Kevin R. Ward
Paul Matejtschuk £di




METHODS IN PHARMACOLOGY AND

ToxicoLoOoGY

Series Editor
Y. James Kang
Department of Pharmacology & Toxicology
University of Louisville, Louisville
Kentucky, USA

For further volumes:
http://www.springer.com/series/7653


http://www.springer.com/series/7653
http://www.springer.com/series/7653

Lyophilization of Pharmaceuticals
and Biologicals

New Technologies and Approaches

Fdited by
Kevin R. Ward

Biopharma Process Systems Ltd., Winchester, UK
Paul Matejtschuk

National Institute for Biological Standards & Control (NIBSC), Potters Bar, Hertfordshire, UK

M/,

>« Humana Press



Editors

Kevin R. Ward Paul Matejtschuk
Biopharma Process Systems Ltd. National Institute for Biological Standards & Control
Winchester, UK (NIBSC)

Potters Bar, Hertfordshire, UK

ISSN 1557-2153 ISSN 1940-6053 (electronic)
Methods in Pharmacology and Toxicology
ISBN 978-1-4939-8927-0 ISBN 978-1-4939-8928-7 (eBook)

https://doi.org,/10.1007 /978-1-4939-8928-7
Library of Congress Control Number: 2018962406

© Springer Science+Business Media, LLC, part of Springer Nature 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws and regulations
and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book are believed to
be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty,
express or implied, with respect to the material contained herein or for any errors or omissions that may have been made.
The publisher remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Humana Press imprint is published by the registered company Springer Science+Business Media, LLC, part of
Springer Nature.
The registered company address is: 233 Spring Street, New York, NY 10013, U.S.A.


https://doi.org/10.1007/978-1-4939-8928-7

Dedication

This book is dedicated to the memories of Alan P. MacKenzie and Michael J. Pikal, who
contributed so much to the world of lyophilization.



Preface

So why another book on freeze-drying?

Lyophilization (freeze-drying) has been employed since the early twentieth century in
the medical field. While the principles of the process and the laws of physics governing it
remain unchanged, advances in technology and changes in the regulatory framework have
meant that the equipment has continued to evolve. Approaches to the development and
manufacturing processes have undergone a paradigm shift from a largely empirical trial-and-
error approach to one based upon initial determination of intrinsic physicochemical proper-
ties, followed by a more methodical approach to both formulation, process development
and monitoring. As editors who have between them over fifty years of working experience in
this field, we have witnessed these changes firsthand and so are delighted to be able to bring
together insightful contributions from many who are also actively involved in delivering
freeze-drying solutions at both laboratory and industrial scales.

The stabilization of active materials is a fundamental requirement across a range of
products, not limited to small drug molecules and biological materials, but also veterinary
products, advanced therapy medicines, and molecular diagnostics. Recent trends in the
pharmaceutical market alone have seen the rise to prominence of biopharmaceutical thera-
peutics [1] and the majority of these are lyophilized to ensure adequate stability and
competitive shelf life. Similarly, the rise in the use of molecular diagnostics and the power
of technologies such as polymerase chain reaction (PCR) assays mean that many of the
essential reagents contained within these assays kits must be lyophilized to ensure ease of
delivery.

There have been numerous texts and review articles devoted to the principles and
practicalities of lyophilization in the last 70 years, so this volume is not designed to rehash
what has previously been documented perfectly adequately elsewhere [2-5], nor indeed to
cover one specific aspect of lyophilization in detail, but rather, it seeks to highlight areas of
recent developments and technological advances in the field. In the present work, we have
drawn together experts in the particular facets of the lyophilization challenge in order to
update the reader with latest trends in each aspect. Advances in technology and improve-
ments in the way data are handled and presented have contributed to where we are today.
Developing freeze-drying knowledge in-house and purchasing one’s own equipment rather
than relying solely on external organizations or consultants are now the order of the day.

From providing initially an outline of the principles of effective product formulation and
analytical characterization of the physicochemical properties of the materials to be dried, we
progress to the discussion of one of the most widely impacting new developments in
industrial freeze-drying—that of controlled ice nucleation. Across two chapters, different
authors present and evaluate the full range of potential solutions, both those already
commercialized technologies and also the more developmental approaches.

Possibly one of the greatest changes we have witnessed in our careers is the move from a
trial-and-error-based approach to one that relies on prior understanding of the physico-
chemical aspects of a formulation before attempting to load the freeze-dryer. While some
analytical technologies had been developed prior to the twenty-first century [6, 7], they
were not necessarily widely applied in lyophilization due to the lack of understanding of the
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methods, the data interpretation, and how it could be applied in a real-life freeze-drying
cycle, especially in the days when chamber pressure and shelf temperature were themselves
not necessarily controlled or measured accurately.

The regulatory drivers have encouraged the increasing adoption of risk-based
approaches such as Quality by Design. This is addressed in this volume in a seminal
contribution from both former and present regulatory experts. These regulatory and
technological factors combine to present us with fresh challenges and new opportunities
in delivering freeze-drying solutions to stabilization problems. The principles and technol-
ogies that have developed as a result of these drivers have application beyond the narrow
specialty of pharmaceutical parenteral delivery and impact the development and manufac-
ture of in vitro diagnostics, novel therapeutics, and new-format vaccines right through to
nutraceuticals and foodstuffs.

Process Analytical Technology has become mainstream in the pharma industry and so its
presence is also increasingly felt within pharmaceutical freeze-drying. Three chapters are
therefore devoted to descriptions of both established and emerging technologies and how
they can be used practically within process development and the all-important scale up.

Developments in associated areas, such as the vital role of primary packaging, contain-
ment, and automation of industrial lyophilization, are also presented.

The demand for new high-dose therapeutic biologicals has led to specific challenges in
terms of both processing and freeze-drying of such drugs. These are reviewed in a dedicated
chapter on the aspects of delivering high concentration biotherapeutics at industrial scale.

The quality attributes of lyophilized products have also experienced a marked paradigm
shift over the past decade. Critical Quality Attributes are key to developing and consistently
manufacturing a licensed therapeutic and so with increasing pressure to define attributes
quantitatively rather than qualitatively, new technologies are emerging. The appearance and
structure of lyophiles is one such area, with time-consuming and subjective visual inspection
being supplanted by precise metrics such as cake resistance and robustness and the advent of
100% inspection of such properties by increasingly automated methodologies.

In this volume, we have aimed to bring together leading practitioners in the freeze-
drying community to address recent progress, not only in new analytical tools and applica-
tion of the data derived in cycle design but also in the manufacturing of lyophilized products
in the healthcare sector—whether these be therapeutics, vaccines, or diagnostic products—
and indeed the equipment to deliver this scale of freeze-drying.

Some of the contributions in this volume and the areas they cover are highlighted in the
following sections:

Analytical and Formulation Issues:

e New techniques for determination of critical formulation physicochemical parameters
and using multiple methods rather than a single one to arrive at consensus values—
Ward and Matejtschuk (Chap. 1)

e Steps to address subjectivity in interpretation of freeze-drying microscopy results—
Ward and Matejtschuk (Chap. 1)

e Traditional and Design of Experiment (DoE) approaches to formulation of complex
products are covered by Matejtschuk et al. (Chap. 2)

¢ Application of noninvasive testing methods for integrity of containers and moisture
content—Matejtschuk et al. (Chap. 2)
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Challenges of understanding the interaction of multicomponent formulations and
strategies for handling complex biological samples (e.g., viruses)—Matejtschuk et al.
(Chap. 2)

Process Monitoring and Control:

Review and assessment of Controlled Nucleation (CN) methods (technological
advances) are covered by Luoma et al. (Chap. 3) and Pisano (Chap. 4), illustrating
the variety of methods and the different underlying principles, status of commerciali-
zation and scalability, and impact on quality and consistency

Use of specific Process Analytical Technology (PAT) equipment and methods is
described in detail by Kessler and Gong (Chap. 5) and Swith and Polygalov
(Chap. 11), while the role of statistical data in process understanding and scale-up is
illustrated by Bourles et al. (Chap. 10)

Regulatory aspects of freeze-drying, and the application of a Quality by Design
approach in this context, are covered by Awotwe-Atoo and Khan (Chap. 8)

Understanding the impact of primary packaging (glass, closures, etc.) on the dried
product—still fundamental to long-term storage—is portrayed by McAndrew et al.
(Chap. 9)

The need to control and contain the product during processing forms the basis of the
contribution by Cherry (Chap. 6) who also presents a novel approach to primary
packaging, while the automated handling technologies often used at large-scale man-
ufacture are highlighted by Gustzeit et al. (Chap. 7)

The special challenges posed by highly concentrated protein products and their impact
on filling and lyophilization are discussed by Garidel and Presser (Chap. 12)

Post-lyophilization Analysis:

Analysis of the structural and mechanical properties of lyophilized products and an
emerging technique to assess the Young’s modulus and strength of freeze-dried
materials are described by Hedbery et al. (Chap. 13)

Solid-state Hydrogen-Deuterium Exchange Mass Spectrometry and molecular label-
ing are novel and powerful technologies for the detailed analysis of freeze-dried
proteins, the impact on structure, and their interactions with excipients—this is
presented by Balakrishna Chandrababu et al. (Chap. 14).

Inevitably, this is a snapshot only of the areas of progress within the field of lyophiliza-

tion toward the end of the second decade of the twenty-first century, and doubtless it will
have been to some degree influenced by the interests of the editors, both of whom come to
the field from a developmental perspective. However, as we have highlighted above, this area
has perhaps been the one which has developed most rapidly over the past decade. Also, it is
the rising clinical importance of these lyophilized materials that has driven the demand for
better and more robust process and product characterization.

We are indebted to all of the authors for their excellent contributions to this work and

recommend it to those seeking an update in this rapidly changing field. Finally, we thank
David C. Casey and all the team at Springer for their enthusiasm for the work and guidance
during its compilation.
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We hope the readers will share our enthusiasm for these topics as they are expounded by

the respective authors and find inspiration and encouragement to pursue their own interests
in the field of freeze-drying.

Winchester, UK Kevin R. Ward
Potters Bar, Hertfordshive, UK Paul Matejtschuk
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Characterization of Formulations for Freeze-Drying

Kevin R. Ward and Paul Matejtschuk

Abstract

One of the most wide-reaching changes in freeze-drying over the past 20 years has been the commercial
availability of a range of discriminating analytical methods to identify critical temperatures in formulations
to be freeze dried. Here, we briefly describe the development of these techniques from the earlier bespoke
methods, setting their rise in a historical context. We then review techniques such as freeze-drying
microscopy, differential scanning calorimetry, and less widely applied alternative technologies. Practical
examples of the results obtained with these techniques are discussed and upcoming new trends and
troubleshooting problems are addressed.

Key words Freeze-drying microscopy, Differential scanning calorimetry, Dynamic mechanical
analysis, Thermal analysis, Impedance, TASC, Optical coherence tomography

1 The Basis for Formulation Analysis

1.1 Introduction Given their prominence in modern publications on freeze-drying, it
is perhaps surprising to realize that the use of modern thermal
analysis and techniques such as freeze-drying microscopy (FDM)
in formulation development was for the most part neglected until
the start of the twenty-first century. These technologies were devel-
oped by freeze-drying pioneers such as the late Prof Louis Rey [30]
and Alan MacKenzie [20] but were yet to be commercially
exploited. Although widely described as early as the 1960s such
techniques were very much the domain of the specialist laboratory
and many undertaking freeze-drying in academic or even industrial
laboratories relied upon a trial-and-error approach to cycle devel-
opment, sometimes supplemented by home-built simple analyzers.
For instance, at NIBSC in the late 1990s, there was a home-built
differential thermal analyzer built in conjunction with Brunel Uni-
versity, results from which went by the rather lengthy term of
“solid-liquid transition temperature” and this was calibrated with
isotonic saline, much as used with current thermal analyzers. To its
advantage, it required only 0.2 mL of sample; however, the results

Kevin R. Ward and Paul Matejtschuk (eds.), Lyophilization of Pharmaceuticals and Biologicals: New Technologies and Approaches,
Methods in Pharmacology and Toxicology, https://doi.org/10.1007/978-1-4939-8928-7_1,
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1.2 History of Using
Analytical Formulation

1.3 Advantages of
Pre-lyophilization
Analysis

were plotted on graph paper—a far cry from modern technology.
Quite common at the time was freeze-drying formulation based
solely upon trial-and-error experiments (see [22]) without any
formulation analytical characterization and these time-consuming
studies meant that formulation was often developed slowly with
“one factor at a time” (OFAT) approaches. This seems a long way
from the modern analytical laboratory where thermal and optical
methods vie for predominance and analytical characterization is a
prerequisite to anything being loaded into a freeze dryer!

The history of these developments and of others which still
remain the domain of the specialist laboratory have been previously
described by Rey [32, 33]. In this chapter, we will review the
common technologies used for formulation characterization to
optimize freeze-drying and also highlight some of the newer tech-
nologies that have recently come to the market place.

As stated previously, the development of these technologies has
been reviewed by some of those who initially developed them
[33]. Smith has also reviewed the history of one area of such
technology—that of impedance technology (see Chap. 11 in this
volume). The first such techniques were recommended by Rey
[30, 31] and Lachman et al. [18]. MacKenzie [20, 21] and also
Rey [31] described bespoke freeze-drying microscopes. The tech-
nology of freeze-drying itself was reviewed on several occasions by
the Developments in Biologicals series [4, 23].

The disadvantage of thermal analyzers is that they respond best
with salty ionic solutions, but these formulants are not the best for
optimizing freeze-drying. Although largely applied to aqueous
samples, analysis of mixed organic phases can also be analyzed [16].

The advantages of performing thorough pre-lyophilization analysis
of samples intended for drying are quite easily appreciated. The
amounts of material required are small compared to that needed for
a reproducible freeze-drying run, and the time taken even for slow
scan runs is orders of magnitude shorter than a freeze-drying run
(minutes rather than tens of hours). In addition, by combining
several techniques, a comprehensive analysis of the spectrum of
thermal and rheological properties can be accumulated within a
comparatively short time. This will then make a significant saving in
terms of the number of freeze-drying trials which will be needed
before arriving at a viable scalable lyophilization cycle. This must be
offset against the cost of the analytical equipment, which is not
insignificant, in the range of $25K-$100K per item. Some of these
techniques are highly specific, such as a freeze-drying microscope;
however, other techniques (e.g., DSC, DMA) can be applied in
other areas of pharmaceutical development and so the effective cost
may be offset in organizations with a broader formulation remit
than just a freeze-dried format.
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2 Techniques Used to Characterize Formulations

2.1 Electrical
Impedance (Zsing)
Analysis

2.2 Differential
Thermal Analysis
(DTA)

The premise of using electrical properties to identify changes in
frozen solutions prior to (and even during) lyophilization was
discussed by Rey in 1960; however, the idea was never widely
commercialized,  possibly  because  electrical  resistance
(or resistivity) analysis seemed to display little sensitivity to solu-
tions containing much lower levels of ionic or polar species. This
was often the case with many biopharmaceutical and biological
products where buffers or other salts would typically be signifi-
cantly lower than in traditional injectable drug molecules
(or sometimes absent altogether) and even in the liquid state, the
electrical resistance would sometimes not be zero.

Rey demonstrated in 2004 that examining impedance (and in
particular, a function of impedance known as “Zsing”) rather than
simple resistance would typically give a much clearer signal of
mobility changes occurring in the frozen state. Indeed, for a num-
ber of different solutions, plotting the value of Zsing (in Ohms)
against temperature during cooling and warming often gave an
obvious indication of a softening event, even when such events
could not be easily detected by traditional thermal methods such
as DSC. After examining Zsing at a series of input frequencies
between 300 and 3000 Hz for a range of aqueous solutions, it
was concluded that a frequency of 1000 Hz gave the most accept-
able balance between amplitude of signal and clarity of event. An
industrial collaboration with Biopharma Process Systems enabled
Rey to commercialize the technology in the form of the Lyotherm?2
instrument in 2005. We have employed this form of analysis very
widely in our own laboratories at BPS and NIBSC since that time,
particularly after much of the early data indicated that for more
complex formulations, there can be marked changes in mobility at
temperatures far lower than appear to translate to an obvious visible
change in the material when observed using freeze-drying micros-
copy (FDM) [39]. The thermogram containing the Zsing and
DTA profiles for a human plasma reference sample is shown in
Fig. 1.

Difterential Thermal Analysis (DTA) is a means of analyzing endo-
thermic and exothermic events in a sample by comparing its ther-
mal behavior with that of a suitable reference material—in the case
of a liquid formulation, the reference material would typically be
the solvent (such as water). Being a relatively simplistic method, it
has largely been superseded by DSC (see later in this chapter) for
dry state analysis, due to the enhanced accuracy and sophistication
of the latter [17]. However, DTA does remain in use today in
lyophilization R&D, particularly for analysis of liquid samples pre--
lyophilization, where, for example, in modern instruments such as
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Fig. 1 Lyotherm Impedance and DTA profile for a human plasma reference sample. On the impedance (pink)
curve, the flattening at point Z1 indicates a stabilization within the structure upon warming, which ties in with
the minor thermal event at D1 in the DTA curve. The increase in downward gradient at point Z2 represents an
increase in molecular mobility within the frozen formulation, culminating in minimum impedance being
reached at —20 °C (Z3), which coincides with the temperature of total collapse reported for plasma

2.3 Freeze-Drying
Microscopy (FDM)

the Lyotherm3 (where it can run simultaneously alongside Zsing
analysis, as shown in Fig. 1), the relatively large sample size (3 mL)
can help overcome the traditional issues with lack of signal strength
often observed for the analysis of dilute aqueous solutions where
the relatively high energy thermal events associated with the water
itself tend to dominate the profile.

Even the first designs of FDM apparatus focused on the use of thin
samples sandwiched between cover slips, in order to minimize any
sublimation cooling effects, since the temperature of the sample
itself was not measured directly and by minimizing such effects, the
sample temperature and the measured temperature could then
be assumed to be near-identical. Resulting data could be validated
against standard solutions—usually crystallizing solutions such as
sodium chloride, which would have a known eutectic melting
temperature and would visibly melt over a very narrow temperature
range when warmed sufficiently slowly. The same principle is still
employed today, but with various incremental improvements in the
accuracy of measurement, the precision of control and the optical
quality.

A typical FDM experiment involves cooling the liquid sample
until it appears to be completely frozen, then applying a vacuum
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and observing the structure immediately behind the drying front
(sublimation interface). If the structure remains visibly intact, then
the temperature is raised until the point is reached where defects are
evident in the structure; if, on the other hand, the structure is poor
or there is no drying structure visible at all when sublimation
commences, then the temperature is lowered in order to determine
whether evidence of drying structure can be obtained. Examples of
lyophilization-related events that can be identified using FDM are
discussed in the sections below.

The term “collapse” is often used generically to describe any visible
loss of structure in a material undergoing freeze-drying; however,
strictly speaking, it refers to viscous flow in an amorphous—or
partially amorphous—material, as distinct from an eutectic melt
that would occur in a crystalline sample (or crystalline phase of a
“mixed system”). Ultimately, either form of event may be consid-
ered to produce a process defect in a product, although the mani-
festation of collapse and melting can be visibly different and may
have differing consequences on the product, process, and equip-
ment. An example of this is that a crystalline sample having under-
gone an eutectic melt (meaning there will be eutectic liquid
between the solvent crystals) may then see the liquid component
boil under the levels of vacuum employed during the sublimation
process, which may also lead to a loss of pressure control; on the
other hand, an amorphous sample undergoing collapse will become
more resistant to vapor flow (Rp increases) due to pores closing
down and surface area reducing, and therefore will not tend to lead
to loss of pressure control.

Since virtually all formulations of pharmaceuticals, biopharma-
ceuticals, vaccines, and medical /environmental diagnostics are at
least partially amorphous (with most being completely amorphous
apart from those containing small drug molecules and /or crystal-
line excipients such as mannitol), collapse is an event that is relevant
to most products [26]. Therefore, for most freeze-drying scientists,
the primary function of FDM is to determine the collapse tempera-
ture of a formulation. After gaining some experience of working
with lyo-formulations, it may be possible to predict what the col-
lapse temperature may be, although this can be somewhat challeng-
ing for formulations containing a mixture of crystallizing and
amorphous components, since the latter may inhibit (or even pre-
vent) the crystallization of the former, and this will also be depen-
dent on the ratios of the components, and often also on the
freezing conditions employed.

In our laboratories, we often carry out FDM analysis on a
sample multiple times, and as a minimum, for samples that display
low collapse temperatures when initially analyzed in the absence of
an annealing step, analysis will be repeated with the inclusion of an
annealing step, in order to determine whether this may have a
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2.3.2 Microcollapse

positive impact on the thermodynamic stability of the material. This
is discussed further later in this chapter. Additionally, it may be
advisable to run thermal /impedance analysis prior to FDM in order
to enable a suitable temperature to be selected for the annealing
step in FDM.

Figure 2 shows images of sucrose solutions during FDM analy-
sis. If the sample is warmed slowly, or the temperature setpoint
increased in small steps (e.g., 0.1 °C) after a period of holding in
cach step, then the determination of the onset of the collapse event
should be possible to within a fraction of a degree. This is enabled
by the acquisition of images at short intervals (often taken as
frequently as every 5 s during certain steps of the analysis), which
allows for retrospective analysis of images where the aim is to find
two consecutive images in the resulting gallery, one of which shows
the sample to have perfect appearance and the subsequent one
showing the first signs of imperfection. The ability to pinpoint the
precise onset of collapse may be enhanced through the use of an
analyzer collar and tint plate assembly; visualizing a sample with
polarized light and a first order red filter enables in-depth analysis of
crystal structures in the frozen material, while the false color also
allows for easier identification of critical events.

Microcollapse has been an identifiable phenomenon in its own right
for a number of years, as discussed by Wang [38] and Liu et al. [19]
and is one that we have frequently observed in our laboratories in
formulations containing a mixture of crystalline and amorphous
components (which may be excipients and/or the active ingredi-
ent). For example, a solution containing 2% mannitol and 1%
glucose where the mannitol crystallizes during freeze-drying
(either as a controlled event during a deliberate annealing step, or
perhaps in a less controlled manner during sublimation) would be
expected to comprise separate phases in the frozen (and drying)
structure where mannitol exhibits a Teu of —1.4 °C but glucose
undergoes viscous flow around —41 °C, thus microcollapsing onto
the scaffold of crystalline mannitol (see Fig. 3). In this case, a
conservative estimate of the critical temperature might be consid-
ered to be —41 °C, and indeed, some defects in the freeze-drying
structure are clear at this temperature when viewed by FDM
(Fig. 4), although we have observed that in such a mixture, total
loss of structure at the macroscopic level often does not occur until
above —20 °C. This is still significantly lower than the eutectic
temperature of crystalline mannitol alone; whether this is attribut-
able to significant levels of viscous flow in the amorphous glucose
phase at this temperature that was able to counter the mechanical
strength afforded by crystalline mannitol, or whether indeed some
of the mannitol persisted in the amorphous phase due to the
presence of amorphous glucose and /or the thermal history of the
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Fig. 3 Cartoon representation of microcollapse, with crystalline phase
(represented by black lines) remaining structurally intact but amorphous phase
(shown in red) collapsing when the sublimation interface temperature exceeds
the Tc of this phase during primary drying. Micro-melting, as defined by us
previously [39], would be analogous to microcollapse but with the amorphous
phase remaining structurally intact and crystalline phase undergoing eutectic
melt when the Teu of this phase is exceeded

Fig. 4 Typical FDM image showing microcollapse in a real sample, which is
manifested in a “multi-layer” semi-opaque appearance with the crystalline
phase retaining its structure but the amorphous phase collapsing onto
it. Evidence of this observation as being microcollapse (as opposed to the
onset of a classic collapse event) may be confirmed if there is no further loss
of structure when the temperature is increased very slightly
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sample, was not clear. This example illustrates the point that com-
bining crystalline and amorphous components does not always give
a single critical temperature that can be predicted from the behavior
of the individual components, and that exceeding a particular ratio
could lead to step changes in critical temperature with respect to
the macroscopic structure due to phase/state changes in one or
more of the components, which may also be a function of thermal
history. Similar observations were made by Adams and Irons [1] for
mixtures of sodium chloride and lactose.

