41. Characterization of frozen formulations. (i) DSC thermograms for MF1 (upper

20% (w/w) sucrose solution (MF2)

curve) and for MF2 (lower curve). (ii) Freeze-drying microscopy images for MF1: (a) intact
structure at T = -28.5 °C, (b) onset of collapse at T = -28.0 °C, (c) collapse at T = -27.5 °C,
(d) significant damage at T = -27.0 °C; and for MF2: (e) intact structure at T = -31.8 °C, (f)
onset of collapse at T =-31.4 °C, (g) collapse at T = -31.1 °C, (h) significant damage at T = -
30.6 °C.

Table 13 presents the results of T;, T,, and the range of maximum product

temperature during primary drying for the two model formulations.

Table 13. Values of Ty, T, and the range of maximum product temperature during primary

drying for MF1 and MF2

Formulation T, (°C) T, (°C) Range of maximum product temperature during primary
drying (°C)
MF1 -29.2 -27.5 -28.5t0-29.5
MF2 -32.4 -31.1 -31.5t0-32.5

Ty, glass transition temperature of the maximally freeze-concentrated solution; and T, collapse temperature

Construction of Process Design Space (PDS) for MF1

During the construction of the freeze-drying PDS, the limitations imposed by the
freeze-dryer and formulation were considered. Patel and Pikal reported that the
majority of manufacturing dryers cannot control chamber pressures less than 0.06
mbar and that there is no additional advantage in sublimation rate for chamber
pressures greater than 0.40 mbar [Patel & Pikal, 2013]. To verify these limitations,
preliminary experiments were performed as follows: (i) a sublimation test using pure
water at a chamber pressure of 0.05 mbar and a shelf temperature of -10 °C. This
test provided an average sublimation rate of 0.319 g/h-vial, which exceeds the
expected average sublimation rate of the model formulations at the same chamber
pressure. Therefore, it can be safely assumed that 0.05 mbar and greater chamber

pressures would not experience chocking flow for the expected sublimation rates of
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the model formulations studied; (ii) sublimation tests using both model formulations
at a chamber pressure of 0.25 mbar and a shelf temperature of -25 °C. Although
these processing conditions yielded average product temperatures close to T, (-29.7
°C for MF1 and -31.0 °C for MF2), the corresponding average sublimation rates
(0.074 g/h-vial for MF1 and 0.089 g/h-vial for MF2) were considerably less than the
sublimation rates obtained at lower chamber pressures and similar product
temperatures. Therefore, chamber pressures greater than 0.25 mbar would have no

benefit from a sublimation rate point of view.

The DoE displayed in Table 12 was developed considering the information obtained
from the previously mentioned preliminary experiments. Representative results of
the freeze-drying experiments are presented in Table 14. The results for all the
processing conditions displayed in the DoE (Table 12) were obtained in a similar

manner (not indicated herein) and further processed.

The results displayed in Table 14 indicate remarkable differences in T,ave and the
sublimation rates between the front edge and center vials. As supported by the
experimental results displayed in Figure 42 and in the literature [Pikal et al., 2016;
Scutella et al.,, 2017a; 2017b & 2018b], even in a freeze-drying process with a
minimum effect of radiation, there could be significant spatial variation in the shelf
surface temperature. Cold spots were observed at the center of the shelf, indicating
a temperature of approximately 4 °C colder than the hot spots, which were observed
at the front edge of the shelf. These spatial shelf surface temperature variations
could be attributed to the large thermal demand of the vials located at the center of
the shelf compared to the vials located at the edge. The center vials have a higher
vial packing density (number of vials per unit area). Hence, they absorb much larger
energy during ice sublimation compared to the edge vials. This, in turn, leads to
different product temperatures and sublimation rates of the vials placed at different
locations across a shelf (see Figure 42). Therefore, consideration of such variations
during the construction of a PDS is critical in the design of a robust freeze-drying
process. Further, as indicated in Table 14, the sublimation rate is dependent on the
chamber pressure. Thus, depending on the chamber pressure, similar product

temperatures can produce different sublimation rates.
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Table 14. Results of average product temperatures and sublimation rates at selected

combinations of chamber pressure and shelf temperatures for MF1 and MF2

P, Ts Formulation Front edge vials Center vials
(mbar)  (°C) T,ave? Sublimation rate T,ave? Sublimation rate
€] (g/h-vial) C) (g/h-vial)

Max®  Min®  Aved Max®  Min®  Aved

-15.0 -30.1 0.229 0.170 0.191 -32.6 0.137 0.115 0.121

-17.0 -30.7 0.202 0.147 0.171 -33.5 0.113 0.102 0.107

010 -20.0 -31.7 0.181 0.137 0.156 -34.2 0.110 0.088 0.099
-25.0 -32.1 0.159 0.114 0.129 -36.6 0.087 0.069 0.076

-20.0 MFL -28.9 0.223 0.175 0.193 -29.9 0.134 0.120 0.125

-25.0 -29.8 0.165 0.125 0.138 -31.4 0.085 0.081 0.078

020 -30.0 -31.7 0.094 0.069 0.078 -33.5 0.046 0.026 0.042
-35.0 -34.7 0.055 0.035 0.044 -36.6 0.018 0.015 0.016

-15.0 -30.3 0.258 0.201 0.221 -31.4 0.150 0.121 0.131

-17.0 -30.7 0.231 0.173 0.193 -32.8 0.127 0.102 0.109

040 -20.0 -31.1 0.210 0.160 0.177 -33.2 0.115 0.086 0.091
-25.0 -32.0 0.156 0.127 0.137 -35.0 0.072 0.059 0.067

-20.0 M2 -30.1 0.272 0.208 0.232 -30.8 0.153 0.138 0.144

-25.0 -31.3 0.174 0.145 0.157 -32.3 0.105 0.081 0.092

020 -30.0 -32.2 0.131 0.095 0.108 -33.8 0.052 0.041 0.045
-35.0 -34.5 0.077 0.046 0.057 -36.7 0.018 0.014 0.016

#the average product temperatures (T,ave) for each vial group were calculated as the arithmetic average of the
temperature measurements in the time range used for sublimation rate calculation.

bthe maximum sublimation rates were the maximum value of the sublimation rates from each vial group.
¢the minimum sublimation rates were the minimum value of the sublimation rates from each vial group.

dthe average sublimation rates were calculated as the arithmetic average of the sublimation rates from each vial

group.

P., chamber pressure; T, shelf temperature; and T, av, average product temperature

As displayed in Table 14 for MF1, a similar T,ave for front edge vials was obtained

at Condition 1 (T, = -20 °C/P, = 0.10 mbar) and Condition 2 (T, = -30 °C/P, = 0.20

mbar). Analyzing Conditions 1 and 2, similar T,ave were obtained at different T

values. Thus, to yield similar T,,ave, a higher F, requires a lower T.
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Figure 42. Experimental data showing significant spatial shelf surface temperature and
product temperature differences across a shelf. Chamber pressure = 0.1 mbar.

This is because: (i) when the chamber pressure increases, the heat transfer rate due
to gas conduction increases, leading to an increase in product temperature [Pikal et
al., 1984]; and (ii) at constant P;, high chamber pressures reduce the driving force
for mass transfer rate, P;(T,) — P.. The reduction in the endothermic mass transfer
rate decreases the energy consumption from a vial, leading to an increase in product
temperature, unless T, is adjusted. It is important to note here that, although similar
T,ave can be obtained at different F, values, the corresponding sublimation rate
values can be significantly different. Referring to the aforementioned conditions, the
sublimation rates of the front edge vials under Condition 1 are significantly greater
than under Condition 2. Similarly, although the center vials at Condition 1 had
reduced T,ave, their sublimation rates were considerably greater compared to the
center vials under Condition 2. This is attributed to the fact that at a given T,, the
driving force for mass transfer rate, P; (Tp) — P, decreases as P, increases. Thus, for
a given T,, low P. and high T, produce a high mass transfer rate. Such knowledge
and information for a specific drug product is essential to design the most optimized
and robust freeze-drying process. A PDS can be used as a tool to choose the
optimum process variables that yield the maximum possible mass transfer rate,
without exceeding the maximum allowable product temperature during primary
drying.
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The construction of the PDS was started by plotting isotherms for the product
temperature on a graph of shelf temperature versus chamber pressure, as displayed
in Figure 43b. The product temperature isotherms were calculated from data
obtained experimentally and represent the average product temperature of the front
edge vials. The reason for selecting the front edge vials to define the product
temperature was that this vial group had the highest product temperature in the vial
arrays. Product temperatures were collected every 20 s. The average product
temperature represents an average value of the product temperatures collected
during the entire period of the sublimation test. Figure 43a presents the average
product temperature of the front edge vials at the selected shelf temperature and
chamber pressure. The results demonstrate an excellent linear relationship (R? >
0.94) of the average product temperature and shelf temperature at any given
chamber pressure. Using regression analyses of the data points (solid lines, Figure
43a), possible combinations of chamber pressure and shelf temperature that
produce any desired product temperature can be calculated. This information was
used to construct the graph of chamber pressure versus shelf temperature with the
isotherms of the product temperatures (Figure 43b).
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Figure 43. (a) Relationship between average product temperature of front edge vials and
shelf temperature (at different chamber pressures) for MF1; and (b) PDS for primary drying

of MF1 after formulation, process and equipment constraints.

As can be observed in Figure 43a, a change in the slope of the curves with increasing
chamber pressure was observed. At relatively low chamber pressures, less than
0.08 mbar, the driving force for the sublimation rate is large, and thus the heat

transfer becomes a rate-limiting factor of the drying process. In this case, as the
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excess sublimation process consumes additional input energy, large changes in
shelf temperature are required to produce an observable change in product
temperature. Conversely, although high chamber pressures enhance the heat
transfer rate, which is attributed to improved heat transfer via gas conduction [Pikal
et al., 1984], they significantly reduce the driving force for mass transfer. Thus, the
mass transfer becomes a rate-limiting factor of the drying process and any additional
input energy, that is an increase in shelf temperature, has significant influence on
the product temperature. This is evident from Figure 43a, where it can be observed
that the curves at low chamber pressure have larger slopes than the curves at high
chamber pressures. This fact has a quantifiable effect from a process robustness
point of view. That is, a freeze-drying process designed at relatively low chamber
pressure is more robust to small shelf temperature variations than a freeze-drying

process designed at relatively high chamber pressure.

The range of maximum product temperature during primary drying for MF1 was
defined from -29.5 °C to -28.5 °C (see Table 13). Further, lower and higher chamber
pressure limits were defined based on the equipment and process constraints. This
information was used to impose formulation, process, and equipment constraints,
and the PDS was defined as displayed in Figure 43b. From Figure 43b, the process
parameters that yielded a low product temperature space and high product
temperature space can be easily identified. In the former, the product temperature is
less than the desired range and leads to an unnecessarily long primary drying time
(inefficient process), whereas in the latter, the resulting high product temperature
leads to product damage (collapse or meltback), which compromises product CQAs.
Although it has been reported that collapse does not lead to a loss of CQAs for drug
products [Patel & Pika, 2013], additional experimental studies are required to study
the effect of collapse on drug stability during storage [Wang et al., 2004; Schersch
etal, 2010; 2012 & 2013; Ullrich et al., 2015; Patel et al., 2017; Duralliu et al., 2018;
Haeuser et al., 2018]. Further, regulatory agencies require consistent, reproducible,

and uniform cake appearance to ensure drug stability [Goldman et al., 2018].

From the PDS defined in Figure 43b, one would choose to use “high chamber

pressure-low shelf temperature” or “low chamber pressure-high shelf temperature”
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combinations to achieve the same product temperature. However, depending on the
chamber pressure, the same product temperature can produce different sublimation
rates. At a given product temperature, low chamber pressure yields a high
sublimation rate. Thus, a further definition of the PDS including values for
sublimation rate is necessary. To include such information, the data of sublimation
rates are plotted against experimental product temperatures, as displayed in Figure
44a. Figure 44a contains the average product temperature of the front edge vials in
the x-axis and the minimum sublimation rate of the center vials in the y-axis. As
reported in the literature [Scutella et al., 2017a; 2017b & 2018; Pikal et al., 2018] and
determined experimentally in this study, the center vials have the lowest sublimation
rate in the vial arrays. Therefore, Figure 44a allows consideration of the minimum
sublimation rate during the construction of the PDS. This, in turn, avoids possible
product damage due to premature change to the secondary drying step.
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Figure 44. (a) Relationship of average product temperature of front edge vials and minimum
sublimation rate of center vials (at different chamber pressures) for MF1. (b) Final PDS for
primary drying of MF1, taking into consideration minimum sublimation rate of center vials.

Relatively minimum values of sublimation rate (mostly in the region of high chamber

pressure) were removed from the originally defined PDS (Figure 43b).

The choice of the average product temperature of the front edge vials in Figure 44a
is because the product isotherms of the PDS (see Figure 43b) are based on this
parameter. Therefore, information on the sublimation rate of the center vials, when

the front edge vials achieve the target product temperature is required.
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As indicated in Figure 44a, there is an excellent fitting of the experimental data (R?
> 0.95) and regression analyses of the data were used to calculate the minimum
sublimation rate of the center vials at a given chamber pressure and product
temperature of the front edge vials. The initial PDS (Figure 43b) was re-defined after
the sublimation rate values obtained from Figure 44a were included. The final PDS

for MF1 is presented in Figure 44b.

The PDS defined in Figure 44b encompasses a wide range of T, P., and sublimation
rate values. Thus, a control space within the PDS can be defined when the range of
process parameters is small and well controlled. The control space is defined to
encompass the highest sublimation rates within the PDS. However, it is
recommended that the consideration of edge process parameters to account for
batch-to-batch process variations be avoided. Process parameters for the primary
drying step can be defined within the control space as a set point. The set point can
be selected anywhere within the control space. However, to consider intra- and inter-
batch variation in the process parameters, it is recommended to select the set point
as the mid-point of the control space. At the set point, the minimum sublimation rate

within the control space can be used to calculate the primary drying time.

Construction of Process Desigh Space (PDS) for MF2

The experimental data obtained for MF2 were analyzed in a similar manner to the
method followed for MF1. Accordingly, the PDS for the second formulation was

obtained. It is presented in Figure 45.

Experimental verification of the PDSs for MF1 and MF2

Because the calculations of the product temperatures and sublimation rates involve
linear regression analyses, minor inaccuracies in the corresponding values could
occur. Therefore, it is important to verify, experimentally, that the PDS obtained in
this study yields the expected product temperatures and sublimation rates of the
model formulations. Freeze-drying experimental runs were performed at selected set
point values for both model formulations. The values of the set point parameters

were selected from Figures 44b and Figure 45, as follows:

196



Freeze drying process design using a process design space (PDS) approach

e For MF1: P, = 0.075 mbar, T, = 3 °C, Fill volume =3 mL
e For MF2: P, = 0.075 mbar, T; = -16 °C, Fill volume =3 mL
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Figure 45. Final PDS for primary drying of MF2, taking into consideration the minimum

sublimation rate. Relatively minimum values of sublimation rate (mostly in the region of high

chamber pressure) were removed from the originally defined process design space.

The freezing protocol in these verification experiments was the same as the freeze

protocol used for the construction of the PDS. This minimizes any possible variation

of drying behavior due to the freezing protocol. The product temperatures of the

center and front edge vials were measured using wireless thermologgers (four for

each vial group). The sublimation rates of the center vials were determined

gravimetrically and, for this purpose, 16 center vials were weighed before and after

the experiment.

Figure 46 displays the product temperature profiles of MF1 and MF2 obtained from

the verification experiments.

197



Chapter 4: Results and Discussion

40 —— Product temperature FE 304
Product temperature FE
30 —— Product temperature FE
—— Product temperature FE 20 4
20] —— Product temperature C
—— Product temperature C 104
Product temperature C
104 —— Product temperature C

—o— Shelf temperature

40

Temperature [°C]

—o— Shelf temperature
—— Product temperature FE
Product temperature FE
—— Product temperature FE
—— Product temperature FE
—— Product temperature C
—— Product temperature C
Product temperature C
—— Product temperature C

Temperature [°C]

0 2 4 6 8 10 12
Time [h]

@

T T T -60 T T

T T T T T
10 12 14 16 18 20 22 24
Time [h]

(b)

Figure 46. Experimental verification of the process design space. (a) Product temperature
profiles of front edge vials (FE) and center vials (C) for MF1; (b) Product temperature
profiles of front edge vials (FE) and center vials (C) for MF2.

Further, the estimated parameters from the PDS were compared to the parameters

obtained from the verification experiments. They are presented in Table 15.

Table 15. Comparison of PDS-estimated and experimentally determined parameters at set

point
PDS estimated values Experimentally determined values Differences (%)
FE C FE C FE C
Formulation
T,ave T,ave m ty° T,ave®  T,ave® m® t°
. X T,ave  T,ave m ty
(°C) (°C) (g/h-vial) (h) (°C) (°C) (g/h-vial) (h)
MF1 -28.7 -31.0 0.169 16.0 -28.4 -30.1 0.177 15.3 1.05 2.90 4.73 4.38
MF2 -31.2 -33.4 0.094 255 -31.3 -32.8 0.104 23.1 0.32 1.80 10.64 9.41

2T,ave was obtained by averaging product temperatures obtained from 4 thermologgers
b1 is the minimum value of 16 sublimation rate values
¢t4is calculated based on the minimum sublimation rate within the control space and based on 3 mL fill volume

d¢4is calculated based on the minimum sublimation rate of the 16 experimentally determined sublimation rate values

and based on 3 mL fill volume

T,ave, average product temperature; m, sublimation rate; t4, drying time of primary drying; FE, front edge vials; and

C, center vials

As indicated in Figure 46 and Table 15, there is an excellent agreement between the

PDS-estimated and the experimentally determined values for both model

formulations. This demonstrates that the procedures described in this paper for the

construction of an effective and product-based PDS, coupled with an effective DoE,

produce highly accurate and reproducible results. This can enable process scientists

to design freeze-drying processes for a given pharmaceutical drug formulation based

on a scientific approach, using limited well-defined experimental runs.
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Utilization of the lab PDS for process scale-up and transfer

Equipment capability: Mainly due to their large capacity, chocking flow could be
more pronounced at manufacturing scale freeze dryers. Therefore, it is critical to
determine the capability of the target freeze dryer to control the P, at full load capacity
and at typical freeze-drying sublimation rates. The determination of the capability of
a target freeze dryer could be done using a one-point water sublimation test as
follows: (i) fully load the target freeze dryer with pure water placed on a tray made
from plastic; (ii) freeze the water and allow complete solidification; (iii) set the P.to 0
and increase the T to +30 °C or +40 °C; (iv) observe the minimum P, and its stability,
attained by the freeze dryer after the T, setpoint has been reached. Although the
calculation of the exact value of the total vapor flow rate could be difficult, it could be
assumed that the total vapor flow rate of pure water, at a T, value ranging from +30
°C to +40 °C and a controllable low P,, is much higher than most of the typical vapor
flow rates obtained using drug formulations. Thus, if a freeze dryer is able to attain
and control a minimum P, of, for example, 50 pbar when pure water at a T; of +30 °C
or +40 °C is used, it could be safely concluded that the occurrence of chocked flow
for P, up to 50 pbar is highly unlikely when a drug formulation at typical primary drying

T, values is used.

Differences in resistance to mass transfer of the dried product (R,) and overall
vial heat transfer coefficient (K,): The differences in R, and K,, between laboratory
and manufacturing scale freeze dryers are the major freeze-drying process scale-up
and transfer factors. Differences in R, could be caused by variations in the degree
of supercooling, which could be affected by differences in cleanness between
laboratory and manufacturing environments. On the other hand, differences in K,
could arise from differences in design and performance of the dryers. Differences in
R, and K, during scale-up or transfer could be easily detected from T, response,
provided that identical primary drying processing conditions (i.e., T; and P,) are used.
Thus, at the same processing conditions, an increase in R, is reflected by an
increase in T,. Because the vapor flow is more restricted at higher R,, there is less

energy consumption from the system and most of the heat input is utilized to increase
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the T,. Conversely, at low R,,, most of the heat input is consumed by the relatively
higher sublimation rate (attributed to the lower resistance to vapor flow), and hence
the T,, becomes lower. An increase in K, at the same T, and P, leads to an increase
in T, and vice versa. However, the influence of K, on freeze-drying process scale-
up and transfer could be significantly minimized by using the same container-closure
system and a laboratory scale freeze dryer with similar design and performance to a
manufacturing scale freeze dryer. Therefore, the most important factor that could

cause differences in T, during scale-up or transfer is R,,.

From the above discussion, the T; (keeping P, constant) at the target freeze dryer
that is needed to obtain the T,t could be different, and thus determination of the new
T, and adjustment of the t; would be the major scale-up or transfer experiments.
With this regard, the PDS developed at lab scale provides important information that
could be utilized during the scale-up or transfer experiments: (i) the range of possible
T, values that could be used to determine the new Tj; (ii) the robustness of the
formulation to Ty changes; and (iii) variation of sublimation rates at different
processing conditions. Considering possible variations in R,, a T; range from -12 °C
to +12 °C at a P, = 0.075 mbar could yield the T,t for MF1 (cf. Figure 44b). Such
information could be utilized to perform a temperature ramp experiment using the
target freeze dryer to obtain the new T value. Point A of Figure 44b shows that, at
P, =0.075 mbar, a T, around +1 °C was required to yield a T,, of -29.0 °C. Assuming
that the new T value, at the target freeze dryer and P. = 0.075 mbar, required to
yield a T;, of -29.0 °C was -11 °C (Point B, Figure 44b), the corresponding differences
in sublimation rates, and thus in t,;, of point A and point B could be adjusted using
the PDS developed at lab scale. The reduction in sublimation rate caused by an
increase in R, (thus a decrease in T;) at constant P, (Point B, Figure 44b) is
equivalent to a reduction in sublimation rate caused by an increase in P, (thus a
decrease in T;) at constant R,, provided that the T, is the same for both cases.
Considering the same formulation, product temperature, and processing
environment, the R, at laboratory scale can be assumed as fairly constant at the
different processing conditions. Furthermore, assuming the reduction in T, at the

target freeze dryer is due entirely to the increase in R,, the sublimation rate at the
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new T value (i.e., -11 °C) and T,, = -29.0 °C from the PDS (point C, Figure 44b) could

be used to adjust the sublimation rate and the t; at the target freeze dryer.

4.3.4. Conclusions

A new step-by-step procedure for the construction of a product-based PDS for the
primary drying step was described. An effective DoE was developed, which could
then be used to experimentally determine the necessary information for the
construction of the PDS. The development of an effective DoE requires a profound
scientific understanding of the formulation and process, and perhaps requires only
limited preliminary experiments. The proposed product-based PDS considers
variations in product temperatures and sublimation rates within the vial arrays. With
this regard, the product temperature of the front edge vials and sublimation rate of
the center vials were used. This assures the effectiveness and the robustness of the
PDS. Compared to the mathematical models that could require several freeze-drying
experiments for optimization and verification, the product-based PDS detailed herein
produced highly accurate results, demonstrating the potential for significant
development time and material savings. Further, the PDS of a drug formulation
based on experimental results presents more realistic and reliable data if there is an
intention of using the PDS for regulatory agencies. Experimental verifications of the
PDS for the two formulations studied in this research were performed and an
excellent agreement between the PDS predicted values and experimentally
determined values were achieved. Finally, coupled with an effective DoE, the
proposed procedure for the construction of a product-based PDS considerably
reduces development time and material requirements, and significantly improves the
accuracy, effectiveness, and robustness of the resulting freeze-drying process.
Thus, process scale-up problems are minimized with the development of a PDS.
Further, the resulting optimum and robust freeze-drying process has significant
advantages in process cost and energy savings, and in maintaining product quality

consistency during a large-scale manufacturing process.
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4.4. Optimization of the secondary drying process: a case study

The following sub-section has been submitted for publication to Drying Technology

in the form of a research article (see Appendix A.4).

4.4.1. Introduction

The freeze-drying process consists of two major process steps: (1) freezing step, in
which a liquid formulation is converted into a frozen solid state; (2) drying step, during
which the frozen and unfrozen solvent (usually water) is removed from the product.
Depending on the drying mechanism, the drying step is further classified into two
steps; primary drying and secondary drying. The primary drying step refers to the
removal of the frozen solvent through a sublimation process. Therefore, at the end
of the primary drying step, there could be a significant amount of residual solvent
related to the unfrozen solvent. Most commonly, the unfrozen solvent is adsorbed in
the highly concentrated solid phase of an amorphous formulation even though, in a
rare occurrence, it may also adsorb, in the form of crystalline hydrates, on the surface
of a crystalline product [Pikal et al., 1990]. In an amorphous formulation, the unfrozen

water may account up to 20% of the total solvent [Nail et al., 2002]. Although
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desorption of the unfrozen solvent could immediately follow the dried region during
the primary drying step, the desorption rate is very low owing to the low process
temperature during the primary drying step. Therefore, an additional drying step at
an elevated temperature is necessary to reduce the moisture content (MC) of the
product to an acceptable level. In the context of the freeze-drying process, this
additional drying step is termed as secondary drying. The secondary drying step
refers to a process step that involves removal of the unfrozen solvent (bound solvent)

through a desorption process.

The complete desorption process consists of the following processes [Pikal et al.,
1990]: (1) adsorbed solvent is diffused from the interior matrix of an amorphous solid
to the surface of the solid; (2) evaporation of the solvent from the solid surface; and
(3) vapor transport from the interior of the dried product all the way to the condenser.
The first two processes, i.e., diffusion of adsorbed solvent to the surface and
evaporation of the solvent from the surface, are believed to be the rate limiting
processes during the secondary drying [Pikal et al., 1990]. Therefore, to overcome
these rate-limiting factors, the temperature during the secondary drying step is
increased to as high as 40°C [Colandene et al., 2007; Abdul-Fattah et al., 2008]. The
maximum process temperature during the secondary drying is limited by the
temperature sensitivity and the glass transition temperature (7,) of the formulation
components, especially for amorphous formulations. On one hand, some formulation
components may not allow high processing temperature during the secondary
drying. On the other hand, because of the significant amount of water content left
after the completion of the primary drying, the T, of the product is still very low.
Therefore, both the heating rate and the final drying temperature of the secondary
drying should be selected taking into account that the actual product temperature
must always be kept below the momentary T, of the product. The T, of the product
increases with continuous loss of water; therefore, the secondary drying process
temperature could be slowly increased to a final drying temperature (T;) without
affecting the product quality. The product is held at the final T,; for as long as the final
moisture content (MC) reaches an acceptable level, usually less than 2 wt% on a dry
basis. The MC of a freeze dried product is strongly correlated to its T,, which, in turn,

is strongly related to the storage stability of the dried product. The presence of

208



Optimization of the secondary drying process: a case study

residual moisture in a dried product acts as a plasticizer and enhances mobility of
the dried product, significantly decreasing the T, of the dried product. In this sense,
it is important to store a dried product in a temperature well below its T,, otherwise

the dried product may be meltdown and damaged during storage.

Presumably because of its relatively short processing time, only limited studies [Pikal
et al., 1990; Liapis & Bruttini, 1995; Sheehan & Liapis, 1998; Pikal et al., 2005;
Schneid et al., 2011; Fissore et al., 2011; Pisano et al., 2012; Tréléa et al., 2016;
Oddone et al., 2017; Sahni & Pikal, 2017] have been focused on the optimization of
the secondary drying step. However, for amorphous drug formulations with high solid
content and high fill-volume, the secondary drying processing time could be very
long. In this case, optimization of the secondary drying could offer a significant
economic advantage. With this aim, this study focuses on optimizing the secondary
drying step of a highly complex and amorphous drug formulation obtained from
Fresenius Kabi (FK1). For this purpose, a response surface methodology (RSM)
technigue was employed to develop an effective design of experiments (DoE) for the
secondary drying step of FK1. The results obtained from the DoE were discussed to
understand the influence of secondary drying input parameters on MC and Tj.
Further, construction of a process design space (PDS) and its use in the optimization
of the secondary drying step of FK1 was discussed. It was demonstrated that such
experimental analyses significantly simplified the optimization of the secondary
drying step for FK1. Therefore, the analyses presented in this study could be used
to optimize the secondary drying step of other drug formulations in a result- and

scientific-based approach.

4.4.2. Experimental details

4.4.2.1. Materials

A Fresenius Kabi drug formulation (FK1) was used for this study. FK1 was prepared
in-house according to the preparation procedure provided by Fresenius Kabi
Deutschland GmbH (Friedberg, Germany). FK1 is a complex and fully amorphous

formulation (see Table 16 for more information). All vials used in this study were 10-
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mL tubing vials purchased from SCHOTT AG (Mainz, Germany). The stoppers were
Igloo single vented gray stoppers from West Pharmaceutical Services, Inc. (West

Pharmaceutical Services, Inc., Exton, PA, USA).

