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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 becomemainstream 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:

l 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)

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

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

l Application of noninvasive testing methods for integrity of containers and moisture
content—Matejtschuk et al. (Chap. 2)
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l 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:

l 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

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

l 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)

l 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)

l 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 Guttzeit et al. (Chap. 7)

l 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:

l 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 Hedberg et al. (Chap. 13)

l 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, Hertfordshire, UK Paul Matejtschuk

References

1. Seymour P, Ecker DM (2017) Global biomanufacturing trends, capacity, and technology drivers:
industry biomanufacturing capacity overview. Am Pharmaceut Rev 20(4). Accessed from https://
dialog.proquest.com/professional/docview/1920294549

2. Hua T-C, Liu B-L, Zhang H (2010) Freeze-drying of pharmaceutical and food products. CRC Press/
Woodhead Publishing Ltd, Oxford

3. Haseley P, Oetjen G-W (2018) Freeze drying, 3rd edn. Wiley-VCH, Weinheim

4. Franks F, Auffret A (2008) Freeze drying of pharmaceuticals & biopharmaceuticals. Royal Society of
Chemistry, Cambridge

5. Rey L, May JC (eds) (2010) Freeze drying/lyophilization of pharmaceutical and biological products,
3rd edn. Informa, New York, NY

6. Rey L (2010) Glimpses into the realm of freeze drying: classical issues and new ventures. In: Rey L, May
JC (eds) Freeze-drying/lyophilization of pharmaceutical and biological products, 3rd edn. Informa,
New York, NY, pp 1–28

7. Ward K, Matejtschuk P (2010) The use of microscopy, thermal analysis and impedance measurements to
establish critical formulation parameters for freeze-drying cycle development. In: Rey L, May J (eds)
Freeze-drying/lyophilization of pharmaceuticals and biological products, 3rd edn. Informa Healthcare,
New York, NY; London, pp 112–135

x Preface

https://dialog.proquest.com/professional/docview/1920294549
https://dialog.proquest.com/professional/docview/1920294549


Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Contributors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 Characterization of Formulations for Freeze-Drying . . . . . . . . . . . . . . . . . . . . . . . . 1
Kevin R. Ward and Paul Matejtschuk

2 Formulation and Process Development for Lyophilized Biological
Reference Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Paul Matejtschuk, Kiran Malik, and Chinwe Duru

3 Controlled Ice Nucleation Using ControLyo®

Pressurization-Depressurization Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Jacob Luoma, Graham Magill, Lokesh Kumar, and Zakaria Yusoff

4 Alternative Methods of Controlling Nucleation in Freeze Drying . . . . . . . . . . . . . 79
Roberto Pisano

5 Tunable Diode Laser Absorption Spectroscopy in Lyophilization . . . . . . . . . . . . . 113
William J. Kessler and Emily Gong

6 Containment Options for the Freeze-Drying of Biological Entities
and Potent Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
Chris Cherry

7 Freeze-Drying Systems: Freeze Dryer Interface Design Requirements
and Automatic Loading and Unloading Systems (ALUS™) . . . . . . . . . . . . . . . . . . 157
Maik Guttzeit, Carolin Wolf, Johannes Selch, and Thomas Beutler

8 Regulatory Aspects of Freeze-Drying. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
David Awotwe-Otoo and Mansoor Khan

9 Container and Reconstitution Systems for Lyophilized Drug Products . . . . . . . . 193
T. Page McAndrew, Douglas Hostetler, and Frances L. DeGrazio

10 Scale-Up of Freeze-Drying Cycles, the Use of Process
Analytical Technology (PAT), and Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . 215
Erwan Bourlès, Gael de Lannoy, Bernadette Scutellà,
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Chapter 1

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
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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.

1.2 History of Using

Analytical Formulation

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].

1.3 Advantages of

Pre-lyophilization

Analysis

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.

2 Kevin R. Ward and Paul Matejtschuk



2 Techniques Used to Characterize Formulations

2.1 Electrical

Impedance (Zsinφ)
Analysis

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 “Zsinφ”) 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 Zsinφ (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 Zsinφ 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 Lyotherm2
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 Zsinφ and
DTA profiles for a human plasma reference sample is shown in
Fig. 1.

2.2 Differential

Thermal Analysis

(DTA)

Differential 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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the Lyotherm3 (where it can run simultaneously alongside Zsinφ
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.

2.3 Freeze-Drying

Microscopy (FDM)

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

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
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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.

2.3.1 Collapse 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

Characterization of Formulations for Freeze-Drying 5



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
each 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.

2.3.2 Microcollapse 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. 2 Examples of FDM images taken at various key points during the analysis of disaccharide samples, in
each case frozen to �40.0 �C initially, then once vacuum applied, gradually warmed until loss of structure
observed: (A) sample immediately before onset of collapse occurs, (B) the same sample 6 min later, having
been warmed to the point of complete collapse, and (C) demonstrating the visual effect of using a polarizer
and first order red filter (right) compared with using no filters or polarization (left) throughout FDM analysis



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.

2.3.3 Eutectic Melting 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.

2.3.4 The Effect of

Annealing

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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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

Fig. 5 FDM images showing a frozen solution of sodium chloride drying (A) below
and (B) slightly above its eutectic temperature
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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
(Tg0), which may be identified using thermal methods as discussed
in other sections of this chapter.

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
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2.3.5 Formulations

Containing Organic

Solvents

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

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)
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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.

2.3.6 Formulations

Susceptible to Skin/Crust

Formation

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 of ice crystal growth results in the solute

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)
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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

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)
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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.

2.3.7 Formulations

Containing Glycerol

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.

2.3.8 Reducing

Subjectivity in FDM

Experiments: The Use

of TASC

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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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

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
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0.5 �Cmin�1 (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

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
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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 ¼ 0.749).

2.4 Variations

on FDM

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

Fig. 13 Graphical plot output from TASC analysis
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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

Sample
Operator interpretation
of onset temperature (�C)

TASC interpretation
of onset temperature (�C) Difference (�C)

Dextran 10 kDa �9.06 (�0.13) �9.05 (�0.15) 0.01

Sodium chloride �21.60 (�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 μm). 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 twomay 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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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-FDMbut 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.

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)
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2.5 Differential

Scanning Calorimetry

(DSC)

Differential 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 Tg0, these develop-
ments can allow critical temperatures to be detected.

2.5.1 DSC of Complex

Formulations

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
eutectic, or for instance the ice melt endotherm, which can conceal
Tg0 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 Tg0 in range �30 to �32 �C
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Fig. 18 Reversing heat profile showing a Tg0 (blue line) whereas total heat flow (green line) did not reveal such
a transition
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2.5.2 Crystallization

Events

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.

2.5.3 Interaction

Between Excipients

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

Fig. 19 Complex biologic formulation showing predominantly an eutectic melt (endotherm) at �25 �C and a
weak exothermic event at �45 �C
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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

Characterization of Formulations for Freeze-Drying 25



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.

2.5.4 Sub-ambient DSC

Protocol

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

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

l Carefully pipette a small aliquot (30–80 μL) of the liquid sample
into an appropriate DSC pan avoiding the introduction of air
bubbles.

l Crimp the pan with a suitable lid. Prepare an identical
empty pan.

l Place the sample and reference pans into the calorimeter.

l Freeze the samples to at least �50 �C or ideally lower using a
rapid freezing rate (e.g., 5–10 �C min�1).

l Start data capture.

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

l Set up a slow heating rate 1–5 �Cmin�1 (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�1 and a modulation of 1 �C min�1 has
been a good starting point in our experience.

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

l 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]).

2.5.5 Dry State DSC 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.
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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.

2.6 Dynamic

Mechanical Analysis

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
for 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

Fig. 21 Thermogram of lyophilized sucrose sample showing Tg (80.5 �C), crystallization (108 �C), and
decomposition (182 �C)
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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 Tg0 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).

-7.25°C
0.1770

-7.75°C
40883MPa

-1.95°C(I)

-8.93°C

-0.68°C

File:  C:\TA\Data\DMA\First Data\5%HSA020810.002    Run Date: 02-Aug-2010 14:22
Program:  Universal V4.5A    Run Number:  1

TA Instruments Thermal Analysis -- DMA Multi-Frequency - Strain

Method Log:
1: Motor drive: Off
2: Data storage: Off
3: Initial temperature: -70.00°C
4: Motor drive: On
5: Isothermal for 5.00 min
6: Data storage: On
7: Ramp 1.00°C/min to 11.11°C
8: End of method

0.05

0.10

0.15

Ta
n 

D
el

ta

0

10000

20000

30000

40000

50000

Lo
ss

 M
od

ul
us

 (M
Pa

)

0

100000

200000

300000

400000
St

or
ag

e 
M

od
ul

us
 (M

Pa
)

-80 -60 -40 -20 0 20
Temperature (°C)

Sample: 5% HSA
Size:  35.0000 x 12.0000 x 1.0000 mm
Method: Frequency sweep

DMA File: C:...\DMA\First Data\5%HSA020810.002

Run Date: 02-Aug-2010 14:22
Instrument: DMA Q800 V20.18 Build 37

Universal V4.5A TA Instruments

Fig. 22 DMA of 5% human serum albumin showing a clear Tg0 with Tan delta value of �7.3 �C

28 Kevin R. Ward and Paul Matejtschuk



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

Fig. 23 Dry state DMA analysis—freeze-dried sucrose with Tg of 86 �C (analysis performed at 0% RH)
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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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Chapter 2

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/),

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_2,
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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.

1.1 Candidate

Biological Standards

and Reference

Materials Processed

at NIBSC (Fig. 1)

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 I
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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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

1.2 Quality

Management System

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 ISO9001Quality Systems that control
the reference material development from laboratory analytical work
through to the process scale filling and distribution.

1.3 Approach to

Reference Material

Lyophilization

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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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.

1.4 Characterization

of Thermal Properties

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, Tg0). Others have previ-
ously shown that with rising protein concentration a rise in the
FDM (T collapse) temperature occurs whereas the Tg0 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

New
material

Strategy

Formulation

Thermal
Analysis

Freeze
drying
microscopy

Product
assessment

Trial cycle
development

Scale up
batch

Fig. 2 Strategy for freeze-drying process development with inset example of various unsuccessful collapsed
and successful well-formed freeze-dried cakes
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can be shortened and moisture contents reduced by using the more
aggressive cycle conditions.

Tables of the Tg0 (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.

1.5 Container

Formats and

Sublimation Impact

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.

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)

Formulation
Impedance
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

Formulation and Process Development for Lyophilized Biological Reference. . . 37



1.6 The Challenges

of Infectious Materials

Freeze drying as a process can induce high rates of sublimation and
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

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

Fig. 4 The impact of container diameter on sublimation rate at a given shelf temperature—container
diameters being (a): 20 mm, (b): 17 mm, (c) 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
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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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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 powerful
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

Fig. 6 Noninvasive oxygen headspace determination (FMS 760 Lighthouse
Instruments, Charlottesville, VA, USA), calibrated using NIST-traceable oxygen
standards in identical format containers
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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.

1.7 Use of

Noninvasive Testing to

Improve Quality

Assurance

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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2 Novel Freeze-Dried Reference Materials

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.

2.1 Viruses 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�1). Proteins such as
albumin or gelatin and serum supplements (such as FCS) may be
added to see if they improve stabilization. The Tg0 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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Fig. 7 Moisture uptake by hygroscopic freeze-dried cakes of different densities/
formulation on exposure to atmospheric air
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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].

2.2 Cellular

Nucleic Acid

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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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.

2.3 Lyophilization of

Fixed Cells

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.

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
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3 Formulation Strategy and Considerations

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 Tg0 of the formulation and
so should be avoided or kept to a minimum. Polymers, including
proteins themselves, raise the Tg0 and so can result in more efficient
cycles being possible. Disaccharides have intermediate Tg0 values in
the region of �29 to �32 �C, but their inclusion is usually because
of their benefit as lyoprotectants and so the lower Tg0 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.

3.1 One Factor at a

Time (OFAT) Approach

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

surfactant

Buffer

Bulking
agent

Tonicity
modifier

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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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 andmaterial
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�1 of the fill volume, or by the inclusion of
neutral bulking agentwhich did not interferewith the polysaccharide
quantitationmethod.The former was on this occasion deemedmore
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.

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 ¼ human serum albumin
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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 identifying potentially useful excipient interactions.

Fig. 12 Freeze drying in microplates for formulation screening/optimization of
granulocyte colony stimulating factor
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4 Cycle Optimization

4.1 Use of Critical

Temperatures

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 howwe 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 Tg0 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

Fig. 13 (A, B) Freeze-drying microscopy and (C) 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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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 Tg0/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 andmeasuring the weight of water loss
after a given sublimation period, significantly less than that required
for the full primary drying process step.

4.2 Monitoring of

Freeze Drying

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. Geoff 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.

4.3 Ice Nucleation 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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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.

4.4 Scale-Up 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.

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))
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4.5 Thermal

Degradation Studies

as a Predictor of

Biological Stability

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 andmay 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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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
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(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)
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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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Chapter 3

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]. It is 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,
Methods in Pharmacology and Toxicology, https://doi.org/10.1007/978-1-4939-8928-7_3,
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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.
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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

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].

2.1 Commercial and

Safety Considerations

for Manufacturing

Implementation

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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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.

2.2 The ControLyo®

Technology

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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2.3 Overview of the

ControLyo®

Technology

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.

2.4 ControLyo®

Technology: Case

Studies

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 β-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

Controlled Ice Nucleation Using ControLyo® Pressurization. . . 61



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. usedmodel monoclonal antibody (mAb) to
determine the impact of ice 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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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 role of the liquid-gas interface: The highly
localized origination of ice nuclei at the liquid surface suggests that a
surface process could be a major contributing factor to the

Fig. 1 Schematic of temperature changes upon purging and depressurization
with nitrogen gas for a model aqueous formulation in glass vial
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induction of ice 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 themechanical 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 effectively 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,

Table 1
Summary of interfacial experiments

Surface wetted by
aqueous solution

Length of surface wetted
by aqueous solution

Was ice
nucleation
observed? Location of ice nucleation

None None No None

Inner perimeter of
vial

Large Yes Thin aqueous film wetting inner
perimeter of vial

Outer perimeter of
glass tube

Small Yes Thin aqueous film wetting
outer perimeter of glass tube
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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

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 shelf at 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.

4.1 Pre-ice

Nucleation

Equilibration

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

Fig. 2 Theory of operation hypothesis
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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.

4.2 Ice Nucleation 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

Fig. 3 Outline of CIN phases and parameters

66 Jacob Luoma et al.



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

Fig. 4 Diagram of CIN depressurization process with labeled values
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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
QbDmethodology 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).

Table 2
Example parameters to control depressurization time and final chamber pressure in Lyostar 3

Initial chamber
pressure setpoint
(psig)

Final chamber
pressure setpoint
(psig)

Pressure
offset
(psig)

Number of
valve turns

Depressurization
time (s)

Final chamber
pressure
(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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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.

Table 3
Parameters impacting CIN

Parameters impacting success of CIN Typical range Criteria for more robust nucleation
Shelf temperature setpoint (before ice
nucleation)

�5 to �15 �C Colder shelf temperature

Hold time (before ice nucleation) 2–4 h Longer hold time
Initial chamber pressure 15–30 psig Higher initial chamber pressure
Final chamber pressure 1–4 psig Lower final chamber pressure
Depressurization time 1–3 s Shorter depressurization time

Parameters impacting cake attributes Typical range Criteria for larger ice crystals
Shelf temperature setpoint
(after ice nucleation)

�5 to �15 �C Warmer shelf temperature

Hold time (after ice nucleation) 0–5 h Longer hold time
Ramp rate (after ice nucleation) 0.1–1 �C min�1 Slower ramp rate
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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.

5.1 Studies to

Assess Parameters

Impacting Success

of Controlled Ice

Nucleation

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 CINMAR 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

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 CINMARs, 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 CINMARs, 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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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.

5.2 Studies to

Assess the Parameters

Impacting Cake

Attributes

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 (Kv), 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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5.3 Strategy to

Assess Impact of

Deviations in

Controlled Ice

Nucleation

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 Controlled 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 verify 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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Chapter 4

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

Dp Pore size, m
Jw Vapour flux, kg m�2 s�1

Mw Molecular weight of water, kg mol�1

Pice Vapour pressure of ice, Pa
Pw Partial pressure of water inside the drying chamber, Pa
Rp Resistance to mass transfer, m s�1

R Ideal gas constant, J mol�1 K�1

Tg
0 Glass transition temperature, K

Teu Eutectic temperature, K
Tn Nucleation temperature, K
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Greek Letters

ε Porosity of the lyophilized product, –
τ 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

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�1 and involves a larger portion of the liquid
volume [2]. Secondary nucleation terminates as the nucleated liq-
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 twomechanisms, 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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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

Fig. 2 Free energy diagram for the nucleation of spherical nuclei
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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�1, whereas the
heat released by the solidification process is 79 cal g�1 [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., t-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 Tg

0 for non-crystallizing excipients or
below Teu 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 h is 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�1. For example, Searles
et al. [8] observed a weak correlation between the cooling rate,
ranged from 0.05 to 1 �C min�1, 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�1, 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�1, 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.
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3.2 Quench Freezing 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.

3.3 Precooled Shelf

Method

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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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.

3.4 Annealing 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

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.

4.1 Nucleating

Agents

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].

4.2 Electro-Freezing 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-

Control of Nucleation Temperature 87



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 spontaneous nucle-
ation. For these reasons, they proposed a second configuration of
the device where the electrodes are immersed into a cap containing
100 μL 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].

4.3 Gap Freezing 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.

4.4 Ice Fog

Technique

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 �C) 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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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.

4.5 Ultrasound-

Induced Ice Nucleation

(UIIN)

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
followed 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�1.

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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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].

4.7 Vacuum-Induced

Surface Freezing

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�1,
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�1. 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 μm
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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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 μm for VISF, and
15–20 μm 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 (α, β, δ), which have differ-
ent thermodynamic stability and can thus influence the stability of
the active molecules differently during storage. β-mannitol is
strongly desirable because it is the thermodynamically stable
form, while both α and δ 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

Fig. 3 SEM micrographs of lyophilized 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
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methods, which involve freezing rates below 2 �C min�1, 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
δ-polymorph for 10% mannitol, and prevalently the β-polymorph
(with traces of α and δ) for 5% mannitol [82–84]. Slow freezing was
found to promote the formation of the β-form for both 5% manni-
tol and 10%, while the precooled shelf freezing promotes the
formation of the α-polymorph with traces of the β-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 δ with traces of α. In addition, Raman spectroscopy showed that
in all the samples α-mannitol was concentrated within a thin layer
close to the top surface of the cake, while the remaining part was
made of δ-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 β-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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results of the combination of various factors besides pore size and
specific surface area [88].

5.2 Process

Performance

5.2.1 Primary Drying

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
found to influence both the quality attributes of the lyophilized
samples and drying performance.

As concerns primary drying, rate of sublimation Jw inversely
correlates with the resistance to mass transfer Rp,

J w ¼ P ice � Pwð Þ
Rp

ð1Þ

where Pice is the vapor pressure of ice and depends on the product
temperature at the interface of sublimation, and Pw is the partial
pressure of water inside the drying chamber. The resistance to mass
transfer is determined by both the average size (Dp) 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,

Rp ¼
ffiffiffiffiffiffiffiffiffiffiffi
πRT

8Mw

r
3τ2

ε

1

Dp
ð2Þ

where Mw is the molecular weight of water, R the ideal gas con-
stant, T the vapor temperature in Kelvin, ε the cake porosity, while τ
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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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

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
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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
et al. [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].

5.2.2 Secondary Drying The specific surface area (SSA) is inversely correlated to the pore
size. If we assume a capillary tube model, SSA in m2 g�1 can be
expressed as [48],

SSA ¼ 4ε

ρs 1� εð Þ
1

Dp
ð3Þ

where ρs is the mass density of the dry solid. For a given solid
content ε, SSA is determined only by pore size and, since pore
size is substantially determined by the extent of supercooling, we
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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 m2 g�1 for samples nucleated at approx. �3 �C and
5.54 m2 g�1 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
¼ �k Cw � C0

� �

Cw t ¼ 0ð Þ ¼ Cwo

8<
: ð4Þ

where Cwo is the residual moisture of the lyophilized product at the
end of primary drying, C0 is the equilibrium water content as
determined from the moisture sorption isotherm, and k 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.

5.3 Vial-to-Vial

Heterogeneity

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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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 VISF.
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 VISF. 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

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
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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].

5.4 Activity

and Stability

of Lyophilized Proteins

Freezing, and more specifically controlled nucleation, acts on vari-
ous factors that affect the stability of protein-based drugs. Themain
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, e.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�1 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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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.

5.5 Scalability

to Manufacturing Units

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 m2, and is currently being tested in
large-scale equipment, with a shelf area of 20 m2. 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 m2, and an industrial one, with a shelf area of
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42 m2 [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 m2,
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�1, 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 m2, and more recently in a large-scale unit, with a shelf area of
28 m2 [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 m2,
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

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, VISF, 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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Chapter 5

Tunable Diode Laser Absorption Spectroscopy
in Lyophilization

William J. Kessler and Emily Gong

Abstract

Chapter 5 provides a description of a tunable diode laser absorption spectroscopy-based sensor that
provides real-time, non-contact measurements of the gas temperature, water vapor concentration, and
gas flow velocity in the duct connecting the lyophilizer product chamber and condenser. These measure-
ments are used to calculate the water vapor mass flow rate throughout the primary and secondary drying
phases of freeze-drying. The instantaneous mass flow values are integrated to provide a continuous
determination of the total amount of water removed during the lyophilization process. Permanent sensor
calibration is performed using an interferometric technique leveraging the wave characteristics of light. The
sensor calibration is verified using ice slab sublimation tests with direct comparisons of the integrated
measurements to gravimetric determinations of total water removed. Direct use of the measured values and
the calculated mass flow rate combined with a heat and mass transfer model of vial based freeze-drying have
been used to demonstrate numerous applications that will be described in this chapter.

Key words Tunable diode laser absorption spectroscopy, Water vapor mass flow, Freeze drying,
Lyophilization, Heat and mass transfer model, Quality by design process development

1 Introduction

Many biopharmaceuticals are labile in solution and must be stabi-
lized for storage, distribution, and patient use. Lyophilization or
freeze drying is a frequently used method employing low tempera-
ture processing and dehydration to achieve stabilization [1, 2].
While there is some interest in alternative drying systems within
the pharmaceutical industry, the level of interest is limited. It is
important to recognize that despite some of these methods being
promoted for many decades, freeze drying remains the drying
method of choice for parenterals. Freeze drying produces stable
drug products that can be stored and reconstituted at the time of
patient use.

Over the past few decades, lyophilization has been transformed
from an art into a science-based process with researchers

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_5,
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developing process monitoring strategies and freeze-drying mathe-
matical models to aid in the development of optimized freeze-
drying cycles. The process monitoring tools enable both batch
average and vial-specific measurement techniques which, when
combined, can provide a nearly complete set of data that can be
used to predict and monitor drying behavior [3, 4]. Included
among those tools is Tunable Diode Laser Absorption Spectros-
copy (TDLAS) [5, 6] which was first applied to freeze drying in
2003. A TDLAS sensor can be used to provide real-time, non-in-
trusive monitoring of the water vapor mass flow exiting the lyophi-
lizer product chamber, and these continuous measurements can be
integrated to provide an indication of total water removed
throughout the drying process [7]. Most importantly, the measure-
ment of water vapor mass flow, dm/dt, can be used as an input to
heat and mass flow models of freeze drying [8] to enable prediction
of key process parameters, including the product temperature dur-
ing lyophilization, which has a direct impact on product quality
[9]. This has led to numerous application demonstrations by both
academic and industrial researchers [10–16]. In this chapter, we
describe the physics behind the TDLAS-based measurements, the
linkage of the measurements to the heat and mass transfer model of
lyophilization in vials, and the application of this dual technology
approach to process monitoring and cycle development. In addi-
tion, an example of a new application of the TDLAS measurement
technology is provided which enables development of a freeze-
drying process recipe in a single experiment for any product formu-
lation and can be applied to all scale freeze dryers.

2 TDLAS Measurement Principles

A batch average tunable diode laser absorption spectroscopy
(TDLAS) sensor measures the water vapor concentration and
flow velocity in the flow duct connecting the freeze dryer chamber
and condenser (Fig. 1) to enable the determination of water vapor
mass flow rates. TDLAS sensors use Beer’s Law, well-known spec-
troscopic principles, and sensitive detection techniques to continu-
ously measure trace concentrations of selected gases. For water
vapor detection, the laser wavelength is often tuned to a well-
separated absorption lineshape at 1392.5 nm [17]. The Gaussian
lineshape from the low pressure measurement environment is ana-
lyzed to provide a determination of the gas temperature (from the
lineshape full width at half maximum, FWHM) which is used to
calculate the absorption linestrength. The linestrength and the
integrated area under the absorption lineshape are used to deter-
mine the water vapor number density or concentration
(molecules cm�3).
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The determination of mass flow also requires the measurement
of the gas flow velocity in addition to water vapor density in the
measurement volume [18]. The velocity measurement concept is
based upon Doppler-shifted absorption measurements as schema-
tically shown in Fig. 1. The velocity is determined from the
Doppler-shifted absorption spectrum of water vapor resulting
from the laser propagation vector directed at a known angle, θ, to
the gas flow velocity vector, u. The absorption spectrum is shifted
in wavelength or frequency with respect to the absorption wave-
length of a static gas sample by an amount related to the velocity of
the gas, u, and the angle between u and the probe laser beam
propagation vector. Using two line-of-sight measurements across
the spool connecting the freeze dryer chamber and condenser, the
frequency shift of one measurement path is compared to the second
path within the spool and described by Eq. (1):

u ¼ c � Δv
vo � cos θ1 � cos θ2ð Þ ð1Þ

Fig. 1 Illustration and hardware implementation of the velocity measurement concept in the freeze dryer spool,
resulting Doppler shifted absorption spectrum
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where u is the velocity (cm s�1), c is the speed of light
(3 � 1010 cm s�1), Δν is the peak absorption shift from its zero
velocity frequency (or wavelength) in cm�1, νo is the absorption
peak frequency, 7181 cm�1 at zero flow velocity, and θ1 and θ2 are
the angles formed between the two laser propagation vectors across
the flow and the gas flow vector. The instantaneous mass flow (dm/
dt, g s�1) is determined using Eq. (2) where dm/dt is calculated
from the product of the measured number density (N, g cm�3), the
gas flow velocity (u, cm s�1), and the cross-sectional area of the flow
duct (A, cm2):

dm=dt g=sð Þ ¼ N � u �A ð2Þ
Line-of-sight absorption measurements across the lyophilizer

duct are influenced by the developing fluid flow within the pipe.
While the pressure is expected to be relatively uniform across the
measurement path, the gas temperature and flow velocity profiles
may not be uniform depending upon the duct geometry and the
flow parameters. The developing flow profile may have a significant
effect on the measured temperature and velocity determinations.
The sensor obtains a Doppler velocity pertaining to the line of sight
measurement path. This velocity may be thought of as a radial
segment average velocity along the measurement path, while the
desired mass flow involves an integral over the duct cross section.
To precisely determine the mass flow requires an estimate of the
velocity profile to relate the Doppler velocity to the mass flow.

The gas flowmay be approximated as a laminar entrance flow in
a straight circular pipe within the lyophilizer. The top hat entrance
velocity profile evolves into a parabolic profile in the fully developed
limit. A uniform velocity core persists at intermediate stations,
although the core flow is accelerated above the average velocity.
The absorption line shape at any radial position in the flow is a
function of both the temperature and velocity at each radial posi-
tion described by the developing profile. These latter quantities will
have changing values across the flow (with the exception of plug
flow), and thus the observed absorption lineshapes are essentially
averages over these velocity and temperature profiles. Therefore,
for all flows more developed than plug flow, the measured velocity
is always larger than the average velocity with the difference increas-
ing as the temperature deficit between centerline and outer radial
positions becomes larger. This is because the velocities near the
center line of the flow tend to be higher than the average velocity
and the number densities are also higher than the average (due to
the lower temperature). Thus, these values are weighted more
toward values nearer the wall. As the flow distribution becomes
more parabolic (toward fully developed flow) this effect becomes
more pronounced, thus a larger correction is required to determine
the line-of-sight average flow velocity.
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As described above, the measured temperature is determined
from the measured water absorption linewidth. The predicted
behavior of the temperature ratio (compared to the average) is
more complex than that of the velocity ratio because the measured
temperature is affected by two competing phenomena. First, the
density is highest on the center line where the temperature is
lowest, thus the absorption at center radial positions is weighted
more than that near the wall. This makes the measured temperature
appear cooler than the line-of-sight average temperature. Alterna-
tively, the effect of the velocity distribution is to make the absorp-
tion line shape appear broader, due to the variation in the frequency
position of the peak line shifts. This latter effect makes the
measured temperature appear warmer than the average
temperature.

Following the calculation of the average line-of-sight gas tem-
perature, water vapor number density, and velocity, the water vapor
mass flow rate may be calculated using Eq. (2). The resulting mass
flow rate does not account for developing velocity flow profile. The
line-of-sight average mass flow rate “over-weights” the centerline
radial positions, which subtend smaller cross-sectional areas of the
duct as compared to outer radial positions. To correct the calcu-
lated mass flow rate, a mass scaling factor is continuously deter-
mined and used to provide the average mass flow rate.

The total amount of water removed (grams) is determined by
integrating the instantaneous mass flow rate measurements. The
dual line of sight configuration using a 10-cm diameter duct pro-
vides water density and velocity measurement sensitivity of better
than ~5 � 1013 molecules cm�3 and ~1 m s�1, respectively, and a
mass flow sensitivity of better than 10 μg s�1. Measurements of the
water sublimation rate, dm/dt (g/s), may be combined with a
steady state model of freeze drying [19, 20] to determine a number
of key process parameters including the vial heat transfer coeffi-
cient, Kv, product resistance to drying, Rp, product temperature,
Tb (at the vial bottom), and To (sublimation interface).

2.1 System

Requirements

There are a number of lyophilizer system requirements needed for
the application of the batch average TDLAS measurement system.
The primary requirements include:

l Spool piece connecting the product chamber and condenser of
adequate length to enable 45� and 135� optical measurements
with respect to the gas flow vector

l Spool outfitted with four optical ports enabling two line-of-
sight measurements

l Spool entrance and interior clear of any objects that would create
a perturbation in the gas flow
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l Isolation valve located downstream of the optical measurement
locations

l Nominal spool length of approximately 1.4� (spool diameter in
inches) + 7 (inches)

2.2 System

Calibration

and Verification

of Measurement

Accuracy

A calibration factor (quantifying the laser tuning rate) is used for
the determination of the gas temperature, water density, and the
gas flow velocity. The tunable diode laser wavelength or frequency
scan rate (nm/data point, MHz/point or cm�1/point) is deter-
mined by launching the fiber coupled diode laser output into a
Fabry-Perot Interferometer (FPI). An FPI is an optical cavity
formed by two highly reflecting mirrors aligned to oscillate optical
radiation between the two mirrors. The FPI may be formed by
either flat or concave mirrors. The measurement principle and an
experimental schematic of the calibration technique are illustrated
in Fig. 2.

The laser light is transmitted through the mirrored cavity only
when cavity conditions and the laser wavelength or frequency result
in constructive interference of the oscillating light waves within the
FPI cavity. The transmission maxima for a cavity constructed of flat
mirrors occur separated in frequency by Δ�v (Free Spectral Range,
FSR) described by Eq. (3).

1

2nL
¼ Δ�v cm�1

� � ð3Þ

where n is the index of refraction of the medium between the two
cavity mirrors (n ¼ 1 for air) and L is the separation between the
mirrors M1 and M2. Figure 3 shows both a water vapor absorption
lineshape and a Fabry-Perot Interferometer (FPI) fringe spectrum
for a typical diode laser used in the TDLAS sensor.

The diode laser scan rate is dependent upon the laser operating
conditions and the sensor is calibrated under each of the anticipated
operating conditions. The peak locations in the upper left plot of
Fig. 3 are determined and a plot of relative frequency
(or wavelength) scanned is plotted in the lower left plot as a
function of diode laser injection current (mA). The frequency

From
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L
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Fig. 2 Schematic diagram of the experimental setup used to calibrate the tunable
diode laser frequency scan rate (cm�1/mA)
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between each of the peaks shown in Fig. 3 is equal to the Free
Spectral Range (FSR) of the interferometer. In this case, the FPI
used to calibrate the sensor laser has an FSR of 150 MHz. The
diode laser current ramp is first scanned using a linear current ramp
to determine its nonlinear tuning characteristics. The ramp is then
scanned using a nonlinear injection current to achieve a linear
frequency tuning rate shown in the lower right plot. A typical
laser tuning rate is ~1 MHz/data point.

Assessment of the sensor measurement accuracy is performed
using ice slab sublimation tests. “Bottomless trays” are formed by
attaching thin black plastic (~0.003 cm thickness) to the stainless
steel vial tray frames (using paper clips) typically used to arrange
vials on the freeze dryer shelves [7]. Known weights of water are
added to the bottomless trays, frozen by cooling the freeze dryer
shelf temperature and sublimed under typical lyophilization
operating conditions. Typically up to 30% of the ice is sublimed
under steady state conditions. Subliming additional ice often results

Fig. 3 TDLAS software Laser Calibration GUI screen used to capture and analyze laser wavelength scan
calibration data. The upper graph displays a water vapor absorption spectrum and a Fabry-Perot interferome-
ter fringe spectrum for the diode laser used to determine the diode laser wavelength scan rate as a function of
injection current. The F-P air gap interferometer mirror separation provides a 150 MHz spacing between
transmission maxima
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in the ice losing good thermal contact with the shelf surface.
Following sublimation, the ice remaining is melted by warming
the shelves, the water is removed and weighed to enable a gravi-
metric determination of the total weight of water removed. The ice
slab sublimation tests provide a direct comparison between the
integrated TDLAS water mass flow rate (dm/dt) and the gravimet-
rically determined amount of water removed. One experiment
provides one comparison between the two measurement techni-
ques. The tests do not provide direct comparison with the three
measurements made by the TDLAS sensor, the average water
vapor temperature, water concentration, and gas flow velocity
along the optical line-of-sight through the lyophilizer duct, but
do provide a standard method to evaluate the sensor mass flow rate
measurement accuracy. Tests by Gieseler et al. [5] and Schneid
et al. [9] reported a measurement error �7% with typical values
�5%.

3 TDLAS Sensor Measurement Sensitivity

The TDLAS sensor technology provides highly sensitive measure-
ments of the water vapor concentration (molecules cm�3) and gas
flow velocity (cm s�1) that are used to calculate the water vapor
mass flow rate. Two examples of this sensitivity were demonstrated
by subliming ice from six 20mL vials placed on the middle shelf of a
Lyostar 3 freeze dryer (SP Scientific, Stone Ridge, NY, USA)
during one experiment and one 20 mL vial placed on the middle
shelf in a second experiment. During the six vial experiment 10 mL
of deionized (DI) water was filled into each vial. At atmospheric
pressure the freeze dryer shelf temperature was lowered to �40 �C
to freeze the water and sublimation was carried out at a �25 �C
shelf temperature and a chamber pressure of 100 mTorr. A plot of
the water vapor mass flow rate and the integrated amount of water
removed as a function of process time are shown in Fig. 4. At the
start of the experiment during vacuum pump down of the chamber,
when the chamber pressure approaches the 100mTorr setpoint and
when heat is initially applied to raise the shelf temperature above
�40 �C, the frost that formed on the cold shelf heat transfer lines
and the shelves begins to flash off. This “flash off” is observed as the
spike in the mass flow rate data near process time of <1 h. The
integrated water mass flow rate curve shows that the weight of
water removed during flash off was ~0.7 g. The source of the
water which formed the frost was a combination of water vapor
present in the chamber just before vial loading and water vapor
from the vials which increases the chamber relative humidity and is
dependent upon the vial liquid water temperature and the amount
of time before the water in the vials freezes. When only a few vials
are dried it is likely that most of the flash off originated from the air
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present in the freeze drying chamber before the filled vials were
added, warranting the assumption that none of the flash off was
from the vials. Figure 4 shows the average mass flow rate during the
experiment to be ~6 � 10�4 g s�1. The insert plot of the water
vapor concentration and gas flow velocity as a function of process
time shows an average flow velocity of ~1.5 m s�1. The total
amount of water removed (subtracting the flash off) as measured
by the TDLAS sensor was 30.94 g. The total amount of water
removed measured gravimetrically was 32.72 g. The ratio of
TDLAS/Gravimetric measurements was 0.946, or a 5.4% under
prediction of total water removed measured by the TDLAS sensor.

A similar experiment was performed using a single vial filled
with 10 mL of DI water. During this experiment the ice sublima-
tion occurred at shelf temperatures of�20 �C and +70 �C. Figure 5
shows the TDLAS sensor data (similar to Fig. 4) with the average
water vapor mass flow rate of ~1.1 � 10�4 (�20 �C shelf tempera-
ture) and ~7.5� 10�4 g s�1 (+70 �C shelf temperature). At process
times longer than 2.5 h the mass flow rate drops due to more than
~30% of the ice being removed. The ice recedes away from the vial
inner surfaces, lowering the heat transfer for sublimation. The
average gas flow velocities were ~0.7 m s�1 and ~1.7 m s�1 respec-
tively. The TDLAS measured total amount of water removed (sub-
tracting the ~1 g of flash off) was 5.79 g while the gravimetric
measurement was 5.74 g, resulting in a TDLAS/Gravimetric ratio
of 1.009. This corresponds to a TDLAS over prediction of total
water removed of 0.9%. Thus, both experiments demonstrate the

Fig. 4 TDLAS sensor data recorded during a six 20 mL vial DI water sublimation experiment demonstrating the
sensor measurement sensitivity. The TDLAS measurement accuracy error in determining the total amount of
water removed was ~5.4% compared to the gravimetric determination of total water removed
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high measurement sensitivity of the TDLAS measurement tech-
nique and the excellent measurement accuracy, even at low mass
flow rates resulting from small ice surface areas undergoing
sublimation.

4 TDLAS Measurement Applications

There have been numerous demonstrations of application of the
batch average TDLAS water vapor mass flow rate sensor for devel-
oping, monitoring, and controlling pharmaceutical freeze drying
processes. These include determination of: (1) primary and second-
ary drying endpoints [4, 16]; (2) vial heat transfer coefficients, Kv

[9, 10, 21]; (3) product temperature at the vial bottom, Tb [9];
(4) product temperature at the sublimation interface, To; and
(5) product resistance to drying, Rp [13]. The most advanced use
of the sensor has been in the development of primary drying
process knowledge and design spaces. The combination of the
sensor data, a heat and mass transfer model of vial-based freeze
drying, and a procedure for developing freeze-drying processes
enables process engineers to create a complete understanding of
the pharmaceutical lyophilization process. This includes how the
product and freeze dryer will respond to process deviations. This
information enables rapid, knowledge-based disposition of highly
valuable product following any process deviations. In the remainder
of this chapter some of these sensor applications will be described.
The reader is encouraged to refer to the peer-reviewed references
describing the detailed application of the TDLAS sensor.

Fig. 5 TDLAS sensor data recorded during a one 20 mL vial DI water sublimation experiment demonstrating
the sensor measurement sensitivity. The TDLAS measurement accuracy error in determining the total amount
of water removed was ~0.9% compared to the gravimetric determination of total water removed
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4.1 Determination

of Primary

and Secondary Drying

Endpoints

Precise determination of the end of the primary drying phase is
important both during the design of the processes as well as for
monitoring and controlling of commercial manufacturing. Lyoph-
ilization cycles are currently operated using a fixed process design,
including fixed time for both the primary and secondary phases of
drying. Advancement to secondary drying with the rise in the
lyophilizer shelf temperature without the completion of ice subli-
mation jeopardizes the quality attributes of the product. The
TDLAS sensor has been used to monitor drying of numerous
“product” drying cycles including mannitol, lactose, trehalose,
sucrose, dextran, glycine, PVP and BSA formulations [5, 9]. Mea-
surements and monitoring of the water concentration and mass
flow during the primary drying phase using TDLAS enable the
determination of the endpoint of primary drying. As the sublima-
tion of ice nears completion, the composition of the gas in the
product chamber changes from nearly all water vapor to nearly all
nitrogen, and a sharp drop in the TDLAS water concentration
curve can be observed. The inflection point of the curve, or when
it plateaus, can be used as an indicator of the endpoint of primary
drying. Low level, plateaued measurements of the mass flow rate
may also be used to indicate the end of primary drying. Figures 4
and 5 demonstrate the capability of the sensor to detect water mass
flow even when a very small number of vials are still undergoing
sublimation.

The determination of primary and secondary drying endpoints
is illustrated in Fig. 6. During this experiment, one shelf of
112 20 mL vials was filled with 3 mL of 5% sucrose formulation
undergoing drying. The cycle was driven by the Manometric

Fig. 6 TDLAS sensor data recorded during drying of (112) 20 mL vials containing 3 mL of 5% sucrose
formulation in a Lyostar 3 freeze dryer. Primary and secondary drying endpoints are clearly indicated by the
water vapor concentration, water mass flow rate, and the integrated amount of water removed
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Temperature Measurement (MTM) based SMART™ Freeze Dryer
technology, controlling the process parameters and changing the
shelf temperature set points at a constant chamber pressure of
57 mTorr. The spikes in the TDLAS data correspond to isolation
valve closure events and increase in the chamber pressure during
~25 s time periods used to determine the MTM product tempera-
ture and to control the shelf temperature set points. During pri-
mary drying, the water vapor concentration remains constant while
the velocity—and thus the mass flow rate shown in Fig. 6—varies
with shelf temperature before plateauing and dropping due to
increased product resistance to drying and edge vials completing
primary drying (prior to center vials) reducing the ice surface area
undergoing drying. At the end of primary drying, both the water
vapor concentration and the water vapor mass flow rate have
dropped to substantially lower values. During secondary drying,
the shelf temperature is raised (to +40 �C) and the unfrozen water
within the frozen product matrix is driven off. During this time, the
water concentration rises with a small increase in the water mass
flow rate. The insert graph shows the integrated amount of water
removed on both y-axes with different scales. The expanded scale
curve of the integrated total amount of water removed clearly
shows the primary and secondary drying endpoints and the capa-
bility of using the TDLAS sensor for monitoring the progression of
the lyophilization process. The endpoint determinations made
using the TDLAS sensor have been found to be comparable to
determinations made from comparative pressure measurements,
mass spectrometry, or cold plasma devices [4, 16, 20, 22].

4.2 Determination

of Lyophilizer

Equipment Capability

Limits

Pharmaceutical companies are highly motivated by economic and
regulatory forces to develop robust product formulations and
lyophilization processes that maximize product throughput consis-
tent with maintaining product quality. One aspect of maximizing
throughput is the development of efficient drying processes that are
consistent with the mass flow rate limitations of both the laboratory
scale process development dryer and the manufacturing scale dryer
that will be used to produce the drug product [23]. The develop-
ment of a process that can be transferred between lyophilizers
requires knowledge of the maximum supported rate of mass trans-
fer between the lyophilizer product chamber and the condenser and
the relationship between the ice sublimation rate (g s�1) and the
dryer shelf temperature, chamber pressure, and product tempera-
ture [11, 23, 24].