Conceivably, in mixtures where the collapse temperature of the
amorphous phase is higher than the eutectic temperature of the
separate but coexistent crystalline phase could lead to an analogous
phenomenon that we have notionally termed “micromelting” [39],
where a crystalline formulation component (or combination of
such components) with a low eutectic temperature melts onto the
“backbone” of a rigid amorphous phase within the material. An
example of this that has been observed in our laboratories is that of
a biological product containing a small amount of calcium chloride
as part of a buffer system; in this case, while macroscopic collapse
was not observed until temperatures above —30 °C (by FDM,
unpublished data), the use of other methods suggested significant
mobility changes around —53 °C, the eutectic temperature of
calcium chloride. When the formulation was freeze-dried above
—53 °C, no shrinkage was observed at the macroscopic level,
although there was evidence of heterogeneity in the form of small
visible “spots” on the base of the cake.

For samples that are largely or wholly crystalline, the eutectic
melting temperature will be the critical temperature above which
defects will occur in lyophilization. This phenomenon can be easily
identified using a number of analytical methods, including FDM.
Figure 5 shows a sample of sodium chloride solution drying below
and above its eutectic temperature, illustrating the fact that the
eutectic temperature can be identified very clearly using FDM,
due to the marked visible change in sample appearance that occurs
at Teu. This includes the previously frozen part of the sample
appearing visibly as a “partial liquid” and also the contraction of
this part of the sample which then recedes away from the previously
dried material.

The technique of annealing (also called heat-annealing or temper-
ing) as part of the thermal treatment segment of a lyophilization
cycle has been well established as a means of influencing the ice
structure and/or encouraging crystallization—or polymorphic
changes—in solutes. It is outside the remit of this chapter to discuss
the physicochemical theory and basic principles of the processes
occurring in annealing, which have been covered previously in
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Fig. 5 FDM images showing a frozen solution of sodium chloride drying (A) below
and (B) slightly above its eutectic temperature

other texts, but to highlight the information regarding the practical
effects of the annealing process that can be observed for real for-
mulations using FDM.

Figure 6 shows the visual effect of annealing a sample of frozen
formulation (initially frozen to —40 °C) at —10 °C for 10 min.
While in this example it is not possible to quantify the extent and
speed of'ice crystal growth, FDM experiments employing different
conditions (temperatures and holding times) can be carried out and
the relative differences established, in order to direct the user
toward the selection of the most suitable or effective annealing
conditions in a real lyophilization scenario.

Figure 7 illustrates the fact that following the initial nucleation
and ice crystal growth phase, it is not necessarily possible to
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Fig. 6 FDM images of a frozen sample immediately prior to (A) and after 10 min
of (B) annealing at —10 °C, depicting the visible change in appearance, related
to increasing ice crystal size and networking. Light level and focus remained
unchanged during this time

determine whether the solute has crystallized, but that upon hold-
ing the sample for an extended period, solute crystallization may be
confirmed by the observation of a second freezing event—in this
case, the appearance of a “crystallization front” that sweeps
through the amorphous solute. A similar effect may be observed
more quickly by the use of annealing, with the general rule of
thumb that this is accelerated considerably when the amorphous
material is held above its characteristic glass transition temperature
(Tg'), which may be identified using thermal methods as discussed
in other sections of this chapter.
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2.3.5 Formulations
Containing Organic
Solvents

Fig. 7 Extended holding of a sample at —40 °C eventually leads to the
appearance of a crystallization front (A) which then moves slowly through the
frozen amorphous material (B)

There are many drug products on the market that are freeze-dried
from organic solvents or co-solvent mixtures (usually mixtures of
water + an organic solvent). The lyophilization of such formula-
tions brings its own challenges, not least in achieving complete
freezing and avoiding phase separation, the control of the sublima-
tion process and establishing whether the co-solvents behave as
azeotropic or zeotropic mixtures, residual solvent levels allowable
in the final product, and the safety and environmental issues of
handling, condensing, and reclaiming the organic solvents them-
selves. A comprehensive review of such challenges was provided by
Teagarden et al. [36] and it is not the intention of this chapter to
reiterate these points here, but again to highlight how the use of
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Fig. 8 FDM image of a co-solvent-based formulation following freezing and the
application of vacuum, showing evidence of egress of the (more volatile) organic
solvent from certain areas (examples highlighted by red circles, with direction of
solvent vapor movement indicated by dashed arrows)

FDM can provide information as to the practical aspects of freeze-
drying a formulation containing multiple solvents. Figure 8 shows a
sample undergoing sublimation during FDM analysis where the
organic solvent is visibly being removed via its own network of
channels, while the frozen aqueous component dries from the
edge of the sample in the same way as if it were a purely aqueous-
based sample. This observation suggests that phase separation of
the two solvents has taken place, which may indicate that there may
be an opportunity to remove the two solvents sequentially (espe-
cially if the vapor pressures are sufficiently different), although care
should be taken if the solutes have partitioned into the different
solvent phases, as this may lead to microcollapse or micromelting
within the structure.

It has been noted that certain formulations are particularly suscep-
tible to forming a surface skin (crust) on freezing, which will
subsequently impede the sublimation process or even prevent dry-
ing altogether. Since none of the traditional thermal methods is
able to pick up on the potential for this phenomenon to occur, it is
rarely noticed until post-lyophilization inspection of the product
appearance. However, FDM can sometimes highlight such behav-
ior, as was the case for the sample shown in Fig. 9. Samples
exhibiting a particular propensity to form a skin or crust tend to
be dilute solutions, where ostensibly the viscosity of the liquid
formulation at the moment of ice nucleation is very low and conse-
quently, the physical action ofice crystal growth results in the solute
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Fig. 9 Example of skin (crust) formation during freezing, resulting in a dense
concentrated wall of solute at the edge of the sample and reluctance to dry until
the skin ruptures (A), whereupon the action of sublimation results in further
breakup of the skin, allowing drying to progress more quickly but with an uneven
sublimation front (B)

being forced to the edge (or surface) of the liquid as it solidifies.
This phenomenon can also be commonly observed when freezing
solutions containing particular proportions of certain salts and
sugars, such as a solution of 1% lactose + 1% sodium chloride.
Skin or crust formation can sometimes be avoided by altering the
total solute concentration, varying the proportions of components
or using a controlled nucleation method to instigate “top down”
freezing (as discussed in Chaps. 3 and 4 of this volume). If the
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phenomenon cannot be avoided altogether, then it may be possible
to increase the porosity in the skin or crust by including an anneal-
ing step, if indeed annealing is compatible with the formulation in
question. Alternatively, heterogeneity may be reduced by using
rapid initial cooling during the freezing process, which although
is likely to give smaller ice crystals and thus increased product
resistance (Rp) to vapor flow, the value of Rp may still be lower in
this case than the equivalent value in the presence of the skin or
crust.

One of the more recent challenges we have faced is in the lyophili-
zation of formulations that contain glycerol, such as with some
PCR (polymerase chain reaction) reagents. The PCR-based
method of detection in In Vitro Diagnostics (IVDs) is becoming
the method of choice in many applications compared with enzyme-
or antibody-based detection systems. Historically, the standard
storage conditions for PCR reagents have been at low temperatures
(often —80 °C) but typically after the addition of glycerol to act as
somewhat of an “antifreeze,” thus arguably reducing the risks
associated with the process of freeze-concentration, but at the
same time, minimizing degradation rates by the use of low tem-
peratures, as defined by Arrhenius kinetics. Naturally, any antifreeze
effect gives such formulations an obvious lack of compatibility with
the lyophilization process! We have observed this to be possible in
some cases in our laboratories when the glycerol content is suffi-
ciently low (typically less than 0.2% but also depends on the pro-
portion of glycerol to other components). However, what often
happens is that even when ice is able to form, the glycerol remains
unfrozen and becomes forced toward the edges of the sample, as
shown in the FDM images in Fig. 10. In the classical lyophilization
situation where ice tends to form at the base of a solution
(or suspension), this would translate to the glycerol being pushed
to the surface of the frozen mass, where it will persist as an “oily”
liquid that obstructs the sublimation process. Controlled nucle-
ation systems may offer an opportunity to circumvent this issue,
but the evidence for this remains yet to be seen.

While operators can gain experience and confidence quite rapidly
with modern FDM systems, there is still the desire to have a means
of independent verification of collapse events in order to minimize
subjectivity as far as is possible in such a patently optical method; it
was this need for reduced levels of subjectivity that has led to the
development of TASC—Thermal Analysis by Structural
Characterization.

TASC works by analyzing a sequence of images and tracking
the changes from one to another. First, the operator selects the
range of the analytical run and clicks on the TASC option, as shown
in Fig. 11.
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Fig. 10 Evidence of an excluded layer of glycerol on the edges of frozen samples,
preventing drying from occurring in both cases. In (A), the liquid is indicated by
the arrow, while in (B) the liquid layer is more obviously visible, with further
evidence of ice or solute crystal growth extending into the glycerol layer

Second, a “region of interest” is selected (shown in red in
Fig. 12). This area will be the part that is tracked and covers the
sublimation front and the material to be dried ahead of it. Third,
the “region to be scanned” is selected (shown in blue in Fig. 12).
Scan size should be kept relatively small to minimize processing
time, but TASC analysis typically takes less than 5 min.

The output of the analysis is a graphical plot, as shown in
Fig. 13, which illustrates how the images at each TASC transition
can be viewed by clicking on the associated image (1) to see how
they are relevant. The two points of interest, in this case, are where
the gradient of the line changes (2) and the maximum (3). Images
during this analysis were captured every 5 s at a heating rate of
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Fig. 11 Selection of TASC Analysis option for a section of an analytical run

Fig. 12 Selection of areas within FDM image for TASC analysis

0.5°C min~' (2.4 images every 0.1 °C), which typically allows for a
small margin of error (£0.1 °C sensitivity). Figure 14 depicts the
images that coincide with these two points of interest on the TASC
graph.

In order to assess the user-friendliness of TASC and to establish
whether it would provide Tc (onset) values that are representative
of those determined by experienced FDM operators, a “subjectivity
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Fig. 13 Graphical plot output from TASC analysis

2.4 Variations
on FDM

experiment” was conducted in our laboratories where four experi-
enced operators were given a series of FDM images (typically taken
at 5 s intervals during analysis) and asked to determine which image
in the series contained the first sign of evidence of a visible micro-
scopic defect such as collapse or eutectic melting. This was carried
out for four different samples, each of which had been analyzed in
duplicate; therefore, each operator viewed eight analytical runs in
all. Each series of images was then subjected to similar analysis by
TASC, which would determine the onset of collapse or eutectic
melting via optical analysis. The results of the subjectivity experi-
ment are shown in Table 1.

It can be seen from the data in Table 1 that the differences
between mean values determined by the average experienced oper-
ator and mean values determined by TASC were similar for each
sample, and no statistical difference was detected between opera-
tors (p = 0.749).

Two of the criticisms often leveled at conventional FDM are that
(1) it is a somewhat subjective method of analysis, requiring exper-
tise in image interpretation, and (2) the behavior of such a small
sample is surely not representative of what would happen in a real
lyophilizer. It is perhaps easy to see why these criticisms might be
perceived to be legitimate, but in fact, it could be argued that they
are largely academic, particularly when compared to the other
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Fig. 14 Images identified by TASC as coinciding with (A) the onset of collapse of
sucrose at —33.3 °C, and (B) full collapse occurring at —32.1 °C

Table 1

Results of subjectivity experiment comparing trained operator interpretation of critical temperatures
for four reference solutions to that of the TASC result

Operator interpretation TASC interpretation
Sample of onset temperature (°C) of onset temperature (°C) Difference (°C)
Dextran 10 kDa —9.06 (+£0.13) —9.05 (+0.15) 0.01
Sodium chloride —21.60 (4+0.19) —21.50 (+0.10) 0.10
Sucrose —33.54 (+0.53) —33.80 (+0.20) 0.26
Calcium chloride —53.34 (£0.11) —53.10 (£0.30) 0.24

Individual results were determined to the nearest 0.1 °C in duplicate by four operators. Mean and standard deviation
values are expressed to nearest 0.01 °C for illustrative purposes only
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methods available. First, all methods require some degree of data
interpretation, and even if this is by instrument software (for exam-
ple, in identification of small glass transitions in DSC, or the region
of interest in FDM for TASC, as illustrated above), this typically
requires the operator to first select the region of interest in the
thermogram. Second, right from the first designs by MacKenzie
and Rey who built their own systems, up to present day
commercially-available systems (such as the Lyostat5 FDM, Bio-
pharma Process Systems, Winchester, UK), FDM has deliberately
employed thin sections of sample sandwiched between cover slips,
in order to maximize the opportunity to observe detail and mini-
mize the effect of sublimation cooling for accuracy of sample
temperature measurement (for example, Lyostat5 uses transmitted
light and a sample thickness of 70 pm). While this setup is clearly
not the same as in a real product container, it is specifically designed
to eliminate as many extraneous (formulation-unrelated) para-
meters as possible, such as the effects of radiative and convective
heat transfer, in order that the intrinsic critical events associated
with the formulation itself can be identified. Having a defined
sample thickness that is the same from experiment to experiment
can also allow the comparison of other parameters such as the
relative speed of drying, as demonstrated by Zhai et al. [41].

A relatively recent development that has been made to offer
greater information about the collapse event itself, and the dynam-
ics of viscous flow in the container (vial) of interest while under the
normal influence of gravity is Optical Coherence Tomography-
Freeze-drying Microscopy (OCT-FDM), as has been described by
Mujat et al. [27]. OCT is used in order to create a 3D image of the
sample in real time, which provides an understanding of the ice
network and any physical changes in morphology of the material
during the lyophilization process. Sample temperature is typically
monitored in the base of the vial, which means the sublimation
interface temperature is not being measured directly, but the prem-
ise is that there is a built-in “safety margin” as the sublimation
interface temperature will always be cooler than the base tempera-
ture being measured, and that the temperature difference between
the two may actually be quite representative of the situation in a real
lyophilizer. Here, it might be helpful for clarity to use the same
terminology as in the SMART® software from SP Scientific (Gardi-
ner, NY, USA), which refers to Tb as the product temperature
measured at the base of the (inside of the) vial and Tp as the
temperature of the sublimation interface. For amorphous products,
it could be argued that Tb is largely irrelevant, as it is only the
sublimation interface where collapse will occur at any point during
the lyophilization process, since the base of the sample is not
exposed to vacuum until the end of primary drying; in contrast,
for a crystalline product, Tb is relevant because when the eutectic
melting temperature is reached, the solute melt event will take place
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Fig. 15 OCT-FDM by Physical Sciences Inc. (Andover, MA, USA) showing prototype instrument (left) and 3D
image generated for a section of freeze-dried material (right)

Fig. 16 Freeze-Drying Vial System (FDVS) by Linkam Scientific (Tadworth, UK)

throughout the entire frozen phase, exposing a network of eutectic
liquid to the vacuum, whereupon it is likely to boil. Figure 15
shows a prototype OCT-FDM instrument and an example of a
3D image generated for a lyophilized material.

Related to OCT-FDM but using light in the visible spectrum to
observe the entire height of a sample drying in a vial in real time is
the Freeze-Drying Vial System (FDVS) developed by Linkam Sci-
entific (Tadworth, UK), as shown in Fig. 16. Freeze-drying takes
place in an insulated chamber containing a temperature-controlled
shelf that can accommodate at least seven DIN2R vials. Time-lapse
photography is used to construct a video file that shows the change
in sample morphology as sublimation proceeds in one of the vials,
while a number of miniaturized thermometers can be placed in
either one vial at different depths, or indeed in a number of differ-
ent vials in various locations on the shelf, in order to gain an
understanding of “edge effects” within the chamber while running
a realistic lyophilization cycle with pressure control.
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2.5 Differential
Scanning Calorimetry
(DSC)

2.5.1 DSC of Complex
Formulations

Difterential scanning calorimetry is widely used in pharmaceutical
analysis and much has been published on its utility in characterizing
amorphous and crystalline states in frozen liquid and solid samples
[9, 10]. Its application in the analysis of formulations destined for
freeze-drying has been reviewed by Kett et al. [17] and also by
Meister and Gieseler [25].

DSC is a thermal method whereby the enthalpic changes in a
sample are determined by measuring the differential heat required
to increase the temperature of a panned sample compared to an
empty reference pan. It was introduced to chemistry in the early
1960s and is widely used in pharmaceutical analysis and in materials
science. However, in modulated DSC (mDSC), a sinusoidal mod-
ulation (oscillation) is overlaid on the conventional linear heating
ramp to enable weak energetic events (such as the glass transition of
an amorphous material) to be resolved.

Modulated DSC is well suited to subambient thermal analysis
such as that applicable to defining the properties of solutions for
lyophilization. DSC has also been used to study the vitrification of
water and cryopreserving solutions so has found a place in low
temperature biology [3]. In the 1990s, Hatley and Franks advo-
cated the use of DSC in freeze-drying formulation analysis [13].

Tables listing the glass transition and eutectic crystallization
points for individual excipients used in freeze-drying have been
published widely [5, 37] and although these are useful to predict
the impact of additions to a complex formulation of a “real world”
product (either pharmaceutical, biopharmaceutical, or diagnostic),
they will not give the relevant temperature from which to derive a
suitable freeze-drying cycle. Therefore, some experimental analysis
of the samples intended for freeze-drying must be undertaken. A
useful illustrative example is given in Fig. 17.

DSC even without modulation or hyper scan rates can readily
detect the critical temperatures of some freeze-drying excipients,
especially when these are tested at high concentrations. However,
when present at the (typically much lower) formulation-defined
concentrations, and especially when present in combination, such
transitions may be much less readily detected by DSC and so
analysis by mDSC especially can be very helpful (see Fig. 18).
Often by zooming into weak events such as Tg', these develop-
ments can allow critical temperatures to be detected.

Where complex formulations are analyzed, crystallization /eutectic
events are energetically large and are easily seen, but weaker (yet
often more relevant) glass transition events may be more difficult to
separate out, especially where they occur on the edge of a strong
cutectic, or for instance the ice melt endotherm, which can conceal
Tg' for polymer components such as proteins, at values of —10 °C
or higher. Figure 19 illustrates how multiple thermal events can be
revealed in a single warming run.
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Fig. 17 DSC of typical excipient—5% lactose in water, showing Tg' in range —30 to —32 °C
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Fig. 18 Reversing heat profile showing a Tg’ (blue line) whereas total heat flow (green line) did not reveal such
a transition
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Fig. 19 Complex biologic formulation showing predominantly an eutectic melt (endotherm) at —25 °C and a
weak exothermic event at —45 °C

2.5.2 Crystallization
Events

2.5.3 Interaction
Between Excipients

The crystallization of some excipients is by no means certain during
freezing stages of lyophilization and where such crystallization has
not occurred (as for instance with mannitol) then spontaneous
crystallization in the dry state can be deleterious [24].

In such cases thermal tempering or annealing added into the
freezing protocol can induce solute crystallization. This leads to the
question of what temperature is required for annealing for crystal-
lization to occur. DSC can provide a convenient way of determining
a suitable annealing temperature in such instances, as illustrated in
Fig. 20 where (in Fig. 20A) the thermogram of a non-annealed
solution of mannitol exhibits a detectable crystallization exotherm,
whereas analysis of the same sample when an annealing cycle is
included in the freezing stage of the cycle (Fig. 20B) shows no
such crystallization because the material has already crystallized
during the annealing step.

Given general recommendations that high levels of salts should be
avoided, where such salts have to be included they may actually
contribute to the structure of the lyophilized cake. For instance,
Duru et al. [8] showed that crystallization of isotonic sodium
chloride in a formulation resulted in well-formed cakes, but that
doubling the content of amorphous stabilizers such as sucrose or
trehalose in the formulation led to the inhibition of such crystalli-
zation (as revealed by DSC), and a marked deterioration in the
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Fig. 20 (A) Mannitol solution frozen and warmed without annealing step—crystallization of amorphous
mannitol occurs. (B) Mannitol solution, frozen and then annealed at —12 °C, re-cooled and warmed no
crystallization event as mannitol already crystallized during annealing
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2.5.4 Sub-ambient DSC
Protocol

2.5.5 Dry State DSC

resulting freeze-dried cake. Others have discussed interactions
between formulants and how thermal methods can be used to
demonstrate these effects for example. Hawe and Friess [14]
described the impact of human albumin on the crystallization of
mannitol in formulations during freezing.

Typical protocol (developed for the TA Instruments Q2000 but
could be adapted to work on any modulated DSC instrument)

e Weigh an empty DSC pan and lid to sub-milligram accuracy.

e Carefully pipette a small aliquot (30-80 pL) of the liquid sample
into an appropriate DSC pan avoiding the introduction of air
bubbles.

e Crimp the pan with a suitable lid. Prepare an identical
empty pan.
¢ Place the sample and reference pans into the calorimeter.

e Freeze the samples to at least —50 °C or ideally lower using a
rapid freezing rate (e.g., 5-10 °C min ™).

e Start data capture.

¢ Run an isothermal step to allow the heat flow signal to stabilize.

e Set up a slow heating rate 1-5 °C min ' (the thermal events will
be determined in the heating profile) and apply a modulation
(heating oscillation) pattern such that 3-6 full cycles are
obtained across a weak thermal event such as a Tg. Typically, a
heating rate of 3 °C min~" and a modulation of 1 °C min~! has
been a good starting point in our experience.

¢ Heat the sample back to ambient (25 °C) and then stop data
capture.

e Analyze the resultant profile using the manufacturer’s software.

Samples should be analyzed at least in duplicate and the system
should be suitably calibrated (indium with a melt of 156.6 °C is
routinely used for DSC calibration but chemicals with a low tem-
perature thermal event may also be used [29]).

DSC also has applicability not only in sub-ambient glass transition
determination but also in the measurement of thermal events
occurring in the dry state. In lyophilized samples, the glass transi-
tion value of a formulation can correlate to storage stability [6] and
therefore DSC is a useful tool in screening different formulations.
However, Tg will be affected by residual water content, with a
higher residual moisture content resulting in a lower Tg for the
same formulation (see Fig. 21), and as such, dry state DSC is also a
good indicator of what constitutes an acceptably low residual mois-
ture content for a particular product.



Sample: 55-241
Size: 5.3000 mg
Method: MDSC - heat only
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Fig. 21 Thermogram of lyophilized sucrose sample showing Tg (80.5 °C), crystallization (108 °C), and

decomposition (182 °C)

2.6 Dynamic
Mechanical Analysis

It is critical to pan such lyophilized powders in a dry environ-
ment as otherwise atmospheric water vapor will be taken up by the
sample. A good option would be use of a dry box or dry bag (e.g.,
Cole Parmer, St Neots, UK) set up with a relative humidity below
10% RH. Material should then be packed into a DSC pan using a
spatula and a suitable lid crimped on before the pan is removed
from the controlled environment.