Table 16. Composition and characteristics of FK1

Formulation  Solid Liquid APIs Solid Fill- Crystallinity T, [°C] T, [°C]
excipients excipients content  volume
[%0] [mL]
FK1 Trehalose,  Water several 18.5 5 Fully -35.2 -29.0
Emulsifier, and oil different amorphous
and co- APIs
emulsifier

FK1, Fresenius Kabi’s drug formulation; APIs, active pharmaceutical ingredients; Ty, glass transition
temperature of the maximally freeze concentrate solution; T, collapse temperature

4.4.2.2. Methods

Glass transition temperature (T )

The glass transition temperature of the dried cake (7;) was measured using a TA
instruments Q2000 series differential scanning calorimeter with refrigerated cooling
system (RCS) (TA Instruments, New Castle, DE, USA). 10-15 mg of dried FK1 were
weighed into aluminum sample pans and the pans were hermetically sealed. An
empty, hermetically sealed, pan was used as a reference. The program detailed in
section 3.2.1 was used for the determination of T, the dried product. The T, values
were determined using Universal Analysis software of the DSC thermograms and
they were reported as the midpoint of the glass transition curve. At each of the
conditions studied, three different vials were used to perform triplicate

measurements and the average T, was used for further analyses.

Moisture content (MC)

Moisture content (MC) of the dried products was determined using a Karl Fischer
titrator (Metrohm, Herisau, Switzerland). The Karl Fischer titrator used in the present
study was a coulometric titrator with thermoprep oven. In this setup, a sample is

heated in the thermoprep oven, releasing its moisture. The moisture is then
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conveyed to the measuring cell with the aid of a gas flow, where it is reacted with
iodine. The Karl Fischer titrator is controlled using a dedicated software, Tiamo™
2.5 (Metrohm, Herisau, Switzerland). The water content determination protocol was
described in section 3.2.3. At each of the conditions studied, three different vials
were used to perform triplicate measurements and the average MC was used for

further analyses.
Experimental freeze-drying procedure

All the freeze-drying experiments were performed using a HOF laboratory freeze
dryer (HOF Sonderanlagenbau GmbH, Lohra, Germany), as detailed in section
3.1.3. A pirani gauge was used for vacuum control during the freeze-drying process.
Freeze-drying experiments of FK1 were carried out in 10-mL tubing vials and, for
each experiment, 176 vials (one fully loaded shelf) were filled with 5 mL FK1 and
placed on one of the four shelves of the freeze dryer. Four wireless thermologgers
(Lives International, Timis, Romania) were used to measure the product
temperatures. The wireless themologgers were set to measure product
temperatures every 20 s during the complete freeze-drying experiment. The primary
drying step of FK1 was designed based on a procedure previously described in
sections 4.2 and 4.3. Thus, the freezing and the primary drying steps were held
constant for all the freeze-drying experiments as follows: Freezing: 1 °C/min down
to -10 °C and 90 min holding time; further freezing to -40 °C at 1 °C/min and 240 min
holding time; Primary drying: Evacuating chamber pressure to 0.10 mbar and
heating shelf temperature to -10 °C at 1 °C/min and holding for 40 hours. Conversely,
the secondary drying was performed as follows: Reducing chamber pressure to 0.05
mbar; heating shelf temperature to 5 °C at 0.05 °C/min; further heating shelf
temperature to a designed drying temperature (T;) at 1 °C/min and holding for a
designed drying time (t,;). The designed T, and t,; were varied according to the DoE
presented in Table 17. Once the designed secondary drying was completed, the
lyophilization process was terminated by backfilling the product chamber using dry
nitrogen. Some selected vials were immediately sealed and used to analyze the MC

and T,.
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To study the effect of vial position on the secondary drying output parameters, vial
samples were taken from four different vial positions within a shelf. The placement
of sample and thermocoupled vials is displayed in Figure 47. As shown in Figure 47,
sample vials from center vials (C), front edge vials (FE), side edge vials (SE), and
rear edge vials (RE) were taken to analyze the MC and T, of their corresponding
group. Product temperature of the front edge and center vials were measured using

the wireless thermologgers.
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drying output parameters. FE is front edge vials, C is center vials, SE is side edge vials and

RE is rear edge vials. T-signed vials represent thermocoupled vials.

The effect of chamber pressure on secondary drying was studied separately as
follows: (i) after the completion of the primary drying, the chamber pressure was
reduced to 0.05 mbar and, at the same time, the shelf temperature was heated to 5
°C at 0.05 °C/min; (ii) further adjustment of the chamber pressure to a designed
chamber pressure (P.), at the same time, the shelf temperature was heated to 37 °C
at 1 °C/min; (iii) the holding time at a designed P, and 37 °C was 12 h. The T, (37
°C) and t; (12 h) were chosen as optimum process parameters from the analyses
of the experiments presented in Table 17. The designed P, studied here were 0.05,
0.20, and 0.40 mbar. During these experiments, the freezing and primary drying

steps were kept identical to the main experiments, as described previously.
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For the verification experiment, the lyophilizer was fully loaded with 5 mL FK1 (i.e.,
four fully loaded shelves) and identical freezing and primary drying process steps to
the DoE experiments were employed. The optimum secondary drying processing
parameters were obtained from the PDS (cf. results and discussion) and performed
as follows: Reducing chamber pressure to 0.05 mbar; heating shelf temperature to
5 °C at 0.05 °C/min; further heating shelf temperature to the optimum drying
temperature (T,) at 1 °C/min and holding for the optimum drying time (t;). Once the
lyophilization process was completed, it was terminated by backfilling the product
chamber using dry nitrogen. Some selected front edge and center vials were

immediately sealed and used to analyze the MC and T,.
Design of Experiments (DoE)

A response surface methodology (RSM) technique was employed to develop a DoE
based on the knowledge of the critical input and output process parameters of the

secondary drying (Figure 48) and the drug formulation.

As illustrated in Figure 48, chamber pressure is one of the critical input process
parameters. However, to reduce the number of experiments, the influence of P. on

MC and T, was studied once the optimum T, and t, has been defined, as previously

described.
Process input parameters Process output parameters
Secondary drying step Secondary drying step
e Chamber pressure ¢ Residual moisture content
e Shelf temperature e Glass transition temperature
e Drying time e Reconstitution time

Figure 48. Critical input and output process parameters of the secondary drying step.

Therefore, only the shelf temperature (T;) and t; were considered during the
development of DoE. The values of T; and t; were defined from preliminary

experiments using FK1.

The DoE developed for this study is presented in Table 17.
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Table 17. Response surface methodology-based DoE for the secondary drying of FK1.

Normalized
Factors ta (h) Ty (°C) values
10.0 30.0 -1
Levels 15.0 35.0 0
20.0 40.0 1
Experiment  Secondary drying input parameters Sgcondary
mbor > - drying output
. (mbar)  t4 (h) Ty (°C) parameters
1 0 1
2 0 0
3 1 1
4 -1 0
5 1 -1 MC
6 0.05 1 0
7 0 0 Tg
8 -1 1
9 0 0
10 -1 -1
11 0 -1

tq, drying time; T,, drying temperature; P,, chamber pressure; MC, moisture content; T, glass
transition temperature

4.4.3. Results and discussion

In the following sub-sections, the results of the center vials were used to analyze the
influence of T, and t, on MC and T,. This is because the center vials had the lowest
MC and, consequently, the highest T, compared to the edge vials (cf. Influence of

vial position on secondary drying output parameters for details).

Influence of secondary drying temperature (T;) on secondary drying output
parameters: Figure 49 illustrates the influence of T, on MC and T, of center vials at
different drying times. As seen in Figure 49, an increase in T; from 30 °C to 40 °C

yielded approximately 40% reduction in MC, regardless of the total t; used.
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Figure 49. Influence of secondary drying temperature (T;) on moisture content (MC) and
glass transition temperature (T,) of FK1 for center vials; (a) t; = 10 h, (b) t; = 15 h, and (c)
ty = 20 h. Error bars show standard deviation of three independent measurements. For all

the experiments, P. = 0.05 mbar; t4, drying time; and P, chamber pressure.

This is because most of the unfrozen water is removed at the beginning of the
secondary drying, reaching a plateau level in MC few hours after the start of the
secondary drying [Pikal, 1990]. Since this plateau level decreases as T, increases,
the water removal rate after reaching the plateau level decreases as T, increases
(attributed to the low available MC). Thus, at high T,, a further increase in t; does
not yield a significant reduction in MC. Conversely, owing to the slow water removal
rate at low Ty, long t, is needed to reach the plateau level in MC. Furthermore, the
plateau level at low T, is higher than that of at high T, and thus relatively faster
water removal rate is possible even at prolonged t,. This was the reason why the
relative decrease in MC as T, increased from 30 °C to 40 °C was similar at 10 h, 15
h, and 20 h drying times (cf. Figure 49). On the other hand, looking at the absolute
MC values, a strong influence of T, on MC was observed. In this sense, the MC
value obtained at T; = 30 °C and t; = 20 h (Figure 49c) was similar to the MC value
obtained at T; = 35 °C and t; = 10 h (Figure 49a).

Conversely, the effect of T, on T, was found to be slightly dependent on t,. Thus, a
10 °Ciincrease in T, yielded 19% and 10% increase in T, at t; = 10 h.and ¢, = 20 h,
respectively. Although the percent reduction in MC for 10 °C increase in T; was
similar (40%) at both drying times, the difference in percent increase in T,
demonstrates a non-linear T, dependence on MC. The non-linear relationship

between MC and Ty, is consistent with the decreased dependence of 7, on MC at low
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MC values. This provides an important information to select a critical MC, below

which the increase in Ty is insignificant.

Influence of secondary drying time (t;) on secondary drying output
parameters: t; is another important factor that defines both the economy of the
process as well as the MC and T, of the product. Figure 50 illustrates the effect of ¢,

on MC and Ty, at different drying temperatures for center vials.
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Figure 50. Influence of secondary drying time (t;) on moisture content (MC) and glass
transition temperature (T,) of FK1 for center vials; (a) T, = 30 °C, (b) T, = 35 °C, and (c) T; =
40 °C. Error bars show standard deviation of three independent measurements. For all the

experiments, P. = 0.05 mbar; T4, drying temperature; and P., chamber pressure.

As displayed in Figure 50, a 10 h increase in t; (from 10 h to 20 h) yielded
approximately 28% reduction in MC regardless of the T; used. However, the 28%
reduction in MC at T, = 30 °C yielded a 15% increase in T,, whereas, at T, = 35 °C
and T, = 40 °C, the increase in T, was 8% and 5%, respectively. This is attributed to
the weak dependence of T, on the low MC obtained at T, = 35 °C and T, = 40 °C.
Therefore, as discussed previously, high T, could significantly reduce the time
required to achieve a desired MC and T, level. Although, both T,; and t, exerted a
significant effect on MC and T,, T, showed a stronger effect than ¢,. For instance, at
T, =30 °C and t; = 20 h, the MC and T, were, respectively, 1.70 wt% and 64.4 °C
(Figure 50a), whereas, at T, = 40 °C and t; = 10 h, they were, respectively, 1.38
wt% and 67.8 °C (Figure 50c). Therefore, increasing T, was found to have significant

economic benefit for the secondary drying step of FK1.

Influence of chamber pressure (P.) on secondary drying output parameters:
Secondary drying chamber pressures, in the range from 0.05 mbar to 0.40 mbar,

were applied to study the influence of chamber pressure on MC and 7. For these
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experiments, T; and t; were set to 37 °C and 12 h, respectively. The results
displayed in Figure 51 showed minor influence of P, on MC, whereas the influence
on T, was negligible.
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Figure 51. Influence of chamber pressure (P.) on moisture content (MC) and glass transition
temperature (T,) of FK1 for front edge and center vials; (a) moisture content (MC) and (b)
glass transition temperature (7). For all the experiments: Ty= 37 °C and t4 = 12 h. Error

bars show standard deviation of three independent measurements. T,, drying temperature;

and tg4, drying time.
Although a small decrease in MC could be observed when increasing P, from 0.05
mbar to 0.20 mbar, an insignificant change in MC was observed as P. increased from

0.20 mbar to 0.40 mbar. The small decrease in MC with increasing P. could be

attributed to the improved heat transfer condition and thermal conductivity of the

dried cake at higher P, [Pikal et al., 1990]. Also, as displayed in Figure 52, high P,
improved both the rate of increase in product temperature (T,,) and the final value of
T,. That is, although the same heating rate was employed, significantly shorter time
was required to increase T, to the set point temperature when high F, was used.
Moreover, the final T,, value at high P, was closer to the set point temperature than
at low P, (cf. Figure 52). Although such an improvement in heat transfer condition at
high P., as compared to that of at low P., could be expected to yield a significant
difference in MC and Ty, the results found in this study showed the contrary. This
could be attributed to the influence of the rapid increase in T, on the structure of the
dried product. That is, the rapid increase in T, could trigger the creation of

microcollapse, which decreases the specific surface area (SSA) of the product. A
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decrease in SSA is strongly linked to a decrease in water removal rate during the
secondary drying phase [Rambhatla et al., 2004; Konstantinidis et al., 2011].
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Figure 52. Influence of chamber pressure (P,) on product temperature of front edge and
center vials for FK1; (a) P. = 0.05 mbar, (b) P, = 0.20 mbar and (c) P, = 0.40 mbar. For all the

experiments: T, = 37 °C and t4 = 12 h. T4, drying temperature; and t4, drying time.
In general, it could be concluded that the influence of secondary drying P. on MC
and T, is minimal. Pikal et al. [Pikal et al., 1990] also demonstrated minimal influence
of P, on the secondary drying output parameters. However, at a given P, there was
noticeable difference in MC and T, between front edge and center vials at all the £,
studied (see Figure 51). This is contrary to the fact that the difference in T,, between
front edge and center vials was decreased with increasing P. (see Figure 52). It is,
however, important to note that all the studies on the influence of P, on the secondary
drying output parameters presented here were based on a single T, and t;. The
influence of P, on MC and T, could be different at different T, and t, combinations,

although not significant differences to the results obtained here are expected.

Influence of vial position on secondary drying output parameters: The influence
of vial position on MC and T, has been extensively investigated in this study. For this
purpose, vials were arranged as shown in Figure 47, and sample vials were taken
for the measurement of MC and T,,. Representative results are displayed in Figures
53a-f. As illustrated in these figures, the edge vials generally had higher MC and
lower T, in all the drying conditions studied. This is attributed to 2 main factors: (1)
during primary drying, the front edge vials have the highest T,, (see sections 4.2. and
4.3), which could lead to the occurrence of microcollapse if the lyophilization process
is designed near the collapse temperature. Occurrence of microcollapse decreases

the specific surface area (SSA), and hence decreases the secondary drying rate; (2)
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contrary to the primary drying, the T, of the front edge vials during the secondary

drying was lower than that of the center vials.
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Figure 53. Influence of vial position on moisture content (MC) and glass transition
temperature (Ty) of FK1; (a) T, =30 °Cand t; =10 h, (b) T; =30 °C and t; =10 h, (c) Ty

35°Candt; =10h,(d) T, =35°Candt; =20 h (e) T; =40 °C and t; =10 h, and (f) T4

40 °C and t4 = 20 h. For all the experiments: P, = 0.05 mbar. Error bars show standard
deviation of three independent measurements. T, drying temperature; t4, drying time; and

P., chamber pressure.
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This is due to the fact that the vial surface temperature of the front edge vials during
the secondary drying phase is higher than those of the freeze dryer walls and door.
Thus, the heat transfer due to atypical radiation flows from the vial surface to the
freeze dryer walls and door, decreasing the T, of the edge vials.

Figure 54 also shows that the difference in T, between the front edge and center
vials increases with increasing T,. The difference in vial surface temperature and
freeze dryer walls and door temperature increases as T, increases, which in turn,
increases the driving force for atypical radiation heat transfer. Thus, the large
difference in T,, between the front edge and center vials, at high Ty, is attributed to
the large driving force for atypical radiation. This, in turn, could lead to a tangible

difference in MC and T, among vials rested on different locations of a shelf.

AT=3.0°C

a4

42] © [
T, = 30°C = T, = 40 °C
S —— 40— j I N —
— ——
384 -
T AT=1.0°C S

261 ¥ > AT=2.0°C E D /

34

Front E vials

—— Front E vials —— Front E vials —— Front E vials

Temperature [°C]

—— Front E vials —— Front E vials

20 / —— Center vials 1 f
18 Center vials f —— Center vials 28] | —— Center vials
164 22 Center vials 6] f Center vials
20
14 24
184
124 224
164
10

T T T T T T T T T T T T T T T T T T T T T T T T 20 T T T T T T T T T T T T
46 48 50 52 54 56 58 60 62 64 66 68 70 46 48 50 52 54 56 58 60 62 64 66 68 70 46 48 50 52 54 56 58 60 62 64 66 68 70
(a) Time [h] (b) Time [h] ()

Temperature [°C]

Temperature [°C]
w
8

Time [h]
Figure 54. Influence of secondary drying temperature on product temperature of front edge
and center vials of FK1; (a) T; = 30 °C, (b) T; = 35 °C, and (c) T; = 40 °C. For all the

experiments P, = 0.05 mbar. T, drying temperature; and P,, chamber pressure.
In general, although small differences in MC and T, with respect to vial position were
observed, these differences can be considered negligible in the range of T, and t,

studied. For FK1, MC and T, values of the center vials were taken for further

optimization analysis.
Construction of process design space (PDS) for secondary drying step

The previous analyses on the influence of the different secondary input process
parameters on MC and T, provides the foundation for the construction of the PDS
for the secondary drying step of a freeze-drying process. Thus, the 2 secondary

drying critical input parameters considered during the construction of the PDS were
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drying temperature (T,;) and drying time (t;). To consider the effect of vial position
on the PDS construction, the results from the center vials were utilized for 2 reasons:
(1) In the range of T, and t, studied here, the biggest difference in T, between the
center and front edge vials was around 4 °C. Thus, considering the intended storage
temperature of the dried FK1 (which is 25 °C), the influence on storage stability of a
4 °C difference in a T, value of around 64 °C is very minimal; (2) the edge vials only
account for a small portion of the total number of vials, thus the additional time
required to decrease the MC of the edge vials to a value similar to the MC of the

center vials could be uneconomical.

The experimental results of the DoE for secondary drying (cf. Table 17) are

presented in Table 18.

Table 18. Moisture content and glass transition temperature experimental results for FK1 at
different secondary drying processing conditions

Input parameters Output parameters

Moisture content (wt%) Glass transition temperature (°C)

Ty (°C) ta (M)

M1 M2 M3 Ave SD M1 M2 M3 Ave SD

10 2.46 2.37 2.25 2.36 0.086 54.6 55.4 54.7 54.9 0.37

30 15 1.83 1.94 1.75 1.84 0.078 61.6 60.9 61.8 61.4 0.39
20 1.65 1.76 1.69 1.70 0.045 65.1 64.1 64.1 64.4 0.46

10 1.75 1.67 1.89 177 0.091 62.1 61.5 62.5 62.0 0.41

15 1.25 1.36 1.39 1.33 0.060 64.7 65.5 66.9 65.7 0.93

35 20 1.32 1.28 1.33 131 0.022 66.8 67.1 66.6 66.8 0.22
15* 1.40 1.53 1.52 1.48 0.059 65.7 65.8 64.8 65.4 0.45

15* 1.30 1.36 1.46 1.37 0.066 65.1 66.4 65.3 65.6 0.58

10 1.30 1.35 1.50 1.38 0.085 68.5 68.2 66.8 67.8 0.76

40 15 1.33 1.13 1.14 1.20 0.092 70.2 70.3 70.1 70.2 0.06
20 1.08 0.94 1.02 1.01 0.057 72.0 70.2 71.4 71.2 0.75

*Experimental central points, which were repeated for the response surface regression analysis.
T4, drying temperature; t4, drying time; M1, M2 and M3, three different measurements; Ave, the mathematical
average of the three measurements; SD, the standard deviation of the three measurements.
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Response surface regression analyses of the MC and T, results presented in Table

18, as a function of T; and t;, were performed and the following equations were

obtained:
MC = 12.94 — 0.44T; — 0.28t, + 0.0046T7 + 0.0043t3 + 0.0029T,t, (27)
T, = 31.3 — 2.75T, + 3.66t, — 0.013TZ — 0.028t% — 0.062T,¢t, (28)

where, MC[wt%] is moisture content; T,;[°Cl]is drying temperature; t;[h] is drying time;

and Ty[°C] is glass transition temperature.

The fitting quality of the regression analyses was assessed using the adjusted R-
squared values. For Equation 27, the adjusted R-squared was 96.9%, whereas for
Equation 28, it was 98.9%. Hence, the fitting and predicting quality of the regression
models was statistically significant. The regression model equations were used to
generate MC and T, data within the range of T, and t, studied. The resulting data
from the regression model equations were used to plot contour graphs of MC (Figure.
55a) and T, (Figure 55b) as a function of T; and t,. The final secondary drying PDS
was defined based on an appropriate range of T,, considering the intended storage
temperature of the product. For example, the intended storage temperature of FK1
was 25 °C, and a T, value of the dried product in a range from 60 °C-68 °C was
considered sufficient for up to 2 years storage time. Therefore, the PDS incorporates
secondary drying processing parameters (i.e., T, and t;) that yield a T, in the range
of 60 °C—68 °C and the corresponding MC. In the case of FK1, the MC range that
corresponds to a T, range from 60 °C to 68 °C was 1.3 wt%-1.8 wt%. The overall
PDS for the secondary drying of FK1 is shown in Figure 55c. Figure 55c illustrates
that any combination of secondary drying processing parameters in the white shaded

area yields the predefined T, and MC values.
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Figure 55. Process design space (PDS) for secondary drying of FK1; (a) contour plot of
moisture content (MC), (b) contour plot of glass transition temperature (P.), and (c) overall

PDS for secondary drying. For all the experiments: chamber pressure (P,) = 0.05 mbar.

Generally, selection of economically optimum secondary drying processing
conditions involves high T, and short t;; however, the nature of the formulation
should be considered when high T, is selected. In the case of FK1, the optimum

secondary drying processing conditions were selected as follows (see Figure 55c):

e Drying temperature = 37 °C
e Dryingtime=12h

e Chamber pressure = 0.05 mbar
Verification of optimum secondary drying process parameters

To confirm the accuracy of the PDS processing parameters, the output parameters
from a verification experiment were compared to the PDS output parameters. The
verification experiment was performed at the optimum processing parameter defined

previously.

The results from the verification experiment are displayed in Table 19. As can be

seen from Table 19, the average MC and T, of the center vials were well within the
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MC and T, range defined by the PDS (cf. Figure 55c). Also, the front edge vials,
which have the highest MC and lowest T} in the vial array, had MC and T, values in

good agreement with the PDS defined values.

Table 19. Moisture content and glass transition temperature experimental results for FK1
obtained from verification experiment

Input parameters Output parameters
Vial
Ty ta P, position
(°C) (h)  (mbar)

Moisture content (wt%) Glass transition temperature (°C)

M1 M2 M3 Ave SD M1 M2 M3 Ave SD

Center
vials
Front

edge vials

T,, drying temperature; t;, drying time; P., chamber pressure; M1, first measurement M2, second

158 159 153 157 0.026 660 645 66.2 655 0.77
37 12 0.05
189 201 170 187 0128 604 594 615 604 087

measurement M3, third measurements; Ave, mathematical average of the three measurements; SD,

standard deviation of the three measurements.

This implies that the secondary drying PDS delivers reliable results and provides a
scientific basis to optimize the secondary drying step. Moreover, the PDS gives a
wide range of possible processing parameters from which a user can freely define
the optimum process parameters. In this sense, formulation characteristics could be

critical factors to select the T;-t; profile.

4.4.4. Conclusions

Optimization of a drug formulation from Fresenius Kabi (FK1) was performed using
a design of experiments (DoE) experimental approach. The DoE was developed
based on the knowledge of the critical process input parameters, such as drying
temperature, drying time and chamber pressure as well as the characteristics of the
drug formulation. Furthermore, the influence of vial position on residual moisture

content (MC) and glass transition temperature (T,) were studied.

Within the range of drying time studied, a 40% reduction in moisture content was
observed when the drying temperature was increased from 30 °C to 40 °C,
regardless of the drying time. This significant decrease in moisture content

demonstrated a strong influence of the secondary drying temperature on the
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moisture content of FK1. However, the effect of drying temperature on glass
transition temperature was minimal. This was due to the fact that, at the drying
temperatures and drying times studied, the moisture content already reached a very
low level and a further reduction in moisture content yielded minimal effect on the
glass transition temperature of the dried product. Thus, the minimum moisture
content could be defined based on its effect on the glass transition temperature of
the product. Although less significant, the effect of the drying time on moisture
content and glass transition temperature of FK1 followed a similar trend to the effect
of the drying temperature. Hence, from process economy perspective, a high drying

temperature could significantly reduce processing time.

The chamber pressure, on the other hand, was found to have little influence on the
secondary drying output parameters of FK1. Further, the effect of vial position on
MC and T; demonstrated a small difference between edge and center vials. In this
regard, at all the experimental conditions studied here, the edge vials had higher MC
and lower T, than the center vials. As demonstrated by the product temperature
profile of front edge and center vials during the secondary drying, there is a possible
heat loss from the front edge vials to the freeze dryer walls and door. This could, at
least partly, be responsible for the lower product temperature of the front edge vials,

and hence lower secondary drying rate.

Based on the understanding of the influence of the drying temperature and time on
MC and T,, a secondary drying process design space (PDS) was developed for the
FK1 product. The PDS incorporate possible secondary drying processing
parameters (i.e., drying temperature and drying time) that yield acceptable MC and
T, for the FK1 product. These acceptable MC and T, values could be defined based
on the formulation characteristics and storage conditions. Verification results showed
excellent agreement in MC and T; with the PDS defined values. Therefore,
understanding the relationship between the input and output parameters and
development of PDS for the secondary drying step of FK1 significantly facilitated
process optimization. Considering the effectiveness of the approach presented

herein for a highly complex formulation, such as FK1, its applicability for similar
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products could be very important. Further, the availability of the PDS could serve as

an important tool to solve manufacturing related problems.
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Chapter 5: Conclusions

Form the experimental results obtained in this study, it can be concluded that:

e A strong relationship between formulation and freeze-drying process has
been demonstrated. In this sense, a formulation composition has a direct
impact on freeze-drying process efficiency. A formulation with low collapse
temperature (less than -40 °C), for example, requires a very long primary
drying time. Further, a formulation with low solubility of the active constituent
may require a large amount of solvent, and hence long primary drying time.
Therefore, consideration of the impact of formulation composition on

process efficiency is a critical step during freeze-drying process design.

e The primary drying output parameters (i.e., product temperature, overall vial
heat transfer coefficient and sublimation rate) showed significant differences
with respect to the vial positions. Thus, while the center vials have the lowest
primary drying output parameters, the highest values were observed for the

front edge vials.

e Concerning the effect of shelf temperature on the primary drying output
parameters, product temperature and sublimation rate showed a direct
relationship with shelf temperature. In this sense, reducing shelf
temperature, at a constant chamber pressure, reduces the heat input to the
system. Thus, the energy equilibrium state of the system is achieved at lower
product temperature. Furthermore, the vapor pressure of ice is reduced as
product temperature decreases, and thus, at constant chamber pressure,
the driving force for sublimation decreases. Consequently, the sublimation

rate also decreases.

e Because of the assumptions involved in the calculation of the overall vial
heat transfer coefficient, its dependence on shelf temperature was not a

straightforward relationship. At low shelf temperature, for example, the
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contribution of the direct conduction heat transfer mechanism (a direct result
of the shelf temperature) to the overall vial heat transfer coefficient becomes
weaker than the contribution from the energy input via the conduction
through the gas and radiation. In such circumstances, the calculation of the
overall vial heat transfer coefficient was overestimated.

Variation in chamber pressure showed a significant influence on the primary
drying output parameters. Increasing chamber pressure, at constant shelf
temperature, increases all the primary drying output parameters. At high
chamber pressure, sublimation of ice does not start unless the product
temperature is too high to yield a vapor pressure of ice greater than the
chamber pressure. Thus, due the absence of sublimation of ice at low
product temperature, the energy consumption from the system is very low
and, consequently, most of the energy input at the start of the primary drying
is utilized to increase the product temperature. The increase in product
temperature, at constant shelf temperature, increases both the overall vial

heat transfer coefficient and the sublimation rate.