The development of a sublimation rate curve versus the prod-
uct chamber pressure is needed to define the lyophilizer operational
limitations. Traditionally, this information was gathered through a
series of ice slab sublimation tests with each steady state test
providing a single data point at a single shelf temperature and
pressure. The gravimetric determination of total water removed
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provided the average sublimation rate during one steady state
experiment. Thus, a complete maximum mass flow rate versus
pressure curve would require numerous experiments and a large
investment of time and labor resources.

The TDLAS sensor technology enables the efficient develop-
ment of the required data set and the determination of choked flow
conditions [11, 24]. A simple method of performing the TDLAS-
based experiment is to form 2 cm thick ice slabs on all of the freeze
dryer shelves, covering the entire surface area of the shelves. The
chamber pressure set point is defined at a very low, unachievable
level (e.g., 20 mTorr) even when the ice slabs are maintained at
�40 �C. The shelf temperature is then ramped to a starting set
point (e.g., �25 �C) and the pressure set point is kept the same.
The freeze dryer pressure equilibrates to the lowest achievable value
defined by the mass flow rate and the equipment capability. The
shelf temperature is maintained at the first set point value until the
product temperature equilibrates resulting in a nearly steady state
water vapor mass flow rate measured by the TDLAS sensor. The
process of raising the shelf temperature set point is then repeated
with the chamber pressure and mass flow rate settling to new
equilibrium values. Each of these new equilibrium points defines a
maximum equipment mass flow rate supported at the equilibrium
pressure. The experiment can be continued as long as <30% of the
ice has been removed (to maintain good thermal contact between
the ice and freeze dryer shelves) and until the maximum equipment
capability over the entire pressure range of interest has been
defined. Example data showing the freeze dryer pressure and
TDLAS measured water vapor mass flow rate data as a function of
process time is shown in Fig. 7. Figure 8 shows a plot of the

Fig. 7 Water vapor mass flow rate and lyophilizer product chamber pressure
measurements recorded during an equipment capability measurement ice slab
sublimation experiment. Each pair of equilibrium mass flow rate and pressure
measurements defines points on the maximum mass flow rate equipment
capability limit curve
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equilibrium mass flow rate values as a function of the lyophilizer
equilibrium pressures, defining the equipment capability limit.
Using the TDLAS sensor and this experimental procedure enables
the lyophilizer maximum supported water mass flow rate to be
defined in a single day rather than weeks, dramatically saving time
and money.

4.3 Determination

of Vial Heat Transfer

Coefficients, Product

Temperature,

and Product

Resistance

Heat and Mass Transfer Model of Freeze Drying: Heat transfer
during vial-based lyophilization can be described in terms of ther-
mal barriers and temperature gradients [19]. Heat is supplied to the
frozen product from the drying chamber shelves through the bot-
tom of the glass vials to compensate for the heat removed by
sublimation. The mechanisms for heat transfer from the shelf to
the bottom of the vial include direct physical contact, gas conduc-
tion, and radiation. Radiative heat input can also be supplied to
edge and near edge vials from the metal band surrounding the vial
array and/or the relatively warm lyophilizer walls and door. Heat
flow from the shelves to the product is described by Eq. (4).

dQ

dt
¼ Av �K v T s � T bð Þ ð4Þ

where dQ/dt is the heat flow (cal s�1 or J s�1) to the product; Av is
the cross sectional area of the vial calculated from the vial outer
diameter; Kv is the vial heat transfer coefficient (for a specific vial
type at a specific pressure and a specific vial configuration); Ts is the
temperature of the shelf surface; and Tb is the temperature of the
frozen product at the bottom center of the vial. Kv is nearly inde-
pendent of shelf temperature [19].

In steady state, the heat flow (dQ/dt) can be related to mass
flow (dm/dt) by using the heat of ice sublimation, ΔHs (Eq. 5):

dQ

dt
¼ ΔH s

dm

dt
ð5Þ

Fig. 8 Maximum supported mass flow rate equipment capability limit curve for a
SP Scientific Lyostar 3 freeze dryer defined by the data shown in Fig. 7
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where ΔHs is 660 cal g�1. Equations (4) and (5) can be combined
and rearranged to provide the product temperature at the bottom
of the vial, Tb (Eq. 6) or the vial heat transfer coefficient,Kv (Eq. 7).

T b ¼ T s � ΔH s � dm=
dt

Av �K v
ð6Þ

Kv can be determined using a DI water experiment during
which dm/dt is measured using the TDLAS sensor and the average
temperature difference (Ts� Tb), can be determined using thermo-
couples in selected vials (bottom center) as well as adhesive thermo-
couples on the shelf surface [10, 19, 25].

K v ¼ ΔH s � dm=
dtð Þ

Av � T s � T bð Þ ð7Þ

In the laboratory, the temperature bias between vials contain-
ing thermocouples and vials not containing thermocouples is usu-
ally very small due to particulate contamination in the product fluid
used to fill the vials. This would not be the case in an aseptic, low
particle manufacturing environment. The vial cross-sectional area,
Av, is easily determined by measurement or from the vial engineer-
ing data. Prior to the introduction of the TDLAS measurement
sensor for monitoring lyophilization, the mass flow rate was deter-
mined gravimetrically from the known initial mass of water and the
remaining mass of water after a predefined time interval of sublima-
tion [19]. This required that a steady state pressure experiment was
performed at each pressure of interest, resulting in many days of
experiments. Using the TDLAS sensor, all of the pressure-
dependent data can be collected within a single experiment. During
product drying operations, knowledge of Kv can be combined with
dm/dt to provide real-time determinations of batch average product
temperature without the use of thermocouples inserted into vials.

Additional analysis allows the determination of the product
temperature at the sublimation interface, To, for product runs by
using Eq. (8) where Lice is the ice thickness,Ap is the cross-sectional
area of the product, and KI is the thermal conductivity of ice. A
thermal conductivity of ice of 20.52 (cal h�1 cm�2 K�1) can be
used [19].

T o ¼ T b �
dQ=

dt � L ice

Ap �K I
ð8Þ

Lice may be instantaneously calculated from the integrated
TDLAS mass removed and the initial mass of water using Eq. (9)
[19]:

L ice ¼ mo �m tð Þ
ρice �Ap � ε

ð9Þ
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where mo is the initial mass of water, m(t) is the mass of water
removed at time t, ρice is the density of ice, and ε is the volume
fraction of ice.

Product resistance to drying offered by the dry porous solid
and the stopper, Rps, may be calculated using Eq. (10):

Rps ¼ Ap P ice � Pcð Þ
dm=

dtvial

ð10Þ

where Ap is the area of the product undergoing drying, Pice is the
vapor pressure of water over the ice at temperature To, Pc is the
drying chamber vapor pressure, and dm/dtvial is the sublimation
rate per vial. Pice (in Torr) is calculated using Eq. (11).

P ice ¼ e
�6144:96

To
þ24:01849ð Þ ð11Þ

Determination of vial heat transfer coefficients: Figure 9 shows
water vapor mass flow rate and pressure data collected during a
TDLAS-based vial heat transfer, Kv, experiment. One hundred
twelve 20 mL vials were filled with 10 mL of DI water. Thermo-
couples were positioned into selected edge and center vials. The DI
water was frozen to �40 �C and the chamber pressure was initially
reduced to 65 mTorr. The shelf temperature was then raised to
�25 �C and held constant at this value throughout the experiment.
The pressure was held at the set point value until the product
temperature and mass flow rate readings came to equilibrium.
The pressure set point was then raised and the system was allowed
to equilibrate. This procedure is repeated for each pressure of
interest as long as <30% of the ice was sublimed. Using Eq. (8),
the product temperature and the TDLAS mass flow rate measure-
ments, the pressure dependent vial heat transfer coefficients were

Fig. 9 Mass flow, pressure, and product temperature readings as a function of process time recorded during a
DI water sublimation experiment used to determine the vial heat transfer coefficient
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calculated and plotted in Fig. 10. Numerous reports of the use of
this technique can be found in the peer-reviewed technical litera-
ture [9, 10, 21] including comparisons showing good agreement
between batch average TDLAS and gravimetric-based Kv determi-
nations. As with the determination of the equipment capability
limit curve, using the TDLAS sensor and this experimental proce-
dure enables the determination of the batch average vial heat
transfer coefficients as a function of pressure in a single day rather
than weeks, dramatically saving time and money.

Determination of product temperature: Once the vial heat transfer
coefficient is determined, batch average product temperatures can
be calculated from TDLAS mass flow rates by using Eq. (6). Addi-
tional inputs include thermocouple-based shelf temperature mea-
surements, the vial cross-sectional area, and the heat of sublimation
of water. Schneid et al. have reported extensively on the validity of
TDLAS determined product temperatures in a variety of formula-
tions including 10% glycine, 7.5% mannitol, and 5% sucrose
[9]. For all formulations, TDLAS determined product tempera-
tures were within 1–2 �C of thermocouple measured product tem-
peratures of center vials [26].

Figure 11 shows TDLAS and thermocouple probe product tem-
perature data for a 5% sucrose + 5% BSA formulation. In this experi-
ment, 112 20 mL vials were filled with 3 mL of the product solution
andwere dried in a LyoStar 3 freeze dryer (SP Scientific, StoneRidge,
NY, USA). Thermocouple probes were placed in the bottom center
of select vials for comparison to the TDLAS-determined product
temperatures. Product temperatures measured by thermocouples
show that center vial temperatures run cooler than edge vial tem-
peratures due to radiation from the warm dryer walls and door
heating the edge vials. Initially, TDLAS-determined batch average
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Fig. 10 Weighted batch average vial heat transfer coefficient as a function of
pressure calculated from the data shown in Fig. 9. Use of the TDLAS sensor
enabled the determination of these values within a single freeze drying
experiment
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product temperatures are biased to edge vial thermocouple measure-
ments. However, for the remainder of primary drying, the TDLAS
sensor determined batch average product temperatures closely match
the average product temperature between edge and center vials.

Determination of Product Resistance: Determining the product
resistance to drying (Rp) is important to inform product formula-
tion, process development, and scale-up to production-scale
manufacturing. It is desirable to select excipients and their concen-
trations in the formulation such that product resistance is mini-
mized to enable the development of an efficient drying process
(short cycle time). For process development, Rp values are a critical
input needed to develop process knowledge and design space (dis-
cussed below) to generate optimized freeze-drying cycles. For
process scale-up, product resistance varies between laboratory and
GMP manufacturing environments due to the low particle loading
in the manufacturing environment. Fewer particulates result in
increased supercooling during the freezing step. Increased super-
cooling results in smaller crystal/pore sizes and higher product
resistance to mass transfer through the drying cake.

TDLAS can be utilized to determine the product resistance
using Eq. (10) and the measured mass flow rate as described above.
Schneid et al. utilized TDLAS-determined Rp to study
the contribution to product resistance of common excipients
throughout primary drying. During this study, the TDLAS Rp

data were compared to MTM Rp data. They concluded that

T shelf inlet 
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TDLAS Tb

Wt Ave Tc
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TC Edge 1 
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Fig. 11 Product temperature temporal profile for 5% sucrose + 5% BSA during primary drying as determined
using thermocouples and TDLAS measurement techniques
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TDLAS-determined Rp is in good agreement with MTM data early
in primary drying. A TDLAS-determined Rp profile for three for-
mulations is shown in Fig. 12. The Rp data display a number of
important characteristics including (1) increasing values with
increasing dry layer thickness, (2) formulation dependent Rp values
with increasing resistance correlated with increasing solid content,
and (3) non-physical behavior when approximately 2/3 of the total
amount of water from the batch has been removed due to edge vials
drying faster than center vials, completing drying and leading to
decreasing total ice surface area undergoing sublimation. The ice
surface area is an input for calculating Rp, however the decreasing
surface area in the calculation remains constant, causing inaccurate
Rp calculations late in primary drying. Sharma et al. [26] showed that
a linear extrapolation of theRp curve from the data prior to the sharp
rise near the end of primary drying can be used to estimate the
number of vials that have completed primary drying and correct
the Rp curve.

5 Quality by Design Lyophilization Cycle Development

The development of knowledge and design spaces using the steady
state heat and mass transfer equations as described by Pikal [19, 20]
was first reported by Chang and Fisher [23]. The approach for
generating the process design space has been thoroughly discussed
in the literature [24, 27, 28]. Figure 13 shows a graph of the
sublimation rate as a function of chamber pressure (Pc) used to
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Fig. 12 Product resistance as a function of dry product layer thickness deter-
mined by TDLAS water vapor mass flow measurements for 5% sucrose, 25%
trehalose, and 10% sucrose + 10% BSA
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construct the knowledge and design space for the primary drying
stage of freeze drying. There are five steps that are carried out to
create the knowledge and design spaces:

1. Measure the product formulation collapse (Tc) or eutectic melt
temperature (Teu).

2. Establish the relationship between process variables the user
can control (Ts and Pc) and the key parameter not controlled,
product temperature at the sublimation interface, To.

(a) Experiment: Measure the vial heat transfer coefficient, Kv,
as a function of Pc

(b) Experiment: Measure the product resistance to drying,Rp

3. Calculate the design space including the sublimation
rate vs. chamber pressure for shelf temperature isotherms and
for product temperature isotherms using steady state heat and
mass transfer theory.

4. Experiment: Determine the lyophilizer equipment capability
limit [11].

5. Graph the process knowledge space and define the process
design space (Fig. 13).

The design space is further bound by product temperature
constraints (<collapse temperature any other temperature related
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Fig. 13 Example lyophilization process knowledge and design spaces calculated
using batch average TDLAS water vapor mass flow rate measurements and a
heat and mass transfer model of freeze drying
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behavior associated with poor stability or other poor product
performance).

Step 1 is accomplished by performing Differential Scanning
Calorimetry (DSC) and freeze drying microscopy measurements
to determine the glass transition temperature of the maximally
concentrated solute, Tg

0, and the collapse or eutectic melt temper-
ature. This is discussed in detail in Chap. 1 of this volume. Step 2 is
completed by using the TDLAS sensor (or gravimetric measure-
ments) to determine the vial heat transfer coefficient, Kv, as a
function of the process chamber pressure and the product resis-
tance to drying, Rp. Rp can be continuously determined using the
TDLAS dm/dt measurements during a conservative product dry-
ing experiment until approximately 2/3 of the way through pri-
mary drying when some of the edge vials complete drying and the
total ice surface undergoing drying is no longer known. This results
in the Rp curve rapidly and non-physically rising. The Rp value just
prior to this rapid increase should be used for subsequent calcula-
tions in Step 3. In Step 3 arbitrary values of Ts and Pc are chosen and
used to iteratively calculate Tb using Eq. (12) [28]:

ΔH s �Ap 2:698� 1010 � exp �6144:96=T bð Þ � Pc

� �� �
=Rp

¼ K v �Av T s � T bð Þ
ð12Þ

The calculated values of Tb are used to calculate the pressure
dependent mass flow rate using Eq. (13):

dm=dt ¼ K vAv T s � T bð Þ ð13Þ
This process is repeated choosing new values of Pc at the same

Ts to create the data for one shelf temperature isotherm curve. The
calculations are then repeated to create a family of shelf temperature
isotherm curves. Also during Step 3 product temperature isotherm
curves are calculated using Eq. (14) [27]:

dm=dt ¼ Ap 2:698� 1010exp �6144:96=T bð Þ � P c

h i�
Rp ð14Þ

Arbitrary values of the product temperature, Tb, and the cham-
ber pressure, Pc, are used in combination with the product resis-
tance to drying,Rp, determined during Step 2 to calculate the mass
flow rate, dm/dt, as a function of pressure at a constant Tb value to
create one product temperature isotherm curve. This process is
then repeated for a different value of Tb to create a family of
product temperature isotherm curves of dm/dt as a function of
pressure. Step 4 is then carried out by performing a TDLAS moni-
tored ice slab sublimation experiment to determine the equipment
capability curve as described above.

In Step 5, the shelf temperature and product temperature iso-
therm curves are combined with the equipment capability curve to
create the graphical knowledge and design spaces shown in Fig. 13.
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The freeze drying process cannot be run in the pink shaded area
above the maximum mass flux line because the mass flow rates are
not supported by the lyophilizer. The design space shaded in green
must be below both the equipment capability limit and below the
target product temperature which is typically 3–5 �C below the
product formulation collapse or eutectic melt temperature. The
blue shaded area indicates an example process control space and
the red oval represents an example target set of operating conditions
within the control space. The target is a compromise between the
most efficient process possible and a set of conditions that provides
flexibility to handle potential process deviations while still maintain-
ing the product below the critical temperature. The development
and usage of the process knowledge, design and control spaces is
consistent with Quality by Design (QbD) principles and it enables
the rapid disposition of product following a process deviation,
because it allows the operators to accurately predict if the deviation
resulted in the product temperature exceeding the critical tempera-
ture during primary drying.

6 TDLAS-Based SMART™ Freeze Dryer

As outlined above, developing a fully characterized process knowl-
edge and design space is a robust method for process development.
This procedure generates optimum cycles and can be used to
determine the impacts of process deviations on product quality.
However, the complexity of this method may be prohibitive, espe-
cially for companies that have limited institutional knowledge of
lyophilization. SMART™ freeze drying technology was developed
to enable rapid process design that requires a lower level of effort.
The SMART™ software (SP Scientific, Stone Ridge, NY, USA)
automatically generates a freeze drying cycle based on user inputs
of product characteristics and vial dimensions combined with
in-process product temperature measurements and a pseudo-steady
state heat and mass transfer model of freeze drying in vials. Case
studies have shown a potential saving of $40k per cycle and a
reduction in development time by 78% using SMART™ freeze
drying technology to develop new freeze-drying cycles [29].

SMART™ Freeze Dryer Algorithm: To initiate a SMART™ Freeze
Dryer cycle, the user inputs parameters related to the product
thermal characteristics (collapse temperature), type (amorphous
or crystalline, protein or small molecule), and concentration. Addi-
tional inputs include vial dimensions. The software then uses the
SMART™ Freeze Dryer algorithm to automatically develop a pro-
cess including freezing and primary and secondary drying. Freezing
includes two separate recipes depending on whether the product is
amorphous or crystalline. The user can modify the freezing step
based on their product thermal characteristics and whether or not
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additional annealing steps must be included. During primary dry-
ing, the algorithm calculates and implements shelf temperature
changes required to maintain the product at a target temperature
as shown in Fig. 14. The end of primary drying is determined either
by manometric temperature measurements (MTM) or the differ-
ence between the Pirani gauge and the capacitance manometer. The
algorithm progresses the cycle to secondary drying once the end of
primary drying is detected.

During primary drying, the SMART™ freeze dryer algorithm
relies on process analytical technologies capable of determining the
product temperature during the freeze-drying cycle. The SMART™
algorithm was initially established around manometric temperature
measurements for determining the product temperature. The devel-
opment of the SMART™ Freeze Dryer utilizingMTM-based prod-
uct temperature measurements is described in detail by Tang et al.
[30]. MTM determines the product temperature by collecting and
analyzing the transient pressure response when the isolation valve
between the product chamber and condenser is quickly closed dur-
ing primary drying. Sublimation of water causes the pressure in the
chamber to rise, and this pressure rise is fitted to an equation to
determine the product temperature. A thorough discussion of the
application of the MTM-based SMART™ Freeze Dryer technology
has been reported by Gieseler et al. [31].

Determine Target Product Temperature
(To target) (function of Tc or Teu) 

Determine Chamber Pressure (Pc)
Set Point (function of To target)

Set Pc

Set Shelf Temperature (Ts) to Tc or Teu

Wait Until Steady State is Established

Determine Product Temperature

Calibrate Shelf  Temperature to Reach
To Target (Ts set)

Set Shelf Temperature to New Ts Set

Fig. 14 Simplified schematic of the SMART™ Freeze Dryer algorithm during
primary drying
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There are limitations to MTM measurements that render it
ineffective in certain circumstances. First, for MTMmeasurements,
the isolation valve between the product chamber and the condenser
must be rapidly closed (in less than 1 s). For large-scale freeze dryers,
such a rapid closing of the isolation valve is not feasible. Second,
MTM measurements are dependent on the freeze dryer perfor-
mance. The chamber leak rate must be sufficiently low (less than
30 mTorr h�1 for the SP Scientific LyoStar 3 freeze dryer) and
roughly constant throughout the pressure rise. Third, there must
be sufficient ice surface area to supportMTMmeasurements. Lastly,
MTM measurements have limited ability to accurately calculate
product temperatures for amorphous formulations with high solid
content or high fill depth. The dry product layer that forms during
the freeze-drying process increases over time and will reabsorb
water during a pressure rise test. This will lead to a decreased
pressure rise and an under-calculation of the product temperature.

TDLAS water vapor mass flowmeasurements are not subject to
the same limitations. TDLAS can be implemented on any scale of
freeze dryer where the spool connecting the product chamber and
the condenser has sufficient length for the optical components.
Leak rates do not impact TDLAS measurements, and as shown
above, TDLAS can accurately measure water sublimation from
even a single vial placed in a LyoStar 3. TDLAS measurements are
agnostic of product and are applicable to all formulations where
water is the solvent. For TDLAS-based SMART™ freeze-drying
cycles, TDLAS-determined product temperatures are used to cal-
culate the shelf temperatures required to keep the product at the
target product temperature. Communication between the freeze
dryer and TDLAS system enables the transfer of information nec-
essary to control the process.

Experimental Results: TDLAS-based SMART™ has been imple-
mented on both a lab-scale freeze dryer (LyoStar 3) and a pilot-
scale freeze dryer (LyoConstellation S20, SP Scientific, Stone
Ridge, NY, USA) for a variety of product formulations including
those where MTM product temperature measurements have been
shown to be inaccurate. Formulations of common excipients and
model proteins were chosen to test the TDLAS-based SMART™
algorithm with relevant compounds. The formulations tested were
5% sucrose, 25% trehalose, 10% sucrose + 10% bovine serum albu-
min (BSA). High solid content formulations were included because
they are challenging for the MTM-based SMART™ freeze dryer.
Table 1 summarizes the cycles developed for the formulations
tested in the lab-scale LyoStar 3. Maintaining the product temper-
ature below the collapse temperature is crucial for maintaining
product quality. Figure 15 shows product temperature data during
the first 2/3 of primary drying for 5% sucrose dried in a LyoStar
3 dryer. TDLAS-calculated product temperatures closely match
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product temperatures measured with thermocouple probes, and
the freeze-drying cycle maintained the product temperatures
below collapse during the first 2/3 of primary drying. After approx-
imately 2/3 of the total primary drying time when some edge vials
have completed drying, no shelf temperature changes are made.

Table 1
Primary drying conditions defined using the SMART™ Freeze Dryer in the lab-scale LyoStar 3 for 5%
sucrose in two vial types (I and II), 25% trehalose and 10% sucrose + 10% BSA

Product,
Number of vials,
Fill volume

Primary drying recipe

Step #1 Step #2 Step #3 Step #4

5% sucrose,
112 � 20 mL vials (I)
3 mL

Ts: �34 �C
t: 103 min
Pc: 57 mTorr

Ts: �27.4 �C
t: 286 min
Pc: 57 mTorr

Ts: �29.9 �C
t: 704 min
Pc: 57 mTorr

Ts: �32 �C
t: 1856 min
Pc: 57 mTorr

5% sucrose,
112 � 20 mL vials (II)
3 mL

Ts: �34 �C
t: 103 min
Pc: 57 mTorr

Ts: �25.1 �C
t: 290 min
Pc: 57 mTorr

Ts: �28.9 �C
t: 1937 min
Pc: 57 mTorr

–

25% trehalose
112 � 20 mL vials (I)
3 mL

Ts: �28 �C
t: 115 min
Pc: 74 mTorr

Ts: �21 �C
t: 646 min
Pc: 74 mTorr

Ts: �23 �C
t: 1048 min
Pc: 74 mTorr

–

10% sucrose + 10% BSA,
160 � 20 mL vials (II)
3 mL

Ts: �22 �C
t: 126 min
Pc: 97 mTorr

Ts: �10.4 �C
t: 418 min
Pc: 97 mTorr

Ts: �14.4 �C
t: 2104 min
Pc: 97 mTorr

–

T collapse 
Tb-ave edge (TC) 

Tp Target 
Tb-ave center (TC)

T shelf inlet 
Tb-wt ave (TC)

TDLAS Tb

T collapse
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Tb-TDLAS
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Fig. 15 SMART™ Freeze Dryer cycle of 5% Sucrose in the lab-scale LyoStar 3 dryer. First 2/3 of primary
drying

TDLAS in Lyophilization 137



Two formulations, 5% sucrose and 10% sucrose + 10% BSA,
were also tested in the pilot-scale LyoConstellation S20 freeze
dryer. Table 2 summarizes the cycles developed. Figure 16 shows
product temperature data during the first 2/3 of primary drying for
10% sucrose + 10% BSA dried in the LyoConstellation S20. Again,
TDLAS-calculated product temperatures closely match product
temperatures measured with thermocouple probes, and the
freeze-drying cycle maintained the product temperatures below
collapse during the first 2/3 of primary drying.

Additional tests were performed with solutions of polyvinyl-
pyrrolidone (PVP). PVP is not commonly used in lyophilized for-
mulations; however, it is a useful test case as it is a highly

Table 2
Primary drying conditions defined using the SMART™ Freeze Dryer in the pilot-scale LyOrion for 5%
sucrose and 10% sucrose + 10% BSA

Product (Cycle #),
Number of vials,
Fill volume

Primary drying recipe

Step #1 Step #2 Step #3 Step #4

5% sucrose,
382 � 20 mL vials (II)
3 mL

Ts: �34 �C
t: 103 min
Pc: 57 mTorr

Ts: �23.9 �C
t: 370 min
Pc: 57 mTorr

Ts: �28.1 �C
t: 1678 min
Pc: 57 mTorr

_

10% sucrose + 10% BSA,
480 � 20 mL vials (II)
5 mL

Ts: �22 �C
t: 127 min
Pc: 97 mTorr

Ts: �10.6 �C
t: 329 min
Pc: 97 mTorr

Ts: �14.2 �C
t: 340 min
Pc: 97 mTorr

Ts: �17.9 �C
t: 1799 min
Pc: 57 mTorr

T collapse 
Tb-ave edge (TC)  

Tp Target 
Tb-ave center (TC)

T shelf inlet  
Tb-wt ave (TC)

TDLAS Tb
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Fig. 16 SMART™ Freeze Dryer cycle of 10% sucrose + 10% BSA in the pilot-scale LyoConstellation S20.
First 2/3 of primary drying
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hygroscopic polymer that readily reabsorbs water in the dried prod-
uct layer. MTM-calculated product temperatures have been shown
to fail with PVP solutions very early in the cycle [31]. TDLAS-
based SMART™ was used to develop a cycle for a 10% PVP
solution with 112 20 mL vials with a 3 mL fill. As shown in
Fig. 17, TDLAS-calculated product temperatures closely match
product temperatures measured with thermocouple probes for
two consecutive cycles. The freeze-drying cycle developed by the
TDLAS-based SMART™ algorithm maintained the product tem-
peratures below collapse during the first 2/3 of primary drying.
Additionally, the SMART™ cycles were repeatable, with only
minor differences observed between the two cycles.

7 Summary

The development and application of a unique tunable diode laser
absorption spectroscopy (TDLAS) water vapor mass flow rate sen-
sor has been described. The TDLAS sensor installed in the duct
connecting the lyophilizer chamber and condenser enables
non-contact, continuous determinations of the ice sublimation
rate, possessing a mass flow measurement sensitivity better than
10 μg s�1. The sensor has been demonstrated on laboratory, pilot
and production scale freeze dryers. Sensor applications have
included the determination of the: (1) primary and secondary
freeze-drying endpoints, (2) maximum supported lyophilizer ice
sublimation rate, (3) vial heat transfer coefficients, (4) product

T collapse 
TDLAS Tb #1 

Tp Target 
TDLAS Tb #2

T shelf inlet #1 
Tb-wt ave (TC) #1
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Fig. 17 Two SMART™ Freeze Dryer cycles of 10% PVP in the lab-scale LyoStar 3. First 2/3 of primary drying

TDLAS in Lyophilization 139



temperature at the bottom center of the vial, (5) product tempera-
ture at the ice sublimation interface, and (6) product resistance to
drying. In addition, the TDLAS sensor can also be used in combi-
nation with a SMART™ freeze-drying algorithm to develop a
freeze-drying cycle in a single experiment. Finally, the TDLAS
sensor mass flow determinations can be combined with a heat and
mass transfer model of vial-based freeze drying and used to enable
the efficient development of Quality by Design based freeze-drying
knowledge and design spaces. This data is not only valuable for
process development, but also for efficient disposition of product
batches following process deviations. New measurement applica-
tions and automation of existing applications are continuing while
use of the sensor technology on larger pilot and manufacturing
scale freeze dryers is advancing. Continued application and wide-
spread adoption of the TDLAS sensor for process monitoring and
control will result in improved product quality and lead to
improved process efficiency and lower production costs for lyophi-
lized drug therapies.
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Chapter 6

Containment Options for the Freeze-Drying of Biological
Entities and Potent Materials

Chris Cherry

Abstract

This chapter examines the characteristics and use of containment systems to perform various applications of
freeze-drying. Specific consideration is given to containment system design, effects on mass and heat
transfer, containment of microorganisms, and recommendations for the future application of containment
options.
An assessment is made of previously characterized containment systems developed for freeze-drying

which include a reusable aluminum box and the disposable Gore Lyoguard. Common design features of
both were determined and a suitable, cost-effective, off the shelf alternative identified in the form of
sterilization pouches. Further consideration is given to previous studies that have characterized and
compared the effects on mass and heat transfer that barriers cause by increasing resistance to water vapor
movement. In addition, the subsequent increases to heat transfer brought about by resistance to mass
transfer are also further considered.

Key words Containment, Lyophilization, Sterile processing, Contamination, Culture, Disposables

1 Introduction

In general, freeze-dried biological products can be placed into one
of four groups. The first comprises aqueous solutions of biological
products which pose no risk to health and need no protection from
potential environmental contamination, such as monoclonal anti-
bodies for diagnostic reagents or immunoassay. This category of
products can be freeze-dried in a non-sterile facility and do not
require special conditions to protect the environment and staff.

Group two consists of non-hazardous products that need to be
protected from contaminating microorganisms. Examples would
be therapeutic proteins, of which there are many [1], and are
intended for systemic administration. These products are manufac-
tured aseptically following strict agency guidelines and as described
by Trappler [2], Snowman [3], and Akers [4] are processed in a

Kevin R. Ward and Paul Matejtschuk (eds.), Lyophilization of Pharmaceuticals and Biologicals: New Technologies and Approaches,
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sterile environment during filling, transfer, and freeze-drying until
the stoppered vials are crimped.

The third group is categorized by products that require both
protection from environmental contaminants but are, themselves,
potentially hazardous and cannot, therefore, be allowed to contam-
inate the environment. Examples include microbial standards or
biological samples which may contain pathogens. When freeze-
drying large numbers of viruses and bacteria they can be entrained
in the sublimating water vapor, termed ablation, which can lead to
severe contamination of the freeze-drier and potentially operators
and environment. Such products can be filled into vials in a
contained area. However, their freeze-drying must take place in a
contained facility, such as a negative pressure isolator or room,
followed by rigorous decontamination of the freeze-drier and the
facility. In a multiproduct facility this can cause considerable down-
time between products leading to inefficiencies.

The fourth and final category comprises potentially hazardous
products that must also be protected from contamination. Their
freeze-drying combines the need for sterility, followed by thorough
decontamination. An example is the freeze-drying of cytotoxic
drugs. Again, their freeze-drying must take place in a contained
facility, followed by rigorous decontamination of the freeze-drier
and plant.

This chapter is concerned with the application of containment
systems that prevent movement of microorganisms. These barriers
are porous enough to allow passage of water vapor and small
molecules but are able to exclude microorganisms and large mole-
cules such as proteins, specifically, products that fall into group two
and group three of this classification. Products in group four fall
outside the scope of consideration as small molecule cytotoxic
compounds would unlikely be retained or excluded by the contain-
ment systems studied. Indeed, it is considered that these types of
compounds can only be contained effectively using isolators [5].

2 Freeze-Drying Containment Systems

The concept of sterile freeze-drying in an unclean environment was
first investigated by Taylor et al. [6] using an aluminum box incor-
porating a system for vial stoppering and vapor exchange. An
adapted gas mask filter system allowed exchange of water vapor
during freeze-drying of serum where an increase in product tem-
perature of 4 �C (compared to conventionally freeze-dried serum)
was reported. In addition, the filter was shown to exclude micro-
organisms when challenged with aerosolized Serratia marscesens.
More recently W. L. Gore & Associates, Inc. developed the Gore
Lyoguard which utilizes an ePTFEmembrane allowing water vapor
movement during freeze-drying. Gassler and Rey [7] demonstrated
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this membrane was able to retain 1 μm latex beads and also pre-
vented contamination of nutrient rich media contained within the
apparatus when externally challenged with Bacillus subtilis var.
niger. The Lyoguard was also found to provide faster and more
uniform heat transfer vis a vis stainless steel trays. Again, higher
product temperatures were recorded which were attributed to mass
transfer resistance.

When considering the aluminum box and the Gore Lyoguard,
common design features become apparent. Any freeze-drying con-
tainment system must have a bacterially retentive barrier that also
allows the free passage of water vapor. The materials of construc-
tion should have excellent heat transfer properties and be suffi-
ciently inert not to contaminate parenteral products. However,
neither the aluminum box nor the Gore Lyoguard are able to
perform both bulk and vial freeze-drying. Therefore, this study
sought a design that would satisfy the previous criteria but also be
versatile enough to perform both bulk and vial freeze-drying.

An envelope type design was considered to be a versatile,
economic, and simple system that met all of the required design
features. The design would be easy to manufacture from layers of
material to allow passage of water vapor. Trays of vials could be
sealed inside the envelope and the flexibility of the envelope would
allow shelf stoppering of vials (Fig. 1). Furthermore, trays of bulk
product could also be sealed into envelopes to perform bulk freeze-
drying.

It was straightforward to find a product that met these design
features. Chevron style self-sealing sterilization pouches were
already available from most laboratory suppliers in a range of

Fig. 1 Method used to double wrap trays of vials in sterilization pouch
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sizes. These pouches are designed for the sterilization of medical
devices [8] or equipment using super-heated steam in an autoclave
or by ethylene oxide gas [9]. They consist of one side, a clear
polymer film that would not unnecessarily interfere with heat trans-
fer and the other a gas permeable layer that allows mass transfer but
also excludes microorganisms [10]. Moreover, these items were
already designed for use in the pharmaceutical industry and were
manufactured from compliant materials.

Two types of chevron style self-seal sterilization pouches were
used, one formed from latex impregnated medical grade paper with
a laminated polyester base and the second made from Tyvek 1073B
[11] with an identical laminated polyester base. Although specifi-
cally treated with a latex coat, paper can also still shed particles and
particle shedding is critically monitored during pharmaceutical
manufacture to prevent product contaminant, however, it was not
assessed during this study.

3 Barrier Effects on Mass and Heat Transfer

Both Taylor et al. [6] and Gassler and Rey [7] studies showed that a
bacterially retentive media allowed the passage of water vapor
during the primary and secondary drying stages of freeze-drying
but that these media increase product temperature. However, only
Gassler and Rey mentioned that primary drying time was increased
[7]. As Pikal states “The theoretical description of primary drying is a
problem in coupled mass and heat transfer” [12] and in the author’s
previous work experiments were designed to investigate the effect
barriers had upon coupled mass and heat transfer during sublima-
tion, their effect on structure and function of an antibody, and their
ability to prevent microbial contamination of nutrient rich media
[13]. By modifying techniques used in the literature, paper, and
Tyvek pouches, Gore Lyoguard, partially-stoppered vials, and pro-
tein dry layer were investigated to understand how resistance to
water vapor movement effected heat transfer and how this is man-
ifested during freeze-drying.

It was found that containment in a double layer of either paper
or Tyvek pouches caused an increase in the sublimation time and,
therefore, a decrease in sublimation rate when compared with
non-contained partially-stoppered vials. Water filled vials contained
in Tyvek pouches took longer to complete sublimation than vials
contained in paper pouches whether at a shelf temperature (Ts) of
0 �C or at�10 �C (Fig. 2). Sublimation times were 12.5% longer in
paper and 25% longer in Tyvek when compared to non-contained
vials at Ts 0 �C. At Ts�10 �C sublimation times were 27% longer in
paper and 43% longer in Tyvek when compared to non-contained
vials.
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In addition, product temperature (Tp) increased when subli-
mating pure water and also when freeze-drying crystalline (manni-
tol) and amorphous (trehalose) antibody formulations using paper
and Tyvek pouches. During these tests it was observed that paper
increased Tp for both antibody formulations by 8–9 �C and Tyvek
by around 10–15 �C although shelf temperature had to be lowered
for the amorphous formulation to prevent collapse.

Dry layer resistance for many protein products is important and
is reported extensively in the literature [14–17]. It was determined
that dry layer resistance was found to be greater than the resistance
offered by a vented stopper and interestingly also the Lyoguard
ePTFEmembrane. However, dry layer resistance of the amorphous
antibody formulation is considerably less than that of the paper or
Tyvek barriers as shown in Fig. 3.

For different containment systems the vial heat transfer coeffi-
cient (Kv) was determined and compared to non-contained vials.
Non-contained vials had the lowest Kv and Tyvek had the largest
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observed increase in Kv. The same increase and order was observed
at Ts¼ 0 �C and�10 �C. As would be expected, for non-contained
vials, Kv is independent of shelf temperature. The effect of a change
in shelf temperature is not so clear for the contained systems due to
the greater variability in the results. However, it was observed that
during primary drying both the paper and Tyvek pouches inflated
which was attributed to sublimating water vapor. It is postulated
here that the inflation is due to an increase in pressure caused by a
build-up of sublimating water vapor, increasing the gas concentra-
tion and the contribution of Kg to Kv [18] which is discussed
further later in this chapter.

4 Microbiological Applications of Freeze-Drying Containment

Loss of substrate by ablation can occur when preserving microor-
ganisms by freeze-drying and there exists a paucity of studies detail-
ing methods for containment of microorganisms during freeze-
drying. A preliminary study by Adams indicated that ablation of
microorganisms during freeze-drying could be contained within a
glass chamber [19]. Another study by Adams [20] demonstrated
the ability of the aluminum box described by Taylor et al. [6] to
substantially reduce loss of microorganisms; however, some con-
tamination was detected around the seals after freeze-drying.

Loss of microorganisms during freeze-drying was first reported
by Stein and Rogers [21] when Bacillus anthracis was recovered
upon analysis of the water retained in their freeze-drier condenser.
Their work involved the use of pathogenic organisms and high-
lighted the need to protect workers from accidental infection.
Following this Reitman et al. [22] and Busby [23] showed that
the presence of inline cotton filters between the drying microor-
ganism and the condenser prevented carryover and recovery of
microorganism in the condenser. Thus, the inclusion of a crude
filter went some way to prevent accidental infection of personnel
and provides an early justification for the adoption of containment
for this type of work. During a more recent study Barbaree and
Sanchez [24] freeze-dried two different bacterial cultures of Pseu-
domonas aeruginosa and Proteus mirabilis together in the same
freeze-drier. When the dried cultures were reconstituted and
cultured, growth of the Pseudomonas was detected contaminating
vials that originally contained only Proteus and vice versa. They
concluded that during the drying process organism had ablated,
cross contaminating vials in the freeze-drier chamber. In addition,
Cammack and Adams [25] also described the loss of virus titer
when freeze-drying vaccines.

Escherichia coli has been used as a trace organism to investigate
ablation during preservation by freeze-drying [19]. In that study
E. coli was cultivated, harvested, and resuspended at high cell
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densities before being freeze-dried in a vial inside what was termed
a “mini-chamber.” After freeze-drying the vials were sealed and the
mini chamber rinsed and then cultured indicating that considerable
numbers of microorganisms had ablated from the dried product. As
Adams suggests, protective containment devices could prevent
ablation of attenuated vaccines during freeze-drying and it was
postulated that the pouches could contain microorganisms during
the freeze-drying process [26].

5 Containment of Microorganism Ablation During Freeze-Drying of Escherichia coli

Themini chamber designed by Adams [19] was a larger vial cut into
two that could be sealed to contain a smaller vial containing sus-
pensions of E. coli. A known amount of organism in differing
suspending mediums was added to the smaller vial and freeze-
dried inside the mini chamber. To determine the extent of ablation,
debris was recovered and enumerated to determine the amounts of
microorganism present. It was found that varying amounts of
organism could be recovered depending upon the formulation
used and also that semi-stoppering reduced the losses of bacteria
during drying. This approach was duplicated by Cherry et al. [27]
and vials containing E. coli JM 109 were double wrapped in either
paper or Tyvek pouches (Fig. 1).

Importantly, the E. coli was deliberately suspended in 0.9%
sodium chloride for freeze-drying and the cycle intentionally
designed so that the product temperature would exceed the eutec-
tic temperature of sodium chloride, thus causing the formulation to
boil under vacuum and consequently lead to blow out from the vial
neck. This blow out causes debris to be ejected from the neck of the
vial subsequently contaminating the local area. Furthermore, if the
filled vials were not semi-stoppered maximum ejection of ablated
microorganism could be achieved. This was demonstrated where
blowout from the vials can be seen coating the shelf above with
debris (Fig. 4). During this experiment a Ts of 4 �C was used
yielding an initial Tp of �28 �C that slowly increased until the
completion of drying (taken as Tp ¼ Ts) with a total drying time
of 9 h. The experiment was then repeated double wrapping the
trays in paper and using the lower Ts of 0 �C. Similar results were
observed with debris covering the inner layer of the inner pouch.
Importantly Tp was around �28 �C and total drying time was 9 h
indicating the vials had experienced the same conditions as during
the previous experiment. Repeating the experiment with Tyvek
pouches, Ts was dropped to �5 �C, and again blowout was
observed, Tp was around �26 �C, and drying time was around
9 h. Thus, a consistent freeze-drying process yielding observable
blowout with paper (Ts of 0 �C) and Tyvek (Ts of �5 �C) pouches
was obtained.
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6 Discussion and Conclusions

All previous work on containment for freeze-drying reported an
increase in product temperature during primary drying suggesting
that the barrier is affecting the steady state. Resistance was partially
investigated by Gassler and Rey [7] who demonstrated that the
Lyoguard PTFE membrane provided 10–15% more resistance to
mass transfer during sublimation. The importance of understand-
ing this was highlighted more recently by Patel and Pikal who
discuss the relative benefits of the use of the Gore Lyoguard and
highlight the importance of the “quantitative characterization” of
mass and heat transfer using the Lyoguard trays [28]. With consid-
eration to these aspects, the effects that pouches had on mass and
heat transfer during freeze-drying were compared to stopper resis-
tance, product dry-layer resistance, and the Gore Lyoguard mem-
brane resistance to derive an overall analysis.

It has been determined that the resistance of the barrier to
sublimating water vapor is the most important factor affecting
mass transfer. The restriction of sublimating water, slowing the
sublimation process, reduces the cooling effects due to the latent
heat losses from sublimation. Therefore, without appropriate
reduction in Ts to compensate for this increase in Tp product
collapse could potentially occur. This study has experimentally
defined a ranking whereby increasing resistance to water vapor
movement during freeze-drying, imposed by a barrier, has been
found to decrease the sublimation rate and subsequently increase
product temperature and process time. The resistance imposed by
the Lyoguard membrane was low and comparable to stopper

Fig. 4 Blow-out coating the upper shelf observed when freeze-drying 0.9%
saline
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resistance as hypothesized by Patel and Pikal [28]. It was also less
than the product dry layer resistance as Gassler and Rey [7] con-
firmed. Pouches made of paper and Tyvek imposed a greater resis-
tance than that of the dry product layer but still allowed
sublimation to proceed, albeit at a slightly slower rate. Previously
the dry product layer has been the highest reported resistance
encountered by water vapor during freeze-drying. The greatest
resistance is imposed by the Tyvek pouches and is four times the
dry product layer resistance. Thus, it is possible to impose a far
greater resistance to mass transfer than dry product layer and still
freeze-dry. Furthermore, previous testing of the Lyoguard by May-
eresse et al. determined the physical effects that a protein would be
subjected to, but not how a protein would behave [29]. Subse-
quently, it has been demonstrated that reduced mass transfer rate
has no deleterious effect on the activity or structure of a model
pharmaceutical protein [13].