Dry state DSC analysis can also enable detection of the
crystallization of metastable formulants such as mannitol [40] and
possible thermal decomposition [2 ] using much higher scan speeds
than in conventional DSC.

Dynamic mechanical analysis (DMA) is a rheological technique,
which assesses the strain response of a material to stress force
applied to a sample and so is ideally suited to measuring the forces
that may be critical when considering the structural stability and
hence susceptibility to collapse in a freeze-dried cake. The sensitiv-
ity for detecting a glass transition is also far higher for DMA than
tor DSC and so it is a valuable alternative technology when char-
acterizing the critical temperatures for freeze-drying.

The principles of DMA for detecting Tg have been well
described (see, for instance, the chapter by Duncan [7]). The use
of DMA in determining Tg in food materials is perhaps more
widely used than in pharmaceutical applications. However, the
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Storage Modulus (MPa)
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Fig. 22 DMA of 5% human serum albumin showing a clear Tg’ with Tan delta value of —7.3 °C

application to pharmaceutical challenges has been reported [15]
and also its use in freeze-drying situations [11]. Samples of liquid
can be applied in a steel tray or folded thin steel pocket, dependent
upon the DMA system used, and multiple frequency stressing
studies carried out. Dry state Tg determinations are also possible
[35] and indeed the use of a steel mesh permits the impact of
increasing relative humidity on the Tg of dried materials to be
determined.

Values quoted for Tg derived by DMA can often be deemed to
be higher than for DSC [11]; however, this question has been
addressed in a number of publications [12, 34] and similar values
can be derived where frequency is expressed at 1 Hz or when
Tonset is considered as well as Tan delta for the start of the thermal
event. Figure 22 shows the Tg' event for a 5% human serum
albumin (HSA) solution, which would be completely unresolved
by conventional mDSC.

One drawback is that automation of DMA is not practical due
to the nature of the sample application method, resulting in quite a
user-intensive method. However, the combination of controlled
variable relative humidity and the loading format with a steel
mesh sample holder allows analysis of the change of Tg with chang-
ing environmental conditions (Fig. 23).



Sample: S5-236 dry state

Size: 35,0000 x 12.0000 x 1.0000 mm
Method: Frequency sweep
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Fig. 23 Dry state DMA analy

sis—freeze-dried sucrose with Tg of 86 °C (analysis performed at 0% RH)

3 New Developments

One recent development in the characterization of freeze-dried
materials is the advent of Optical DSC, which combines DSC
with optical microscopy. Here, a similar optical setup is employed
as in FDM (described in the sections above) but instead of the
analysis being carried out using transmitted light (i.e., the light
passes through the sample), Optical DSC is performed in reflected
light mode, with an additional light source fitted to the imaging
station in the form of an LED light ring surrounding the objective
lens, as shown in Fig. 24. The system employs the same control
modules as the FDM described above, meaning that it can offer a
relatively low-cost DSC option for laboratories that currently have
an FDM system. It also shares the same software, which means that
TASC can be employed for identification of visible changes in the
sample that can then be assigned to the endothermic or exothermic
events appearing on the DSC thermogram.

4 Conclusions

We have reviewed the common thermal and optical methods used
to establish the critical processing temperatures for solutions to be
subjected to freeze-drying and for the analysis of the glass transition
values of the dry state lyophilized materials. The use of these
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Fig. 24 Optical DSC stage showing light collar assembly around the objective
lens on the purpose-built Imaging Station, for use in reflected light mode

techniques has transformed the development process for freeze-
drying from largely empirical trial and error to a rapid developmen-
tal analytical stage leading to fewer freeze-drying runs with a high
degree of confidence of a successful outcome. The emerging tech-
nologies highlighted above are also likely to increase the degree of
confidence further.

More recently, we have seen progression for some of these
methods from the bench to technologies which can be
incorporated into the freeze-dryer to deliver in-line real-time anal-
ysis and ultimately influence process control [28].
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Formulation and Process Development for Lyophilized
Biological Reference Materials

Paul Matejtschuk, Kiran Malik, and Chinwe Duru

Abstract

Biologicals can often be inherently unstable in the liquid state and require lyophilization to ensure long-
term stability. We describe our approach to the lyophilization of a wide range of biological reference
materials, many prepared as part of our work on behalf of the WHO, to develop freeze-dried reference
materials to assign biological activity. These can cover a wide range of materials, often purified proteins and
sera but also including nucleic acids and viruses. Recent trends in optimizing our approach are presented;
the importance of noninvasive monitoring is illustrated and the challenges of formulation design and cycle
optimization are discussed.

Key words Biological reference materials, Formulation, Cycle optimization, Design of experiments,
Nucleic acids, Viruses

1 Introduction

Biologicals cover the breadth of cell-produced, organism-derived,
or synthetically-expressed macromolecules and as such, whether
they are purified proteins, polysaccharide antigens, isolated nucleic
acids, complexes of associated proteins, viral fragments, multi-
component vaccines, or right through to whole cells, they are
not entirely characterizable by physicochemical methods alone
[1]. For this reason, there persists a need for physical reference
materials with carefully assigned potency which can act as standards
with which to compare such biologicals. As such, these reference
materials may serve a role as primary standards such as those
produced for the World Health Organization (WHO), and
endorsed following international consultation under the auspices
of the Expert Committee on Biological Standardization (ECBS)
(http: //www.who.int/biologicals /reference_preparations/en/),
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1.1 Candidate
Biological Standards
and Reference
Materials Processed
at NIBSC (Fig. 1)

or may act as secondary reference preparations, such as those
produced for use with Pharmacopeial methods, or indeed as assay
run controls or working reagents for day-to-day assay assurance.

The National Institute for Biological Standards and Control
(NIBSC) is a center of the Medicines and Healthcare Products
Regulatory Agency in the United Kingdom, reporting to the UK
Department of Health. Its mission is to safeguard and enhance
public health through the standardization and control of biological
medicines. At NIBSC we have for over 50 years been producing
such reference materials on behalf of the WHO program. We have
accumulated substantial experience in preparing and storing such
materials, which because they require long shelf life stability, are
typically lyophilized to minimize water-catalyzed degradation reac-
tions. The manufacturing processes and technology to deliver these
reference materials have been discussed previously [2, 3], but
because the nature, formulation, and formats of such standards
are constantly changing so our response to preparing them must
also adapt. In this chapter, we present an overview of our approach
to the development of such standards and then highlight some of
the recent trends over the past 10 years. This would serve as a good
illustration of the general strategies which can be adopted in the
preparation of freeze-dried biological materials.

Most of the materials we prepare are single batch products; indeed,
the specific combination of biological material and formulants may
not be encountered again until the reference material is replaced.
Typically, a batch comprises a 0.5-1 g fill weight of material dis-
pensed in some 100-20,000 containers, usually heat-sealed, type 1
neutral glass ampoules, although glass vials may alternatively be
used for some reference materials. Although inherently more fragile
than plastic, glass has superior properties that lend itself to long-
term storage, for instance its impermeability to gases and resistance
to water vapor ingress. In particular, a flame sealed homogeneous

Fig. 1 Photograph of typical biological reference materials prepared by NIBSC
showing different formats (ampoules and vials) and materials (DNA, cells,
antibodies)
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1.2 Quality
Management System

1.3 Approach to
Reference Material
Lyophilization

glass ampoule has the lowest risk from moisture ingress or change
over storage time [4]. In general, freeze drying is tailored to yield a
residual moisture of less than 1% weight of the non-volatiles’ dry
weight and dispensing is performed with a coefficient of variation of
1% or less for formulations with a plasma-like viscosity, or 0.25% or
less for aqueous type materials. These parameters are in compliance
with the general guidelines for the preparation of International
Reference Preparations set out by the WHO [1].

NIBSC distributes biological standards and reference materials
globally with a “handling” charge to account for the costs of
storage and distribution by general mail or specialist carriage,
such as those required for infectious materials, available from
NIBSC’s Internet web site http: //www.nibsc.org

NIBSC processing facilities operate under a quality management
system independently certified to the international standard ISO
9001. This quality system is a visible sign of NIBSC’s commitment
to quality for the preparation of reference materials, as is the Insti-
tute’s independent accreditation to ISO17025 for its regulatory
batch release testing of biological medicines and other related
testing activities. Other materials comply with the In Vitro Diag-
nostic (IVD) Directive ISO 13485 and are CE-marked. Compli-
ance is facilitated by the use of an Institute-wide specific Reference
Material Quality System and ISO9001 Quality Systems that control
the reference material development from laboratory analytical work
through to the process scale filling and distribution.

Due to the high throughput of different materials the lyophiliza-
tion challenges we encounter are fundamentally different to those
typical of a pharmaceutical manufacturer in that in the pharma
process the same formulation and format is repeatedly processed,
whereas at NIBSC we encounter many different formulations and
rarely repeat exactly the same product/format combination within
any given year. In order to address this over 10 years ago, NIBSC
invested in a developmental freeze-drying approach, whereby small
batches of the identical formulation and format are processed and
the large-scale fill is then processed under the same conditions. This
approach (as shown in Fig. 2) has been very successful in minimiz-
ing production scale failures and giving a high success rate for
processing our standards “right first time”.

Development scale freeze-drying processes are based upon
previous experience of successful drying, combined with knowl-
edge of the heat transfer properties of the container being used and
the thermal analysis and freeze-drying microscopic data on the
critical thermal properties of the formulation to be dried. This
approach has been very successful but it is vital that on scale up
there is no change in the formulation or the ratio of active material
to excipients from those trialed at pilot scale and that no additional
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Fig. 2 Strategy for freeze-drying process development with inset example of various unsuccessful collapsed
and successful well-formed freeze-dried cakes

1.4 Characterization
of Thermal Properties

processing has been introduced (e.g., sterile filtration that is well
known can impact the ice nucleation properties of the material).
The properties of the trial lyophilized material are studied for
critical parameters (fill accuracy, residual moisture, and oxygen
headspace content) as well as its biological potency post-
lyophilization (compared to the material as dispensed, snap frozen
in identical containers) and if necessary, the stability of the freeze-
dried material is determined by accelerated thermal degradation
stability studies. For this reason, trials are often performed several
months before the definitive fill, to allow thermal stress stability
testing if needed.

The methods for determining critical physicochemical parameters
have been widely described previously [5, 6] and are discussed in
more detail in Chap. 1 of this volume. Practically, we have found
that freeze-drying microscopy is the most versatile and widely
applicable technology, although historically there was much focus
on the thermal methods used in pharmaceutical characterization
(differential thermal analysis, impedance, conductivity, and differ-
ential scanning calorimetry). While these approaches readily reveal
eutectic temperatures, when crystallizable formulants solidify, these
methods sometimes fail to reveal other critical thermal events (par-
ticularly the far weaker glass transitions, Tg'). Others have previ-
ously shown that with rising protein concentration a rise in the
FDM (T collapse) temperature occurs whereas the Tg' may remain
largely unchanged [7]. The shelf temperature used in the freeze
drying of these higher protein concentration products can be
increased in line with the trend observed by the FDM and so cycles
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Table 1

Influence of additional excipients on the critical thermal events of common formulants (as measured
by impedance/differential thermal analysis using the Lyotherm 2) (Biopharma Process Systems Ltd,

Winchester, UK)

Impedance
Formulation hysteresis (°C) DTA event (°C) Comments
0.9% NaCl -21.2 —21.8 eutectic Crystalline NaCl
1% trehalose 0.9% NaCl —26.4 —24 Still some crystalline content
2% trehalose 0.9% NaCl -35 No event Amorphous
5% trehalose 0.9% NaCl -30 No event Amorphous

1.5 Container
Formats and
Sublimation Impact

can be shortened and moisture contents reduced by using the more
aggressive cycle conditions.

Tables of the Tg' (and in fewer examples the Tc) of common
formulants have been widely published, but in real-world formula-
tions the impact of complex multi-excipient compositions means
that the practical critical temperature may be different from that of
the individual excipients used, as shown in Table 1.

Selection of the appropriate format for the reference material to be
freeze-dried is also important. A homogeneous and well-formed
freeze-dried cake is the desired outcome; however, the container
format can impact this. Too wide a diameter container and the
freeze-dried cake formed may be too shallow and loose, resulting
in an appearance that may deteriorate on manipulation, storage,
and shipping, with breakup and shedding of fragments around the
container. However, too narrow a diameter container may result in
an excessive fill depth for that container (filling at one third to one
half of the container volume is generally recommended) and this
may impact the homogeneity of the cake appearance and also may
result in increased frequency of container breakages in extreme
cases. Deeper cakes are more likely to result in a cake with hetero-
geneities as the impact of any suboptimal cycle design will more
likely be apparent in these cakes (often toward the base of the cake
which represents the end of the primary drying process).

Telltale signs of inappropriate primary drying can be seen
when cakes become pinched in the lower half of the cake, which
has been dried during the later stages of the primary drying process
(Fig. 3).

Sublimation rate is of course related to the diameter of the
container and so a wider container will experience higher sublima-
tion rates. This is illustrated in Fig. 4 where the sublimation rates of
a given formulation in our common container formats are com-
pared for the 20, 18, 15, and 13 mm diameter containers.
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Fig. 3 Pinched and well-formed cakes of a formulated immunoglobulin. Initial study (left hand side) showed
two defects, skin formation on top of cake and tapering cakes indicating collapse due to critical temperature
being exceeded late in primary drying. A reduction in the inorganic salts content resulted in an acceptable
appearance (right hand side image) though the primary drying shelf temperature used was 5 °C higher

G € st s Mass Lost

5mlampoule

Fig. 4 The impact of container diameter on sublimation rate at a given shelf temperature—container
diameters being (a): 20 mm, (b): 17 mm, (¢) 14 mm and (d) 12 mm. Formulation (5% w/v sucrose in
water) and fill volume being dried was the same in each case. Red indicates faster drying rates, through green
to blue, indicative of slower rates. Y-axis shelf temperature and x-axis length of primary drying step

1.6 The Challenges Freeze drying as a process can induce high rates of sublimation and
of Infectious Materials  this can potentially result in some loss of material from the vials into
the drying chamber. This is less for well-formed freeze-dried cakes
than for those with partial or total collapse but cannot be assumed
not to occur even in well-formed freeze-dried cakes. Indeed, Adams
[8] demonstrated this when considering the distribution of a bac-
terial suspension and we have similarly shown that plasmid nucleic
acid can be similarly distributed during freeze drying (unpublished
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observation). So, freeze-drying infectious materials poses addi-
tional problems compared to non-infectious preparations.

— Consistent potency/viability

— Preventing exposure of environment/operators to pathogens

Appropriate decontamination protocols

Safe storage and shipping

In order to address these issues, we have at NIBSC introduced
the use of a negative pressure isolator system interfaced to a steam
sterilizable dryer and capable of decontamination with formalde-
hyde fumigation (Fig. 5).

Following the freeze-drying infectious materials also pose addi-
tional problems for quality control testing. Destructive testing of
such materials would result in significant additional risk in conven-
tional test procedures and so noninvasive test methods need to be
introduced. Specifically, we have introduced noninvasive moisture
and headspace gas analysis in our filling of infectious materials for
reference materials.

Oxygen headspace analysis by noninvasive determination of the
headspace gas contents has been available for a number of years
now using frequency modulated infrared spectroscopy (typically at
760 nm), passing an infrared laser beam through the container and
measuring the absorbed wavelengths on a system calibrated against
known oxygen concentration standards in the identical format
containers (Fig. 6).

These methods depend for their sensitivity on diameter of the
container but in our hands can clearly demonstrate the headspace

Fig. 5 Negative pressure isolator and freeze dryer assembly for freeze drying of
infectious materials at NIBSC
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Fig. 6 Noninvasive oxygen headspace determination (FMS 760 Lighthouse
Instruments, Charlottesville, VA, USA), calibrated using NIST-traceable oxygen
standards in identical format containers

integrity (as our products are back-filled to atmospheric pressure
with nitrogen) of the containers tested. Care must be taken when
handling such containers of infectious materials that risk of break-
age is minimized and this may require a temporary change in the
containment status of the room in which the testing is located.

Noninvasive residual moisture FMS-based technologies can
indeed measure water content when a wavelength suitable for the
absorption spectrum of water is used and this can be a powertul
means of demonstrating batch homogeneity and the impact of cycle
development on product characteristics [9]. However, it has been
shown [10] that such methods can give different moisture readings
in the headspace fraction for different formulations with differing
physical state and so the correlation of this value with the water
content of the product needs careful validation.

An alternative noninvasive moisture-measuring technology
which again has been published by numerous groups [11-13] is
infrared absorption by the freeze-dried cake itself. Here, a suitable
spectrum of infrared wavelengths is passed into the cake through
the base of the container. The reflected against absorbed light is
measured, the absorption of energies by the water being compared
to those not absorbed in the IR spectrum. This is an indirect
moisture determination and so we have calibrated containers con-
taining identical freeze-dried formulation in the same format but
without infectious agent and then have subjected these to testing
by destructive coulometric Karl Fischer methods [14]. This gives a
good linear correlation between the NIR readings and the absolute
moisture content and this curve and equation can then be used to
interpolate the moisture content of the infrared-analyzed infectious
containers. As the relationship between the NIR signal and the
moisture can be complicated by the overlapping NIR absorption
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1.7 Use of
Noninvasive Testing to
Improve Quality
Assurance

spectra of excipients, especially sugars, it is necessary to create a
freeze-dried calibration curve for each formulation, and to also
calibrate this against Coulometric Karl Fischer titration. These
can then be stored at sub-zero temperatures and the correlation
re-checked on each occasion before a new infectious sample set is
tested.

There are other limitations with this technology: the penetra-
tion of NIR into the cake is only into the nearest few mm of cake
adjacent to the glass container and so the technique cannot reveal
information on moisture in the deeper parts of the freeze-dried
cake, and of course the technique requires an intact cake to be
formed, as cracks or lateral shrinkage of the cake will interfere
with the light absorption.

Noninvasive testing has been demonstrated to be very powerful for
determining the moisture of infectious freeze-dried materials, but
noninvasive testing can also be used to increase the quality assur-
ance of non-infectious reference materials. In 2011, we were able to
demonstrate this for a preparation of reference serum which was
compromised in terms of the back-filling process such that there
was a heterogeneity in the oxygen content of the headspace gas
[15]. By using noninvasive testing, we were able to identify those
ampoules that had compromised oxygen content and so were able
to segregate and test the high oxygen against low-oxygen-contain-
ing ampoules, placing them both on elevated temperature thermal
stressing to accentuate the rate of biological activity decay. As the
biological assay could be done on ampoules where the oxygen
content had previously been measured, we could correlate the
activity to the oxygen content with complete confidence. For that
material, the high oxygen content in the atmospheric headspace
had no discernible impact on the biological activity and so the
whole batch could be used.

Similar NIR technology has been used in line to test batch
homogeneity and to assess the freeze-drying process as a Process
Analytical Technology (PAT) tool [16, 17] and interest in NIR and
Raman spectroscopy as PAT tools is ongoing.

The moisture uptake by different preparations when exposed to
atmospheric (i.e., moist) air varies: Fig. 7 illustrates such uptake
across a range of formulants used to generate freeze-dried cakes.
The rate of uptake in a low-density material with a low freeze-dried
residual cake weight is typically more rapid than a much denser
material—e.g. human plasma—but the porosity of the cake is also
important, as materials of similar dry weights can take up water at
different rates.
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Fig. 7 Moisture uptake by hygroscopic freeze-dried cakes of different densities/
formulation on exposure to atmospheric air

2 Novel Freeze-Dried Reference Materials

2.1 Viruses

Although the majority of freeze-dried standards are purified pro-
teins or animal /human sera, we have increasingly, in recent years,
freeze dried more complex materials. Such complex materials pose
additional challenges where intact viruses or even whole cells are to
be freeze dried.

Freeze drying of live virus preparations where infectivity must be
obtained requires fast freezing rates to minimize the disruptive
effect of ice crystal formation on the virus. As such, snap freezing
of the product is performed (for instance on dry ice-acetone) and
then loading is onto a shelf precooled to —50 °C so that the sample
is held frozen before drying begins. For some materials, it may be
possible to load as liquid but, to encourage freezing to occur as
quickly as possible by loading onto a precooled shelf. Different
stabilizers have been shown by others to be useful for different
viruses (for example De Jonge et al. [18] recommended inulin for
influenza vaccines, Pastorino et al. [19] advocated sorbitol as a
specific stabilizer of viruses).

However, a good place to begin is with 1-5% nonreducing
sugar (sucrose or trehalose), a pH modifier (buffer) at low mM
concentration, and sufficient bulking material to allow the forma-
tion of a good cake (at least 5-10 mg mL™"). Proteins such as
albumin or gelatin and serum supplements (such as FCS) may be
added to see if they improve stabilization. The Tg' or Tc of the
formulation (if necessary without virus) should be determined and
used to guide the shelf temperature for primary drying and a
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Nucleic Acid
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modest secondary drying temperature (20-25 °C) of minimal
duration (6-10 h) should be used to deliver a modest initial mois-
ture content. From this starting point, other specific individual
stabilizers can be tried and the cycle modified to produce lower or
higher final moisture contents and the activity checked. Suitable
containment and decontamination measures should be in place to
prevent operator and environmental exposure to any material
which may have ablated during drying [8] and suitable decontami-
nation procedures used on condensate, before it is disposed of, and
on the dryer before it is reused.

Recent NIBSC live virus reference materials for in-vitro detec-
tion have included those for Hepatitis B Virus [20], Cytomegalovi-
rus [21], and Epstein Barr Virus [22]. The formulation of live viral
vaccines for in-vivo use is outside of the scope of this chapter but
has been reviewed recently by Hansen et al. [23].

Freeze drying of mammalian cells usually results in the rupture of
the cells and non-viability post-reconstitution. This has histori-
cally been attributed to reasons similar to those given above for
viruses and focus around the disruptive effect of large ice crystals
forming and then subliming from the cells. Some papers have
reported the preservation of at least some bioactivity after drying
[24, 25] by use of very small volumes and very rapid directional
freezing. Others have optimized the formulation as well as freez-
ing conditions to improve recovery of bioactivity [26, 27]. The
scalability of some of these methods has yet to be demonstrated.

However, if the purpose of the cell preservation is not thera-
peutic or focused on recovery of bioactivity but rather the preser-
vation of the nucleic acid, freeze-drying processes may be perfectly
satisfactory. This has been demonstrated with the BCR-ABL RNA
reference material established by WHO in 2010 [28] for
quantification of the molecular defect resulting in a form of chronic
myeloid leukemia and useful for early molecular-based diagnosis of
relapse. Here, rather than isolate the nucleic acid, the un-fixed cells
were freeze dried in different ratios of cells with the mutated and
normal gene sequence. The nucleic acid is then extracted from the
cells by the user, allowing better commutability to a patient sample,
in that the extraction procedure used will be the same for sample
and reference material.

For other genomic nucleic acid standards, the DNA has been
first extracted and then lyophilized with excipients. Of course, if the
nucleic acid is extracted and lyophilized in a stabilizing buffer, these
preparations make reference material with excellent storage stability
[29]. Originally, some difficulties were encountered with the phys-
ical appearance of such standards (Fig. 8), even though the materi-
als themselves were perfectly stable to degradation. By careful
modification of the drying conditions we have been able to
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2.3 Lyophilization of
Fixed Cells

a) Poor appearance

b) Good appearance

Fig. 8 Different appearance of freeze dried similarly extracted and formulated
DNA preparations with low dry mass formulations (<10 mg per ampoule)
reflecting appearance (a) before and (b) after cycle optimization

routinely deliver stable preparations with well-formed cakes
(despite their low density) and modest moisture contents, even
though the dry weights are little more than 10 mg per ampoule.