Different combination of primary drying input parameters (i.e., chamber
pressure and shelf temperature) yielded similar product temperatures;
however, significant differences among the corresponding sublimation rate
and overall vial heat transfer coefficient were observed. In general. It was
demonstrated that, at a given product temperature, low chamber pressure—

high shelf temperature combinations yielded the highest sublimation rate.

A novel approach to design and optimize the primary drying section of the
freeze-drying process has been developed in this study. The approach,
called Temperature Ramp Approach (TRA), is an experimental based and
easy-to-use approach, which requires proper formulation characterization
and definition of a narrow range of target product temperatures for the
primary drying step. The TRA considers variations in product temperatures
and sublimation rates across a shelf, and thus assures the effectiveness and

robustness of the resulting freeze-drying process.
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To address the quality-by-design concept for a freeze-drying process, a new
approach for the construction of a process design space (PDS) for the
primary drying step has been developed. The proposed approach uses a
customized design of experiments (DoE) to perform a range of sublimation
experiments and considers variations in product temperature and
sublimation rate within the vial arrays. A PDS is an important tool during

freeze-drying process scale-up and transfer.

The secondary drying output parameters (i.e., moisture content and glass
transition temperature) were found to be strongly influenced by the drying
temperature and time. The influence of drying temperature was observed to
decrease as drying time increases. This demonstrates that most of the
residual moisture content, at higher drying temperature, was removed
shortly after the start of the secondary drying process. On the other hand,
the chamber pressure was found to have an insignificant effect on the
secondary drying output parameters. Further, a process design space for
the secondary drying step is proposed as a useful tool to design, optimize,

scale-up, and transfer of the freeze-drying process.
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APPENDICES

El articulo “Understanding and optimization of the secondary drying step of a freeze-
drying process: a case study” que forma parte de la seccién “Appendices” ha sido
retirado de la tesis debido a restricciones relativas a derechos de autor. Dicho articulo
ha sido sustituido por su referencia bibliografica, enlace al articulo y resumen.

- Assegehegn, G., Brito de la Fuente, E., Franco, J.M., Gallegos, C.: “Understanding and
optimization of the secondary drying step of a freeze-drying process: a case study”.
Dryng Technology. DOI : 10.1080/07373937.2020.1739065

Enlace al articulo: https://doi.org/10.1080/07373937.2020.1739065

RESUMEN:

The objective of this study was to build an understanding and optimize the secondary
drying step of a freeze-drying process using a drug formulation from Fresenius Kabi (FK1)
as a case study. For this purpose, a design of experiments (DoE) was developed to study
the influence of drying temperature, drying time, vial position, and chamber pressure
on moisture content and glass transition temperature of FK1. The results obtained
herein showed that the influence of drying temperature on moisture content and glass
transition temperature was strong at short drying time, implying that increasing drying
temperature could lead to a significant decrease in the required drying time to achieve
a designed moisture content and glass transition temperature. Variation in chamber
pressure from 0.05-0.40 mbar showed insignificant influence on moisture content and
glass transition temperature. Small variations in moisture content and glass transition
temperature with respect to vial position were also observed, where edge vials had
higher moisture content and, consequently, lower glass transition temperature than
center vials. Further, the results from the DoE were utilized to construct a process design
space (PDS) for the secondary drying step of FK1. Experimental verification of the PDS
demonstrated an excellent agreement between the PDS-defined and experimentally-
determined moisture content and glass transition temperature values. Thus, the PDS
facilitated process optimization of FK1 and could serve as an important tool during scale-
up and transfer of the process.
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The freeze-drying process is a combination of 2 equally important processes, freezing, and drying. In the
past, the effort was mainly focused on optimizing the drying process without considering the possible
effects of the freezing step. During freezing, a solution undergoes several physical changes, incduding a
supercooling state. The degree of supercooling of a solution dictates the ice habit (size, number, and
morphology) during freezing, which impacts the subsequent drying process, such as the resistance to
water vapor flow. Therefore, heterogeneous degree of supercooling leads to heterogeneous ice habits

rr:ye‘zwe-:id;inz and, in turn, to heterogeneous drying behavior. This poses significant challenges during freeze-drying
Iyophilization process development, optimization, and scale up. Hence, controlling the degree of supercooling signif-
nucleation icantly improves freeze-drying process design. The aim of the current review is to gather existing in-
zz:jlfn'?’;‘m‘ formation on the physicochemical phenomena involved in the freezing process and how these

phenomena impact the subsequent drying step of the freeze-drying process. In addition, modification of
the freezing process and different techniques used to actively control the degree of supercooling during
freezing will be reviewed and discussed. Their impact on freeze-drying process performance will be also
addressed.

glass transition(s)

© 2019 American Pharmadists Association®™. Published by Elsevier Inc. All rights reserved.

Introduction freeze-dried products have some disadvantages, such as they are

not as convenient to administer as a sterile, ready-to-use solution;

Drying is one of the key unit operations in pharmaceutical and
biopharmaceutical industries, especially used to remove solvents
(usually water) from liquid drug formulations with the purpose of
converting them into solid forms without comp their

freeze-dried products require additional reconstitution and trans-
fer steps during administration (because of this, sterility assurance
may be compromised); and due to expensive equipment and

facturing costs, freeze-dried products are, generally, more

pharmaceutical and therapeutic properties. The main reason
behind this conversion is that a drug formulation in its solid state
allows the immobilization of the active drug substance as well as
the excipients, hence significantly reducing the chemical and
physical degradation pathways, such as hydrolysis, oxidation,
isomerization, condensation, racemization, and reactions with
other components in solution.! An extended stability of the
formulation containing the active pharmaceutical ingredient (API),
even at ambient temperature, is then achieved.” In addition to the
stability benefits, drug formulations in solid forms have the ad-
vantages of easy handling and storage, and reducing transportation
costs.” In contrast to the aforementioned advantages, solid or

* Correspondence to: Getachew Assegehegn (Telephone: +49 6172 608 7381).
E-mail address: getachew.assegehegn@ kabi.com (G.

hitps://doiorg/10.1016/jxphs.2018.11.039

expensive than ready-to-use solutions.

Several drying technologies are already in use or under devel-
opment in pharmaceutical and biopharmaceutical industries. These
include freeze-drying,*® foam drying,”® spray,”'' spray freeze-
drying,"*' supercritical fluid drying,”"® convective drying,'” mi-
crowave drying,'"" and more recently electrostatic drying.”’
Shanghai Tofflon Science and Technology Co. Ltd. is currently
developing a spray freeze dryer for pharmaceutical products (pri-
vate communication, 2018). A detailed review of these drying
technologies is given elsewhere.” Selection of an efficient drying
process often presents challk because it requires the consid-
eration and evaluation of many critical parameters. These include
physical properties of the product, drying temperature, residual
water content, quality and shelf-life of the dried product, ease of
process design, scalability, capability to implement the technique in
a good manufacturing practice environment, ease of control of

0022-3549/0 2019 American Pharmacists Association®, Published by Elsevier Inc. All rights reserved.
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critical process parameters, and investment and operational costs
of the drying process. The challenges arise from the fact that all the
available drying technologies only fulfill few of the factors listed
previously. Therefore, the selection process requires an intensive
evaluation and comparison of the different drying technologies,
especially considering the final product attributes. In addition to
the aforementioned factors, the cost of raw materials might also
have an impact on the selection of the drying process.’ For instance,
for high-value products, as it is often the case with pharmaceuti-
cals, the cost of the raw ingredients may be the primary driver that
dictates the selection of a drying method, as low yield or product
recovery less than 100% may not be acceptable.’

Despite the abundance of drying technologies available, the vast
majority of these techniques, in their current state, are not directly
applicable for the processing of pharmaceutical and biopharma-
ceutical products because of many reasons, including (1) unknown
effect of energy source on structure or stability of the products, (2)
energy efficiency, (3) scalability, and (4) inability to achieve low
residual water content.” This might be the reason why the vast
majority of the pharmaceutical and biopharmaceutical industries
are currently using freeze-drying or lyophilization as a drying
technique. Despite its shortcomings, such as high production costs,
high investment and maintenance costs, and low throughput,
lyophilization is a well-established drying method that successfully
passes regulatory bottlenecks. The broad use of freeze-drying pro-
cess is supported by the fact that, in 1998, lyophilized pharmaceu-
ticals accounted for 11.9% of all new injectable or infusible drugs, but,
by 2015, they made up half of all such new drug introductions.”’

Freeze-drying is a drying unit operation with a core principle of
removal of solvent from a liquid formulation, in which the formula-
tion is first frozen and then the frozen solvent is removed by subli-
mation, at a reduced pressure, followed by a desorption process for
the removal of the unfrozen solvent. Therefore, 2 equally important
major processes are taking place during a complete freeze-drying
process; (1) freezing, during which most of the solvent, up to 95%,**
is converted into frozen solid, and (2) drying, during which almost
all the solvent (frozen and unfrozen) is removed from the formula-
tion. The drying process is further classified into 2 steps, based on the
mechanism of the drying process, namely sublimation (primary
drying) and desorption (secondary drying).

Freezing is the first operation in a freeze-drying process and is,
of course, a critical step because if the product is impaired from the
start, there is obviously no interest to go further.”” During the
freezing step, most of the water is converted into solid by forming a
network of ice crystals and this step dictates ice crystal
morphology, size, and size distribution, which in turn influence
several critical parameters, such as dried product resistance, pri-
mary and secondary drying rates, extent of product crystallinity,
specific surface area, and reconstituability of the dried product.”
The influence of freezing on the subsequent drying process can
be well described using the governing transport phenomena
equations of a freeze-drying process. During the primary drying
phase of a freeze-drying process, heat and mass transfer should
take place in “close-equilibrium,” so that the change in product
temperature during the entire primary drying period remains
insignificant, usually within 2°C-3°C. Therefore, for the purpose of
calculations, a pseudo steady-state in product temperature can be
safely assumed and, hence, the equilibrium in heat and mass
transfer during primary drying is given as in Equation 1.

Q = 4H;m (¢3)
Where, QW] is the overall heat transfer rate to a given vial, AH, [J/

g] is the heat of sublimation of ice, and ri|g/s| is the overall mass
transfer rate from a vial.

Furthermore, the overall heat and mass transfer rates can be
expressed as in Equations 2 and 3, respectively.

Q= AK(Ts ~ Tp) (2)

Where, A, [cm?] is the outer surface area of a vial, K, [W/cmZ2K] is
the overall heat transfer coefficient of a vial, T [K] is the shelf
temperature, and T, [K] is the product temperature.

. PilTp) — pe
m Ro® (3)
Where, p; (Tp) [mbar] is the vapor pressure of ice (function of
product temperature, Tp), p [mbar] is the chamber pressure, and R,
(r) [mbar.s/g] is the resistance to mass transfer of the dried product
(function of pore radius, r).

Substituting Equations 2 and 3 into Equation 1 gives

v _ g PilTe) — Pc
AK,(Ts—Tp) = AH’__—-—R,,(r) (4)

All the parameters in Equation 4 are as described previously.
Equation 4 can be used to analyze the effect of the freezing step on
the primary drying of freeze-drying process.

Effect of Freezing on Resistance to Mass Transfer of the Dried
Product (Ry (1))

As mentioned earlier, the predominant and direct impact of the
freezing step is on the formation of ice crystal habits, such as size
and morphology, and this, in turn, impacts the pore size of the dried
product after the ice crystals are sublimed. Large ice crystals leave
large pore radius in the dried product and, consequently, they have
low resistance to mass transfer. By contrast, small ice crystals leave
small pore radius, which hinder the transport of water vapor
significantly. Therefore, the resistance to mass transfer of the dried
product is inversely related to the size of ice crystals that are
formed during the freezing step.

Effect of Freezing on Product Temperature (T,) and Vapor Pressure of
Ice (p))

As mentioned in the previous section, the direct impact of the
freezing step is on the resistance to mass transfer of the dried
product, Rp, and, as a consequence of this, many other parameters,
such as product temperature, Tp, vapor pressure of ice, p;, overall
heat transfer coefficient of a vial, Ky, and mass transfer rate, m, are
affected. Although the effect of the freezing step on these param-
eters is rather complex, it can be studied by evaluating the gov-
erning heat and mass transfer equations. Rearranging Equation 4
for product temperature, the following equation is obtained:

4Hs(pi(Tp) — pe)
AKR,T)

To evaluate the effect of the freezing step on product tempera-
ture, Tp, from Equation 5, the following condition must be met: the
input process parameters, which means the shelf temperature, T,
and the chamber pressure, p,, should be kept unchanged. Now, let
us consider 2 proprietary products, product A and product B. For
product A, the freezing protocol produces few and large ice crystals
and, hence, low R;,. On other hand, the freezing protocol for product
B produces many and small ice crystals and, hence, high R,. Ac-
cording to Equation 5, this results in lower product temperature for
product A than for product B. This is because, at low Ry, the

T, =T; - (5)
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endothermic mass transfer process is dominant and thus takes up
substantial energy from the process. If this substantial energy take-
up is not compensated by increasing the heat transfer rate (rate
limiting process), the product temperature decreases. At the same
time, according to the phase diagram of water, the vapor pressure
of ice, pi, decreases as product temperature decreases. Conse-
quently, the term (pi(Tp)—pc) in Equation 5 decreases, resulting in a
reduction of mass transfer rate. The reduction in mass transfer rate
reduces the energy take-up from the process, and thus the product
temperature slightly increases. This cycle repeats itself until a new
equilibrium in heat and mass transfer rate is achieved. This analysis
implies that, for product A (with low Rp), the energy input (i.e., the
shelf temperature) can be increased to shift the heat transfer rate
from a rate-limiting process to a process in equilibrium with the
mass transfer rate, so that the product temperature remains at the
predefined target product temperature from the start of the
process.

On the other hand, at high Ry, the endothermic mass transfer
process becomes a rate-limiting process, and the excess energy
input from the dominant exothermic heat transfer process causes
the product temperature to increase. At the same time, according to
the phase diagram of water, the vapor pressure of ice, p;, increases
as product temperature increases. Consequently, the term (p; (Tp)—
Pe) in Equation 5 increases, resulting in an increased forced mass
transfer rate. Depending on the increase in the magnitude of the
forced mass transfer rate and the product temperature, a micro-
collapse or a complete collapse of the product might occur. This
analysis implies that, for product B (with high R), the energy input,
which means the shelf temperature, might need to be decreased to
shift the heat transfer rate from a dominant process to a process in
equilibrium with the mass transfer rate, so that the product tem-
perature remains at the predefined target product temperature,
avoiding product damage. In general, the impact of the freezing
step on the different par can be ized as follows:

recice crystal size
1
Ry -
Rp o Tp
Provided Ts and p are kept unch d (6)

product resistance, the higher the mass transfer rate and, on the
other hand, the lower the product temperature (or the vapor
pressure of ice), the lower the mass transfer rate. Therefore, the
overall effect of the freezing step on mass transfer rate is dependent
on the relative effect of the freezing step on the dried product
resistance and the product temperature. Therefore, the advantage
of having high mass transfer rate due to low dried product resis-
tance could be offset by the low product temperature, unless the
processing parameters (shelf temperature and chamber pressure)
are set to keep the product temperature at the predefined target
product temperature.

In addition to the forementioned impact of the freezing step on
freeze-drying process, it is a critical step with regard to biological
activity and stability of the API, especially for pharmaceutical pro-
teins.”> > Therefore, a thorough understanding of the phys-
icochemistry of the freezing process is essential for understanding
how both formulation composition and process conditions influ-
ence the quality of the freeze-dried product.’®

The aim of the current review is to gather existing information
on the physicochemical phenomena involved during the freezing
process and how these phenomena impact the subsequent drying
step of the freeze-drying process. In addition, modification of the
freezing process and different techniques used to actively control
the degree of supercooling during freezing will be reviewed and
discussed along with their impact on freeze-drying process per-
formance. In this sense, this review stresses the importance of
understanding the fundamental principles of the freezing step
during the freeze-drying process, as well as its significant impact on
freeze-drying process development, optimization and scale up. In
addition, an update of the available techniques for the active con-
trol of the degree of supercooling is addressed.

The Freezing Process

In general, the freezing process consists of 3 stages namely, (1)
cooling stage, in which the liquid formulation is cooled from its
initial temperature to the freezing point temperature; (2) phase
change stage, in which the first ice nucleus formation and ice crystal
growth are taking place; and (3) solidification stage, in which all the
ice crystajlls grow to an extent that no further ice crystal growth is

pi=Tp

1
Tp.pics

.
mczﬂ. T,
Therefore, it is of paramount importance to study the nature of
the freezing step during development, optimization, transfer, and
scale-up of the freeze-drying process.

Effect of Freezing on Mass Transfer Rate ()

The effect of the freezing step on mass transfer rate is not a
straightforward relationship. On one hand, mass transfer rate is
inversely related to the resistance to mass transfer of the dried
product, R,. On the other hand, mass transfer rate is directly related
to the product temperature, Ty, and, hence, to the vapor pressure of
ice, p;, provided that the shelf temperature and chamber pressure
are kept unchanged (Eq. 6).

As can be deduced from Equation 6, large ice crystals are
correlated with low dried product resistance and with low product
temperature. Furthermore, Equation 6 shows the relationship of
dried product resistance and product temperature with mass
transfer rate and, according to this equation, the lower the dried

Cooling Stage

During the cooling stage, the temperature of the formulation is
decreased until the first ice nucleus starts to be formed. The tem-
perature at which the first ice nucleus is formed is known as ice
nucleation temperature, T,. When an aqueous system is cooled at
atmospheric pressure, it does not freeze spontaneously at its
equilibrium freezing point’%; rather, it retains its liquid state to a
certain degree. The equilibrium freezing of aqueous systems re-
quires, among other things, that an ice crystal nucleus is made
available at the equilibrium freezing point of the system and that
appreciable temperature differences within the system do not exist.
Supercooling arises when, at least, one of these conditions is not
met.** Supercooling is therefore defined as the ability of an aqueous
system to retain its liquid state below its equilibrium freezing point.
During the supercooling state, which is a nonequilibrium and
metastable state, water molecules form clusters with relatively
long-living hydrogen bonds with similar molecular arrangements
to ice crystals.”>** Since this process is energetically unfavorable,
the molecular clusters break up rapidly until an adequate amount
of molecules associate in 3 dimensions to form a thermodynami-
cally stable aggregate, so-called critical nucleus, which provides
surfaces suitable for crystal growth.”’ Depending on the cooling
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rate used, 2 supercooling states can be observed. The first is global
supercooling, in which the entire liquid volume achieves a similar
level of supercooling, and the secondary nucleation zone encom-
passes the entire liquid volume. Solidification then progresses
through the already nucleated volume.”* Slow cooling rates, such as
shelf-ramp cooling, lead to global supercooling. The second is local
supercooling, in which a small fraction of the volume is supercooled
to the point of primary and secondary nucleation. The nucleation
and solidification fronts are in close proximity in space and time,
with the front moving into the non-nucleated liquid.”* Figure 1
shows a typical freezing curve of a pharmaceutical liquid formu-
lation. The equilibrium freezing point of this formulation is shown
as point A and, because freezing does not start at point A, the
formulation retains its liquid state until point B, in which the first
ice nucleus is formed. The state of the formulation from point A to
point B is termed as supercooling state and the degree that the given
formulation retains its supercooling state is termed as degree of
supercooling. The degree of supercooling is quite variable and it is
affected by several factors, such as foreign particles, container
surface area, process conditions, le volume, composition of
the matrix, and contact area between sample and container.’' The
aforementioned and other factors are responsible for the random
and stochastic nature of ice nucleation. As will be discussed later
more in detail, the variation in degree of supercooling from sample
to sample affects the drying behavior of these samples during
primary drying and this, in turn, hinders the effort to design robust
and economically optimized freeze-drying processes. Therefore,
the ability to control the degree of supercooling or ice nucleation
during the freeze-drying process is essential to produce batches
with consistent and similar freezing behaviors. Freezing methods
aiming to control the ice nucleation during the freeze-drying pro-
cess are currently available. Some of them have yielded successful
experimental results at laboratory scale.”> >’ However, only limited
data are still available at industrial scale.*** These methods will be
discussed more in detail later in this review.

Phase Change Stage

Phase change stage (referring to a phase change from liquid to
solid) starts once a formulation reaches its ice nucleation temper-
ature (Ty), point Bof Figure 1, in which the first ice nucleus appears.
The appearance of the firstice nucleus is called primary nucleation.
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Figure 1. Freezing curve of a typical pharmaceutical formulation obtained during a
shelf-ramp freezing experiment (authors' own results). Ty is the equilibrium freezing
temperature; T, is the ice nucleation temperature.

Primary nucleation is an extremely fast process and, hence, it is
difficult to observe either by eye or on a cooling thermogram except
as a starting point of the secondary nucleation.”* Secondary nucle-
ation (from point B to C of Fig. 1) immediately follows primary
nucleation and it is characterized by the addition of ice nucleation
sites.

Formation of ice crystals is an exothermic process and, for this
process to continue, the heat given off must be removed. This heat
is removed by the supercooled solution, which s at a certain degree
below the equilibrium freezing temperature. During this process,
the supercooled formulation only absorbs limited amount of heat
and, hence, the temperature of the solution increases quickly to its
equilibrium freezing temperature where formation of ice crystals
ceases, point C of Figure 1. The amount of heat absorbed during
secondary nucleation determines the total number of ice crystals
formed, which, in turn, depends on the degree of supercooling.
Higher degree of supercooling allows bigger amount of heat to be
absorbed during the exothermic crystallization process and this
grants the formation of many ice crystals.

The mass fraction of freezable water that crystallizes during
nucleation (x) can be calculated according to Equation 7, in which
the extent of supercooling is used to absorb the heat of crystalli-
zation up to the equilibrium freezing point™*:

e (G-}
My (1-C/C;) aHn

Where, my,, is the mass of water crystallized at nucleation, my¢
is the mass of freezable water, Ty is the equilibrium freezing tem-
perature of water, T, is the ice nucleation temperature, C,,, is the
heat capacity of water (around 4.2 J/g.K), C is the mass fraction of
solutes, Cé is the mass fraction of solutes in the maximally freeze
concentrated state, and AH,, is the latent heat of fusion of water
(334 J/g).*° The amount of total crystallizable water and unfrozen
water is mainly influenced by the composition of the formulation
and is not influenced by the ice nucleation temperature.*!

In addition, the rate of ice crystal growth (freezing rate) is
dependent on the degree of supercooling. At higher degree of
supercooling (i.e., lower ice nucleation temperature), the ice crystal
growth rate is faster. This is because the relatively colder shelves of
the freeze dryer remove the heat generated during ice formation
faster. The rate of crystal growth (G) can be expressed as a function
of degree of supercooling, as shown in Equation 8**:

(7)

G = B(4Ty)" (8)

Where, ATs = Tr — Ty (degree of supercooling), and B and n are
experimental constants.

Onthe other hand, if a solution has a low degree of supercooling,
meaning small temperature difference between the equilibrium
freezing point temperature and the nucleation temperature, only a
small amount of the heat of crystallization can be absorbed by the
supercooled water. This results in the instantaneous freezing of
only a small fraction of freezable water and, hence, the formation of
just a few ice crystals. In addition, the ice crystal growth rate of a
solution with low degree of supercooling is slow, as the relatively
warmer freeze dryer shelves have low driving force to remove the
crystallization heat. A pictorial depiction of the freezing process at
high and low degrees of supercooling is shown in Figure 2.
Figure 2a shows the freezing phenomenon in the case of a high
degree of supercooling (i.e., 13°C). As discussed earlier, higher de-
gree of supercooling leads to a higher amount of water to crystallize
during secondary nucleation (cf. Eq. 7) and to faster rate of freezing
(cf. Eq. 8). This, in turn, leads to the formation of many ice
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Figure 2. Pictorial d of the freezing

effect of the degree of supercooling on ice crystals size, number, and morphology. (a) Freezing phenomena with high

degree of supercooling, and (b) freezing phenomena with low degree of supercooling. Ty is the equilibrium freezing temperature; T, is the ice nucleation temperature.”

nucleation sites during secondary nucleation producing many
small ice crystals. By contrast, Figure 2b shows an example of a low
degree of supercooling (i.e., 3°C). In this case, it is apparent that a
lower amount of water crystallizes during secondary nucleation (cf.
Eq. 7), yielding very few large ice crystals.

Itis also known that ice crystal morphology is a function of the
degree of supercooling. Generally, 3 different types of ice crystal
morphologies can be observed during freezing of a solution®**: (1)
at high degree of supercooling (Fig. 2a), because of the fast freezing
rate, the water molecules arrange randomly around the ice nuclei,
creating irregular dendrites or needle-like crystals; (2) at low de-
gree of supercooling (Fig. 2b), the freezing rate is slower and the
water molecules have sufficient time to arrange themselves to form
regular hexagonal crystals, called dendrites; (3) at high cooling
rates, many ice spears can originate from the center of crystalliza-
tion without side branches, called spherulites. Supporting this idea,
Tammann reported the influence of nucleation temperature on ice
crystal morphology.** Specifically, samples frozen at low degree of
supercooling (i.e., warmer nucleation temperature) yield dendritic
structures, whereas samples frozen at high degree of supercooling
(i.e., colder nucleation temperature) yield crystal filaments.”**

Solidification Stage

Once stable ice nuclei are formed, their growth proceeds by the
addition of water molecules to the interface, which is termed as
solidification. Point C of Figure 1 shows the onset of solidification.
During solidification, the ice crystals grow, reducing the availability
of liquid water. This, in turn, increases the solute concentration in
the formulation, which is referred to as freeze-concentration.”® The

increase in solute concentration during freezing is a function of
temperature only and is independent of the initial concentration.**
On further cooling, the solute concentration increases to a critical
concentration, above which the concentrated solution undergoes
either eutectic freezing or vitrification.”

A eutectic mixture is formed when a solute crystallizes from a
freeze-concentrated solution.’” For example, mannitol, glycine,
sodium chloride, and phosphate buffers are known to crystallize on
freezing if present as the major component.’® The eutectic tem-
perature (Tey) is the lowest temperature at which a solution remains
liquid and, at this point, the freeze-concentrate saturates and
eutectic freezing or solute crystallization occurs.’ It is only below
the eutectic temperature that a crystalline system is considered
completely solidified.””

For binary mixtures, the eutectic temperature depends on the
solubility of the solute and it could generally be said that the lower
the solubility of a given solute, the higher is the eutectic temper-
ature.’” For multicomponent systems, the general rule is that the
crystallization of any component is influenced or hindered by the
presence of other component.'

On the other hand, vitrification occurs in amorphous solutions
where solutes do not crystallize during freezing. The fact that
amorphous solutes do not crystallize at their eutectic temperature
is due to their complex microstructures.' Freezing of water and,
consequently, increase in solution concentration cease when the
solution viscosity is close to 10? Pa-s.*> At this viscosity level, the
state of the freeze-concentrated solution is expected to change
from a rubbery to a glassy solid, a process known as glassification or
vitrification.*” The temperature at which this transition occurs is
referred to as the glass transition temperature of the maximally
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freeze-concentrated solution (Tg'). Tg' is shown in the supplemented
phase diagram, Figure 3, as the intersection of the freezing point
depression curve of water in the presence of amorphous solute and
the glass transition curve. Tg' is the point on the glass transition
curve, representing a reversible change between a viscous rubber-
like liquid and a rigid glassy system.’>*” Tg' depends on the
composition of the solution, but is independent of the initial solute
concentration.* 44748

The most important difference between freeze-drying a crys-
talline solution and an amorphous solution concerns the definition
of the maximum allowable product temperature during primary
drying. In a crystalline solution, complete solidification of the so-
lution occurs below the eutectic temperature and, hence, the
eutectic temperature is defined as the maximum allowable product
temperature during primary drying. On the other hand, complete
solidification of an amorphous solution occurs below the glass
transition temperature of the maximally freeze-concentrated so-
lution (Tg'). Although, in most cases, Tg' is used to define the
maximum allowable product temperature during primary drying,
the collapse temperature (Tc) of an amorphous solution more
precisely defines the temperature at which a structural loss of the
product occurs. In addition, Tc is several degrees higher than Tg', as
the high viscosity of the sample at a temperature close to Tg' pre-
vents viscous flow.”” Thus, to maximize process efficiency, Tc can be
used to define the maximum allowable product temperature dur-
ing primary drying. Eutectic melting temperatures are relatively
high compared to glass transition temperatures, allowing a higher
product temperature dunng primary drying and resulting in much
shorter drying processes.’” If the product temperature during pri-
mary drying exceeds either the eutectic temperature (for a crys-
talline solution) or the collapse temperature (for amorphous
solutions), a structural breakdown of the dried product occurs. This
structural breakdown is commonly known as meltback (for a
crystalline solution) or collapse (for amorphous solutions).’” In
relation to this, the physical state of some drugs, that means crys-
talline versus amorphous, may have a significant effect on drug
potency loss; crystalline drugs are more prone to lose potency.**"
Drug potency and insolubility share a common origin: structural
and thermodynamic drug properties. A potent drug forms a stable
complex, that is, a complex with an unfavorable free energy of
dissociation. Similarly, an insoluble drug forms a stable crystal, that
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Figure 3. Supplemented phase diagram describing the low temperature behavior of a
selected proprietary solution “A". Ty(w): melting or freezing temperature of pure
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is, a crystal with an unfavorable free energy of dissolution.***"

Because amorphous drugs are markedly more soluble than their
crystalline counterparts, they represent the most energetic solid
state of a material, and thus they provide the biggest advantage in
terms of solubility and bicavailability.”'* The higher aqueous
solubility can potentially translate into higher bioavailability
compared to a formulation consisting of the crystalline form of the
drug substance. Recently, amorphous solid dispersions have been
used as formulation solutions to improve drug solubility and
bioavailability.”