The resistance of the barrier also increased the heat transfer
coefficient of the system with higher resistance increasing the heat
transfer coefficient. It is postulated that observed bag inflation
within the chamber indicates increasing pressure around the sys-
tem. The higher the resistance, the higher pressure imposed and
the larger the increase in heat transfer coefficient. This suggests that
gas conduction (Kg) is the dominant heat transfer factor being
affected since it is the only factor that is pressure dependent. To
investigate the effects that pouches have on the heat transfer coeffi-
cient, in particular the pressure increases that their resistance
causes, further data analysis has been performed. The application
of Eq. (1) taken from Pikal [12] has enabled the determination of
the pressure inside the pouches (Table 1) using experimental
data [30].

Rb

Rsþ Rb
¼ Pp� Pcð Þ

Po� Pcð Þ ð1Þ

where Rb is barrier resistance, Rs is stopper resistance, Pp is the
pressure inside the pouch, Pc is the chamber pressure, and Po is the
vapor pressure of ice.

Table 1
Values determined from experimental data for actual pressures inside the
pouches or containment system, demonstrating that increasing resistance
increases internal pressure

Barrier material Pp (pressure inside pouch) Torr

Tyvek 1.047

Paper 0.578

Lyoguard 0.08
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Table 1 shows that it is possible to derive the pressure inside the
pouch during freeze-drying and confirms the experimental obser-
vation where pouches expanded due to the resistance to water
vapor passage. This caused an increase in pressure inside the
pouch causing inflation. These pressures are greater than the cham-
ber pressures for each experiment but less than the vapor pressure
of sublimating ice. With some further work to determine the
separation distance between the vial base and the surface upon it
rests these pressures could be used to determine Kg using equations
detailed by Pikal [12]. Furthermore, if the emissivity of the pouches
is determined, radiative heat transfer contributions can also be
calculated and combined with contact terms to provide a complete
view of heat transfer effects. These expressions could then be com-
bined, as Kv ¼ Kg + Kr + Kc, and compared to values calculated
earlier for Kv.

With this understanding of containment it would seem appro-
priate that containment of trays can only be considered applicable
to the processing of small scale batches of orphan and niche bio-
pharmaceutical products where Ts can be reduced to prevent col-
lapse of protein products with the trade-off of longer processing
times, depending upon the porosity of the barrier. However, the
importance of freeze-drying containment to industry must be con-
sidered objectively. It has been 35 years since the concept of sterile
freeze-drying in a non-sterile environment was first tested and since
then only the Gore Lyoguard has been developed. If such an
apparatus was of major importance to the pharmaceutical industry
then it is reasonable to suppose that further research would have
been undertaken. Moreover, the pharmaceutical industry tends to
be risk averse and the adoption of new technology can be slow,
unless the financial rewards are great, due to the extra regulatory
scrutiny and justification the introduction of a new process
demands. Thus the main interest in the use of sterilization pouches
for contained freeze-drying would initially seem limited to small
volume products or to academia. However, potential bio-safety
applications offer exciting alternative applications that could be
more relevant industrially.

The contamination of the freeze-drier and environment, attrib-
utable to ablation, is well documented and shown to be prevented
by the Gore Lyoguard membrane [7]. It has been demonstrated
that pouches can prevent contamination of the freeze-drier and
environment by ablation when freeze-drying high initial concen-
trations of E. coli JM 109 deliberately formulated to induce collapse
(representing the worst case for microorganism ablation). To
achieve this, results indicated that a double layer of pouches are
required for absolute containment. It is hoped that this will stimu-
late other laboratories to investigate the use of pouches to freeze-
dry a range of microorganisms varying in size and pathogenicity.
For example, DNA plasmid could be formulated and freeze-dried

152 Chris Cherry



and ablation assayed for using PCR. In terms of relative sizes, this
could be considered a virus model for a freeze-drying process and
would address the requirement Adams highlights [26] for a con-
tainment device to prevent ablation of attenuated vaccine. Here,
the need for such a system is suggested when describing a hypo-
thetical processing chain for a bio-hazardous product. Thus the
product could be filled into vials and could “be contained within
filter boxes designed to reduce ablation and spillage” before being
loaded into the freeze-drier.

7 Future Options

It has been demonstrated that the factor governing mass and heat
transfer during freeze-drying when using barriers to water vapor is
the resistance of that barrier to water vapor movement. It has been
shown that there are materials available, for example the ePTFE of
the Gore Lyoguard, which provides minimal resistance to water
vapor movement and, subsequently, minimal effects on mass and
heat transfer. To limit excursions from established cycles the ideal
next generation freeze-drying pouch would be made of a material
that has exceptionally low resistance to water vapor movement and,
therefore, less impact on the freeze-drying process but also has the
strength and tear resistance of paper or Tyvek. Materials to be used
for the porous layers of freeze-drying pouches can be considered
simply as filtration media and many types of filtration media are
available from suppliers. To investigate the variety of filter materials
available, an apparatus could be developed to perform a thorough
survey of the behavior of filter materials. These data can then be
used to select the best type of filter media for inclusion into special-
ist freeze-drying containment pouches or envelopes. This could
also potentially be coupled to computer simulation where the
experimental observation correlated to a computer model could
provide information as to surface area requirements in relation to
throughputs of the barrier layer and could be used to predict
effective surface area requirements. Therefore, if a membrane mate-
rial existed that provided little or no resistance to water vapor it
could be sized appropriately. Pouches could then be designed with
small windows containing the exact surface area of required mate-
rial. Here, it is proposed that fragile membranes are incorporated
into a flexible pouch and protected by an inert cage system pre-
venting accidental rupture.

Finally, the use of pouches for contained freeze-drying is
thought to be appropriate for the preservation of tissue samples
for transplant. Amniotic membrane has been shown to be effective
in the treatment of pterygium by Nakamura et al. [31] and for the
re-construction of the ocular surface by Libera et al. [32]. Both of
these researchers used amniotic membrane preserved by freeze-
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drying. Human amniotic membrane was obtained from donors
undergoing Caesarean section, washed with buffer and antibiotics,
freeze-dried, and then gamma irradiated. According to Nakamura
et al. the material preserves well and readily rehydrates [31]. It is
postulated that these samples could be collected and washed in the
same way but packaged under the clean conditions of the operating
theater into freeze-drying containment pouches. These samples
could then be freeze-dried in the laboratory and then stored within
the same packages until required. Bone allografts are another tissue
used for transplants that are preserved by freeze-drying. Jackson
et al. detail methods for this procedure [33] but again it would
seem plausible that samples could be packaged in freeze-drying
containment pouches under clean conditions, freeze-dried in the
laboratory, and stored until required.

In conclusion, during freeze-drying, barriers provide resistance
to water vapor movement causing a lowering of sublimation rate
(mass transfer), increased process time, an increase in product
temperature, and an increase in heat transfer coefficient. However,
these changes are shown to have no effect on the structure and
function of a protein. It is also evident that pouches prevent con-
tamination of a sterile product, allowing sterile freeze-drying to be
performed in a normal laboratory environment and indicating that
it is possible to perform sterile freeze-drying of pharmaceutical
products using pouches. In addition, it has been demonstrated
that pouches are able to contain ablation of microorganisms during
a freeze-drying process. Previous studies have found potentially
dangerous contamination of the freeze-drier and condenser when
preserving microbes by freeze-drying caused by particles ablating
from vials. The use of pouches as barriers contains the ablated
microorganisms, thereby preventing contamination.
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Chapter 7

Freeze-Drying Systems: Freeze Dryer Interface Design
Requirements and Automatic Loading and Unloading
Systems (ALUS™)

Maik Guttzeit, Carolin Wolf, Johannes Selch, and Thomas Beutler

Abstract

The requirements for manufacturing pharmaceutical products are increasing constantly, especially for
aseptic and/or products. In the same time there is a clear tendency towards more complex and multi-
purpose equipment. In liquid container (mainly vial or syringes) lines the handling of the critical and more
often expensive product must be safe and reliable. If the lines are combined with freeze dryers, the interface
between the liquid handling parts (filler, container transport, capping), the interface to the freeze dryer has
to be observed sensitively. This is because of the different conditions between the 2 sections. While the
liquid handling parts are now in most applications covered by isolator technology or Restricted Access
Barrier Systems (RABS), which facilitates decontamination cycles and laminar air flow, the freeze dryer has
no directional air flow and is equipment which is usually sterilized by saturated steam. These differences
have to be taken into consideration during the design and manufacturing process. Additionally there will be
increased future vial handling requirements like tracking of the pharmaceutical product.

Key words Automated loading unloading systems (ALUS), Good manufacturing practice, Isolators,
Restricted access barrier systems (RABS), Process flow, Combined systems

1 Introduction

In aseptic pharmaceutical processes, freeze-drying is used to
increase the shelf-life of products that are often filled in single
containers such as vials or syringes. The entire manufacturing pro-
cess—including filling, loading, and unloading of freeze dryer—
usually takes place in Grade A (EU GMP-Guideline Annex 1 [1])
conditions. To reduce the risk of cross-contamination and mini-
mize the cost of implementing expensive Grade A areas, barrier
systems are frequently used.

Barrier systems can be divided into RABS (restricted area bar-
rier systems) and isolators. Both systems have different subcate-
gories and designs. This article will focus on isolators installed
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around the loading and unloading device of a freeze dryer (Fig. 1)
as well as the interface between the freeze dryer and the isolator.

The latter requires special attention as there are two different
process areas operating under different aseptic conditions: first,
there is the isolator, usually classified as Grade A because of its
laminar airflow. Second, there is the interior of the freeze dryer;
although this can be considered a sterile surface; it is not equipped
with a controlled airflow. Design considerations will be described
below.

2 The Freeze Dryer-Filling Line Interface

The outer side of the freeze dryer is not generally regarded as a
process contact surface (as defined in ASME BPE 2016 [2]). How-
ever, the area leading into the isolator should be carefully consid-
ered during the design phase (note: neither the freeze dryer nor the
isolator[s] are considered to be product contact surfaces according
to the lyophilization section of ASME BPE). The same require-
ments that are applicable to other isolator interiors do, though,
apply to this area, for parameters such as surface roughness, welding
requirements, materials, and the absence of gaps and non-cleanable
spots. As there is a door between the isolator and the freeze dryer,
there will also be mechanical movement. This comes with the usual
associated risks, such as interference with the laminar airflow, move-
ment above the vials, and/or the abrasion of moving and closing
parts.

Fig. 1 A loading and unloading door, including a connection plate to a loading
and unloading system
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The size of the loading and unloading door—often called a
pizza door or slot door—is reduced to a minimum to minimize the
interaction between the two areas (Fig. 2). There are different
concepts for the door movement: the loading and unloading door
either opens upward, downward or operates as a slot door. Opening
should only be possible if there is no risk of contamination of either
the isolator or the freeze dryer.

Despite the above-mentioned aspect that moving parts might
have negative impact in general, there are also advantages and
disadvantages for the best solution of door movement direction.
The door might open as a swing door to the upper or lower part of
the opening. If it swings open upward, it may have interference
with the laminar flow, if the door swings downward, the inner part
of the door is exposed to the mechanism which docks to the shelves
and all potential particles will be collected on the door surface and
brought into the freeze dryer during closing. A slot door which
slides up or down is very difficult to clean and difficult to decon-
taminate/sterilize. If the door moves into an uncontrolled area, this
is an absolutely unacceptable approach. The chosen concept has to
be evaluated as part of the related risk assessment. The most chal-
lenging aspect might be the swing door which opens upward, but
there is no statistical data available.

As the loading and unloading door serves as the boundary of
both critical systems (freeze dryer and isolator), the design must be
adapted to fulfill both requirements. The door might be operated
by electrical or hydraulic drives which have to be suitably covered,
but must also have access for maintenance and replacement. The
door locking concept must also meet different design aspects, both
equipment parts have to be separated completely to maintain
desired conditions and the door must be able to withstand the
pressure within the freeze dryer during SIP (Fig. 3).

Fig. 2 Slot/pizza door design
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3 Good Manufacturing Process (GMP) Considerations

During freeze dryer operation, conditions can be extreme (low
vacuum during freeze-drying and high pressure during steam ster-
ilization (~1.5 bar)); this requires the loading and unloading door
to be tightly sealed. The door opens frequently, which should also
be considered during the design phase. The seal must both with-
stand the intense operating conditions, comply with Good
Manufacturing Practice (Code of Federal Regulations CFR
21 CFR } 177.2600) [3] requirements, and facilitate easy replace-
ment during maintenance. In some applications, two different sets
of seals are used. While one is engaged under vacuum, the other—
often designed as an inflatable seal—is employed during steriliza-
tion. The usage of double seal concepts must be very carefully
considered for loading doors. While the service door opens into
the machine area only, the loading door’s surrounding is also a clean
room area and the grooves of a deflated second seal ring might be
difficult to clean and decontaminate as part of isolator routine.

The opening of the isolator must be larger than that of the
loading and unloading door to enable a full range of movement.
The loading and unloading door mechanism, which is covered by
cladding,must be accessible. Yet, this flangemust also be sufficiently
tight (as defined by ISO 10648-1, Containment enclosures).

The freeze dryer must not be accessible using isolator gloves
during normal operation. All intended activities, such as replacing
the loading and unloading door seal, should be done while the
isolator doors are open. Manual cleaning should also be done with
open doors; if specific risks are associated with the product; wash-
down procedures should be considered prior to opening the door.

ISO 13408-6 (Isolator Systems) suggests the use of automated
clean-in-place (CIP) processes, which should be designed in. There
are, however, no specific requirements regarding the manual or
automatic cleaning of the freeze dryer/isolator interface.

Fig. 3 Flange design
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All process contact surfaces must be accessible to the cleaning agent
and be sufficiently robust to withstand the cleaning process.

The same requirements also apply to the decontamination
cycle. All the outside parts of the freeze dryer must be compatible
with those of the isolator. Most often, hydrogen peroxide gas is
used for the decontamination process and, at the end of a cycle, it
must be verified that the remaining hydrogen peroxide level has no
impact on the next product [4]. The decontamination cycle must
also be done within a defined temperature range to achieve the
required level of bio reduction. The freeze dryer often operates at
very low or very high temperatures; so, if it is not possible to keep
the isolator-exposed surfaces of the freeze dryer within the desired
range, the decontamination cycle should be delayed until a more
suitable temperature is achieved.

Depending on the specific requirements of the owner/user, the
leak tightness of the entire isolator should be Class 2 or 3, according
to ISO 10648-2:1994. In reality, no connection is 100% tight, so
the system leak rate is always a sum of its parts (doors, ports, glove
ports, sensors, interior connections, interfaces with upstream/
downstream equipment, and the freeze dryer flange). As such, the
leak rates for every single opening within the freeze-drying system
should be much lower (i.e., leak rate door ~1 � 10�3 mbar L s�1).
As the freeze dryer—as a pressure vessel—and the isolator are often
sourced from different suppliers or made using different
manufacturing processes, the connections should be leak tested
prior to integration. This is a key risk reduction step as access is
very limited when the freeze dryer and isolator are installed.

Any installation within the isolator has a negative impact on the
laminar airflow and the impact must be validated. This applies to
the movement of the loading and unloading door through the
laminar airflow, the flow condition when the loading and unloading
door is open and the plate docking to the shelf. As this plate covers a
particularly large area, it has a significant impact on the laminar
airflow.

Liquid formulations can be extremely temperature sensitive.
Therefore, such products need to be cooled as fast as possible.
Given that the temperature control of conveyor belts is not possi-
ble, the product containers must be brought immediately into the
freeze dryer. This requires some design considerations: the shelves
should be set to the desired cooling temperature during loading
and the rows of vials should be pushed into the freeze dryer as
quickly as possible. Whereas other products can be pushed as a
complete shelf package in one stroke, vials containing
temperature-sensitive product should be pushed in single rows or
a few at a time.

If the shelf temperature induces condensation, the isolator
should be designed in such a way to reduce the overall moisture
content. Otherwise, the condensed moisture (or ice) on the shelves
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will impact the loading process and the performance of the freeze-
drying cycle. Since an isolator has a limited volume, it is easier to
facilitate the reduction of moisture content compared to an entire
clean room. Nevertheless, due to high air velocity, the amount of
dehumidified air is significant. There are different technical solu-
tions available, like absorption/desiccant dehumidification, but in
most cases thermal condensation dehumidification is used. The
type used depends on the eventual required moisture content as a
function of temperature difference between the freeze dryer shelves
and the surrounded air. It has to be evaluated if classical mechani-
cal/refrigerative methods are sufficient and probably a combination
between mechanical/refrigerative and desiccant methods may lead
to best results.

As previously mentioned, conditions within the freeze dryer
and isolator are different; this is also true for pressure. To enable a
smooth opening process, any pressure difference must be equal-
ized. Because of problematic sterilization issues, there is usually no
direct pipe between the freeze dryer and the isolator. As such,
pressure equalization should be done “indirectly,” ideally using a
venting system. As this equilibrates the pressure between the plant
room and the isolator, it is necessary to use sterile filters to maintain
Grade-A conditions inside the isolator.

It is not possible to open an isolator without breaking the
Grade-A condition, therefore the traditional placement of cable-
based product sensors inside the freeze dryer is not possible. Wire-
less sensors may be introduced into the system. They must be
placed inside the isolator prior to start of decontamination and
must be placed on the conveyor while loading.

The movement of containers in and out of the freeze dryer will
influence the required outer dimensions of the isolator. This should
also be considered in terms of cleaning and decontamination as well
(Fig. 4).

4 Automated Loading Unloading Systems (ALUS)

With regards to a control and operation system, the two machines
can be either operated as a single system, or independently using
limited signal exchange. Usually, more signal exchange is required
between isolators and loading/unloading systems than between an
isolator and a freeze dryer. Nevertheless, it must be ensured that no
one system contaminates another; therefore, the doors should be
interlocked. It is also important to monitor when decontamination
cannot be done, such as when the freeze-drying temperature would
influence the decontamination result (see above). Not only the
freeze dryer, but also the loading and unloading system
(ALUS™) needs to comply with certain guidelines.
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Typically, automatic loading and unloading systems are used to
load and unload production and pilot-scale freeze dryers to avoid as
much human intervention as possible and can prevent product
contamination. Sterile production (Fig. 5) begins with filling prod-
uct into pharmaceutical containers (vials). With ALUS™, liquid or
solid product in vials is loaded into and unloaded from the freeze
dryer under carefully controlled and monitored conditions, fulfill-
ing the required specifications—US Food and Drug Administra-
tion (FDA) requirements and good manufacturing practice (EU
GMP-Guideline Annex 1 [1])—for sterile production. The use of
ALUS™ also increases production efficiency and minimizes con-
tamination risk by automating the loading/unloading processes
before and after freeze-drying (Fig. 5).

Fig. 5 Sterile Production

Fig. 4 RABS design with pusher
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With functionality a key concern, the use of ALUS™ began in
the late 1980s [5]. Today’s systems have been designed to meet
increasing (EU GMP-Guideline) demands from the regulatory
bodies, particularly in terms of being easy to clean. Moreover, as
manufacturers continue to switch from the large-scale production
of a single product to a more extensive product range, there is a
growing need for multipurpose freeze dryer lines. For example, a
company making a nontoxic product may wish to switch to a highly
toxic product line in the future. In this situation, the challenge
would be to find the best balance between containment (an open
or closed restricted access barrier system or an isolator) and the
optimum level of productivity both for the present and for the
future. That is a tall order for any supplier, notwithstanding the
ever-increasing cost of pharmaceutical products. When producing
small batches of highly expensive medicines, every vial counts. Even
a rejection/fail vial rate of 1%—which was the standard rate 20 years
ago—would represent a significant loss for some of today’s high-
value cytotoxics. The development of ALUS™ in the last 10 years
has been driven by the absolute need to minimize rejected vials
while maintaining high levels of productivity.

ALUS™ can be divided into stationary and flexible systems.
Depending on the individual process and product requirements,
the containment method can be an oRABS (open restricted access
barrier system), cRABS (closed restricted access barrier system), or
an isolator [6]. Irrespective of the type of the ALUS™ system, it
includes loading/unloading frames/product trays or frameless/
tray-less functionality.

A stationary, so-called “push-pull” (PP) system (Fig. 6) is
installed in front of each freeze dryer and loads/unloads the freeze
dryer from the same (sterile) side. Using stationary ALUS™ allows
the installation of any of the previously mentioned containment
options. The vials are transported into the containment area using a
conveyor belt from the filling station to a shelf located in front of
the freeze dryer slot door; here, they are collected until the desired
number of vials for one shelf is reached. During the next step, a
pusher moves the vial package inside the freeze dryer to position it
on the desired shelf in the vacuum chamber. Once the required
batch size is obtained, the freeze dryer is hermetically closed and
the lyophilization process is initiated. When the process terminates,
the freeze dryer shelves are unloaded by pulling the vials out of the
freeze dryer in a row by row manner. The conveyor belt then
transports them to the capper station.

An alternative to stationary push-pull systems is the so-called
“push-push” system (Fig. 7). All the functional loading parts are
installed in front of each freeze dryer as per the push-pull system. It
also loads the freeze dryer from one side (usually the sterile side).

The push-pull and push-push systems operate in the same way
until the lyophilization process terminates; with a push-push
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system, the freeze dryer shelves are unloaded using a back-pusher
device, which is installed on the full-sized door at the back of the
freeze dryer. It pushes the vials out of the freeze dryer in a row-by-
row manner. The conveyor belt then transports them to the capper
station.

All the moveable parts of a back-pusher system (within the
freeze dryer chamber) are covered with bellows. These bellows
are leak tested before unloading and guarantee the strict separation
between the sterile product room (inside the freeze dryer) and the
technical room (outside the freeze dryer). The back-pusher is
cleaned during the freeze dryer clean-in-place (CIP) cycle. Using

Fig. 6 A stationary push pull ALUS™ system (GEA Group)

Fig. 7 A stationary push-push ALUS™ (back-pusher system)

Freeze-Drying Systems: Freeze Dryer Interface Design Requirements and. . . 165



a back-pusher ensures compliance with FDA guidelines (no parts
moving above the product).

Figures 8, 9, 10, and 11 show production flow examples of
stationary ALUS™ systems.

A “transfer cart” (TC) system (Fig. 12) is far more complex in
terms of construction, albeit a lot more flexible. This mobile cart
system is used when more than two freeze dryers have to be
loaded/unloaded. One cart (or multiple carts) move(s) in front of
the freeze dryers and loads/unloads the freeze dryer shelf by shelf.
Contrary to the stationary system, a flexible ALUS™ can only be
implemented with oRABS containment.

5 Process Flow Options

The first step of a loading/unloading process with a flexible
ALUS™ constitutes the preparation of a vial package—sized
according to the freeze dryer shelf size—on the formatting table
(FT). The transfer cart is then positioned in front of the loading
table and a pusher moves the vial package onto the transfer cart.
The transfer cart moves the vial package to the designated freeze
dryer shelf. As such, the freeze dryer shelves are filled with the
desired number of vials before the freeze dryer is hermetically
closed and the freeze-drying process is induced. Once the

Fig. 8 Production flow: one freeze dryer
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Fig. 9 Production flow: multiple freeze dryers (filler and capper on opposite
sides)

Fig. 10 Production flow: multiple freeze dryers (filler and capper on same side)

Fig. 11 Production flow: multiple freeze dryer (T-configuration)
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lyophilization process finishes, the freeze dryer is unloaded and the
vial packages are transported to the unloading table (UT) via the
transfer cart and are subsequently moved to the capping station on
a conveyor belt.

Figures 13, 14, and 15 show production flow examples using a
flexible ALUS™.

Besides the installation of fixed or mobile ALUS units, it is also
possible to combine them to provide a solution for almost every
conceivable configuration and accommodate a wide range of prod-
uct flow, flexibility, sterility, and GMP requirements. The combina-
tion of PP and TC systems allows for one-sided loading and

Fig. 12 Flexible ALUS™ system (ALUS™ transfer cart)

Fig. 13 Production flow: flexible ALUS™ (filler and capper on same side)
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unloading of single or multiple freeze dryers, as well as pass-
through setups, wherein loading is done out on one side and
unloading on the other. Figures 16 and 17 show production flow
example combined with flexible and stationary ALUS™.

Additionally, beyond containment and layout, vial transport
speed and a compact, easy-to-clean design must be considered
when implementing an efficient, safe, and GMP-compliant
ALUS™.

The system of choice should be able to achieve a throughput
rate of 500 vials min�1 when loading and up to 800 vials min�1

when unloading. The actual speed of an ALUS™ installation
depends on whether loading is done in single- or multiple-row
formation. A maximum loading speed of 750 vials min�1 is usually
possible with a multiple-row setup.

Fig. 14 Production flow: flexible ALUS™ (filler and capper on opposite sides)

Fig. 15 Production flow: flexible ALUS™ (T-configuration)
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To facilitate cleaning and prevent moving part-derived particles
from entering the vials, a common solution is to situate any drives
that require routine service, as well as any electrical parts, beneath a
solid base plate. This sealed and separated area eliminates any risk of
contamination. It also makes it possible to service the machine
without breaching the sterile production area and guarantees safe
and contamination-free operation. Furthermore, excellent laminar
flow and H2O2 (Vaporized Hydrogen Peroxide)-compatible com-
ponents inside the production room are required.

Fig. 16 Production flow: pass-through configuration

Fig. 17 Production flow: pass-through configuration
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6 Future Developments

To further optimize automatic loading and unloading, many
optional features have been developed in recent years, such as
“cold shelf loading” (loading the vials on precooled shelves for
sensitive products).

In the future, an important feature for “high-end” ALUS™
will be the full traceability of individual vials. Vial tracking systems
will help the pharmaceutical industry to implement the EU’s drug
anti-counterfeiting directive (due to come into effect in 2018),
safeguard the rights of trademark and patent holders, and thereby
protect patients. The legislation will require pharmaceutical manu-
facturers to provide a unique serial number for every vial—which
will be sent to a national database—to ensure that every vial can be
verified before reaching the patient.

A fully developed system for the implementation of vial trace-
ability is GEA’s LYODATA™ system (Fig. 18). It incorporates a
code reading infeed prior to the freeze dryer (after the filling
station) and a code reading outfeed prior to the capping station.
Each of the vials is marked with an individual data matrix that
contains detailed information about time, position, context, partial

Fig. 18 GEA’s LYODATA™ system
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weight, etc. The data matrix works with GS1 application identifiers
based on ISO/IEC 16022 and GS1 general specifications. The
national database gives direct feedback regarding the originality of
the product and, for medication verification; it can be scanned by
the pharmacist before being prescribed to the patient. The advan-
tages for the pharmaceutical manufacturer, apart from the ability to
comply with regulations, include easier line clearance, the preven-
tion of cross-contamination, and improved troubleshooting
options. It facilitates secure product monitoring throughout the
entire manufacturing process.
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Chapter 8

Regulatory Aspects of Freeze-Drying

David Awotwe-Otoo and Mansoor Khan

Abstract

Freeze-drying or lyophilization has become an important formulation and stabilization strategy in the
pharmaceutical industry for drugs, vaccines, antibodies, and other biological materials, for improving their
long-term stability. For biological products whose storage in aqueous solution results in instability, freeze-
drying prolongs the shelf-life by inhibiting chemical, physical, and microbiological pathways that occur in
the presence of moisture. Due to the complex multi-step processes involved in lyophilization, it is crucial to
ensure a robust and efficient cycle, which in turn ensures that high-quality products are consistently
manufactured that meet the labelled therapeutic claim over the shelf life of the product. Most lyophilized
small molecule drug products are usually very simple formulations containing the active ingredient, water,
and in some cases, buffer. Even with these simple formulations, a number of post-approval manufacturing
process changes occur occasionally due to their failure to consistently meet desirable target qualities such as
reconstitution time, low moisture content, and stability. In most cases, the root causes for such failure are
identified as poor lyophilization cycles or a lack of operator training.
An overall understanding of the lyophilization process, as well as use of optimum lyophilization process

parameters, would provide the Agency with a greater level of knowledge and help with the approval process.
This will also facilitate a greater understanding between the FDA and industrial sponsors on the regulatory
aspects of lyophilized drug products.
This chapter provides an overview of the application of risk analysis to defining and measuring the critical

parameters of lyophilization, for which a specific level of scrutiny is required, to ensure a robust and
controlled process. Particular focus will be on the key steps of risk management through ICH Q9 applied
to the freeze-drying process, with specific examples, as applied to the lyophilization of a model monoclonal
antibody. The application of various process analytical technology (PAT) tools for monitoring and
controlling the various processes, with specific examples, will also be discussed.

Key words Quality by design (QbD), Critical quality attributes (CQA), Process analytical technology
(PAT), Regulatory requirements, Freeze-drying process, Optical coherence tomography (OCT)
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1 Introduction

Freeze-drying or lyophilization is being used for many pharmaceu-
tical and biopharmaceutical products that are unstable in the liquid
state for a substantial period of time. Currently, roughly 50% of
marketed therapeutic protein products are lyophilized (1). As more
new chemical and biological entities are being explored as thera-
peutic agents, lyophilization has often been used to increase the
stability and shelf-life of these products. Many of such new chemical
entities (NCEs) also suffer from poor solubility and bioavailability,
and therefore preparation of amorphous solid dispersions by lyoph-
ilization represents a promising alternative to overcome such chal-
lenges, especially in the presence of non-aqueous co-solvents (2).

In 2015, six novel antibody therapeutics were granted first
approvals (3). Such antibody therapeutics are lyophilized, so as to
improve their long-term stability. In the lyophilized state, the water
fraction of the product is significantly reduced through a combina-
tion of sublimation and desorption so that chemical and physical
degradation reactions are inhibited or sufficiently decelerated,
resulting in improved long-term stability of the drug product.
The final lyophilized product assumes a very high surface area
with a porous cake which enables it to be easily reconstituted
quickly when needed for use. This is particularly useful for products
such as vaccines, antibodies, and many parenteral drugs.

Lyophilization is a very complex, multi-step process which
begins with the freezing of the aqueous formulation in vials below
the thermodynamic freezing point of the solution, causing most of
the water to form ice crystals and the solutes to become crystallized
or transformed into a solid amorphous system. This is followed by
the primary drying step, where the ice crystals are removed by
sublimation under vacuum and increased shelf-temperature, and
then the secondary drying step, where most of the unfrozen water
still absorbed in the interstitial region is removed by desorption at
elevated shelf temperatures and low chamber pressure to allow the
desired low moisture content to be achieved (4, 5). The lyophiliza-
tion process can therefore result in possible destabilizing effects on
the final drug product. For example, for protein-based biopharma-
ceutical products, the freezing step could result in aggregation due
to increased protein-protein interaction (6), pH changes due to
crystallization of buffer salts, reduced hydrophobic interactions due
to the “dehydration” effect of ice formation, formation of large
ice–aqueous interfaces, and increase in ionic strength (5). During
the primary drying process, the removal of the hydration shell from
proteins in the absence of appropriate stabilizers can cause destabi-
lization of the protein structure (7). In order to achieve a high-
quality lyophilized dosage form, a combination of optimal formu-
lation design and freeze-dry cycle design is needed.
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The goal of pharmaceutical development, in the twenty-first
century, is a shift in paradigm from the traditional, data-driven, and
rigorous testing of the final product, to a science-based and risk-
based approach, where “critical formulation attributes and process
parameters are generally identified through an assessment of the
extent to which their variation can impact the quality of the drug
product” (8). This shift to the adoption of modern quality techni-
ques seeks to ensure a coordinated operation of the regulatory
review, compliance and inspection policies, leading to more
knowledge-based submissions of New Drug Applications (NDA),
Abbreviated New Drug Applications (ANDA), as well as Biologics
License Applications (BLA), where the focus is on sound science
and engineering principles for assessing and mitigating risks of poor
product and process quality.

This systematic approach to product development is referred to
as Quality by Design (QbD), and it begins with predefined objec-
tives and emphasis on product and process understanding, based on
sound science and quality risk management. The key factors for
QbD are the identification, understanding, and control of critical
product and process parameters and ultimately the development of
a design space and a control strategy to ensure that good product
quality represents an acceptably low risk of failing to achieve the
desired clinical attributes (9). The measuring and control of critical
product and process parameters require the implementation of
process analytical technology (PAT), which is defined as a system
for designing, analyzing, and controlling manufacturing through
timely measurements of critical quality and performance attributes
of raw and in-process materials and processes with the goal of
ensuring final product quality (Guidance for Industry—PAT, (10)).

To date, publications and presentations from the FDA indicate
the goal of reaching a desired state of “a maximally efficient, agile,
flexible pharmaceutical manufacturing sector that reliably produces
high-quality drug products without extensive oversight” (11). This
has culminated in the roll out of three harmonized guidance, Q8,
Q9, and Q10, which integrate the principles of Quality Risk Man-
agement (QRM), Process Analytical Technology (PAT), andQuality
Systems (QS) (8, 10, 12, 13). These cGMP initiatives are to provide a
model for drug product submissions while assisting both industry
and the FDA in a move toward a more scientific, risk-based, holistic,
and proactive approach to pharmaceutical development (14).

The implementation of QbD has started with many elements
embedded in the drug product review program at the Office of
Biotechnology Products (OBP). Full implementation has been
slowed by the functional and structural complexity of biotechnol-
ogy products, their manufacturing process, and the inherent diffi-
culty involved in evaluating the impact of each process parameter
on each quality attribute and impact of the quality attributes on
safety and efficacy.
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Lyophilization as a manufacturing process spans other FDA
centers besides CDER. As an example, some vaccines are also
lyophilized for stability considerations, where the sponsors submit
applications to the Center for Biologics Evaluation and Research
(CBER).

2 Challenges in Implementing Quality by Design in Lyophilization of Biologics

Achieving the key goals in the QbD paradigm, as applied to lyo-
philized biologics, requires understanding of the raw materials,
excipients, the lyophilization process, and their impact on quality
of the final lyophilized drug product. This involves the building of
an efficient manufacturing process and a robust lyophilization cycle
that will consistently deliver the best quality drug product to meet
patient needs and also provide economic benefits in terms of
energy, time, and resources, with the best quality cycles. This
requires the collaborative efforts among interdisciplinary teams
from chemistry, biology, physics and engineering, process engi-
neers, mathematics, statistics and regulatory affairs, and significant
investment into developing a fundamental understanding of critical
processes and product attributes, establishment of design controls
and testing based on product quality and within the limits of
scientific understanding. The knowledge gained over the product’s
life cycle is then applied to operate in an environment of continuous
improvement.

A well-implemented QbD benefits both FDA and the industry,
in that, it provides for better coordination across the various review
disciplines, compliance, and inspection, while also reducing the
overall costs of manufacturing by significantly reducing the number
of post-approval manufacturing changes.

For small molecule pharmaceuticals, especially generic drugs,
the scope and philosophy for the application of QbD are well
established because prior knowledge from innovator companies
can be leveraged. This is not the same with the application of
QbD in the lyophilization of biologics, such as monoclonal anti-
bodies, where its application involves some nuances and complex-
ities, largely due to the unique, sensitive, higher level structures of
proteins, as well as challenges associated with their development
and manufacturing (15). For example, for small molecules, the
term “quality” is defined as “the suitability of either a drug sub-
stance or drug product for its intended use, including attributes
such as identity, strength, and purity” (8). This definition may not
be entirely applicable to lyophilized proteins since for these, the
term “quality” may at the first instance be attributed to other
physical characteristics such as cake elegance and residual moisture,
rather than the stability of the active. Under such circumstances,
lyophilized vials with collapsed cake would be routinely rejected
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from a batch even though the drug product may be stable from a
pharmaceutical standpoint. Other factors such as scaling-up, trans-
ferring technologies, and results from laboratory to major produc-
tion units, ensuring homogeneity and compliance with key
regulations require a sound understanding of both product and
process-related attributes to ensure effective QbD implementation.
By implementing QbD in lyophilized biologics, the goal is to be
able to identify and control possible interactions that may arise
between formulation and process parameters that may have signifi-
cant effects on the quality attributes of the final products (16).

3 General Steps for Implementing Quality by Design (QbD) in the Lyophilization
of Biologics

The following sections describe the various key steps in implement-
ing QbD for lyophilized biologics. While the implementation of
QbD would generally vary with product class and complexity, it
nonetheless follows a common concept, as outlined in the three
harmonized guidance which integrate the principles of Quality Risk
Management (QRM), Process Analytical Technology (PAT), and
Quality Systems (QS). A general approach to the formulation
design and development of a lyophilized drug product using
QbD is shown in Fig. 1.

Fig. 1 Simplified outline showing the application of QbD and PAT to the development of a lyophilized drug
product

Regulatory Aspects of Freeze-Drying 177



3.1 Defining Quality

Target Product Profile

(QTPP)

The QTTP serves as the foundation for the product design and
development and is defined as the prospective summary of the
quality characteristics of a drug product that will be achieved to
ensure the desired quality, considering the safety and efficacy of the
drug product (8).

QTPP is usually established as soon as a drug is identified as a
viable candidate for commercialization. The QTPP comprise sev-
eral key sections and include the following at a particular time in
development: Description—Information relating to the com-
pleted/planned studies to support the target with Protocol IDs
and submission dates. It should include:

l Detail regarding the treatment or prevention of specific disease

l Indications and Usage

l Dosage and Administration

l Dosage Forms and Strengths

l Contraindications

l Warning and Precautions

l Adverse Reactions

l Drug Interactions

l Clinical Pharmacology

l Use in specific populations

l Drug Abuse and Dependence

l Overdosage

l Nonclinical Toxicology

l Clinical Studies

l References

l How supplied/Storage and handling

l Patient Counseling Information

with each section containing (1) Target, (2) Annotations, and
(3) Comments.

It provides the information necessary for an open and construc-
tive communication that will not only ensure that the drug sponsor
and the FDA have the same understanding of the risks involved with
the proposed labeling but also potentially minimize the risk of late-
stage development failures, ensure the safety and efficacy data avail-
ability in a timely manner, and improve labeling content, and poten-
tially reduce the total time involved with drug development (9).

For a lyophilized monoclonal antibody formulation, the QTPP
should generally include the dosage form, appearance, mode of
administration, concentration or content per vial, reconstitution
media, reconstitution volume, mode of reconstitution, reconstitu-
tion time, post-constitution storage and stability and drug product
quality criteria (e.g., sterility and purity) (17).
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3.2 Identifying

Critical Quality

Attributes (CQAs)

Once QTTPs are identified, the next step is to identify preliminary
critical quality attributes. The critical quality attributes are physical,
chemical, biological, or microbiological properties or characteris-
tics that should be within an appropriate limit, range, or distribu-
tion to ensure the desired product quality (8). Not every attribute
may be necessarily critical to the quality of the product and so a
combination of prior knowledge and/or experience gained from
similar biological molecules as well as relevant information from a
variety of resources such as literature and accumulated preliminary
laboratory experimental data could be used to create the list of
preliminary CQAs that relate to or affect the formulation QTTP.
These critical attributes are subject to further refinement or updates
throughout the product’s life cycle. This is usually achieved
through risk assessment where the importance of each product
attribute is ranked based on its impact on safety and efficacy.

For a model monoclonal antibody formulation, a typical list of
CQAs would comprise the freeze-drying properties such as collapse
temperature (Tg0 for an amorphous product or Teu for a crystalline
product), final cake appearance (color, density, uniformity, absence
of meltback, shrinkage, and/or collapse), solution appearance
upon reconstitution (completeness, clarity, color), reconstitution
time, residual moisture content, protein purity (chemical changes,
presence of aggregates, visible and sub-visible particles), and
potency (17). A similar list of formulation components such as
excipients, buffer components, surfactant, protein concentration,
pH, ionic strength, vial configuration, stoppers and fill volumes;
freeze-drying process operating parameters such as freezing ramp
rate, hold time, primary drying conditions of shelf temperature,
chamber pressure and duration, secondary drying conditions (shelf
temperature, pressure and duration) and equipment conditions
(including the batch size/load and scale effects) are created and
the effects of these parameters on CQAs are studied (9).

3.3 Performing Risk

Assessment

The application of risk assessment provides a mechanism by which
process parameters are studied against quality and process attri-
butes in order to prioritize parameters for experimental studies. It
provides an understanding of relationships that exist among formu-
lation parameters, process inputs/material attributes, and product
quality attributes and enables the identification of robust process
conditions and their acceptable limits.

Risk assessment begins with the systematic use of information
such as prior knowledge, historical data, theoretical analyses, and
information available in literature to create a list of product CQAs
that affect the QTTP. Once CQAs are identified, various methods
are applied to analyze and understand the presence or absence of
interactions and identify the parameters that significantly impact
the CQAs, termed critical process parameters (CPP) (9, 15).
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Practical ways of analyzing these factors include the use of risk
analysis tools such as Cause and Effect (Ishikawa or Fishbone)
diagrams, Cause and Effect Matrices, Failure Mode Effects Analysis
(FMEA), Failure Mode Effects and Criticality Analysis (FMECA),
Fault Tree Analysis (FTA), and Risk Ranking Analysis (12).

Once the process parameters are identified, these are further
characterized using statistical design of experiments (DoE) to
determine the degree of impact each parameter has on the CQA.
Here, screening experiments such as Plackett-Burman, fractional
factorial, and full factorial experimental designs could be used to
determine the extent of main effect of process parameters on
CQAs. Based on statistical significance in these experiments or
Pareto ranking analysis, process parameters that are observed to
significantly impact CQAs are categorized as critical process para-
meters (CPP) while the other parameters that are not statistically
significant but are important for consistency of process perfor-
mance are categorized as key process parameters (KPP). CPPs are
further studied using design of experiments involving multivariate
combinations and interactions with other parameters to define the
optimum operating boundaries. A response surface experimental
design, such as Box-Behnken design or Central Composite design,
could be used to study main and interaction effects of process
parameters on CQAs, depending on the number and levels of the
factors selected. Data obtained are to determine the acceptable
ranges (upper and lower limits) for the key and critical process
parameters within which quality is assured. The validity of the
operating boundaries of model can then be confirmed with verifi-
cation experiments at full scale. This helps to identify robust process
conditions and their acceptable limits.

Risk assessment is a continuous process and is performed at
various unit operations during development. As additional process
information is obtained over the life cycle of the product, it is
possible for the criticality of some attributes or parameters to
change. In such instances, there is the need to revisit risk assessment
since the changes in the prioritization must be demonstrated
by data.

3.4 Defining

the Design Space

Design space is defined as the “multidimensional combination and
interaction of input variables and process parameters that have been
demonstrated to provide assurance of quality” (8). Design space
defines the acceptable processing conditions that have been shown
to provide repeatable, consistent, and provable assurance of prod-
uct quality (with underlying assumption of patient safety and
efficacy) (15).