Depending upon the application, pre-stabilization of cells using
fixative solutions has rendered eukaryotic cells suitable for freeze
drying. This has long been known for diagnostic applications such
as immunoassay [ 30 ] where quite dilute solutions of fixative such as
glutaraldehyde can render red blood cells capable of withstanding
freeze drying without the clumping and aggregation caused by
high levels of fixative. This allowed even antibodies attached to
the surface of such cells to remain immunoreactive [31].

However, for some applications, the size and morphology of
the cells is critical and NIBSC have recently prepared gently fixed
peripheral blood monocytes as standards [32] for flow cytometry,
where the gating window settings require the cells to retain both
their immunological reactivity and their structure/size. There are
applications for such reagents as controls in FACS-based diagnostic
testing.
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3 Formulation Strategy and Considerations

3.1 One Factor at a
Time (OFAT) Approach

Excellent reviews of the role of various excipients in the stabiliza-
tion of biologics in freeze drying exist [33, 34]. Each category of
excipient type is listed and compared and so the reader is referred to
these for advice on formulation. Figure 9 illustrates a generic
approach to the formulation of biological materials in which the
key components are identified. In general, ionic excipients such as
sodium chloride or phosphate lower the Tg' of the formulation and
so should be avoided or kept to a minimum. Polymers, including
proteins themselves, raise the Tg' and so can result in more efficient
cycles being possible. Disaccharides have intermediate Tg' values in
the region of —29 to —32 °C, but their inclusion is usually because
of their benefit as lyoprotectants and so the lower Tg/ is tolerated or
other excipients included which will allow for higher shelf tempera-
tures in primary drying. For instance, the use of sucrose-mannitol
mixtures has been illustrated as a generic formulation [35] because
when crystallized by annealing, the mannitol results in a good
product appearance even when using high primary drying tempera-
tures, while the sucrose remains amorphous and so can stabilize the
biological material.

This approach is very common in freeze-drying formulation devel-
opment, where a known lyoprotectant is varied in concentration
and its impact on preserving the biological activity and physical
appearance of the freeze-dried cake is assessed. Other examples of
where an OFAT development approach is appropriate are where a
previous formulation is known to work effectively, but due to
changes in either the format, fill depth or the product, the cycle is
no longer suitable and an inferior or collapsed cake occurs. Modifi-
cation to a single excipient component may suffice to restore a
successful lyophilized appearance. Alternatively, in these cases,

Active
material

’ Lyoprotectant
Tonicity
modifier

Bulking
agent

Fig. 9 Schematic of typical formulation components for lyophilization
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simple modification in one of the cycle parameters in terms of the
primary drying shelf temperature or vacuum setpoint may suffice to
restore a successful lyophilization outcome. Careful thermal analy-
sis is critical to identifying such shifts in the properties of the
product and also the impact the OFAT changes introduced.

Influenza antigen preparations have long been produced by
NIBSC to assist with the manufacture of influenza vaccines and
also in serotyping of influenza viruses. In order to produce stable
reagents, these materials are lyophilized with a commonly used
formulation of 1% w/v sucrose in phosphate-buffered saline. On
occasions, we have processed materials which instead of forming a
well-supported, if not particularly dense, cake have resulted in a
totally collapsed and sometimes even gelatinous appearance. This is
unacceptable and will often result in an elevated residual moisture
content. We have shown the utility of a modulated differential
scanning calorimetry method (mDSC) to predict which formula-
tions will be readily lyophilizable and which may result in a col-
lapsed appearance on drying with our usual freeze-drying cycle
[36]. We demonstrated a correlation of the freeze-dried appearance
(see Fig. 10) to the presence and size of a eutectic event at —24 to
—26°C . This has been adopted at NIBSC for several years now and
has prevented the preparation of collapsed freeze-dried batches,
which can be both inconvenient and cause delays in the narrow
time course available for the manufacturing and control process for
seasonal influenza vaccines.

In other cases, there may initially be insufficient formulant pres-
ent, for instance when we were developing drying protocols for
polysaccharide antigens as serological markers for bacterial typing.
Here, because the quantitation method was based on carbohydrate
analysis, a simple formulation was chosen that would not interfere

Fig. 10 Freeze-dried appearance of influenza antigen excipients (from left to
right: 1%, 1.2%, 1.4%, 1.6%, 1.8%, and 2.0% sucrose in PBS). Increasing the
sucrose above 1.4% resulted in progressively unacceptable freeze-dried product
appearance when using the same FD cycle
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Fig. 11 Formulation choice with resultant critical temperature (ascertained by
FDM), trial freeze-dried appearance and moisture content for development of an
interleukin-23 reference material (SS-068). HSA = human serum albumin

with the saccharide analytical methods being applied. However,
there was initially insufficient dry mass and the resulting freeze-
dried cakes were poor in appearance at the upper surface and material
ablated, such that the variation in the freeze-dried weight was unac-
ceptably high. This was addressed by two alternative strategies—
either raising the concentration of the active so that the dry weight
was at least 5 mg mL ™' of the fill volume, or by the inclusion of
neutral bulking agent which did not interfere with the polysaccharide
quantitation method. The former was on this occasion deemed more
acceptable and a successful reference material produced [37].

On other occasions, the evaluation of a number of formulation
options can be undertaken and the outcome can be that all of the
formulation options give reasonable freeze-dried cakes. However,
other parameters need to be considered too and, in the example
given in Fig. 11, the moisture content achieved was different, and
so here a formulation was selected based on where the resultant
moisture content was lowest.

It has been noted already that proteins will themselves raise the
critical temperature required for freeze drying and so make more
efficient cycles possible but also, we have shown that for some
difficult materials, there may well be better stabilizers than sugars
[38]. Although the inclusion of bulking or stabilizing proteins may
not be possible for some applications, for others—especially diag-
nostic materials—they may prove a much more effective stabilizer
and would also minimize nonspecific binding of low concentration
active material proteins to surfaces during the filling process.

Adjuvanted materials and cellular materials may pose particular
issues for freeze drying, not least because such materials may settle
out during a prolonged freezing process. Although snap freezing
with cryo-liquids may be useful at small scale, the use of precooled
dryer shelves, down to —40 or —50 °C, may be needed to achieve
successful scale-up.
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3.2 Design of
Experiment (DoE)
Approaches to
Formulation

In recent years we have, in conjunction with graduate students of
Professor Paul Dalby at University College London, Department of
Biochemical Engineering, investigated the use of rapid throughput
formulation screening for freeze-drying optimization using a
Design of Experiments (DoE) approach [39]. This has focused on
the use of microtiter plates to allow for microscale freeze drying
while evaluating numerous combinations and concentration
options. Such cycles can be completed rapidly (typically overnight)
and indeed the individual wells can be stoppered in situ with the use
of 96-format lyocap cluster caps (Micronics, through Kinesis Ltd,
St Neots, UK) to assist evaluation. A typical freeze-dried plate is
shown in Fig. 12, and collapsed and well-formed cakes can be easily
characterized. By application of Design of Experiment (DoE)
approaches, a series of formulants can be rapidly evaluated and
interactions between excipients can be readily identified. Such
trends are easily investigated with proprietary software, such as
Design Expert (Stat Ease Inc, Minneapolis, MN, USA). Such soft-
ware can also be used to evaluate formulation interactions and
optimization in traditional containers and so can be employed
from early evaluation through development and scale-up. Grant
et al. demonstrated this for the optimization of formulations for
the freeze drying of low concentration granulocyte colony stimu-
lating factor, a potent stimulator of blood cell proliferation [40].
Such fundamental formulation evaluation has proven less applicable
to the scale up of many of our reference materials where the basic
excipient choices and concentrations are already dictated often by
the intended use of the materials. However, where freeze-drying
formulation is required for a new biological material, especially one
which is initially available in only very small amounts, this approach
offers valuable time and active material savings, with the possibility
of easily identitying potentially useful excipient interactions.
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Fig. 12 Freeze drying in microplates for formulation screening/optimization of
granulocyte colony stimulating factor



Formulation and Process Development for Lyophilized Biological Reference. . . 49

4 Cycle Optimization

4.1 Use of Critical

Temperatures

A) Drying -28°C

The major transformation in freeze-drying cycle design in the past
20 years has been in the switch from a trial run empirical approach
for cycle optimization to a more scientifically based process design
based upon thermal analysis and freeze-drying microscopy data.
This is addressed in greater detail in other chapters in this book,
but here we will merely describe how we have addressed this process
as it has developed for lyophilization of reference materials at
NIBSC.

It is critical for successful drying to know in detail the formula-
tion of the material to be dried and then to apply at least two of the
many methods available to determine the critical temperature for
this formulation. For instance, for a recent formulation of immu-
noglobulin, both the DMA and freeze-drying microscopy indicated
that a critical temperature (in the range —14 to —18 °C) would be
appropriate (see Fig. 13). After this temperature is determined, it
can be built into a general cycle, allowing for some flexibility as the
process of sublimation is endothermic and so heat will be drawn
from the system—referred to as sublimative cooling—and this will
allow a shelf temperature higher than the Tg' or Tc to be used. The
degree of difference will need to be based upon the sublimation
rate, the performance of the freeze dryer being used and the
dimensions of the container for any fill. This is still heavily based
upon previous experience of what is likely to be successful, and a

Dried cake

Collapse

‘ Direction of drying

v

B) Collapse at-16.5°C 100ubar vacuum

C) DMA profile Tan Delta peak at -14.3°C

Fig. 13 (A, B) Freeze-drying microscopy and (G) sub-ambient dynamic mechanical analysis (DMA) of an
immunoglobulin preparation both indicating a critical temperature in the region —14 to —18 °C
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4.2 Monitoring of
Freeze Drying

4.3 Ice Nucleation

trial of 50-200 containers in a pilot dryer is applied ahead of scaling
up the cycle to a batch size of between 3000 and 20,000 in a
production dryer.

The stainless steel production dryer will differ in its perfor-
mance due to factors such as the absence of a radiant heat, present
for a pilot dryer due to its Perspex door, but also the capability of
the vacuum pumps, heating rate, and temperature heterogeneity
across a single shelf compared to a stack of much larger shelves, and
indeed the mechanism of shelf cooling, which on a simple dryer
may be electrothermal heating and on a larger dryer is almost
always a coolant fluid. Once the Tg'/Tc is known from off-line
analytical testing, then this data can be used to set the shelf temper-
ature in the freeze-drying method, but the monitoring of the
primary sublimation process is still an area of active development.
Sublimation rates for frequently used containers can be measured
by running gravimetric trials and measuring the weight of water loss
after a given sublimation period, significantly less than that required
for the full primary drying process step.

A number of technologies have been developed to monitor subli-
mation in real time within a freeze dryer and these are reviewed in
other chapters. In our own experience, the inflection in a thermo-
couple or Pt 100 probe can provide useful data, if only indicative, as
drying rate may be different in the majority of other non-probed
vials. Other freeze dryer manufacturers supply an impedance or
thermal analysis probe vial which can produce physicochemical
data on a single vial in the batch. Most recently, we have been
evaluating, as part of an Innovate-UK funded project, the applica-
bility of a noninvasive impedance analysis method [41 ] which is also
discussed in another chapter in this book by Prof. Geoft Smith, the
developer of the technology.

As an alternative, there are a number of technologies that can
measure the sublimation rate in the batch as a whole, for instance
tunable diode laser absorbance spectroscopy (TDLAS)—as covered
in Chap. 5 of this volume—and indeed the more straightforward
pressure rise method and the comparative manometric method
(comparing the pressure sensed by a Pirani vacuum gauge against
that of a manometric gauge). These latter methods are illustrated in
Fig. 14. In this illustration, the endpoint of comparative manomet-
ric method agrees well with the pressure rise test and indeed with
that indicated by the thermocouples. This gives additional confi-
dence in the suitability of these methods and in this cycle a marked
reduction in the primary drying time would be possible, allowing
substantial optimization of the process.

One of the more recent process improvements in addressing het-
erogeneity in freeze-drying batch processes has been the introduc-
tion of induced ice nucleation methods. This minimizes the
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Fig. 14 Cycle optimization—endpoint determination methods on whole batch (pressure rise and comparative
barometric readings) and individual probes (thermocouple) both indicating that the primary drying step in this
cycle could be reduced in length significantly without impacting the end of this stage of drying (x axis time, y1
axis temperature(oC), y2 axis vacuum (mBar))

4.4 Scale-Up

variability in the point of nucleation across a batch and this reduc-
tion in the heterogeneity in nucleation and hence the degree of
supercooling across a batch may result in a cycle optimization time
of the order of 10-30%. The methods for inducing controlled ice
nucleation are the topic of other chapters in this volume (Chaps. 3
and 4) so will not be discussed further here.

The process of scale-up for our cycles at NIBSC has been relatively
straightforward as we tend to favor conservative shelf temperature
and vacuum conditions for primary and secondary drying and so
are likely to be operating well away from the limits of failure. This is
illustrated by the scale-up presented in Fig. 15 where the perfor-
mance of trial and production batch lyophilization for a cytokine
reference material were shown to give good similarity between the
resultant product in both physicochemical tests and biological
activity.

This degree of caution may well not be possible for those
developing more time-critical cycles but the underlying criteria we
have discussed, of careful formulation development, including con-
sideration of container selection, thorough pre-lyophilization stage
analytical characterization of the critical thermal properties, and
application of process analytical technologies where available, are
sound principles to apply.
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4.5 Thermal
Degradation Studies
as a Predictor of
Biological Stability
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Fig. 15 Comparison of potency estimates for IL-29 trial (PM-037-A) and defini-
tive fill (07/212) ampoules. IL-29 activity in reconstituted contents of ampoules
of definitive fill 07/212 and trial fill PM-037-A was evaluated in two different
reporter gene assays (RGA) calibrated with the frozen baseline 07/213 of the
definitive fill. Typical dose-response data from the RGA are shown in the
graphical plots. The geometric mean potency values for each of the two
ampoules (A and B) of 07/212 (process batch) and each of the two ampoules
(C and D) of PM-037-A (intermediate trial batch) do not differ significantly from
one another or from 1.0, the value assigned to the FzB. Data courtesy of Dr A.
Meager, NIBSC (retired)

The assessment of real-time stability is a time-consuming and labo-
rious process. The use of suitably studies can estimate the stability
to a reasonable degree by use of temperatures significantly above
the intended storage temperature and fitting the degradation rate
using the Arrhenius relationship to predict the storage at the
desired temperature [42]. This is approximation only, and has
been shown on numerous occasions to over-estimate the real time
degradation and may reveal degradation pathways which will not be
operational at the lower intended storage temperature. However,
where some indication of likely stability is required in the short
term it is a useful comparator and has been used at NIBSC success-
fully to evaluate and compare lyo formulations in the short term
(3—-6 months) prior to selection for scale-up. The use of high-
throughput screening methods based on molecular assessment of
stability both in the freeze dried [43] and in reconstituted liquid
states [44] may well find their place alongside such comparatively
time-consuming studies in the future.
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For some applications, standard processing in vials or ampoules
may not be ideal as only very small quantities of liquid may need to
be freeze dried per container due to the sensitivity of the assay
method being applied to the biological. For such applications, we
have been investigating alternative technologies, such as plastic
microtubes. Whereas for some laboratory applications with pro-
teins or polysaccharides that are highly stable these may be suitable,
their general stability compared to classical containers remains to be
demonstrated and the homogeneous flame-sealed glass ampoule
remains a gold standard for the majority of our reference material
applications at NIBSC [4].

5 Conclusions

Freeze drying remains the ideal format for biological reference
materials where a long stable shelf life is required. In this overview,
we have illustrated NIBSC’s approach to the development of both
formulation and cycle design for such freeze drying and its scale-up.
Although applications in other areas—for instance, diagnostics or
therapeutics development—may have different requirements, the
principles outlined will hopefully have provided a starting point to
those seeking advice in these activities.
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Controlled Ice Nucleation Using ControLyo®
Pressurization-Depressurization Method

Jacob Luoma, Graham Magill, Lokesh Kumar, and Zakaria Yusoff

Abstract

Controlling the ice nucleation temperature during the freeze phase of lyophilization is an area that has
grown significantly in importance in the recent past. Different Controlled Ice Nucleation (CIN) techniques
investigated in the pharmaceutical industry are discussed in this chapter, along with their limitations for
commercial implementation. Recent work using the ControLyo®™ pressurization and depressurization
technology is further discussed, along with a discussion of CIN cycle design. This book chapter also
explores how ControLyo® CIN technology could be used to enable a Quality by Design (QbD) approach
for the freeze phase of lyophilization cycles.

Key words Freeze drying, Lyophilization, Ice nucleation, Controlled ice nucleation, ControLyo®
Technology, Quality by design, QbD, Mechanistic understanding

1 Introduction

Lyophilization (or freeze drying) is an established technique to
stabilize unstable active pharmaceutical ingredients (API), includ-
ing biologics [1]. Itis a batch process that, in most instances, is long
and consumes a lot of energy, time, and resources. Pharmaceutical
manufacturers of parenteral drugs must often freeze dry their pro-
ducts in order to extend their shelf life, which enables them to be
safely transported all over the world under various climate condi-
tions and to assure preservation of product quality. In less devel-
oped regions of the world where the supply chain and
transportation systems may be less robust, having a product that
can tolerate these types of logistic challenges can be very important
from a business and patient care perspective.

A typical lyophilization cycle consists of a freezing phase, pri-
mary drying, and secondary drying. A more elaborate explanation
of a lyophilization process is discussed in other chapters of
this book.

Kevin R. Ward and Paul Matejtschuk (eds.), Lyophilization of Pharmaceuticals and Biologicals: New Technologies and Approaches,
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During the freezing phase, it is well documented that the vials
in a batch nucleate randomly, with each vial nucleating at a different
degree of supercooling. When the product is in the liquid state, but
still colder than its thermodynamic freezing point, the difference
between the product temperature and thermodynamic freezing
point of the formulation is often referred to as its degree of super-
cooling [2]. The further the product temperature is below the
thermodynamic freezing point, the greater is the degree of super-
cooling. When vials nucleate at greater degrees of supercooling,
smaller ice crystals are generated. Further, when the upper layer of
ice is sublimed from the frozen formulation, it leads to a narrow and
tortuous path for the water vapor from the bottom part to escape,
thus yielding higher dry layer resistance to vapor flow.

The temperature at which a vial nucleates depends on many
factors including the formulation composition and the vial geome-
try. Additionally, vial imperfections and particulate load in the vial
can both provide ice nucleation sites from which ice crystals can
grow further. In a laboratory environment where the particulate
level in the air is not well controlled, ice nucleation may occur at
temperatures as low as 20 °C below the thermodynamic freezing
point. In environments where particulate level is strictly controlled,
such as in a Class 100 or Grade A zone, ice nucleation may occur at
temperatures as low as 30 °C or more below the thermodynamic
freezing point [3]. Therefore, the dry layer resistance (and there-
fore primary drying time) of a formulation during lyophilization
may be higher when lyophilized in controlled areas. It has been
demonstrated that for each 1 °C increase in ice nucleation temper-
ature, the primary drying time can be reduced by about 3% [4, 5].

For formulations with proteins and /or amorphous excipients,
the freezing phase typically involves a single ramp to the final
freezing temperature. For formulations with crystalline excipients,
an additional annealing step is generally required to fully crystallize
the excipients. It is important to ensure complete crystallization of
crystalline bulking components, such as mannitol or glycine, dur-
ing the freezing phase to avoid vial breakage during primary drying
as well as potential storage stability issues resulting from crystalliza-
tion during storage [6].

Freezing heterogeneity, or uncontrolled vial nucleation, during
the freezing phase could result in variable dry layer resistance in a
batch. Lyophilization cycles must be conservative to ensure that the
drying conditions do not lead to collapse in the vials with higher
dry layer resistance. However, this leads to extra primary drying
time to ensure that sublimation is complete in all vials prior to
proceeding to secondary drying, while at the same time avoiding
collapse in all vials. This may result in higher manufacturing costs,
in an attempt to accommodate the heterogeneity associated with
intra and inter-batch variations.



Controlled Ice Nucleation Using ControLyo®™ Pressurization. . . 59

Reproducibility, repeatability, consistency, and process control
are key objectives of the manufacturing process for parenteral drugs
to ensure that each batch meets final product specifications
[5]. Controlled Ice Nucleation (CIN) presents such an opportunity
for users, by allowing for reduced variability in drug product resis-
tance as well as reduced intra and inter- batch variability of product
quality attributes. Further, with CIN, a more aggressive cycle can
be achieved, without collapse.

This chapter will first address the various methods for inducing
CIN along with some of their limitations. Then, the discussion will
shift to the focus of this chapter: the ControLyo®™ Technology.
Information about the technology will be presented, along with a
discussion of the proposed mechanism for induction of ice nucle-
ation. This will be followed by a discussion of the impact of process
parameters on CIN process behavior along with a potential
approach for developing a commercial CIN process in accordance
with Quality by Design (QbD) principles.

2 Approaches to Control Ice Nucleation

2.1 Commercial and
Safety Considerations
for Manufacturing
Implementation

There are many approaches with diverse mechanisms for inducing
CIN. For instance, similar to ControLyo®™ Technology, the cham-
ber pressure may be modulated by the SynchroFreeze™ Technol-
ogy from HOF. While the ControLyo®™ Technology involves
pressurization and then rapid depressurization of the chamber,
the SynchroFreeze™ Technology involves decreasing the chamber
pressure to approximately the vapor pressure of the solution to
induce ice nucleation [7].

Alternatively, ice crystals may be seeded into the vials through
the introduction of an ice fog into the chamber. This approach has
been extensively studied for induction of ice nucleation [8, 9]. The
VERISEQ™ Technology from IMA life is an example of a com-
mercially available technology that uses ice fog to induce nucleation
in the vials.

More exotic approaches may involve the addition of chemical
nucleants or additives such as silver iodide, Pseudomonas syringae
bacteria, or crystalline cholesterol [10]. Other approaches involve
the use of electrofreezing [ 11] or mechanically induced nucleation
through the use of ultrasonic vibration, shaking, tapping, or physi-
cal agitation [12]. Finally, vials may be pretreated by intentionally
roughing, scratching, or otherwise creating imperfections on the
finished surfaces to facilitate ice nucleation [13].

While the techniques described above have been proven to induce
CIN in lab scale freeze dryers, there are fundamental concerns in
implementing some of these techniques in commercial freeze
dryers. In manufacturing sterile parenteral drugs, the use of chemi-
cal nucleants or additives may not be acceptable as these agents
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2.2 The ControLyo®
Technology

could be harmful to patients. Similarly, care must be taken to ensure
that ice fog techniques do not impact patient safety by introducing
chemical or biological contaminants into the product.

CIN can also be induced by mechanical shaking of the lyophi-
lizer. The challenge of CIN via mechanical induction within larger
commercial manufacturing freeze dryers, however, lies in providing
consistent practical force needed to induce ice nucleation in all the
vials. In addition, scalability issues and concerns of particle genera-
tion as a result of the mechanical disturbances within the chamber
would require extensive assessment.

Methods involving pressure modulation are unlikely to present
patient safety concerns. However, the pressure-rating of the lyoph-
ilizer should not be exceeded if the lyophilizer is pressurized to
induce ice nucleation.