Moreover, the microstructural differences between crystalline
and amorphous frozen solutions result in significantly different
behaviors during the freeze-drying process. Thus, the interstices
among the ice crystal matrices of a crystalline solution consist of an
intimate mixture of small crystals of ice and solute, whereas the
interstitial region in amorphous solutes consists of solid solution
and unfrozen, amorphous water. Therefore, in a crystalline solution,
nearly all water is frozen and can be easily removed during primary
drying without requiring secondary drying. However, in an amor-
phous solution, up to 20% of unfrozen water is associated with the
solid solution, which must be removed by desorption during sec-
ondary drying.*’ Characterization of a lyophilization formulation is
therefore essential to better understand the effect of the freezing
step on the subsequent drying process. Several techniques are
available to characterize a lyophilization formulation in its frozen
state. Differential scanning calorimetry, modulated differential
scanning calorimetry, and differential thermal analysis are used for
the determination of glass transition temperature of the maximally
freeze-concentrated solution (Tg'), and eutectic temperature
(Teyw).****%% whereas freeze-drying microscopy is used for the
determination of the collapse temperature (Tc).” %%

It is common that crystalline bulking agents, such as mannitol,
polyethylene glycol (PEG), and glycine, are added to amorphous
lyophilization formulations to facilitate the primary drying®’ In
such circumstances, a thorough understanding of the extent of
crystallinity of the crystalline bulking agents is crucial in terms of
process performances as well as storage stability. Bhatnagar et al.**
studied the effect of sucrose concentration on the crystallization of
PEG. They reported that sucrose concentration above 5 (% w/v)
effectively hindered PEG crystallization during freeze-drying,
whereas PEG was crystallized in a formulation with sucrose con-
centration up to 10 (% w/v) when PEG was covalently linked with
recombinant human growth hormone. While PEG crystallization
during freezing allows primary drying to be performed at elevated
temperature and decreases primary drying time, failure of PEG
crystallization during freeze-drying leads to crystallization during
storage, which might affect protein stability. Low temperature X-
ray powder diffractometry is one of the techniques used for
qualitative determination of crystallinity on mixed frozen
formulation.”

The illustration of the supplemented phase diagram (see Fig. 3)
summarizes all the physicochemical changes that occur during
freezing and the subsequent drying process for a selected pro-
prietary formulation, named as A.

As can be observed in Figure 3, a solution “A,” having a certain
initial solute weight fraction, is cooled down according to a typical
freezing protocol (red broken line starting at “A”). The freezing line
crosses the equilibrium freezing curve, demonstrating the fact that
solutions do not instantaneously freeze at their equilibrium
freezing temperatures. As discussed in Cooling Stage section, the
solution passes through a supercooling state before the formation
of the first ice nucleus. After the formation of the first ice nucleus,
additional ice crystals are created during the secondary nucleation,
until the temperature of the supercooled water reaches the equi-
librium freezing curve. The number of ice crystals formed during
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the secondary nucleation is dependent on the degree of super-
cooling (cf. Phase Change Stage section).

Once the secondary nucleation is completed, additional heat is
removed by cooling the solution further and the remaining water
freezes and solidifies when the previously formed ice crystals
grow.*? If the cooling rate is slow, the solidification process follows
the equilibrium freezing curve of the solution until it intersects the
equilibrium solubility curve and this demonstrates that solidifica-
tion is only proceeding by the growth of ice crystals formed during
secondary nucleation. During the solidification process, the con-
centration of the solution increases as more water is removed by ice
crystal growth and this increase in concentration is independent of
the initial concentration (it only depends on temperature).** At the
point of intersection of the equilibrium freezing curve and the
equilibrium solubility curve, the solution reaches a critical con-
centration, above which the supersaturated solution undergoes,
depending on the nature of the formulation, either eutectic freezing
or vitrification.

Crystalline formulations undergo eutectic freezing, in which the
solute crystallizes below the eutectic temperature. During the
eutectic freezing, the unfrozen water is released from the super-
saturated solution as the solute continues crystallizing and this free
water immigrates to the frozen water and further crystallizes. If
100% solute crystallization is assured, it could be concluded that all
the available water is also frozen. This means that, during freeze-
drying of a crystalline formulation, all the water can be removed
by sublimation, as shown in Figure 3. Crystalline formulations can
be freeze-dried a few degrees below their eutectic temperatures
without the need for secondary drying.

Amorphous formulations, on the other hand, undergo vitrifica-
tion, in which the solute concentration continues to increase as
more water freezes below the eutectic temperature. Freezing of
water ceases when the freeze-concentrated solution changes from
a rubbery to a glassy solid. This transition is marked by the inter-
section of the freezing curve and the glass transition curve in
Figure 3. The temperature at which a transition from rubbery state
to glassy solid is taking place is known as the glass transition of the
maximally freeze-concentrated solution, Tg". In amorphous for-
mulations, the glassy solid consists of amorphous solutes and
frozen (as well as unfrozen) water. Depending on the initial con-
centration of the solute, the unfrozen water in the glassy solid can
be as high as 20%.°°

Primary drying of amorphous formulations can be performed at
afewdegrees below Tc(as seenin Fig. 3) until all the frozen water is
removed. At the end of primary drying, the water content of the
dried product is still significantly high, which accounts for the
unfrozen water. During the freeze-drying process, the unfrozen
water is removed by a desorption process (more commonly known
as secondary drying). During the secondary drying, the tempera-
ture of the formulation is increased to facilitate desorption of un-
frozen water through the pores of the dried cake. It is, however,
important to note here that the increase in temperature during the
secondary drying should not lead to a temperature of the sample
above the glass transition temperature, and hence the secondary
drying curve should remain below the glass transition curve during
the complete process (Fig. 3).

As demonstrated in Figure 3 and in the above sections, the
random nature of the degree of supercooling is the main factor for
the formation of heterogeneous ice habits during freezing. These
heterogeneous ice crystals have significant effect during the drying
process, as they impose differences in resistance to water vapor
flow, which lead to heterogeneous product temperatures and
drying behaviors. In addition, freezing may affect the physico-
chemical properties of a formulation, such as protein denaturation,
pH shifts, and degradation reaction. Therefore, the knowledge of

the freezing step and its impact on the product quality and process
performance is a critical step for a successful process development
and scale-up. In this context, the ability to control the degree of
supercooling during the freezing step is essential in achieving
consistent ice crystal habits and, hence, drying behaviors. Several
technologies are available with the aim of controlling the degree of
supercooling (nucleation) during the freezing step of a freeze-
drying process, which will be discussed in the next section in detail.

Technological Alternatives for the Active Control of Ice
Nucleation and Their Impact on the Freeze-Drying Process

The impact of the freezing step on the whole freeze-drying
process is yet the least understood topic mainly because: (a)
freezing a given formulation is not the final goal of a freeze-drying
process and, as a consequence, it may be thought that achieving
just a solidified formulation is sufficient for the subsequent drying
process. This leads to the exclusion of the freezing step from dis-
cussions of freeze-drying process optimizations and failures; (b)
the freezing step accounts, in most of the cases, for less than 15% of
the total freeze-drying time and this turns the attention of many
product development engineers and scientists to the optimization
ofthe primary and secondary drying steps, neglecting the potential
impact of the freezing step; and (c) the complexity of the freezing
process, lack of variety of freezing methods equipped with freeze
driers, and the difficulty of controlling the ice nucleation make it
difficult to investigate the effect of different freezing methods on
the freeze-drying process. This is why many freeze-drying process
designers use the most easily available freezing method, the shelf-
ramp method.

Nevertheless, the freezing step has been identified by some
researchers as a particularly important step, which must also be
monitored and controlled, as it impacts both the primary and the
secondary drying steps. With this regard, there are several studies
that deal with the effect of the freezing step on the freeze-drying
process.”**7375085 The primary reasons that explain this influ-
ence rely on the structure (morphology), size, and number of ice
crystals formed during freezing (cf. Fig. 2). When the ice crystals
sublime during primary drying, they leave a porous structure
behind, through which water vapor flows. The size of the pores
determines the resistance to water vapor flow (mass transfer)
during primary and secondary drying, as shown in Equation 6.
Larger ice crystals leave larger pores behind, and during primary
drying, this means less resistance to mass transfer and faster drying
rate. On the other hand, larger pore sizes reduce the surface area
available for diffusion of the unfrozen solvent and decrease the rate
of desorption during secondary drying.

The correlation between ice nucleation temperature (T,) and ice
crystal size or morphology was established many years ago. In
1925, Tammann reported that samples frozen at a high nucleation
temperature yielded dendritic ice crystals, whereas samples frozen
at a low nucleation temperature yielded crystal filaments.** In
1969, Thijssen and Rulkens reported that the freezing rate is an
important determinant of pore size and drying rate in freeze-drying
of liquid food products. For a 20% dextran solution freeze-dried in
slabs, a faster cooling rate during freezing resulted in smaller pores
and therefore higher resistance and slower drying rates.*° Roy and
Pikal® reported that the ice nucleation temperature in vials with
thermocouples was higher than in vials without thermocouples,
resulting in a higher primary drying rate. Recently, Searles et al.”*
demonstrated a strong correlation between the ice nucleation
temperature and primary drying rate. They showed that an increase
in ice nucleation temperature by approximately 12°C increased the
primary drying rate of a model formulation by approximately 37%.
A decrease in product resistance with increasing ice nucleation
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temperature has been reported by Rambhatla et al.”’ In their study,
they used the ice fog method to obtain different ice nucleation
temperatures for 4 model formulations. They observed up to 38%
reduction in product resistance when increasing the ice nucleation
temperature by 8°C. Nakagawa et al.”* demonstrated a clear rela-
tionship between ice nucleation temperature and ice morphology.
In their study, they used ultrasounds to control the ice nucleation
temperature. They reported that an increase in nucleation tem-
perature from —8°C to —2°C changed the ice habit from small,
many, and heterogeneous ice crystals to large and dendrite ice
crystals. Similarly, Awotwe-Otoo et al.*® and Esfandiary et al.”’
observed a significant primary drying time reduction because of a
higher ice nucleation temperature achieved by using the controlled
ice nucleation method.

During freezing, the cooling rate and the ice nucleation tem-
perature can be controlled by means of different technologies,
aiming to improve the impact of the freezing step on the subse-
quent primary and secondary drying processes, as well as on the
final product quality, such as physical state of the sample, residual
moisture content, and reconstitution time. Various methods that
allow for the direct control of the freezing step have been proposed.
Although such methods have demonstrated potential for process
improvement at laboratory and pilot plant scales, their applicability
to commercial-scale manufacturing of regulated products seems to
be very difficult to achieve, due to economic, sterility, and safety
concerns.”® These different technological alternatives are discussed
in detail in the following.

Precooled Shelf Freezing

In the precooled shelf freezing method, samples are placed on
shelves, which are cooled to a predefined temperature. Searles
et al.>* used shelves precooled between 40 and —~44°C and they
found that the median nucleation temperature for the precooled
shelf frozen samples was increased by around 3.5°C as compared to
samples frozen using a shelframp freezing. They also demonstrated
that samples placed on a shelf at —44°C nucleated over a wide
range of temperature, indicating the limitation of the precooled
shelf method to enable a consistent nucleation temperature across
the vials. The effect of different loading shelf temperatures was
studied by Hottot et al.” In their study, they measured the mean ice
crystal size in the frozen matrix and reported insignificant effect of
the loading temperatures on ice crystal sizes.

Comparing precooled shelf freezing to quench freezing, Dawson
and Hockely demonstrated that 1% (w/v) trehalose formulation frozen
by liquid nitrog hibited a fine fil. directional network of
ice crystals, had less resistance to vapor flow during drying and
reconstituted faster, whereas freezing by placement on a —50°C shelf
yielded a leafy mixed-orientation appearance with a higher resistance
to vapor flow compared to liquid nitrogen—frozen samples.*”

In general, the effect of different loading temperatures on sub-
sequent process parameters, such as nucleation temperature, ice
morphology, and drying rates should be systematically assessed if
this method is going to be used.

Freezing with Annealing

Annealing is a process step in which samples are maintained at a
specified temperature for a period. Annealing can be carried out as
a holding temperature during the initial cooling but, more
commonly, it is a postfreezing warming and holding step, followed
by recooling.2*#¢ More often, annealing is used to facilitate crys-
tallization of active or bulking agents, but it also has a profound
effect on improving consistency in inter-vial ice crystal size and
drying behaviors.”*?*#57 The mechanism of ice crystal

morphological change during annealing, as demonstrated by
Searles,” is due to the difference in surface free energy between
small and large ice crystals. According to Kelvin's equation, ice
crystals with smaller radii of curvature induce a higher vapor
pressure and, hence, on increased bulk mobility due to annealing,
ice crystal regions with smaller radii will melt preferentially as a
consequence of their higher vapor pressure, which induces higher
free energy compared to ice crystal regions with larger radii.* In
addition, higher temperature during annealing increases the
diffusional mobility of the annealed species and, in turn, increases
the diffusion of the melted ice crystals into the surviving ice crystals
in the time scale of the annealing process. Therefore, the choice of
temperature and time during an annealing process is a critical step.
Furthermore, annealing can also promote the completion of freeze-
concentrate (devitrification), as rewarming up to a temperature
above Tg' allows amorphous water to crystalize*>*” However,
annealing is not a suitable process for formulations susceptible for
denaturation and degradation above their glass transition tem-
perature. In addition, the benefits of shorter drying time may be
offset by the additional time required for the annealing cycle.
The reported data on the impact of ling on the subseq

drying processes are, until recently, controversial. Pikal et a
found that annealing resulted in larger ice crystal sizes for small
(5 uL) samples that were frozen rapidly between glass coverslips.
With sublimation studies in a 13-uL microbalance apparatus, Pikal
et al. also showed that annealing resulted in circa 50% decrease in
the area-normalized dry product resistance for an amorphous
formulation and up to 60% for a crystalline formulation, but actual
drying rates were not p 1. However, ling was not
tested on products frozen and dried in vials. On the other hand, Lu
and Pikal® reported that annealing of a mannitol-trehalose-
sodium chloride formulation increased the dried product resis-
tance and hence the primary drying time. They hypothesized that
the increase in dried product resistance of the annealed samples
was because of the crystallization of solutes during annealing,
preventing microcollapse during drying. Liu et al.”' reported 10%
and 17% primary drying time reduction when comparing a shelf
ramp freezing with freezing and annealing at —10°C for 4 h and
with freezing and annealing at —2.5°C for 4 h, respectively. Unfor-
tunately, the source of the reduction in primary drying time in the
study by Liu et al. is not clear, as the average product temperatures
during primary drying for the 3 freezing protocols were identical
while using the same shelf' ure and chamber p This
is because if annealing had helped to reduce the resistance to vapor
flow, one would expect to see a reduction in product temperature if
the shelf temperature and chamber pressure were identical. Searles
et al.”’ reported that a 3.5-fold enhancement in primary drying rate
can be achieved after annealing of amorphous sucrose, hydrox-
yethyl starch or mixture of both. On the other hand, a recent study
by Esfandiary et al.”’ showed that, compared to a freezing protocol
without annealing, up to 20% increase in primary drying time was
observed when the same formulation was annealed at —15°C for
2 h. As demonstrated by these authors, the reason for this increase
in primary drying time was the strong top crust formed in the
annealed samples. In addition, Assegehegn et al.”’ recently re-
ported insignificant effect of annealing on amorphous formulation
with high solid content (18.5 wt%). They showed that the increase
in cycle time due to the annealing step was higher than any
reduction in cycle time in the subsequent drying process.

|89

Quench Freezing

Quench freezing refers to the process of immersing sample
containers either into liquid nitrogen, liquid propane, dry ice-
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acetone, or dry ice-ethanol for a period that assures complete
solidification.™

Quench freezing is characterized by a fast cooling and fast
freezing. Fast cooling tends to stabilize metastable states by
retaining greater quantities of unfrozen water, whereas fast
freezing tends to promote a finer subdivision of the ice. High
cooling rates tend to increase both nucleation and crystal growth
rates.” It has also been reported that quench freezing results in a
directional freezing. Thus, Hsu et al.”' observed that freezing of
vials in dry ice-isopropanol yielded directional solidification.
Dawson and Hockely also demonstrated that a 1% (w/v) trehalose
formulation frozen by liquid nitrogen exhibited a fine filamentous
directional network of ice crystals.®’

The impact of quench freezing on freeze-drying process opti-
mization is not a well-studied subject yet; however, as the quench
freezing promotes the formation of heterogeneous ice crystals, its
applicability in manufacturing scale processes is minimal.>

Vacuum-Induced Surface Freezing

The concept of vacuum-induced surface freezing was intro-
duced by Kramer et al,” based on the mechanism that favors
evaporation of cold water when the pressure of a solution is
reduced at a given temperature. In these circumstances, the asso-
ciated enthalpy of vaporization causes sufficient cooling of the so-
lution surface to produce a thin film of ice. Kramer et al. proposed
the following procedure to perform vacuum-induced surface
freezing: the vials were placed on a precooled shelf at +10°C and
the chamber pressure was reduced to a predefined value required
to cause incipient surface freezing of the solution. This pressure was
determined by visual observations and they set it at 1 mbar. After
5 min under these conditions, the solution exhibited a surface
freezing to form an ice layer thickness of 1-3 mm. To avoid further
boiling of water and melting of the ice surface film, the chamber
pressure was released to atmospheric pressure as quickly as
possible and, simultaneously, the shelf temperature was reduced to
3°C-4°C below the onset of melting of ice in the frozen formulation.
After holding the solution at these conditions for 1 h, ice crystal
growth was completed and the shelf temperature was further
reduced to ~40°C to complete the solidification phase of the
freezing step. These authors claimed that the vacuum-induced
surface freezing method produced large chimney-like ice crystals,
which in turn yielded a reduction of up to 20% in primary drying
time.

Liu et al.”" also studied the impact of vacuum-induced surface
freezing on subsequent primary drying. They reported up to 12%
primary drying time reduction compared to a standard shelf ramp
freezing. Contrary to the method by Kramer et al. described pre-
viously, Liu et al. modified the vacuum-induced surface freezing
method as follows: the shelf temperature was first lowered down
to —10°C and the chamber pressure to 0.8 mbar. After a visual
observation of ice crystals on the top surface, the freezing step was
completed by quickly lowering the shelf temperature to —45°C and
holding. The reason for the lower shelf temperature, as compared
to the original procedure, was because the latent heat of vapor-
ization at higher shelf temperatures was not sufficient to lower the
temperature of the sample at the bottom of the vial. In this case,
complete nucleation might take longer than 5 min and “puff-off” of
the sample could take place.

A recent study by Oddone et al.”*?* reported that the vacuum-
induced surface freezing method improves intra-vial and inter-
vial drying behavior uniformity, as well as moisture content of
model formulations. These authors also reported that the effective
pressure to induce ice nucleation was formulation dependent. In
addition, Oddone et al.” studied the effect of vacuum-induced
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surface freezing on secondary nucleation. Although the time
required to achieve the same moisture content during secondary
drying was longer for samples frozen using vacuum-induced sur-
face freezing as compared to normal freezing, the overall time
(primary and secondary) was shorter. In addition, consistency in
vial-to-vial moisture content was improved using vacuum-induced
surface freezing as freezing protocol.

In general, this method is associated with a high water boiling
risk if some processing parameters, such as shelf temperature and
chamber pressure, are not carefully selected. Moreover, only few
experimental results are available so far to support its effectiveness
and scalability.

Ice Fog Freezing Technique

The use of ice fog to nucleate ice crystals was first proposed by
Rowe”® and implemented for the freeze-drying process by Ramb-
hatla et al.”” The concept of ice fog technique relies on the use of
cold nitrogen as a heat exchange medium. When cold nitrogen gas
enters the product chamber, ice crystals are formed from the water
vapor inside the chamber. These ice crystals are then forced into the
vials, due to the slightly higher pressure outside the vials, and serve
as nucleation seeds. The primary advantage of this technique is the
improvement of the uniformity of ice nucleation among vials. In
addition, Rambhatla et al. reported that the ice fog technique can
also be used to perform freezing at a defined nucleation tempera-
ture. With this aim, Rambhatla et al. used ice fog technique to
nucleate samples at different nucleation temperatures ranging
from —1°C to —12°C.”% As a first approach, they used nitrogen
at —40°C and reported a successful nucleation at 3 different tem-
peratures (—-3°C, —7°C, and —12°C). However, complete nucleation
of all vials took as long as 30 min. In addition, they found no sig-
nificant differences in dried product resistance of the samples
nucleated at the 3 nucleation temperatures, although a 10% in-
crease in primary drying time, resulting from 8°C increase in
nucleation temperature, was reported.”” The reason for this, ac-
cording to the authors, is that the long time required for complete
nucleation of the samples at a temperature far above their Tg' favors
annealing and Ostwald ripening, which increases the ice crystal
size and, hence, reduces the dried product resistance of samples
nucleated at low temperatures. To tackle this problem, the same
authors modified the technical setup of the ice fog technique and
the temperature of the nitrogen entering the chamber was reduced
from —40°C to —50°C. These improvements enabled them to ach-
ieve complete nucleation, in all the vials studied, in less than 5 min.
Using this setup, they reported nearly 30% reduction in primary
drying time when comparing samples nucleated at —11°C with
samples nucleated at —1°C.”°

In a follow-up study, Patel et al.”” used a modified version of the
ice fog technique called reduced pressure ice fog technique. In this
technique, before the introduction of cold nitrogen, the pressure
inside the chamber was evacuated at a desired nucleation temper-
ature, as shown in Figure 4. Different reduced pressures, namely
from 800 to 64 mbar, were tested. However, the results obtained at
high pressures were not satisfactory at all. They reported that, in a
pressure range from 66.7 to 64 mbar, complete nucleation of one
shelf load was achieved in less than a minute. However, there was
no explanation given on why the higher pressure range was not
successful or why the reduced pressure technique shortened the
nucleation time. The most probable reason could be that, owing to
the large pressure difference between the cold nitrogen chamber
and the drying chamber, the high suction power of the drying
chamber was able to draw a large amount of cold nitrogen gas. This
amount of cold nitrogen gas was then able to nucleate much more
water vapor inside the chamber, which was sufficient to seed all the
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Figure 4. Pictorial depiction of the original ice fog method, as described by Patel et al.”” In this method, once the vials reach the desired nucleation temperature, cold nitrogen gas is
introduced into the product chamber. The ice fog is generated from the humidity inside the chamber.

vials within short periods of time. This could also explain the reason
why high drying chamber pressure ranges were not successful. High
chamber pressure reduces the pressure difference between the cold
nitrogen chamber and the drying chamber, thus limiting the amount
of cold nitrogen entering into the drying chamber. Therefore, the
amount of cold nitrogen introduced into the chamber, either via
reduced drying chamber pressure or increased cold nitrogen
chamber pressure, and the ability to uniformly distribute the ni-
trogen within the drying chamber, especially for manufacturing
freeze-driers with many and large shelves, define the success of the
ice fog technique. The aforementioned reasoning is also supported
by the full load experiment (3 fully loaded shelves) performed by
Patel et al,”’ in which the reduced pressure ice fog technique was
not able to nucleate all the vials uniformly and in a short period,
even at the lowest chamber pressure.

An industrial scale ice fog technique is currently available from
Linde Gases, in collaboration with IMA Life North America, under
the trade name of VERISEQ® nucleation technology,****“* and from
Millrock Technology, Inc., under the trade name of FreezeBooster”
Controlled Nucleation Technology. In the case of industrial scale ice
fog method, the ice crystals are first formed by mixing cold nitrogen
and water vapor in a device, such as an ejector, outside the product
chamber. The ice fog is then introduced into the product chamber
once the vials reach the desired nucleation temperature,*® as
shown in Figure 5. It has been reported that, for freeze dryers
having 1.1 m? and 2.5 m? shelf area, introduction of ice fog for 30-
50 s was sufficient to nucleate all the vials.’® However, the number
ofvials used in these tests was far away from the full capacity of the
freeze dryers and the success of ice fog technique cannot be guar-
anteed yet. In another study, Azzarella et al.*® reported successful
ice fog controlled nucleation in industrial scale freeze dryers with
shelf areas of 15 m?, 39 m? (45,540 vials), and 56 m? (195,960 vials),
yielding a reduction of up to 19% in product primary drying time
and up to 40% improvement in batch homogeneity. They have also
reported that, to successfully induce nucleation for bigger freeze
dryers, jacketed walls are required to reduce thermal gradient
across the shelf stacks.

In general, even though the ice fog freezing technique is a
promising method for the active control of nucleation, especially
from inter-vial and intra-vial homogeneity points of view, more
studies are needed to support its success at industrial scale.

High-Pressure Shift or Depressurization Freezing

High-pressure shift freezn;g has been a common practice in
freeze conservation of foods.”™ In this method, the samples are
exposed to high pressure while their temperature is lowered. Ac-
cording to the phase diagram of water, liquid water can be kept
unfrozen well below its equilibrium freezing temperature under
high pressure conditions. When the desired temperature is reached
in the product, pressure is released, inducing uniform supercooling
throughout the sample. This is due to the fact that the increase in
pressure affects the whole sample instantaneously and at the same
time. Thus, this supercooling induces uniform formation of nuclei
throughout the sample (regardless of its shape or size), so that the
latent heat is released, raising the sample temperature to the cor-
responding equilibrium freezing temperature. Freezing is then
completed at constant pressure, usually at atmospheric conditions,
and by lowering the shelf temperature. The higher the pressure and
the lower the product ion, the more is
the ice formed.” "% This is consistent wnh the fact that a higher
degree of supercooling produces many ice crystals.

The main advantage of high-pressure shift freezing in the food
industries is related to the big of ice instant.
formed after expansion.'”” By contrast, formation of few and large
ice crystals is the main goal in the freeze-drying process. This can be
achieved by manipulating the parameters of the high-pressure shift
freezing method, such as the pressure difference before and after
expansion and the product temperature before expansion. A small
pressure difference and high product temperature produce few and
large ice crystals.

Application of high-pressure shift freezing to a freeze-drying
process was first introduced by Gasteyer et al.'” The procedures
of the freezing method they have used in their patent are identical
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Figure 5. Pictorial depiction of the modified (industrial) ice fog method, as described by Chakravarty et aL™ In this modified method, ice fog is generated outside the product
chamber in a mixer, mixing cold nitrogen gas with water vapor. The ice fog is then introduced into the chamber once the vials reach the desired nucleation temperature.

to the one described previously, which comprise (1) cooling the
materials to near or below their equilibrium freezing temperature
in an elevated pressure; (2) decreasing the pressure to induce ice
nucleation; and (3) further cooling the materials up to complete
solidification. As described by these authors, the possible mecha-
nisms for inducing ice nucleation using high-pressure shift freezing
are (1) an initial elevated pressure increases the concentration of
dissolved gas in a solution and a rapid decrease in pressure at low
temperature reduces the gas solubility. As a consequence, the gas is
released from the supercooled solution, forming cold bubbles,
which trigger nucleation; (2) depressurization causes evaporation
of some liquid in the solution and the resultant cooling from the
endothermic evaporation process may initiate the nucleation; and
(3) on depressurizing, the cold gas in a close proximity to the so-
lution freezes some vapor and these ice crystals re-enter the so-
lution and act as seeds or surfaces to initiate nucleation. As part of
the patent supporting examples, Gasteyer et al. reported a reduc-
tion in primary drying time, stating an average difference in water
loss of about 21% when comparing samples frozen using high-
pressure shift freezing with samples frozen using shelf-ramp
freezing. The primary drying conditions in both freezing methods
were identical.!™ One of the main advantages of controlled ice
nucleation is to improve vials freezing behavior consi y and,
consequently, to achieve uniform ice sublimation. However, this
was not achieved in the example provided by these authors."”® In
their example, the averages plus or minus standard deviations of
the water loss for the vials studied were 86.1 + 3%, in the case of
samples frozen using high-pressure shift freezing, and 65.2 + 0.93%,
in the case of shelf-ramp frozen samples. This demonstrates that
shelf-ramp freezing produces a better ice sublimation uniformity
than high-pressure shift freezing.