For lyophilized products, the concept of design space involves a
thorough understanding of the criticality of the components of the
formulation as well as the selection of the appropriate ranges of the
process parameters for lyophilization. The concept of design space
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is therefore a combination of factors that affect both product and
process. It is known that during lyophilization, the product tem-
perature at the sublimation interface (Tp) is a critical parameter
which significantly affects the final product quality attributes such
as cake elegance and residual moisture content and so must be kept
below the collapse temperature (Tc) of the formulation to avoid
macroscopic collapse. However, the product temperature at the
sublimation interface cannot be directly controlled and is influ-
enced by other processing factors such as shelf temperature and
the chamber pressure. The chamber pressure and shelf temperature
also have a complex effect on product temperature and sublimation
rate of the product. Ideally, increasing the chamber pressure
increases the rate of heat transfer to support the sublimation rate
by increasing the thermal conductance of gas between the shelf
surface and the product vial. However, this has the tendency of
causing an increase in the product temperature above the critical
collapse temperature of the product, resulting in macroscopic col-
lapse. Macroscopic collapse is a characteristic of predominantly
amorphous formulations and it is undesirable and could lead to
rejection of an entire batch. Therefore, there is the need to establish
limits of chamber pressure, shelf temperature, and product temper-
ature to ensure that a pharmaceutically elegant product is pro-
duced. A very efficient lyophilization process is one which
operates within the design space at the highest allowable shelf
temperature and the lowest chamber pressure that would still
maintain the target product temperature during primary drying
(5, 18, 19).

The design space is proposed by the applicant and is subject to
regulatory assessment and approval. It allows more effective dia-
logue between industry and the regulatory agency during the
application review process in that it provides structured information
about product and process development that is well aligned with
risk and science-based approach. From a regulatory standpoint,
working within the design space is not considered a reportable
change. However, working outside of the design space is consid-
ered a change that requires a regulatory post-approval change
process (15).

3.5 Defining Process

Control Strategy

The FDA considers a process as well understood when all critical
sources of variability are identified, explained, managed and prod-
uct quality attributes can be accurately and reliably predicted within
the design space. Once a sufficient level of process understanding
has been achieved, a control strategy should be developed to ensure
that the process remains in control within the normal variation in
material attributes and process operating ranges. Control strategy is
defined as “a planned set of controls, derived from current product
and process understanding that assures process performance and
product quality” (10). Process control strategy is a cornerstone of a
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modern pharmaceutical quality system and can be a combination of
parametric and attribute-based controls. It is established via risk
assessment and includes material controls (qualification and speci-
fications of raw materials, excipients, drug active, packaging mate-
rial, etc.), procedural controls (equipment, facility, quality system,
etc.), process monitoring and controls (critical and key process
parameters), in-process controls, lot release testing, characteriza-
tion testing, comparability testing, and stability testing (9, 15).
Generally, real-time monitoring and control of the process is pre-
ferred over relying on end-product-testing. Real-time monitoring
and control of critical process parameters integrates a broad spec-
trum of analytical technologies or tools that are capable of
providing in-line and at-line measurements. Such analytical tools
are usually interfaced to production plant control networks and
assimilated into standard procedures to ensure consistency to the
process through improved quality, efficiency through reduction of
cycle and prevent batch product rejection.

4 Application of Process Analytical Technology (PAT) in the Lyophilization
of Biologics

In the past, most lyophilization process optimization had mainly
focused on the primary drying step, since it is the longest step of the
entire process. With improved process understanding, the freezing
step has been identified as the most important step of the lyophili-
zation process since it significantly impacts both the primary and
secondary drying steps, as well as the physical properties of the
lyophilized products such as residual moisture content, cake mor-
phology, and reconstitution time (20).

With the shift in paradigm from rigorous testing of the final
drug product to a risk-based approach of continuous monitoring
and control of critical steps of the manufacturing process, process
analytical technology (PAT) has become an integral part of the
lyophilization process development. PAT is defined as a system for
designing, analyzing, and controlling manufacturing through
timely measurements of critical quality and performance attributes
of raw and in-process materials and processes with the goal of
ensuring final product quality. PAT tools specified by the FDA
include multivariate data acquisition and analysis tools such as
statistical design of experiment and chemometric tools used to
identify and address interactions of product and process variables,
process analyzers capable of in-line, at-line and on-line measure-
ment and control of critical process parameters, process and
end-point monitoring and control tools to monitor the end-point
of each intermediate process step before the next process step is
initiated and continuous improvement and management
tools (10).
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Especially for high-value biopharmaceutical products, it is
extremely critical to ensure that the end-points of all intermediate
process steps are reached before the next step is initiated since a
premature transition could result in unanticipated product devia-
tions and subsequent batch rejection. This is very common in
situations where the proper end-point of primary drying is not
met in order to ensure that all ice is removed by sublimation before
ramping into the secondary drying phase for desorption. The result
is product melt-back. Melt-back compromises product quality and
is a criterion for rejection, per United States Food and Drug
Administration (US FDA) inspection guidelines (21).

4.1 PAT Tools

for Characterization

of the Bulk Solution

In the design of a lyophilization cycle, it is imperative to know the
critical properties of the bulk formulation, such as the macroscopic
collapse temperature (Tc), the stability of the drug, and the proper-
ties of the excipients used, since these properties ultimately affect
the lyophilization process. Traditionally, most lyophilization cycle
designs have been driven by the determination of the glass transi-
tion temperature of the maximally freeze-concentrated amorphous
solution (Tg

0) or the eutectic temperature (Teu), if solutes are
crystallized in the frozen solution, using differential scanning calo-
rimetry. The macroscopic collapse temperature (Tc) is the tempera-
ture above which the freeze-dried product loses macroscopic
structure and collapses during lyophilization (5). It is therefore
the most critical lyophilization parameter, since freeze-drying
below Tc is necessary to ensure that the final product has an elegant
appearance, low residual moisture content, good storage stability,
and reconstitution characteristics. Tc is dictated by the composition
of the formulation. Since each pure amorphous excipient used in
the formulation has a characteristic Tg

0 and collapse temperature,
the Tc is the mass averaged temperatures of all the components in
the amorphous phase. Therefore, accurate measure of Tc is critical
to lyophilization process development (5, 22).

While traditional lyophilization cycle designs have relied on the
determination of Tg

0 or Teu using differential scanning calorimetry,
as a guideline for setting primary drying temperatures, this has
often resulted in significantly lower primary drying temperatures
and unnecessarily longer freeze-drying times because Tg

0 is usually
lower than the Tc. The Tc is usually estimated to be 2–3 �C lower
than the Tg

0 for amorphous solutes or equivalent to the eutectic
temperature, Teu for crystalline solutes. However, the collapse tem-
perature may be as much as 10 �C higher than the Tg

0 in formula-
tions with high protein content or low disaccharide content (23).
Moreover, the changes in viscous flow associated with the Tg0 may
become undetected in some high protein formulations or may
overlap with other thermal events, thus making the prediction of
the critical process temperature impossible.
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Light Transmission-Freeze Dry microscopy (LT-FDM) repre-
sents a better option for determining the Tc. It involves placing
about 1–2 μL of the liquid formulation between two microscopic
cover slips, cooling the liquid to �40 �C or lower to ensure com-
plete freezing, and subjecting the frozen film to vacuum. The
temperature is then slowly increased at a ramp rate of 1 �C min�1

to bring about sublimation. As the temperature rises, viscous flow
results in changes to the structure of the freeze-dried solid which
may result in collapse of the freeze-dried cake. The drawback with
LT-FDM is that thin films may have different ice nucleation rates,
crystallization tendencies for solutes, frozen product structures,
and drying rates as compared to bulk products in vials. Thus,
current LT-FDM does not always accurately estimate Tc for
freeze-drying in a vial. As such the difference in Tc determined
using LT-FDM and that observed during freeze-drying in a vial
are typically several degrees, with much larger discrepancies
observed in some protein formulations (24).

A novel approach, based on time-domain optical coherence
tomography (OCT-FDM) allows for real-time, three-dimensional
imaging of the formulation in a vial during lyophilization. This
technique, which combines high-resolution optical imaging capa-
bility of optical coherence tomography and a single vial freeze dryer
(SVFD), monitors the structural changes in the product and allows
full exploration of the product response to temperature changes in
the sample vial during the lyophilization (Fig. 2). This circumvents
the issues associated with DSC and LT-FDM and allows the accu-
rate determination of bothmicroscopic andmacroscopic collapse of
the formulation in the same vial used during production operation.
The volumetric micron-level resolution and three-dimensional
imaging capabilities of OCT significantly enhance the current cap-
abilities beyond the measurement of Tc to full exploration of the
product response to temperature changes and imaging of structural
changes and fine features of the freeze-drying process including ice
nucleation and the freezing stage of lyophilization (24, 25).

Results of such measurements determine the allowable range
for shelf temperature and subsequently the product temperature at
the sublimation interface during primary drying and such informa-
tion is expected to be included in a biologics license application
(BLA) or new drug application (NDA) to the FDA.

4.2 PAT Tools

for Monitoring

and Controlling

the Freezing Step

The freezing step is a complex process which involves three steps,
namely nucleation, crystallization of the freeze concentrate and for
the maximal freeze concentrate, either freeze-separation in eutectic
products or concentration in the amorphous products. When liquid
drug product formulation is cooled at atmospheric pressure, the
product does not freeze spontaneously at its equilibrium freezing
point. The formulation solution must usually be cooled down to
temperatures that are significantly lower than the equilibrium
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freezing point in order to initialize the formation of ice crystals.
The difference between the equilibrium ice formation temperature
and the actual temperature at which ice crystals first form is called
“supercooling.” The degree of supercooling is dependent on the
solution properties and process conditions (1).

In a laboratory freeze-dryer, the ice nucleation in individual
vials occurs randomly and spans a temperature range of 10–17 �C
below the thermodynamic freezing point. Such observed differ-
ences are amplified in a typical Class 100 production environment,
where temperature ranges as low as 30 �C below the thermody-
namic freezing point are observed, due to the absence of dust or
dirt particles which act as heterogeneous nucleation sites (26). The
result is increased manufacturing and energy costs as well as vial-to-
vial heterogeneity in the final product attributes.

The first step in the freezing process is the onset of ice nucle-
ation. With the onset of nucleation, ice crystals begin to grow at a
certain rate, resulting in freeze-concentration of the solution. In an
uncontrolled environment, the formulation must be cooled down
to temperatures that are significantly lower than the equilibrium
freezing point to initialize ice formation. With a high degree of
supercooling, the product vials nucleate at different times, resulting
in smaller ice crystals and increased resistance to ice sublimation.
When ice nucleation is controlled, it results in a lower degree of
supercooling and all vials nucleate uniformly, resulting in larger ice
crystals and a decrease in product resistance to ice sublimation
during primary drying. Physical properties such as cake structure,
residual moisture content, and reconstitution time are also
impacted by the degree of supercooling (26).

Various methods that allow for the direct control of the freez-
ing step have been proposed in literature (see Chapter 4), such as
ultrasound-controlled nucleation, ice fog method, electro-freezing
method, and vacuum-induced surface freezing. While such meth-
ods have demonstrated potential success for process improvement
at the laboratory and pilot scales, they are invasive methods and
their applicability to commercial-scale manufacturing of regulated
biopharmaceutical products would seem very difficult to achieve
because of the economic as well as the sterility and safety concerns.

A noninvasive, potentially scalable PAT tool for controlling the
freezing step, called ControLyo™ Nucleation On-Demand Tech-
nology, has been shown to significantly improve both process and
product in many experimental systems. This technology works by
reducing the product temperature of the vials to a selected temper-
ature value, followed by pressurizing the lyophilization chamber
with an inert sterile gas such as argon or nitrogen. When thermal
equilibrium has been achieved in all vials, the chamber is rapidly
depressurized, causing ice crystals to form at the top of the solution
and propagate throughout the vials within seconds. When vials in
the chamber nucleate simultaneously at a lower degree of super-
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cooling (Fig. 3), it results in the formation larger ice crystals and
larger pores during primary drying due to decreased resistance to
mass transfer and a significant decrease in primary drying time.
Studies have demonstrated that for every 1 �C increase in the
nucleation temperature, primary drying can be reduced by as
much as 3–4%. Primary drying cycle reductions of up to 41% have
been reported with controlled ice nucleation method (27, 28).

4.3 PAT Tools

for Monitoring

and Control

of the Primary

Drying Step

At the completion of freezing step, the chamber pressure is lowered
and the shelf temperature is increased to initiate primary drying.
This causes the ice sublimation front to move downward through
the frozen product, thus causing the water vapor to transit through
the channels left by the sublimed ice above. The level of resistance
to the mass transfer of water vapor depends on the ice crystal
structure formed and this affects the overall primary drying time.

During primary drying, the product temperature at the subli-
mation interface (Tp) is the most relevant product parameter that
must be controlled in order to ensure a robust cycle. Ideally, Tp

must be below the “critical” temperature of the product (glass
transition temperature (Tg0 or perhaps more usefully, especially at
high protein concentrations, Tc) for amorphous and eutectic tem-
perature (Teu) for crystalline products) to avoid macroscopic col-
lapse of the lyophilized cakes. Macroscopic collapse negatively
affects final product quality such as product appearance, subvisible
particles, residual moisture, and reconstitution time (26).

Therefore, the accurate determination of such critical process
parameters such as the sublimation rate (dm/dt), the product mass
transfer resistance, and product temperature at the sublimation
interface are very critical to the control of the overall lyophilization
process as well as the final product quality. Tp cannot be directly
controlled but is influenced by the heat input by the shelves and
chamber pressure. Various techniques have been proposed to mon-
itor the product temperature, such as the use of thermocouple
sensors and electrical resistance detectors (RTD), which are placed

Fig. 3 Product temperature profiles showing the nucleation behavior during the freezing step for controlled ice
nucleation and uncontrolled ice nucleation
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directly inside selected sample vials. The drawbacks with these are
that the placement of these thermocouples is invasive and so may
compromise the sterility of the product and because these are
placed in selected vials, the information obtained is not representa-
tive of the entire batch. Also, vials with thermocouples may cause
bias in both the freezing and drying behaviors relative to vials that
do not contain thermocouples (29). Also noteworthy is that
thermocouples measure only the temperature at the bottom
of the vials (Tb) and not the temperature at the sublimation inter-
face (Tp), which is more critically related to the product
macrocollapse.

Various noninvasive PAT tools for monitoring critical process
and product parameters, such as Raman and near-infrared (NIR)
probes, have been proposed. These act as complimentary PAT tools
whereby Raman probes are positioned noninvasively above the vials
while NIR probes are placed on the side of the vial to monitor the
physical and critical process step changes such as water-to-ice con-
version, product crystallization, kinetics of polymorphic transitions,
and solid-state characterization. The drawback with these PAT
tools is that both water and ice produce very weak Raman signals,
while NIR spectra are typically composed of broad overlapping and
poorly defined absorption bands because of the effect of physical
properties of the sample such as particle size and density. As such,
spectra obtained from these probes are multivariate in nature and
require chemometric analyses to build a robust prediction model to
extract both physical and chemical information on the
samples (30).

More reliable, noninvasive PAT tools that provide valuable
information in the monitoring and control of the primary drying
step include Manometric Temperature Measurement (MTM) and
Tunable Diode Laser Absorption Spectroscopy (TDLAS). MTM
works by a procedure whereby the product temperature at the
sublimation interface is measured by closing the isolation valve
between the chamber and the condenser for a short period of
time and measuring the pressure versus time data. The MTM
equation is then fitted to the pressure rise data and the analysis
provides real-time information about important process parameters
such as the product resistance, the cake thickness, and sublimation
rate. The data obtained provides information to the lyophilization
control software, called SMART™, which makes adjustments to
shelf temperature in a closed feedback loop. By monitoring and
controlling product temperature during processing, critically
harmful temperatures can be avoided and scientifically derived
drying times can be determined. The information obtained is
representative of the entire batch and gives valuable insight
into the cake morphology and final product quality
attributes (31).
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TDLAS is an in-line technology that works on spectroscopic
principles and sensitive detection techniques to measure the
absorption of radiation of water vapor in real time using a laser
beam attached to the spool connecting the chamber and the con-
denser. The sensors measure the water vapor concentration and
vapor flow velocity and the instantaneous measurements can be
used to determine critical product and process parameters such as
product temperature, vial heat transfer, product mass resistance,
and primary drying endpoint (32).

Both MTM and TDLAS can also be used to determine the
endpoint of primary drying. MTM uses a comparative pressure
measurement tool which consists of a pirani gauge and a capaci-
tance manometer. The pirani gauge works on the principle of
measuring the thermal conductivity of the gas in the drying cham-
ber and reads about 60% higher than the capacitance manometer.
During primary drying, when all the gas in the chamber is essen-
tially water vapor, the pirani gauge reads about 60% higher than the
capacitance manometer, because the thermal conductivity of water
vapor is ~1.6 times more than nitrogen gas. At the end of primary
drying, when the gas composition in the chamber is essentially
nitrogen, the pirani pressure decreases toward the capacitance
manometer and that signals sublimation is essentially completed
(33). For TDLAS, the end of primary drying is the point where the
water vapor concentration shows a sharp decrease in the water
vapor concentration profile, indicating that the gas composition is
changing and hence sublimation is essentially complete (Fig. 4).

Fig. 4 Process water concentration from TDLAS and Pirani vs. Capacitance
manometer can be used to determine the end-point of primary drying of
biologics. In both instances, sharp decline in the curves depicts decrease in
the concentration of water vapor, showing that sublimation is almost complete
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4.4 Secondary

Drying Step:

Monitoring and Control

of the Residual

Moisture Content

For an optimized lyophilization cycle, it is imperative that the
end-point of primary drying is accurately determined before pro-
gression into secondary drying, as premature progression could
result in product collapse and ultimately batch rejection due to
lack of cake elegance. Typically, primary drying is essentially over
when the amount of unfrozen water in the amorphous matrix is less
than 20% (34, 35).

The residual moisture in the final product at the end of second-
ary drying must also be accurately measured since product stability
often correlates with residual moisture content. Both MTM and
TDLAS have proved vital in characterizing the secondary drying
stage of the freeze-drying process. TDLAS has been used for in situ
monitoring of residual moisture content in real time during sec-
ondary drying on a laboratory scale (35).

4.5 Characterization

of the Lyophilized

Product

While there are not many tools for the real-time characterization of
the lyophilized products, many off-line tools allow for both quan-
titative and qualitative characterization of the lyophilized cakes to
ensure that product quality is consistent with the set target. For
example, visual inspection for cake elegance, determination of
reconstitution time, and offline determination of residual moisture
content using Karl Fischer analyses are standard release tests that
are required by the FDA. Other required information that are
expected to be included in BLA or NDA include physico-chemical
characterization information such as the glass transition tempera-
ture (Tg) of the dried cake by DSC, which is important in predicting
optimum storage conditions, information about the crystallinity of
the final product by Powder X-Ray diffraction (PXRD), the specific
surface area of the lyophilized cake by nitrogen or krypton gas
adsorption experiments, and secondary structure of the lyophilized
biologic by Fourier Transform Infrared (FT-IR) Spectroscopy or
Circular Dichroism (CD) Spectroscopy.

The desired improvements from the application of PAT are
gains in quality and efficiency due to reduced production cycle
time, increased automation of the process, and prevention of prod-
uct rejection due to improved process consistency and understand-
ing. Another major advantage is the possibility for real-time release,
which means that the product quality can be ensured by data
generated during production, and the batch can be released directly
after completion of production without extensive additional final
testing procedures.

5 Conclusion

The application of principles of QbD to the lyophilization of bio-
logics would be mutually beneficial to both regulators and industry
since it will ultimately lead to continuous process improvements.
For regulators, it will improve the quality of information in
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regulatory submissions as well as the quality of review since deci-
sions will be made on scientific information rather than on empiri-
cal information. For industry, this would ensure better design of
products with fewer problems in manufacturing since decisions are
made based on process understanding and risk mitigation. It would
also allow for the implementation of new technology to improve
manufacturing without regulatory scrutiny.

PAT is an enabling component of QbD which allows continu-
ous real-time monitoring and control of a process, resulting in
more consistent product quality and more efficient use of
manufacturing capacity. This would likely facilitate technology or
process transfer from laboratory to production and even from one
site to another or one manufacturer to another since the process
becomes less equipment and recipe-dependent and more a function
of process outputs.
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Chapter 9

Container and Reconstitution Systems for Lyophilized Drug
Products

T. Page McAndrew, Douglas Hostetler, and Frances L. DeGrazio

Abstract

Lyophilization is the process of dehydrating a material at low temperature and reduced pressure. It is used
to extend the shelf life of many biologic drug products. This paper discusses two systems essential to these
products: container systems and reconstitution (i.e., rehydrating) systems.

Key words Container systems, Closures, Container closure integrity, Extractables, Leachables,
Reconstitution systems, Seals

1 Background

Lyophilization (also called freeze drying) is the process of dehy-
drating a material at low temperature and reduced pressure. It is
used to extend the shelf life of many biologic drug products. This
paper discusses two systems essential to these products—container
systems and reconstitution (i.e., rehydrating) systems. Lyophiliza-
tion was documented as early as 1908 at the Laboratory of Bio-
physics at the College of France [1]. Upon removal of a sufficient
level of water, rates of metabolic processes are reduced substan-
tially—so lyophilization can be used to extend the shelf life of a
biologic product. A first pharmaceutical application was the preser-
vation of live rabies viruses—which enabled vaccine development.
During World War II, lyophilization played a crucial role in the
transport of blood serum—refrigerated transport being unavailable
[1]. Through to the end of 2014, the FDA had approved over
400 drug products in lyophilized form:

l infectious disease: 40%

l oncology: 23%

l cardiology: 12%

l other (e.g., immune, metabolic, neurology): 25%

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_9,
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Over 90% are delivered in single-use vials. In 2014, over two
billion doses were produced worldwide, up from 2010 at a com-
bined annual growth rate >10%.

Crucial to understanding lyophilization is understanding subli-
mation. Sublimation is the transition of a material from the solid
phase directly to the gas phase—without the intermediate liquid
phase. Like melting and evaporation, it is an endothermic phase
transition. For water, the enthalpy of sublimation (i.e., the amount
of energy required to convert 1 mole of water to gas when solid and
gas are in equilibrium) is 51� 103 J. See Fig. 1—a schematic of the
phase diagram of water [2]. As a function of pressure and tempera-
ture, the phase diagram shows the state of a substance—solid,
liquid, or gas. Lines indicate where phases are in equilibrium. For
water, liquid cannot exist at conditions of temperature below
0.01 �C and below 0.006 atm (i.e., conditions of the triple
point). These conditions are shown by the yellow box in Fig. 1.
Thus any phase transition occurring at these conditions necessarily
involves solid to gas. At temperatures below 0 �C, vapor pressure of
water is very low. See Table 1 [3]. However, at reduced pressure,
the rate of vaporization is substantially increased. As such, lyophili-
zation is performed at reduced pressure and can be accomplished in
a cost-effective time period.

The lyophilization of a drug product has several stages. See
Fig. 2—a schematic diagram depicting lyophilization parameters in
terms of time, temperature, and water content [1]. Note the para-
meters of these phases will depend upon the drug product.

l Freezing. Product is frozen well below 0 �C. Actual freezing rate
depends upon the drug product—emphasis is on preventing
degradation. Large ice crystals generally are favored as:
(a) easier to sublimate, and (b) promoting larger pores which
promotes subsequent reconstitution.

Pressure

Temperature

solid

gas

liquid

triple point (0.01°C, 0.006 atm)

critical point
(374°C, 218 atm) 

sublimation

Fig. 1 Schematic Phase diagram of water. Not to scale. Yellow box indicates
conditions in which only [solid $ gas] transition can occur
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l Sublimation (Primary Drying). Majority of water is removed—
going directly from solid to gas phase at reduced pressure.

l Desorption (Secondary Drying). Water that was not in the form
of crystalline ice, but adsorbed on drug product, is removed.
Note temperature is elevated to increase vapor pressure of water,
but the process is still performed at reduced pressure. Tempera-
ture is selected so as to prevent degradation.

Once the parameters are set for the lyophilization of a drug
product, the challenge is execution—a key feature of which is the
container closure system, i.e., vial, stopper, and seal.

2 Container Systems

The proper container system is essential to maintain the integrity of
a lyophilized drug product through its shelf life, until it is recon-
stituted and subsequently administered. It must:

l maintain container closure integrity

l have no deleterious interaction with drug product

l minimize potential for water migration

l minimize potential for leachables migration

l have good durability during handling

l be suitable for sealing within the lyophilization chamber (under
vacuum or inert atmosphere)

Defining the proper container system begins with component
selection. Components are considered individually.

0
- 20
- 40

20
40

0

100

50

Temperature (°C)

Remaining Water (%)

Time

Freezing = 1 atm
Sublimation = 0.0003 atm 
Desorption = 0.000015 atm

Fig. 2 Lyophilization parameters. Not to scale. Parameters vary depending upon
drug product. Reproduced from data in [1]
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2.1 Components:

Vials

Vials comprise either glass or polymer:

l Glass. Typically glass vials are made according to ISO specifica-
tions from Type 1 borosilicate glass tubing. Production from
tubing is preferred over injection molding for better dimen-
sional uniformity. Typical composition is ca. 80% SiO2, ca. 13%
B2O3, ca. 4% Na2O, and other compounds [4]. Type 1 is pre-
ferred for pharmaceutical and fine chemical applications because
of the low Na2O content, and the reduced risk for Na+ leaching.
An interior coating of polysiloxane may be present to reduce risk
of interaction with drug product.

l Polymer. Made by injection molding, polymer vials often com-
prise cyclic olefin polymer—a transparent polymer with very
good resistance to water permeation (a combination of proper-
ties unique in a polyolefin). Examples are Daikyo Crystal
Zenith® COP and Becton Dickinson and Company Crystal
Clear Polymer. COP typically comprises either norborene (bicy-
clo[2.2.1]hept-2-ene derivative), or a copolymer of norborene
with ethene. A copolymer example is Schott AG TopPac® prod-
uct. See Fig. 3. Polymer vials have the advantage of being
mechanically more durable, i.e., less likely to fracture during
handling/use than glass vials. Typical composition is ca. 90%
carbon, ca. 10% hydrogen. With essentially only carbon and
hydrogen present, the possibility of interaction with drug prod-
uct is reduced, as compared to glass.

Since lyophilization occurs under vacuum, most heat transfer
to/from drug product occurs directly between vial bottom and
chamber shelf. Some heat transfer can occur by liquid/vapor
trapped between vial bottom and shelf, or by radiation. However,
the dominant effect is by direct contact [5]. To facilitate this best,
vial bottoms must be:

R1 R2 [ ]

R1 R2

[ ]

R1 R2

Ring-Opening Metathesis Polymerization
e.g., Ru[P2C3H2(C6H5)8]Cl2

R1 R2

[ ] [ ]
x y

x x

Co-Polymerization with ethylene (C2H4)

Hydrogenation

COC:  cyclic olefin 
co-polymer

COP:  cyclic olefin 
polymer

Fig. 3 Structures of cyclic olefin polymers
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l Flat. See Fig. 4—schematic drawing comparing vials. A flat
bottom maximizes contact and thus heat transfer. In contrast,
a concave bottom has substantially reduced contact (air/liquid/
vapor/vacuum exists between vial and shelf). Moreover, a con-
cave bottom enables crevices where expansion from water to ice
during freezing may occur and cause breakage.

l Thin. This minimizes thermal resistance between shelf and drug
product.

l Uniform. Variations in thickness promote uneven heat transfer,
and increase risk of breakage from residual stress (a common
issue in glass articles with sections of uneven thickness).

For example, a Schott 2R glass vial (capacity to ca. 4 mL) has a
bottom surface area of 2 cm2, and a bottom thickness of
0.06–0.07 cm. Typically bottom thickness is ca. 70% of wall thick-
ness (i.e., ca. 0.1 cm). A Daikyo Crystal Zenith®COP 2mL vial has
a bottom surface of 1.7 cm2, and a bottom thickness of
ca. 0.1–0.2 cm.

From a thermal conductivity perspective, glass is better than
polymer because of a higher thermal conductivity coefficient, i.e., it
conducts heat more efficiently:

l Glass ~1.05 W m�1 K�1

l Polymer ~0.2 W m�1 K�1

Lyophilization reduces, but does not eliminate, potential for
interaction of drug product with vial, and subsequent drug product
alteration. Before lyophilization, drug product is liquid or contains
a substantial amount of water. Potential issues are:

l reaction of drug product with Si-OH groups on glass surface

l dissolution of silicates from glass and migration into drug prod-
uct—especially at high or low pH

potential for cracking
from ice

formation/expansion

Shelf

Fig. 4 Schematic drawings of vials
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l ion exchange between drug product and glass (e.g., Na+, K+)

l migration of leachates from glass into drug product

However, once water is frozen, and through completion of
lyophilization, risk of these issues is substantially reduced. In fact,
some drug product manufacturers may offer lyophilized product
for just this reason. In this regard, polymer vials have a much lower
risk than glass vials. Comprising essentially only carbon and hydro-
gen, the risk of interaction, or migration of leachate, is reduced.
Moreover, polymer vials do not have the issue of glass delamination
[6]. So as a first consideration, polymer vials provide for less risk.
Still, potential issues with polymer must be considered—if there are
compounds (e.g., residual monomer) that will volatilize at reduced
pressure in lyophilization chamber and be absorbed and interact
with drug product.

2.2 Components:

Stoppers

Stoppers are composed of elastomers because of the need to make a
complete, durable, seal with the vial, and enable needle/spike
insertion for reconstitution and withdrawal. They are formed by a
compression molding process during which curing is performed.
Most elastomers are thermoset (i.e., require a curing process),
however thermoplastic elastomers also can be used. A particular
formulation of an elastomer can be fabricated into any stopper
design. Typically an elastomer formulation comprises:

l elastomer (usually bromo- or chloro-butyl—based on inherent
resistance to permeation by water and oxygen)—ca. 50% by
weight

l fillers

l pigments

l curing agents

l accelerators

l activators

l plasticizers

l pigments

l antioxidants and stabilizers

Development of a particular formulation (i.e., elastomer type
and molecular weight, types and levels of ingredients, curing con-
ditions) requires considerable research because of the many perfor-
mance requirements that a stopper must meet. See Table 2.

Good stopper/vial seal integrity is essential for lyophilized
products. The secondary seal (i.e., outer seal), comprising alumi-
num or plastic, that holds the stopper in place, may not be placed
immediately after stopper insertion, but up to several hours later.
Contact between stopper and vial is the primary seal.
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As noted above, a given formulation can be fabricated into any
stopper design. Most lyophilization stoppers are “igloo” format—
depicted in Fig. 5. Some lyophilization stoppers are “two-leg”
format—depicted in Fig. 6.

Stoppers may be laminated with fluoropolymer films or coated
with silicone-oil-based coatings or fluoropolymer coatings—see
Fig. 7:

l Fluoropolymer Laminate. To minimize interaction of drug prod-
uct with stopper (either directly with stopper surface, or migra-
tion of leachate from stopper), a fluoropolymer film is placed on
areas that could contact drug product. To facilitate easy inser-
tion of stopper into vial, a fluoropolymer film is likewise placed
on outer surfaces. To prevent adherence of stopper to upper

Table 2
Stopper elastomer performance requirements

Parameter Reason

Glass transition temperature <�55 �C Maintains rubber characteristic at all temperatures of
lyophilization

Hardness (Shore A) ¼ 45–55 Enables easy stopper insertion, good seal integrity over time,
good spike/needle penetration and reseal while minimizing
formation of fragments

Low compression set
Good sealing against glass/polymer
Low level of coring and fragmentation

Low level of water absorption Maintains shelf life of drug product
Low level of water permeability
Low level of oxygen permeability

Low level of potential extractables Minimizes risk of interaction of drug product with a chemical
compound from stopperLow level of volatiles

Low level of surface tackiness Eases handling prior to insertion in vial

Ease of processing Minimizes production costs

Fig. 5 Lyophilization stoppers—“Igloo” format. West Article 1319 (20 mm) and
Article 1097 (13 mm). Both are in formulation 4023/50 gray
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shelf during closure of container system at completion of lyoph-
ilization process, a fluoropolymer film may be placed on the top
surface of stopper (West Lyotec® stoppers). West Pharmaceuti-
cal Services, Inc. FluroTec® film is based on ethylene tetrafluor-
oethylene copolymer (ETFE). No film is placed on areas of
stopper that contact glass and serve as primary seal, i.e., land
seal (contact of stopper flange to top horizontal plane of vial—
see Fig. 12). This is because FluroTec® film is a thermoplastic
and will not conform as well under pressure to make a good
seal—especially important in areas of glass vial variability.

Fig. 6 Lyophilization stopper—“Two-Leg” format. West Article 1097 (20 mm).
Formulation is 4023/50 gray

Fluoro-
polymer

Silicone
Polymer

Fluoro-
polymer

Silicone
Polymer

A B

C D

Fig. 7 Schematic of lyophilization stopper displaying positions of fluoropolymer
film and silicone polymer coating. A two-leg stopper is used as an example. (A)
neither film nor coating. (B) fluoropolymer film only. (C) fluoropolymer film and
silicone polymer coating. (D) silicone polymer coating only
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l Lubricity Coating. To facilitate insertion of stopper into vial and
easy handling during fill/finish operation, a coating to enhance
lubricity can be placed on stopper surfaces. An example is West
B2 coating—a silicone polymer (also called polysiloxane) coat-
ing that is applied as a solution, and chemically bonded to
stopper surface by a curing process. Fluoropolymer-based coat-
ings can be used also, for example Omniflex® coatings offered by
Datwyler Sealing Solutions.

In some cases, a thin layer of silicone oil is placed over the entire
stopper. This is done by washing stoppers in a solution comprising
emulsified silicone oil. This aids movement of stoppers during
container system assembly and insertion into vials, and prevents
stoppers from adhering to upper shelf during closure. However, it
raises the risk of interaction of lyophilized drug product with
silicone oil—a risk that is increased if the reconstitution liquid is
partly organic. Given the complexity of biologic drug products, a
safer option is the presence of chemically bonded fluoropolymer
and silicone polymer to specific areas of the stopper.

Initial insertion of a lyophilization stopper into a vial is part
way—resulting in the presence of a vent. See Fig. 8. Notice that
design of lyophilization stopper is such to permit escape of water
from drug product. Upon completion of lyophilization, while still
in chamber, vials are sealed by complete insertion of stopper (done
typically by lowering of upper shelf which forces systems on shelf
immediately below to be sealed).

The process of lyophilization has been examined for the pur-
pose of determining the effect of vent area on sublimation rate
[7]. See Fig. 9.

Fig. 8 Stopper/vial system. Stopper is partly inserted—this is the configuration
during lyophilization process
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Notice there is little benefit above a vent area of 5 mm2. Evi-
dently 5 mm2 enables adequate water vapor transport—even for a
large volume of solution, sublimation is the rate limiting step, not
water escape. The practical impact is that a vent area of ca. 5 mm2

should be well adequate for most cases.
It is important to match stoppers with vials properly to ensure a

good seal. The first step is selecting a combination that has the right
interference fit. Interference fit is defined in Eq. (1):

Interference fit ¼ 100 stopper diameterð Þ � vial inner neck diameterð Þ½ �f
= stopper diameterð Þg

ð1Þ
All suppliers furnish precise drawings and dimensions of com-

ponents. For example, consider a Schott vial (6R) and a West
stopper (Article 1319 “igloo”). See Fig. 10. Dimensions are:

l d4 (vial inner neck diameter) ¼ 12.6 mm � 0.2 mm

l D2 (stopper diameter) ¼ 13.2 mm � 0.1 mm

For this system the interference fit is 3%. The recommended
interference fit historically is from ca. 3–5%. This is to ensure that
the stopper diameter is slightly larger than the vial inner neck
diameter, so the stopper is always under compression and applying
a radially outward force against the inner wall of the vial. This
ensures a good seal. Note that an interference fit that is too large
would indicate difficulty in stopper insertion and a greater likeli-
hood of stopper dislodging. Note however that the most important
seal is the land seal (contact of stopper flange to top horizontal
plane of vial—see Fig. 12).

Rate (g/hr)

Vent Area (mm2)
5 10 15 20

0.5

1

Fig. 9 Lyophilization—effect of vent area on sublimation rate. Depicted are
results of experiments showing rate of water loss vs. vent area—20 mL samples
of 4% mannitol (C6H14O6) solutions lyophilized in 100 mL vials at 0 �C and
2.6 � 10�4 atm. Graph is reproduced from reference data [7]
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2.3 Components:

Metal Seals

Seals are fixtures, typically comprising aluminum, applied to closed
vial/stopper systems by crimping, to maintain contact between the
stopper and vial, and hold stopper in place over the shelf life of drug
product. See Fig. 11—photographs of sealed vials showing seals of
different quality. Application of a seal ordinarily involves some
compression of flange of rubber stopper (between 5% and 30% of
stopper flange thickness—H4 in Fig. 10). Figure 12 shows a sche-
matic of a lyophilization stopper in a vial. There are three areas of
contact that are maintained by the seal:

l land seal—contact of stopper flange to top horizontal plane of
vial

l transition seal—contact of stopper flange to mouth of vial

l valve seal—contact of vertical side of stopper to vial interior
wall—sometimes called the “plug seal”

Selection of the proper seal is critical—it is made based on what
is called a “stack up” calculation to obtain the proper excess skirt
length. See Eq. (2).

Fig. 10 Diagram of a typical vial (e.g., Schott) and a West stopper

Fig. 11 Seals. (A) acceptable. (B) unacceptable (wrinkling due to skirt length
being too long)
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Excess skirt length¼ mean skirt length� aluminum thickness½ �
� vial crown heightþ flange thicknessð Þð½
� 100�%compressionð Þ=100½ �Þ�

ð2Þ
Target for excess skirt length typically is 0.76 mm, or slightly

greater. To select the proper mean skirt length, Eq. (2) is rear-
ranged as Eq. (3).

Mean skirt length ¼ excess skirt length
þ aluminum thickness
þ vial crown heightþ flange thicknessð Þð½
� 100�%compressionð Þ=100½ �Þ�

ð3Þ
Consider the example—West ART 1319 4023/50 gray stopper

and Schott 6R vial

l excess skirt length ¼ 0.76 mm

l aluminum thickness ¼ 0.20 mm

l vial crown height ¼ 3.6 � 0.2 mm

l flange thickness ¼ 3.3 � 0.25 mm

l compression ¼ 20%

The proper skirt length for this system is �7.20 mm.
Typically seals have a removable plastic (usually

polypropylene-based) button on top to protect rubber stopper
from damage during storage/handling. This button is removed
before reconstitution. If lyophilized product is to be stored
at low temperature, it must be considered whether said button
can withstand said low temperature. An alternative is an
all-aluminum seal.

1

2

3

Fig. 12 Schematic diagram of lyophilization stopper in a vial. 1. land seal. 2.
transition seal. 3. valve seal [8]
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2.4 Components:

Plastic Seals

An alternative to metal seals is plastic seals (e.g., West LyoSeal® caps
or Daikyo Plascap® caps). Metal seals are applied to closed vial/
stopper systems after removal from lyophilization chamber. This
introduces the risk that vial/stopper seal can be compromised
before seal application. Plastic seals reduce this risk. See Figs. 13
and 14. Applied to stopper before introduction of vial/stopper
system to lyophilization chamber, the seal is affixed at completion
of process when chamber shelf is lowered. Since plastic seals are
applied in situ, systems are sealed before exit from lyophilization
chamber. Plastic caps comprise polypropylene (a polymer with low
surface energy) in the case of LyoSeal® product. This eliminates

Fig. 13 Vial/stopper system with plastic seal. (A) with stopper inserted. (B) after
application of cap. (C) after closure

Fig. 14 Application/use of plastic seal. Shown is a schematic of process from filling vial through closure
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risk of adherence to chamber shelf after closure. Moreover, use of
plastic caps removes a unit operation from the entire lyophiliza-
tion process—since the separate step to apply metal seal is not
required.

3 Container System Performance

The purpose of any container system is to protect drug product
from the time it is introduced in liquid form before the lyophiliza-
tion process begins, through the process of lyophilization, and
through storage (i.e., shelf life) in lyophilized form until reconsti-
tution. Two aspects of this are considered:

l Container Closure Integrity. This is ability of a container system
to exclude external materials over drug product shelf life. It is
related intrinsically to performance and fit of components.

l Extractables and Leachables. This is the consideration of chemi-
cal compounds that can move from, or through, system compo-
nents over shelf life of drug product and potentially affect drug
product performance.

3.1 Container

Closure Integrity (CCI)

CCI is a container system’s ability to prevent bacterial or chemical
ingress from exceeding the maximum allowable leak limit
(MALL)—the limit above which drug product performance can
be affected. MALL will vary depending upon the drug product. In
essence, confirmation of CCI is verification that system compo-
nents fit together well, and have minimal leak. United States Phar-
macopeia has recently issued Chapter <1207> Package Integrity
Evaluation—Sterile Products (www.usp.org). This
Chapter discusses methods to evaluate CCI—it strongly recom-
mends use of deterministic methods, as opposed to probabilistic
methods:

l Deterministic: Leakage event detected/measured is based on
phenomena that follow a predictable chain of events—measure-
ment is based on technologies that are readily controlled/moni-
tored, and yield quantitative data.

l Probabilistic: Leakage event measurement relies on a series of
sequential and/or simultaneous events, each associated with
random outcomes described by probability distributions. Find-
ings are associated with uncertainties and require large sample
sizes and rigorous test controls.

Methods presented in Chapter <1207> are:

l laser-based headspace analysis (typically oxygen)

l high-voltage leak detection
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l tracer gas leak detection (typically helium)

l mass extraction

l vacuum decay

l tracer liquids (probabilistic)

For any drug product, container system CCI must be demon-
strated experimentally to be acceptable over shelf life. A recent
publication describes an overall strategy of how CCI evaluation
should be approached [9].

Before consideration of extractables and leachables, or move-
ment of water from or through system components, it must be
verified that the CCI of the container systemmeets requirements. If
a system cannot meet CCI requirements, there is no point in
considering it further.

3.2 Extractables

and Leachables

Chemicals that can move from, or through, container components,
and contact drug product may pose a risk. These chemicals are
considered under the category of extractables and leachables. Defi-
nitions are:

l Extractables. Chemical entities (organic or inorganic, including
metal ions) that are released from container system components
(either by vaporization, or dissolution in an extraction solvent)
under laboratory conditions (which may be very vigorous).
Extractables, or derivatives thereof, have the potential to leach
into drug product.

l Leachables. Chemical entities (organic or inorganic, including
metal ions) that can migrate from container system components
into drug product under ordinary conditions.

For any drug product and container system, extractables and
leachables must be considered. Usually container system compo-
nent manufacturers make available listings of potential extractables
(e.g., West Verisure® data packages). In view of the composition of
the drug product, and the list of potential extractables, a risk-based
analysis can be made to determine what chemicals should be con-
sidered potential leachables. Studies then are conducted with con-
tainer systems and drug product, under actual conditions of use and
length of shelf life (i.e., not accelerated) to determine presence of
said potential leachables, and determine whether level of release
(if any) presents a risk to drug product or patient. It is emphasized
that for lyophilized products, consideration must be given to vola-
tile extractables and leachables, which could migrate from compo-
nents during reduced pressure phases of lyophilization, and
subsequent storage at reduced pressure.