The use of pressurization and depressurization as a potentially
viable CIN technology for controlling ice nucleation was inspired
by the observation of ice formation when opening a supercooled
carbonated soda drink. When the pressurized container was
opened, the contents immediately froze. This simple observation
led to research evaluating the applicability of this observation to
induce ice nucleation in vials in the freeze dryer. In collaboration
with a contract manufacturing organization, researchers at Praxair,
Inc. conducted several studies in larger commercial lyophilizers to
demonstrate that the technology was viable for CIN during lyophi-
lization process [5].

Praxair investigated CIN technology in 2005 in collaboration
with the Center for Pharmaceutical and Processing Research
(CPPR) research team. To better control and address the random
ice nucleation observed in laboratory and manufacturing environ-
ments, Praxair piloted the CIN technology originally known as
ControLyo® Nucleation On-Demand Technology, to provide a
more consistent and reproducible method of controlling the ice
nucleation during the freezing phase of lyophilization. Commercial
introduction of this technology to the industry inspired many
researchers to undertake additional CIN studies aimed at gathering
a more coherent understanding of its benefits to product quality
attributes and its overall application to commercial lyophilization
manufacturing [ 3, 5].

In 2015, SP Industries, Inc. acquired ControLyo® Technology
and all related patents from Praxair, Inc. Acquisition of the Con-
troLyo® Technology by a full-scale equipment manufacturer were a
major milestone in bringing this technology from the laboratory
research and development environment to commercial
manufacturing settings including retrofitting onto existing units
regardless of lyophilizer manufacturer.
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ControLyo® Technology involves pressurization of the lyophilizer
chamber with an inert gas followed by rapid depressurization to
induce simultaneous ice nucleation in all the vials in the lyophilizer
chamber, regardless of their location. A series of manifolds are
installed to assist with the rapid depressurization of the inert gas.
The manifold assembly is external to the lyophilizer chamber and,
therefore, does not interfere with internal vapor flow, nor does it
require supplementary piping internal to the chamber, which may
otherwise necessitate further consideration during clean in place
(CIP) process for effective cleaning coverage by spray nozzles or
spray balls. Inert gas such as nitrogen, which is already an integral
part of a lyophilization process at-scale, or argon can be easily and
efficiently utilized in the CIN technique for pressurization and
depressurization. It is important to note that sterile inert gas
usage does not alter the formulation and does not require an
abundance of development work to demonstrate its impact or
lack thereof, to the stability of the formulation. In a typical process,
sterile filter(s) are used at the inert gas inlet to the lyophilizer
chamber. Filter integrity testing is conducted before and after use
to demonstrate that the integrity of the filter remained intact for
sterility assurance of the process. It may also be noted that use of
the ControLyo™ Technology is optional and controllable within
the software, allowing the same dryer to easily accommodate pro-
ducts not requiring CIN. The ability to run any type of cycle
without any changes to the internal and external equipment
makes this technique a practical solution to maximizing usage and
improving production output.

Examples mentioned in this section are intended to highlight how
the CIN technology has evolved and to demonstrate the benefits of
CIN in general. Early investigation of this technology explored the
use of argon as inert gas for the experiments and demonstrated it to
be more effective at inducing CIN than nitrogen. Additionally,
CIN was demonstrated to result in cakes with significantly larger
effective pore size and lower dry layer resistance than cakes pro-
duced with stochastic nucleation [3].

In a separate work, researchers from University of Connecticut
examined the correlation between freezing heterogeneity and pro-
tein degradation [14]. The research work compared CIN and
annealing process, for their impact on sodium phosphate buffer
crystallization and degradation of f-galactosidase. Formulations
were lyophilized using an annealing process during the freezing
phase or ControLyo®™ Technology, without an additional annealing
step. The lyophilized cakes were analyzed and the stability of the
enzyme determined by enzyme activity assay, high performance
liquid chromatography (HPLC), fluorescence spectroscopy, and
dynamic light scattering (DLS). Annealed lyophilized formulations
showed 12-40% loss of activity. In contrast, CIN formulations
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showed 9-14% loss of activity. Similar trends were observed for
formulations without sodium phosphate buffer.

In another research work, Wang et al. investigated CIN for
high and low concentration protein formulations and its applica-
tion in vials and dual cartridge syringes [15]. Product temperature
profiles for the CIN cycle demonstrated more uniform product
temperatures. Improved cake appearance as compared to similar
products run without CIN was observed during product visual
inspection. Further, cycle time reduction for the products lyophi-
lized with CIN was dramatically reduced by approximately 20%. It
was also found that the reconstitution time for all formulations was
shorter for products lyophilized with CIN. Shorter reconstitution
time was attributed to the large pores that are the result of higher
ice nucleation temperature during the freezing phase. For the
highly concentrated product, CIN did not impact protein aggrega-
tion in high concentration protein formulations.

Awotwe-Otoo et al. used model monoclonal antibody (mAb) to
determine the impact ofice nucleation temperature on lyophilization
performance and quality attributes [16]. The nucleation tempera-
tures as observed via product thermocouples (TC) installed in the
vials ranged from —10 to —16.4 °C for the stochastic cycle. On the
other hand, the nucleation temperatures for the CIN cycle occurred
within a narrow temperature range of —2.3 °C to —3.2 °C. Warmer
ice nucleation temperatures in the CIN cycle benefited the primary
drying process by creating larger ice crystals and pores for removal of
water vapor during the sublimation process. Product temperatures
were observed to be lower than those of the stochastic cycle during
primary drying. A higher sublimation rate was reported because of
the lowered dry layer resistance for the CIN lyophilization cycle.
Improvements in product quality attributes such as cake appearance,
cake morphology, and vial to vial homogeneity were observed in
products lyophilized with the CIN cycle.

3 Mechanism of Ice Nucleation Using the ControLyo™ Technology

This section presents the authors’ viewpoint on the mechanism
behind ice nucleation during the pressurization-depressurization
events of the ControLyo®™ Technology. A mechanistic understand-
ing of the mechanism can help inform the selection of CIN param-
eter setpoints. The information presented here was derived from
experiments conducted at Genentech [17].

Studies evaluating gas temperature changes during depressurization:
The Joule-Thompson effect, a non-ideal temperature change in
gases upon adiabatic expansion, has previously been proposed as
the mechanism behind the induction of ice nucleation (unpub-
lished data). For nitrogen gas with a pressure drop of 18 psi the
expected magnitude of the Joule-Thompson effect is —0.33 °C.
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Fig. 1 Schematic of temperature changes upon purging and depressurization
with nitrogen gas for a model aqueous formulation in glass vial

This theory is inconsistent with experimental data in which temper-
ature changes of about —15 °C and about —1 °C were observed in
the lyophilizer chamber gas and headspace of the vial respectively
(Fig. 1). The observed temperature changes are more consistent
with the gas doing work as it escapes the lyophilizer chamber
through the restriction of the exhaust valve and competing
mechanisms of heat transfer (radiation and gas conduction) con-
tributing to the smaller change in the vial headspace.

Visual observation of ice nucleation events: The following observa-
tions were made using an aqueous drug solution contained in a
glass vial. Shortly following depressurization, the first visual signs of
ice nucleation can be seen at the liquid surface. These ice nuclei are
only observed at the liquid surface and are notably absent from the
liquid bulk. Within the next minute the ice nuclei grow to form
dendritic ice crystals that grow as a front from the liquid surface and
propagate toward the bottom of the vial. During this initial phase of
ice growth, a small fraction of the water in the solution crystallizes.
This initial fraction of crystallized water was estimated to be about
19% by Overcashier et al. when the nucleation temperature is
—15 °C [18]. The remaining liquid solution after ice nucleation
warms to the thermodynamic freezing point. The heat from the
liquid solution is removed by the cold shelf surface and the remain-
ing liquid solution freezes from the bottom of the vial upward.

Studies to understand the vole of the liguid-gas interface: The highly
localized origination of'ice nuclei at the liquid surface suggests thata
surface process could be a major contributing factor to the
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Table 1

Summary of interfacial experiments

Was ice
Surface wetted by  Length of surface wetted nucleation
aqueous solution by aqueous solution observed? Location of ice nucleation
None None No None
Inner perimeter of ~ Large Yes Thin aqueous film wetting inner
vial perimeter of vial
Outer perimeter of  Small Yes Thin aqueous film wetting

glass tube

outer perimeter of glass tube

induction ofice nucleation. In order to probe the importance of the
gas-liquid interface, several experiments were conducted in which
the surface was modified by addition of silicone oil to the surface of
the aqueous solution (Table 1). If vials are prepared such that a thin
layer of silicone oil covers the entire surface and wets the vial walls,
ice nucleation by depressurization is completely inhibited. If instead
vials are prepared in such a way that the aqueous solution wets the
walls of the vial (with silicone oil covering the remainder of the
surface), ice nuclei are observed to originate in the thin film of
aqueous solution exposed to the gas around the periphery of the
vial. Such an experiment was further varied to introduce other small,
hydrophilic glass objects penetrating the surface that can be wetted
by the aqueous solution. In those cases, nuclei origination was only
observed at the small liquid-gas interface. These observations sug-
gest that the mechanical impulse of the depressurization alone is not
responsible for CIN induction; rather a surface process involving
direct contact of the aqueous drug solution with the gas plays a
critical role in induction of ice nucleation. The fact that the surface
process can operate eftectively on the thin film of wetted surface also
suggests that it acts over an extremely short length scale.

Possible ice nucleation mechanism: Based on these observations, the
following mechanism is hypothesized (Fig. 2). Prior to the depres-
surization of the chamber, the concentration of water vapor in the
vapor phase boundary layer above the aqueous solution is in equi-
librium with the solution. Upon depressurization, the concentra-
tion of water in the vapor phase boundary layer decreases as the
chamber pressure decreases, pulling the system away from equilib-
rium. To reestablish equilibrium, as part of an evaporative process,
water is evolved from the liquid surface into the gas phase of the
boundary layer. The water molecules most likely to move from the
liquid phase to the gas phase are those with the highest energy,
taking their kinetic energy with them as they leave the liquid phase.
When viewed in the context of the thermodynamics, what results is
a decrease in the average kinetic energy, and therefore temperature,
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of the surface of the liquid phase. It is hypothesized that this
sudden, localized decrease in temperature is responsible for the
induction of ice nucleation. In other words, the hypothesized
mechanism of ice nucleation induction is evaporation driven by
the depressurization of the chamber.

4 Important CIN Process Parameters

4.1 Pre-ice
Nucleation
Equilibration

The CIN process can be conceptually divided into three phases, as
illustrated in Fig. 3. These phases are Pre-Ice Nucleation Equilibra-
tion, Ice Nucleation, and Post-Ice Nucleation Freezing. The pro-
cess parameters associated with each phase impact the ice
nucleation and cake attributes. Therefore, an understanding of
the effect of each process parameter is essential.

In a typical lyophilization cycle with CIN, vials are loaded onto
the shelfat 5 °C and allowed to equilibrate. The chamber is purged
with nitrogen (or argon) gas and then pressurized to the target
CIN pressure. The shelf temperature setpoint is ramped to a tem-
perature which will adequately supercool the vials and the vials are
allowed to equilibrate. The chamber is then rapidly depressurized
to induce ice nucleation in all the vials. The shelf temperature
setpoint may then be maintained for a set amount of time to
allow for ice crystal growth or may immediately be ramped to the
final freeze temperature. After equilibration at the final freezing
temperature, the lyophilization cycle then proceeds to the drying
phase.

The purpose of the pre-ice nucleation equilibration phase is to
ensure that the temperature at the liquid surface in each vial is
cold enough to achieve reliable ice nucleation. Theoretically, the
temperature at the liquid surface needs only to be colder than the
thermodynamic freezing point of the formulation. This tempera-
ture is around —1 to —2 °C in many aqueous sucrose-based phar-
maceutical formulations [19]. In practice, the liquid surface
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Fig. 3 Outline of CIN phases and parameters

temperature may be required to be 3—-10 °C colder than the ther-
modynamic freezing point to ensure robust ice nucleation (ice
nucleation in all vials).

The parameters most important in controlling the liquid sur-
face temperature are the shelf temperature setpoint and the hold
time prior to depressurization. These two parameters should be set
to ensure that the liquid surface temperature has equilibrated prior
to proceeding to the ice nucleation phase to ensure consistent
behavior between different lyophilization runs. Equilibration
behavior can be impacted by a number of factors including shelf
temperature variability, shelf wetness (wet shelves facilitate faster
cooling), and vial fill height. Importantly, the temperature at the
bottom of the vial will be different from the temperature at the
liquid surface. Therefore, when determining the necessary equili-
bration time, it is helpful to have thermocouples placed at the top of
the liquid.

Note that a shelf temperature setpoint that is too cold may
result in some vials stochastically nucleating before the ice nucle-
ation step which can alter the ice crystal size and impact cake
attributes (further discussed in Sect. 4.3). This is a bigger concern
in the lab environment where the ambient particle load is higher,
but is also a concern in a production environment. We have found
that a shelf temperature setpoint between —5 and —10 °C strikes a
good compromise between ice nucleation robustness and ice crystal
size for most vial sizes. The impact of process parameters on ice
crystal size is discussed in Sect. 4.3.

Once all vials have equilibrated at the shelf temperature set point for
CIN, the chamber is rapidly depressurized to induce ice nucleation.
As described in Sect. 3, it is theorized that depressurization causes
extremely localized surface cooling, resulting in ice nucleation. The
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extent of cooling at the liquid surface is controlled by the depres-
surization rate and the depressurization time. The depressurization
rate may be inferred from the depressurization time and the total
pressure drop. This has important implications for Quality by
Design (QbD) strategy, as only depressurization time and total
pressure drop are easy to quantify.

Of the depressurization rate, depressurization time, and total
pressure drop, none are directly controllable process parameters.
These variables are instead controlled by the initial chamber pres-
sure setpoint, final chamber pressure setpoint, the depressurization
offset, and the exhaust system of the lyophilizer. Controlling these
parameters to maximize the depressurization rate and pressure drop
will result in greater ice nucleation robustness. For instance, on the
LyoStar 3 freeze dryer equipped with ControLyo® Technology, the
initial chamber pressure setpoint can be set to a maximum of
28.5 psig and the final chamber pressure setpoint is frequently set
to 2 psig. Without any restriction of the exhaust vent and a depres-
surization offset of 2 psig, the depressurization time is approxi-
mately 2 s. These nucleation parameter settings, combined with a
proper shelf temperature, result in robust ice nucleation for most
vial sizes, fill volumes, and formulations. Anecdotal experience
within the industry is that use of argon may result in slightly more
robust ice nucleation than nitrogen [3]. However, due to ready
availability of nitrogen in the manufacturing environment, use of
nitrogen is recommended.

It is important to define what is meant by the terms “depres-
surization time,” “final chamber pressure,” and “depressurization
offset.” As can be seen in Fig. 4, during depressurization, the
pressure reaches a minimum and then recovers to some final
value. It is believed that the surface cooling process happens quickly
relative to the depressurization rate, meaning that evaporation (and
therefore cooling) only occurs during the initial phase of

Chamber Pressure (psig)

Time (seconds)

Fig. 4 Diagram of CIN depressurization process with labeled values
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Table 2

depressurization. On that basis, we have defined depressurization
time to be the time from the moment the pressure begins to drop to
the minimum of the pressure trace. Additionally, we have defined
the final chamber pressure to be the pressure value at the minimum
of the pressure trace. This is not the only way to define these
variables, but these definitions facilitate the development of a
QbD methodology and are believed to reflect the physical processes
at work during depressurization. Finally, the depressurization offset
defines the pressure value at which the chamber exhaust valve will
start to close. To appreciate the impact of the depressurization
offset, consider the sequence of events for the depressurization
illustrated in Fig. 4. The chamber exhaust valve opens and the
chamber depressurizes. The final chamber pressure is set to 2 psig
and the depressurization offset is also set to 2 psig—their sum is
4 psig. Once the pressure reaches 4 psig, the chamber exhaust valve
begins to close. The valve does not close instantaneously, so the
chamber pressure continues to drop until it reaches 2 psig and the
chamber valve is completely closed. The pressure then increases as
the formerly moving gas becomes static.

Setting the depressurization parameters is somewhat of a trial
and error exercise. Control of the depressurization time and pres-
sure drop requires simultaneously setting the initial chamber pres-
sure setpoint, final chamber pressure setpoint, the depressurization
offset, and the level of exhaust path restriction. Table 2 has been
included to provide the reader with an intuitive sense of how these
parameters interact. This data set was generated on a Lyostar
3 equipped with ControLyo® Technology. A DiaFlo rotary valve
was used to restrict the exhaust flow path. The number of valve
turns refer to the number of turns from fully open (zero valve turns
means the valve is fully open and the exhaust flow path is unre-
stricted; four turns mean that the valve is fully closed).

Example parameters to control depressurization time and final chamber pressure in Lyostar 3

Initial chamber Final chamber Pressure Final chamber
pressure setpoint pressure setpoint offset Number of Depressurization pressure
(psig) (psig) (psig) valve turns time (s) (psig)

27 2 4 0 2.1 2.2

22 2 3.5 1.25 2.2 2.3

17 2 3.1 1.5 1.9 2.2

12 2 2 2.25 2.3 2.1
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There are three important considerations for commercial scale
lyophilizers. First, the maximum pressure rating of the lyophilizer
limits the achievable initial chamber pressure. While most commer-
cial lyophilizers are rated for steam-in-place pressures, the actual
pressure rating can vary from lyophilizer to lyophilizer. A safety
margin is also applied based on that rating. For instance, a lyophi-
lizer rated for 25 psig may only be pressurized to 20 psig during
routine operation. It is important that the limits of the lyophilizers
in the network be considered when developing CIN conditions in
the lab.

Second, the depressurization rate of a commercial lyophilizer
depends on the number and size of available ports on the machine.
A fast depressurization time (e.g., 2 s) may require the use of
multiple ports connected to an exhaust manifold or may otherwise
be unfeasible. This in itself brings up two important points:

One: Different lyophilizers may depressurize at different rates. It is
easiest to transfer CIN parameters from one lyophilizer to
another in the network if they can achieve similar depressuriza-
tion times, so an effort should be made to achieve comparable
performance. Vendors are able to provide estimates of depres-
surization time at-scale based on an understanding of the
at-scale chamber volume, exhaust dimensions, and desired
pressurization and depressurization values. Depending on iso-
lation valve rating, condenser chamber volume may also need
to be considered. These estimates may be used as part of an
assessment of CIN retrofit options and its overall feasibility for
a given lyophilizer.

Two: When developing a CIN protocol in the lab, worst-case
depressurization times should be evaluated (i.e., they should
exceed the expected depressurization times of the commercial
lyophilizers). This facilitates transfer of CIN protocols to lyo-
philizers with longer depressurization times in the future as well
as helps to establish the design space which can be leveraged to
cover manufacturing deviations. More details of developing a
CIN protocol following QbD methodology are discussed in
Sect. 5.

Third, it is important to note that, regardless of whether the
lyophilizer is vented into the unclassified maintenance space or into
an exhaust manifold, the sterility of the lyophilizer must be main-
tained through all operations (including multiple pressurization
and depressurization cycles, if allowed by the CIN strategy). This
can be accomplished with an appropriately designed valve and
automation strategy. This approach requires that positive pressure
be maintained within the lyophilizer any time the valve(s) is/are
open and that valve sequencing facilitate multiple pressurizations
and depressurizations.
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4.3 Post-ice
Nucleation Freezing

The lyophilized cake structure is strongly influenced by the thermal
treatment protocol post-ice nucleation [20]. During CIN, only a
small fraction of the water in each vial is frozen, and further crystal
growth ensues during the post-ice nucleation freezing phase.
Therefore, subsequent thermal treatment strongly influences the
ice crystal growth rate and thus the ice crystal size and structure.
This, in turn, impacts lyophilized cake attributes including residual
moisture, cake-specific surface area (SSA), and potentially the stress
degradation profile and reconstitution time.

The relevant thermal treatment parameters for controlling ice
crystal size are the shelf temperature, post-ice nucleation hold time,
and freeze ramp rate. Ice crystal size increases with warmer shelf
temperatures, longer post-ice nucleation hold times, and slower
freeze ramp rates. As an example, holding nucleated vials at the
ice nucleation temperature prior to initiating the freeze ramp will
result in larger ice crystals than immediately beginning the freeze
ramp. Similarly, holding the vials at a warmer temperature (but still
colder than the thermodynamic freezing point) will result in larger
crystals. It should be expected that smaller vials with lower fill
volumes will take less time to freeze than larger vials with higher
fill volumes due to their lower thermal mass. This means that a
shorter post-nucleation hold is required to completely freeze smal-
ler vials.

The freeze ramp rate can also be modified to control the cake
structure. Slower ramp rates will result in larger ice crystals. To
maximize ice crystal size, we have found that it is generally quicker
to do a post-ice nucleation hold rather than a very slow ramp to the
final freeze temperature. Note that larger ice crystals decrease cake
SSA and cake resistance [18], and the residual moisture may
increase if the secondary drying time or temperature is not
increased to compensate [16].

In addition to maximizing ice crystal size (and therefore, mini-
mizing the cake resistance and primary drying time), CIN results in
less inter-vial variability in certain critical quality attributes includ-
ing SSA and residual moisture content, as compared to lyophilized
drug product with conventional stochastic ice nucleation. Due to
the stochastic nature of conventional ice nucleation, all vials freeze
at different temperatures and therefore also experience different
post-ice nucleation thermal treatment during the freeze ramp. By
ensuring that all vials freeze at similar temperature and experience
the same thermal treatment post-ice nucleation, CIN results in
lower inter-vial variability.
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Parameters impacting CIN
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Parameters impacting success of CIN Typical range Criteria for more robust nucleation

Shelf temperature setpoint (before ice —5to —15°C Colder shelf temperature
nucleation)

Hold time (before ice nucleation) 2—4h Longer hold time

Initial chamber pressure 15-30 psig Higher initial chamber pressure

Final chamber pressure 14 psig Lower final chamber pressure

Depressurization time 1-3s Shorter depressurization time

Parameters impacting cake attributes Typical range Criteria for larger ice crystals

Shelf temperature setpoint —5to —-15°C Warmer shelf temperature
(after ice nucleation)

Hold time (after ice nucleation) 0-5h Longer hold time

Ramp rate (after ice nucleation) 0.1-1 °Cmin~ ' Slower ramp rate

4.4 Summary and
Practical
Considerations

The Pre-Ice Nucleation Equilibration and Ice Nucleation steps
impact the robustness of ice nucleation during CIN, whereas the
Post-Ice Nucleation Freezing step impacts the resultant cake struc-
ture. Table 3 summarizes the important parameters, common
ranges, and their general effect on ice nucleation robustness.
When designing a CIN process, it is important to bear in mind
that smaller vials have been observed to be more difficult to nucle-
ate, compared to larger vials. This may necessitate the use of colder
shelf temperatures or altering other parameters. If the shelf temper-
ature is decreased to improve nucleation robustness, be aware that
some vials may nucleate early if the shelf temperature is set too cold.

5 Quality by Design for Controlled Ice Nucleation Component of a Lyophilization

Cycle

Quality by design (QbD) refers to the philosophy of building,
rather than testing, quality into the product. For the CIN compo-
nent of the lyophilization cycle, a QbD approach would ensure that
the employed CIN parameters are robust and lead to successful,
reproducible CIN performance, from one batch to another, and for
all the vials within a batch.