The applicability of high-pressure shift freezing was demon-
strated both at laboratory (1 m? shelf area) and small industrial
scale (5 m? shelf area) freeze dryers by performing repeated tests,
where the ice nucleation temperature was controlled within 1°C of
their equilibrium freezing point.'”* Bursac et al.'™ reported a 27%
decrease in primary drying time for 5 wt% sucrose freeze-dried by

applying high-pressure shift freezing as compared to shelf-ramp
freezing. In addition, the same authors reported improved dried
product uniformity, demonstrating a reduction in absolute stan-
dard deviation in the residual moisture content of the sucrose cakes
from 4.6% down to 2.1%. In another study, Konstantinidis et al.*
reported 40% reduction in primary drying time for a 5 wt%
mannitol solution when using high-pressure shift or depressur-
ization controlled nucleation. In other more recent studies by
Awotwe-Otoo et al, the advantage of controlling ice nucleation
using high-pressure shift or depressurization technique has been
demonstrated.’®*° For the formulations studied, they reported up
to 21% reduction in primary drying time, although the difference in
residual moisture content was insignificant.

The high-pressure shift or depressurization freezing technique
at industrial scale is available from Praxair, Inc., under the trade
name of Controlyo™, Nucleation On-Demand Technology. Howev-
er, experimental studies demonstrating the success of this tech-
nique at this scale are not yet available.

In general, it could be said that high-pressure shift or depres-
surization freezing technique is an effective tool for controlling the
degree of supercooling or ice nucleation during the freeze-drying
process. That is because this technique relies on inducing ice
nucleation based on pressure manipulation, and the isostatic nature
of pressure (i.e., even application of pressure to all containers under
treatment) offers significant advantage in terms of (1) covering a
wide range of sample sizes (potential for ease of scalability); and (2)
inducing ice nucleation over a wide range of sample sizes instan-

ly and simult ly (potential for improving freezing
uniformity within as well as between batches and potential for
reducing freezing time). In addition, as described by Rampersad
etal,'"” a freeze dryer requi ini adaptation to accommo-
date the high-p shift or dep ization freezing technique.

Ultrasound-Powered Freezing

The application of power ultrasounds for active control of
freezing food products has been proven to be effective.’*'%51%%
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Many authors have reported that ultrasound vibration can be used
to initiate ice nucleation at a desired freezing temperature.’*'0%1"!
Ultrasound-powered freezing process is generally accomplished
according to the following steps™*”!": (1) cooling the sample
down to a desired nucleation temperature; (2) applying ultrasound
power at a certain frequency and for a period; and (3) further
reducing the temperature until complete solidification, as shown
pictorially in Figure 6. The mechanism of inducing ice nucleation by
using ultrasounds remains uncertain. However, regardless of the
mechanism, it has been clearly demonstrated that the application
of ultrasounds has a notable and quantifiable effect on ice nucle-
ation."” Different theories have been proposed to describe the
mechanism of ultrasounds-induced ice nucleation. The first pro-
posal was provided by Hickling."'” Based on this proposal, extensive
collapse of cavitation bubbles produced by ultrasounds generates
local zones of high pressure for a very short period of time. These
high-pressure zones increase the local degree of supercooling,
which acts as a driving force for ice nucleation. On the other hand,
Zhang et al."” reported a delay on the onset of ice nucleation after
the application of ultrasound irradiation. They attributed this delay
not only to the collapse of cavitation bubbles, but also to some other
variables responsible for ice nucleation. A complete different
mechanism of ultrasound-triggered ice nucleation was reported by
Dodds et al.'"* This mechanism is based on a molecular segregation
theory, which explains that the driving force for nucleation is the
pressure gradient around the cavitation bubble, resulting in a
pressure-controlled diffusion of particles. These particles are
composed of a number of molecules, which, on segregation, create
a nucleus. In addition to the aforementioned mechanisms, Chow
et al."">"" reported that ultrasound irradiation may also trigger
secondary nucleation. They hypothesized that the movement of
fast and powerful cavi bubbles fi the ice crystals
already created, producing additional new ice crystals (termed as
secondary nucleation). Because of these phenomena, ultrasound
irradiation creates numerous and small ice crystals even at rela-
tively high ice nucleation temperature.

The use of ultrasound-powered controlled ice nucleation for
freeze-drying applications was first reported by Nakagawa et al.,”
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Figure 6. Pictorial depiction of powered freezing as by Naka-
gawa et al”* In this method, controlled ultrasound power is applied to the shelves,
once the vials reach the desired nucleation temperature.”

who implemented an ultrasound system to control the freezing
step during freeze-drying of proteins in vials. These authors re-
ported that ultrasound power can be used to initiate ice nucleation
of model pharmaceutical formulations at a preselected ice nucle-
ation temperature. However, the relationship between the ice
nucleation temperature and the ultrasound process parameters
was not described. Other studies suggested that pulse or acoustic
power,'® 11115 yitrasound duration,”®'"" number of cavitation
bubbles,'”” and initial oxygen content''® influence the ice nucle-
ation temperature, and ice crystal size and shape. Nakagawa et al.”
reported a clear correlation between ice nucleation temperature
and ice crystal size during ultrasound-powered controlled ice
nucleation. Small and numerous ice crystals were obtained at low
nucleation temperature (higher supercooling degree), whereas
large and directional ice crystals (dendrite type) were obtained at
high nucleation temperature (lower supercooling degree). They
also reported a significant reduction in primary drying time, up to
60% when the ice nucleation temperature was increased
from —8°C to —2°C. In another study, Passot et al.”® reported an
improved intra-vial homogeneity in sublimation by using
ultrasound-controlled ice nucleation. In addition, up to 14%
reduction in primary drying time was reported by changing the
freezing protocol from shelf-ramp freezing to ultrasound-
controlled freezing.”®

In general, ultrasound-powered controlled ice nucleation could
be considered a promising alternative for controlling ice nucleation
during freeze-drying. However, some drawbacks associated with
the ultrasound technology need to be addressed. These include (1)
the heat di d during ultr ds application may alter the
freezing process. Hence, optimum acoustic power and duration
should be determined, which could represent a challenge; (2)
Nakagawa et al.”* reported that vials having poor mechanical
contact with the shelf surface might be less affected by the ultra-
sound vibration. In addition to this, application of uniform ultra-
sound vibration across a single shelf surface, as well as across the
shelf stack, might be a challenge in an industrial scale freeze drier;
(3) scalability of the freeze-drying process to industrial scale. In this
regard, the optimum ultrasound power and duration obtained in a
laboratory scale freeze dryer might not be directly applied to an
industrial scale freeze dryer. This means that scaling up the ultra-
sound process could present a huge challenge; and (4) the appli-
cation of strong and intensive vibration on the freeze dryer shelves
obviously creates particulate matters, which jeopardize the sterility
of the process.

Electrofreezing

Although the effect of electrofreezing on the freezing of water
droplets in the atmosphere was reported as early as 1861,""" the
first trials to induce ice nucleation in supercooled water droplets by
high-voltage electric fields were carried out by Rau'?’ in 1951
Electrofreezing is generally carried out according to the following
protocol'?"?2: (1) cooling the sample to a desired nucleation
temperature; (2) applying an electric field, in a continuous or
pulsed manner, to the supercooled sample to induce ice nucleation;
and (3) further reducing the temperature up to complete solidifi-
cation. Although many scientists tried to study the mechanism of
electrofreezing to induce ice nucleation experimentally 23125
and theoretically, ** '*# the basic mechanism is still controversial.
However, bubble formation and breakdown induced by the electric
field are believed to be the most accepted mechanisms.'?!12

Application of electrofreezing in the freeze-drying process is
still not a well-developed technology because of many drawbacks
associated with an electrofreezing process in typical freeze-drying
applications. These include its relative complexity and high costs
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associated to its i ion and ance, the i
nature of the method, and the incompatibility with solutions con-
taining ionic species (e.g., NaCl). In addition, the effectiveness of
electrofreezing is also electrode-dependent,'*® which adds more
complexity to the method. In relation to the applicability of elec-
trofreezing in the freeze-drying process, Petersen et al.'"*” reported
that electrofreezing can be used to selectively choose nucleation
temperature during the freezing step and hence reduce the primary
drying time.

In general, electrofreezing is a method that needs a thorough
study for its applicability in freeze-drying application. This method
requires the need of an electrode in each container system, ques-
tioning the application of this method in a freeze-drying process at
industrial scale, as well as introducing apparent sterility concerns.

Ice Crystals Distribution From Condensed Frost

Controlled ice nucleation using pressure differential ice fog
distribution from a cold condenser was first introduced by Ling."*?
This method is based on the following steps: (1) cooling down a
product placed inside a product chamber to a predetermined

ical Sciences 108 (2019) 1378-1395
author *’ reported, in an accompanying patent, that the amount of
ice fog produced in a limited volume of condenser chamber was
insufficient to nucleate large number of vials. In the new patent,
Ling reported that volume limitation of the condenser chamber can
be tackled by producing a condensed frost (solid) instead of a
suspended ice fog (gas),"™ as shown in Figure 7. During the opening
of the isolation valve between the product chamber and the

d ber, the sudden change in pressure creates strong
gas turbulence in the condenser chamber. This turbulence is
capable of breaking any loosely attached condensed frost into ice
crystals and these ice crystals travel to the product chamber and act
as nucleating agent. However, Ling's patents'>*"*° do not contain
experimental results to support any of the claims and advantages,
as well as to prove the effectiveness of the methods in a large-scale
freeze-drying process.

With this regards, Geidobler et at."*' reported a similar approach
of controlled nucleation. This approach is based on the following
steps: (1) cool down and equilibrate the product inside the product
chamber to a desired temperature; (2) Cool down the condenser to
around —-50°C to —80°C and spray sterile water to load the

C r with ice; (3) depressurize the freeze dryer (both product

temperature; (2) creating sufficient volume of ice fog in a separate
condenser chamber, which is connected to the product chamber
using a vapor port; and (3) opening the vapor port between the
condenser chamber (which is at a pressure higher than the product
chamber pressure) and the product chamber. During this operation,
ice fog from the condenser distributes rapidly and evenly through
the vapor port into the product chamber, which acts as nucleating
agent.

In the original ice fog method, the ice fog is created from the
humidity inside the product chamber by introducing cold nitrogen
gas, which, according to Ling, has some drawbacks. These include
inability to nucleate large of vials simul ly at a
controlled time and temperature, producing significant vial-to-vial
heterogeneity in nucleation temperature (owing to the time dif-
ference between the first and the last frozen vials), and require-
ment of significant retrofit to implement it."> Ling reported that
creating a sufficient amount of ice fog, according to the size of the
product, in an external chamber (such as a condenser chamber),
resolves the aforementioned drawbacks of the original ice fog
method. In contrast to the aforementioned advantage of ice fog
from an external condenser chamber reported by Ling,'* the same
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Figure 7. Pictorial depiction of ice arystals di ion from frost, as

and cond chambers) to a predefined vacuum set point; (4)
Repressurize the freeze dryer using a venting valve connected to
the condenser. During repressurization, the venting gas passes
through the cold condenser to the product chamber, carrying ice
crystals.”” According to these authors, the predominant mecha-
nism for induction of nucleation is that loosely attached ice from
the condenser surface is blown into the product chamber during
repressurization, even though in situ generated ice crystals might
also have contribution.”! The success of nucleation in this
approach, according to these authors, was nearly 100% for small
scale batch sizes. In addition, Geidobler et al.®' reported a signifi-
cant improvement in specific surface area and primary drying time
of several formulations containing bovine serum albumin and
monoclonal antibody, when comparing shelf ramp freezing and
precooled shelf methods with the previously stated controlled
nucleation approach.
The approach developed by Geidobler et al."*" is under devel-
by different c ies, such as GEA Lyophil GmbH, under
the trade name of LYOSPARK™ controlled nucleation, and Martin
Christ Gefriertrocknungsanlagen GmbH, under the trade name of
LyoCoN controlled nucleation.

Moisturized
A“P":. grade  back fill gas
r

Vacuum pump

by Ling." In this method, the condenser chamber is used to create ice crystals by

introducng moisturized gas after cooling it down to below -50°C. Once the isolation valve is open, the ice crystals are distributed to the product chamber due to the pressure

difference between the 2 chambers."*
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In general, the most significant limitation of this approach, as it
is in almost all controlled nucleation techniques, is the ability to
uniformly and instantly trigger nucleation at large-scale freeze
dryers. It is therefore crucial that freeze dryer—manufacturing
companies deliver reliable and wuseful experimental data
regarding the effectiveness of this approach at industrial scale
freeze dryers.

Gap Freezing

Gap freezing is a relatively recent concept introduced by Kuu
etal.,"*?"%* which is performed according to the following steps: (1)
creating a gap between the cooling shelves and the vials by using
low thermal conductivity spacers and a stainless steel tray; (2)
placing the vials on the tray; and (3) applying a step change of
temperature, usually directly up to the final temperature. During
the step change in temperature, the actual cooling rate of the
samples is determined by the heating and cooling capabilities of
the freeze dryer.*” The gap freezing concept is designed to elimi-
nate directional freezing of solutions, which, as the authors claim,
happens when vials are directly sitting on the cooling shelves. This
is due to the fact that the much higher heat transfer rate from the
bottom shelf to the vials than from the top shelf to the vials causes
freezing to start at the bottom of the vials, moving then upward.
During this upward freezing phenomenon, solutes are pushed
upward in the vials, resulting in a solute concentration at the top of
the vials, which can eventually form a “skin layer” at the cake
surface and, subsequently, increasing the dried product resistance
to vapor flow during primary drying.*” Therefore, Kuu et al.**"**
reported that the gap freezing method can avoid the upward
freezing phenomenon and promote a uniform freezing of solutions
both from bottom and top directions, avoiding formation of a highly
concentrated skin layer. Even though the exact mechanism for
increasing the ice nucleation temperature was not described, the
authors also reported an increase in ice nucleation temperature of
samples frozen by using the gap freezing method as compared to
samples frozen by conventional shelf ramp freezing.*”

Kuu et al.**"** performed different studies to explain the effect
of gap freezing on freeze-drying performance, mainly by comparing
the results obtained with those from the conventional shelf ramp
freezing method. However, more studies are still needed to explain
the advantages of gap freezing over the other controlled ice
nucleation methods, in terms of freeze-drying process perfor-
mance, ease of scaling up, and ease of implementation in an in-
dustrial scale freeze-drying process.

Summary

Freeze-drying is a very commonly used drying unit operation in
pharmaceutical and biopharmaceutical industries, mainly for the
purpose of removing solvents from unstable liquid formulations.
The shelf life of unstable liquid formulations can be significantly
extended if the solvents, which facilitate chemical and physical
degradation pathways, are removed from these formulations.
During a freeze-drying process, the formulation is first frozen and,
then, the frozen solvent is removed by a sublimation process at a
reduced pressure, followed by a desorption process for the removal
of the unfrozen solvent. Therefore, 2 equally important major
processes are taking place during a complete freeze-drying pro-
cess: (1) freezing, during which most of the solvent is converted
into a frozen solid; and (2) drying, during which almost all the
solvent (frozen and unfrozen) is removed from the formulation. The
drying process is further classified into 2 steps, based on the
mechanism of the drying process, namely sublimation process
(primary drying) and desorption process (secondary drying).

Freezing is the first step in the freeze-drying process and the
fundamental understanding of the physicochemical changes during
freezing is of paramount importance due to the fact that the
freezing step dictates ice crystal morphology, size, and size distri-
bution, which in turn influence several critical parameters, such as
dried product resistance, primary and secondary drying rates,
extent of product crystallinity, and reconstituability of the dried
product. In addition, freezing is a critical step with regard to bio-
logical activity and stability of the APIs, especially pharmaceutical
proteins.

Physical changes during freezing take place in 3 distinct phases:
(1) cooling stage; (2) phase change stage; and (3) solidification
stage. During the cooling stage, the temperature of the solution is
lowered below its equilibrium freezing temperature until the first
ice nucleus starts to be formed. The temperature at which the first
ice nucleus is formed is known as ice nucleation temperature. The
physical state of a solution below its equilibrium freezing temper-
ature is called supercooling and the degree to which a solution
retains its supercooling state before formation of the first ice nu-
cleus is called degree of supercooling. In other words, the degree of
supercooling is the temperature difference between the equilib-
rium freezing temperature and the ice nucleation temperature. The
degree of supercooling determines the number, size, and
morphology of ice crystals and, consequently, many other critical
parameters during the drying phase of the freeze-drying process.
The degree of supercooling is quite variable and it significantly
differs from container to container, being affected by several factors
such as foreign particles, container surface area, process conditions,
sample volume, composition of the matrix, and contact area be-
tween sample and container. This random nature of the degree of
supercooling affects the ice habit and results in vial-to-vial and
batch-to-batch ice habit heterogeneity. This, in turn, adds a sig-
nificant challenge during development, optimization, and scale-up
of the freeze-drying process. In addition, the degree of supercooling
at different manufacturing scales can be affected due to the dif-
ferences in particulate levels, which adds additional challenges to
the scale-up of a freeze-drying process. During the phase change
stage, formation of ice nuclei is taking place. The number of ice
nuclei formed, the rate of ice growth, and the ice crystals size
depend on the degree of supercooling. The higher the degree of
supercooling, the more crystallization heat can be absorbed by the
supercooled solution, and the more fraction of water instantly
freezes, resulting in many ice crystals. Solutions with small degree
of supercooling, on the other hand, absorb only a small amount of
the heat of crystallization. This results in a small fraction of freez-
able water to instantly freeze and, hence, the formation of very few
ice crystals is favored. During the solidification stage, the ice crys-
tals formed during the phase change stage grow in size, increasing
the concentration of the solution. Solidification stops when, for a
crystalline solution, all the solute and the solvent crystallize,
whereas, for an amorphous solution, the increase in concentration
of the solution prevents further growth of ice. For crystalline so-
lutions, complete solidification is achieved below the eutectic
temperature of the solution, whereas, for amorphous solutions,
complete solidification is achieved below the glass transition of the
maximally freeze-concentrated solution.

The variation in degree of supercooling is the major challenge
during the freeze-drying process development and scale-up.
Therefore, its control during the freezing step is of paramount
importance. Several alternative technologies, developed with the
aim of controlling the degree of supercooling during the freeze-
drying process, have been reviewed here and are summarized in
Table 1.

Most of these technologies have been successfully tested at
laboratory scale, but their potential use at industrial scale is still
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Table 1
Summary of A Freezing Tec and Their A and Di ges with Regard to the Active Control of ke Nucleation for Freeze-Drying Applications
Freezing Methodologies Method Description Advantages’ Disadvantages” References
Precooled shelf freezing Vials are placed on shelves Increases Tn Inability to select Tn n»
cooled to a predefined Easy to scale-up Formation of
temperature Noninvasive heterogeneous ice
Retrofit not needed crystals

Freezing with annealing

Quench freezing

Vacuum-induced surface
freezing

Ice fog freezing technique

High-pressure shift or
depressurization
freezing

Ultrasound-powered
freezing

Electrofreezing

Ice crystals distribution
from condensed frost

Gap freezing

Vials are held at a specified
temperature above Tg"
during cooling or
rewarmed after freezing

Vials are immersed in a cold

Vials are placed on a pre-
cooled shelf and
chamber pressure is
reduced to promote
surface freezing of the
solution

Ice fog is injected into cold
vials as nucleating agents

Instant nucleation is
induced by reducing the
pressure after vials are
cooled to a desired
nucleation

Increases ice arystals size

Increases drying rate

Increases intra-batch and
inter-batch ice crystal
homogeneity

Easy to scale up

Noninvasive

Retrofit not needed

Increases Tn

Noninvasive

Increases Tn

Increases drying rate

Increases intra-batch and
inter-batch ice crystal
homogeneity

Retrofit not needed

Noninvasive

Ability to select Tn

Increases drying rate

Increases intra-batch and
inter-batch ice crystal
homogeneity

Good repeatability

Possible to scale up

Ability to select Tn

Increases drying rate

Increases intra-batch and
inter-batch ice crystal

at an elevated pressure

Instant nucleation is
induced by applying
ultrasound power after
vials are cooled to a
desired nucleation
temperature

Nucleation is induced by
applying electric pulse
after vials are cooled toa
desired nucleation
temperature

Ice crystals are injected into
cold vials as nucleating
agents

Vials are placed and cooled
in a stainless tray, which
is in a certain gap from
the shelf

Good repeatability

Easy to scale up

Could be effective at
industrial scale (needs
more experimental
support)

Ability to select Tn

Increases drying rate

Ability to select Tn
Increases drying rate

Ability to select Tn

Increases drying rate

Increases intra-batch and
inter-batch ice crystal
homogeneity

Good repeatability

Possible to scale up

Reduces “skin layer” at the
top

Increases drying rate

Possible to scale-up

Inability to select Tn

Sensitive to annealing
temperature and time

May promote degradation
of sensitive APls

Additional process time due
to annealing step

Inability to select Tn

Difficult to scale up

Formation of
heterogeneous ice
crystals

Retrofit needed

Inability to select Tn

Risk of “puff-off* and
boiling

Difficult to scale up

Retrofit needed

Invasive

Less effective at industrial
scale (needs more
experimental support)

Expensive

Retrofit needed
Invasive
Expensive

Retrofit needed

Strong vibration creates
particulate matter and
thus sterility concern

Difficult to scale-up

Difficult to optimize the
process

Retrofit needed

Invasive

Incompatibility with
solutions containing
ionic species

Expensive

Retrofit needed

Invasive

Less effective at industrial
scale (needs more
experimental support)

Expensive

Inability to select Tn

Slow freezing process
might offset benefits of
drying rate

Retrofit needed

Increases equipment height

22,2857 46,57 60,71 3889

nH9N

71,9295

38,39,70,97.98

35,36,80,103-105

3474.77.79,106107,109.1 10

121122125

81129131

§2,132-134

TN, nucleation temperature.

* Advantages and disadvantages sections include author’s opinion.
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under progress. The lack of experimental data concerning the

effecti

of these technol atindustrial scale, as well as the

potential expensive investment are the major factors preventing
companies from implementing them. It is therefore evident that
more research and experimental data are necessary to justify their
effectiveness, especially at industrial scale.
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Abstract

Freeze-drying, until now, has been a process that was designed using a frial and emor experimental
approach. This approach is often material and time consuming, and the resulting freeze-drying processes
are neither optimum nor robust. Accordingly, the objective of this study was to develop a simple-to-use
and experimental-based approach to design an optimum and robust freeze-drying process for any given
formulation. The temperature ramp approach (TRA) detailed in this study involves the implementation of a
customized design of expenments (DoE) to perform few (three or four) experiments using a given drug
formulation. The DoE results are analyzed to define oplimum processing conditions (ie., shelf
temperature and chamber pressure) based on a predefined range of target product temperature for
primary drying, which could be defined from formulation characterization at its frozen state. In this study, a
successful freeze-drying process of two model formulations using the TRA was designed. Venfication
experiments at the optimum processing conditions showed excellent agreement in both product
temperature and sublimation rate with the values obtained using the TRA. Thus, the TRA detailed in this
study offers a significant advantage to reduce development time and material and enhance the efficiency
and robustness of the resulting freeze-drying process.

Key words: Freeze-drying; Lyophilization; Process design; Quality by design; Optimization; design of
experiments; Phamaceuticals

Nomenclature

Ave Average

C Center vials

DoE Design of experiments

FE Front edge vials

Lg, Dried layer thickness

1 Owerall mass transfer rate (sublimation rate) from a vial
Max Maximum

MF1 Model formulation 1 (10% (wi'w) trehalose sclution)
M2 Model formulation 2 (20% (wi'w) sucrose solution)
Min Minimum
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P Chamber pressure

P lce vapor pressure

sD Standard dewviation

T. Collapse temperature of an amorphous formulation

ty Dirying time of primary drying

T Eutectic temperature

T Glass franzsition temperature of the maximally freeze-concentrated soluticn
T Product temperature

Tyave  Average product temperature during primary drying
Tyt Target product temperature for primary drying

TRA Temperature ramp approach

T Shelf temperature

1. Introduction

Although the entire freeze-drying process is an energy intensive, time consuming, and economically
expensive process, the primary dning step is the longest and most critical step (Patel et al., 2010; Mortier
et al., 2016) As a result, this step significantly influences the product quality, such as physical appearance
and reconstituability, and process economy of the freeze-drying process. Consequently, thers is growing
interest in the pharmaceutical and biopharmaceutical industries to optimize the primary drying step with
regard to both product quality and processing time. Optimization of the primary drying step requires
significant knowledge of the process, the formulation, and the interelationship between the process and
the formulation.

Fig. 1 displays the interrelationship between the formulation properties and the freeze-drying process. As
shown in Fig. 1, there are several formulation properties and process parameters that could play an
important role during the optimization of the primary drying step.

Figure 1. Intemrelationghip between the formulation and freeze-drying process, and ite role during the
freere-dning process design and optimization.

As displayed in Fig. 1, characterization of the formulation in its frozen state provides crtical formulation
properties, such as the glass transition temperature of the maximally freeze-concentrated solution, T,
collapse temperature of an amorphous formulation, T, eutectic melting temperature of a crystalline
formulation, T.,, and degree of crystallinity of the formulation. Such information is useful to define the
target product temperature for the primary drying step I:']"Ft:l_ A formulation with very low Tﬂ' ar T_ might
need to be reformulated with the addition of collapse temperature modifiers to facilitate the sublimation
rate during primary drying. Alternatively, crystalline bulking agents with high 7., can be added o support
the amorphous formulation. With such modifications, pimary drying can be performed at product
temperatures higher than T; or T, and the processing time can be shortened (Depaz et al, 2016,
Bjelosevic et al_, 2018, Hom et al., 2018; Anko et al., 2018; Pansare & Patel, 2019).

Freeze-drying process design and optimization could be initiated once the optimum formulation is
defined. Motably, understanding the freezing step is also essential to design and optimize the primary
drying step (Kasper & Friess, 2011; Awotwe-Ctoo et al., 2015; Uliich et al., 2015; Esfandiary et al., 2016;
Fonte et al., 2016; Goshima et al., 2016; Pisano & Capozzi, 2017, Assegehegn et al., 2019a; Colucci et
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al., 2019; Volirath et al., 2019). From the perspective of a freeze-drying process, optimization of the
primary drying step implies working at a chamber pressure (P.) and a shelf temperature (T;) that vield the
Tt of a given formulation. Performing the primary drying above Tt leads to product damage and, hence,
to the rejection of the product. Whereas, performing the primary drying below the Tt leads to an
unnecessarly long drying time and to an unopiimized and economically expensive freeze-drying process.

Heat and mass transfers are the core principle of the sublimation process during the primary drying step.
The driving force for the mass transfer is the pressure difference between the ice vapor pressure at the
sublimation front (£, ) and the chamber pressure (ie., F;{TF]— F.). To initiate the vapor mass transport
during the primary drying, the £, is lowered to a pressure less than the £, at a target product temperature
(Tyt). The sublimation of ice is an endothermic process, and thus, it takes up energy from the system. Itis
therefore necessary to have an exothermic process to counterbalance the energy consumption due to the
mass transfer process and to keep the system in an energy equilibrium state. An energy equilibrium state
is a state where the input and output energies are equilibrated to keep the system at a constant T, The
exothermic process during the primary drying refers to an energy fransport in the form of heat to the
system. This is usually performed by manipulating the temperature of the shelves (T;) on which the
sublimating product rests. The driving force for the heat transfer is the temperature difference between T,
and T, (i.e, T; —Ty). To initiate heat transfer during primary drying, T; is increased above T,. However,
depending on the processing conditions (ie., T, and F.), the formulation (i.e., solid content), and the
freezing step (i.e., ice crystal size and morphology), the energy equilibrium state could be achieved at a
T, far from T,¢. Therefore, the aim of the primary drying cptimization is to achieve the energy equilibrium
state of the system at T,t. In the freeze-drying process, T, is indirectly controlled through the manipulation
of the processing conditions (l.e., T, and £.). In the majority of cases, the optimum processing conditions
are achieved through a trial and emor approach, which leads to unnecessarily long experimental setups.
Furthermore, the resulting freeze-drying processes are neither robust nor efficient. In an attempt to
minimize the trial and emor experiments, researchers have developed mathematical models for the
determination of the optimum processing conditions based on the goveming heat and mass fransfer
equations (Schoen et al., 1995, Brills & Rasmuson, 2002; Fikal et al., 2005; Gieseler et al., 2007; Velardi
& Barresi, 2008; Kuu & Nail, 2009; Giordano et al, 2011; Koganti et al., 2011; Fissore et al_, 2011; Bosca
et al., 2013; Kodama et al., 2013 & 2014, Fissore & Pisano, 2013; Chen et al., 2015; Mortier et al., 2016;
Zhu et al.,, 2018; Sharma et al., 2019). The mathematical models provide an opportunity to simulate
several combinations of input process parameters during the freeze-drying process design; however, their
success is highly dependent on the accuracy of model input parameters and on the assumptions of the
model equations. Furthermore, since some input parameters are obtained from non-drug experimental
trials, verification of the resulting optimum processing condiions may require the execution of several
freeze-drying expenments using the actual drug formulation.