3.3 Water For a lyophilized product, the leachable of greatest concern is
water. There are four potential sources:
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l Residual Water after Lyophilization. This is the source of lowest
concern, since the lyophilization process is designed to reduce
water level to an acceptable value.

l Water in Container Components. This is illustrated in Fig. 15.
Water can be present either in, or absorbed on the surface of, a
component. Considerationmust be given to the fact that compo-
nents are often sterilized by autoclave (e.g., ca. 120 �C steam for
ca. 1 h), followed by drying at elevated temperature (e.g.,
ca. 105 �C for several hours). The level of water contained
in/on components after these processes must be quantified in
order to verify the quantity is below a level such that a theoretical
complete release into lyophilized drug product would not result
in alteration. This type of analysis must be done for every drug
product and container system. Note that in the case of glass vials,
as a practicalmatter, onlywater adsorbedon the surface is an issue.

l Water Transmitted through Container Components. This is illu-
strated in Fig. 15. Once a container system is assembled, it can
reside in an uncontrolled atmosphere. The concern is movement
of water through components to drug product. Even though
this process is slow, over the span of drug product shelf life (e.g.,
several years) there may be enough transmission for alteration.
Table 3 lists the moisture vapor transmission rates (MVTR) and
oxygen permeability values (added only as reference) for con-
tainer system materials of construction. Stoppers typically com-
prise chlorobutyl rubber or bromobutyl rubber (e.g., West
formulations 4432 and 4023), because of their very good resis-
tance to water and oxygen transmission—especially as compared
to natural rubber or isoprene. Glass, as expected, is essentially
impervious to water (and oxygen) transmission. A Poly(norbor-
ene) polymer (e.g., Daikyo Crystal Zenith® COP) does not have

3

2 1

1

2

Fig. 15 Sources of water ingress into sealed container system. (1) water in
container components. (2) water transmitted through container components.
(3) water transmitted through seal
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resistance as good as glass—however as noted above, glass vials
present a higher risk of breakage and a higher potential for
interaction with drug product. Choice of glass versus polymer
must be made on a case-by-case basis.

l Water Transmitted through Seal. This will result if the container
system does not maintain a good seal. This is illustrated in
Fig. 15.

A very important point to consider is that, counterintuitively,
MVTR is not always related to the level of water absorbed at
equilibrium (see Table 4). Formulations that have a low MVTR in

Table 3
Properties of materials of container system components

Material
Moisture vapor
transmission ratea O2 Permeabilityb

Natural rubber 9.0 23

Synthetic isoprene 14 –

Chlorobutyl rubber 0.1 ~1–4

Bromobutyl rubber 0.3 ~1–4

Poly(norborene)c <10 1.2

Glass -0- -0-

a(g � mm)/(m2 � day)
bBarrer ¼ [10�11 � (cm3 (STP)) � cm]/[(cm2) � (s) � (Torr)]
cDaikyo Crystal Zenith® cyclic olefin polymer

Table 4
Comparison of moisture vapor transmission rate to water uptake for
selected rubber stopper formulations

Stopper formulation
Moisture vapor
transmission ratea

Water uptake
(weight %)b

Ethylene propylene diene
monomer

2.15 0.48

Butyl-1 0.35 0.27

Butyl-2 0.40 1.39

Butyl-3 0.10 1.31

Butyl-4 0.65 0.87

Butyl-5 0.50 1.95

Water uptake is relative increase at equilibrium after drying

Data reproduced from reference [10]
a(g � mm)/(m2 � day)
bMeasured by Karl-Fisher titration
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stopper form can absorb a relatively high level of water, and vice
versa. This is important because water absorbed in a stopper can be
transferred to a lyophilized drug product, as shown in Table 5.
Upon consideration, this makes sense. Referring to Table 1,
at room temperature, the vapor pressure of water is approximately
0.03 atm. Considering the lyophilized drug product is stored
under reduced pressure the vaporization rate is thus much higher,
and as seen in Table 5, a significant amount of water can be
transferred [10].

This is further illustrated in Fig. 16 [11]. While a bromobutyl
stopper absorbs more water than a butyl stopper, it transmits less
water as evidenced by a lower water adsorption value of the lyophi-
lized product.

The key point is that in selection of a stopper, or a vial, consid-
eration must be given to both water absorption and water

Table 5
Water uptake of lyophilized sucrose

Stopper formulation
Water content immediately
post lyophilization (weight %)a

Water content after storage
for 3 months (weight %)a

Butyl-W 1.95 2.65

Butyl-X 2.34 3.12

Butyl-Y 2.25 3.91

Butyl-Z 2.45 3.62

Data reproduced from reference [10]
aMeasured by Karl-Fisher titration
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Fig. 16 Water absorption by stoppers and lyophilized products. Reproduced from data in reference [11]
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transmission—such that considering shelf life of drug product, and
amount of drug product contained in system, the total amount of
water potentially available or absorbed does not pose a risk. Practi-
cally, this means considering each system case-by-case.

4 Reconstitution Systems

Reconstitution of a lyophilized drug product must be performed
before it can be administered. In simple terms this involves mixing
with a fixed amount of water-based liquid (i.e., diluent) and agitat-
ing the resultant mixture until the drug product is dissolved or
dispersed. The logistics of this can be complex.

Reconstitution necessarily involves needle insertion into the
closed vial. A vial adapter can make this process safer and easier by
eliminating the needle and reducing steps, and addressing risk
factors (e.g., use of incorrect level of diluent) associated with
reconstitution (see Fig. 17). Vial adapters are typically molded
from a polymer (e.g., polycarbonate), resulting in a spike design
(Fig. 17a). The spike eliminates the potential for needle stick injury
during the reconstitution process, which is vital in therapeutic areas
such as hemophilia. The spike design can also offer a significant risk
reduction from coring or fragmentation of the rubber stopper
during penetration. Further, it prevents unwanted foaming and
agitation by directing diluent flow down vial side wall via windows
along the spike. The vial adapter simultaneously affixes to the
aluminum seal and inserts the spike through the rubber stopper.

Fig. 17 Components of reconstitution systems. (a) vial adapter displaying
polymer spike. (b) Mix2Vial® paired vial adapters for a 1:1 transfer from diluent
filled vial. (c) MixJect® vial adapter system with attached needle for prepack-
aged diluent-filled PFS. (d) vial adapter with air filter/vent. (e) vial adapter with
swabable port and air filter/vent
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The opposite end of the vial adapter, which typically is a female Luer
Lock connection, is then connected to a Luer Lock syringe filled
with diluent for reconstitution. To eliminate steps, vial adapters can
be paired (Fig. 17b). Such a configuration is designed to utilize the
vacuum already present in a vial of lyophilized product and where
the diluent is supplied in a vial format. Vial adapter systems also
exist in support of processes where the diluent is pre-packaged in a
pre-filled syringe (PFS). These systems typically have a pre-attached
needle (Fig. 17c). Other benefits associated with using a vial
adapter system include:

l Consistent control in withdrawing drug product. Unlike a needle,
the vial adapter spike is rigid and fixed in place. Once reconsti-
tuted, the drug product flows into the spike through a series of
windows positioned around the side of the spike. Thus, use of a
vial adapter reduces the dependence on effectiveness of with-
drawing the drug product, and ensures a consistent withdrawal
and deliverable volume, as compared to using a needle where the
position is not fixed.

l Reduced concerns with undissolved particulates. Using a vial
adapter with an inline filter can capture undissolved particu-
lates—preventing entry into the syringe barrel and eliminating
concerns with potential injection.

l Elimination of vacuum build-up. Vial adapters that contain a
vent allow for air to pass through a filter (e.g., 0.2 μm)—elim-
inating the need to manually pressurize the vial prior to with-
drawal, and eliminating the risk of over-pressurizing sensitive
drug products (Fig. 17d).

l Maintenance of sterility in multi-dose, multi-access formats.
Using a vial adapter that contains a swabable port connection
(Fig. 17e) allows for a closed and sterile system between activa-
tions. In addition, using a vial adapter of this nature results in
only one spike penetration—as opposed to multiple penetrations
when using a needle. This greatly reduces any risk of coring and
fragmentation.

Clearly, the vial adapter approach enables a much safer and
more efficient reconstitution process and outcome.

5 Summary

Lyophilization is an essential process to the safe delivery of a very
large number of drug products. In order to enable this, selection of
proper package and reconstitution systems is critical. In this selec-
tion, several factors must be very well understood:
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l component materials properties—compatibility with drug prod-
uct and ability to prevent ingress of water and deleterious
compounds

l component fit—ability to maintain CCI over shelf life

l component performance—compatibility with lyophilization
process

l reconstitution system—ability to safely and conveniently use
lyophilized drug product

Understanding these factors, the right systems can be selected.
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Chapter 10

Scale-Up of Freeze-Drying Cycles, the Use of Process
Analytical Technology (PAT), and Statistical Analysis

Erwan Bourlès, Gael de Lannoy, Bernadette Scutellà, Fernanda Fonseca,
Ioan Cristian Trelea, and Stephanie Passot

Abstract

Traditionally, the quality of pharmaceutical drugs is tested on the final freeze-dried product following a
regulatory framework known as Quality-by-Testing (QbT) (Yu, Pharm Res 25: 781–91, 2008). In this
system, product quality and performance are ensured by performing extensive tests on the final product,
and by using a fixed formulation and manufacturing process. In contrast, the US Food and Drug
Administration (FDA) proposed the Quality by Design (QbD) initiative with the idea that quality cannot
be “tested into” the product, but it should be built into it (FDA, Guidance for industry, Q8
(R2) pharmaceutical development. Dept. of Health and Human Services, Center for Drug Evaluation
and Research. Rockville, MD, 2009). Quality by Design consists of a systematic approach to pharmaceutical
product development that begins with predefined objectives and emphasizes product and process under-
standing and process control, based on sound science and quality risk management (FDA, Guidance for
industry, Q8(R2) pharmaceutical development. Dept. of Health and Human Services, Center for Drug
Evaluation and Research. Rockville, MD, 2009; Mockus et al, Pharm Dev Technol 16: 549–76, 2011; Yu,
Pharm Res 25: 781–91, 2008). In this chapter, a statistical model for the sublimation step in freeze-drying
was used to construct the design space for the cycle development and to select adequate parameters for
scaling up from pilot to commercial scale. Three critical operating variables of the process were tested:
freezing rate, shelf temperature, and chamber pressure in primary drying. The model was used to predict
the sublimation rate and the product temperature, since their selection is of paramount importance to
obtain a product of high quality. The obtained results were then used to define the design space of the
product at pilot scale.

Key words Quality by design (QbD), Statistical model, Scale-up, Edge effects, Heat transfer coeffi-
cient, Process analytical technology (PAT)

Nomenclature

A Cross sectional area (m2)
b Model parameters
ΔH Latent heat of sublimation (J kg�1)
Kv Vial heat transfer coefficient (W m�2 K�1)
L Product layer thickness (m)
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m Mass (kg)
_m Sublimation rate (kg s�1)
P Pressure (Pa)
_Q Heat flow rate (W)

Rp Mass transfer resistance (kPa s m2 kg�1)
T Temperature (K)
Tg

0 Glass transition temperature (K)
Tcoll Collapse temperature (K)
Teu Eutectic melt temperature (K)
y Critical process parameters
x Operating variable

Greek

ε Random error assumed to follow a Gaussian distribution
λ Thermal conductivity (W m�1 K�1)

Subscripts

b Vial bottom
c Chamber
ice Ice
i Interface
max Maximum
s Shelf

1 Introduction

Freeze-drying is a water or solvent removal process typically used to
preserve perishable materials, to extend shelf life or make the prod-
uct more convenient for transportation. This process is often used
for vaccine production since it allows removal of water from the
product at low temperature and then avoids or decelerates the
degradative pathways of labile materials such as antigens or live
attenuated viruses that can occur in aqueous media [1, 2]. More-
over, the low residual water content (and low water activity) allows
extending shelf life of the product for several years [2]. The process
typically works in three main phases: freezing, primary drying
(sublimation), and secondary drying (desorption). Firstly, the liq-
uid drug product is filled into glass vials. These vials are partially
stoppered to allow water vapor to escape during the process. Vials
are then loaded on the shelves of the freeze-dryer. After the loading
step, shelves are cooled down to temperatures generally below
�45 �C in order to maintain the product, in the case of amorphous
formulations, below its glass transition temperature. During the
freezing step, free water completely solidifies and converts to ice
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crystals. A part of the water remains unfrozen in the cryoconcen-
trated matrix (around 10–20%) [3]. Following freezing, primary
drying is started by reducing the pressure in the drying chamber of
the freeze-dryer and raising the temperature of the shelves. When
pressure reaches a value below the saturated vapor pressure of ice at
the frozen product temperature, sublimation begins. After com-
plete sublimation of ice crystals, shelf temperature is raised and
secondary drying starts. This process allows desorption of water
molecules from the cryoconcentrated matrix until desired residual
moisture content is achieved. At the end of the freeze-drying cycle,
the chamber is backfilled with dry nitrogen to a pressure slightly
lower than atmospheric pressure and the stoppers are fully inserted
into the vials by collapsing the shelves to insert the stoppers. Once
stoppering is completed, the chamber pressure is equilibrated to
atmospheric pressure for unloading. The vials are then unloaded
and oversealed with aluminum flip off caps [4].

A successful freeze-drying cycle is achieved when the final
formulation meets the following criteria [5]:

– A low residual water content (generally below 3%) [2, 6];

– An elegant pharmaceutical appearance (no collapse or meltback
visible);

– A fast reconstitution time;

– A target protein activity retained;

– An extended shelf life of the product when stored below its glass
transition temperature.

To achieve this goal, process parameters of the freeze-drying
cycle have to be adapted to take into account not only the formula-
tion physical properties but also the equipment performance. The
three steps of the process may affect the final product quality. It is
well known that some proteins are sensitive to the freezing rate
applied at the beginning of the freeze-drying process. A schematic
illustration of the state diagram of a sucrose solution (Fig. 1)
describes the different regions of the physical state of materials
and shows the relationships between temperatures (equilibrium
crystallization/melting Tm, glass transition temperature Tg) and
the sucrose content. At the slow cooling rates generally applied
when freeze-drying aqueous solutions, progressive conversion of
water into ice concomitantly induces the increase of solute concen-
tration of the matrix surrounding the ice crystals until the maximal
solute cryoconcentration and the concentrated matrix reaches the
glassy state (point X in Fig. 1). In these conditions a significant
increase of solute concentration upon freezing, up to 16 times its
initial concentration, can occur [3]. Proteins can thus be unfolded
when exposed to such highly concentrated solutions.
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On the other hand, when fast freezing is applied to a product,
growth of ice crystals will be limited and hence cryoconcentration
occurs to a lesser extent (point Y in Fig. 1) resulting in a lower value
of Tg. However, fast cooling rates have been shown to result in
small ice crystals thus providing high surface areas. Some studies
[7, 8] reported denaturation of proteins during freezing as closely
related to surface-induced denaturation phenomenon. This dena-
turation could be reduced or stopped by adding some surfactants to
the formulation or adapting the freezing rate applied to the
product.

Primary drying is usually considered the most critical and time-
consuming step of the freeze-drying process, affecting several char-
acteristics of the product such as the visual aspect and the reconsti-
tution time. Prediction and monitoring of the product temperature
during this part of the process is a fundamental step for cycle
development. If during primary drying the product temperature
becomes higher than a critical value, the material will undergo
viscous flow, resulting in the loss of the pore structure obtained
by freezing. This phenomenon, known as collapse [9], will result in
a higher and non-homogeneous moisture content within the batch,
an inelegant cake appearance, longer reconstitution times, and
often poor stability upon storage [10, 11]. The maximum allowable
product temperature (Tmax) achievable during primary drying,
associated with the collapse temperature (Tcoll), depends on the
physical state of the frozen product. For crystalline formulations,
the limit temperature Tmax is defined by the eutectic melting
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Fig. 1 Schematic illustration of the impact of the freezing step on a sucrose matrix in a freeze-dryer

218 Erwan Bourlès et al.



temperature of the crystallizing solute, whereas for an amorphous
material, Tmax is usually associated with the glass transition temper-
ature of the maximally freeze-concentrated phase (Tg

0) (Fig. 1).
Moreover, collapse temperatures of simple aqueous solutions of
disaccharides are low and usually 1–3 �C higher than their Tg

0

value [9, 12]. The product temperature is strictly related to the
operating variables (shelf temperature and chamber pressure) and
thus, their selection is of paramount importance in designing an
appropriate freeze-drying cycle. If cycle conditions are designed far
from optimum, unnecessarily long primary drying times can result.
Conversely, if overly aggressive conditions are selected, the product
can experience an excursion above its collapse temperature during
sublimation. However, product temperature depends also on other
several factors during primary drying, such as the container design
[13–15], the thermal characteristics of the equipment (e.g., emis-
sivity of the shelf), and the position of the vial on the shelf
[16]. Vials located at the periphery of the shelf show a higher
product temperature because they receive the radiation from the
walls and door of the freeze-dryer. This phenomenon, known as
“edge vial effect,” may cause the collapse of the edge vials if the
product is processed at a temperature close to the critical
temperature [17].

Sublimation rate cannot be increased beyond a maximum value
corresponding to the capability of the freeze-dryer. If the process is
run above the equipment capability, choked flow may occur. This
phenomenon was described in detail by Searles [18] and corre-
sponds to the velocity at which water vapor reaches the speed of
sound between the drying chamber and the condenser. The con-
sequences in a freeze-dryer can be dramatic for the process because
when the choked flow phenomenon appears, pressure control is lost
and rises above its set point, thus increasing product temperature
due to additional heat transfer.

Since different freeze-dryers can show different thermal prop-
erties and capabilities, the application of the same cycle between
pilot and commercial scale can lead to an unacceptable or hetero-
geneous batch product quality. This generally happens when the
conditions selected at pilot scale are not robust enough to fit in
different freeze-dryers. The development of an accurate methodol-
ogy for the cycle transfer and adaptation between different freeze-
dryers is of paramount importance for successful scale-up [19, 20].

In the present work, two approaches based on mathematical
modeling (statistical or mechanistic) are proposed and compared,
to calculate the design space for cycle design and scale-up in agree-
ment with the quality by design paradigm. Both approaches make it
possible to identify optimal freeze-drying cycle parameters for
freezing and primary drying in order to preserve product from
collapse while driving sublimation as fast as possible.
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2 The Quality by Design Paradigm

Traditionally, the quality of pharmaceutical drugs is tested on the
final freeze-dried product following a regulatory framework known
as Quality-by-Testing (QbT) [21]. In this system, product quality
and performance are ensured by performing extensive tests on the
final product, and by using a fixed formulation and manufacturing
process. However, this framework has several drawbacks, e.g., no
attention on how the design of the product formulation and of the
manufacturing process can ensure product quality and no investi-
gation on the causes responsible for product quality variability
and/or failure [21]. In contrast with this quality-by-testing
approach, the US Food and Drug Administration (FDA) proposed
the Quality by Design (QbD) initiative with the following idea: “the
quality cannot be tested into the product, but it should be built into it”
[22]. Quality by Design consists of a systematic approach to phar-
maceutical product development that begins with predefined
objectives and emphasizes product and process understanding and
process control, based on sound science and quality risk manage-
ment [21–23].

Figure 2 shows a schematic overview of the implementation of
the Quality by Design initiative in a pharmaceutical process. A
preliminary step for a successful implementation of QbD in phar-
maceutical freeze-drying is the definition of the quality target
product profile (QTPP), which describes the design criteria of the
product for quality, safety and efficacy and forms the basis for its
development [22]. The QTPP could include for example the dos-
age, the container system, the drug quality criteria (e.g., potency).
Once the QTPP has been defined, the next step is to identify the
relevant critical quality attributes (CQAs). The CQAs are the phys-
ical, chemical, and biological properties of a product that should
remain within an appropriate limit, range or distribution to assure
the desired product quality [22]. Example of CQAs for freeze-dried
vaccines are the visual aspect, the final moisture content, and the
potency of the product [24]. The CQAs (and thus the quality of the
product) are related to the manufacturing process through the
critical process parameters (CPPs). The CPPs are the process para-
meters whose variability has an impact on one or more CQAs of the
product and therefore should be monitored or controlled to ensure
that the process produces the desired quality [22]. In order to avoid
the loss of the product structure (collapse) and thus to guarantee an
elegant visual aspect, product temperature should be maintained
below a critical value (Tcoll) during the primary drying step of the
freeze-drying process [9, 24]. Furthermore, in order to assure
homogeneous product quality, the same thermal history of the
product should be reproduced between vials and in cycles per-
formed in different equipment. Hence, the product temperature
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Tb and the sublimation rate _m can be defined as the CPPs of the
primary drying step and their values should be reproducible during
the cycle transfer or scale-up.

Based on the acceptable range of CQAs, the risk assessment of
the process can be performed by constructing the design space of
CPPs. The design space is defined as “the multidimensional combi-
nation of input variables and process parameters that have been
demonstrated to provide assurance of product quality” [22]. With
regard to the primary drying step of freeze-drying process, the
input variables are the chamber pressure and shelf temperature,
whereas the process parameters are the product temperature and
sublimation rate. The design space is strongly dependent on the
product and the equipment considered. It is usually proposed by
the applicant and it is subject to regulatory assessment and
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Fig. 2 Schematic overview for the implementation of the Quality by Design
approach in pharmaceutical processes
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approval. Working within the FDA approved design space is not
considered as a change, whereas a movement out of the design
space is considered a change and requires a regulatory post-
approval change process.

3 Theory

3.1 Statistical

Model-Based Design

Space

This approach consists of statistically modeling the data obtained
from experiments designed with the purpose of detecting relation-
ships between operating variables and CPPs of the process, in order
to guarantee the CQAs. In particular, a DoE (for Design of Experi-
ments) response surface methodology (RSM) was considered for
this objective [25].

Response surface DoEs are empirical models for the approxi-
mation of the underlying unknown physical mechanisms that are
supposed to have generated the experimental data. A statistical
model fits the data, as shown in Eq. (1):

y ¼ b0 þ b1x1 þ b2 x2 þ b3x
2
1 þ b4 x

2
2 þ b5x1x2 þ ε ð1Þ

where y is a CPP (i.e., a product temperature or sublimation rate), xi
are the operating variables (i.e., shelf freezing rate, shelf tempera-
ture, and chamber pressure in primary drying), ε is a random error
assumed to follow a Gaussian distribution, and bi are model para-
meters. The terms xi

2 allow the evaluation of a quadratic impact of
the operating variable on the CPPs, and the term x1x2 allows the
test for an interaction between operating variables. The objective is
then to estimate the bi parameters from experimental data which
best predict the CPP values from observed operating variable
values.

Experiments can be a priori designed in order to optimize the
statistical quality of the model parameters and to minimize the
variance of the error. Response surface designs are experimental
designs having this objective and were therefore considered in the
current case study [25].

3.2 Mechanistic

Model-Based Design

Space

Classical equations describing heat and mass transfer phenomena
during freeze-drying [15, 26] were used to construct the mecha-
nistic design space. Two main model parameters need to be deter-
mined in order to calculate the design space: the vial heat transfer
coefficient and the product resistance.

3.2.1 Vial Heat Transfer

Coefficient Kv

The vial heat transfer coefficient (Kv) characterizes the heat transfer
between the freeze-dryer shelf and the vial. It can be defined as
[14, 15]:

K v ¼ ΔH _m

Ab T s � T bð Þ ð2Þ
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where Ab is the outer vial bottom area, ΔH is the latent heat of
sublimation, Ts is the temperature of the shelf, Tb is the bottom
product temperature, and _m is the sublimation rate.

The bottom product temperature was evaluated from the heat
balance in the ice layer [15]:

_Q ¼ λice
L ice

Ai T b � T ið Þ ð3Þ

where λice is the ice thermal conductivity,Ai is the inner base area of
the vial, Lice is the ice thickness, and Ti is the ice-vapor interface
temperature.

The temperature at the ice-vapor interfaceTi was calculated using
the Clausius-Clapeyron relation as reported in Scutellà et al. [15]:

Pvi ¼ e
�6139:6

T i
þ28:8912 ð4Þ

where Pvi is the partial pressure of the vapor at the ice-vapor
interface in the product. The sublimation rate _m was measured
gravimetrically. Selected vials were filled with 1.8 mL of distilled
water and weighed before and after the run on a precision scale
balance (�0.001 g; Mettler Toledo, Zaventem, Belgium). The
sublimation rate was calculated as [15]:

_m ¼ m1 �m2

t sub
ð5Þ

where m1 and m2 are the initial and final mass of the vials, respec-
tively, and tsub is the sublimation time. Sublimation time was
measured from the moment when shelf fluid inlet temperature
exceeded product temperature, meaning that there was a net heat
flux from the shelf toward the vials.

3.2.2 Product Resistance

Rp

The product resistance Rp represents the resistance imposed by the
dried product layer to the sublimation rate during the primary
drying step. It can be calculated as:

Rp ¼ Ai Pvi � PvCð Þ _m ð6Þ
whereAi is the sublimation interface area, PvC is the partial pressure
of the vapor in the drying chamber, usually assumed equal to the
total chamber pressure during primary drying, and Pvi is the partial
pressure of the vapor at the ice-vapor interface in the product,
calculated using the Clausius-Clapeyron relation (Eq. 4). Ti is the
product temperature at the sublimation interface theoretically
determined from the heat balance at the vial scale (Eq. 3), with
the product temperature Tb measured by the signal of the Tempris
probes. The sublimation rate _m was calculated from
Eq. (2) knowing the previously determined vial heat transfer coef-
ficient Kv and the measured product temperature profile Tb.
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The product resistance Rp can be described as a function of the
dried layer ld [27, 28]. The evolution of dried layer thickness in
time dld

dt

� �
can be calculated as:

dld
dt

¼ 1

ρAi
_m ð7Þ

where ρ is the density of the ice. Depending on the product, the
product resistance can evolve differently with the dried layer thick-
ness (linearly or nonlinearly). In order to construct the mechanistic
design space, it will be considered in this work a constant value of
product resistance at a specific ld (i.e., 0.001 m).

4 Case Study

In this section, the previously described methodologies including
an empirical approach based on statistical modeling of experimental
data and a mechanistic modeling of the freeze-drying process are
applied to the development of a design space for primary drying
and scale-up of a vaccine product.

4.1 Materials

4.1.1 Vials

For the whole set of experiments described in the case study,
siliconized glass tubing vials (3 mL) provided by Müller + Müller
(Holzminden, Germany) were used. These vials are routinely used
in commercial manufacturing.

4.1.2 Freeze-Dryer The pilot scale freeze-dryer used was a LyoVac GT6 (Finn-Aqua
Santasalo-Sohlberg SPRL, Brussels, Belgium). The drying chamber
had a volume of 0.061 m3 and was equipped with five shelves with
an area of 0.14 m2 each. Double stage high-performance compres-
sors were connected specifically to the cooling system of the shelves
in order to achieve high-speed freezing capacity. A butterfly valve
was installed between the chamber and the condenser. The pressure
in the freeze-dryer chamber was monitored with a capacitance
manometer.

4.1.3 Process Analytical

Tools Used in the Study

at Pilot Scale

Wireless Temperature

Remote Interrogation

System (TEMPRIS®)

The equipment used in this study (Fig. 3) was described in detail by
Schneid and Gieseler [29] and more recently by Nail et al. [30]. It
consisted of a wireless and battery-free temperature monitoring
system (IQ Mobil Solutions GmbH, Wolfratshausen, Germany)
that is composed of 16 individual sensors, an interrogation unit
(IRU) (including transmitter), and a compact PC system with the
software installed to record the data. The sensing element consists
of a quartz crystal that vibrates at a frequency that is a function of its
temperature. The sensors are powered by excitation of the passive
transponder by means of an amplitude-modulated electromagnetic
signal in the internationally usable 2.4 GHz ISM band [31]. The
signal is demodulated in the transponder by means of a diode
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detector and used to stimulate the quartz-based resonance circuit.
In the second step, the amplitude modulation is deactivated and
only the continuous wave (CW) carrier is radiated. The stimulated
resonance circuit continues to oscillate at its characteristic fre-
quency which depends on its temperature. This free oscillation
frequency is mixed with the CW carrier and re-transmitted to the
interrogation unit. The IRU measures the frequency of the
response modulation and the exponential drop in amplitude. In
combination with statistical parameters of several consecutive
responses the key variable “temperature” is derived
[29, 30]. These sensors were placed in the bottom center of
selected vials (Fig. 3C) to record product temperature during the
experiments.

Cold Plasma Ionization

Sensor (Lyotrack Adixen,

France)

This system measures the humidity in the drying chamber based on
Inductively Coupled Plasma/Optical Emission Spectrometry. The
device consists of a plasma generator and an optical spectrometer
which is normally used in chemical and gas analysis [32]. The
plasma generator is plugged into the drying chamber of the
freeze-dryer via a tri-clamp flange. The system ionizes the gas
present in the chamber, and the spectrometer identifies the gas
species based on the wavelengths of the emitted photons [31]. In
a freeze-dryer, this equipment measures the ratio of water vapor to
nitrogen in vacuum conditions (from 3 to 0.005 mbar). This ratio
is labeled as humidity in the software. The signal ranges from 0 to
1 with 0 indicating that there is no water vapor and 1 that the
freeze-dryer is saturated with water vapor. Based on the curve
profile, it is possible to easily detect the endpoint of primary
drying [32].

As stated by Patel and Pikal [31], as this technique involves
ionization of the gas species in the drying chamber, there could be
potential in-process drug product degradation via free radical

Fig. 3 Picture of the TEMPRIS wireless sensor experimental setup (A: compact computer to monitor product
temperature from the sensors; B: transmitter antenna fixed to the laboratory freeze-dryer front door; C:
temperature sensor placed at the bottom-center of vials which was filled with a model vaccine formulation for
the study)
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oxidation. Therefore, a placebo formulation (same formulation
without antigen) was preferred for the validation experiments at
full load in the pilot freeze-dryer, to avoid free radical occurrence
on the active product during the cycle. The placebo model formu-
lation was composed of lactose, amino acids, and sorbitol.

4.2 Glass Transition

and Collapse

Temperatures

For developing a freeze-drying cycle, the first step involves the
identification of the maximal temperature of the formulation allow-
able during freezing and primary drying. The target product tem-
perature during the primary drying stage of an optimized
lyophilization process is several degrees below a critical threshold
value corresponding to the glass transition temperature of the
freeze-concentrated phase (Tg

0) or to the collapse temperature
(Tcoll) [33].

The glass transition temperature of the maximally freeze-
concentrated phase formed during freezing (Tg

0) and the collapse
temperature of the product during sublimation (Tcoll) are the two
main properties of amorphous formulations to be determined
[9, 34]. For this purpose, two methods are usually employed:
differential scanning calorimetry (DSC) and freeze-drying micros-
copy for determining Tg

0 and Tcoll respectively.
For identifying Tg

0 of vaccine formulations described in this
chapter, differential scanning calorimetry (DSC) measurements
were performed on a power compensation DSC instrument (Pyris
Diamond, Perkin Elmer LLC, Norwalk, CT, USA) equipped with a
mechanical cooling system. Samples were frozen from ambient
temperature to �55 �C at 10 �C min�1 and warmed to ambient
at the same rate. Glass transition temperatures were measured
during the heating ramp (data not shown).

The collapse temperature (Tcoll) of the frozen product (vaccine
formulation) was measured using a freeze-drying cryo-stage (BTL
Lyostat 3, Biopharma Process Systems, Winchester, UK). Samples
were frozen to �50 �C at 10 �C min�1, heated at 3 �C min�1 to
�40 �C and 0.5 �C min�1 from �40 �C until the appearance of
collapse became evident on the microscope. Tcoll values obtained
are summarized in Fig. 4. The model vaccine formulation is char-
acterized by a glass transition temperature close to �38.2 �C and a
collapse temperature of �37.4 �C.

4.3 Experimental

Design

The response surface DoE used in the experiments was a cubic face
centered composite design where three operating variables (freez-
ing rate, shelf temperature, chamber pressure in primary drying)
were varied as shown in Table 1 for a total of 15 DoE conditions
(14 DoE conditions and one center point). Furthermore, the posi-
tion of the vials in the freeze-dryer was also considered an addi-
tional model parameter in order to take into account the variability
due to the position of the vials on the shelves (edge versus center).

226 Erwan Bourlès et al.



The following experimental procedure was applied throughout
the experiments. First, 580 vials were arranged in hexagonal clus-
ters in a bottomless tray, as shown in Fig. 5. A stainless steel frame
was used to fully shield the vials from the chamber walls. The vials
were filled with 0.4 � 0.02 mL of vaccine model formulation
solution, and bromobutyl stoppers were partially inserted in the
neck of all vials. The vials were then loaded onto the middle shelf of
the freeze-dryer by using a stainless steel tray, which was removed
immediately after to allow direct contact between the vials and the
shelf during the cycle. Depending on the process parameters

Fig. 4 Pictures taken from the cryomicroscope instrument of the formulation collapse temperature (A: run 1;
B: run 2)

Table 1
Operating variable (freezing rate, pressure, shelf temperature) evaluated
for design of experiment purpose

Operating variables Unit Low range Medium range High range

Freezing rate target �C min�1 0.5 3.75 7

Pressure Pa 3 5 9

Shelf temperature �C �35 �32 �29
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applicable to each run, the freezing step was performed by decreas-
ing the shelf temperature from 4 to �50 �C at about 0.5 �Cmin�1;
3.75 or 7 �C min�1 (the latter of which corresponds to loading the
vials onto precooled shelves and was estimated from the evolution
of product temperature after ice nucleation). The vials were then
held at constant temperature for 1 h. After the freezing step, the
chamber pressure was decreased and shelf temperature was raised to
the target primary drying temperature in 30 min. Three different
values of chamber pressure, i.e., 3, 5, and 9 Pa, and of shelf inlet
temperature, i.e., �29, �32 or �35 �C, were tested. The cycles
were run long enough to dry up to 20–30% of the initial mass. A
total of 124 edge vials (marked with E in Fig. 5) and 100 central
vials (marked with C in Fig. 5) were individually weighed before
and after the experiment using a precision scale balance (�0.001 g;
Mettler Toledo, Zaventem, Belgium). The arrangement of the
weighed vials within the shelves is shown in Fig. 5. The product
temperature data used to construct the statistical response surface
were collected at the end of each freeze-drying cycle.
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Fig. 5 Arrangement of the vials on the shelf. Tempris probes were placed in four
edge vials (marked with letter E) and in two central vials (marked with letter C).
All edge and center vials were gravimetrically analyzed
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4.4 Evaluation of Kv
and Rp
for the Construction

of the Mechanistic

Design Space

The vial heat transfer coefficient Kv was determined for 100 central
vials (Fig. 5) by using the gravimetric method, as previously
described [15].

The product resistance was estimated from the product tem-
perature measured by using the signals of two temperature sensors
placed in central vials during a freeze-drying cycle performed in the
GT6 pilot scale freeze-dryer at 6 Pa and �32 �C, as reported in
Sect. 3.2.2. The evolution of the product resistance as a function of
the dried layer thickness for the considered product is shown in
Fig. 6 for two central vials and two repetitions of the cycle. An
average product resistance of 213 kPa s m2 kg�1 (for ld ¼ 0.001 m)
was considered for the construction of the design space.

4.5 Statistical Model

Optimization

ANOVA results are shown in Table 2 for the two CPPs (sublima-
tion rate _m and bottom product temperature Tb). As can be seen,
the full quadratic model (i.e., including all simple effects, quadratic
effects, and two-way interactions) is highly significant (p-
value < 0.001) and can be considered for response surface analysis.
Model prediction reliability is also confirmed by the plot of predic-
tions against measured values in Fig. 7. The adjustedR2 and theR2

of predictions for both models are shown in Fig. 7. The adjustedR2

measures the quality of fit of the model, adjusted with respect to the
number of parameters included in the model. The prediction R2

measures how close the predictions are from their observed values.
In our case, prediction and adjustedR2 for the Tb and _m parameters
are equal to 0.86 and 0.72, respectively. These values were consid-
ered sufficiently high for the studied purpose. There is a higher
variability between vials for the _m measurements, which explains
the lower R2 values and the higher dispersion of points around the
trending regression line.
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4.6 Response

Surface Analysis

for Product

Temperature

and Sublimation Rate

The response surface generated by the statistical model described in
the previous section is shown in Fig. 8 for the product temperature
(Tb) and in Fig. 9 for the sublimation rate ( _m ), considering edge
and central vials at freezing rates of 0.5 and 7 �C min�1. Increasing
freezing rate from 0.5 to 7 �Cmin�1 would generally cause product
temperature to rise (sublimation cooling effect decreased for sam-
ples with high freezing rate), probably because smaller ice crystals

Table 2
Variance analysis table of the statistical model, the operating variables and their interactions

Sublimation rate Product temperature

Model <0.0001 <0.0001

A—Chamber pressure <0.0001 <0.0001

B—Shelf temperature <0.0001 <0.0001

C—Freezing rate <0.0001 <0.0001

D—Vials position <0.0001 <0.0001

AB 0.002929 <0.0001

AC <0.0001 <0.0001

AD <0.0001 <0.0001

BC 0.001769 <0.0001

BD <0.0001 <0.0001

CD <0.0001 0.844245a

A2 <0.0001 <0.0001

B2 0.05691 <0.0001

C2 <0.0001 <0.0001

aInteraction CD for product temperature is not significant and was not considered in the model development

2.00E-09

4.00E-09

6.00E-09

8.00E-09

Fig. 7 Predictions against observed values of the sublimation rate (A) and product temperature (B)

230 Erwan Bourlès et al.



are formed and dry layer resistance Rp increases. This hypothesis
can be confirmed by the observation of the sublimation rate (Fig. 9)
that tends to decrease under the same conditions. Increasing shelf
temperature and pressure results in an increase of the product
temperature and sublimation rate (higher heat transfer due to
additional conduction between shelf and vial bottom and addi-
tional gas conduction in the chamber).

The same information is also shown for front edge vials in
Figs. 8 and 9. Furthermore, edge vials are warmer than center
vials (radiation and additional gas conduction effect) and sublimate
faster [16, 17].

4.7 Design Space Figure 10 shows an example of a two-dimensional design space of
primary drying for a pilot freeze-dryer obtained by using (Fig. 10A)
the statistical model and (Fig. 10B) the mechanistic model for
center vials at the highest freezing rate (7 �C min�1 obtained by
precooled shelves), thus representing the conditions associated
with high risk of product collapse.

The statistical design space was constructed by superimposing
the two response surfaces taken from product temperature and
sublimation rate for a high freezing rate and center vials, whereas

Fig. 8 Response surface generated by the statistical model for product temperature for low (A, B) and high
freezing rate (C, D) and for one central (A, C) and one edge vial (B, D)
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the mechanistic design space was calculated from the model pro-
posed by Pikal [26]. In agreement with previous works [8, 35],
both design spaces show that the sublimation rate and the product
temperature tend to decrease as the shelf temperature and chamber

Fig. 9 Response surface generated by the statistical model for sublimation rate for low (A, B) and high freezing
rate (C, D) and for one central (A, C) and one edge vial (B, D)

Fig. 10 (A) mechanistic design space. (B) statistical design space, for the considered product at a high freezing
rate. TB is the product temperature, Ts is the shelf temperature
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pressure decrease. As a consequence, the use of a very low shelf
temperature (e.g., �40 �C, Fig. 10B) results in a very low product
temperature and low vapor pressure at the sublimation interface.
However, if the vapor pressure becomes lower than the chamber
pressure, the sublimation cannot take place. For this reason, the
sublimation rate tends to decrease at very low shelf temperature as
the chamber pressure increases. This observation, confirmed by a
previous work of Bhatnagar et al. [36], is visible in the mechanistic
design space in Fig. 10B. In contrast, the same trend is not
observed with the statistical design space where experimental data
show that sublimation rate reaches a plateau in the same conditions
(Fig. 10a).

At defined shelf temperature and pressure, the sublimation rate
calculated by using the statistical and mechanistic model (Fig. 10A,
B) is quite similar. However, differences can be observed for the
estimated product temperature, which is lower with the statistical
design space. This discrepancy can be explained by the different
methods used for the estimation of Tb. In the mechanistic design
space, the product temperature was calculated from a local value of
the sublimation rate determined from the Rp value at ld equal to
0.001 m (Fig. 6). This value corresponds to the highest estimated
Tb in primary drying before losing the accuracy of the Rp calcula-
tion. In contrast, in the statistical design space, product tempera-
ture measured at 20–30% of the cycle time was considered.

A product temperature of �37.5 �C was considered for the
definition of the safe area in the design space, since the collapse
temperature of the considered formulation was �37.4 �C. In this
case study, the maximum allowed product temperature was the
main critical boundary considered for the design space given
that the pilot equipment capability was found to be very high
(Fig. 11A, B).

4.8 Robustness

Study at Pilot Scale

Based on the statistical and mechanistic design space (Fig. 10 A, B)
obtained for this formulation, the parameters reported in Table 3
were selected for the robustness study at pilot scale. Moreover, a
fast freezing rate was selected for the design space, since better
potency and stability of the vaccine, formulated with model formu-
lation components, was achieved post-lyophilization using such
process parameters.

The pilot scale freeze-dryer was fully loaded with 2700 vials and
sublimation was monitored with the Lyotrack instrument
(Fig. 12) [32].

The results are presented in Tables 4 and 5, and show that
consistent residual moisture was obtained using the selected pro-
cess parameters. Elegant pharmaceutical appearance was observed
for standard and low worst case cycle whereas samples of the high
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Fig. 11 (A) Statistical design space. (B) mechanistic design space, for the considered product at a high
freezing rate plotted with the equipment capability curve. Tb is the product temperature, Ts is the shelf
temperature. The equipment capability refers to the commercial and pilot scale freeze-dryers used in the
study (lyo 1 and 2, respectively). The spot at 5 Pa corresponds to the process parameters selected for the cycle
to be transferred to the commercial scale equipment

Table 3
Selection of operating variables to establish the process acceptable range of the primary drying
phase of the freeze-drying cycle based on the estimations of the design spaces

Freezing
rate
(�C min�1)

Shelf
temperature
(�C)

Pressure
(Pa)

Estimated product
temperature with
mechanistic design
space (�C)

Estimated product
temperature with
statistical design
space (�C)

Low
temperature
low pressure

7 �35 3 �43 �42

Standard cycle
(mid
temperature
mid
pressure)

7 �32 5 �40.5 �40.5

High
temperature
high
pressure

7 �29 9 �37.5 �39
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Fig. 12 Lyotrack curves obtained during the robustness study at pilot scale

Table 4
Duration of the sublimation step and final moisture content obtained at pilot scale

Sublimation time
(full saturation
of the chamber) (h)

Moisture content
(%)
Edge front vials
(n ¼ 10)

Moisture content
(%)
Central vials
(n ¼ 10)

Low temperature low pressure 29 1.74 (�0.58) 1.46 (�0.05)

Standard cycle (mid temperature mid
pressure)

19 1.33 (�0.05) 0.95 (�0.05)

High temperature high pressure 15 1.58 (�0.18) 1.15 (�0.10)

Sublimation was carried at full saturation of the chamber

Table 5
Visual aspect of the freeze-dried cakes (edge and central vials) obtained from the robustness study at
pilot scale for different cycles

Visual appearance edge front vials Visual appearance center vials

Low temperature/low
pressure

Mid temperature/mid
pressure

High temperature/
high pressure
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worst case condition tend to be very slightly retracted. Hence
standard cycle primary drying process parameters were selected
for the run in a commercial freeze-dryer.