CIN parameters and their overall impact on CIN performance
are defined in Sect. 4. Table 3 divides CIN parameters into the
parameters impacting ice nucleation initiation (i.e., success of CIN)
and those impacting cake attributes (including SSA, residual mois-
ture, and stress degradation). Each parameter type is discussed in
subsequent subsections.
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5.1 Studies to
Assess Parameters
Impacting Success
of Controlled Ice
Nucleation

To develop the CIN component of a lyophilization cycle, a risk
ranking and filtering (RRF) approach should be first performed, to
identify the CIN parameters of importance for the product under
consideration. Further, using the QbD approach, the multivariate
acceptable ranges (MAR) for each of the identified CIN parameters
can be defined using small-scale experiments. Small-scale CIN
studies could be performed to define and demonstrate robustness
of the CIN MARs and then the CIN MARs can be verified at-scale
during technical and product performance qualification (PPQ)
CIN lyophilization runs.

Figure 5 visually depicts the impact of CIN parameters on success
of CIN. Figure 5 has been simplified to two dimensions for visuali-
zation purposes. The red zone represents a combination of CIN
parameters that could lead to failed CIN (i.e., successful CIN in
only some or no vials in the batch). The light green zone depicts a
multivariate zone that represents a successful CIN outcome (i.e.,
successful CIN in all the vials). Pursuant to the QbD approach,
CIN experiments could be performed to define conditions near the
green-red interface in Fig. 5. This approach therefore avoids testing
for conditions that are theoretically known to lead to unsuccessful
CIN (i.e., the red zone), and thus saves both time and resources.
The green-red interface represents the minimum successful condi-
tions for CIN. Once the interface parameter settings are delineated,
target CIN parameter settings could be finalized for at-scale CIN
operation. Target CIN conditions should be based on both small-
scale CIN MAR ranges as well as at-scale manufacturing limitations
(e.g., achievable pressure drop for CIN at-scale). To ensure success-
ful and reproducible CIN at-scale, a conservative approach should
be pursued, wherein target CIN parameters are further restricted

.—~——- Desired Ice

Nucleation Condition
Robust CIN

CIN Failure or
Partial Failure

CIN Parameter

CIN Parameter
Minimum lce
Nucleation Condition

Fig. 5 Strategy to evaluate CIN parameters for impact on ice nucleation initiation.
The red and green zones represent unsuccessful and successful CIN conditions,
respectively. CIN parameters include shelf temperature, hold time before ice
nucleation, initial chamber pressure, final chamber pressure, and
depressurization time
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within the MAR space, as illustrated by the dark green square box
within the green zone, in Fig. 5.

In one development approach, the shelf temperature for CIN
can be selected first, followed by determination of minimum ice
nucleation conditions at the selected target shelf temperature for
CIN. The shelf temperature setpoint for CIN is generally selected
by the process development team, based on factors delineated in
Sect. 4.1. Additionally, shelf temperature variability at-scale may be
available based on existing shelf mapping studies at-scale. Once the
shelf temperature set point for CIN and shelf temperature varia-
bility are known, a small-scale study could be performed at the
worst-case CIN shelf temperature set point (based on at-scale
shelf temperature variability), to determine the minimum hold
time needed to reach solution equilibration at the CIN shelf set
point. For example, if the desired shelf temperature set point for
CIN is —10 °C, and the at-scale shelf temperature variability is
£2 °C, the small-scale study should be performed at —8 °C. Multi-
ple thermocouples in representative vials (edge and center) could
be used to determine the minimum hold time for CIN. Since ice
nucleation happens at the solution surface, the liquid surface tem-
perature could be used as a marker to determine vial equilibration,
and thus the hold time. It may, however, be noted that the hold
time determined at small-scale needs to be verified at-scale due to
scale-up differences, including differences in shelf cooling, shelf
wetness, and vial quantity between small-scale and at-scale. Confir-
mation of the hold time can be performed during CIN technical
runs at-scale.

Depending on the lyophilizer exhaust manifold and depressur-
ization valve design, theoretical depressurization time could further
be predicted, as mentioned in Sect. 4.2. Once CIN shelf tempera-
ture, hold time, and the worst-case depressurization time are
defined, additional small-scale CIN studies could be performed to
determine the minimum pressure needed for successful CIN, which
can be assessed visually.

In an orthogonal approach to determine CIN MARs, especially
for small vial sizes or for cases where pressurization to a higher value
is limited, the maximum possible pressure drop at-scale could first
be determined theoretically and then the target worst-case shelf
temperature needed to achieve CIN could be determined. In both
cases, a very low temperature for CIN should not be selected as it
may lead to stochastic ice nucleation, before inducing CIN, as well
as lead to smaller ice crystals, and thus higher dry layer resistance to
sublimation.

To determine CIN MARs, small-scale CIN experiments should
be performed using the same CIN technology (i.e., pressurization/
depressurization) as intended for the at-scale use. Further, use of
statistics could be employed to ensure predictability of at-scale CIN
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5.2 Studies to
Assess the Parameters
Impacting Cake
Attributes

behavior for a large set of vials, based on small-scale CIN studies
utilizing fewer vials. Multiple small-scale CIN studies may be per-
formed at the worst-case CIN conditions, to determine the repro-
ducibility of CIN at small-scale, and to help select robust CIN
parameters for at-scale CIN operation. Also, since pressure drop
and depressurization time are the main determinants for success of
CIN by pressurization /depressurization technique, data generated
with small-scale experiments (to determine the minimum ice nucle-
ation conditions for CIN) can be considered representative of
at-scale CIN performance, as long as similar pressure drop and
depressurization time are achieved at-scale.

This section discusses studies to evaluate CIN parameters impact-
ing cake attributes (e.g., SSA and residual moisture), including the
CIN shelf temperature setpoint and post-ice nucleation hold time.

In certain unforeseen instances, there may be a delay in ramp-
ing down to the final freeze temperature after successful CIN
and/or hold time at CIN shelf set point. To cover for such devia-
tions, a range of hold times post CIN (e.g., 0-12 h) could be
evaluated in a small-scale CIN study. This study should be per-
formed at both edges of shelf temperature set point for CIN, based
on shelf temperature variability (generally £2-3 °C) at-scale. For
example, if the target shelf temperature set point for CIN is
—10 °C, and the at-scale shelf temperature variability is +£2 °C,
the small-scale study should be performed at —8 °C and —12 °C.
Impact on product quality attributes (such as SSA, residual mois-
ture, and stress degradation) could be evaluated, based on the RRF
for the lyophilized product under consideration. This study would
define the minimum/maximum allowable hold time post-ice
nucleation at-scale, before ramp down to the final freezing
temperature.

Generally, target post-ice nucleation hold time is defined by the
lyophilization cycle. However, this study may also include evalua-
tion of a minimum post-ice nucleation hold time, thus covering a
broader range of post-ice nucleation hold time. Any manufacturing
deviation longer than the validated post-ice nucleation hold time
may need to be supported with additional studies, including assess-
ment of impact to product quality.

Scale-up differences due to factors including differences in vial
heat transfer coefficient (K, ), differences in ice nucleation tempera-
ture, as well as lyophilizer design impart differences in lyophiliza-
tion performance between small-scale and at-scale. Since CIN
eliminates scale-up variability due to differences in ice nucleation
temperature (because the product is nucleated at the same CIN
shelf temperature at both small-scale and at-scale), the CIN data
developed at small-scale can be considered to better represent the
at-scale CIN performance.
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In certain unforeseen situations, the process may perform outside
the MARs (as confirmed by temperature and/or pressure-time
traces during depressurization step) and thus the CIN run may be
unsuccessful. In this case, the strategy for the batch should be
clearly outlined. One possible option is to repeat the CIN operation
(i.e., perform a second pressurization and depressurization) of the
whole batch, at the same shelf temperature setpoint for CIN, as
used for the first depressurization. The assumption here is that
during the repeat CIN operation, vials that did not nucleate in
the first failed (or partially failed) CIN operation, would nucleate
during the second CIN, as the conditions may be more optimal
during second CIN (i.e., within the CIN MARs). To achieve this,
vials may be maintained at the same shelf temperature setpoint for
CIN after the first failed CIN, pressurized to the set value, held for a
certain duration, and then depressurized again to induce CIN in
the non-nucleated vials. However, if there were a repeat failure to
achieve the acceptable CIN parameters (i.e., during CIN reproces-
sing), it could be up to the process development team to decide if a
third CIN operation (i.e., third CIN pressurization and depressuri-
zation) should be performed.

One of the underlying questions regarding the second CIN
operation could be its impact on product quality. In case of a
partially successful CIN operation, some of the vials may nucleate
while the others may fail to nucleate. In such cases, a second CIN
operation would subject the already nucleated vials (hereinafter
referred to as the first nucleators; nucleated during the first
pressurization-depressurization) to a second pressurization-
depressurization. The impact of second CIN operation on product
quality attributes (including residual moisture, SSA and stress deg-
radation) should be assessed.

Another possible manufacturing variable for the second CIN
operation is the maximum allowable hold time after the first failed
CIN operation, before performing the second CIN operation. For
the “first nucleators” resulting from the first (fully or partially
failed) CIN operation, the hold time before the second CIN oper-
ation would be akin to a post-ice nucleation hold time, which may
reduce the SSA of the resulting lyophilized cake, as well as progres-
sively increase the residual moisture of resultant lyophilized drug
product. It is to be noted that this would only happen in the “first
nucleators,” and not in the rest of non-nucleated vials from the first
CIN operation. Small-scale CIN study comparing a “re-nucle-
ation” batch to a “single CIN” batch could be performed to define
the impact of renucleation on drug product attributes as well as to
determine the maximum allowable hold time before which renu-
cleation needs to be performed. Data from the small-scale CIN
study to evaluate impact of post-ice nucleation hold time on prod-
uct attributes (e.g., SSA, residual moisture and stress degradation)
could also be leveraged.
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5.4 Design of a
Robust Gontrolled Ice
Nucleation Cycle

Based on CIN ranges determined at small-scale, MARs for at-scale
CIN operation can be defined. Furthermore, scale-up of CIN con-
ditions may be evaluated during at-scale technical CIN runs, and
could be performed with target or worst-case CIN parameters
determined at small scale.

Successful at-scale CIN performance can be evaluated by CIN
depressurization traces, visual assessment of the resultant lyophi-
lized cake for the presence of characteristic long ice crystals, as well
as assessment of resultant cake attributes (i.e., SSA, residual mois-
ture, and stress degradation). Since CIN may lead to perceptible
differences in cake structure, visual evaluation of cake structure
could be a useful additional indicator of successful CIN. Further-
more, CIN generally leads to a significantly lower SSA and higher
residual moisture (compared to cakes prepared with uncontrolled
ice nucleation), which could be used as an indicator of
successful CIN.

Based on successful CIN performance at-scale, final validation
batches with target CIN parameters may be performed.

6 Summary

CIN is a recent breakthrough technology aimed at optimizing the
freezing phase of the lyophilization cycle. CIN technology reduces
intra and inter-vial variability, and has the potential to improve
lyophilized cake attributes, including residual moisture, reconstitu-
tion time and cake appearance as well as reduce the primary
drying time.

Numerous CIN technologies, varying in their mechanical
design, are available. The ControLyo® technology involves pressur-
ization and depressurization of the chamber and has been exten-
sively studied. Experiments to identify the mechanism by which
ControLyo® induces CIN suggest surface evaporation as the con-
tributing factor.

Design of a robust CIN lyophilization cycle requires an under-
standing of the impact of process parameters (including shelf tem-
perature, hold times, and chamber pressure) on ice nucleation
robustness as well as the resulting cake structure and primary
drying behavior. A QbD approach is proposed to develop the
at-scale CIN lyophilization cycle by performing multivariate
small-scale CIN experiments to determine the minimum ice nucle-
ation conditions, to understand the impact of CIN variables on
cake attributes, and to cover deviations, followed by at-scale experi-
ments to verity performance. Such an approach would ensure
reproducible CIN performance at-scale from one batch to another,
and between different vials in a lyophilization cycle.
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Alternative Methods of Controlling Nucleation in Freeze
Drying

Roberto Pisano

Abstract

The control of freezing, and particularly of the nucleation temperature, is one of the most challenging
aspects of the development of a lyophilization cycle. Technological advances of recent years have increased
the efficiency with which nucleation temperature can be adjusted. This chapter discusses these technologies,
as well as some emerging technologies that might play an important role in near future. In particular each
technology is presented in terms of easy to be implemented, scalability on industrial units, influence on
product morphology, protein preservation, intra-vial and vial-to-vial heterogeneity, and process
performance.

Key words Control, Freezing, Nucleation

Abbreviations

HES Hydroxyethyl starch
SSA  Specific surface area
VISF  Vacuum-induced surface freezing

Symbols

D, Pore size, m

Jo  Vapour flux, kg m 2 s™*

M, Molecular weight of water, kg mol !

P.. Vapour pressure of ice, Pa

P, Partial pressure of water inside the drying chamber, Pa
R, Resistance to mass transfer, m st

R Ideal gas constant, J mol ' K!

T,)  Glass transition temperature, K

1., Eutectic temperature, K

T,  Nucleation temperature, K
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Greek Letters

e DPorosity of the lyophilized product, —
7 Tortuosity of the lyophilized product, —
1 Introduction

Freezing is a process in which water is separated, as ice crystals,
from a supercooled solution. The typical temperature trend that
can be observed during freezing of a pharmaceutical solution is
shown in Fig. 1. The solution is first cooled until nucleation of ice
occurs. This event results in a rapid increase in product temperature
and corresponds to step AB in Fig. 1. The second step (BC) is the
growth of these new crystals, which promote the cryo-
concentration of the solution. During this step, product tempera-
ture remains constant until the completion of the solidification
process. Then, the frozen solution is further cooled down (DE)
and equilibrated at a specified temperature. It must be noted that,
in lyophilization science, there exists a clear distinction between the
rate of cooling and that of freezing. The former refers to the rate at
which a solution is cooled, while the latter measures the rate of

temperature, °C

-50 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

time, h

Fig. 1 The temperature profile of a pharmaceutical solution during freezing
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decrease in temperature, as observed in a specified position within
the sample, once nucleation occurred. It follows that the freezing
rate also depends on the extent of supercooling and can thus differ
from the cooling rate. It is well established that ice crystal size and,
hence, other product and process parameters correlate to the nucle-
ation temperature, which thus plays a key role in the development
of a successful lyophilization cycle. To make sense of this, and to
understand how the various methodologies impacts on product
quality and overall process performance require some knowledge
of crystallization and freezing. In this chapter, the basics of freezing
and the most recent controlled nucleation technologies are dis-
cussed, with emphasis on the benefits that these technologies can
offer in terms of product quality, vial-to vial and batch-to-batch
uniformity, and scalability of a lyophilization cycle.

2 Fundamentals of Freezing

A pharmaceutical solution does not spontaneously freeze at its
thermodynamic freezing point when it is cooled down but remains
liquid far below this temperature. The difference between the
thermodynamic freezing point and the temperature at which the
first ice crystals are formed, also known as the nucleation tempera-
ture, is termed supercooling. Supercooling strongly depends on the
composition of the solution, as well as on the freezing methodol-
ogy. As aforementioned, crystallization of ice from a solution can be
described as a two-step process, nucleation, and crystal growth or
solidification. Nucleation corresponds to the phase separation of
new crystals, which become larger and larger during crystal growth.

Nucleation can be divided into two further steps, primary and
secondary nucleation [1]. Primary nucleation corresponds to the
formation of the first stable nuclei and is followed by secondary
nucleation, also referred to as crystallization, which proceeds with a
velocity of mm s~ and involves a larger portion of the liquid
volume [2]. Secondary nucleation terminates as the nucleated lig-
uid approaches its equilibrium freezing point. Primary nucleation
occurs independently of the presence of crystalline surfaces which,
by contrast, are actively involved in secondary nucleation. Primary
nucleation can then occur through two mechanisms, homogeneous
and heterogeneous nucleation. Because of suspended impurities
and physical features, primary nucleation is mostly heterogeneous.
This is true for all pharmaceutical solutions, which are sterile-
filtered and use water for injection; water clusters are thus formed
via adsorption of water molecules on a foreign substance such as the
vial wall, particulate, or some proteins [3]. Nonetheless, although
homogeneous nucleation is rarely observed in practice, it has been
largely investigated because it constitutes the basis for several nucle-
ation theories.
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Fig. 2 Free energy diagram for the nucleation of spherical nuclei

The supercooled solution is not in equilibrium. Although the
mean density of the solution is constant, local fluctuations in con-
centration give rise to ordered structures or clusters, with persistent
hydrogen bonds [4], and structurally similar to ice crystals. The
Gibbs free energy for the formation of these clusters is the sum of
the change in free energy resulting from the formation of the
nucleus surface (a positive quantity) and that for the phase trans-
formation (a negative quantity). As can be seen in Fig. 2, the
nucleation is a spontaneous process (decrease in free energy) only
if clusters are greater than a critical size. It follows that smaller
clusters tend to dissolve, whereas larger clusters grow until they
reach a critical size beyond which a new phase is formed.

It is well known that the presence of a foreign substance
reduces the free energy barrier to be overcome for nucleation.
Consequently, nucleation in a heterogeneous system occurs at a
higher temperature than a homogeneous system, i.e., —40 °C for
pure water [5]. Besides, Volmer [6] observed that the decrease in
free energy correlates with the contact, or wetting, angle of the
solid phase.

Once stable nuclei have been formed, they grow larger by the
addition of further water molecules from the progressively cryo-
concentrated solution. This process is referred to as crystal growth
and, along with nucleation, determines the final distribution of ice
crystal size. It must be noted that this process is not instantaneous
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since only a part of the supercooled water can immediately freeze.
In fact, the supercooled solution can absorb 15 cal g, whereas the
heat released by the solidification process is 79 cal g~ * [7]. Conse-
quently, once crystallization takes place, the product temperature
suddenly increases up to the thermodynamic freezing point. Then,
heat is continuously removed by further cooling and allows the
product temperature to remain constant as the crystallization of the
remaining water occurs. Once all water has been frozen, the prod-
uct temperature starts to decrease as shown in Fig. 1 (EF).

The number of stable nuclei formed during nucleation, the rate
of ice crystal growth, and the mean size of ice crystals strongly
depend on the extent of supercooling. An understanding of this
relationship is important and very useful in the selection of the most
appropriate freezing methodology and process conditions. Gener-
ally, a very low nucleation temperature promotes the formation of
many stable nuclei and hence very small ice crystals. By contrast, the
higher the nucleation temperature, the smaller the number of
stable nuclei, and the larger the final ice crystals formed. The rate
of freezing depends on both the degree of supercooling and the
cooling rate. As concerns this last dependence, the rate of freezing
is inversely correlated with the cooling rate only in the case of global
supercooling, whereas it is directly correlated for the directional
freezing. The global supercooling is typical, e.g., of shelf-ramped
freezing, which is characterized by almost uniform supercooling
and solidification occurs within the entire already-nucleated volume
of solution. By contrast, directional freezing is common in quench
freezing when only a small portion of the solution volume is super-
cooled and, thus, the fronts of nucleation and solidification are in
close proximity in space and time [8]. In conclusion, the extent of
supercooling, or nucleation temperature, and rate of freezing play a
key role in the definition of the average size of ice crystals and their
distribution. Uncontrolled nucleation greatly affects the desired
size distribution and is responsible for vial-to-vial heterogeneity in
terms of product morphology and drying behavior. A substantial
improvement in this area might be achieved by the most recent
controlled nucleation technology.

3 Conventional Freezing Methods for Lyophilization

3.1 Conventional
Freezing

In a conventional lyophilization cycle, vials are filled in with a given
volume of solution, partially stoppered, and loaded on the
temperature-controlled shelves of the freeze-dryer. This operation
is usually carried out at room temperature, but in some cases, at
5-10 °C. This is particularly true for those formulations containing
organic solvents, e.g., -butyl alcohol, that are very volatile or when
the active pharmaceutical ingredients are very unstable at room
temperature [9]. After loading, shelf temperature is decreased
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over 2-5 h and held at low temperature until all the vials freeze
completely. The final shelf temperature and its holding time have to
carefully be selected so as to ensure the complete solidification of
the material being freeze-dried. In particular, the final shelf tem-
perature has to be below 7' for non-crystallizing excipients or
below 71, of crystalline materials. While the final shelf temperature
is product-specific, the holding time essentially depends on the
filling volume. As general guidelines, Tang and Pikal [10] found
that 1 his long enough for samples having a filling depth of 1 cm or
smaller, while at least 2 h are necessary for those samples with a
filling depth of greater than 1 cm.

The rate of cooling is another parameter that can be adjusted
during freezing so as to control ice morphology and hence drying
performance. However, this effect is strongly limited by the narrow
range of cooling rates that can effectively be employed in a conven-
tional freeze-dryer, i.e., less than 2 °C min~'. For example, Searles
et al. [8] observed a weak correlation between the cooling rate,
ranged from 0.05 to 1 °C min~ ', and the nucleation temperature.
However, this correlation might be stronger if much higher cooling
rates were employed [11]. High cooling rates, such as those
obtained by quench freezing, can effectively increase the super-
cooling extent, promote the formation of small pores and, hence,
slower primary drying. If'it is true that fast freezing is not beneficial
to process performance, slow freezing should be avoided for all
those formulations prone to phase separation, e.g., those contain-
ing polymers as stabilizers [12]. In fact, if the cooling rate is too
slow, below 0.5 °C min ™', protein and stabilizer have enough time
to separate and any stabilization effect will be lost [13]. Besides,
such conditions provide enough time for biomolecular degradation
reactions to occur, because they prolong the time the protein exists
in a concentrated fluid state. Because of all these considerations,
Tang and Pikal [10] suggest the use of moderate cooling rates,
about 1 °C min~', because it does not dramatically impact the
supercooling extent and, at the same time, is suitable for all those
formulations prone to phase separation.

One of the major drawbacks of this method is the lack of
control of the degree of supercooling, which is responsible for a
great variability in both process performance and product quality. A
first attempt to reduce this variability was given by Liu et al. [14] by
the two-step freezing: shelf temperature is first decreased to —5 °C
and held for 0.5-1 h and, then, to the final shelf temperature till the
completion of solidification. This last method was found to be
particularly beneficial to product quality by reducing the vertical
heterogeneity within the porous cake, but ineffective in reducing
vial-to-vial variability.



3.2 Quench Freezing

3.3 Precooled Shelf
Method

Control of Nucleation Temperature 85

In quench freezing, vials are immersed into cryogenic fluids (liquid
nitrogen, dry ice/acetone, or dry ice/ethanol) for a specified time
that allows its complete solidification [15-17]. Then, the frozen
vials are loaded on precooled shelves [18] and freeze-dried. The
rapid cooling results in very low randomly distributed nucleation
temperatures and high freezing rates, which produce very small ice
crystals. The method, as originally conceived, does not give any
control to the extent of supercooling. Zhou et al. [21] designed a
special freezing system that, to some extent, allows a more precise
control of nucleation temperature and freezing rate. The vials are
loaded onto porous metal plates within a confined cooling cham-
ber. Then, they are rapidly cooled down via forced convection by a
laminar and unidirectional flow of cryogen. Another porous metal
surface, placed above the container, promptly removes the cryogen
gas, after its contact with the vials, and prevents any recirculation of
the cryogen within the cooling chamber. The exhausted gas is
recycled, as warm nitrogen gas, to cryogen intake circuit. Through
this configuration, heat is uniformly removed from the various vials
that, thus, undergo the same freezing conditions. The precise
control of the cooling rate is achieved by adjusting the temperature
of the cryogen. More specifically, cryogen temperature is adjusted
by mixing a specified volume of cold liquid nitrogen with that of
nitrogen gas at room temperature. If it is true that this apparatus
can precisely control the cooling rate, the nucleation temperature
still remains stochastically distributed. Zhou et al. [21] partially
solved this problem by adjusting both the temperature and pressure
of cryogen. In detail, vials are first equilibrated at a specified tem-
perature, below the thermodynamic freezing temperature of water,
and held for a few minutes. Then, a decrease in pressure is per-
formed so as to initiate nucleation and, after that, atmospheric
pressure is re-established and, simultaneously, the cryogen temper-
ature is decreased to —80 °C. This last method, as will be described
later, is similar to the vacuum-induced surface freezing.