Considering the broad use of the freeze-drying process in the pharmaceutical and biophammaceutical
industries (Shaniey, 2017), there iz a huge interest to develop a simple-to-use and reliable approach to
design an optimum and robust freeze-drying process for any given drug formulation. To address this
izsue, this study presents an approach, called Temperafure Ramp Approach (TRA). This simple-to-use
experimental-based TRA could be applied to design an effective freeze-drying process using a few
experimental setups. The TRA considers some important general issues and experimental procedures,
as described below:

* Defining the target product temperature for the primary drying step. As discussed previously,
knowledge of a formulation and its critical properies are vital during freeze-drying process

266



Appendix A: Published articles

design. The sublimation rate iz dependent on several parameters, namely F, or T, F, and the
resistance to mass transfer of the dred product (Assegehegn et al., 201%a). To maximize the
sublimation rate during primary drying, it is important to work at the highest 7, (this comesponds to
the highest T,) and at the lowest £. However, the maximum allowable T, during the primary
drying is limited by the T, of amorphous formulaticns or by the T, of crystaline formulations.
Such parameters are obtained from formulation characterzation in its frozen state (cf. Fig. 1).
Several technigues are available to characterize a lyophilization formulation in its frozen state.
Differential scanning calorimetry, modulated differential scanning calorimetry, and differential
thermal analysiz are used for the determination of T, and T, (Her & Mail, 1994; Ma et al, 2001;
Schawe, 2006; Sacha & Mail, 2009, Knopp et al, 2016, Ward & Matejtschuk, 2019), whereas
freeze-drying microscopy is used for the determination of T. (Passot et al, 2005; Meister &
Gieseler, 2009). On the other hand, the minimum P. is limited by the capability of the freeze-
drying eguipment (Ganguly et al., 2013 & 2017, Kshirsagar et al., 2019). Patel and Pikal reported
that most manufactuning dryers cannot control chamber pressures below 0.06 mbar and there is
no addiional advantage in sublimation rate for chamber pressures above 0.40 mbar (Patel &
Pikal, 2013).

= Designing experimental setups to perform the temperature ramp experiments. An effective design
of experiments (DoE) iz essential to avoid repeated experimental setups. Thus, it is
recommended to gather literature knowiedge about similar formulations and, if necessary, to
perform some preliminary freeze-drying experiments. This study demonstrated that, using an
effective DoE, only three temperature ramp experiments are needed to design an optimum
freeze-drying process of a model formulation.

+  Defining optimum processing conditions after analyzing the results obtained from the temperature
ramp experiments. It is well-known that vials located at the periphery of a tray, commonly known
as edge vials, have higher T, and sublimation rate compared to vials located at the center of a
tray (Pikal et al., 2016; Scutella et al., 2017a; 2017k & 2018a; Pikal et al., 2018; Assegehegn et
al., 2019k). These heterogeneities in T, and drying rate pese significant challenges during freeze-
drying process design and scale-up. On one hand, defining the process variables based on
center vials T, could cause the edge vialz to exceed the maximum allowable T, and,
consequently, suffer product damage. On the other hand, defining the drying time based on the
sublimation rate of the edge vials could cause significant damage to the center vials as they
generally need longer drying times during the primary drying step. The approach detailed in this
study incorporates such T, and sublimation rate variations caused due to vial location on a shelf.
This guarantees the robustness of the process and facilitates process scale-up and transfer.

* Performing a sublimation rate determination experiment. The purpose of this experiment iz to
define the optimum drying time (¢,) during the primary drying step. Because center viale have the
lowest sublimation rate, a gravimetric approach could be utilized to determing the sublimation rate
of the center vials at the previcusly defined optimum processing conditions.

* Performing a werification experiment. This experiment aims to verfy the previously defined
optimum T.-P-t; profile. Visual inspection of the dried products and product temperature profiles
could be used to assess the success of the freeze-drying process.

Therefore, the primary objective of this study was to utilize the aforementioned TRA to design a freeze-
drying process of two model formulations. It has been demonsirated that the successful design of a

4
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robust and optimum freeze-drying process using only three temperature ramp experiments was possible
for the two model formulations studied. Thus, compared to expensive and time-consuming trial and emor
experimental approach, the TRA detfailed in this study has several advantages with respect to
development time and material savings. Furthermore, considering the simple and effective design
sirategy of the TRA, developmental engineers and scientists at any level of experience and lyophilization
knowledge could utilize it to design an effective freeze-drying process for any given drug formulation.

2. Materials and methods

241 Materials

All vials used in this study were 10-mL tubing vials purchased from SCHOTT AG (Mainz, Gemany). The
stoppers were Igloo single vented gray stoppers from West Phamaceutical Services, Inc. (West
Pharmaceutical Services, Inc., Exton, PA, USA). The temperature ramp approach was used to design a
freeze-drying process of two model formulations. Model formulation 1 (MF1) represents a formulation with
an intemmediate solid content and is a sclution containing 10% (wiw) trehalose. Trehalose was purchased
from Pfanstiehl, Inc. (Pfanstichl, Inc., Waukegan, IL, USA&). The second model formulation (MF2)
represents a formulation with a high solid content and is a solution containing 20% (wiw) sucrose.
Sucrose was purchased from YWR (Damstadt, Gemany). The two model formulations were prepared
using water for injection obtained from Fresenius Kabi Deutschland GmbH (Friedlerg, Gemany). The
trehalose and sucrose powders were used without further treatment. All the solutions used in this study
were fitered using 0.22-pm pore size filters (PALL Corporation, Port Washington, NY, USA) before filling
into the vials, aiming to remove any particulate matter that might have been introduced during
preparation.

2.2  Methods
2.2.1 Differential Scanning Calorimeiry (DSC)

A TA instruments Q2000 series differential scanning caloimetry (DSC) with a refrigerated cooling system
(RCS) (TA Instruments, New Castle, DE, USA) was used to determine the T, of frozen samples. The
following program was employed to determine the T; of MF1 and MF2. A nitrogen supply at 50 mL/min
was provided to the system using the continuous mode of the RCS. A sample of 10-15 mg of MF1 or MF2
was weighed into aluminum sample pans, and the pans were hermetically sealed. An empty hemetically
sealed pan was used as a reference. Once the sample and reference pans were placed on the sample
chamber of the DSC, the samples were equilibrated at 40 *C for 2 min and then frozen to -60 °C at a rate
of 20 *C/min. To assure complete sclidification of the frozen samples, they were held at -60 *C for 10 min.
The 7, values were obtained during the heating period from -80 *C to 40 °C at a rate of 10 *Cimin. These
T; values were analyzed using Universal Analysis software, and they were reported as the midpoint of the
glass transition curve.

2.2.2 Freeze-Drying Microscopy (FDM)

A Lyostat 2 freeze-drying microscopy (Biopharma Technology Lid., Winchester, UK) was used to
determine the T, of the model formulations studied. The following program was used to determine T, of
MF1 and MF2. A sample of 2 pL was placed on a quartz cover glip and covered using a glass cowver slip.
A TO-pm thick metal spacer was placed between the quartz and the glass cover slips to allow sublimation

5
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of the samples. The solution samples were frozen to -40 *C at a rate of 20 "C/min, and the frozen solution
was held for S min to allow complete solidification. Once solidification was completed, the pressure inside
the coaoling stage was evacuated to around 010 mbar. The samples were held at -40 *C and 0.10 mbar
until an approximately 2-3-mm dry layer thickness was achieved. The samples were then heated at a
rate of 5 *Cimin to a temperature slightly less than the T; obtained from the DSC. Aiming to observe a
structural change at a higher temperature resolution, the heating rate was lowered to 0.5 *C/min, and the
samples were further heated until a complete structural damage was observed. Images of the samples
were captured throughout the experiment, and the T. was defined as the temperature at which a clearly
observable structural change of the frozen solution was observed.

2.2.3 Freeze-drying experiment

HOF laboratory freeze dryer (HOF Sonderanlagenbau GmbH, Lohra, Germany) was used to perform all
the freeze-drying experiments. The freeze dryer had four shelves with a total usable shelf area of 0.36 m?
and a Pirani gauge for P. control. All the freeze-drying experiments were carried out using 10-mL tubing
vials, and for each of the experiments, 176 vials {one fully loaded shelf) were filled with 5-mL sclution and
placed on one of the four shelves of the freeze dryer. To reduce the effect of atypical radiation, a 4-mm
thick polystyrene foam block and an aluminum foil were used to cover the acnic chamber door of the
dryer door. Product temperature measurement was performed uging eight wireless thermologgers (Lives
Intermational, Timis, Romania), which were set to record product temperatures every 20 s. The freezing
step was kept identical for all the TRA experiments, as follows: cooling from +5 *C to -10 °C at 1 “Clmin,
90 min holding at -10 *C; further freezing to -40 °C at 1 *C/min and 240 min holding at 40 °C. During the
primary drying, the shelf temperature was ramped down at 1 *C/min within the shelf temperature range
given in the DoE (2ee Table 1). During the ramping down penod, a 3-hour holding time was defined at
different shelf temperature points, and the steady state product temperature was recorded at these shelf
temperature points (see Table 1). Product temperatures of the front edge vials and center vials were
measured using four thermologgers for each vial group. At each of the shelf temperature points, the
product temperature measurements obtained from the four thermologgers were used to calculate the
minimum, maximum, average, and standard deviation of the product temperature.

2.24 Design of Expariments (DoE)

DoE allows the simultansous determination of the effects of all potential input varables on the output
respanses. In addition, it allows investigations on how the process response changes as input variables
fluctuate within allowable limits. DoE requires a profound scientific background of the formulation and the
process. In addition, preliminary experiments using the specified drug formulation could be necessary to
facilitate the development of an effective DeE. For the primary drying step of the freeze-drying process,
the critical input process parameters are T, and F., whereas the critical output parameters are T, t,, and
sublimaticn rate (Assegehegn et al., 2019b). Therefore, based on pricr knowledge and few preliminary
experiments using the model formulations, a customized DoE for both model formulations was developed
and is presented in Table 1. The biggest advantage of the TRA is that the T, range during the DoE can be
extended to any desired range, as long as the upper T; limit does not lead to product collapse.
Furthermoare, the entire TRA experiment should be completed before the frozen ice is completely
sublimed.

Table 1.
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2.25 Determination of sublimation rate

In order to define the opimum drying rate for any fill volume, determination of sublimation rate at the
optimum processing conditions (processing conditions that yield the highest possible product temperature
of the edge vials and, at the same time, the highest possible sublimation rate of the center vials) is
important. Sublimation rate was determined gravimetrically. For this purpose, 16 selected sample wials,
which were systematically placed to represent vial groups with the lowest sublimation rates, were
weighed before and after the freeze-drying experments. It has been experimentally determined that, at
the optimum processing conditions, center vials yield the lowest product temperature and, thus, the
lowest sublimation rate. Therefore, the 16 sample vials were placed at the center of the vial amay. A
laboratory analytical balance (Sarorius AG, Gottingen, Gemany) was used to weigh the sample vials. To
stop the sublimation process immediately, the vacuum of the product chamber was released using dry
nitrogen. At the end of the sublimation process, the product chamber was too cold to cause condensation
of the sumounding moisture into the cold stoppers and into the extremely hygroscopic dried product. To
prevent this issue, the wvials were heated to 20 °C before the product chamber door was opened. Once
the product chamber door was opened, the sample vials were immediately fully stoppered and re-
weighed. The minimum sublimation rate of the 16 sample vials was taken to calculate the drying time of
the primary drying step. To avoid any effect of the freezing step, the freezing protocol used during the
TRA experiments and the sublimation experiments was identical.

It has been reported that the resistance of the dried product increases as the length of the dried layer of
the product increases (Kuu et al., 2008; Fissore et al., 2011; Kodama et al., 2014; Scutella et al., 2018hk).
This implies that the sublimation rate decreases by increasing the product dried layer. Therefore, to
consider the minimum sublimation rate, the sublimation process was stopped when a reasonable dried
layer thickness of the center vials was achieved. Since the dried layer of the center vials was not visible,
the dried layer of the front edge vials, which was visible through the acnyic door of the dryer, was used as
a guide to stop the sublimation process. Thus, the sublimation process was stopped after the dried layer
of the front edge vials reached the vial bottom. The exact drying time for the calculation of the sublimation
rate was obfained from the center vials product temperature profile. The definition of the staring and
finishing time for the sublimation process is given elsewhere (Assegehegn et al., 2019h).

3. Results and Discussion

31 Characterization of frozen formulations

The T; of both medel formulations, as determined using the DSC experiment described previously, were
in excellent agreement with literature reported data (Her & Mail, 1984; Chang & Randall, 1992). The T, of
the model formulations were determined from a subjective assessment of images that were captured
during the experiment. Although the determination of the T, wvalues involves subjeciive evaluation of
images, they provide important information on the structural change of a formulation at a microscopic
scale, which is similar to a structural change that could occur during a freeze-drying process. Thus, the T,
can precisely define the Tye during the primary drying step of the freeze-drying process. The T, of bath
model formulations were in excellent agreement with literature reported values (Adams & Ramsay, 1996).
The T, T;, and Tyt of both model formulations are summarized and presented in Table 2.

Table 2.

270



Appendix A: Published articles

3.2 Optimization of primary drying using TRA

The main objective of optimizing the primary drying step of a freeze-drying process is to balance the heat
and mass transfer of the process during the sublimation step so that T, remaing within a desired range
during the entire primary drying step. Even knowing '.I'; and T., the optimization of the primary drying step
is challenging. On one hand, T,, which depends on formulation properties, processing conditions, and
container-closure system, cannot be directly controlled during the primary drying step. This leads to
several frial and emor experimental studies aiming to achieve the optimum processing conditions.
Although several mathematical models available today are helpful in reducing the experimental burdens
necessary to optimize the primary drying step, several time- and material-consuming verfication
experimental studies could still be required. On the other hand, differences in product temperature and
sublimation rate of vials located at the periphery and at the center of the vial array make the optimization
effort even more challenging. In this sense, the challenge arises from defining an optimum T,-F.-t,, profile,
considering all vials in the array. In addition to being optimum, robustness of the process is an important
factor. Accordingly, the process should withstand small deviations in T, and P, and considering such
deviations, the drying time should allow all vials to complete the sublimation of the ice before proceeding
to the secondary drying step.

The TRA developed in this study uses few experimental studies to define optimum processing conditions
of a given formulation during primary drying. In additicn, the approach is developed to consider the
differences in product temperature and sublimation rate of vials at different locations. Because the TRA
works better for formulations that show insignificant change in T, as thickness of the dried layer {.!.,pj
increases, determination of the relationship between T, and Lg, of a given formulation is an important part
of the TRA. This could be easily performed by following the change in T, during the progress of primary
drying at a selected T,-F. combination. As long as T, during this experiment stays lower than Ty, T;, or T,
of the formulation, any T;-F. combination can be used. For the two model formulations studied here, once
T, reached pseudo steady-state conditions, the change in T, as a function of L, was insignificant,
demonstrating that the dried layer imposes similar resistance to vapor transport regardless of its thickness
(zee Fig. 2). On the other hand, for formulations that show strong dependency of T, on Lg,, the TRA gives
vital information to examine how T, changes as Ly increases and T, decreases. In such circumstances,
multiple T, during primary drying could be employed. The two model formulations described previously
(cf. Table 1) were used to discuss the use of the TRA to design an effective freeze-drying process. The
detailed steps of the TRA are discussed below.

Figure Z: Dependency of product temperature {ij on dried layer thickness of model formulations (MF)1
and MF2.

Determination of product temperature (T,): As discussed previously, T, iz a key variable during TRA
process development. Thus, comect determination of the T, is very important. Nail et al. described some
recommended best practices for product temperature measurement (Nail et al., 2017). The factors that
significantly influence T, are T, and F,, and the primary goal of TRA is to evaluate the effect of these
factors on T, for a given formulation and at a given container-closure system. The core advantage of TRA
is its ability to analyze several combinations of T, and P. in a single experimental setup, thus minimizing
the number of experimental studies. Some representative T, profiles of both model formulations for front
edge vials (FE) and center vials (C), measured during the TRA experiments, are displayed in Fig. 3. In
these experiments, the container-closure systems used were idenfical; therefore, the influence of
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varation in vial heat transfer coefficient on product temperature can be safely assumed as negligible.
Table 3 presents results and statistical analyses of the T, for FE and C of both model formulations. For
each vial group, four thermologgers were used to measure 7. from which the minimum (Min), maximum
(Max), average (Ave), and standard deviation (5D of the T, wers calculated (cf. Table 3). The calculation
of the Min, Max, Ave, and SD at each T; point considers a peeudo steady-state condition in T, (except at
the first T, point). Thus, because the first few T, measurements at each T, point showed transient
behavior, they were not conzidered for the calculation of Min, Max, Ave, and SD. The T, range used for
the calculation of Min, Max, Ave, and SD at each T, point are displayed in Fig. 3. For each vial group and
at each T, point, the Min, Max, Ave, and S0 were calculated from T measurements (approximately 1800
data points) obtained using the four thermoleggers. Thus, in addition to being statistically significant, the
reported T, values are accurate representations of the experiments studied herein.

Figure 3. Product temperature profiles of selected temperature ramp approach experiments; (a) model
formulation (MF)1 at 2. = 0.10 mbar, (b) MF2 at 2. = 0.10 mbar. C, center vials; FE, front edge vials, T,

product temperature; F., chamber pressure.

The statistical results (Table 3) show that regardless of the processing conditions and the formulation, the
diffierences between the maximum and minimum 7, and the standard deviation at the first T, point were
higher than those at the rest of the T. points. This was attributed to the longer time required to reach a
pseudo steady-state condition in T, at the start of the primary drying. For this reason, the first 7; point was
not included in further analysis of the TRA results. Differences in maximum and minimum T, at the rest of
the T, points (see Table 3) were consistent and small (less than 1 °C), demonsirating that, at all T, points,
the change in T, was insignificant. The SD of the T, measures the precision or uniformity of the data
points at each of the T, points. As presented in Table 3, the SD for all combinations of T, and F. studied,
except for the first T, point, was well below 1 *C. Since the SD values are calculated based on statistically
significant numbers of data, the average product temperature (T, ave) values presented in Table 3 can be
considered as accurate representation of the T, at the given T; and F. values.

Table 3.

Determination of optimum processing conditions: As discussed previously, optimum processing
conditions during primary drying define values of T, and F., which allow the energy eguilibrium of the
gystem to be achieved at T,r. As shown in Table 3 and reported in the literature (Pikal et al, 2016 &
2018; Scutella et al., 2017a; 2017b & 2018a; Assegehegn et al., 2013b), the front edge vials have higher
T, compared to the center vialz. Thus, the Tyave values of the front edge vials (Table 3) were utilized to
analyze the Tyt during the primary drying step. Evaluation of the optimum processing conditions was
performed using regression analyses of the T, of the front edge vials as a function of T, at the F. studied
(Fig. 4). As can be deduced from Fig. 4, the E.:xperimental data fit the regression analysis equations
(polynomial curve fitting equations) fairly well (R™ = 0.97). Thus, accurate determination of the oplimum
processing condiions is possible. The shade area of Fig. 4 displays the range of Tr, as defined
previously (cf. Table 2), and the corresponding optimum T, range at a given F.. For example, the range of
the Tt for MF1 was defined from -28.5 °C to -28.5 °C (cf. Table 2). As displayed in Fig. 4a, the opimum
range of T, at a P. of 0.10 mbar was obtained from -17.0 °C to -11.5 °C. The optimum range of T, at a
given £ was defined on the basis that the T, of the front edge vials remained within the predefined range
of Tt (Fig. 4). Similarly, at the optimum T, the range of T, for the center vials varied between -31.1 °C
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and -30.4 *C (amow lines, Fig. 4a). Altematively, the regression equations from Fig. 4 could be used to
calculate the optimum T, at the comesponding F.. Using similar analyses, the optimum range of T; for MF1
and MF2 at all the £. studied are summarized and presented in Table 4.

Figure 4. Product temperature dependence on shelf temperature for front edge and center vials at a
selected chamber pressure; (a) Model formulation (MF)1 at £. = 0.10 miar, (b} MF1 at 2. = 0.15 mbar, (c)
MF2 at £ = 0.10 mbar, and {d} MF2 at F. = 0.15 mbar. F., chamler pressure.

Table 4:

It iz well known that the sublimation rate depends on F.. Thus, depending on F., similar T, values could
produce different sublimation rates. Consider, for example, two optimum processing conditions of MF2
from Table 4 (1) £, = 0.05 mbar and T, = -28.5 (at this processing condition, T, of the center vials was -
35.8 °C); (2) B = 0.15 mbar and T; = -29.5 (at this processing condition, T, of the center vials was -34.9
*C). The driving force for the sublimation of ice {H[Tp] — P for both selected processing conditions can
be calculated from the knowledge of the ice vapor pressure (F) at the comesponding product
temperatures ['I'p]. At processing condition 1, P:['I'p]-—ﬁ_ = 0.155 mbar, whereas at processing condition
2, (T} — B = 0.076 mbar. Furthermore, for the same formulation and similar T, it could be safely
assumed that the dried product resistance is the same. With such a valid assumption, the terms ﬁ['.r‘;.:l -
£ and sublimation rate have similar qualitative and quantitative meanings. Thus, a higher P,{Tp)— P is
directly franslated into a higher sublimation rate. This analysis implies that although processing conditions
1 and 2 are defined as optimum processing conditions for MF2 from a T, perspective, they yield
significantly different sublimation rates. In this particular example, although the energy equilibrium state of
the system at processing condition 2 is achieved within T,t (cf. Table 4), the comesponding sublimaticn
rate is significantly lower than that at processing condition 1. This leads to a prolonged primary drying
time and, hence, to an unoptimized primary drying step. Given the importance of such knowledge and
information during the optimization of the primary drying step, it is therefore essential to identify the range
of P, that yields the highest sublimation rate. This is done by plotting the driving force for the sublimation
of ice {P,[TF]- — E.) against T, of the front edge vials, as displayed in Fig. 5. It is important to menticn here
that because the center vials have the lowest T, and, thus, the lowest £, in the vial array, the F; values in
Fig. 5 were calculated from T of the center vials.

Figure 5. Dependency of the driving force for sublimation of ice, P:[:TP] — F., on chamber pressure and
product temperature; (a) Model formulation (MF)1 and (b} MF2. F,, ice vapor pressure; T, product
temperature; P, chamber pressure

Fig. 5 shows that for both model formulations, enhanced sublimation rates are obtained at lower F. and
higher T, Furthermore, 7, [Tp} — P at 2 of 0.15 mbar was very low, suggesting that performing the
primary drying at @ chamber pressure above 0.10 mbar would not provide any advantage in terms of
sublimation rate. Therefore, the optimum chamber pressure for MF1 and MF2 could be defined in the
range of 0.05 to 0.10 mbar (shaded area of Fig. 5).

Hence, refeming to Table 4 and considering the aforementioned analyses, the final optimum processing
conditions (i.e., T, and P.) for both model formulations were defined and are presented in Table 5.

Table 5.

10
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Determination of optimum primary drying time: Once the optimum processing conditions of a
formulation were defined, the next step in the TRA scheme was to define the primary drying time of a
given fill volume. Therefore, experimental determination of the sublimation rate at a set point, selected
from any of the previously defined ranges of optimum processing conditions (see Table 5), should be
performed. In this study, the following set points were chosen to determine the primary drying time of MF1
and MF2:

»  For MF1: £ = 0.075 mbar, T, = -7.0°C
» For MFZ: £ = 0.075 mbar, T, =-16.0°C

As outlined in the materials and methods section, sublimation rates of the center vials were determined
gravimetrically, and the resultz are presented in Table 6. As shown in Table B, the T,ave of the front edge
vials for both model formulations were well within the T,¢ ranges (cf. Table 2). This demonstrates the
accuracy and reliability of the TRA design strategy, which was also supported by the fact that the
standard deviations of the sublimation rate for both model formulations were also very low. Once reliable
sublimation rates of the center vials were determined, the optimum primary drying time could be
calculated either from the minimum or average sublimation rates.

Table 5.

Verification experiment: Aiming to confirm the reliability of the freeze-drying process design strategy
detailed in this study, the selected optimum processing conditions were experimentally venfied. During
the wverification experiments, the previously selected optimum processing set point and the minimum
sublimation rate (cf. Table 6) were employed. To assess the success and reliability of the TRA design
strategy, T, was checked, and a visual inspection of the dried products was performed. To minimize
possible variations in the drying behavior due to the freezing step, the freezing protocol during both
verification and TRA experiments were kept identical.

Fig. & shows product temperature profiles of the verification experiments. There are different techniques
to define the end of primary drying and, hence, to evaluate the adequacy of the selected primary drying
time (Patel et al., 2010). One technigue is to use the product thermocouples response. In general, the
point where the thermocouple response starts to offset from steady-state represents the end of the
primary drying. However, a more conservative approach is to use the point where T, approaches the shelf
set point temperature. As shown in Fig. 8a and Bb, the T, responses of the center vials started to offset
from their steady-state values before the atart of the secondary drying, demonstrating that the drying time
allocated to the process was adequate.

Figure 6. Experimental verification of the optimum processing conditions obtained using TRA. (a) Product
temperature profiles of front edge vials (FE) and center vials (C) for model formulation {MF)1; {b) Product
temperature profiles of front edge vials (FE) and center vials (C) for MF2. F., chamber pressure.

Furthermore, the completion of primary drying was supported by the physical appearance (damage-free)
of the dried cakes, as displayed in Fig. 7a and 7b. Although assessment of the physical appearance of a
dried cake is subjective, some literature guidelines (WNirich et al., 2015; Patel et al_, 2017, Hasuser et al_,
2018; Ohori et al., 2019) have been followed to determine an acceptable appearance of a freeze-dred
cake.

1
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Figure 7. Physical appearance of the dried product after the verfication expernments: (a) Model
formulation (MF)1 and (b) MF2.

Table 7 presents the comparison between the T, estimated from the TRA experiments and determined
from the verification tests. The TRA estimated values presented in Table 7 represent the T, values
obtained from Table 5 at P. = 0.10 mbar.

Table 7.

As can be deduced from Table 7, the average T, of both the front edge and center vials obtained from the
verification experiment remained well within the range of the T values estimated from the TRA tests. This
demonstrates that the TRA freeze-drying process design strategy described in this study produces very
accurate and reproducible results. This enables process scientists to design the freeze-drying process of
a given phamaceutical drug formulation based on a scientific and experimental-based approach rather
than through a trial and emor approach. Furthermors, the TRA employs a few and well-defined
experimental runs, providing remarkable potential for savings in terms of development time and material.

4. Conclusions

The design strategy of a freeze-drying process for phammaceuticals and biopharmaceuticals is far from
optimum. In most cases, a trial and ermor expermental approach iz employved during the designing,
scaling-up, and transfer of the freeze-drying process. This approach is often materal and time
consuming, and the resulting freeze-drying processes are neither optimum nor robust. In this study, we
described a novel simple-to-use and experimental-based approach, called TRA, for the design of an
optimum and robust freeze-drying process for any phammaceutical and biophammaceutical drug
formulations. Proper formulation characterization and definition of a namow range of target product
temperatures during the primary drying step are necessary before performing the TRA experiments. An
effective DoE that contains a reliable range of process parameters (i.e., shelf temperature and chamber
pressure) was developed based on a profound scientific understanding of the model formulations and the
freeze-drying process. Furthermore, a few preliminary experiments were performed to better define the
range of shelf temperatures at a given chamber pressure. One of the core advantages of the TRA is that
a wide range of shelf temperatures can be tested in a single experiment, provided the complete TRA
experiment is performed before the completion of sublimation. DoE was used to perform temperature
ramp expernments, from which all necessary information to define optimum processing conditions for the
primary drying step was obtained.