4.9 Scale-Up Once the design space was developed for the selected product and
pilot freeze-dryer, the scale-up had to be performed by taking into
account potential differences between freeze-dryers. In particular,
two main parameters were taken into account: the vial heat transfer
coefficient and the capability of the equipment (corresponding to
the maximum achievable sublimation rate at which the freeze-dryer
is able to run fully loaded with water, without loss of pressure
control).

Firstly, differences in the heat transfer characteristics among
freeze-dryers were assessed by determining the vial heat transfer
coefficient in different freeze-dryers for edge and central vials. The
heat transfer coefficients evaluated at 4 Pa for central vials were
found to be similar in both pilot and commercial freeze-dryers, as
shown in Fig. 13A. The vial heat transfer coefficient determined in
edge vials (vials marked with letters E in Fig. 5) at pilot scale is
shown in Fig. 13B and appears to be higher than central vials due to
the additional radiation received from the walls of the equipment.
However, similarKv values were found at commercial scale for edge
and central vials, evidencing that the edge vial effect is less impor-
tant at commercial scale than at pilot scale.

In a second trial, the equipment capability was determined in
the pilot and two commercial freeze-dryers using the protocol
described in Searles et al. [18]. The results are shown in Fig. 14
for three different chamber pressures. The maximum allowable
sublimation rate increased at higher pressure, as expected
[18, 37]. Furthermore, commercial freeze-dryers showed a lower
capability than the pilot dryer. In the present case study, the para-
meters of the cycle to be transferred to the manufacturing scale
were selected below the capability to guarantee a low risk of failure
from the equipment itself (Fig. 11).

Following Kv evaluation and capability testing, an industrial
run was carried out in a fully loaded freeze-dryer equipped with a
Pirani probe. Results indicated that the period of full saturation of
the chamber with water vapor (i.e., the sublimation time) was
slightly longer than in the pilot freeze-dryer (23 h vs. 19 h) for
primary drying (data not shown). This difference may be mainly
due to the supercooling taking place during freezing being more
pronounced in a production environment where the number of
particles in the air is much lower than in the development area. This
can lead to smaller ice crystal size, higher product resistance to
sublimation rate, and thereby to a longer sublimation process.
Such observations were previously made by Searles et al. [38]
who showed experimentally that the higher the supercooling
degree is, the lower the sublimation rate would be.
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5 Conclusions

In this chapter, a statistical model for the sublimation step in freeze-
drying was used to construct the design space for the cycle devel-
opment and to select adequate parameters for scaling up from pilot
to commercial scale. Three critical operating variables of the process
were tested: freezing rate, shelf temperature, and chamber pressure
in primary drying. The model was used to predict the sublimation
rate and the product temperature, since their selection is of para-
mount importance to obtain a product of high quality. The
obtained results were then used to define the design space of the
product at pilot scale. In order to validate this approach, a design
space was calculated by using the mechanistic model classically
proposed in the literature [26]. The two design spaces showed a
good agreement with slightly higher estimated product tempera-
ture with the mechanistic method. The design space calculated for
vials located in the center of the shelf was then used to perform the
scale-up from pilot to commercial scale, as the “edge vial effect”
was found to be less important at commercial scale.

Statistical modeling should be used with accurate PAT for the
freeze-drying cycle development. This methodology has the disad-
vantage of requiring numerous experiments which can be time-
consuming but can be easily performed by a non-expert in the
field of freeze-drying. During the validation of the selected process
parameters for process scale-up, vial heat transfer estimation both at
pilot and commercial scale is essential. In our study, close values of
heat transfer for center vials were indeed observed between the
different pilot and manufacturing freeze-dryers. Some adaptations
of the design space would be needed if higher or lower values of
heat transfer coefficient were observed. In that case, the statistical
design space would represent a less efficient process, since all char-
acterization would have been done in the pilot freeze-dryer. Mech-
anistic design space appears to be more attractive since fewer
experiments are required (for the estimation vial heat transfer and
product resistance) and changes of scale are taken into account.
However, the method used to measure the product resistance
experimentally has to be selected with care, since the value of Rp

used for calculation can greatly affect the sublimation rate estima-
tion and the product temperature.
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Chapter 11

Through Vial Impedance Spectroscopy (TVIS): A Novel
Approach to Process Understanding for Freeze-Drying
Cycle Development

Geoff Smith and Evgeny Polygalov

Abstract

Through vial impedance spectroscopy (TVIS) provides a new process analytical technology for monitoring
a development scale lyophilization process, which exploits the changes in the bulk electrical properties that
occur on freezing and subsequent drying of a drug solution. Unlike the majority of uses of impedance
spectroscopy, for freeze-drying process development, the electrodes do not contact the product but are
attached to the outside of the glass vial which is used to contain the product to provide a non-sample-
invasive monitoring technology. Impedance spectra (in frequency range 10 Hz to 1 MHz) are generated
throughout the drying cycle by a specially designed impedance spectrometer based on a 1 GΩ trans-
impedance amplifier and then displayed in terms of complex capacitance. Typical capacitance spectra have
one or two peaks in the imaginary capacitance (i.e., the dielectric loss) and the same number of steps in the
real part capacitance (i.e., the dielectric permittivity). This chapter explores the underlying mechanisms that
are responsible for these dielectric processes, i.e., the Maxwell-Wagner (space charge) polarization of the
glass wall of the vial through the contents of the vial when in the liquid state, and the dielectric relaxation of
ice when in the frozen state. In future work, it will be demonstrated how to measure product temperature
and drying rates within single vials and multiple (clusters) of vials, from which other critical process
parameters, such as heat transfer coefficient and dry layer resistance, may be determined.

Key words Impedance spectroscopy, Process-analytical-technology, PAT, Freeze-drying, Lyophiliza-
tion, Maxwell-Wagner, Polarization, Dielectric relaxation, Ice

Abbreviations

ADC Analog digital converter
AWG American wire gauge
BDS Broadband dielectric spectroscopy
DAQ Data acquisition card
DSC Differential scanning calorimetry
DTA Differential thermal analysis
ER Electrical resistivity measurements
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ETA Electrical thermal analysis
FDM Freeze drying microscope
IS Impedance spectroscopy
IVC Current to voltage converter
MW Maxwell-Wagner polarization process
OUT Object under test
TSC Thermally stimulated current spectroscopy
TVIS Through vial impedance spectroscopy

Symbols

� Series arrangement of two elements in an electrical circuit
C 0 Real part capacitance or dielectric storage of complex capacitance
C 00 Imaginary part capacitance or dielectric loss of complex capacitance
C 0(1) Real part capacitance at high frequency

C 00
PEAK Peak amplitude of the imaginary capacitance

C 0
fit Real part capacitance from equivalent circuit modelling

C 00
fit Imaginary part capacitance from equivalent circuit modelling

Ca Capacitance of adhesive layer
Ca�g Capacitance of the composite glass wall and adhesive layer in series
Ca�G Total capacitance of the composite glass wall and adhesive layer in series
Cg Capacitance of glass-sample interface
CG Total glass-sample interface capacitance
Ci Capacitance of the interfacial layer between glass and sample
Co Capacitance of empty cell
Cs Capacitance of sample
Cs(1) Capacitance of sample in the limit of high frequency
Cs(0) Capacitance of sample in the limit of low frequency
Cs( f ) Capacitance of sample as a function of frequency
CPEG Constant phase element of glass wall

C 0
fit 1ð Þ Real part capacitance from modelling at high frequency

C 0
fit fð Þ Real part capacitance from modelling as the function of frequency

C 0
fit oð Þ Real part capacitance from modelling at low frequency

DEs Distribution element of sample
FPEAK Peak frequency of the imaginary capacitance
Io Current amplitude
Qo Admittance of a constant phase element at an angular frequency of ω ¼ 1 rad s�1

Rs Resistance of sample
Tc Collapse temperature
Teu Eutectic temperature
Tg Glass transition temperature

T 0
g Glass transition of the maximally freeze concentrated solution

Tm Melting temperature
Tb Ice temperature at the base of a vial
Ti Ice temperature at the sublimation interface
Vo Voltage amplitude
|Y | Admittance magnitude

242 Geoff Smith and Evgeny Polygalov



YC Admittance of a capacitor
Y CPE Admittance of a constant phase element
YR Admittance of a resistor
Z 0 Real part impedance
Z 00 Imaginary part impedance
Z∗ Complex impedance
ZC Impedance of capacitance
ZCPE Impedance of constant phase element
ZR Impedance of resistance
dg Glass wall thickness
kg Cell constant of glass
ks Cell constant of sample
ε1 Permittivity in the limit of high frequency
εa Permittivity of adhesive
εg Permittivity of glass
εo Permittivity of free space
εr Relative permittivity
εs Static permittivity
ρs Sample resistivity
ωc Angular frequency at cross over between the dominance of two circuit elements
|Z| sinφ Imaginary part of the complex impedance or reactance
|Z| Impedance magnitude
¼ Parallel arrangement of two elements in an electrical circuit
ΔC 0 Increment in the real part capacitance
C Capacitance
h Electrode height
I/O Input/output
N A number of sine wave periods
Ø Fill factor in relation to the electrode height
R Resistance
α Exponent parameter describing the broadening of a dispersion process
ρ Density
A Electrode area
CPE Constant phase element
I Current
V Voltage
Y Admittance
Z Impedance
d Separation of two electrodes
f Frequency
i Notation for an imaginary number
k Cell constant
p Frequency independent parameter (CPE exponent) which corresponds to the phase

angle
t Time
w Electrode width
τ Time constant or relaxation time
φ Phase difference between the voltage and current
ω Angular frequency
ϑ Phase angle
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Units

� Degree
�C Degree Celsius
dB Decibel
F m�1 Farad per meter
fF Femtofarad
g Gram
g cm�3 Gram per cubic centimeters
GΩ Gigaohm or 109 ohm
Hz Hertz
K Kelvin
kg m�3 Kilogram per cubic meters
kHz Kilohertz or 103 hertz
MHz Megahertz or 106 Hertz
min Minute
mL Milliliter
mm Millimeter
mm2 Square millimeter
ms Millisecond
pF picoFarad
rad s�1 radians per second
s Second
V Volt
μs Microsecond
Ω Ohm

1 Introduction

A study of the electrical impedance of materials has been used for
many years for the investigation of various processes associated with
freeze drying. However, in the main, these studies have been
restricted to the determination of critical temperatures. In one of
the earliest reports, Greaves [1] monitored the crystallization pro-
cess through the measurement of changes in electrical conductivity
at a single excitation frequency of an applied AC voltage. The basis
for this assessment is that the formation of ice, within a solution,
increases the viscosity while reducing the volume of the unfrozen
(i.e., non-ice) fraction; and as a consequence the mobility of the
ionic species within the unfrozen fraction decreases which in turn is
reflected in a reduction of the measured electrical conductivity.
Some years later, similar measurements were used to determine
the eutectic temperature of a solution by measuring the electric
resistance as a function of the temperature of a frozen material on
reheating [2–4]. A number of other authors have followed suit by
using electrical thermal analysis techniques to measure the eutectic
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temperatures (Teu) of salts, sugars, and the occasional drug sub-
stance (Table 1). The basis for the assessment is that the resistance
of a solidified frozen mass suddenly decreases when the tempera-
ture is heated through the eutectic temperature, but this time as a
consequence of the increased mobility of ions which results from a
combination of reduced viscosity and increased volume of the
non-crystalline (liquid) fraction. Single frequency measurements
have also been widely employed for off-line characterization of
the glass transition temperature (Tg) and/or collapse temperature
(Tc) of a number of pharmaceutical relevant excipients such as
sugars, polymers salt solutions, and proteins (Table 2).

Table 1
Eutectic temperature (Teu) of various materials

Test samples

Teu (
�C)

ReferencesETA DTA/DSC

CaCl2 �54.0 [5]

KBr �12.9 [3]

KCl �11.1 [3]

Lactose �5.4 [3]

Mannitol �24.0 �22.0 [6]
�5.0 �2.0 [7]
�2.24 [3]

Methylphenidate HCl �11.7 [3]

Methylphenidate HCl with Lactose �11.9 [3]

Methylphenidate HCl with mannitol �11.7 [3]

Methylphenidate methanesulfonate �10.1 [3]

Methylphenidate phosphate �4.29 [3]

NaCl �21.0 �20.9 [7]
�21.6 [3]
�21.6 �21.6 [8]
�21.5 [4]

Phentolamine HCl �1.3 [3]

Phentolamine methanesulfonate �11.0 [3]

Phentolamine phosphate �0.75 [3]

ETA (electrical thermal analysis) is a generic term for a number of techniques that

measure the electrical properties of a material as a function of temperature, including
electrical resistivity measurements (ER), broadband dielectric spectroscopy (BDS), ther-

mally stimulated current spectroscopy (TSC), and impedance spectroscopy (IS)

DTA (differential thermal analysis) and DSC (differential scanning calorimetry) are

thermal analysis techniques typically used for the determination of phase transitions
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Various experimental approaches have been used for character-
izing the temperature dependence of the passive electrical proper-
ties of frozen solutions, which combine an electrode system with a
temperature sensor and a reheating regime from temperatures as
low as �100 �C. The electrode designs range from a pair of rods to

Table 2
Critical temperatures T 0

g and Tc of various materials

Test samples

T 0
g (

�C) Tc (
�C)

ReferencesETA DTA/DSC ETA FDM

Azactam™ �17.7 �17.0 [9]

Dextran 8.8K �14.2 �16.5 [10]

Dextran 39.1K �13.2 �15.4 [10]

Dextran 70K �13.6 �15.4 [10]

Dextran 503K �13.0 �15.0 [10]

Dextrose (D-glucose) �40.6 �49.5 [10]

Ficoll 70K �22.6 �23.9 [10]

Ficoll 400K �23.4 �23.9 [10]

Gelatin �12.8 �14.2 [10]

Lactose �29.5 �30.3 [5]
�33.4 [10]

Maltodextrin �16.0 �17.0 [11]

Mannitol �33.7 �33.9 [10]

PVP 10K �28.3 �32.3 [10]

PVP 30K �22.0 �22.8 �23.0 [12]

PVP 40K �23.5 �26.6 [10]

Sorbitol �47.2 �45.0 [9]
�41.6 �52.1 [10]

Sucrose �34.0 [13]
�32.0 [5]

�35.0 �32.0 [9]
�33.5 �38.7 [10]

Trehalose �33.4 �32.0 [9]
�31.2 �34.4 [10]

ETA (electrical thermal analysis) is a generic term for a number of techniques that measure the electrical properties of a

material as a function of temperature, including electrical resistivity measurements (ER), broadband dielectric spectros-
copy (BDS), thermally stimulated current spectroscopy (TSC), and impedance spectroscopy (IS)

DTA (differential thermal analysis) and DSC (differential scanning calorimetry) are thermal analysis techniques typically

used for the determination of phase transitions

FDM (freeze drying microscope) is a technique for determining critical collapse temperature of freeze drying
formulations
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a pair of flat plates or a set of multiple inter-digitated “comb-like”
electrodes mounted on a flat surface [7, 9]. In each system the
temperature sensor (usually a platinum resistance thermometer) is
mounted in close proximity to the electrodes. In the vast majority
of these studies a single frequency voltage is applied (usually 1 kHz)
and the ratio of the voltage amplitude (Vo) to the current amplitude
(Io) is used to determine the impedance magnitude (jZ j ¼ Vo/Io)
and the phase difference between the two vector quantities of
voltage and current is used to define the phase angle (theta, ϑ). In
some studies [10] the sensor is calibrated against a known solution
resistivity (or conductivity) so that the measured electrical resis-
tance of the frozen solution may also be expressed in terms their
dimensionless property (i.e., resistivity). In other studies, attempt-
ing to measure the dielectric properties of the frozen solution [9] a
range of discrete frequencies are employed to construct a dielectric
spectrum of the real and imaginary permittivity against the log of
the frequency of the applied field.

Only a few commercial systems are available for off-line and
in-line applications. Lyotherm, from Biopharma Process Systems
Ltd., is an integrated electrical impedance (jZ j sin φ) and differen-
tial thermal analyzer (DTA) designed to measure the critical tem-
peratures associated with: (1) the glass transition of the maximally
concentrated solutes (T 0

g), (2) the melting of any eutectic mixture
that has crystallized from solution on freezing (Teu), and (3) the
melting of the ice fraction (Tm). jZ j sin φ is the imaginary part of
the complex impedance (Z∗) otherwise known as the reactance.
While it is restricted to the analysis of certain critical temperatures it
nevertheless highlights the unique sensitivity of impedance mea-
surements over thermal methods for characterizing phase behavior
in frozen aqueous solutions. For example, the glass transition (T 0

g)
of 10% w/v sucrose formulation that was determined by this tech-
nology agrees with the published value (T 0

g ¼ �32 �C) [5]. To the
best of our knowledge, the LyoRx system (from Martin Christ
GmbH) is currently the only commercially available process analyt-
ical technology, based on electrical impedance that is used for in
process measurements. This system monitors the temperature of
the product and its electrical resistance (at a fixed frequency of
1 kHz) to deliver the freezing/eutectic points while enabling pro-
cess optimization by automatically controlling the energy supply to
the individual shelves during the main drying phase, which then
reduces the risk of product collapse and thawing [14]. The main
drawback of LyoRx is the invasive measurement principle involving
immersion of the electrodes into the sample. More recently, a new
non-contact has been proposed by Alkeev et al. [15] which uses a
capacitive sensor connected to a self-oscillating circuit for the pur-
pose of monitoring the lyophilization of biological products.
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2 TVIS Method

2.1 TVIS

Measurement System

TVIS is a process analytical technology, for development scale
application, which measures the electrical impedance spectrum of
a conventional freeze-drying vial and its contents, using electrodes
which are located outside the vial, hence the term “through-vial
impedance spectroscopy.” The technique is therefore noninvasive
in the sense that the electrodes do not contact the sample.

The technology has been developed, in the first instance, with
electrodes attached to the external surface of a conventional glass
freeze-drying vial. To date, the majority of the published work has
been undertaken on Type I glass vials (nominal capacity 10 mL)
with a single pair of electrodes, 5 mm in height, and with each
surrounded by a guard electrode [6, 11, 13, 16–19].

In contrast, the majority of the data presented in this chapter
has been generated using Type I glass vials (nominal capacity
10 mL) with a single pair of electrodes, 10 mm in height, but
without the guard electrodes that were used in previous studies
(Fig. 1a). The absence of the guard electrode makes it more
straightforward to attach electrodes to form the TVIS measure-
ment vials, whereas the increased electrode height from 5 to 10 mm
has the additional benefit of being able to use TVIS to measure
drying rates for typical fill volumes between 2 and 3 mL.

Fig. 1 Illustrations of the designs of various vials that have been modified with copper foil electrodes (10 mm in
height and 3 mm from the base of each container). From left to right are non-ISO standard uncoated Type I
borosilicate Fiolax® glass vials: (a) Adelphi VC010-20C (20 mm crimp-neck vial with 10 mL nominal capacity);
(b) Adelphi VC005-20C (20 mm crimp-neck vial with 5 mL nominal capacity); (c) Adelphi VCD005 (screw-neck
vial with 5 mL nominal capacity). Images have been provided courtesy of BlueFrog Design Ltd., Leicester, UK
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Other vial types are possible (Fig. 1) with the only rule of
thumb being that the combined width of the electrode pair does
not occupy more than 50% of the vial circumference. The height of
the electrode system, however, is variable, with the possibility for
using tall electrodes which span the length of the vial. With the
multichannel capability it is also possible to have multiple pairs of
electrodes for predicting temperatures at the base of the ice (Tb)
and at the sublimation interface (Ti).

When fitted to a commercial freeze-dryer, there is a require-
ment for a bespoke pass-through (Fig. 2) which carries the co-axial
cabling from the impedance spectrometer, located outside the
dryer, to the vial located inside the dryer.

The cabling and connections for the multichannel system, used
to acquire the exemplar data for this book chapter, can be described
as follows:

50 Ω 26 AWG RG316 double-shielded co-axial cables take the
stimulating voltage from the analogue output (AO1) of a National
Instruments PCI6110Multi-function I/O device (inside the tower
of a desk-top PC) via a National Instruments BNC 2120 connector
block, to one of the TE-connectivity-AMP SMA-SMA jack adapters
on the pass-through. On the inside of the dryer (i.e., on the other
side of the pass-through) a 50 Ω 30 AWG RG178 co-axial cable
takes the stimulating signal to a 5 way multiplexer inside the junc-
tion box (which is placed somewhere convenient within the dryer,
Fig. 3). The splitter feeds the voltage, simultaneously, to five MCX
coaxial stimulating ports on the top row of the junction box.

Fig. 2 Example pass-throughs for the TVIS instrument that have been deployed on a range of freeze-dryers at
various institutions and companies: (a) Virtis Advantage Plus XL freeze-dryer (De Montfort University) in which
the pass-through is connected via the manifold hose on the outside of the dryer; (b) Telstar LyoBeta freeze-
dryer (Image courtesy of the National Institute of Biological Standards and Control) in which the pass-through
is connected via the port on top left side of the door on the dryer; (c) GEA LYOVAC™ FCM2 LN2 pilot scale
dryer (Image courtesy of GEA Lyophil GmbH) where the pass-through is connected to a port on the top of the
drying chamber; Each pass-through has a minimum of six TE-connectivity-AMP SMA-jack to SMA jack bulk-
head adapters (1054874-1): One adapter is used for the stimulating signal and the other five for the receiving
signal. All pass-throughs were manufactured by GEA Pharma Systems (Eastleigh, UK)
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Any one of the two fine coaxial cables from the measurement
vial is then connected to one of the MCX co-axial stimulating ports
on the multiplexer and the other connected to the corresponding
MCX coaxial sensing port on the bottom row of the junction box
via the right-angle MCX 50 Ω connector plugs (JOHNSON
133-3402-101) which terminate these cables. The coaxial cables
attached to the measurement vial have an outer diameter of
0.533 mm, with a 36 AWG tinned copper inner-conductor, a 90%
spiral tinned copper braid screening, and PFA polymer for both the
external coating and insulation core. The cables are sufficiently
flexible such that they do not apply any appreciable torsion to the
vial that might otherwise cause the vial to tip or make it difficult to
position on the shelf.

The signals from the five sensing ports on the bottom row of
the multiplexer are then passed to the five individual trans-
impedance amplifiers inside the current to voltage (IVC) converter
unit (located outside the dryer), again via pairs of 50 Ω 30 AWG
RG178 and 26 AWGRG316 co-axial cables (with the RG178 cable
inside the dryer and the RG316 on the outside of the dryer).

Fig. 3 Top shelf sits the five channel multiplexer. The COM channel receives the excitation signal from the NI
DAQ PCI 6110 and distributes it to the stimulating ports on the top row of the multiplexer. The current passing
through the vials (up to five in this particular system) flows through the individual receiving ports on the bottom
row and then to the five channels IVC outside the freeze-dryer where the current from each vial is converted to
a voltage and then passed via five channels reed relay multiplexer to the ADC input of NI DAQ PCI6110 in the
computer and digitized. Bottom shelf (left) is the TVIS measurement vial. Bottom shelf (right) is a standard vial
with a thermocouple inserted in the liquid such that the thermocouple bead is at a height which is equivalent to
the mid-point of the volume of liquid in the region bounded by the electrodes in the TVIS vial (see Fig. 4 for an
illustration)
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The stimulating signal is fed to the ADC0 input of the
4-channel NI DAQ PCI6110 Multi-function I/O device whereas
the five outputs from the IVC channels are fed to the ADC1 input,
via a programmatically controlled reed relay multiplexer.

All connections inside the dryer are made with Belden 30 AWG
RG178 coaxial cables which are terminated by SMA plug connec-
tors (HUBER & SUHNER 11 SMA-50-1-4/111NE) on the pass
through side and by MCX bulkhead Jack connectors (MULTI-
COMP 27-10M TGG) on junction box side. All outside connec-
tions are made with Belden coaxial cable 26 AWG RG316
terminated by SMA straight plug connectors (MULTICOMP
MC23554).

The electrodes are formed from 19 mm wide copper adhesive
tape (1181 3M™) consisting of a soft copper foil backing
(0.04 mm) and an electrically conductive pressure-sensitive acrylic
adhesive (0.026 mm) attached to the outer wall of the vial. This
approach is only one of a number of possible design options. Others
include foil electrodes with an adhesive “wrap-over” layer to avoid
having glue between the electrode and the glass wall, and electrodes

The volume of liquid in the region bounded by 
the electrodes on the TVIS vial Mid-point

Standard vial

Thermocouple (TC) 

TC bead

TVIS vial

Fill factor (Ø) = BA

Fig. 4 Sketch of an Adelphi VC010-20C vial (20 mm crimp-neck vial with 10 mL nominal capacity and external
diameter and internal diameters of 24.25 and 22.05 mm); Right: Unmodified “nearest neighbor” vial. Left:
TVIS-modified vial showing the electrode pair of height 10 mm and width 19 mm, with a 3 mm separation
between the bottom of the electrode and the external base of the vial (Dimension C). The Dimension D is the
approximate height of the liquid on circumference of the volume space below the lower edge of the electrode.
Its magnitude is given by dimension C minus the thickness of the base at the contact point with the external
surface on which the vial is placed. The fill factor ; shown here is 0.7 (which for a 10 mm high electrode
means that the height of the liquid within the region bounded by the electrodes is 7 mm). The fill volume of
water is approximately 3.4 mL. The position of the thermocouple, inserted in a nearest neighbor vial to the
TVIS vial, is at a height which is equivalent to the mid-point of the volume of the liquid that is bounded by the
electrodes on either side of the glass wall of the TVIS vial
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that are deposited directly onto the surface of the vial using electro-
plating and electroless-plating technologies.

The location of the electrodes on the outside of the vial has a
number of benefits:

1. It helps maintain a predefined and immovable geometry which
then stabilizes the magnitude of the measured impedance for
any particular fill volume and/or condition (phase state and
temperature) of the sample.

2. The electrodes do not require a support mechanism which then
reduces the thermal mass of the electrode assembly, whereas
any attempt to create a low thermal mass electrode assembly
which is inserted into the vial will necessarily be fragile and
susceptible to deformation with consequent alterations in the
measured impedance.

3. The high impedance of the glass wall, in series with the sample,
means that any variation in the layout of the cabling has negli-
gible impact on the measured impedance response.

4. The electrode assembly does not provide additional
(non-representative) nucleation sites for ice growth that
would otherwise alter the ice crystal structure that develops
during the freezing stage.

5. The thin electrode on themeasurement vial means that the vials
can be arranged in the conventional hexagonal array, thereby
maintaining the inherent heat transfer between vials, shelf, and
the gaseous environment.

The principle disadvantage is that, in its current manifestation,
the method depends on cables to connect the electrodes on the
vials to the measurement system which renders the system incom-
patible with an automatic vial-loading system.

The main challenge in making precise (low noise) measure-
ments of the TVIS spectrum is the large dynamic impedance
range encountered across individual spectra (from 10 Hz to
10 MHz) and across the entire freeze-drying cycle (Fig. 5) where
the impedance magnitude can be as high as 10–100 GΩ
(1010–1011 Ω) at the low frequency end of the spectrum (10 Hz)
for the vial at the end of drying (when the vial is effectively empty
from an impedance point of view) to as low as 100 kΩ (105Ω) at the
high frequency end of the spectrum when the vial is full with a
liquid, coupled to the requirements for a short spectrum acquisi-
tion/scan time of the order of 10 s so that spectra from multiple
vials may be acquired sequentially in less than 1 min. This function-
ality is not provided by the current state-of-the-art broad band
dielectric spectrometers, which can take as long as one minute to
acquire a single spectrum from 1 MHz down to 10 Hz, and so the
implementation of the TVIS method has required the design and
development of a bespoke instrument for this purpose.
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2.2 TVIS

Measurement

Instrumentation

The instrument used to generate the data for this book chapter has
been developed by Evgeny Polygalov at De Montfort University
(Innovate UK project grant LyoDEA 100527). It is based on an NI
PCI 6110 data acquisition (DAQ) card with a 4 MHz sampling
rate, five 1 GΩ trans impedance amplifiers (i.e., a current to voltage
convertor, IVC) each with a trans-impedance gain of 180 dB, and
five sequentially measuring impedance channels which share a com-
mon excitation signal. The instrument features an automatic
adjustment of the excitation signal, whereby the output level from
the instrument, i.e., the amplitude of output signal from the IVC, is
maintained at 2 V, which is half of the maximum output level of 4 V
so that the operational amplifier output does not experience any
significant nonlinear distortion. This is achieved by adjustment of
the stimulation voltage between 0.2 and 8 V and then fixing it at
8 V when the maintenance of this level is no longer achievable: In
the sequence for the measurement of the first data point of each
spectrum, the stimulating voltage is first set to 0.2 V; the system
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Fig. 5 (a) Impedance spectrum and (b) equivalent complex capacitance spectrum of 3.5 mL double distilled
water in an Adelphi VC010-20C Type I glass tubing vial with a pair of 10� 19 mm electrodes (h� w) attached
to the outside of the vial at a distance of 3 mm from the external base (Ø ¼ 0.7), (c) impedance spectrum and
(d) equivalent complex capacitance spectrum of the same vial containing water but frozen to �20 �C (e)
impedance spectrum and (f) equivalent complex capacitance spectrum of the same vial but without the
sample. |Z| is the magnitude of the impedance and ϑ is the phase angle between the real and imaginary parts
of the complex impedance, Z∗. C 0 is the dielectric storage and C 00 is the dielectric loss components of the
complex capacitance, respectively. The vertical dotted line at 100 Hz illustrates the frequency below which
both the real and imaginary capacitances increase as a consequence of charge percolation through the porous
nature of the glass
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then checks for an overflow/underflow of the ADC and changes
the gain of the data acquisition card until the ADC is functioning in
its optimal regime. Then the system checks the amplitude of IVC
output and adjusts the amplitude of simulating signal in order to
obtain the target 2 V output of the IVC. This procedure can have
several iterations until the optimal regime is achieved and only then
the first data point is taken. For the subsequent data points in the
spectrum, the optimal excitation signal amplitude and ADC gain
are predicted on the basis of previous point measurement para-
meters. The same applies to the measurement of data points for
subsequent spectra.

Another feature of the instrument is the methodology for
improving the signal to noise ratio: The instrument integrates
(i.e., averages) a number of sine wave periods (N); When the
duration of that number of periods is longer than 0.05 s then
N is fixed at a preset number (4 is recommended), otherwise N is
calculated as N ¼ 0.05 s � f Hz. It follows that N ¼ 4 for a
frequency of 80 Hz and below; while at 100 Hz, N ¼ 5 (i.e.,
0.05 s � 100 Hz); at 1 kHz, N ¼ 50 (i.e., 0.05 s � 1000 Hz); at
10 kHz N ¼ 500 (i.e., 0.05 s � 10,000 Hz); and so on. One or
more first periods (which can be preset in the “Delay” box in
“Experiment setup” window) are excluded from averaging to
avoid any dynamic distortions that result from the essentially reac-
tive impedance of the object under test (OUT). The integration
and delay times for each frequency point of the spectrum then
define the total scan time to acquire each individual spectrum
during the freeze-drying cycle. For a spectrum recorded from
1 MHz to 10 Hz, with ten data points per decade, the instrument
takes ~4 s to scan from 1MHz to 100 Hz and then a further ~3–4 s
to scan from 100 to 10 Hz. So, the total time taken to scan across
the whole range frequency range of 10 Hz to 1 MHz is 7–8 s per
channel. With the five channel instrument it is possible to measure
five vials in sequence in less than 1 min.

2.3 TVIS

Measurement

Principles

The electrical impedance of an object (in our case a freeze-drying
vial and its contents) defines the total opposition to the flow of
charge (current) when a sinusoidal alternating voltage is applied.
Given that the glass vial and its contents conduct electricity some-
what like a capacitor (rather than a conductor) then it can be more
intuitive to present the electrical impedance of this object in terms
of an electrical capacitance. By varying the frequency of the applied
voltage, typically between 10 Hz and 1 MHz, the TVIS system
generates an electrical impedance spectrum which when displayed
in terms of the equivalent electrical capacitance spectrum is char-
acterized by a peak in the imaginary capacitance (i.e., dielectric loss)
spectrum and a step in the real part capacitance (i.e., dielectric
permittivity) spectrum. This basic response is seen routinely when
measuring pure water where the peak in the imaginary capacitance
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is located within the mid-range of the experimental frequency
window of 10 Hz to 1 MHz. However, the exact position and
amplitude of the loss peak depends on the physical state of sample
(whether liquid or frozen), the temperature of whichever phase the
sample is in, at any point in time during freezing, annealing and or
primary drying, and the height of the frozen layer within the region
bounded by the electrodes on the outside of the vial. In effect, any
changes in the capacitance spectrum will mirror the condition of
the solution throughout the lyophilization process and therefore
TVIS may be used to monitor the physical state, composition, and
temperature of the material throughout the lyophilization process.

Figure 5 shows example spectra for the TVIS vial (Adelphi
VC010-20C of nominal volume 10 mL) containing 3.5 g water
(at 20 �C), 3.5 g frozen water (ice at �20 �C) and empty. The
impedance spectra on the left (displayed as Bode plots, i.e., log
impedance magnitude and phase angle against log frequency) illus-
trate the extremely wide range of impedance values associated with
the various transitions that occur on freeze-drying; from the initial
liquid state to the frozen state, and then to the end state, once all
the ice has been removed, to leave behind the empty cell.
The capacitance spectra on the right illustrate how the amplitude
(C 00

PEAK) and frequency position (FPEAK) of the main dielectric loss
peak, in the imaginary capacitance spectrum, and the increment in
capacitance (ΔC 0) and high-frequency capacitance (C 0(1)) in the
real part capacitance spectrum, change with those same transitions.
For the TVIS vial containing liquid water there is a single peak
located at the high-frequency end of the dielectric loss spectrum
(~18 kHz), whereas for the TVIS vial containing frozen water (ice
at �20 �C) the peak has now shifted to lower frequencies of the
dielectric loss spectrum (~3 kHz). There is also a dramatic decrease
in the high-frequency capacitance (C 0(1)) in the real part
spectrum.

2.3.1 Liquids and the

Maxwell-Wagner

Polarization of the Glass

In the case of simple, unfrozen liquids of relevance to pharmaceuti-
cal freeze-drying, such as water, ethanol, and tert-butanol, the peak
in the imaginary capacitance (i.e., the dielectric loss) and the step in
the real part capacitance (i.e., the dielectric storage) are due to a
Maxwell-Wagner (MW) polarization process, otherwise known as
space charge polarization or interfacial polarization. The MW pro-
cess originates from the fact that the object under test is a compos-
ite of a relatively conductive material (i.e., the cylinder of liquid
within the vial) in intimate contact with the poorly conductive
material (i.e., the glass wall of the container). This particular type
of MW process is manifest at the macroscopic scale of the glass-
sample interface (i.e., ions migrate through the solution and accu-
mulate at the interface between the solution and the glass). It
should be stressed that the observation of the frequency-dependent
response of the composite object does not mean that the dielectric
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properties of the liquid have any frequency dependence of its own.
The dielectric permittivity of water, for example, is constant within
the frequency range of the TVIS instrument (10 Hz to 10 MHz)
and its conductivity can be described by a simple dc conductivity.

When a MW process occurs at the intermediate (meso-) scale
(i.e., within the sample) because of inner dielectric and/or conduc-
tive boundaries which trap charge carriers within the material, then
the object may display dielectric and conductive properties which
are frequency dependent. This is a feature of many composite and
microstructured materials, including:

1. Multilayered polycrystalline composites [20] owing to the jux-
taposition of thin films of alternating dielectric and conductive
properties.

2. Ceramics [21] (e.g., as a result of grains and grain boundaries
within the bulk material).

3. Biological cells and tissues [22, 23] as a consequence of the
relatively non-conductive (dielectric) property of the cytoplas-
mic membrane and the high conductivity of the intra- and
extracellular fluid.

The physical origin and characteristics of the MW process
(observed for the TVIS vial containing liquid water) can be consid-
ered follows: When a voltage (V) is applied to the composite object
of the freeze-drying vial and its contents, via the electrodes attached
to the outside of the vial, then current will start to flow and the
electrical capacitance of the glass wall begins to accumulate charge
at a rate which is dependent largely on the electrical resistance of the
solution inside the vial.1

The charges accumulating at the glass boundary layer with the
solution are neutralized to some degree by the accumulation of
ionic charges that have diffused through the solution contained
within the vial to the solution boundary layer with the glass. The
net result is that a proportion of the applied voltage is dropped
across the glass wall and the remaining voltage is dropped across the
material within the vial.

According to the classical electric circuit theory, the time con-
stant (τ) for the rate of charging of the glass wall capacitance,
through the solution resistance, is defined as the time it takes to
reach 63.2% of its maximum charge holding capacity. This time

1Note that the impact on the flow of charge, from the cabling from the measurement instrument and the vial, is
negligible given that the cables are made from conductive metal of significant lower resistance than that of the
sample within the vial (i.e., the liquid/frozen solution or pure water/ice). This is one of the intrinsic benefits of
the TVIS approach over instruments which place the electrodes in contact with the sample.
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constant may be approximated by the product of the sample resis-
tance (Rs) and the glass-sample capacitance (Cg),

τ � RsCg ð1Þ
One can rationalize the dependency of the time constant on

both parameters, Rs and Cg, by considering that it is the sample
resistance that regulates the flow of charges to the capacitance of
the glass wall (hence restricting the rate of charging) whereas it is
the capacitance of the glass wall-sample interface which defines the
amount of charge that the glass can accommodate (hence defining
the total magnitude of charges that must first pass through the
solution resistance for the capacitor to become fully charged). It
follows that, if either the resistance or the capacitance increases then
it will take longer for the charging process to complete which
would then be reflected in the value of the time constant (τ).

One should also recognize that the solution is not simply
behaving as an electrical resistor, it also has an electrical capacitance
owing to the fact that the space between the two glass walls has a
dielectric (charge storage) property which is due to the polarization
of permanent dipoles (e.g., the molecular dipole of water and other
small molecules). The actual time constant for the process is
impacted by the additional time required for the solution capaci-
tance to charge, such that

τ ¼ Rs Cg þ C s

� � ð2Þ
where Cs is the approximate value for the electrical capacitance of
the liquid contained primarily within the volume of the vial that is
bounded by the electrodes but with a lesser contribution coming
from the volume of liquid that is within the fringing fields extend-
ing beyond the boundaries of the electrodes.

2.3.2 Impedance

Spectroscopy

The above treatment of the composite object of the glass wall and
the liquid contents of a freeze-drying vial considers the response of
the object to a static (i.e., time invariant) voltage. However, when
studying the charging of the glass wall through the solution resis-
tance, using impedance spectroscopy, an oscillating sinusoidal volt-
age, V ¼ Vo sin (ωt), is applied and the resultant current
I ¼ Io sin (ωt + φ) is measured, where ω is the frequency of the
applied field in radians and φ is the phase difference between the
voltage and current [24]. The phase difference for a pure resistor is
zero and that for a pure capacitor is �90� or �π/2 radians (The
negative sign means that the voltage lags behind the current by
90�). The ratio of the voltage amplitude (Vo) to the current ampli-
tude (Io) is known as the impedance magnitude, |Z| ¼ Vo/Io
whereas the inverse ratio (Io/Vo) is known as the admittance,
|Y | ¼ 1/|Z|.
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2.3.3 Basic Model for the

TVIS Spectrum of the Liquid

State

The interpretation of impedance spectra is facilitated by using an
equivalent circuit comprising individual elements that have charac-
teristics which collectively reflect the physicality of the object while
modeling the impedance of the object as a function of the applied
frequency. For example, an object that is a good conductor is
represented by a resistor whereas an object that does not conduct
well (i.e., an insulator) is represented by a capacitor. The basic
characteristics of the TVIS vial, comprising a non-conductive glass
wall and a relatively conductive sample, have already been discussed
in the previous section, and so now it is only a question of arranging
these elements in an appropriate circuit layout which reflects the
pathways for the flow of charge (i.e., current) (Fig. 6).

In the model for the liquid filled vial the electrical impedance of
the solution is represented by a resistor (Rs) and capacitor (Cs) in
parallel with each other, which reflects the fact that the solution has
a measureable conductivity associated with delocalized charges, i.e.,
ions (which can diffuse through the solution) as well as a dielectric
constant, which is associated with the polarization of charges that
are more localized (i.e., molecular dipoles). The arrangement of
Rs and Cs in parallel reflects the fact that current can flow

Fig. 6 Basic equivalent circuit model that approximately fits the experimental
data for simple systems such as a water filled vial with copper foil electrodes
attached to the outside of the glass. Cg is an approximation for the capacitance
of the glass wall-sample interface and Cs and Rs are the capacitance and
resistance of the sample respectively. The interface capacitances of the two
segments of glass juxtaposed with the electrodes can be combined into a single
capacitance using the inverse sum rule for capacitances in series, where the
reciprocal of the total capacitance equals the sum of the reciprocal values of the
two individual capacitances 1/CG¼ 1/Cg + 1/Cg ;CG ¼ C2

g= C g þ C gð Þ. Note the
use of capital subscript G for the combined capacitance from two glass seg-
ments in contact with the external electrodes
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independently as a result of the admittance of each component.2

The final element in the model is a capacitor in series with the
sample impedance, which accounts for the dielectric behavior of
the glass wall of the vial. Each of these impedance elements (Cs, Rs,
Cg) will be considered in turn.

The sample capacitance (Cs) is largely defined by the static
permittivity (εs) of the liquid (e.g., water) and the height of the
liquid according to Eq. 3:

C s ¼ εoεsks ð3Þ
where εo is the permittivity of free space (8.854� 10�12 F m�1) and
ks is the geometric cell constant. The value of ks is dominated by the
volume of liquid in the region of the vial bounded by the electrodes
but with a smaller contribution from the liquid in the fringing fields
of the electrodes. In the case of a parallel plate capacitor (with two
planar electrodes of equal size and in close proximity to one another
relative to their surface area) the cell constant ks would be defined
by A/d, where A is the area of an electrode and d is the separation
between the electrode pair. In the case of two curved electrodes, on
opposite sides of a cylindrical object, then it is more difficult to
define the cell constant in these simple geometric terms, owing to
the fact that the fringing field effect is more significant the further
apart the electrodes are. The characteristics of these fringing fields
are illustrated later in Fig. 9.

The sample resistance (Rs) is largely defined by the concentra-
tion and valency (charge carrying capacity) of ions in the solution,
according to Eq. 4:

Rs ¼ ρs=ks ð4Þ
where ρs is the resistivity of the solution and ks is the same geometric
cell constant as for the capacitance.

The high-frequency contribution to the glass wall capacitance
(Cg) is associated with the instantaneous atomic and electronic
polarizations that create a macroscopic dipole moment which
largely defines the instantaneous (i.e., frequency independent) rel-
ative permittivity of the glass (εg) and hence its electrical capaci-
tance. An analogous equation to that for the static sample
capacitance of the sample may be applied to the instantaneous
capacitance of the glass wall (Cg).