To date, there is not any evidence of application of this method
to lyophilization; this is likely due to the fact that it is hardly scalable
on a production unit. This problem might be solved by freezing
vials using the apparatus proposed in [21] and then loading the
frozen vials into the freeze-dryer.

In the precooled shelf freezing, the vials are loaded on the freeze-
dryer once its shelves have been cooled at very low temperature,
i.e., —40 °C or —45 °C. During this operation, the freezing cham-
ber is slightly pressurized with anhydrous nitrogen in order to
prevent the condensation of humid air on the shelf surface. The
influence of this freezing method on the average nucleation tem-
perature is controversial. Searles et al. [8] found that nucleation
occurred at a higher average temperature (—9.5 °C) with respect to
the conventional shelf-ramped freezing protocol (—13.4 °C) while
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3.4 Annealing

Hottot et al. [19] did not observe any statistically significant varia-
tion in nucleation temperature between precooled and conven-
tional freezing. Besides, it has been observed that the vial
geometry and filling volume dramatically impact the freezing
dynamics and particularly the freezing rate [19, 20]. All the authors
agree that the loading at very low temperature does not provide any
improvement in the nucleation temperature distribution and hence
on the freezing-induced heterogeneity.

Annealing is a post-freezing treatment during which the frozen
solution is held at a specified temperature, 10-20 °C above the
glass transition temperature of the formulation [10], for a period of
time. Above the glass transition temperature, ice partially melts and
its rate of melting is inversely correlated with the size of its crystals
[22]; the smaller the ice crystals, the faster the rate of freezing. The
increase in water content and temperature then promotes the
mobility of the glassy phase and of all the components included in
it, resulting in the relaxation into physical states characterized by
lower free energy [22]. Besides, Ostwald ripening facilitates disso-
lution of ice crystals smaller than a critical size and their deposition
onto larger crystals, contributing to their growth. Lifshitz and
Slyozov [23] demonstrated that the increase in the cube of the
average pore size directly correlates with the annealing time. Con-
sequently, those samples containing smaller ice crystals will grow up
faster than those characterized by larger crystals, reducing vial-to-
vial heterogeneity in pores structure and drying behavior
[22]. Upon refreezing of the annealed sample, these large crystals
serve as nucleation sites for recrystallization inhibiting the forma-
tion of new smaller crystals, resulting in a frozen structure charac-
terized by much larger ice crystals.

The annealing treatment is commonly used to promote the
crystallization of pharmaceutical active ingredients [24] and some
bulking agents such as glycine and mannitol [25], as well as the
completion of freeze concentration by crystallization of amorphous
water [26-28]. Besides, it has been observed that annealing pro-
motes the formation of much larger ice crystals, eliminating the
dependence of their size and morphology on the nucleation tem-
perature. Because of that, various authors [9, 29, 30] hypothesized
that annealing accelerates the sublimation process. Contrary to
these results, Esfandiary et al. [31] observed that annealing makes
primary drying 20% longer than that without annealing. This last
result was likely the consequence of lack of control on drying
conditions, resulting in poor cake appearance with shrinkage.
Searles et al. [32] also observed that annealing enlarges the pores
on the top surface of the cake, decreasing the dry layer resistance to
vapor flow. This post-freezing treatment has been successfully com-
bined with various protocols from the conventional shelf-ramped
freezing method to controlled nucleation technologies.
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4 Methods of Controlling Nucleation Temperature

4.1 Nucleating
Agents

4.2 Electro-Freezing

In lyophilization, controlled nucleation technology is generally
used to eliminate any freezing-induced heterogeneity and, more
recently, to control the product morphology. This technology
should respond to the following requirements,

1. The nucleation event is initiated within the solution being
frozen irrespective of the scale of the freeze-dryer, geometry
of the vial, type of stopper, formulation, and filling volume.

2. Nucleation is effectively initiated in all the vials of the batch
within a narrow range of temperature (<1 °C) and time
(<30 s). This factor is essential to reduce vial-to-vial variability.

3. It can easily be replicated, minimizing batch-to-batch
variability.

4. The equipment can effectively perform the freezing conditions
employed by the controlled nucleation method (temperature,
pressure, rate of cooling, rate of depressurization, etc.).

5. The methodology is easily scalable from the laboratory to
production units.

6. It does not alter the aseptic conditions of the process.

7. Its application does not adversely impact the critical quality
attributes of the product.

The addition of insoluble impurities to the solution to be frozen
can serve as ice nucleating agents, promoting the formation of
stable nuclei at higher temperatures compared to those at which
nucleation spontaneously occurs. A common nucleating agent is
silver iodide, which has been widely investigated for cloud seeding.
Its capability to initiate nucleation was ascribed to its similarity in
structure with ice, as well as to electric field mechanisms [33]. In
food science, various bacteria were found to have the potential to
serve as nucleating agents [34], but Pseudomonas syringae was the
most investigated [35]. Again, its capability to promote the forma-
tion of ice nucleation was due to structural similarity with ice, but
also because of its high hydrophobicity [36]. However, it must be
noted that these agents initiate nucleation event at higher tempera-
tures than those at which nucleation spontaneously occurs but
cannot be used to regulate the nucleation temperature. In addition,
various authors claimed it did not improve intra-batch uniformity
and the addition of such materials is likely to be incompatible with
parenteral pharma processes [8].

In 1951, Rau [37] demonstrated that a high voltage, applied to
metal electrodes, can initiate nucleation in supercooled water. Vari-
ous scientists tried to explain the basic mechanisms of electro-
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4.3 Gap Freezing

4.4 Ice Fog
Technique

freezing, which include the formation of bubbles and their break-
down [38], influence on structural and dynamical properties of
water [39], and formation of hydrated metal-ion complexes
[40]. Although the underlying mechanisms of this methodology
have not been clearly understood yet, it is widely recognized that
the application of an electric field is beneficial to the formation of
stable nuclei.

The use of high voltage to initiate nucleation within a sample at
controlled temperature, which is then lyophilized, was first
reported by Petersen et al. [41]. According to their procedure,
samples are first equilibrated at the desired temperature, at which
nucleation is promoted by the application of an electric pulse of
4.5 kV, and then the nucleated samples are cooled down to —45 °C.
Petersen et al. [41] proposed two possible configurations for the
electro-freezer. In the first configuration, named direct electro-
freezing, the electrode probe was directly inserted into the liquid
being frozen. However, the authors observed that the presence of
excipients, and particularly of ionic salts, makes this method less
reproducible and, in some cases, inhibited the nucleation event at
temperatures higher than that observed for spontancous nucle-
ation. For these reasons, they proposed a second configuration of
the device where the electrodes are immersed into a cap containing
100 pL of pure water. In this way, nucleation can be initiated into
pure water and then ice crystals are forced to grow through a

narrow tube into the liquid sample, starting its crystallization
(41, 42].

Kuu et al. [43, 44] employed a special spacer, having low thermal
conductivity, which allows heat to be removed essentially by radia-
tion. This configuration allows the freezing front to move from the
bottom and the top simultaneously, inhibiting the formation of a
compact layer on the top surface of the cake and hence resulting in a
dramatic increase in rate of drying. The authors claimed that the
average nucleation temperature can effectively be initiated at a
higher temperature than that observed for conventional freezing,
and nucleation temperature can, to some extent, be regulated by
employing different spacers. However, this system can hardly be
coupled with the automatic loading and unloading system of the
lyophilizer. Capozzi and Pisano [45] proposed as an alternative to
suspend the vials over a track, while cooling essentially occurs via
natural or forced convection. This configuration resulted in a sig-
nificant increase in the average nucleation temperature that, how-
ever, could not be directly controlled.

In 1990, Rowe [46] demonstrated that ice nucleation of a solution
to be freeze-dried can be forced to occur at a specified temperature
by introducing cryogenic gas into the drying chamber. More spe-
cifically, this method includes the following steps:
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1. The solution is equilibrated at the desired temperature, below
its thermodynamic freezing point.

2. A specified flow rate of cold nitrogen gas (from —40 to
—50 °Q) is introduced into the drying chamber, thereby pro-
moting the spontaneous nucleation in water vapor. The pres-
ence and growth of these nuclei allow cloud or fog formation
[47] that, in contact with the top surface of the supercooled
solution to be freeze-dried, initiates its nucleation.

3. The nucleated vials are then cooled down to —45 °C.

Rambhatla et al. [48] applied this protocol to the lyophilization
of a 5% (w/w) sucrose solution and could successfully initiate ice
nucleation in a wide range of temperatures, from —1 to —12 °C.
However, they observed that complete nucleation of all the vials of
the batch only occurred after 30 min. This wide distribution in
nucleation time resulted in vial-to-vial heterogeneity in terms of
morphology of the lyophilized samples and drying behavior. In
fact, because of this time span, the earlier nucleated vials undergo
different freezing conditions during or after the completion of the
solidification process. Rambhatla et al. [48 ] proposed an alternative
plant configuration which employs a circular tube with regularly,
spaced-distributed holes to bleed the cold gas within the freeze-
drying chamber. This configuration allows a more uniform distri-
bution of the cold gas and reduces the nucleation time span to
5 min. However, some vials still remained excluded from the forced
nucleation process, because the suspended ice crystals could not
reach all the vials of the batch. This problem was partially solved by
Patel et al. [49] who proposed to depressurize the drying chamber
to 66 mbar prior to the introduction of the cold gas. By this
modification, ice nucleation was achieved in all the vials of the
batch within 1 min, but only if the freeze-dryer is partially loaded.
In the case of a full load freeze-dryer, this procedure had to be
repeated several times to complete ice nucleation within the entire
batch of'vials. It follows that, for full load runs, the problem of large
nucleation time span persists although it is less evident compared to
that observed in the absence of depressurization. This problem is
more and more evident with larger freezing chambers, representing
the major obstacle to the scale-up of this technology to commercial
lyophilizers. Demarco et al. [50] used an ejector to generate the ice
fog, which is then uniformly and rapidly distributed throughout the
freezing chamber. The ice fog is produced by mixing liquid nitro-
gen, water, and the ice fog exiting the freezing chamber itself. The
authors showed that their technology can induce ice nucleation in
all the vials of the batch within 30-50 s on both the laboratory and
pilot scale unit. In addition, process sterility is preserved since the
cold gas is sterile filtered and, of course, the freezing chamber is
sterilized by steam before vials are loaded onto the shelves.
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4.5 Ultrasound-
Induced Ice Nucleation
(UIIN)

Since the use of cryogenic gas might be technically demanding,
attention was recently placed on the development of technologies
that can generate the ice fog without using liquid nitrogen. For
example, Weija [51] used an external condenser to generate the ice
fog. More specifically, once the vials have been loaded and equili-
brated at the desired temperature, the freezing chamber is isolated
from condenser, closing the valve separating the two environments,
and its pressure is decreased to 67 mbar. The condenser surfaces are
cooled down to very low temperature and placed in contact with
the humidified gas, thereby generating the ice fog. Then, the
isolation valve is open, and the ice fog enters the freezing chamber
thanks to its low pressure. The final pressure for the depressuriza-
tion step has to be low enough to promote the inlet of the ice fog,
but high enough to prevent any boiling of the solution to be
lyophilized. Since this pressure may vary with the formulation
being frozen, it needs to be determined experimentally prior to its
application. As an alternative, Geidobler et al. [52] proposed to
reduce the pressure of the entire lyophilizer, freezing chamber, and
condenser, to 3.7 mbar. Then, atmospheric pressure is
re-established by opening the venting valve on the condenser.
The venting gas, in contact with the cold surfaces of the condenser,
reduces its temperature and then flows into the freezing chamber.
Here, the cold gas enters in contact with the water vapor, pro-
duced by the vacuum evaporation of the solution into the vials,
and forms the ice fog. However, there might be a risk of con-
tamination, as a result of this process back flushing particles from
the condenser.

It is well known that ultrasonic vibrations trigger ice nucleation in
supercooled water [53]. This result was widely used in food indus-
try to control the freezing process during ice cream manufacturing
[54, 55]. Later, Inada et al. [56] showed that the ultrasonic vibra-
tions can effectively be used to initiate ice nucleation at the desired
temperature. In a follow-up study, Zhang et al. [57] demonstrated
that the probability of phase change is directly correlated with the
number of bubbles formed by acoustic cavitation, but the mecha-
nism that triggers nucleation in a supercooled solution exposed to
ultrasonic waves is still controversial. Two models have been pro-
posed in the literature. Hickling [53] hypothesized nucleation is
initiated by the decrease in the equilibrium freezing temperature of
water caused by the dramatic increase in local pressure (1 GPa)
produced by the collapse of a cavitation bubble, while Hunt and
Jackson [58] stated that nucleation is promoted by the negative
pressures following the collapse of a bubble. Both hypothesis,
however, correlated the initiation of nucleation with the collapse
of a cavitation bubble. Recently, Zhang et al. [59] observed that
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this phenomenon alone is not sufficient to describe the initiation of
ice nucleation, but other secondary factors, e.g., the motion of
cavitation bubbles, can play a critical role.

The application of ultrasonic vibrations to control the nucle-
ation temperature in a lyophilization cycle was first reported by
Nakagawa et al. [60]. They showed that the ultrasound technology
can effectively be used to trigger ice nucleation at the desired
temperature for both amorphous and crystallizing formulations.
Subsequently, it has been found that, besides the extent of super-
cooling, the acoustic power also plays a critical role in the freezing
process. For example, Hottot et al. [61] found that the acoustic
power influenced the type of mannitol polymorphs obtained after
lyophilization, while Saclier et al. [62] correlated the average size
and structure of ice crystals with both the extent of supercooling
and the acoustic power. In all these studies, the generator of ultra-
sonic waves was positioned externally, and vibrations are transferred
to the vials through an aluminum plate, which was in tight contact
with the temperature-controlled shelf of the freeze-dryer. The
authors also claimed that silicone oil had to be used to ensure
good contact between the vials and the vibrating surface. Further-
more, Acton [63] demonstrated that ice nucleation can be facili-
tated if pressure is reduced or a volatile fluid is dissolved in the
solution prior to the application of ultrasonic vibrations. It can
easily be understood that the complexity of this configuration
makes the upscaling of this technology very difficult. In Passot
et al. [64], a prototype freeze-dryer is described, containing one
temperature-controlled shelf directly equipped with the ultrasound
technology and, thus, eliminating some of the heat transfer pro-
blems observed in the previous configuration. However, this con-
trolled nucleation technology was only partially successful because
only 80% of the vials nucleated at the desired temperature. Addi-
tionally, the scalability of this technology to the manufacturing
equipment is still limited by the fact that ice nucleation fails if
vials are placed on the so-called nodal points, which are character-
ized by the lowest ultrasonic intensity [60]. This problem can be
mitigated if the ultrasonic probe is positioned below the
temperature-controlled shelf. However, this plant configuration
requires the frequent degassing of the silicone oil and interfered
with the vial stoppering operation. As an alternative, the ultrasound
probe could be positioned on the shelves, and transducers could be
activated in sequence and scanned over a wide range of wavelengths
to avoid the presence of nodes in specified positions (Miguel Galan,
Azbil Telstar, personal communication). However, the implemen-
tation of this solution would be technically complex and may
require adaptations to be compatible with GMP sterility
requirements.
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4.6 High-Pressure
Shift or
Depressurization
Freezing

The use of compression and/or expansion cycles to control the
nucleation temperature was first reported by Kanda et al
[65]. They used this technology to increase the degree of super-
cooling during freezing of tofu, promoting the formation of smal-
ler ice crystals, similar to those obtained by quench freezing in
liquid nitrogen [66] and thus limiting damage to food structure
[54]. Sanz et al. [67] also observed that high-pressure treatments in
agar gel promoted uniform subcooling within the whole sample
and, hence, fast and uniform nucleation and ice crystal growth.
Knorr et al. [68] identified three different high-pressure freezing
methods: high-pressure-assisted freezing, high-pressure-shift freez-
ing, and high-pressure-induced freezing. The phase transition
occurs under constant pressure conditions in the high-pressure-
assisted freezing, while it is initiated by a pressure release in the
high-pressure-shift freezing [69, 70] and by a pressure increase
tfollowed by an isobaric phase for the high-pressure-induced freez-
ing. It must be evidenced that all these methodologies have been
proposed for food science applications and only the high-pressure-
shift method effectively found application in pharmaceutical lyoph-
ilization [71, 72]. This last application is often referred to as
depressurization method and involves the following operations,

1. Once the vials have been loaded, the drying chamber is pres-
surized with argon to 1.5—4.5 bar. Various types of gas can be
used as pressurizing gas, e.g., air, carbon dioxide, helium,
nitrogen, xenon, etc. Konstantinidis et al. [73] observed that
the efficacy of the method is strongly connected with the type
of gas used during the pressurization phase, and argon was
found to be the most efficient.

2. Samples are equilibrated at a temperature below the equilib-
rium freezing point of the solution and then the drying cham-
ber is rapidly depressurized. This method can effectively initiate
the nucleation event in all the vials of the batch, provided that

the rate of depressurization is higher than 0.8 bar min~".

3. The nucleated vials are then cooled down to the final shelf
temperature, i.e., —40 °C or lower.

The underlying mechanism by which depressurization freezing
induces nucleation is not yet clear. Several potential mechanisms
have been hypothesized by Gasteyer et al. [71] which, although
speculative, deserve attention and need to be experimentally con-
firmed. One possible mechanism is that depressurization promotes
the release of the gas dissolved in the solution, forming bubbles
over which nucleation initiates. In fact, the initial high pressure
increases the concentration of gas dissolved into the liquid to be
frozen, which is rapidly released as soon as pressure is reduced
during the depressurization phase, triggering ice nucleation.
Another possibility is that depressurization promotes local
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Surface Freezing
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evaporation of the solution, resulting in a dramatic decrease in its
temperature at the top surface which can trigger the nucleation
event. As an alternative, it has been hypothesized that the cold gas,
resulting from evaporation, freezes some water vapor close to the
top surface, and these crystals, entering in contact with the solu-
tion, act as nucleating sites. A fourth hypothesis [73] is that the
rapid depressurization generates pressure waves which facilitate the
initiation of nucleation by mechanical vibrations.

This procedure is easy to realize in both laboratory and pro-
duction units, and is fully compatible with aseptic manufacturing
and does not require any changes in the drug formulation. How-
ever, it can be implemented only if the freeze-dryers can withstand
0.5-3 bar overpressure during freezing. Most of the production
freeze-dryers have been designed to resist such conditions, e.g.,
during steam sterilization; otherwise, the application of the depres-
surization method requires the modification of the equipment
which might be quite expensive [74].

The application of vacuum to promote the rapid decrease in tem-
perature, via evaporation of surface water, of some vegetables was
largely investigated in food industry as an innovative cooling
method, called evaporative or vacuum cooling. This method is
widely used as a precooling treatment of some horticultural pro-
ducts such as lettuce and mushrooms [75]. It must, however, be
pointed out that in this application, much attention was given to
the selection of the processing conditions, temperature and pres-
sure, so as to avoid any freezing of the product, because crystalliza-
tion of ice was correlated with cellular and structural damage
of food.

The basic principle of evaporative or vacuum cooling was later
used by Kramer et al. [76] to develop the vacuum-induced surface
freezing method (VISF). VISF is a general method for controlling
nucleation temperature and is based on the perturbation of cham-
ber pressure. As originally proposed by Kramer et al. [76], this
method encompasses the following steps,

1. The vial is loaded on the freeze-dryer at room temperature and
atmospheric pressure,

2. The liquid being frozen is cooled down to +10 °C and main-
tained at that temperature for 1 h,

3. Pressure inside the drying chamber is reduced to a given value,
that is product specific, as fast as possible and maintained at that
value for 5 min,

4. Atmospheric pressure is re-established and the nucleated vials

are cooled down to 3—4 °C below the eutectic temperature,

5. The frozen product is cooled down to —40 °C, at 1 °C min™ ",

and maintained for at least 1 h.
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As discussed above, the application of vacuum promotes the
partial evaporation of water and thus a sudden decrease in the liquid
temperature which triggers the nucleation event. This method is
gaining increasing interest within the lyophilization community
because it is easy to realize, does not require any additional device,
and allows the precise control of nucleation temperature. However,
the protocol described in Kramer et al. [76] promoted the forma-
tion of a thin frozen layer at the top of the sample, having a
thickness of 1-3 mm, while the part underneath remained unfrozen
and crystallized only once shelf temperature was reduced toward
—40 °C. This process resulted in a two-layer solidification because
the heat removed by evaporation was not enough high to supercool
the entire volume of solution. Liu et al. [14] showed that if the
vacuum step is performed after the solution has been equilibrated at
—10 °C, the formation of ice occurs rapidly throughout the whole
sample. Recently, Zhou et al. [21] claimed that the depressurization
can be used to induce nucleation of ice into samples cooled by
quench freezing. More particularly, the cooling system proposed by
the authors makes it possible to adjust the nucleation temperature,
while samples undergo high cooling rates, 4.5-5 °C min~'. Unfor-
tunately, some aesthetic defects remained unresolved, e.g., the
formation of flakes on the top surface of the product and blow-up
of the frozen plug, which are detrimental to the elegance of the final
product and can cause its rejection during quality control testing.
In addition, some vials could spontaneously nucleate during the
quench freezing, before the desired vacuum is achieved.

A substantial improvement in the VISF performances was
achieved by Oddone et al. [77], who essentially modified the step
3 of the above procedure. As soon as the desired vacuum has been
reached, the drying chamber is isolated from condenser for approx-
imately 1 min and, then, atmospheric pressure is re-established.
The isolation of the drying chamber has been found to be effective
in blow-up suppression because it slows down the rate of water
evaporation and hence makes blow-up less probable. Furthermore,
vacuum time as short as 1 min was found to be sufficient to initiate
nucleation within all the vials of the batch, and short enough to
avoid boiling and blow-up. Overall, this simple change was found
to eliminate both blow-up and flakes formation, making VISF
much more competitive with other controlled nucleation technol-
ogies. All the validation tests were carried out in a pilot-scale freeze-
dryer working under full load conditions, i.e., approximately
800 vials (10R type).
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5 Influence of Controlled Nucleation Technology on Product Quality and Process

Performance

5.1 Morphology

of the Lyophilized
Product and Intra-Vial
Heterogeneity

It is well known that ice crystal size and the extent of supercooling
are strongly correlated. In 1989, Roy and Pikal [78] observed that
vials with internally placed thermocouples nucleated at higher tem-
peratures compared to those without thermocouples, and com-
pleted ice sublimation much sooner. Similarly, Searles et al. [8]
manipulated the average nucleation temperature, using ice nuclea-
tors, and observed that primary drying rate inversely correlates to
the extent of supercooling. As the rate of sublimation is directly
correlated to the average size of ice crystals [79], we deduce that a
higher degree of supercooling produces small ice crystals which,
upon sublimation during primary drying, leave smaller pores and
hence higher resistance to mass transfer, and result in a dramatic
increase in the primary drying time. It follows that if the average
nucleation temperature can be controlled, to some extent, product
morphology can also be controlled.