The proposed TRA considers varations in product temperatures and sublimation rates across a shelf.
Accordingly, product temperature of the front edge vials and sublimation rate of the center vials were
used to define the optimum processing conditions. In this sense, the optimum processing conditions were
selected on the basis that product temperature of the front edge vials was kept within a pre-defined target
product temperature and, at the same time, the highest possible sublimation rate of the center vials was
achieved. This assures the effectivensss and robustness of the resulting freeze-drying process.
Compared to the mathematical models that may require several freeze-drying experiments for
optimization and verification, the TRA detailed in this study produced more realistic, reliable, and accurate
results, demonsfrating the potential for significant savings in terms of development fime and maternial.
Experimental verification with both model formulations at the optimum processing conditions showed

12
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excellent agreement between the TRA-estimated and the experimentally determined product temperature
and sublimation rate values. Finally, coupled with an effective DoE, the proposed TRA for the freeze-
drying process design considerably reduces development time and matenal, and, at the same time,
significantly improves the effectiveness and robustness of the resulting freeze-drying process.
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Figure 1. Interrelationship between the formulation and freeze-drying process, and its role
during the freeze-drying process design and optimization.
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Figure 2: Dependency of product temperature (T, ) on dried layer thickness of model
formulations (MF)1 and MF2.
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Figure 3. Product temperature profiles of selected temperature ramp approach experiments;
(a) model formulation (MF)1 at P, = 0.10 mbar, (b) MF2 at P, = 0.10 mbar. C, center vials;
FE, front edge vials, T,,, product temperature; P,, chamber pressure.
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Figure 4. Product temperature dependence on shelf temperature for front edge and center
vials at a selected chamber pressure; (a) Model formulation (MF)1 at P, = 0.10 mbar, (b)
MF1 at P, = 0.15 mbar, (c) MF2 at P, = 0.10 mbar, and (d) MF2 at P, = 0.15 mbar. F,,
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Figure 6. Experimental verification of the optimum processing conditions obtained using
TRA. (a) Product temperature profiles of front edge vials (FE) and center vials (C) for model
formulation (MF)1; (b) Product temperature profiles of front edge vials (FE) and center vials

(C) for MF2. P., chamber pressure.
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Figure 7. Physical appearance of the dried product after the verification experiments: (a)
Model formulation (MF)1 and (b) MF2.

Table 1. Customized design of experiments (DoE) for MF1 and MF2

- Pri drving inout N
Experiment rimary drying input parameters T, points for TRA (°C)?
number P. (mbar) Range of T, (°C)
10% (w/w) trehalose solution (MF1)
1 0.05 [0.0, -20.0] 0, -4, -8, -12, -16, and -20
2 0.10 [-5.0, -24.0] -5, -10, -14, -18, -22, and -24
3 0.15 [-15.0, -33.0] -15, -17, -21, -25, -29, and -33
20% (w/w) sucrose solution (MF2)
1 0.05 [-8.0, -24.0] -8, -10, -14, -18, -22, and -24
2 0.10 [-13.0, -31.0] -13, -15, -19, -23, -27, and -31
3 0.15 [-15.0, -32.0] -15, -17, -21, -25, -29, and -32

aT, points are selected from the predefined range of T; to perform a holding step during the TRA
experiments. The quantity and value of the T; points within a given range are user defined.
MF, model formulation; TRA, temperature ramp approach; P,, chamber pressure; Ty, shelf temperature

Table 2. Summary of formulation critical properties for MF1 and MF2.

Formulation Solid content (mg/g) Tg' (°C) T. (°C) T,t (°C)
MF1 100 -29.2 -27.5 [-29.5, -28.5]
MF2 200 -32.4 -31.1 [-32.5, -31.0]

MF, model formulation; Ty, glass transition temperature of the maximally freeze-concentrated solution; T,
collapse temperature of an amorphous formulation; T, t, target product temperature for primary drying
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Table 3. Product temperature results and statistical analyses of MF1 and MF2 obtained from TRA
experiments according to the DoE (Table 1). Statistical analysis includes minimum (Min), maximum
(Max), average (Ave), and standard deviation (SD) of T, at each T; point studied.

Statistical analysis of product temperatures (°C)

Front edge vials Center vials
T

P, (mbar) points Min2 Max® Avec Sbd Mina MaxP Avec Sbd

)

MF1
0.0 -34.8 -27.7 -30.4 1.90 -40.4 -33.2 -36.7 1.77
-4.0 -28.8 -27.8 -28.2 0.23 -34.4 -31.2 -31.9 0.76
0.05 -8.0 -29.0 -28.5 -28.8 0.16 -32.8 -31.1 -32.0 0.42
’ -12.0 -29.8 -29.2 -29.5 0.18 -32.6 -31.5 -32.2 0.31
-16.0 -30.6 -30.0 -30.3 0.26 -33.1 -32.3 -32.8 0.25
-20.0 -31.4 -30.6 -31.0 0.29 -34.0 -33.2 -33.7 0.22
-5.0 -33.9 -275 -29.5 1.62 -37.6 -30.5 -33.7 1.81
-10.0 -28.7 -28.0 -28.3 0.15 -31.3 -29.6 -30.3 0.50
0.10 -14.0 -29.1 -28.7 -28.9 0.11 -31.5 -30.0 -30.6 0.40
’ -18.0 -29.9 -29.4 -29.7 0.16 -31.9 -30.8 -31.3 0.30
-22.0 -30.8 -30.2 -30.5 0.17 -32.8 -31.9 -324 0.26
-24.0 -31.2 -30.6 -30.9 0.16 -33.2 -32.4 -32.8 0.23
-15.0 -33.2 -28.1 -30.3 124 -35.5 -31.0 -33.1 1.09
-17.0 -28.8 -27.8 -28.2 0.27 -31.1 -29.4 -30.2 0.42
015 -21.0 -29.5 -28.7 -29.0 0.22 -31.3 -30.2 -30.7 0.27
-25.0 -30.5 -29.6 -30.0 0.24 -32.1 -31.4 -31.8 0.19
-29.0 -31.6 -30.7 -31.1 0.23 -33.7 -33.2 -33.5 0.14
-33.0 -33.2 -32.4 -32.8 0.23 -36.0 -35.5 -35.8 0.10
MF 2

-8.0 -35.1 -29.5 -30.8 1.26 -40.8 -32.9 -35.6 2.00
-10.0 -30.3 -29.7 -30.1 0.13 -32.9 -32.0 -32.3 0.21
0.05 -14.0 -31.1 -30.9 -30.9 0.05 -33.0 -32.5 -32.8 0.12
-18.0 -31.5 -31.2 -31.3 0.08 -33.7 -33.2 -335 0.11
-22.0 -31.9 -31.4 -31.8 0.12 -34.4 -34.1 -34.3 0.08
-24.0 -32.1 -31.5 -31.9 0.19 -34.7 -34.4 -34.6 0.07
-13.0 -34.1 -30.3 -31.2 0.84 -36.8 -31.6 -33.7 1.26
-15.0 -31.0 -30.6 -30.8 0.14 -32.5 -31.4 -32.0 0.34
0.10 -19.0 -31.8 -31.1 -31.4 0.21 -33.1 -32.2 -32.7 0.25
' -23.0 -32.4 -31.7 -32.0 0.19 -33.9 -33.3 -33.6 0.18
-27.0 -33.0 -32.4 -32.6 0.18 -35.0 -34.5 -34.8 0.14
-31.0 -33.8 -33.2 -334 0.15 -36.4 -36.1 -36.3 0.09
-15.0 -30.5 -29.0 -29.6 0.34 -34.1 -30.9 -31.9 0.73
-17.0 -30.1 -29.4 -29.7 0.24 -31.8 -31.1 -31.4 0.14
0.15 -21.0 -31.1 -30.4 -30.7 0.26 -32.6 -32.1 -32.3 0.12
' -25.0 -31.9 -31.1 -31.6 0.25 -33.6 -33.1 -334 0.11
-29.0 -32.8 -31.9 -32.4 0.23 -34.8 -34.4 -34.6 0.09
-32.0 -33.4 -32.6 -33.1 0.23 -36.0 -35.6 -35.8 0.09

aMinimum value for each vial group represents the minimum T,, considering all four thermologgers used.
bMaximum value for each vial group represents the maximum T, considering all four thermologgers used.

“Average value for each vial group represents the average T, considering all four thermologgers used.
dStandard deviation value for each vial group represents the standard deviation considering all four

thermologgers used.

MF, model formulation; TRA, temperature ramp approach; DoE, design of experiments; T,, product

temperature; T, shelf temperature; P., chamber pressure
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Table 4: Range of optimum T; as a function of the P, studied and the corresponding range of T, for MF1
and MF2 fluids.

Range of T, at optimum processing conditions (°C)P

P. (mbar) Range of optimum T, (°C)?

Front edge vials Center vials
MF1
0.05 [-12.0, -6.0] [-29.5, -28.5] [-32.3,-31.9]
0.10 [-17.0, -11.5] [-29.5, -28.5] [-31.1, -30.4]
0.15 [-22.5, -19.0] [-29.5, -28.5] [-31.1, -30.4]
MF2
0.05 [-28.5, -15.0] [-32.5, -31.0] [-35.8, -33.0]
0.10 [-26.0, -16.5] [-32.5, -31.0] [-34.5, -32.3]
0.15 [-29.5, -22.0] [-32.5, -31.0] [-34.9, -32.5]

aThe range of optimum T, was calculated using the regression equations (curve fitting equations) on the
basis that the corresponding front edge vials T,, range remained within the predefined T,t (shaded area in
Fig. 4).

bThe range for center vials T, was calculated using the regression equations (curve fitting equations) in the
optimum T range (cf. Fig. 4a).

MF, model formulation; P, chamber pressure; T, shelf temperature; T,,, product temperature; T, t, target
product temperature.

Table 5. Final optimum processing conditions for MF1 and MF2.

Optimum F, Range of optimum T; (°C) Range of T, at optimum processing conditions (°C)
(mbar) Front edge vials Center vials
MF1
0.05 [-12, -6.0] [-29.5, -28.5] [-32.3, -31.9]
0.10 [-17.0, -11.5] [-29.5, -28.5] [-31.1, -30.4]
MF2
0.05 [-28.5, -15.0] [-32.5, -31.0] [-35.8, -33.0]
0.10 [-26.0, -16.5] [-32.5, -31.0] [-34.5, -32.3]

MF, model formulation; F,, chamber pressure; T,,, product temperature; T, shelf temperature.
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Table 6. Results of the sublimation rate determination experiments at the selected processing set point.

Front edge vials Center vials
Formulation T? " e
(°C) (°C) (g/h-vial)
Ave SD Ave SD Min Max Ave SD
MF1 -29.10 0.70 -32.44 1.51 0.130 0.151 0.140 0.007
MF2 -31.06 0.20 -32.94 1.09 0.086 0.105 0.095 0.005

aThe average and standard deviation values were calculated from temperature measurements obtained from
three thermologgers (approximately 4500 data points).

bThe average and standard deviation values were calculated from temperature measurements obtained from
four thermologgers (approximately 6000 data points).

¢The Min, Max, Ave and SD of the sublimation rate were calculated from 16 center vials.

MF, model formulation; Ave, average; SD, standard deviation; Min, minimum; Max, Maximum; T,,, product
temperature; m, overall mass transfer rate from a vial.

Table 7. Comparison of the TRA estimated and experimentally determined parameters at the selected
optimum processing set point.

TRA estimated values Experimentally determined values
lati Front ed ol Center vial Front edge vials Center vials
Formulation ront edge vials enter vials T¢Cp T,CCp
T,(°C) T,(°C) Ave SD Ave SD
MF1 [-29.5, -28.5] [-31.1, -30.4] -28.8 0.45 -31.1 1.35
MF2 [-32.5, -31.0] [-34.5, -32.3] -31.3 0.45 -32.4 1.09

aThe average and standard deviation values were calculated from temperature measurements obtained from
three thermologgers (approximately 4800 data points).

"The average and standard deviation values were calculated from temperature measurements obtained from
five thermologgers (approximately 10300 data points).

TRA, temperature ramp approach; T,,, product temperature.
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The application of quality by design (QbD) is becoming an integral part of the formulation and process
development for pharmaceutical products. An essential feature of the QbD philosophy is the design
space. In this sense, a new approach to construct a process design space (PDS) for the primary drying
section of a freeze-drying process is addressed in this paper. An effective customized design of experi-
ments (DoE) is developed for freeze-drying experiments. The results obtained from the DoE are then
used to construct the product-based PDS. The proposed product-based PDS construction approach has

ﬁya“f_:ﬁ;mx several advantages, incduding (1) eliminating assumptions on the heat transfer coefficient and dried
Iyophilization product resistance, as it is constructed from experimental results specifically obtained from a given
quality-by-design formulation, yielding more realistic and reliable results and (2) PDS construction based on a narrow
21"2;":0" range of product temperatures and considering the variations in product temperature and sublimation

rate of vials across a shelf. This guarantees the effectiveness and robustness of the process and facilitates
the process scale-up and transfer. The PDS developed herein was experimentally verified. The PDS
predicted parameters were in excellent agreement with the experimentally obtained parameters.

© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

g
mathematical models(s)

Introduction

Freeze-drying or lyophilization is a drying unit operation that is
frequently used in pharmaceutical and biopharmaceutical in-
dustries to convert labile liquid formulations into a solid state with
the aim of improving their long-term storage stability."” Despite
being a method of high relevance for these industries, freeze-
drying is an energy intensive, time consuming, and economically
expensive process.* Therefore, the rational design and optimiza-
tion of the freeze-drying process is of paramount importance. It is
understandable that a sound knowledge of a formulation and its
critical properties are essential for the efficient and rational design
of a freeze-drying process.”? Formulation critical properties
include the freezing behavior of the formulation (phase separation,
protein denaturation, and pH shift), glass transition temperature of
the maximally freeze-concentrated solution (Tg'), collapse tem-
perature of the amorphous formulation (T¢), eutectic temperature

* Correspondence to: Getachew Assegehegn (Telephone: +4961726087381).
E-mail address: getachew.asseg kabi.com (G. ).

https://doi.org/10.1016/j.xphs.2019.07.001

of the crystalline formulation (Tey), stability of the active in-
gredients during preparation, and properties of the excipients.
Knowledge of such formulation properties and the freeze-drying
process itself significantly eases the design of a robust and opti-
mum process. Whereas an optimum process minimizes the process
time, a robust process addresses minor process deviations and
maintains the predefined quality target product profiles (QTPP).
The primary drying step of the freeze-drying process is, typi-
cally, the most critical and longest processing step. Consequently,
the majority of the optimization efforts are performed in this step.
As reviewed in previous papers,'”"" the freezing step has a signif-
icant effect on the primary drying rate; this is attributed to the
morphology, and the number and size of ice crystals formed during
the freezing step. The ice crystals leave a porous structure of dried
product upon sublimation, which determines the permeability and
resistance to water vapor flow through the dried product. The
larger the ice crystals formed during the freezing, the larger the
pore radius of the porous dried product and, hence, the lower the
resistance to water vapor flow. This facilitates the drying rate
during the sublimation step of the freeze-drying process. In gen-
eral, the influence of the freezing step on the different freeze-

0022-3549/© 2019 American Pharmadists Assodation®, Published by Elsevier Inc. All rights reserved.
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Nomenclature

CQAs  Critical quality attributes
DoE Design of experiments

DS Design space

Ky Vial heat transfer coefficient

MF1 Model formulation 1 (10% (w/w) trehalose solution)
MF2 Model formulation 2 (20% (w/w) sucrose solution)

m Overall mass transfer rate (sublimation rate) from a
vial

P Chamber pressure

PDS Process design space

P; Vapor pressure of ice

QbD Quality by design

QTPP  Quality target product profiles

r Pore radius of a dried product

Ry Resistance to mass transfer of the dried product

Te Collapse temperature of an amorphous formulation

ta Drying time of primary drying

Teu Eutectic temperature

Ty Glass transition temperature of the maximally freeze-
concentrated solution

Tp Product temperature

Trave  Average product temperature during primary drying

Tpt Target product temperature

T Shelf temperature

drying parameters can be summarized as shown in Equation 1. A
more detailed analysis of Equation 1 is given in reference.''

r = f(ice crystal size)

t-1()

1
Th=f (R,,A 7) Provided T and P; are held constant (1)
Pi=f(Tp, Rp)
5 1
=1 (g ™)

where, r(cm) is the pore radius of the dried product; Ry(mbar-s/g)
is the resistance to mass transfer of the dried product; T(°C) is the
product temperature, P(mbar) is the vapor pressure of ice; Ts(°C) is
the shelf temperature; P(mbar) is the chamber pressure; and
m(g/s) is the overall mass transfer rate from a vial.

During the primary drying step, the chamber pressure, P, is
reduced to trigger the sublimation of the ice crystals and, simul-
taneously, the shelf temperature, T, is increased to provide energy
to the sublimation process. The endothermic sublimation of ice and
the exothermic heat input processes are occurring in “close equi-
librium”. Thus, the change in product temperature during the pri-
mary drying is insignificant, provided that the shelf temperature
and chamber pressure are held constant. One major factor for a
slight change in product temperature during the primary drying
could be the increase in dried product resistance caused by an in-
crease in dried layer thickness.

In a freeze-drying process, the product temperature is indirectly
controlled through the manipulation of the shelf temperature and
chamber pressure. In the majority of cases, the ion of the

parameters from a nondrug formulation and from a single experi-
mental run could lead to a significant error during the optimization
of the process.” The authors’ experimental results show up to 18%
difference in the overall vial heat transfer coefficient determined
from water sublimation tests and from drug formulation sublima-
tion tests (see Table 1). Further, determination of the dried product
resistance from a single experimental run may not represent
different processing conditions. Processing at a product temperature
close to the T, could introduce a microcollapse on the dried struc-
ture, yielding a considerably reduced dried product resistance
compared with the dried products without microcollapse.

Following the roll out of the International Conference on
Harmonization (ICH) Q8(R2), the application of quality by design
(QbD) has become an integral part of the formulation and process
development for pharmaceutical products.""' An essential feature of
the QbD philosophy is the design space, which is defined, according
to ICH Q8(R2), as a multidimensional combination and interaction
of input variables and process parameters that have been demon-
strated to provide the assurance of critical product quality.” Given
the high interest of the pharmaceutical industries in implementing
the QbD concept in their formulation and process development
platforms, there exists a requirement for a systematic, scientific,
and result-based design space construction strategy.

To address this point for a freeze-drying process, this study
presents a new approach for the construction of a process design
space (PDS) using a customized design of experiments (DoE). A PDS
is a space enclosed by critical input process parameters of a given
process, within which the output parameters and the critical
quality attributes (CQAs) of the product remain within the desired
limit. A PDS ensures both process efficiency and product quality,

Table 1
Differences in Overall Vial Heat Transfer Coeffidents (K,) of a Drug Formulation and
‘Water for Injection

shelf temperature and ch pressure is d through a trial
and error approach, which leads to unnecessary long experimental
setups. Further, the resulting freeze-drying process is neither robust
nor efficient. In an attempt to minimize the trial and error experi-
ments, researchers have developed mathematical models for the
determination of the optimum processing conditions based on the
governing heat and mass transfer equations.*'?% In these mathe-
matical models, 2 input parameters, namely the overall vial heat
transfer coefficient and the resistance to mass transfer of the dried
product, are experimentally determined. The overall vial heat
transfer coefficient is typically determined from awater sublimation
test, whereas the resistance to mass transfer of the dried product is
determined using the drug formulation. The determination of these

P.(mbar) T,(°C) Overall Vial Heat Transfer Coeffident, K, 10* (cal/s.cm?K)
Drug Formulation ~ Water for Injection  Difference (%)
0.05 100 1.895 1934 206
17.0 1952 1.871 415
200 2127 1.869 121
0.10 100 304 3.044 0.00
150 2847 3.093 864
200 3131 3.165 1.09
-240 2764 3.a82 15.1
0.15 150 4169 4624 109
18.0 4508 4229 6.19
25.0 3485 4144 189

Note that the experiments were performed using identical vials and stoppers. Au-
thors’ own experimental results. P, is chamber pressure and T, is shelf temperature.
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and, hence, its advantages and applications during the freeze-
drying of pharmaceutical products are significant. Because freeze-
drying is an energy intensive process, designing the most opti-
mum freeze-drying process is certainly one of the highest priorities

facilitates the selection of the most effective and optimized process
parameters for a given formulation; and (3) the PDS presented
herein incorporates the variation in product temperatures and
sublimation rates of vials at different locations of a shelf. This gua-

for pharmaceutical industries. In this regard, a PDS provides an
opportunity to define optimum process parameters while main-
taining product quality. Further, a PDS significantly eases the
freeze-drying process scale-up and transfer and ensures consistent
product quality during large-scale commercial manufacturing. A
PDS provides information on how possible process deviations
during scale-up, transfer, or manufacturing influence the output
parameters and CQAs and offers an opportunity for an early and
systematic mitigation system for the case where the output pa-
rameters and CQAs are outside the PDS. Possible process deviations
during scale-up, transfer, or manufacturing could be caused by
differences in freezing conditions at lab and manufacturing scale
and differences in equipment design. In such circumstances,
equipment characterization is necessary to assess the differences
between equipment and to adjust the processing conditions.
Adjustment of the processing conditions could be significantly
facilitated using the PDS.

In a freeze-drying process, it is important to consider that a PDS
contains the input parameters that provide the maximum possible
sublimation rate during the primary drying step. As can be deduced
from Equation 1, the sublimation rate is dependent on several pa-
rameters, namely, ice vapor pressure or product temperature,
chamber pressure, and dried product resistance to mass transfer. To
maximize the sublimation rate during primary drying, it is impor-
tant toexecute at the highest vapor pressure of ice (this corresponds
to the highest product temperature) and at the lowest chamber
pressure. However, the maximum product temperature during
primary dryingislimited by the Tc of the amorphous formulations or
the T, of the crystalline formulations. Conversely, the minimum
chamber pressure is limited by the capability of the freeze-drying
equipment.”’’*? In this sense, a PDS offers a method to identify the
product and equipment limitations and to select the most optimized
and robust process parameters for a given formulation.

Although profound prior scientific knowledge of both formula-
tion and process is indispensable for building an effective DoE, it also
significantly assists in minimizing the number of experiments
necessary to construct a PDS. Using an effective DoE, less than 20
freeze-drying experiments can be performed todevelop the PDSof a
pharmaceutical formulation. As mentioned earlier, the primary
drying is the most critical phase in terms of process economics and
overall product quality. Thus, the focus of this study is on the con-
struction of the PDS for the primary drying phase of the freeze-
drying process. Although the mathematical models provide an op-
portunity to simulate several combinations of input process vari-
ables during the PDS construction, their success is highly dependent
onthe accuracy of the model input p ters and the pti
of the model equations. In this sense, the experimental-based PDS
construction approach detailed in this study offers an alternative
method for the construction of a freeze drying PDS. In addition,
although the mathematical models may need fewer experimental
setups than the experimental approach presented herein, the ad-

of the experi | approach over the mathematical
models are several folds. These include (1) the utilization of unique
and easy procedures to construct a PDS using the data obtained
solely from freeze-drying experiments of a given drug product. This
eliminates the assumptions on heat transfer coefficient and dried
product resistance, thus providing highly accurate results. For this
reason, the PDS developed in this study is termed a product-based
PDS; (2) unlike the current representation of a freeze-drying PDS,
this study uses shelf temperature versus chamber pressure curves
with narrow ranges of product temperatures as contour lines. This

the rot of the process and facilitates the process
scale-up and transfer. Moreover, presenting a product-based PDS
offers more realistic and reliable results if there is an intention of
using the PDS for regulatory purposes.

Finally, it is worth pointing out that Chang and Fischer reported
construction of a freeze-drying PDS based on experimental
approach, aiming to explain the use of a single-step freeze drying
cycle for a crystalline formulation (ie., use of high shelf tempera-
ture [as high as 40°C] and low chamber pressure to avoid using
secondary drying).** Consequently, it is apparent that the approach
followed by Chang and Fischer is based on a rather different
concept.

Materials and Methods
Materials

Sucrose was purchased from VWR (Darmstadt, Germany), and
trehalose was purchased from Pfanstiehl, Inc. (Waukegan, IL). The 2
raw materials were used without further treatment. Water for in-
jection was obtained from Fresenius Kabi Deutschland GmbH
(Friedberg, Germany). All vials used in this study were 10-mL
tubing vials purchased from SCHOTT AG (Mainz, Germany). The
stoppers were Igloo single vented gray stoppers from West Phar-
maceutical Services, Inc. (West Whiteland Township, PA).

Two model formulations were used for the development of the
PDS. Model formulation 1 (MF1) was a 10% (w/w) trehalose solu-
tion; model formulation 2 (MF2) was a 20% (w/w) sucrose solution.
Water for injection was used to prepare all the solutions used in this
study. Aiming to remove particulate matters that could be intro-
duced during preparation, the model formulations were filtered
using 0.22 pm pore-size filters (PALL Corporation, Port Washington,
NY) prior to filling the vials.

Methods

Differential Scanning Calorimetry

The glass transition temperature of the frozen samples (Tg") was
measured using a TA Instruments Q2000 series differential scan-
ning calorimetry (DSC) with refrigerated cooling system (RCS) (TA
Instruments, New Castle, DE). Sucrose and trehalose solutions were
prepared as described previously, and a sample of 10-15 mg was
weighed into aluminum sample pans, which were then hermeti-
cally sealed. An empty, hermetically sealed, pan was used as a
reference. The RCS was set on continuous mode, and the nitrogen
supply was set to 50 mL/min. The solution samples were first
equilibrated at 40°C for 2 min and then frozen to —60°C at a rate of
20°C/min. The frozen samples were held at —60°C for 10 min before
heating to 40°C at a rate of 10°C/min. The T;' values were deter-
mined using Universal Analysis software and were reported as the
midpoint of the glass transition curve.*®

Freeze-Drying Microscopy

The collapse temperature (T,) of the model formulations was
determined using a Lyostat 2 freeze-drying microscopy (Biopharma
Technology Ltd., Winchester, UK). Sucrose and trehalose solutions
were prepared as described previously, and a sample of 2 uL was
placed on a quartz cover slip and covered using a glass cover slip. To
allow sublimation of the sample, a 70 um thick metal spacer was
placed between the quartz and glass cover slips. The solution
samples were frozen to —~40°C at a rate of 20°C/min and held for
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5 min. After freezing, the vacuum was reduced to approximately 0.1
mbar and maintained at this condition until an approximately 2-3
mm dry layer thickness was achieved. The samples were further
heated at 5°C/min to a temperature marginally less than the Ty’
obtained from DSC, and then the heating rate was decreased to
0.5°C/min, aiming to observe a structural change at a higher tem-
perature resolution. The samples were heated until complete
structural damage was observed. Images of the samples were
captured throughout the experiment, and the collapse temperature
(T.) was defined as the temperature where a clearly observable
structural change of the frozen solution was observed.

Freeze-Drying Experiment

All freeze-drying experiments were performed using an HOF
laboratory freeze dryer with a total usable shelf area of 0.36 m?
(HOF Sonderanlagenbau GmbH, Lohra, Germany). The freeze dryer
was equipped with a Pirani gauge for chamber pressure control and
3 type K thermocouples for the measurement of the product tem-
perature. Freeze-drying experiments of both model formulations
were performed using 10-mL tubing vials. For each of the model
formulations, 176 vials (1 fully loaded shelf) were filled with 4 mL
solution and placed on 1 of the 4 shelves of the freeze dryer. During
the sublimation rate determination experiments, the fill volume
was selected to be higher than the design fill volume (3 mL) to bring
equivalence in dried product resistance and sublimation rate. For

Table 2
Custom Designed Full-Factorial Design of for Model F ion 1and
Model Formulation 2
Experiment Primary Drying Input Primary Drying
Number Parameters Output Parameters
P.(mbar) L(°0
1 005 5.0 o Product temperature of
> | 100 front edge and center vials
3 13.0° o Sublimation rate of front
4 15.0 edge and center vials
5 200
6 008 100
7 -150
8 200
9 ~25.0
10 o010 150
1 17.0
12 200
13 250
14 015 170
15 200
16 250
17 300
18 020 200
19 250
20 300

P, is chamber pressure and T, is shelf temperature.
* Experiment only for model formulation 1.
L i only for model formulation 2.

example, consider a sublimation experiment that was stopped after
an average 60% of a given (5 mL) fill volume was sublimed. This is

quivalent to a compl blimation of 3 mL fill volume and, thus,
brings equivalence in dried layer thickness (i.e., dried layer resis-
tance) and sublimation rate. The freeze dryer had an acrylic
chamber door, and to reduce the effect of radiation, the door was
covered with a 4-mm thick polystyrene foam block and an
aluminum foil. Eight wireless thermologgers (Lives International,
Timis, Romania) and the 3 type K thermocouples were used to
measure product temperatures. Although the presence of temper-
ature probes could impact the freezing and drying behavior of the
probed vials, such impact could be minimized by using thin tem-
perature probes. Thus, both the type K thermocouples and wireless
thermologgers used in this study were less than 1 mm thick.
Product temperatures using the wireless thermologgers were
measured every 20 s. The freezing step was held constant for all
freeze-drying experiments as follows: 1°C/min down to —10°C and
90 min holding time; further freezing to —40°C at 1°C/min and
240 min holding time. Conversely, the primary drying was changed
according to the DoE, as indicated in Table 2. The shelf surface
temperatures (Fig. 4) were measured using the wireless thermo-
loggers in a fully loaded shelf. For this purpose, the thermologgers
were inserted into bottomless 10-mL vials, and they were arranged
to have a clear contact with the shelf surface.