Cg ¼ εoεgkg ð5Þ

2While it does not matter which element is placed above the other in a parallel circuit, we have adopted a rule that
the element which dominates the impedance of the R ¼ C circuit at high frequency is placed above the element
which dominates the impedance of the R ¼ C circuit at low frequency. Note that the use of the symbol “¼”
signifies a parallel arrangement of two elements, whereas the same elements in series will be indicated by the use of
the symbol “�.”
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The relative permittivity of the Fiolax® glass used for the Adel-
phi VC010-20C vial (which comprises 75% SiO2, 10.5% B2O3, 5%
Al2O3, 7% Na2O and 1.5% CaO) is reported by the manufacturer
(Schott) to be 5.7 at 1 MHz (25 �C). Whether this value is repre-
sentative of the instantaneous relative permittivity of this glass
remains to be seen. kg is the geometric cell constant of the segment
of glass in direct contact with the electrodes. By ignoring edge
effects (i.e., the fringing fields) the cell constant may be estimated
from kg ¼ h ∙ w/dg, where dg is the thickness of the glass
(dg ¼ 1.1 mm for the Adelphi VC010-20C vial) and the area of
the electrode is (h ∙ w) is 190 mm2 (10 mm � 19 mm). However,
given that the glass segment on which the electrode is attached
comprises a curved surface rather than a planar one (Fig. 7), then
the effective width of the glass segment that contributes to the cell
constant is more likely to be closer to the average of the length of
the external arc (19 mm) and the internal arc (17.28 mm) of the
glass segment, i.e., w ¼ 18.14 mm.

In a further refinement of the calculation of the theoretical
capacitance of the glass-wall, one should also allow for the influence
on the effective capacitance of the adhesive layer (Ca) in the com-
posite assembly by applying the inverse sum rule of two capacitors
in series [25].

Electrode

Adhesive
(0.026 mm thickness) 

Material filled in vial

Glass

Electrode
Cross-section of TVIS Vial

Outer arc 19.00 mm

Inner arc 17.28 mm

Stretching into the 
straight line

Material filled in vial

19.00 mm

17.28 mm
Adhesive

Fig. 7 Schematic showing the methodology for the estimation of the glass wall capacitance (Cg) from the
geometric shape of the segment of the glass bounded by the external electrode and the literature value for the
dielectric constant of the Fiolax® glass (εg ¼ 5.7) and the adhesive (εa ¼ 3.2). The curvature of glass vial and
the dielectric constant of adhesive are taken into account for the calculation of the capacitance of the glass-
composite segment (Cg ¼ 8.32 pF, Ca ¼ 197.7 pF, Ca�g ¼ 7.98 pF) with an electrode of dimension
10 � 19 mm)
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1

Ca�g
¼ 1

Ca
þ 1

Cg
ð6Þ

Ca�g ¼ Ca � Cg

Ca þ Cg
ð7Þ

In each case, the capacitance of the respective elements is given
by an appropriate form of the parallel plate capacitor equation
(C ¼ εoεrk) such that Ca ¼ 197.7 pF and Cg ¼ 8.32 pF. The
estimated capacitance (Ca�g) of the composite of the glass wall
and adhesive segment is therefore 7.98 pF. Therefore, a predicted
value of Ca�G would be Ca�g/2 ¼ 3.99 pF.

Figure 8 shows a typical capacitance spectrum for a TVIS-
modified Adelphi VC010-20C glass tubing vial (nominal fill vol-
ume 10mL) containing 7 g double distilled water and with a pair of
external electrodes of height 10 mm and width 19 mm (separated
from the base of the vial by 3 mm). The points on the graph are the
data points (C 0 and C 00) recorded by the TVIS instrument and the
line is the result of fitting the equivalent circuit in Fig. 6 using
proprietary software (e.g., RelaxIS or Zview®), to give C 0

fit and
C 00

fit.
In a number of applications for TVIS, for example the determi-

nation of the product temperature, the extent of data analysis may
be restricted to the scrutiny of the amplitude of the dielectric loss
peak (C 00

PEAK) and the frequency on which the loss peak is centered
(FPEAK). See Appendix 1 for a description of a simple peak finding
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Fig. 8 A typical capacitance spectrum of 7 g double distilled water in a 10 mL Type I glass tubing vial (Adelphi
VC010-20C) which has been modified with a pair of external copper electrodes of dimensions 10 � 19 mm
and positioned 3 mm from the base of the vial. The temperature of the liquid is 22 �C. The gray line shows
the fit to the equivalent circuit model shown in Fig. 6 and the symbols (black dots) show the data points. The
horizontal line with double headed arrow marks the frequency range for fitting. The disagreement between the
fit and the data at the lower frequencies is due to the presence of a separate dielectric process which is
thought to arise from Maxwell-Wagner (space charge) polarization within the glass wall of the vial
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approach used in our LyoView™ software. This provides a more
pragmatic approach to the otherwise more complex procedures
involved in fitting an equivalent circuit model to the data. However,
in order to extract some physical meaning from these empirical
parameters, it is necessary to consider the relationships between
the empirical parameters (C 00

PEAK and FPEAK) and the underlying
changes in the equivalent circuit elements (Cs, Rs, CG) that define
the characteristics of the impedance spectrum. These relationships
will be explored here for the case of a simple solvent, i.e., water.
Further basic explanations of impedance spectroscopy, as it applies
to a liquid filled TVIS vial, are given in Appendix 2.

Figure 8a shows the imaginary-part capacitance (i.e., dielectric
loss) spectrum of the TVIS vial containing liquid water. As the
frequency tends toward zero (ω ! 0) the value for C 00

fit from the
equivalent circuit model also tends to zero. As the frequency
increases, C 00

fit increases to a maximum (C 00
PEAK ) at a frequency

FPEAK then decreases to zero as the frequency increases above
FPEAK (i.e., ω ! 1).

C
00
PEAK ¼ C2

G

2 C s þ CGð Þ ð8Þ

FPEAK ¼ 1

2πRs C s þ CGð Þ ð9Þ

The corresponding real part is shown in Fig. 8b. In the limit of
low frequency (ω ! 0) the real part capacitance of the equivalent
circuit, C 0

fit, tends toward a value equal to the capacitance of the
glass-sample interface, i.e., CG. As the frequency increases (ω!1)
then C 0

fit decreases to a plateau of

C 0
fit 1ð Þ ¼ C sCG

C s þ CGð Þ ð10Þ

Note that the increment in the real part capacitance, ΔC 0

(Eq. 11, is twice that of the amplitude of the dielectric loss peak
(Eq. 8).

ΔC 0 ¼ C2
G

C s þ CG
ð11Þ

Using expressions Eqs. 8 and 9 it is possible to rationalize the
changes in both FPEAK and C 00

PEAK as the liquid within the vial is
cooled to lower temperatures:

The parameter FPEAK depends on the inverse of both the
solution resistance and the sum of the solution capacitance and
the glass wall capacitance. However, given the much greater tem-
perature coefficient of electrical resistance over electrical capaci-
tance FPEAK is particularly sensitive to the temperature of the
product via changes in the solution resistance.
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The magnitude of the peak (C 00
PEAK) is a function of the height

of the liquid layer within the region bounded by the electrodes and
in intimate contact with the inside of the vial. Figure 9 shows the
relationship between C 00

PEAK and the fill volume/height of the
liquid in the TVIS vial. The dependence of C 00

PEAK on the height
of liquid in the region bounded by the electrodes is only quasi-
linear in the mid band of this region. For this vial, of internal
diameter 22.05 mm, the linear region starts at ~2 mm above the
bottom edge of the electrode and finishes approximately 2 mm
from the top edge of the electrode.

Another way of expressing the height of the sample within the
volume bounded by the external electrodes (i.e., the electrode
space) is to state this quantity in relative terms, in the format of a
fill factor (Ø) which is ratio of the height of the liquid in the
electrode space to the height of the electrode. Table 3 shows the
volumes of liquid water at 20 �C which provide fill factors of 0–1.2.

2.3.4 Enhanced Model

for the TVIS Spectrum of

the Liquid State

The basic model, which assumes that the glass wall behaves like a
simple capacitor, with a frequency independent response, does not
adequately account for the dielectric response of the glass wall
toward the lower frequencies of the TVIS spectrum which, rather
than having a flat frequency response, is characterized by an increase
in both the real and imaginary impedance (For example, see the real
part capacitance spectra at frequencies below 1 kHz or Log Fre-
quency ¼ 3, Fig. 8b). This feature of the low-frequency response
(which is observed for many micro-structured materials containing
semi-mobile charge carriers) is often referred to as an anomalous
low-frequency dispersion (abbreviated to LFD in the dielectric
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literature) and in the case of glass results from proton percolation
(space charge polarization) within the porous/hydrated silica.
Because the extent of charge migration (i.e., the numbers of
charges and the length of the percolation path) is dependent on
time (and hence frequency of the applied field) the magnitude of
the induced polarization also increases as the frequency of the
applied field decreases, resulting in the ever-increasing contribution
to the glass wall capacitance and dielectric loss.3 This percolation of
protonic charges, through the glass wall microstructure, provides
an additional admittance to that associated with the atomic and
electronic polarizations that define the instantaneous capacitance of
the glass. In the impedance community this low-frequency disper-
sion is often modeled using another circuit element, known as a
constant phase element (CPE) which, given the additionality of its
admittance, is positioned in parallel with the instantaneous capaci-
tance of the glass wall (CG).

The admittance (Y ) and hence impedance (Z) of a constant
phase element (CPE) is given by

Y CPE ¼ 1

ZCPE
¼ Q o iωð Þp ð12Þ

where Qo has the numerical value of the admittance at the angular
frequency of ω ¼ 1 rad s�1, and units of F�s(p�1) or S�sp, and
p defines the impedance phase angle (ϑ) according to the expression
ϑ ¼ � (90 � p) degrees. If the object behaves more like a capacitor

Table 3
Fill volumes (20 ˚C) required to deliver fill factors from Ø ¼ 0 (the liquid fill
to the bottom of the electrode) to Ø ¼ 1.2 (the maximum volume of liquid
that can be measured by the TVIS system, i.e., the volume of liquid within
the field lines propagated by the external electrodes)

Ø Volume (mL) Ø Volume (mL) Ø Volume (mL)

0 0.5 0.5 2.60 0.9 4.28

0.2 1.34 0.6 3.02 1.0 4.70

0.3 1.76 0.7 3.44 1.1 5.12

0.4 2.18 0.8 3.86 1.2 5.54

Data is for the Adelphi VC010-20C vial
Note that on freezing the fill factor will increase given that the density of ice is lower than

that of liquid water. The density of water is 0.99819 g cm�3 (20 �C) and the density of

ice at a range of sub-zero temperature can be estimated from ρ ¼ 917 � 0.13 � T
(kg m�3), where T is given in �C [26]. For example ρ(ice) ¼ 0.9196 g cm�3 at �20 �C
such that a liquid fill factor of 0.7 at 20 �C will increase to 0.76

3A more comprehensive treatment of the dielectric properties of glass (porous silica) can be found in the
publication of Ryabov et al. [27].
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then p tends to 1 (for a pure capacitor, p ¼ 1 hence
1/ZC ¼ YC ¼ Qo(iω)

1 ¼ iωC and ϑ ¼ �90�) whereas if the object
behaves more like a resistor then p tends to 0 (for a pure resistor
p¼ 0 hence 1/ZR¼YR¼Qo(iω)

0¼ 1/R and ϑ¼ 0�). The Nyquist
plot of the impedance spectrum (where �Z 00 is plotted against Z 0)
and the Cole-Cole plot of the capacitance spectrum (where �C 00 is
plotted againstC 0) provide useful ways to display the characteristics
of this low-frequency dispersion (Fig. 10). For theCPEG alone, i.e.,
without the instantaneous capacitance of the glass wall, one can see
how the increase in the negative of the imaginary impedance,
�Z 00 toward low frequency is directly proportional to the increase
in the real part impedance, Z 0 (Fig. 10a gray line). In other words,
the ratio of the two parameters is invariant with frequency, hence
the name constant phase element (CPE). The phase angle can be
determined from the slope of the impedance phasor against the axis
for the real part impedance of the Nyquist plot, according to
Eq. 13:

ϑ ¼ a tan slopeð Þ ð13Þ

On the Cole-Cole plot (Fig. 10b) the angle (α) between the
capacitance scalar and the axis for real part capacitance (C 0)
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Fig. 10 (a) Nyquist plot of imaginary part impedance vs. real part impedance for a CPEG alone (gray line) and a
CPEG in parallel with a capacitor (CG) (black line); (b) Cole-Cole plot of imaginary part capacitance vs. real part
capacitance for the same CPEG (gray line) and the CPEG in parallel with a capacitor (CG) (black line); On the
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values for a constant phase element (CPEG) and capacitor (CG) that are typical to those observed from
experimental data for liquid water at 20.1 �C in an Adelphi VC010-20C glass tubing vial (of nominal volume
10 mL) and with 10 � 19 mm electrodes at a height of 3 mm from the base of the vial. Those value are
Qo¼ 1.587� 10�12 S�sp and p¼ 0.725 for the magnitude and phase of the glass wall CPEG and CG¼ 2.34 pF
for the glass wall capacitance. The frequency range over which the impedance has been simulated is 0.001 Hz
to 1 MHz
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provides an alternative assessment of the impedance phase angle
(where α ¼ 90 � ϑ).

In this example (Fig. 10a) the slope of the impedance vector
with the axis for real part impedance is 2.173 (note that �Z 00 is
plotted against Z 0 so the slope is positive). It follows that
ϑ¼ 1.1395 rad or 65.29� and therefore p¼ 0.725 (from p¼ ϑ/90).

When the capacitor is added in parallel (Fig. 10a black line)
then the line for the impedance magnitude on the Nyquist curve
appears to have a steeper gradient, and when examined more closely
is in fact slightly curved. Therefore, it is not possible to estimate the
phase angle of a constant phase element directly from the Nyquist
plot when there is a capacitor in parallel. Fortunately, the impact of
the additional capacitance (CG) on the Cole-Cole plot (Fig. 10b) is
more straightforward, given that CG only has a real part and that
capacitances in parallel can be added together to get the total
capacitance. As a consequence, the net effect of the CG on the
Cole-Cole plot is to shift the complex capacitance along the real
part axes by an amount which is equal to the value ofCG. The phase
angle may still be determined from the slope of the capacitance
vector with the axis for the real part capacitance.

The Bode plot of the imaginary vs. real parts of the impedance
(Fig. 11) provides a convenient way to predict the magnitude of the
constant phase element, Qo, given that it has a numerical value of
1/|Z| at an angular frequency of ω ¼ 1 rad s�1 (or f ¼ ω/
2π ¼ 0.16 Hz). Figure 11a, b highlight the opportunity to
“read” off the magnitude of the constant phase element at a fre-
quency of ω ¼ 1 (or log ω ¼ 0). In the example of the CPEG

without CG (Fig. 11a) log |Z| ¼ 11.8, Z ¼ 630 GΩ and therefore
Qo ¼ 1.587 � 10�12 S·sp. When the capacitor is added in parallel
(Fig. 11b, d) there is a moderate change in the value of log |Z| at
log ω ¼ 0, from log |Z| ¼ 11.8 to log |Z| ¼ 11.4, i.e., |Z| changes
from 630 to 251 GΩ. This intercept value is close enough (i.e.,
within one order of magnitude) of the intercept value for CPEG

without CG such that it provides an acceptable starting parameter
estimate when fitting data with a CPEG ¼ CG model.

The frequency range of the Bode plots in Fig. 11c, d has been
extended way below that achievable by any available commercial
impedance or broad band dielectric spectrometer, in order to dem-
onstrate the complete frequency response of a parallel combination
of a constant phase element and a capacitor. At low frequency
(<10�2 Hz) the impedance of the CPEG is lower than that of the
capacitor CG and so the CPEG begins to dominate the total imped-
ance and hence the phase angle converges on that of CPEG,
i.e., ¼65.29�. At high frequency (<102 Hz) the impedance of the
capacitor is lower than that of the CPEG element and so the
capacitance CG begins to dominate the impedance spectrum and
the phase angle therefore converges on a value of �90�.
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The transition frequency (ωc) between the dominance of one ele-
ment and the other is marked by the vertical dot-dashed line
(Fig. 11d).

This understanding of how to “read” the Cole-Cole plot to
determine the phase angle of aCPEG element, and the Bode plot to
determine the magnitude of the CPEG element, is helpful when
trying to find starting parameters (estimates) for fitting an equiva-
lent circuit model using modeling software such as Zview® or
RelaxIS.
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The starting parameters for the other elements in the enhanced
model (Cs, Rs, CG) can be estimated as follows:

1. An estimate for CG can be “read” directly from the real part
capacitance spectrum at a frequency on the low side of FPEAK

(approximately where the spectrum states to level out, before
increasing once again toward even lower frequency, where the
low-frequency dispersion starts to impact the spectrum).

2. An estimate for Cs is determined by “reading” an estimate for
C 0(1) from the real part capacitance spectrum at a frequency
on the high side of FPEAK, where the spectrum starts to level
out, and then substituting the estimate for C 0(1) along with
the estimate for CG from (1) above into Eq. 10.

3. Once CG and Cs are known an estimate for Rs can be deter-
mined from Eq. 9 where the value for FPEAK is estimated from
reading the peak frequency off the dielectric loss spectrum.

Figure 12 shows the result of fitting the enhanced model to the
totality of the impedance response from the vial, including the
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CPEG element which models the dispersive nature of the glass wall.
The graphs on the left show the results from fitting the enhanced
model, where CPEG ¼ CG represents the glass wall impedance and
Cs ¼ Rs represents the sample impedance (The symbol “¼” means
two elements in parallel). The graphs on the right show the contri-
bution to the enhanced model from the elements included in the
simplified model, i.e., CG � Cs ¼ Rs. These graphs have been
created by a process involving the fit to the enhanced model,
followed by the exclusion of the CPE element and running a
simulation of the reduced model but keeping the same parameters
that were determined when fitting the enhanced model.

It is clear from Fig. 12b that the simulated response, in the
absence of the CPE element, does not perfectly match the data on
the low-frequency side of the Maxwell-Wagner peak and that the
influence of the low-frequency dispersive characteristics of the glass
extend to frequencies as high as 10 kHz.

2.3.5 Cell Constant

Determination

An alternative approach to determining the geometric cell constant
of the sample space (Eq. 3), which is ideally suited to a parallel plate
capacitor equation, is to express the cell constant in terms of the
empty cell capacitance (Co). A convenient experimental approach
for determining this parameter is to plot values of the sample
capacitance Cs, as a function of the dielectric constant of a range
of polar liquids with sufficient conductivity to give relaxation to a
MW process and then the empty cell capacitance (Co) can be
estimated straight from the slope of the graph, according to Eq. 14:

C s ¼ kεoεs ¼ Coεs ð14Þ
Values for Cs are taken from fitting the enhanced model to the

complex capacitance spectrum for each liquid at a fill height in
excess of 15 mm from the internal base of vial (in the case of an
Adelphi VC010-20C vial with a single electrode pair of dimensions
10� 19 mm (h� w) and positioned at 3 mm from the base of vial).
At this fill height, the electric field lines between electrodes are fully
contained within the liquid volume and therefore give the maxi-
mum value of capacitance (Fig. 9). Figure 13 shows the plot of Cs

against dielectric constant of various samples (i.e., water, methanol
and acetone) at room temperature. The slope from this plot is
0.0525 and the units are in pF, given that the dielectric constant
is a dimensionless parameter.

Once the empty cell capacitance (Co) is known, then it is
straightforward to estimate the sample capacitance for any other
liquid or indeed solid, provided one has an estimate for dielectric
constant for that material. This is exploited later in the case of
measurements on ice; for example if the permittivity of ice at
�40 �C is 111.4, then one expects a sample capacitance,
C s ice�40∘Cð Þ, to be 5.81 pF.
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Note that the corresponding values for CG lie within the range
2.98–3.07 pF; (CG (water) ¼ 3.07 pF, CG (methanol) ¼ 2.98 pF
andCG (acetone)¼ 3.03 pF). The fact that these values are all lower
than the theoretical value Ca�G of 3.99 pF which has taken into
account the additional capacitance of the adhesive (Fig. 7 and
Eq. 7) is most likely due to the presence the capacitance associated
with the glass-sample interface. This capacitance in series with the
glass and adhesive capacitance will inevitably reduce the effective
capacitance of the glass wall by an amount which appears to depend
on the specific nature of the liquid-glass interaction.

It is clear from what has been said here about the characteristics
of the composite capacitance (Fig. 14) that its impedance response
is somewhat complex and difficult to predict due to the limited
understanding of the individual layers that make up this complex
impedance, especially the uncertainty in our understanding of the
glass-sample interface and the dependency on the nature of the
contact with the fill material. This issue will be discussed later in
the chapter when a method for determining the interfacial capaci-
tance from measurements on ice, at different temperatures, is
explored.
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Fig. 13 The sample capacitance as the function of dielectric constant. The slope
of the line of best fit is 0.0525 pF and represents the cell constant. Note that this
capacitance is lower than the measured capacitance of the TVIS vial when empty
(i.e., 0.07 pF, Fig. 5) suggesting that there is a small stray capacitance of the
order of 0.02 pF. Theoretically, one would expect this stray capacitance to show
as the value of the intercept on the y-axis. However, the uncertainty in the
measured values for the three solvents has probably resulted in some uncer-
tainty in the intercept value such that the stray capacitance is not quantifiable by
that approach
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2.3.6 Frozen Water and

the Dielectric Relaxation

of Ice

As soon as the water in the vial begins to freeze then the dielectric
loss peak moves to lower frequencies. Figure 15 shows the capaci-
tance spectrum of a TVIS-modified Adelphi VC010-20C glass
tubing vial (with an electrode pair of dimensions 10 � 19 mm)
containing double distilled water, at three temperatures of +20,
�20, and �40 �C. The figure has been created partly from experi-
mental data (solid line) and partly from the anticipated response in
the microwave range, and beyond, in order to include the dielectric
relaxation of water (dotted line). Note that the shape of the dielec-
tric loss peak in the frozen state is rather like that one observes for
the MW process in the liquid state and so one might think that it is
simply the Maxwell-Wagner process but shifted to lower frequen-
cies because of an increase in the resistance of the sample. However,
this observation is not because the electrical resistance of ice is
higher than that of water (although that in itself would be expected
to shift the peak to lower frequencies) but rather because of the
appearance of a new process which is fundamentally different to
MW polarization, namely the dielectric relaxation of ice. The
dielectric relaxation of ice means that the sample capacitance (Cs)
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is no longer constant over the experimental frequency range of the
TVIS instrument but has taken on a frequency dependence,
whereby the permittivity of the frozen water changes from a value
between 120 and 97 at low frequency (which is known as the static
relative permittivity (εs of ice)

4 to a value between 3.03 and 3.09 at
high frequency (which is known as the instantaneous relative per-
mittivity ε1) [28]. The values given for εs and ε1 are for the limits
of temperature ~�70 to 0 �C that are most relevant to freeze-
drying applications. There are also changes in the width of the
dielectric relaxation for ice, with the dielectric loss peak becoming
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Fig. 15 Part simulation and part real data for double distilled water in a TVIS-modified Adelphi VC010-20C
glass tubing vial (with electrodes of dimension 10 � 19 mm and positioned 3 mm from the base). The real (a)
and imaginary (b) parts of capacitance at three temperatures of +20, �20, and �40 �C are shown.
Approximate increments in the real part capacitance spectrum (a) for each temperature are marked with
Roman numerals: (I ) is the simulated contribution to the capacitance resulting from polarization of the water
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capacitance resulting from the Maxwell-Wagner polarization of the glass wall of the TVIS vial, +20 �C, with a
loss peak frequency of 17.8 kHz; (III) and (IV) are the contribution to the measured capacitance resulting from
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4 “Static” refers to the low-frequency value of capacitance at which all polarization mechanisms have had sufficient
time to respond fully to the applied field.

272 Geoff Smith and Evgeny Polygalov



broader at the lower temperatures of �40 �C, whereas the width at
�20 �C is similar to that for the Maxwell-Wagner process of the
liquid state.

Dielectric relaxation is a phenomenon which is manifest in the
frequency response of the dielectric permittivity, and the dielectric
loss, or in the decay of the electric field inside a dielectric on
removal of the external field. It results from the change in polariza-
tion state of a dielectric component in the system. For example, the
water molecule has a permanent dipole which is highly mobile in
the liquid state, with its polarization being characterized by a time
constant of the order of 9 ps (at 20 �C). This translates to: (1) a
contribution to the dielectric permittivity at low frequencies when
the dipoles have sufficient time to follow the changing polarity of
the external field, which stores energy from the external field, (2) a
loss of that contribution and reduction in the dielectric permittivity
as the dipoles relaxation to a randomized state as the frequency of
the applied field exceeds the response time for the dipolar system,
and (3) a peak in the dielectric loss during the transition between
the ordered/polarized state and the relaxed state as the dipoles
absorb energy from the field rather than store it.

The relaxation of liquid water at 20 �C is centered in the
microwave range, close to 18 GHz and way above the experimental
range of the TVIS instrument; hence the use of a dotted line on
Fig. 15 to indicate that the liquid water relaxation is just a simula-
tion of the theoretical response one might observe if it were possi-
ble to extend the frequency range of the TVIS instrument to these
high frequencies. And so far as TVIS measurements are concerned,
the dielectric permittivity of liquid water can be considered to be
constant over the frequency range of the instrument, which then
justifies the choice of a simple capacitor to model the liquid state of
water. However, in the frozen state, water molecules form a regular
architecture with oxygen atoms positioned in a repeating tetrahe-
dral arrangement and with the hydrogen atoms randomly arranged
within the crystal according to the Bernal–Fowler–Pauling rules
[29–31] such that the rotational motion of a water molecule is
significantly restricted, in ice, relative to the degrees of freedom
that water molecules have in the liquid state. As a result the experi-
mental relaxation time is reduced by six orders of magnitude. For
example, the relaxation time of ice is 162 μs (at �20 �C) which
translates to a relaxation peak centered on ~1 kHz (in contrast to
~18 GHz at 20 �C). At the limits of the temperatures encountered
in a freeze-drying process (e.g.,�70 �C) this relaxation frequency is
expected to be low as 100 Hz. However, that frequency is well
within the experimental frequency range of the TVIS instrument.

The dielectric properties of ice have been studied in some detail
for well over 60 years. However, the most accurate investigation of
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ice Ih (for both D2O andH2O) was reported by Johari andWhalley
[28] with ice Ih ice being revisited later by Shinyashiki et al.
[32]. From these works, the main features of the dielectric relaxa-
tion of ice can be summarized as follows [33]: (1) the relaxation is
characterized by a single relaxation time at temperatures above
250 K (which can be described by a Debye function, Eq. 15) but
there is a symmetrical broadening of the peak as the temperature is
lowered below 250 K (which can be described by a Cole–Cole
function, Eq. 16); (2) the high-frequency limit of the dielectric
permittivity (ε1) is almost independent of temperature, whereas
the static permittivity (εs) obeys the Curie–Weiss law εs � ε1) ¼
A/(T � TCW), where TCW tends to zero [28]; (3) The temperature
dependencies of the relaxation times (τ) above and below 250 K
obey the Arrhenius law with activation energies of ~53 kJ mol�1

and ~19 kJ mol�1, respectively.

ε∗ ωð Þ ¼ εs � ε1ð Þ
1þ iωτð Þ þ ε1 ð15Þ

ε∗ ωð Þ ¼ εs � ε1ð Þ
1þ iωτð Þ1�α

� �þ ε1 ð16Þ

α is an exponent that models the width of the relaxation peak.
When α < 1 the relaxation is said to be stretched; In other words it
extends over a wider range of frequencies than a Debye relaxation.
When α ¼ 0 the Cole-Cole model (Eq. 16) reduces to the Debye
model (Eq. 15). For example, at the temperatures of �20 and
�40 �C the Cole-Cole parameter changes from 1.00 to 0.97.

Only recently has a definitive, mechanistic model emerged
which begins to explain the features of dielectric broadening in
terms of a transition from one charge propagation mechanism, to
another [34], i.e., orientation charge propagation transferring L-D
defects through the ice matrix to ionic charge propagation of H3O

+

andOH� ion pairs, whereby protons hop through the like matrix in
a similar manner to the Grotthus mechanism. This is interesting
from a freeze-drying point of view because it potentially provides a
mechanism by which changes in ice crystal structure might be
elucidated.

2.3.7 Model for the TVIS

Spectrum of Frozen Water

In the literature, the majority of dielectric spectroscopy measure-
ments of ice have been undertaken using parallel plate electrodes
made of metal (invariably gold-coated) and appropriate models
developed for the overall measured response which incorporate
the impedance of the electrode-sample interface (namely electrode
polarization). In the case of the TVIS vial, the interfacial properties
of the system are defined by the glass wall-sample impedance which,
in a basic equivalent circuit model, may be approximated by a
simple capacitance (CG). In reality, the glass will retain the constant
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phase element behavior that was described by the enhanced model
for the TVIS vial containing liquid sample (where theCPEGmodels
the fractal polarization mechanism associated with the percolation
of protonic charge) (Fig. 12a).

In the new model for frozen water (ice) the sample capacitance
(Cs) is no longer constant across the frequency range of the instru-
ment (10 Hz to 1 MHz) but undergoes a step-like change in the
real part capacitance and a peak in the imaginary capacitance due to
the dielectric relaxation of ice. The sample capacitance, Cs, (which
in the liquid state is based on the assumption that the dielectric
properties of the liquid are independent of frequency, i.e., Cs was
the static capacitance of the sample) is now replaced by a distributed
element (DEs) in parallel with an instantaneous capacitance Cs(1).
The distributed element (DEs) represents the dispersive part of the
Cole-Cole function (which models the dielectric relaxation of ice)
whereas the instantaneous capacitance Cs(1) represents the very
fast induced polarization processes associated with electronic and
atomic charge distortions in ice. The sample resistance (Rs) is
presumed to be so high that it can be ignored, i.e., removed from
the model (Fig. 16). The frequency dependence of the sample

a 

Water

b

Ice

Fig. 16 Model for the TVIS vial containing (a) liquid water where the polarization mechanism association with
percolation of protonic charge through the glass wall is modeled by the CPEG element and the impedance of
the water is represented by a resistor (Rs) and capacitor (Cs); and (b) frozen water where the impedance of the
sample includes the dielectric relaxation of ice (as modeled by the distributed element DEs of the Cole-Cole
type) and an instantaneous capacitance Cs(1). The glass wall impedance is assumed to behave like a
capacitor (CG) with a low-frequency dispersive attribute, modeled by the constant phase element, CPEG
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capacitance, Cs( f ), which is due to the dielectric relaxation of ice,
results in the sample capacitance changing from a value of Cs(0) at
low frequency (the static capacitance) to a value of Cs(1) at high
frequency (the instantaneous capacitance). As a consequence, the
capacitance of the model, C 0

fit fð Þ, is also frequency dependent
changing from a value of C 0

fit 0ð Þ at low frequency to a value of
C 0

fit 1ð Þ at high frequency.
In the example fit to the TVIS spectrum of frozen water at�20

and �40 �C (Fig. 17) the low-frequency data, from where the
CPEG element starts to manifest in the spectrum, has been
excluded from the fitting process and so the CPEG element has
also been removed from the model (The horizontal line with the
double arrow heads marks out the frequency range used for the
fitting process). This simplified model then provides a good fit to
the dielectric relaxation spectrum of ice at frequencies close to, and
on the high frequency side of, the dielectric loss peak. Therefore,
using this approach, i.e., by excluding CPE from the fitting, it
might be possible to extract reasonable estimates for the relaxation
time (τ) and distribution parameter (α) from fitting the Cole-Cole
function over the middle to high-frequency range of the TVIS
spectrum.

Havingmodeled the impedance spectrum of the ice filled vial, it
is interesting to see what the spectrum would look like if the fit
parameters for the ice relaxation and instantaneous capacitance
were simulated in the absence of the glass wall capacitance
(Fig. 18). It is clear from the differences between the simulated
spectrum (gray line) and the experimental data (black dots) that the
glass wall capacitance shifts the relaxation peak to higher frequen-
cies and reduces it in size.

2.3.8 Determination of

the Glass Wall Capacitance

(CG)

In the section on liquids, it was demonstrated how one could
determine the cell constant (Co ¼ 0.0525 pF) from the measure-
ment of a range of liquids and how the interfacial capacitance (CG)
varied slightly between the liquids (in the range 2.98–3.07 pF).
These calculations were based on the fact that the low-frequency
end of the real part capacitance spectrum provided an estimate for
the glass wall capacitance (CG) which could then be inserted into
the equation for the high-frequency response (Eq. 10) to find an
estimate for the sample capacitance (Cs). Plotting sample capaci-
tance as a function of the dielectric permittivity of a range of polar
liquids then provided the estimate for the cell constant.

For ice, the response is somewhat different, given that the
dispersion is due to a dielectric relaxation rather than the Max-
well-Wagner polarization of the glass wall capacitance. Here, in the
limit of low frequency ( f ! 0) the capacitance of the model for ice
(Fig. 17) can be written as:
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C 0
fit 0ð Þ ¼ C s 0ð Þ � CG

C s 0ð Þ þ CG
ð17Þ

where Cs(0) has a value equal to the sum of the magnitude of DEs

and Cs(1). Incidentally, in the limit of high frequency ( f!1) the
capacitance of the model in Fig. 17 can be written as:
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Fig. 17 Measured sample capacitance Cs( f ) as a function of frequency (black dots) and fitting results (gray
line) to the simplified model for the dielectric relaxation of ice and the glass wall capacitance (which ignores
the CPEG response of the glass) (a–d) for the TVIS vial containing 3.5 g of double distilled water (fill factor 0.7)
with electrodes of dimensions 19� 10 mm and a 3 mm gap between the bottom of the electrode and base of
the vial. The frequency range used for the fitting process is marked by the double-headed arrow. The real part
capacitance of ice at (a)�20 �C and (b)�40 �C, and the imaginary part capacitance of ice at (c)�20 �C and
(d)�40 �C are shown. Both temperatures were arrived at on reheating of frozen water from�45 �C. Note that
the imaginary permittivity is plotted on a log scale in order to demonstrate more clearly the broadening of the
relaxation peak as the temperature is reduced from �20 to �40 �C. This broadening is manifest in the Cole-
Cole distribution parameter α which has a value of α ¼ 1 at �20 �C (which means that the relaxation has a
Debye-like characteristics) and a value of α ¼ 0.945 at �40 �C, which is consistent with the change in
polarization mechanism from orientation charge propagation transferring L-D defects through the ice matrix to
ionic charge propagation of H3O

+ and OH� ion pairs
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C 0
fit 1ð Þ ¼ C s 1ð Þ � CG

C s 1ð Þ þ CG
ð18Þ

An expression for the glass wall capacitance CG (Eq. 22) can be
found by re-arranging Eq. 17 as follows:

C 0
fit 0ð Þ ¼ C s 0ð Þ � CG

C s 0ð Þ þ CG
� C s 0ð Þ � CG

C s 0ð Þ � CG
ð19Þ

C 0
fit 0ð Þ ¼ C2

s 0ð ÞCG � C s 0ð ÞC2
G

C2
s 0ð Þ � C2

G

ð20Þ

C s 0ð Þ � C 0
fit 0ð Þ� �

C2
G � C2

s 0ð ÞCG þ C 0
fit 0ð ÞC2

s 0ð Þ ¼ 0 ð21Þ
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Fig. 18 The capacitance spectrum of 3.5 g frozen water at �20 �C (a and c) and �40 �C (b and d) in a TVIS
vial with electrode dimensions of 10 � 19 mm and positioned at 3 mm from the base of vial are shown. The
black dots represent the measured data points whereas the gray line shows the simulation results when the
CG element is removed from the simplified model (CG � Cs(1) ¼ DEs) to illustrate the impact of glass
capacitance (CG) on the peak frequency and peak amplitude of ice at (c) �20 �C and (d) �40 �C
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CG ¼ � C2
s 0ð Þ� ��

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

s 0ð Þ� �2 � 4 C 0
fit 0ð Þ � C s 0ð Þ� �

C 0
fit 0ð ÞC2

s 0ð Þ� �q

2 C 0
fit 0ð Þ � C s 0ð Þ� �

ð22Þ
One can then estimate the dielectric properties of the ice-glass

wall interface (CG) by first fitting the complex capacitance spectrum
to find estimates for the low-frequency capacitance (C 0

fit 0ð Þ ) at
various temperatures and then inserting those estimates into
Eq. 22 along with estimates for the low-frequency capacitance of
the ice, which have been calculated from literature values of the
dielectric properties of ice (εs(0)) [34] as shown in Table 4 and the
cell constant that has been determined in the section on liquids.

Estimate for the glass capacitance CG at different temperatures
during the re-heating of ice is shown in Table 4 and Fig. 19.

2.3.9 Freezing of

Solutions

As ice forms during the freezing stage, the remaining water
becomes concentrated into an unfrozen fraction which contains
the solutes from the original solution. The solutes are either in an

Table 4
Estimate for the instantaneous capacitance of the glass wall (CG) during
the re-heating of ice (for ultrapure water 6.5 g is filled in an Adelphi
VC010-20C Type I glass tubing vial attached with a pair of electrodes of
dimensions 19 � 10 mm and 3 mm gap between the bottom of the
electrode and base of the vial) [34]

Temperature (�C) C
0
(0 ) (pF) εs(0) Cs(0) (pF) CG1 (pF) CG 2 (pF)

�51.8 1.65 117.6 6.17 2.25 6.17

�50.1 1.65 116.7 6.12 2.26 6.12

�45.1 1.65 114.0 5.99 2.28 5.99

�39.9 1.65 111.4 5.85 2.31 5.85

�35.1 1.66 109.1 5.73 2.33 5.73

�29.9 1.66 106.7 5.60 2.37 5.60

�24.9 1.67 104.5 5.49 2.40 5.49

�20.1 1.67 102.5 5.38 2.42 5.38

The value of CG taken from Eq. 22 has two values (CG1 and CG2). However, CG1 is

selected as a parameter for CG � Cs ¼DEs model because it has the correct temperature

dependency (i.e., CG increases with temperature) as shown in Fig. 19 and its values are
also lower than both the theoretical (CG ¼ 3.99 pF) and experimental values

(CG ¼ 2.98–3.07 pF). Moreover, a linear extrapolation of these low-temperature values

to +20 �C (i.e., the temperature at which the liquid water measurements were made)

predicts a value for CG of ~2.65 pF which is close to that obtained experimentally for
liquid water (CG ¼ 3.07 pF). A second order polynomial fit to the low-temperature

values of CG provides an estimate (CG ¼ 2.75 pF) which is even closer to that obtained

for liquid water
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amorphous super-cooled liquid/glass (depending on whether the
temperature of this fraction is below its glass transition tempera-
ture) or will have precipitated from solution (crystallized) as they
exceed their solubility limit. Given the high viscosity of this phase
and the tortuosity of the path length for the conduction of ionic
charges its conductivity is expected to be dramatically lower than
that of the original liquid phase (even allowing for the fact that the
concentration of ionic conductors in this phase is higher that of the
original solution). However, the conductivity of the unfrozen frac-
tion is likely to be higher than ice and so there is potential for the
re-introduction of a Maxwell-Wagner process to the complex
capacitance spectrum of a frozen solution. Figure 20 shows an
example of such a response.

2.2

2.3

2.4

2.5

-60 -50 -40 -30 -20 -10

C
G

 
/ p

F

Temperature / oC

a

5.2

5.6

6.0

6.4

-60 -50 -40 -30 -20 -10

C
G

 
/ p

F

Temperature / oC

b

Fig. 19 Estimates for the instantaneous capacitance of the glass wall over the temperature range �20 to
�50 �C; (a) is CG1 and (b) is CG2
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Fig. 20 The capacitance spectra of 3% solutions of glucose (black solid line), lactose (black dash line), and
trehalose (gray solid line) contained in the TVIS vial with electrode dimension of 10� 19 mm and at a height of
3 mm from vial base during re-heating process. The temperature of the samples is �18 �C. The real part and
imaginary part capacitance are shown in (a) and (b), respectively
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Two possible mechanisms provide feasible explanations of the
origin of this second process. The first is that the juxtaposition of
ice crystals with the thin interstitial spaces of the unfrozen results in
Maxwell-Wagner polarization at the mesoscale. The second is that
the conductivity pathways for charges migrating through the
unfrozen fraction to the extremities of the sample result in a
Maxwell-Wagner process that is manifest at the macroscopic scale
of the glass-sample interface. The reason why it is manifest in the
lower frequency part of the spectrum is a consequence of the much
higher resistance of the unfrozen fraction compared with that of the
original solution.

The equivalent circuit must then be modified to account for
this second process by re-introducing a resistance, R, in parallel
with the Cole-Cole element for the relaxation of ice (Fig. 21).

Complete solidification of all components (not just that of the
ice) is achieved by cooling the contents of the vial to temperatures
lower than the eutectic temperature of the crystalline solutes
and/or the glass transition temperatures of the non-crystallizing
solutes. Combinations of non-crystallizing excipients and crystal-
lizing excipients have been used to suppress the crystallization of
the latter and it has been demonstrated that TVIS may be used to
witness the crystallization of an eutectic material while being able to
monitor the suppression of the eutectic by the addition of another
agent such as sucrose [6].

G
lass w

all

Electrode

Microstructure

Unfrozen fraction Ice crystal

Fig. 21 A more complex equivalent circuit model is required for the two phase system comprising ice fraction
and unfrozen fraction
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Previous publications on various applications of TVIS technol-
ogy for frozen solutions, describe the uses of TVIS for determining
(1) the glass transition temperature of maltodextrin solutions [19];
(2) the potential application of TVIS in mini pilot studies [18];
(3) the impact of annealing on primary drying rate [11].

3 Future Prospects

The TVIS technology described in this chapter is currently being
developed further for the purpose of establishing new approaches
for determining a number of critical process parameters:

1. The distribution of temperature, in the vertical direction within
the vial, such that the sublimation interface temperature and
the base temperature inside the vial might be predicted.

2. The sublimation rate in primary drying.

3. The heat transfer coefficient (Kv) and the dry layer resistance
(Rp).

4. The impact of microcollapse.

A commercial system has now been developed by Sciospec
GmbH which replicates the capability of De Montfort University’s
laboratory demonstrator that has been used to create the data
throughout this book chapter, but with the additional benefit of
an extended frequency range to 10 MHz and a temperature stabi-
lized operational amplifier to reduce instrumentation drift.

Further developments in the instrumentation, with ever-
increasing sensitivity to small capacitances, will enable the electrode
system to be removed from the vial and a new single electrode to be
placed over a small cluster of vials in a non-contact or stand-off
mode. A “non-contact” through vial impedance spectrometer of
this type (NC-TVIS) would be compatible with the automatic vial
loading system. Its limitation is that it may not be compatible with
the vial stoppering system unless the electrode system is integrated
within the dryer, e.g., built into the underside of the shelf above the
vials. In order to provide compatibility with both automatic vial
loading and vial stoppering a further development of the TVIS
system is envisaged that can be pushed into the dryer along with
the other vials, in a similar way to the operation of the Lyo Shuttle
that was developed by Ellab for thermocouple measurements. The
operation principles of a “TVIS Shuttle” would be similar to the
TVIS system described in this book chapter and would rely on
modified vials with electrodes attached to the outside surface. The
instrument (which is now located inside the dryer) would need to
be stable within the environment of low temperature and pressure,
while generating minimal heat so as to have an insignificant impact
on the heat transfer to the nearest neighbor vials, including the
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TVIS measurement vial. Data from the device could be down-
loaded after the completion of the process, and the instrument
removed from the dryer, or transmitted by RF or some other
protocol during the freeze-drying process.