Depending on freezing conditions, we can observe two basic
mechanisms of freezing: directional solidification and global super-
cooling. In the case of directional solidification, only a portion of
the liquid volume is sufficiently supercooled to promote primary
and secondary nucleation. Consequently, once nucleation
occurred, the nucleation front moves into the non-nucleated liquid
and, in close proximity, is followed by the solidification front.
Generally, freezing by directional solidification occurs if the extent
of supercooling is small, less 5 °C, resulting in large chimney-like
pores. For example, if VISF is carried out at +5 °C as proposed by
Kramer et al. [76], nucleation will occur at a temperature close to
the equilibrium freezing point, producing chimney-like and
extremely large pores having a diameter of approximately 200 pm
or larger. To provide an example, Fig. 3 shows the internal porous
structure of 5% mannitol after lyophilization and using VISF to
control nucleation [77]. The vacuum was applied after product
equilibration at +5 °C, thus we can presume that nucleation
occurred at a temperature very close to the equilibrium freezing
point and, hence, freezing preferentially proceeded by directional
solidification. Because of vacuum, the liquid solution is cooled
down more efficiently close to its upper surface, promoting the
formation of temperature gradients within its volume. The extent
of temperature gradient substantially depends on the temperature
at which vacuum is applied. The higher that temperature is, the
larger the extent of the temperature gradient is. Consequently, if
the vacuum is performed at +5 °C, large temperature gradients are
expected and, hence, small pores are produced close to the top
surface, that exhibits the lowest temperature, and much larger
pores at the bottom [80].
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Fig. 3 SEM micrographs of Ilyophilized samples of 5% mannitol in the case of
(A) uncontrolled freezing and (B) VISF at +5 °C. Cake cross-sections at 90° to the
vial axis

If nucleation is induced at or below —5 °C, the extent of
supercooling is quite uniform within the entire liquid volume,
and the secondary nucleation zone spreads (from top to bottom)
within the whole sample volume in few seconds [81]. Oddone et al.
[81] also observed that the solidification/freezing front moves
from the bottom of the vial toward the top surface of the product
being frozen independently of the freezing technology used. They
also observed that samples produced by VISF have much larger
pores compared to those obtained by uncontrolled freezing. The
average pore size ranges from 80 to 140 pm for VISF, and
15-20 pm for uncontrolled freezing. Furthermore, if VISF is
employed and we exclude peripheral zones (0.5 mm from the top
and bottom surfaces), the average size of pores is very uniform
within the remaining sample volume.

Besides the average pore size, freezing can also influence the
morphology of the crystalline excipients; for example, lyophilized
mannitol can contain three polymorphs (a, B, §), which have difter-
ent thermodynamic stability and can thus influence the stability of
the active molecules differently during storage. B-mannitol is
strongly desirable because it is the thermodynamically stable
form, while both o and & are metastable [82].

High freezing rates, typical of quench freezing, promote the
formation of amorphous mannitol, which tends to be transformed
into a metastable form over time. On the contrary, all the other
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methods, which involve freezing rates below 2 °C min~', promote
the formation of crystalline mannitol [83]. The physical state seems
to be strongly related to mannitol concentration and the freezing
rate. Generally, fast freezing promotes the formation of the
8-polymorph for 10% mannitol, and prevalently the p-polymorph
(with traces of @ and 8) for 5% mannitol [8§2-84]. Slow freezing was
found to promote the formation of the f-form for both 5% manni-
tol and 10%, while the precooled shelf freezing promotes the
formation of the a-polymorph with traces of the f-form. It might,
however, be considered that the presence of proteins or other
co-solutes may strongly influence the physical state of mannitol
[85, 86].

As concerns VISF, Oddone et al. [80] observed that uncon-
trolled freezing promoted the formation of all the three mannitol
polymorphs and their composition dramatically differed from vial
to vial. On the contrary, the control of the nucleation temperature
by VISF promoted the formation of only one of these forms, while
the others were present only in traces. More specifically, XRD
analyses revealed that if nucleation is induced at —5 °C or at a
higher temperature, the lyophilized mannitol is prevalently made
of & with traces of a. In addition, Raman spectroscopy showed that
in all the samples a-mannitol was concentrated within a thin layer
close to the top surface of the cake, while the remaining part was
made of §-mannitol. On the contrary, if nucleation is induced at a
lower temperature, e.g., —10 °C, the mannitol samples were essen-
tially pure and contained only the f-form. In the VISF runs, man-
nitol hydrate was absent. These results are very interesting because
they show that the control of nucleation temperature is important
not only because it can alter the ice morphology, but also the
crystalline state of crystallizing excipients.

Limited literature is available about the relationship between
freezing conditions and reconstitution time because this quality
attribute depends on numerous factors: aesthetic defects such as
collapse, shrinkage and melting back, product morphology includ-
ing pore size and interconnectivity, specific surface area, and physi-
cal state of the various excipients. To provide an example, Searles
et al. [32] observed that annealing promotes fast reconstitution of
HES samples, while 2 years later Webb et al. [87] found that, for
the same formulation, annealing was not beneficial but slows down
its reconstitution. However, these results cannot be compared,
because there is another parameter to be accounted for, i.e., the
samples lyophilized by Searles et al. [32] had holes that promote
pore interconnectivity and thus liquid permeation during reconsti-
tution. It is agreed that annealing and all those techniques that
promote the formation of larger pores, including the most recent
controlled nucleation temperature technologies, tend to prolong
the reconstitution time. However, it is difficult to give a general
guideline, because as aforementioned the reconstitution time is the
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5.2 Process
Performance

5.2.1

Primary Drying

results of the combination of various factors besides pore size and
specific surface area [88].

As aforementioned, freezing dramatically impacts both size and
conformation of ice crystals and the nucleation temperature plays
a key role in this process. Size and distribution of ice crystals were
tound to influence both the quality attributes of the lyophilized
samples and drying performance.

As concerns primary drying, rate of sublimation J;, inversely
correlates with the resistance to mass transfer R,

- (Pice - Pw)

]w_ R (1)

p

where P, is the vapor pressure of ice and depends on the product
temperature at the interface of sublimation, and P, is the partial
pressure of water inside the drying chamber. The resistance to mass
transfer is determined by both the average size (D) and intercon-
nectivity of pores left after sublimation of ice crystals [89]. Ramb-
hatla et al. [48] found that the resistance to mass transfer is inversely
correlated to the pore size,
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»~\8M, ¢ D, @)

where M, is the molecular weight of water, R the ideal gas con-
stant, T'the vapor temperature in Kelvin, ¢ the cake porosity, while 7
is linked to pores’ interconnectivity and is often set to 1.5 [96]. It
follows that if freezing can alter product morphology, it also influ-
ences the resistance to mass transfer and hence the primary drying
rate. Pisano et al. [90] showed that the primary drying time indi-
rectly correlates with the average size of pores. To provide an
example, Fig. 4 shows that the primary drying time of 5% mannitol
nonlinearly decreases with the average pore size of the lyophilized
samples but, beyond a threshold value, it levels off and the influence
of pore size is negated. It is well known that sublimation is not rate-
controlled by mass transfer if the product resistance to mass transfer
is too low. In this case, the rate of sublimation is determined by heat
transfer, and product temperature reaches a plateau level at which
vapor pressure of ice equals the partial pressure of water inside the
drying chamber [92, 93]. If follows that all those freezing meth-
odologies, which indirectly manipulate the product morphology,
can effectively impact primary drying performance until the pri-
mary drying rate becomes under control of the pore size.

Most of the controlled freezing technologies initiate nucleation
at higher temperatures compared to uncontrolled freezing, increas-
ing the primary drying rate. Searles et al. [8] observed that the
primary drying time of a 10% (w/v) hydroxyethyl starch (HES)
solution was approximately 4% shorter for each degree of additional
supercooling. For the same formulation, a similar result was
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Fig. 4 The relationship between the primary drying time and the average pore
size for lyophilized mannitol samples. Data were obtained using the
bi-dimensional mathematical model described by Velardi and Barresi [91],
while drying was carried out at —10 °C and 10 Pa

observed by Petersen et al. [42] using electro-freezing to regulate
the nucleation temperature.

If the nucleation temperature cannot be controlled, the rate of
sublimation can still be increased, e.g., using the precooled shelf
method or adding an annealing treatment to the conventional
freezing step. The precooled shelf method reduces the primary
drying time by 14-18% [8, 64 ], while the annealing technologies
up to 50% or larger [9, 18, 32]. However, it must be remarked that
the effect of annealing on the dry layer resistance and drying time
varies with the formulation being freeze-dried. In some cases,
annealing can contribute to the increase of the resistance to mass
transfer, because it changes the physical state of the lyophilized
sample. For example, Lu and Pikal [28] observed that annealing
influences the crystallization process of mannitol-trehalose—sodium
chloride-based formulations, decreasing its amorphous content.
Consequently, the resistance to mass transfer increases, making
the primary drying time longer.

Quench freezing and all those technologies that increase the
extent of supercooling promote the formation of small pores,
thereby extending primary drying [74, 94]. Besides the formation
of small pores, the horizontal direction of the pores, from the vial
wall toward the middle of the cake, further obstructs the pathways
for vapor escape [18]. Searles et al. [8] and Passot et al. [64]
observed that addition of a nucleation agent like Pseudomonas
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5.2.2 Secondary Drying

syringae to decrease the degree of supercooling produces larger
pores, reducing the primary drying time by 60% and 30%
respectively.

All those methods that directly control the nucleation temper-
ature were generally found to increase the rate of sublimation,
compared to uncontrolled freezing; this result was expected
because these methods promote the formation of stable nuclei at
a higher temperature than that at which nucleation spontaneously
occurs. To provide some examples, Petersen et al. [42] compared
the drying behavior of 10% (w/v) HES samples produced via
uncontrolled freezing and electro-freezing. The primary drying
time of samples nucleated at —1.5 °C was approximately 70%
shorter than that observed for samples produced by uncontrolled
freezing that nucleated in the range of —11.5 to —17.1 °C.

The control of the nucleation temperature via depressurization
was found to reduce the primary drying time of 5% sucrose by 27%
[73,95]. For the same formulation, Rambhatla et al. [48] observed
that the primary drying time can be reduced by 30% by initiating
nucleation at —1 °C via the ice fog technique. A similar result was
found for 10% mannitol, 10% sucrose, and BSA 5% formulations by
using ultrasounds to initiate nucleation at a temperature close to
the equilibrium freezing point [60, 61]. For example, Nakagawa
etal. [60] observed that if a solution of mannitol (10% by weight) is
nucleated at —2 °C, the primary drying rate will be 60% shorter
compared to an uncontrolled nucleation cycle.

Generally, the VISF method was found to be beneficial to
primary drying performance. However, in order to obtain maxi-
mum benefit, attention has to be paid to the selection of an appro-
priate temperature at which the vacuum application is performed.
For example, if the vacuum is performed at +5 °C, the primary
drying time was 15% and 25% shorter for mannitol 2% and sucrose
2% respectively [76]. Similarly, Oddone et al. [77] observed that
drying time saving for mannitol and lactose-based formulations
varied in the range of 20-70%, depending on the nucleation tem-
perature. However, it must be noted that if nucleation was induced
at a temperature too close to the equilibrium freezing point, the
porous structure was not uniform within the cake [80].

The specific surface area (SSA) is inversely correlated to the pore
size. If we assume a capillary tube model, SSA in m? g~* can be
expressed as [48],

4¢ 1

SSA—_— £ -
ps(l _S)DP

(3)
where p is the mass density of the dry solid. For a given solid
content &, SSA is determined only by pore size and, since pore
size is substantially determined by the extent of supercooling, we



5.3 Vial-to-Vial
Heterogeneity

Control of Nucleation Temperature 101

can deduct that SSA and nucleation temperature are well corre-
lated. More specifically, high supercooling promotes the formation
of large pores and hence small SSA. To provide an example, Kon-
stantinidis et al. [73] observed that SSA, as determined by a Kryp-
ton adsorption analysis, of lyophilized mannitol (5% by weight) was
2.78 m? g ! for samples nucleated at approx. —3 °C and
5.54 m? g ! in the case of uncontrolled nucleation.

Although this was proven to be beneficial to primary drying
performance, an opposite effect was observed for the secondary
drying rate. For example, various authors observed that, on con-
stant secondary drying temperature and time, all those freezing
methodologies that produce larger pores result in an increased
residual moisture content [8, 14-76, 87].

A first order mechanism has been hypothesized for the desorp-
tion process [97],

dCW _
dt
Cw(t - O) - Cwo

—k(Cy — C°) )

where C,, is the residual moisture of the lyophilized product at the
end of primary drying, C° is the equilibrium water content as
determined from the moisture sorption isotherm, and £ is the rate
constant for the desorption process. Such a mechanism was initially
proposed for glassy materials [97, 98] but was then found to be
adequate also for crystallizing materials [99]. The rate constant for
the desorption process is directly correlated to SSA and, hence, to
the nucleation temperature.

Although it has been hypothesized that controlled nucleation
technologies have a negative effect on the secondary drying rate,
this aspect has been poorly investigated. An early investigation on
the impact of controlled nucleation on both primary and secondary
drying performance was given by Oddone et al. [100]. They found
that VISF reduces the extent of supercooling for mannitol-based
formulations, promoting the formation of larger ice crystals which
resulted in 55% decrease in the primary drying time. However, they
also observed that, if this result was beneficial to primary drying
performance, it dramatically slowed down the desorption process
and, thus, increased the time necessary to achieve a target moisture
specification. It is, however, true that any increase in the secondary
drying time is expected to be only a minor contribution to the
overall lyophilization cycle time. For example, Oddone et al. [100]
observed that the application of VISF to control the nucleation
temperature resulted in 10-20% decrease in the overall cycle time.

Controlled nucleation is beneficial to drying performance, but also
to vial-to-vial uniformity. Recent studies showed that the precise
control of the nucleation temperature reduces the variation within a
batch of vials for the specific surface area [49], residual moisture
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Fig. 5 Statistical distribution of the residual moisture content as observed at the
end of primary drying for 5% mannitol samples produced by (upper graph)
uncontrolled nucleation and (lower graph) VISF

content [100], and primary drying time [64, 77, 80]. For example,
Oddone et al. [80] evaluated the dispersion of the primary drying
time distribution from the difference between the onset and the
offset time of the pressure ratio curve [64, 77] for three formula-
tions containing lactose, mannitol, and sucrose. They observed that
the primary drying time distribution of uncontrolled samples was
30-60% larger than that observed for samples produced by VISE.
In addition, VISF showed a more uniform distribution of the
residual moisture throughout the batch of vials. Figure 5 shows
the statistical distribution of the residual moisture at the end of
primary drying for uncontrolled freezing and VISE. It can be
observed that the two distributions had similar mean values,
3.8% vs. 4.0%, but samples produced by VISF had the lowest
standard deviation, 0.6% vs. 1.3%. These values agree with those
reported in the literature for crystalline materials, which usually
ranges from 1% for glycine [101] to 10% for mannitol
[97, 102]. Furthermore, the residual moisture was lower than 5%
for 98% of VISF samples but for only 85% of uncontrolled nucle-
ation samples. These results confirmed that the control of nucle-
ation temperature plays a crucial role in the production of
homogeneous batches, provided that the controlled nucleation
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technology can promote the nucleation event in all the vials of the
batch within a narrow range of time and temperature. It must,
however, be remarked that these benefits can be achieved only if
nucleation is initiated at high temperatures, much higher than that
at which samples spontaneously nucleate. If nucleation is induced at
lower temperatures, below —10 °C, controlled nucleation com-
petes with the spontaneous process and part of its benefit, mainly
in terms of batch uniformity, will be lost [74].

Freezing, and more specifically controlled nucleation, acts on vari-
ous factors that affect the stability of protein-based drugs. The main
factors that could destabilize or unfold proteins include crystalliza-
tion of buffer components and/or co-solutes, and the extent of
ice-water interface. As concerns this last parameter, it is well known
that some proteins tend to be adsorbed onto the interface separat-
ing ice and the cryo-concentrated solution, and hence change their
secondary and tertiary structures [103]. For these proteins, stabil-
ity is directly correlated with the extent of the ice-water interface
which is essentially determined by freezing rate and nucleation
temperature [104].

All those methods that entail high freezing rates and nucleation
at low temperatures, ¢.g., quench freezing, promote the formation
of large ice-water interface and, thus, protein aggregation or
changes in its structure [105-107]. Other authors could not find
a clear correlation between protein activity/stability and freezing
rate. For example, Jiang and Nail [20] found that the activity of
LDH was best preserved by precooled freezing at —40 °C, while
the conventional shelf-ramped freezing (and 0.5 °C min " as cool-
ing rate) gave intermediate recovery. Quench freezing in liquid
nitrogen instead resulted in the lowest LDH activity. If this com-
parison is based on cooling rate, these results seem to be in contrast
with other observations reported in the literature. Nonetheless, the
area of the ice-water interface is not determined by the cooling rate,
but by the actual freezing rate. Consequently, if it is true that the
cooling rate of precooled shelf freezing was higher than that of the
conventional method, this was not true for the freezing rate. In
fact, the freezing rate was higher for the conventional freezing
because of its higher degree of supercooling and more uniform
thermal equilibrium within the sample volume [88]. Similarly,
annealing produces smaller ice-water interface and, hence, better
preserves the protein stability [107]. This result can effectively be
achieved if we assume that protein denaturation induced by adsorp-
tion on the ice-water interface is reversible in the liquid state and
becomes irreversible only after lyophilization. Of course, these
results are valid only if the protein denaturation is predominantly
due to its adsorption onto the ice-water interface, while other
factors, e.g., phase separation, play a minor role.
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5.5 Scalability
to Manufacturing Units

If the adsorption onto the ice-water interface is the predomi-
nant mechanism of denaturation/destabilization of the proteins,
we can deduce that the controlled nucleation technologies are
beneficial to the recovery of their activity. In fact, these technolo-
gies were found to dramatically decrease SSA of lyophilized samples
and, thus, the area of the ice-water interface formed during freez-
ing [117]. Consequently, they should decrease the probability of
protein adsorption on the ice crystals surface and its denaturation.
However, this hypothesis has not been experimentally confirmed in
the literature to date.

Despite their advantages, not all the controlled nucleation technol-
ogies can effectively be applied in large-scale units. For example,
electro-freezing can hardly be implemented in industrial equipment
because of the limitations in the salt content of the solutions and
the high voltage required to promote the formation of the ice
crystals. By contrast, the addition of nucleating agents is potentially
applicable in large-scale units but is hardly compatible with the
regulatory requirements of the pharmaceutical products. Ulti-
mately, the application of ultrasound to initiate nucleation is not
applicable for all the freeze-dryers and process conditions need to
be adjusted for partially and full-loaded freeze-dryers. At the pres-
ent time, commercially available equipment can control nucleation
by either the ice-fog method, pressurization-depressurization
freezing, or vacuum-induced surface freezing [ 108]. Their applica-
tion to industrial scale freeze-dryers is discussed below.

Martin Christ developed the LyoCoN technology [109]. The
ice fog is produced in a dedicated condenser, which operates at
atmospheric pressure, and is then naturally transferred to the freez-
ing chamber, which works at 10 mbar, as soon as the isolation valve
that separates the two units is open. A similar apparatus is commer-
cially distributed by Millrock Technology, named FreezeBooster,
which uses an external ice seed generator to instantly distribute the
ice fog. This unit has been designed for a pilot-scale freeze-dryer,
with shelf areas from 0.5 to 9 m?, and is currently being tested in
large-scale equipment, with a shelf area of 20 m?. This last technol-
ogy includes some technical improvements to the conventional ice
fog method [110]. For example, a predetermined volume of
condensed frost is created on the inner surface of the condenser,
which is maintained at high pressure to promote the transition to
turbulence as soon as the product chamber and condenser are
connected. The turbulence breaks the frost formed on the con-
denser surface into large ice crystals, which last longer in the
product chamber and therefore increase the probability to trigger
nucleation of all the product vials.

The ice fog method as modified by Geidobler [52] has been
implemented by GEA for both a laboratory freeze-dryer, with
a shelf area of 5 m?, and an industrial one, with a shelf area of
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42 m? [111]. Preliminary tests of this technology, named LYOS-
PARK, demonstrated that some vials spontaneously nucleated
before venting and others did not nucleate at all. Therefore,
careful control of the venting pressure is required and may need
to be adjusted depending on the apparatus design and size.

Linde and IMA further optimized the ice fog method, in terms
of sterility, density, and uniformity of the ice fog [112], to make it
suitable for industrial applications. In this technology, named VER-
ISEQ, the cryogenic gas is filtered and then mixed with sterile
steam [113] or a humid gas [114] through an injector, producing
the ice fog under controlled sterile conditions. This technology has
been tested in an industrial apparatus, with a shelf area of 56 m?,
and allowed the instantaneous nucleation of 195,000 vials [115].

The pressurization-depressurization method has been patented
by Praxair [71, 72, 116], initially licensed to SP Scientific and GEA,
and then exclusively to SP Scientific. This technology, named Con-
troLyo, can easily be installed onto manufacturing units with
steam-in-place capability, while it is generally not compatible with
a laboratory unit because of the high operating pressure required by
this method. In addition, the high rate of depressurization,
0.014 bar s™*, may represent a limiting factor to their application
in large equipment. This method has been tested, showing good
performance, in pilot-scale freeze-dryers, with shelf areas from 1 to
5 m?, and more recently in a large-scale unit, with a shelf area of
28 m? [108]. This technique is more fully described in Chap. 3 by
Luoma et al.

The VISF method was originally patented by Bayer [118], but
then abandoned because of aesthetic defects of the lyophilized
products. However, Oddone et al. [77] have demonstrated that
these product defects can be avoided, e.g., if the solution is
degassed prior to freezing and if the product chamber is isolated
as soon as the desired vacuum is achieved. They also noted that the
optimal pressure at which the solution nucleates varies with its
formulation and proposed a simple procedure to determine it
[119]. The application of this method to industrial scale freeze-
dryers is currently being investigated by Azbil-Telstar (VIN) and by
HOF (SynchroFreeze). HOF further improved the SynchroFreeze
technology by including, in addition to the automatic degasifica-
tion of the solution to be lyophilized, a further step that allows a
rapid pressurization of the product chamber as soon as nucleation
occurs [120]. Azbil-Telstar has implemented the VISF technology
in some manufacturing units, with shelf areas from 12 to 30 m?,
and the results were satisfactory (Miquel Galan, personal commu-
nication). However, the precise control of the rate of depressuriza-
tion/pressurization is still problematic and needs to be further
investigated.
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6 Future Prospects

References

The most recent controlled ice nucleation technologies have dra-
matically increased the efficiency with which the mean nucleation
temperature and its distribution can be adjusted. Their ability to
initiate the ice nucleation at higher temperatures, compared to that
at which spontaneously occurs, results in larger pores and shorter
primary drying, whereas the secondary drying rate was reduced.
Despite this negative effect, the overall drying time is dramatically
shorter and has also been hypothesized that the larger pores are
beneficial to the preservation of the protein activity. All these
advantages did not generally require any change in the composition
of the drug formulation. Some of these technologies (such as the
depressurization method, VISE, etc.) also allow a dramatic reduc-
tion in vial-to-vial variability and some authors claimed that might
make the scale up of a cycle from the laboratory to the industrial
units easier. Despite these advances, most of these technologies are
still in their early development and are far from being employed on
industrial scale units. By contrast, other technologies have already
been implemented; the preliminary tests seem to be promising, but
some technical problems still remain unresolved. The limiting fac-
tors vary with the type of technology considered and finding prac-
tical solutions to these problems might be a promising area for
future technology development.
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