Determination of Sublimation Rate

The sublimation rate was determined gravimetrically. For this
purpose, 50 selected sample vials were weighed before and after
the freeze-drying experiments. The sample vials were systemati-
cally placed to represent different vial groups, which could have
different sublimation rates and product temperatures, within the
vial array. Figure 1 displays the placement of the sample vials and
thermocoupled vials for all the experiments performed in this
study. For example, in Figure 1, vials numbered 1-8 represent a vial
group referred to as “front edge”, vials 9-17 represent “side edge
outer”, vials 18-26 represent “side edge inner”, vials 27-42 represent
“center”, and vials 43-50 represent “rear edge”. Maximum, mini-
mum, and average sublimation rates of each vial group were
calculated from the sublimation rates obtained from the numbered
vials of the same group (cf. Fig. 1). A laboratory analytical balance

(Sartorius AG, Gottingen, Germany) was used to weigh the sample
vials. The sublimation process was terminated by backfilling the
product chamber using dry nitrogen, and the vials were heated to
20°C before the product chamber door was opened. This step was
included to prevent condensation from the surrounding moisture
from forming on the cold stoppers and penetrating into the
extremely hygroscopic dried product. The freeze dryer available did
not have an automatic stoppering mechanism. As a result, once the
product chamber door was opened, the sample vials were taken out
of the chamber, immediately fully stoppered and re-weighed.

It is well-known that dried product resistance and product
temperature increase when product dried layer thickness in-
creases.' “**?° Therefore, to include the maximum effect of the
dried product resistance during the determination of the subli-
mation rate, the sublimation experiments were stopped once the
dried layer of the front edge vials was close to the vial bottom. This
was performed by visually observing the dried layer of the front
edge vials. At the end of the sublimation experiments, up to 70 wt%
of the initial water content of the edge vials was removed, whereas,
for center vials, up to 50 wt% of the initial water content was
removed. Further, this procedure allows determination of consis-
tent loss of water during the different sublimation experiments.
The exact drying time for the calculation of the sublimation rate
was obtained from the product temperature profile of the wireless
thermologgers. Primary drying time, by definition, starts when the
shelf temperature attains the desired shelf set point temperature
for primary drying. Thus, regardless of the product temperature,
the starting time for the calculation of the sublimation rates was
defined as the time at which the shelf temperature attained the
desired set point temperature. It was experimentally determined
that at low chamber pressure and low shelf temperature,upto4 h
were required to achieve a pseudo steady-state condition in
product temperature. Whereas, up to 2 h were required to attain a
pseudo steady-state condition in product temperature at high
chamber pressure and high shelf temperature conditions. Although
the time required to achieve a pseudo steady state in product
temperature was highly dependent on the processing conditions
and formulation solid content, the values obtained in this study
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Figure 1. Vial placement for the sublimation experiments of this study. “Numbered
vials” represent vials weighed before and after the freeze-drying experiment. “T-
signed vials” represent vials with thermocouples for product temperature measure-
ment of the different groups of vial amays.

were significantly longer than the values reported in the litera-
ture.’” Therefore, such definition of the starting time considers the
real effect of different processing conditions and formulations on
the sublimation rate before the product temperature attained a
pseudo steady-state condition. That is, the calculation of the sub-
limation rates considered the transition period at the beginning of
the primary drying. Thus, any bias in sublimation rate calculation
that could occur due to the transition period was avoided.

Design of Experiments

DoE is a structured analysis of experiments wherein input pa-
rameters are changed, and differences and variations in output
parameters are measured. DoE allows the simultaneous determi-
nation of the effects of all potential input variables on the output
responses, as well as investigations on how the process response
changes as input variables fluctuate (random and systematic vari-
ation of the process p ters) within allowable limits. This re-
quires a profound scientific background of the formulation and
process, and, further, preliminary experiments using the specified
drug formulation could be required to facilitate the development of
an effective DoE. For a freeze-drying process, the critical process
input and output parameters of the 3 steps are well known. They
are depicted in Figure 2.

As the focus of this study was on the PDS development for the
primary drying step, the DoE only considered the input and output
parameters of the primary drying step of the freeze-drying process.
Based on prior knowledge and preliminary experiments using the
model formulations, a customized full-factorial DoE for both model
formulations was developed as displayed in Table 2.

Results and Discussion
Characterization of Frozen Formulations

Representative DSC thermograms for MF1 and MF2 are dis-
played in Figure 3i. For MF1, T;' was observed at a temperature
of —29.2°C; for MF2, T;" was observed at a temperature of —32.4°C.
The Tg' values of MF1 and MF2 obtained in this study were in
excellent agreement with previously reported values.”***

Freeze-drying microscopy images of MF1 and MF2 are displayed
in Figure 3ii. The T, of both model formulations obtained in this

Process input parameters Process output parameters
Freezing step
. Caid :“:‘h' stop « Nucleation temperature
f““ . * Degree of supercooling
* Holding temperature/time * lce crystal size/morphology
« Final freezing temperature/time + Degree of crystalinity
* Annealing temperatureftime e pH oy
Primas Ll
Primary drying step o By ter vy *""’: oy
e Chamber pressure « Subl n rate
* Shelf temperature
« Drying time
Secondary drying step Secondary drying step
* Chamber pressure * Residual moisture content
* Shelf temperature + Glass transition temperature
* Drying time * Reconstitution time

Figure 2. Critical input and output process parameters of a typical freeze-drying
process.

study were also in excellent agreement with the values reported in
the literature.” Table 3 presents the results of Ty, Tc, and the range
of maximum product temperature during primary drying for the
two model formulations.

Construction of Process Design Space for MF1

During the construction of the freeze-drying PDS, the limita-
tions imposed by the freeze-dryer and formulation were consid-
ered. Patel and Pikal® reported that the majority of manufacturing
dryers cannot control chamber pressures less than 0.06 mbar and
that there is no additional advantage in sublimation rate for
chamber pressures greater than 0.40 mbar. To verify these limita-
tions, preliminary experiments were performed as follows: (1) a
sublimation test using pure water at a chamber pressure of 0.05
mbar and a shelf temperature of —10°C. This test provided an
average sublimation rate of 0.319 g/h-vial, which exceeds the ex-
pected average sublimation rate of the model formulations at the
same chamber pressure. Therefore, it can be safely assumed that
0.05 mbar and greater chamber pressures would not experience
chocking flow for the expected sublimation rates of the model
formulations studied and (2) sublimation tests using both model
formulations at a chamber pressure of 0.25 mbar and a shelf tem-
perature of —25°C. Although these processing conditions yielded
average product temperatures close to T (-29.7°C for MF1
and —31.0°C for MF2), the corresponding average sublimation rates
(0.074 g/h-vial for MF1 and 0.089 g/h-vial for MF2) were consid-
erably less than the sublimation rates obtained at lower chamber
pressures and similar product temperatures. Therefore, chamber
pressures greater than 0.25 mbar would have no benefit from a
sublimation rate point of view.

The DoE displayed in Table 2 was developed considering the
information obtained from the previously mentioned preliminary
experiments. Representative results of the freeze-drying experi-
ments are presented in Table 4. The results for all the processing
conditions displayed in the DoE (Table 2) were obtained in a similar
manner (not indicated herein) and further processed.

The results displayed in Table 4 indicate remarkable differences
in Tyave and the sublimation rates between the frontedge and center
vials. As supported by the experimental results displayed in Figure 4
and in the literature,’ ** even in a freeze-drying process with a
minimum effect of radiation, there could be significant spatial
variation in the shelf surface temperature. Cold spots were observed
at the center of the shelf, indicating a temperature of approximately
4°C colder than the hot spots, which were observed at the front edge
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(ii)

Figure 3. Characterization of frozen formulations. (i) DSC thermograms for MF1 (solid line) and for MF2 (dashed line). (ii) Freeze-drying microscopy images for MF1, (a) intact

structure at T 28.5°C,(b) onset of collapse at T 28.0°C,(c)collapse at T

(f) onset of collapse at T = -314°C, (g) collapse at T = —-31.1°C, and (h) significant damage at T =

of the shelf. These spatial shelf surface temperature variations could
be attributed to the large thermal demand of the vials located at the
center of the shelf compared with the vials located at the edge. The
center vials have a higher vial packing density (number of vials per
unit area). Hence, they absorb much larger energy during ice subli-
mation compared with edge vials. This, in turn, leads to different
product temperatures and sublimation rates of the vials placed at
different locations across a shelf (see Fig. 4).

Therefore, consideration of such variations during the con-
struction of a PDS is critical in the design of a robust freeze-drying
process. Further, as indicated in Table 4, the sublimation rate is
dependent on the chamber pressure. Thus, depending on the
chamber pressure, similar product temperatures can produce
different sublimation rates. As displayed in Table 4 for MF1, a
similar Tpave for front edge vials was obtained at Condition 1
(Ts = ~20°C/P. = 0.10 mbar) and Condition 2 (Ts = ~30°C/P. = 020
mbar). Analyzing Conditions 1 and 2, similar Trave were obtained at
different T; values. Thus, to yield similar Tpave, a higher P requires a
lower Ts. This is because (1) when the chamber pressure increases,
the heat transfer rate owing to gas conduction increases, leading to
an increase in product temperature*® and (2) at constant P, high
chamber pressures reduce the driving force for mass transfer rate,
P;(Tp) — Pc. The reduction in the endothermic mass transfer rate
decreases the energy consumption from a vial, leading to an in-
crease in product temperature, unless T; is adjusted. It is important
to note here that, although similar T,ave can be obtained at
different P, values, the corresponding sublimation rate values can
be significantly different. Referring to the aforementioned condi-
tions, the sublimation rates of the front edge vials under Condition
1 are significantly greater than under Condition 2. Similarly,
although the center vials at Condition 1 had reduced Tpave, their
sublimation rates were considerably greater compared with the
center vials under Condition 2. This is attributed to the fact thatata
given T, the driving force for mass transfer rate, P(T,) — P, de-
creases as P increases. Thus, for a given Tj, low P and high T;
produce a high mass transfer rate. Such knowledge and information
for a specific drug product is essential to design the most optimized
and robust freeze-drying process. A PDS can be used as a tool to

Table 3

27.5°C, and (d) significant damage at T

27.0°C and for MF2, (e) intact structure at T 31.8°C,

306°C.

choose the optimum process variables that yield the maximum
possible mass transfer rate, without exceeding the maximum
allowable product temperature during primary drying.

The construction of the PDS was started by plotting isotherms for
the product temperature on a graph of shelf temperature versus
chamber pressure, asdisplayed in Figure 5b. The product temperature
isotherms were calculated from data obtained experimentally and
represented the average product temperature of the front edge vials.
The reason for selecting the front edge vials to define the product
temperature was that this vial group had the highest product tem-
perature in the vial arrays. Product temperatures were collected every
20s.The average product temperature represents an average value of
the product temperatures collected during the entire period of the
sublimation test. Figure 5a presents the average product temperature
of the front edge vials at the selected shelf temperature and chamber
p The results d an excellent linear relationship (R
> 0.94) of the average product temperature and shelf temperature at
any given chamber pressure. Using regression analyses of the data
points (solid lines, Fig. 5a), possible combinations of chamber pres-
sure and shelf temperature that produce any desired product tem-
perature can be calculated. This information was used to construct the
graph of chamber pressure versus shelf temperature with the iso-
therms of the product temperatures (Fig. 5b).

As can be observed in Figure 5a, a change in the slope of the
curves with increasing chamber pressure was observed. At rela-
tively low chamber pressures, less than 0.08 mbar, the driving force
for the sublimation rate is large, and thus the heat transfer becomes
a rate-limiting factor of the drying process. In this case, as the
excess sublimation process consumes additional input energy, large
changes in shelf temperature are required to produce an observable
change in product temperature. Conversely, although high chamber
pressures enhance the heat transfer rate, which is attributed to
improved heat transfer via gas conduction,® they significantly
reduce the driving force for mass transfer. Thus, the mass transfer
becomes a rate-limiting factor of the drying process, and any
additional input energy, that is an increase in shelf temperature,
has significant influence on the product temperature. This is
evident from Figure 5a, where it can be observed that the curves at

Values of T’,. T.. and the Range of Maximum Product Temperature During Primary Drying for MF1 and MF2

Formulation T‘g (4o} T.(°C) Range of Maximum Product Temperature During Primary Drying (°C)
MF1 -292 =215 2851 -295
MF2 324 311 3151w -325

T" is the glass e of the lly freeze—c solution and T, is the collapse temperature.
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Table 4
Results of Average Product Temperatures and Sublimation Rates at Selected Combinations of Chamber Pressure and Shelf Temperatures for MF1 and MF2
P, (mbar) T.(°C) Formulation Front Edge Vials Center Vials
Teave® (°C) Sublimation Rate (g/h-vial) Tpave' (°C) Sublimation Rate (g/h-vial)
Max" Min® Ave’ Max" Min¢ Ave?
0.10 150 MF1 301 0229 0.170 0.191 326 0137 0.115 0.121
17.0 30.7 0.202 0.147 0.171 335 0113 0.102 0.107
200 317 0.181 0.137 0.156 342 o110 0.088 0.099
250 321 0.159 0.114 0.129 366 0.087 0.069 0.076
020 200 289 0223 0.175 0.193 299 0.134 0.120 0.125
250 298 0.165 0.125 0.138 314 0.085 0.081 0.078
300 317 0.094 0.069 0.078 335 0.046 0.026 0.042
-35.0 347 0.055 0.035 0.044 ~366 0.018 0.015 0.016
010 150 MF2 303 0.258 0.201 0221 314 0.150 0.a21 0131
17.0 307 0231 0173 0.193 -328 0.127 0.102 0.109
-200 311 0210 0.160 0177 -332 0115 0.086 0.091
250 320 0.156 0.127 0137 350 0.072 0.059 0.067
020 200 301 0272 0.208 0232 308 0.153 0.138 0.144
250 313 0.174 0.145 0.157 323 0.105 0.081 0.092
300 322 0131 0.095 0.108 338 0052 0.041 0.045
350 345 0.077 0.046 0.057 36.7 0.018 0.014 0.016

P is chamber pressure; T, is shelf temperature; T,ave is the average product temperature.
* The average product temperatures (T ave) for each vial group were calculated as the arithmetic average of the temperature measurements in the time range used for

sublimation rate calculation.

" The maximum sublimation rates were the maximum value of the sublimation rates from each vial group.
€ The minimum sublimation rates were the minimum value of the sublimation rates from each vial group.
9 The average sublimation rates were calculated as the arithmetic average of the sublimation rates from each vial group.

low chamber pressure have larger slopes than the curves at high
chamber pressures. This fact has a quantifiable effect from a process
robustness point of view. That is, a freeze-drying process designed
at relatively low chamber pressure is more robust to small shelf
temperature variations than a freeze-drying process designed at
relatively high chamber pressure.

The range of maximum product temperature during primary
drying for MF1 was defined from —29.5°C to —28.5°C (see Table 3).
Further, lower and higher chamber pressure limits were defined
based on the equipment and process constraints. This information
was used to impose formulation, process, and equipment con-
straints, and the PDS was defined as displayed in Figure 5b. From
Figure 5b, the process parameters that yielded a low product
temperature space and high product temperature space can be
easily identified. In the former, the product temperature is less than
the desired range and leads to an unnecessarily long primary dry-
ing time (inefficient process), whereas in the latter, the resulting
high product temperature leads to product damage (collapse or
meltback), which compromises product CQAs. Although it has been

40
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20

Temperature [°C]
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Figure 4. Experimental data showing significant spatial shelf surface temperature and
product temperature differences across a shelf. Chamber pressure = 0.1 mbar.

reported that collapse does not lead to a loss of CQAs for drug
products,” additional experimental studies are required to study
the effect of collapse on drug stability during storage.**** Further,
regulatory agencies require consistent, reproducible, and uniform
cake appearance to ensure drug stability.®

From the PDS defined in Figure 5b, one would choose to use
“high chamber pressure-low shelf temperature” or “low chamber
pressure-high shelf temperature” combinations to achieve the
same product te ture. H on the chamber
pressure, the same product temperature can produce different
sublimation rates. At a given product temperature, low chamber
pressure yields a high sublimation rate. Thus, a further definition of
the PDS including values for sublimation rate is necessary. To
include such information, the data of sublimation rates are plotted
against experimental product temperatures, as displayed in
Figure 6a. Figure 6a contains the average product temperature of
the front edge vials in the x-axis and the minimum sublimation rate
of the center vials in the y-axis. As reported in the literature*” 444
and determined experimentally in this study, the center vials have
the lowest sublimation rate in the vial arrays. Therefore, Figure 6a
allows consideration of the mini bli rate during the
construction of the PDS. This, in turn, avoids possible product
damage owing to premature change to the secondary drying step.
The choice of the average product temperature of the front edge
vials in Figure 6a is because the product isotherms of the PDS (see
Fig. 5b) are based on this parameter. Therefore, information on the
sublimation rate of the center vials when the front edge vials
achieve the target product temperature is required.

As indicated in Figure 6a, there is an excellent fitting of the
experimental data (R? > 0.95) and regression analyses of the data
were used to calculate the minimum sublimation rate of the center
vials at a given chamber pressure and product temperature of the
front edge vials. The initial PDS (Fig. 5b) was redefined after the
sublimation rate values obtained from Figure 6a were included. The
final PDS for MF1 is presented in Figure 6b.

The PDS defined in Figure 6b encompasses a wide range of T, P,
and sublimation rate values. Thus, a control space within the PDS
can be defined when the range of process parameters is small and
well controlled. The control space is defined to encompass the

A,
, dep
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highest sublimation rates within the PDS. However, it is recom-
mended that the consideration of edge process parameters to ac-
count for batch-to-batch process variations be avoided. Process
parameters for the primary drying step can be defined within the
control space as a set point. The set point can be selected anywhere
within the control space. However, to consider intrabatch and
interbatch variation in the process parameters, it is recommended
to select the set point as the midpoint of the control space. At the
set point, the minimum sublimation rate within the control space
can be used to calculate the primary drying time.

Construction of Process Design Space for MF2

The experimental data obtained for MF2 were analyzed in a
similar manner to the method followed for MF1. Accordingly, the
PDS for the second formulation was obtained. It is presented in
Figure 7.

Experimental Verification of the PDSs for MF1 and MF2

Because the calculations of the product temperatures and sub-
limation rates involve linear regression analyses, minor inaccura-
cies in the corresponding values could occur. Therefore, it is

Figure 8 displays the product temperature profiles of MF1 and
MF2 obtained from the verification experiments. Further, the esti-
mated parameters from the PDS were compared with the param-
eters obtained from the verification experiments. They are
presented in Table 5.

As indicated in Figure 8 and Table 5, there is an excellent
agreement between the PDS-estimated and the experimentally
determined values for both model for i This d
strates that the procedures described in this article for the
construction of an effective and product-based PDS, coupled with
an effective DoE, produce highly accurate and reproducible re-
sults. This can enable process scientists to design freeze-drying
processes for a given pharmaceutical drug formulation based on
a scientific approach, using limited well-defined experimental
runs.

Utilization of the Lab PDS for Process Scale-Up and Transfer

Equipment Capability

Mainly owing to their large capacity, chocking flow could be
more pronounced at manufacturing scale freeze dryers. Therefore,
it is critical to determine the capability of the target freeze dryer to
control the P at full load capacity and at typical freeze-drying

important to verify, experimentally, that the PDS obtained in this
study yields the expected product temperatures and sublimation
rates of the model formulations. Freeze-drying experimental runs
were performed at selected set point values for both model for-
mulations. The values of the set point parameters were selected
from Figures 6b and 7, as follows:

o For MF1: P, = 0.075 mbar, T; = 3 °C, Fill volume = 3 mL
o For MF2: P = 0.075 mbar, T; = -16 °C, Fill volume = 3 mL

The freezing protocol in these verification experiments was the
same as the freeze protocol used for the construction of the PDS.
This minimizes any possible variation of drying behavior owing to
the freezing protocol. The product temperatures of the center and
front edge vials were measured using wireless thermologgers (4 for
each vial group). The sublimation rates of the center vials were
determined gravimetrically and, for this purpose, 16 center vials
were weighed before and after the experiment.

blimation rates. The determination of the capability of a target
freeze dryer could be carried out using a one-point water subli-
mation test as follows: (1) fully load the target freeze dryer with
pure water placed on a tray made from plastic; (2) freeze the
water and allow complete solidification; (3) set the P, to 0 and
increase the T to +30°C or +40°C; and (4) observe the minimum
P and its stability, attained by the freeze dryer after the T; setpoint
has been reached. Although the calculation of the exact value of
the total vapor flow rate could be difficult, it could be assumed
that the total vapor flow rate of pure water, at a T; value ranging
from +30°C to +40°C and a controllable low P, is much higher
than most of the typical vapor flow rates obtained using drug
formulations. Thus, if a freeze dryer is able to attain and control a
minimum P, of, for example, 50 pbar when pure water at a T;
of +30°C or +40°C is used, it could be safely concluded that the
occurrence of chocked flow for P, up to 50 pbar is highly unlikely
when a drug formulation at typical primary drying T; values is
used.

a b
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process design space (PDS) for primary drying of MF1, taking into consideration minimum sublimation rate of center vials,

values of

rate (mostly in

the region of high chamber pressure) were removed from the originally defined PDS (Fig. 5b).

Differences in Resistance to Mass Transfer of the Dried Product (Rp)
and Overall Vial Heat Transfer Coefficient (Ky)

The differences in R, and K, between laboratory and
manufacturing scale freeze dryers are the major freeze-drying
process scale-up and transfer factors. Differences in R, could be
caused by variations in the degree of supercooling, which could be
affected by differences in cleanness between laboratory and
manufacturing environments. On the other hand, differences in K,
could arise from differences in design and performance of the
dryers. Differences in R, and K, during scale-up or transfer could be
easily detected from T}, response, provided that identical primary
drying processing conditions (i.e,, T; and P) are used. Thus, at the
same processing conditions, an increase in Rj, is reflected by an

increase in Tp. Because the vapor flow is more restricted at higher
Ry, there is less energy consumption from the system, and most of
the heat input is utilized to increase the T;,. Conversely, at low Rp,
most of the heat input is consumed by the relatively higher subli-
mation rate (attributed to the lower resistance to vapor flow), and
hence the T, becomes lower. An increase in K, at the same T; and P,
leads to an increase in T, and vice versa. However, the influence of
K, on freeze-drying process scale-up and transfer could be signifi-
cantly minimized by using the same container-closure system and a
laboratory scale freeze dryer with similar design and performance
to a manufacturing scale freeze dryer. Therefore, the most impor-
tant factor that could cause differences in T, during scale-up or
transfer is Rp.

Shelf temperature [°C]

High pressure space
Low sublimation rate at a required product temperature

8

—s 0072

T
0.10
Chamber pressure [mbar]
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Figure 7. Final process design space (PDS) for primary drying of MF2, taking into

T
0.15 0.25

the values of rate

rate. Relatively

(mostly in the region of high chamber pressure) were removed from the originally defined PDS.
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Figure 8. Experimental verification of the process design space (PDS). (a) Product temperature profiles of front edge vials (FE) and center vials (c) for MF1; (b) Product temperature

profiles of front edge vials (FE) and center vials (c) for MF2.

From the above discussion, the T; (keeping P. constant) at the
target freeze dryer that is needed to obtain the target product
temperature (Tpt) could be different, and thus determination of the
new T; and adjustment of the drying time (t4) would be the major
scale-up or transfer experiments. With this regard, the PDS devel-
oped at lab scale provides important information that could be
utilized during the scale-up or transfer experiments: (1) the range
of possible T values that could be used to determine the new Ts; (2)
the robustness of the formulation to Ts changes; and (3) variation of
sublimation rates at different processing conditions. Considering
possible variations in R, a Ts range from —-12°C to +12°Cata P =
0.075 mbar could yield the Tyt for MF1 (cf. Fig. 6b). Such informa-
tion could be utilized to perform a temperature ramp experiment
using the target freeze drier to obtain the new T; value. Point A of
Figure 6b shows that, at P, = 0.075 mbar, a T; around +1°C was
required to yield a T, of —~29.0°C. Assuming that the new T;value, at
the target freeze dryer and P, = 0.075 mbar, required to yield a T,
of ~29.0°C was —11°C (Point B, Fig. 6b), the corresponding differ-
ences in sublimation rates and thus in tg of point A and point B
could be adjusted using the PDS developed at lab scale. The
reduction in sublimation rate caused by an increase in R, (thus a
decrease in T;) at constant P, (Point B, Fig. 6b) is equivalent to a
reduction in sublimation rate caused by an increase in P, (thus a
decrease in T;) at constant Ry, provided that the T is the same for
both cases. Considering the same formulation, product tempera-
ture, and processing environment, the R, at laboratory scale can be
assumed as fairly constant at the different processing conditions.

Furthermore, assuming the reduction in T; at the target freeze dryer
is due entirely to the increase in Ry, the sublimation rate at the new
T; value (ie., ~11°C) and T, = -29.0°C from the PDS (point C,
Fig. 6b) could be used to adjust the sublimation rate and the tg at
the target freeze dryer.

Conclusions

Anew step-by-step procedure for the construction of a product-
based PDS for the primary drying step was described. An effective
DoE was developed, which could then be used to experimentally
determine the necessary information for the construction of the
PDS. The development of an effective DoE requires a profound
scientific understanding of the formulation and process and
perhaps requires only limited preliminary experiments. The pro-
posed product-based PDS considers variations in product temper-
atures and sublimation rates within the vial arrays. With this
regard, the product temperature of the front edge vials and subli-
mation rate of the center vials were used. This assures the effec-
tiveness and the robustness of the PDS. Compared with the
mathematical models that could require several freeze-drying ex-
periments for optimization and verification, the product-based PDS
detailed herein produced highly accurate results, demonstrating
the potential for significant development time and material sav-
ings. Further, the PDS of a drug formulation based on experimental
results presents more realistic and reliable data if there is an
intention of using the PDS for regulatory agencies. Experimental

Table 5
G ison of PDS. and Determined F at Set Point
Formulation PDS Estimated Values Experimentally Determined Values Differences (%)
FE C FE C FE C
T,ave (°C)  Toave(°C)  rmighevial) £ (h) T,ave* (°C)  Tave' (°C)  rm®(g/h-vial) t*(h) Tave Tave 1 4
MF1 287 310 0.169 160 284 30.1 0177 153 105 290 473 438
MF2 312 334 0.094 255 313 328 0.104 231 032 1.80 1064 941

Tpave is average product temperature; m is sublimation rate; t4 is drying time of primary drying; FE is front edge vials; and C is center vials.

* Tpave was obtai product obtained from 4 thermologgers.
® m s the minimum value of 16 sublimation rate values.
€ tyis based on the mini imati

4 4 is calculated based on the minimum sublimation rate of the 16

rate within the control space and based on 3 mL fill volume.

rate values and based on 3 mL fill volume.
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verifications of the PDS for the 2 formulations studied in this
research were performed, and an excellent agreement between the
PDS predicted values and experimentally determined values were
achieved. Finally, coupled with an effective DoE, the proposed
procedure for the construction of a product-based PDS consider-
ably reduces development time and material requirements and
significantly improves the accuracy, effectiveness, and robustness
of the lesultmg fmeze-drymg process. Thus, process scale-up

are ized with the devel of a PDS. Further,
the resulting optimum and robust freeze-drying process has sig-
nificant advantages in process cost and energy savings and in
maintaining product quality consistency during a large-scale
manufacturing process.
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