4 Further Reading

While applications for impedance spectroscopy in the pharmaceuti-
cal sciences are quite limited in scope and application, there are
more generalized applications for impedance spectroscopy and its
sister technique of broadband dielectric spectroscopy, in a wide
range of applications, including electrochemistry, materials science,
and biology.
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tions. Oxford University Press, Oxford
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Appendix 1: Analysis of Peak Frequency and Peak Magnitude

The relative simplicity of the imaginary capacitance spectrummeans
that it is possible to follow two features of the peak using proprie-
tary LyoView™ data viewing software, namely the peak frequency
(FPEAK) and the peak amplitude (C 00

PEAK).
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LyoView™PeakFindingProcedure :
This procedure is intended for the determination of the
Maxwell-Wagner peak parameters such as peak amplitude and
frequency position for individual dielectric spectra obtained dur-
ing the freeze-drying cycle.

There are four stages in peak search procedure:

1. Preparation of the spectrum: (a) Smoothing of the dielectric
loss spectrum to eliminate sharp spikes originating from scat-
tering due to finite sensitivity or from electromagnetic inter-
ference. For this purpose the RMS deviation throughout the
curve is calculated. For each point deviation from average of
previous and next point is calculated and if the deviation is
larger than half of RMS the value point is replaced by the
average of previous and next point. After that moving average
filter with aperture 3 is applied twice and using free cubic
spline the number of points N is increased to 10 � N); fol-
lowed by (b) interpolation by free cubic spline in order to
increase the number of points and accuracy of peak para-
meters determination.

2. Differentiation of the spectrum obtained in step 1 and finding
all negative peaks (zero first derivative and positive second
derivative) and all positive peaks (second derivative negative)
peaks which are present in the smoothed spectrum.

3. Rejection of any narrow peaks that originate from residual
spikes which are not completely suppressed by curve
smoothing.

4. Selection of the principle peak, if there is more than one peak
that meets all previous criteria. Several criteria are applied
depending on the stage of the freeze-drying: (a) at freezing
and early stages of primary drying the peak with the largest
amplitude is selected, (b) at the middle and late stage of
primary drying, the peak with frequency position closest to
frequency position of principal peak in previous spectrum is
selected.

The FPEAK parameter can be used to predict the product tem-
perature whereas the C 00

PEAK parameter can be used to determine
the amount of ice remaining during the primary drying phase from
which one can then predict both drying rate and end point. Both
parameters lend themselves to the determination of phase behavior
(ice formation, eutectic formation, and glass transition events).
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Appendix 2: Basic Principles of Impedance Spectroscopy as It Applies to a Liquid
Filled in TVIS Vial

The impedance of most real objects (i.e., those which have a com-
bination of characteristics, for example, some resistance and some
electrical capacitance) takes on a frequency-dependence largely
because the impedance of a capacitance (Fig. 22a) is dependent
on the frequency of the applied field, whereas an ideal resistor has
zero frequency dependence (Fig. 22b). The impedance spectrum of
a capacitor (in terms of the impedance magnitude and phase angle)
displays a characteristic negative slow of �1 in the plot of log
impedance magnitude vs. log frequency. This is because the imped-
ance is an inverse function of the capacitance and the applied
frequency.

Z ¼ 1

iωC
ð23Þ

In the case of a composite object which has capacitance and
resistance then the impedance spectrum that results will be domi-
nated by one or the other element, depending on whether the
elements are in series or in parallel and how the frequency of the
applied field defines the relative magnitude of the impedance of the
capacitance and the resistance.
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Fig. 22 Bode plots (impedance magnitude (|Z|) and phase angle (ϑ)) for the impedances of a capacitor (a) and a
resistor (b)
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In a Series Circuit At low frequency the capacitor dominates the spectrum (Fig. 23a)
because the impedance of the capacitance is so high that the capaci-
tor effectively controls the current that flows through the circuit.

At high frequency the resistor dominates the spectrum
(Fig. 23a) because the impedance of the capacitor has fallen
below that of the resistor such that the resistor effectively controls
the current that flows through the circuit.

In a Parallel Circuit At low frequency the resistor dominates the spectrum (Fig. 23b)
because the impedance of the capacitance is so high that all the
current flows through the resistor.

At high frequency the capacitor dominates the spectrum
(Fig. 23b) because the impedance of the capacitance is now lower
than the resistor such that all the current now flows through the
capacitor.

More complex composite objects can be considered combina-
tions of impedances. Again, the impedance spectrum that results
will be dominated by one or the other impedance.

In a Complex Circuit At low frequency (<1 kHz) the resistor R (Fig. 24) dominates the
impedance of the RC1 circuit, because this circuit is in series with a
capacitor, C2 (which has a high impedance at low frequency) then
C2 effectively controls the current that flows through the entire
circuit.
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Fig. 23 Bode plots (impedance magnitude (|Z|) and phase angle (ϑ)) for the impedances of a series circuit
(a) and a parallel circuit (b)
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At intermediate frequency (1–30 kHz) the impedance of C2

drops below that of the resistor (Fig. 24), such that the resistor
begins to dominate the impedance and therefore the phase angle
tends to increase from �90 to 0 (Fig. 24).

At high frequency (>30 kHz) the impedance of the capacitor
(C1) in parallel with the resistor, decreases below that of the resistor
(Fig. 24) such that the resistor no longer dominates the impedance
of the parallelRC1 circuit and as a result the circuit behaves like two
capacitors in series. The high-frequency impedance is therefore
dominated by the inverse of the sum of the capacitances

Z ¼ 1

iω C1 þ C2ð Þ ð24Þ

The above model can be mapped onto the physical characteris-
tic of the liquid filled vial, where C2 is the glass wall capacitance
(CG), C1 is the sample capacitance (Cs), and R is the sample
resistance (Rs).
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impedances of a complex circuit
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The complex impedance (Z∗) of the model can be calculated
from Eq. 25:

Z∗ ¼ 1

iωC∗ ¼ 1

iωCG
þ 1

1
RS

þ iωCS

¼ 1þ iωRS CG þ CSð Þ
iωCG � ω2RSCGCS

ð25Þ

where ω is the frequency of the applied field in radians per second
(this angular frequency can be converted into frequency in cycles
per second through the relationship ω ¼ 2πf). The impedance of
this model can also be expressed in terms of a complex capacitance
(C∗) according to Eq. 26:

C∗ ¼ C 0 þ iC 00 ¼ 1

iωZ∗ ¼ CG þ iωRSCGCS

1þ iωRS CG þ CSð Þ ð26Þ

where C 0 is the real part capacitance (or simply, the capacitance)
and C 00 is the imaginary part capacitance (otherwise known as the
dielectric loss).

From the complex capacitance formula, the expressions for real
and imaginary capacitance can be calculated. This is achieved by
multiplying the nominator and denominator by the complex con-
jugate of the denominator and then grouping to obtain the real
(C 0) parts (Eq. 29) and imaginary (C 00) parts (Eq. 30).

C∗ ¼ 1

iωZ∗ ¼ CG þ iωRSC2CGð Þ 1� iωRS

�
CS þ CG

� ��

1þ iωRS

�
CS þ CG

� ��
1� iωRS

�
CS þ CG

� ��

ð27Þ

¼ CG þ ω2R2
SCGCS CS þ CGð Þ � iωRSC

2
G

1þ ωRS

�
CS þ CG

� �� �2 ð28Þ

C 0 ¼ CG þ ω2R2
SCGCS CS þ CGð Þ

1þ ωRS

�
CS þ CG

� �� �2 ð29Þ

C 00 ¼ � ωRSC
2
G

1þ ωRS

�
CS þ CG

� �� �2 ð30Þ
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Chapter 12

Lyophilization of High-Concentration Protein Formulations

Patrick Garidel and Ingo Presser

Abstract

High-concentration protein formulations are in the focus of current pharmaceutical development because
the required therapeutic doses of biologics, especially monoclonal antibodies, are extremely high, ranging
between 5 and 750 mg per patient. Considering applications via the sub-cutaneous route, protein con-
centrations much above 300 mg/mL are often requested. At present, commercialized high-concentration
biologics, with protein concentrations between 150 and 200 mg/mL, are launched as lyophilized (freeze-
dried) products, while liquid protein formulations are available with concentrations around 100 mg/mL.
The current chapter will address specific topics linked to high-concentration lyophilized protein for-

mulations. The term “high-concentration protein formulation” (HCPF) is often used, but hardly ever
defined. We have therefore asked, how highly concentrated can a protein formulation become? We consider
this question, particularly for monoclonal antibody drugs, along with the rationale for developing HCPF
and the issues encountered during formulation.
Lyophilization is the technique of choice for stabilizing labile molecules. However, for the development

of high-concentration, freeze-dried protein formulations (HC-FDPFs), new challenges appear, such as
extremely prolonged reconstitution times or even stability issues. Therefore, new technologies such as
controlled nucleation are introduced and presented as one option for reducing these unfavorable reconsti-
tution times.

Key words High-concentration, Protein, Lyophilization, Freeze-drying, Controlled nucleation,
Pharmaceutical development, Monoclonal antibody, Formulation, Packaging characteristics, Solubil-
ity, Colloidal properties

1 Introduction

Lyophilization, also known as freeze-drying, is the most valuable
and accepted technology in the pharmaceutical industry for drug-
product development, especially in cases where the active pharma-
ceutical ingredient lacks a reasonable stability under liquid condi-
tions. A number of excellent monographs, books, and review
papers are available, which cover the essentials of lyophilization
such as formulation development, the process of freeze-drying,
specific analytics for solid dosage forms, and instrumentation

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_12,
© Springer Science+Business Media, LLC, part of Springer Nature 2019
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from lab-scale to the fully validated and qualified process freeze-
dryer [1–13].

The terms lyophilization and freeze-drying are used in this
chapter synonymously. The origins of these terminologies, as well
as the history of the drying process, have been presented in depth
by Louis Rey and Joan May [11] or Felix Franks and Tony Auffret
[10], and will not be considered here.

Despite lyophilization’s high costs and the complexity of add-
ing another process step, freeze-drying offers a major advantage:
improved stability allows lyophilized drug products to be stored
even at room temperature. This advantage comes with challenges,
however, such as the need for reconstitution prior to application,
the development of specific reconstitution media, the general high
costs of goods, the addition of another batch process, etc.

“High-concentration protein formulations” (HCPF) —
whether the term is applied to a lyophilized or liquid formulation—
is generally, but imprecisely, applied to preparations ranging
between 50 and 150 mg/mL protein. The pharmaceutical commu-
nity uses the term to highlight characteristic sets of solution proper-
ties that are more common among HCPFs than in formulations of,
for example, 10 mg/mL protein. Characteristics of HCPFs include,
for example, increased viscosities, high opalescence, liquid-liquid
phase separation, gel formation, or the increased propensity for
protein particle formation. Solutions of low-concentration protein
formulations, on the other hand, usually behave more or less like
solutions of the corresponding placebo formulations.

Some of the properties observed at high protein concentration
impose particular challenges for developing a lyophilized drug
product.

These aspects will be covered, the underlying challenges dis-
cussed, and potential solutions described in this contribution.

In summary, this chapter will consider:

1. The lack of definition of the term “high-concentration protein
formulation,” with potential methods for measuring protein
solubility, and calculations for estimating the maximum achiev-
able protein concentration, based on structural and molecular
packing considerations.

2. Why process developers and clinicians consider high concen-
tration protein formulations necessary or desirable.

3. The issues related to the development of high concentrated
protein formulations, including molecular properties, formula-
tion, primary packing/device, and process development as well
as manufacturing constraints.

4. The specific demands for lyophilizing drug products with high
protein concentration are more deeply discussed and various
case studies presented. Detailed attention is given to the
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prolonged reconstitution times of high-concentration protein
freeze-dried proteins and specific stability issues.

5. Technologies that have been shown to provide some advan-
tages for the lyophilization of high-concentration protein
formulations.

6. Current trends and open topics in the field.

2 Why Do We Need High-Concentration Protein Formulations?

Most biologics are developed as parenteral drugs, and the most
conventional delivery route is an intravenous administration via
infusion. Subcutaneous injection is, however, a viable alternative
for frequent and chronic administration of drug products, particu-
larly when coupled with delivery to pre-filled syringes (PFS), pens,
or auto-injector devices which allow self- and home-administration.
Subcutaneous self-administration both increases patient compli-
ance and avoids hospitalization, thus reducing treatment costs.

To avoid pain at the site of the injection, subcutaneous delivery
volumes are usually restricted to just 1–1.5 mL [14, 15]. The chal-
lenge, then, is “dissolving” the whole therapeutic dose in that small
volume.

Co-formulations with the enzyme hyaluronidase (which breaks
down the subcutaneous matrix and lets the tissue accommodate
larger volumes of fluid) have been developed that allow subcutane-
ous injections up to 10 mL (for more details, see for example: Frost
[16], Tang et al. [17], Narasimhan et al. [18], Shpilberg and
Jackisch [19], Leveque [20], Jackisch et al. [21], Mathaes et al.
[22]. Such co-formulations may trigger additional stability issues,
so this approach must be evaluated carefully and case-by-case.

Biologics like monoclonal antibodies are often administered at
frequent dosing regimens and at very high doses of several mg of
drug per kg of patient body weight. Delivering monoclonal anti-
bodies in subcutaneous doses of 100–700 mg protein in a 1 mL
PFS requires protein concentrations sometimes well above
100 mg/mL.

Kling [23] has summarized the discussions about clinicians’
dosage requests, noting that “clinicians [are] asking for formula-
tions containing 500 mg/mL of protein” and sometimes much
more. Demands for such high protein concentrations ignore the
basic physical properties of proteins, such as solubility and packing
properties, which often make developing high-concentration pro-
tein formulations unfeasible.

Hyaluronidase co-formulation offers one approach to over-
come the 1 mL volume limit. Ongoing work to develop a 2 mL
auto-injector is another approach. The issues here are how much
tissue back-pressure and injection pain the patient will tolerate.
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Injection-site irritation and pain depend on composition of the
injected formulation, needle size and geometry, injection perfor-
mance, and, especially, the patient [24, 25].

Dias et al. [25] have recently tested the effect of dose volume
and injection rate of a 5 mPa · s viscous placebo formulation on the
tolerability of higher-volume subcutaneous injection. In a rando-
mized, crossover, single-center study, they injected up to 3.5 mL.
The results suggested “a single large-volume subcutaneous injec-
tion of a biotherapeutic agent could be used instead of multiple
injections” [25]. Thus, an increase of the injected volume would
somehow reduce the pressure on the development of high-
concentration protein formulations.

3 High-Concentration Protein Formulations: What Is High?

The term high-concentration protein formulation (HCPF) is
mostly used in the context of monoclonal antibody formulations
and describes formulations at high protein concentrations. Such
high protein concentrations are usually needed for subcutaneous
delivery, to ensure the applied therapeutic dose.

Subcutaneously delivering antibodies in high concentrations—
50–150 mg/mL for monoclonal antibodies (Table 1), and
150–200 mg/mL for polyclonal antibodies [26] — can be particu-
larly challenging because of the molecules’ very large size, with
hydrodynamic diameters around 10 nm [27].

Table 1
Lyophilized polyclonal and monoclonal antibody commercial products with protein concentration
�30 mg/mL

Product name
Immuno-
globulin

Protein
concentration
(mg · mL�1)

Delivery
route Company

Gammagard SD® Polyclonal 50a IV Baxter

Synagis® (Palivizumab) Monoclonal 100a IM Abbott, MedImmune

Raptiva® (Efalizumab) Monoclonal 100a SC Serono, Genentech

Xolair® (Omalizumab) Monoclonal 125a SC Genentech, Novartis

Cosentyx® (Secukinumab) Monoclonal 150a SC Novartis

Ilaris® (Canakinumab) Monoclonal 150a SC Novartis

Cimzia® (Certolizumab
pegol)b

Monoclonal 200a SC UCB

IV intravenous, SC subcutaneous, IM intramuscular
aAfter reconstitution
bRecombinant humanised antibody-Fab0-fragment
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Maximum achievable protein concentrations in a specific for-
mulation under specific environmental conditions (e.g., pressure,
temperature) are derived from solubility tests [28, 29]. However,
determining protein solubility is not as straightforward as expected.
Proteins are quite labile molecules that undergo unfolding. As a
consequence, the solute (protein) can change its conformation and
so its hydrophobicity. Thus, the solubility of native proteins differs
from that of partially or fully unfolded proteins. Strictly speaking, a
solution of proteins in different stages of unfolding now consists of
a population of distinctly different solutes. Furthermore, proteins
do not necessarily undergo a clear phase separation with the forma-
tion of a solid (protein precipitate) at the solubility limit. A number
of highly concentrated protein solutions form an intermediate
gel-like phase, making it difficult to determine a solubility limit.
The researcher must also discriminate between kinetic solubility
(forming an amorphous or crystalline phase) and thermodynamic
solubility [30, 31].

Kinetic solubility is observed for a solute precipitation when the
compound is added to a new solvent (solution) and thus deter-
mines the concentration of the remaining solute in solution (that
does not precipitate). Such a solubility experiment is performed by
dissolving the compound in a specific solvent and adding it to a new
buffer system. After a certain equilibration time, and after phase
separation is observed, the concentration of the compound in the
tested buffer is determined [32]. Thermodynamic solubility, how-
ever, refers to a state of maximal dissolution of a solid compound in
a solvent, meaning the transfer from a solid to a liquid phase.
Solubility is therefore defined as the solute concentration that is
reached in a specific solvent under specific environmental condi-
tions. Often kinetic solubility is higher than thermodynamic solu-
bility, because precipitates typically form an amorphous solid phase
and not a crystalline solid phase [32].

Different solubility tests, based on the use of a precipitant such
as PEG (polyethylene glycol), have been used to determine solubil-
ity or apparent solubility data. However, most of the proposed tests
are not robust enough and do not provide reliable and comparable
results (for more details see for example Middaugh et al. [33];
Trevino et al. [28]; Garidel [31]; Kalonia et al. [34]).

We have therefore estimated maximum achievable protein
concentrations by considering the physical properties of proteins
(especially the geometrical size) and using different packing
models [26].

There are two principal steps in this analysis.
First, one must “model” the protein molecule itself. Assuming

the molecule to be a sphere is the simplest first approximation. The
antibody molecule can also be considered a Y-shaped structure,
reflecting the most popular representation of an IgG1 monoclonal
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antibody structure. Cones and rectangular prisms may also be used
to model the protein shape.

Current available structure data derived from solution SAXS
(small-angle X-ray scattering) and SANS (small-angle neutron scat-
tering) measurements reveal, however, quite compact solution
structures with gyration radii around 4–4.5 nm [26, 35–41]. For
example, Clark et al. [39] performed molecular simulations of a
model antibody and suggested that a wide range of structural
configurations are possible, adopting different molecule shapes,
with radii of gyration values spanning from 3.9 to 5.5 nm.

The Y-shaped structure is an idealized form [42]. In the end, it
makes sense in a first approximation to model the monoclonal
antibody as a sphere (for more details about the impact of the
different molecule models upon the estimation of the upper limit
of protein concentration, see Garidel et al. [26]).

Second, one must choose a suitable packing model. The face
centered cubic (fcc) model provides for the tightest packing of the
spheres (Fig. 1). For such a model, each unit cell contains four
protein molecules and the packing density (the fraction of volume
that is occupied by the spheres) is close to 0.74. Free space around

Fig. 1 Two-dimensional representation of monoclonal antibodies as spheres
with radius of gyration. Face centred cubic (fcc) lattice was used for packing,
which reaches the highest average density (0.74) for spherical packing. The size
of the spheres is shown by the circles with the Padlan antibody model
inside [42]. Circles in black, blue and orange represent the different layers of
the fcc stack
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the spheres accounts, therefore, for just 26% of total volume. In a
maximally concentrated protein, this is the space that can be
“filled” with water or other solvent molecules. Clearly, reduced
“free space” might impose limits on hydration and colloidal stabil-
ity, among other properties.

The literature includes discussions of other packing models,
including the packing of rectangular antibody molecules [26].
Here, one can consider examples with one (N ¼ 1) or two
(N ¼ 2) molecule per unit cell, for which the geometries of the
molecules and unit cells were derived from data available from
crystallographic studies [26].

These studies notwithstanding, we have recently shown that it
is reasonable to assume protein molecules, even monoclonal anti-
bodies, as spherical, and to assume the tightest fcc packing model.
The resulting relationship between the monoclonal antibody con-
centration (molecular weight MW¼ 147,940 g/mol [42]) and the
molecule (sphere) size is shown in Fig. 2. The calculated monoclo-
nal antibody concentrations shown in Fig. 2 represent upper limits,
because such a model assumes an idealized close packing and
neglects all entropic, colloidal, hydration effects, and other con-
straints on idealized packing.

Even assuming a molecular radius of 4.5 nm, about the same as
the gyration radius, the maximal protein concentration is still below
500 mg/mL (Fig. 2) and, in fact, solubility experiments have rarely
produced monoclonal antibody concentrations much above
300 mg/mL (25 �C).
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Fig. 2 Calculation of the protein concentration for spheres with radius r using a
face centred cubic (fcc) packing model
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This simplified approach, which is solely based on estimating
the maximum antibody concentration by assuming idealized anti-
body geometries, packed in an idealized crystal lattice, shows that
the maximum antibody concentration limit is below 500 mg/mL.

4 Challenges with High-Concentration Protein Formulations

Developing a lyophilized protein formulation requires reasonable
product stability, preferably at room temperature, in the liquid
formulation prior to the lyophilization step.

4.1 Manufacturing The drug substance manufacturing of biologics ends with the last
downstream process step, which delivers the protein in its final
concentration and buffer. In the pharmaceutical industry, this step
is most commonly ultra-filtration/dia-filtration (UF/DF) [43–47].

UF/DF has two main objectives, namely, (1) a buffer exchange
to achieve the final formulation buffer, and (2) concentrating the
protein solution to a concentration higher (generally about 25%
higher) than that at which it will be administered to the patient.
Though UF/DF strategies may differ, the dia-filtration buffer
usually corresponds to the final product buffer, and formulators
reach the final composition by such operations as spiking excipients
into the protein solution so as to deliver the requested formulation
composition.

Whatever the UF/DF strategy, dia-filtration and formulation
buffers may show an unequal distribution of excipients. This phe-
nomenon was described nearly a century ago by Frederick Donnan
[48, 49] and Jacques Loeb [50]. In the Donnan effect, a membrane
potential forms at the dia-membrane interface, which influences the
removal and exchange of charged excipients during dia-filtration of
high-concentration protein solutions [48–50]. In consequence, the
composition of the formulation buffer differs from the composition
of the dia-filtration buffer. The effect is more pronounced for high-
concentration proteins than for lower protein concentrations (for
more details see Steele and Arias [51], Bolton et al. [52], Neergaard
et al. [46], Garidel et al. [46]).

As protein concentration increases, so usually does solution
viscosity. In many cases, the viscosity increases exponentially
(Fig. 3). The viscosity increase depends on the formulation com-
position and molecule properties [53]. Weak protein-protein inter-
actions can cause large viscosity increases [54, 55]. Until now,
formulators have had no generalized approach for reducing viscos-
ity. The large, nonlinear increase of viscosity with rising concentra-
tion has imposed operating limits on UF/DF systems. High
viscosity induces strong backpressures in the UF/DF systems,
reducing filtration and making process development challenging,
or even, impossible.
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Recently, Luo et al. [56] have presented a case study of the
formation of a liquid-liquid phase separation during downstream
processing. During low pH elution in Protein A affinity chroma-
tography, they observed high turbidity and increasing back pressure
related to protein phase separation.

High viscosity might also impair such process steps as sterile
filtration and the pumping of the liquid during fill-and-finish.
Recent research has shown that the sterile filtration of highly con-
centrated protein formulations depends on (1) protein concentra-
tion, (2) formulation composition, and (3) filter material (e.g.,
polyvinylidene difluoride, PVDF, or polyethersulfone, PES) [57].
Allmendinger et al. [57] also observed formulation-dependent
differences in the filtration behavior of concentrated protein for-
mulations during aseptic biologic drug product manufacturing.
The variations were particularly on the presence or absence of
surfactants, but were also influenced by specific excipients and
their interactions with the filter membrane. The same study showed
a relationship between filtration properties and rheological
non-Newtonian flow behavior.

A study by Shieu et al. [58] aimed to optimize filling of high-
concentration monoclonal antibody formulations (bovine serum
albumin: 370 mg/mL and mAB: 180 mg/mL) using a peristaltic
pump. The researchers used glass nozzles in a bench-top syringe
filling unit, as a down-scale model for understanding the effects of
different fill parameters. They observed that increasing fill-nozzle
size and decreasing water-evaporation rates (under appropriate
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environmental conditions) can effectively alleviate the tendency of
nozzles to clog. More importantly, the role of the suck-back setting
in slowing down nozzle blockage due to high-concentration for-
mulation was clearly demonstrated. A small range of optimal suck-
back settings must be determined during filling process develop-
ment. Suck-back performance was also affected by fluid viscosity,
particularly for fluids of 10 cP [cP ¼ mPa · s]. The effect of the
substrate on suck-back appeared to be weak, and so observations
made with glass nozzles could be applied to standard stainless-steel
nozzles [58].

In processing concentrated protein solutions, potential shear
stress and protein interface interactions must be under control. Bee
et al. [59] studied the response of a high-concentration antibody
(ca. 100 mg/mL) formulation to high shear stress (shear rates
obtained in a parallel-plate rheometer between 20,000 and
250,000 s�1). They observed “that shear alone did not cause
aggregation, but that prolonged exposure to shear in the stainless
steel parallel-plate rheometer caused a very minor reversible aggre-
gation (<0.3%)”. The same study suggested that in many cases
air-bubble entrainment, adsorption to solid surfaces (with possible
shear synergy), contamination by particulates, or pump cavitation
stresses could be much more important causes of aggregation than
shear exposure during production.

4.2 Pharmaceutical

Drug Product

Development

Increasing protein concentration increases opalescence and the
appearance of colored protein solutions, which usually are yellow
and/or brown [53, 60]. Figure 4 illustrates the opalescence trend
as a function of protein concentration for saccharose-succinate-
based monoclonal antibody formulations. At 40 mg/mL protein
the opalescence is ca. 8 FNU (formazin nephelometric units) and
increases to 19 FNU at 210 mg/mL. The opalescence increase is
not related to the formation of protein aggregates and particles,
because the measured HPSEC (high performance size-exclusion
chromatography) data show more or less constant monomer con-
tent; at 210 mg/mL, a slight monomer decrease of just 0.5% is
observed (Fig. 4), which is in line with a small increase of high
molecular species. Furthermore, subvisible particles, measured by
means of light obscuration, showed no changes in the particle load
(data not shown).

It must be remembered that the protein itself may act as a
buffer component, and, in fact, the protein’s self-buffering capacity
dominates the buffer capacity of highly concentrated protein for-
mulations [61, 62].

HCPF’s rheological and syringeability (injectability) properties
may limit the suitability of delivery via syringe or injection device
[14, 63]. In most cases, the key parameter is solution viscosity (η),
which must be considered along with injection volume, injection
flow rate, and needle geometry in relation to subcutaneous
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injection tolerance [25, 64–66]. Doughty et al. [66], for example,
studied subcutaneous tissue pressure in injection devices for large-
volume protein delivery. They observed that the subcutaneous
tissue can accommodate large-volume (up to 10 mL) injections
with little back pressure, as long as low flow rates are used. Injecting
1 mL over 10 s (360 mL/h flow rate) generated ~24 kPa back
pressure, while injecting 10 mL over 10 min (60 mL/h flow rate)
generated lower back pressures of ~7 kPa. After the subcutaneous
injection, the pressure decays to zero within several seconds. The
researchers concluded that “the subcutaneous pressures and
mechanical strain increased with increasing flow rate but not
increasing dose volume” [66]. High-pressure and needle-free
devices have also been evaluated in this context [67, 68]. However,
developers must evaluate, whether a 10 min subcutaneous applica-
tion is really practicable in a self-administered dosage; patients do
not usually hold an auto-injector or pen device in place for more
than 15–20 s for a full injection [69].

For subcutaneous administration one usually employs
extremely thin needles, of 27–30 gauge. This increases patient
convenience and reduces injection pain. Injecting high-concentra-
tion protein solutions with a viscosity around 20 mPa · s (20 �C)
through a 30-gauge needle requires an injection force above 80 N,
because the pressure decrease, ΔP, is correlated with ΔP / η·r�4

(where r is needle radius).
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These factors must be considered at the beginning of the
injection-device development. Moreover, HCPFs are usually devel-
oped to be delivered by the subcutaneous route, so pre-filled syrin-
ges or cartridges are used as primary packaging. Double-chamber
cartridges have been developed for lyophilized products: one cham-
ber is filled with reconstitution medium, and the other chamber
contains the freeze-dried drug [70]. The glass barrel must be
lubricated (most commonly with 0.2–0.6 mg silicone oil per barrel,
depending on manufacturer and type of syringe) to guarantee that
these primary packaging-formulation combination devices function
properly. Because silicone oil forms a hydrophobic surface at the
glass barrel-to-liquid interface, protein degradation and aggrega-
tion might occur. Examples in the literature include Jones et al.
[71], Liu et al. [72], Li et al. [73], Krayukhina et al. [74], Saggu
et al. [75]. Li et al. [73] have shown that an interfacial syringe
adsorption of abatacept (a 92 kDa fusion protein composed of the
Fc region of the immunoglobulin IgG1 fused to the extracellular
domain of CTLA-4) may be the key process responsible for soluble-
protein loss when contacting silicone oil. Additionally, irreversible
adsorption of protein may be associated with protein denaturation/
aggregation [73]. It is expected that protein-silicone oil-induced
aggregates should increase with increasing protein concentration.

Tungsten-induced protein degradation has also been observed
in syringes used as primary packaging [76, 77]. This effect is also
observed at low protein concentration [78, 79]. Liu et al. [77]
have, however, presented a root-cause analysis of tungsten-induced
protein aggregation in pre-filled syringes, tracing the problem to
residue from the tungsten pin used to pierce the glass syringe barrel
during the forming process. To keep the syringe clear of tungsten,
the tungsten pin must be changed regularly during manufacturing.
An improved washing process at the pre-filled syringe supplier has
also considerably lowered the residual tungsten content and signifi-
cantly reduced risks for protein aggregate formation due to the
presence of tungsten [77].

Colloidal instability also increases at higher protein concentra-
tions [44, 55, 80, 81]. Liquid-liquid phase separation of HCPF has
been observed for such products as dual variable domain immuno-
globulin or intrinsically disordered proteins (IDPs) [82–85]. Such a
phase transition can be enhanced during the freezing step of
lyophilization.

Phase separation of excipients during lyophilization can also
impair protein stability [86–88]. Excipient phase-separation may be
one of the reasons that the “glassy immobilization” concept, often
used to explain protein stabilization in lyophilized solids, does not
always hold. That is, the protein simply does not “see” the glass
[86]. As a consequence, Pikal has proposed a modified version of
the glassy immobilization hypothesis [89]. He suggests that an
excipient acting as an effective protein stabilizer not only forms a
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chemically inert glass, but also “forms a single phase with the
protein, which requires a ‘moderate’ interaction with the protein
surface to resist separation but yet not denature the protein”
[89]. According to Randolph, “in this version of the hypothesis,
hydrogen bond replacement is a sufficient but unnecessary condi-
tion for stability; that is, an excipient that remains hydrogen
bonded to the protein during drying cannot be phase-separated
from the protein, but the reverse is not necessarily true. Thus, it can
be seen that the ‘water replacement’ hypothesis for protein stabili-
zation by excipients during lyophilization is just a special case of a
broader hypothesis that we might call the ‘single-phase glass’
hypothesis” [86].

The protein’s behavior during freezing is another important
aspect of lyophilization. Figure 5 shows the effect of a freeze/thaw
cycle of a protein formulation (in trehalose-histidine at pH 6) from
room temperature to �50 �C at various protein concentrations.
Between protein concentrations of 15 and 40 mg/mL, the freeze/
thaw cycle has no impact on protein integrity. Increasing the pro-
tein concentration increased opalescence above 20 FNU, accom-
panied by the formation of visible particles and a decrease in
monomer content from 99% to less than 96% (Fig. 5). Whether
the damage to the protein is due to freezing or thawing is not yet
clear.
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Recently, Awotwe-Otoo and collaborators [90] investigated
how freezing methods affect glycation and protein aggregation of
a lyophilized monoclonal antibody formulation. Using controlled
nucleation as a specific method to induce sample freezing, they
observed a higher residual moisture content and significantly
lower specific surface areas for the two monoclonal antibody con-
centrations (1 and 20 mg/mL), compared with uncontrolled
nucleation. They also observed chemical degradation, namely gly-
cation, by excipient sucrose. The uncontrolled nucleation process
resulted in significantly higher levels of glycation (from 4 to 7%)
after reconstitution compared with controlled nucleation samples.
They also found that incubation at higher storage temperatures
(25 �C/60% RH) resulted in higher rates of glycation than did
storage at 5 �C. Spectroscopic protein characterization using circu-
lar dichroism revealed no differences in secondary antibody struc-
ture for either of the two concentrations after lyophilization.
Awotwe-Otoo et al. [90] concluded: “The freezing step method
impacted the extent of glycation in lyophilized samples and the
hydrolyzed component of sucrose was critical for increasing glyca-
tion. Even though some level of glycation was observed in lyophi-
lized samples, the native structure of the protein was not affected.
Further, it was demonstrated that storage of both lyophilized cakes
and reconstituted formulations at higher temperatures could
increase the extent of glycation in monoclonal antibody formula-
tions.” Thus, potential glycation must be investigated by those
contemplating using sucrose (saccharose) as a bulking agent.
More generally, formulation developers should carefully investigate
the impacts of all bulking agents and excipients on the stability of a
lyophilized monoclonal antibody [91–96].

4.3 Analytic Most analytical assays used to characterize protein formulations rely
on a dilution step prior to the analytical investigation. Only a
limited number of methods, such as Fourier-transform spectros-
copy, specific calorimetric and fluorescence spectroscopic applica-
tions, allow the characterization of high-concentration
formulations without a prerequisite of a dilution step
[97–100]. For specific investigations, such as the quantification of
polysorbate, the presence of large amounts of proteins can cause
some challenges for the recovery of polysorbate [101, 102]. Conse-
quently, specific tests have to be developed for the characterization
of HCPF.Wuchner et al. [103], for example, presented a microflow
digital imaging assay for monoclonal antibody formulation that can
characterize protein particulates at 90 mg/mL. They also discussed
the issues related to current methods [103].
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4.4 Protein Physico

Chemical Properties

Protein solubility, protein hydration, colloidal and structural stabil-
ity, as well as solution properties are key factors that drive HCPF
development strategies [26, 34, 55, 104, 105]. At high protein
concentration >100 mg/mL, the solution becomes crowded, and
protein-protein self-interactions dominate. Our current under-
standing relies on protein-protein self-interaction and the forma-
tion of a protein network at high protein concentration that
translates into increased opalescence and/or increased viscosity
[60, 83, 104, 106].

The propensity of a high-concentration protein formulation to
form gels or undergo liquid-liquid phase separation is well
observed, and depends on the antibody’s amino acid sequence
and chemical structure (Reiche et al. [84] and references cited
therein, Kalonia et al. [34], Trainor et al. [105], van der Kant
et al. [107]). Various studies have investigated monoclonal antibo-
dies that differ just slightly in the amino acid sequence, yet demon-
strate pronounced differences in solution properties at high
concentrations [35, 44, 108].

Most solubility assays are not very robust, generating solubility
data that often show large variabilities. Surrogate parameters, such
as opalescence or protein-protein interaction measurements, can
aid in deriving apparent solubility data. At best, these data might
allow a ranking of different solution conditions with regards to
protein solubility [28, 29, 31, 109, 110].

5 Lyophilization of High-Concentration Protein Formulations

Table 1 summarizes some commercially available high-
concentration freeze-dried protein formulations (HCFDPF) with
protein concentrations ranging between 50 and 200 mg/mL.
The corresponding chemical compositions of these formulations
are listed in Table 2. As can be seen, the formulations contain
various excipients with specific functionalities — such as a buffer,
cryo/lyoprotectant, and in most cases a detergent — to stabilize
the protein in the dried state as well as to prevent protein aggrega-
tion on reconstitution [6].

Spitznagel and colleagues have investigated the lyophilization
of a high-concentration monoclonal antibody formulation from
25 to 100 mg/mL [111]. The focus of the study was the develop-
ment of a lyophilization cycle for a formulation lacking a crystalline
agent. The study investigated a monoclonal antibody formulation
composed of 10 mM citrate at pH 6.5, 8% sucrose and 0.04 w%
polysorbate 80. Colandene et al. [111] observed that — at low
protein concentrations, below 50 mg/mL — the glass transition
temperature T 0

g (measured by differential scanning calorimetry) of
the maximally freeze-concentrated solution was similar to the col-
lapse temperature TC. The collapse temperature is determined by
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freeze-dry microscopy; Fig. 6 shows an example of the freeze-
drying and the collapse of a cake. With increasing protein concen-
tration, the difference between the glass transition and collapse
temperature becomes progressively larger [111].

This statement corresponds to our observations of 0–210 mg/
mL monoclonal antibody formulated in 10 mM succinate at
pH 5.5, with 220 mM saccharose (sucrose) and 0.04 w% polysor-
bate 80. As can be seen from Fig. 7,T 0

g and TC of the formulation in
the absence of protein is between�34 and�35 �C.With increasing
protein concentration, T 0

g increases to about �30 �C. For the
formulation with 210 mg/mL,T 0

g could not be accurately detected
(marked as * in Fig. 7). However, increasing protein concentration
from 40 to 210 mg/mL has a strong impact on the collapse
temperature, with a nonlinear increase from �34 to �15 �C.
Thus, at high protein concentration, the difference between T 0

g

and TC is about 15 K. This difference corresponds to the observa-
tions of Colandene et al. [111].

Based on this finding, Spitznagel and his coworkers [111] have
developed a lyophilization cycle with shortened primary drying;
this is an advantage, due to the increase of TC with increasing
protein concentration. They used the observed difference between
T 0

g and TC and adjusted the conditions so that product temperature

during primary drying greatly exceeded the glass transition temper-
ature without impairing product quality.

In certain cases, to improve protein stability, high concentra-
tion freeze-dried formulations were used as alternatives to liquid
[112]. It was observed, however, that reconstitution times of
freeze-dried HCPF are extremely prolonged, up to 30 min and
longer [113]. Figure 8 illustrates the reconstitution times of a
saccharose-based monoclonal antibody HCPF from 40 to

Fig. 6 Freeze-dry-microscopic pictures of the freeze-drying process of a 10 μL aliquot of a 1:4 (m:m)
mannitol-saccharose solution at �40.0 �C (A), �38.0 �C (B), �37.0 �C (C) and �36.0 �C (D). At �40 �C
(A) first signs of loss of structure can be seen. At �36 �C (D), the product forms no coherent product layer
adjacent to the sublimation front, indicating full collapse. Thus the collapse temperature TC ¼ �36 �C
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Fig. 8 Reconstitution time of lyophilized monoclonal antibody formulations for
protein concentrations ranging from 40 to 210 mg/mL. All lyophilisates are
reconstituted with 5 mL of water for injection and gently shaken
(200–250 rpm) at 25 �C until the cake solid is completely dissolved



210 mg/mL. At high protein concentration, reconstitution at
20 �C is close to 2 h.

The general trend seems to be obvious: as protein concentra-
tion increases, so does reconstitution time (Fig. 9). However,
optimizing the formulation can reduce reconstitution time. For
example, while a protein at 160 mg/mL in succinate shows recon-
stitution close to 2 h, reconstitution time for the same protein
concentration can be cut in half if it is formulated in trehalose or
saccharose in the absence of salt (Fig. 9).

Visual inspection of the lyo cake shows increasing protein
concentration is associated with larger cracks and cake fragments
(Fig. 10). One would expect that such cracks would allow a faster
wetting of the cake and thus reduce reconstitution time. This does
not appear to happen in practice. Therefore, further investigations
are necessary (of specific surfactants, for example) to understand
this phenomenon.

As mentioned before, for specific proteins and formulations,
viscosity increases with protein concentration. Usually, the
pre-lyophilization solution viscosity corresponds more or less to
the viscosity of the reconstituted solution (post-lyophilization)
(Fig. 11). In one case, however, we observed pre-lyo dynamic
viscosity around 4–5 mPa s (20 �C) for a 60 mg/mL monoclonal
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Fig. 9 Reconstitution time of lyophilized monoclonal antibody formulations for
protein concentrations ranging from 40 to 160 mg/mL. All lyophilisates are
reconstituted with 5 mL of water for injection and shaken (200–250 rpm) at
25 �C until the cake solid is completely dissolved. Reconstitution time is
measured using a stopwatch. Excipient concentrations used: Trehalose:
220 mM, succinate: 20 mM, saccharose: 220 mM

Lyophilization of High-Concentration Protein Formulations 309



trehalose-based formulation, and, after freeze-drying and reconsti-
tution with the same water volume, a dynamic viscosity close to
10 mPa s (20 �C) (data not shown).

For another unusual case, changes in dynamic viscosity pre- and
post-lyophilization were observed for a single chain variable region
domain fragment. After reconstituting the lyophilisate cake with
water (same volume as the initial volume prior to lyophilization),

Fig. 10 Visual inspection of lyophilized 20 R vials containing a saccharose-succinate monoclonal antibody
formulation as a function of protein concentration. The formation of larger cracks and cake fragments occurs
with increasing protein concentration
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antibody protein formulation as a function of protein concentration prior to
lyophilization (pre-lyo) and after reconstitution (post-lyo). The viscosity was
measured 3 h after reconstitution at 20 �C
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the dynamic viscosity was similar to the viscosity before lyophiliza-
tion. After a certain hold time at 20 �C, the reconstituted solution’s
viscosity, increased from 3 to about 8 mPa s (20 �C) (Fig. 12). In
contrast, samples that were not lyophilized showed no change in
viscosity after a hold time of up to 14 days at 20 �C (Fig. 12).
Investigating protein integrity and protein concentration showed
no significant changes compared to the initial sample. This example
shows that the freeze-drying process can have an impact on the
reconstituted solution properties.

Freeze-drying is often used to stabilize protein formulations, to
reduce formation of high-molecular-weight species (aggregates),
for example. Figure 13 summarizes an accelerated stability study of
liquid formulations at 40 �C. The formulation composition was
220 mM saccharose, 10 mM succinate, 0.04 w% polysorbate 80 at
pH 5.5 for all tested formulations; protein concentration varied
from 40 to 210 mg/mL. Figure 13 shows a decrease of the mono-
mer content as a function of time and protein concentration. The
higher the protein concentration, the faster aggregates form and
the greater the drop in monomer content—a common observation.

Freeze-drying these formulations and performing the same
accelerated stability study (6 months at 40 �C) shows the following
monomer trends (Fig. 14): For protein concentrations up to
80–120 mg/mL, monomer content decreases more slowly over
time that it did in the corresponding liquid formulations (compare
Figs. 13 and 14). For protein concentrations above 160 mg/mL,
however, monomer fraction in the lyophilized samples decreases
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Fig. 12 Dynamic viscosity at 20 �C of a single chain variable fragment (scFv) pre-
and post-lyophilization. After reconstitution, the protein formulations were stored
up to 14 days at 20 �C. Protein concentration was 35 mg/mL and did not change
during the experiment
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(220 mM saccharose, 10 mM succinate, 0.04 w% polysorbate 80, pH 5.5, in vials,
type 1 glass) at 40 �C at various protein concentrations. Monomer decrease is
assessed by HPSEC (high performance size exclusion chromatography)
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Fig. 14 Stability studies of a lyophilized monoclonal antibody formulation
(220 mM saccharose, 10 mM succinate, 0.04 w% polysorbate 80, pH 5.5, in
vials, type 1 glass) at 40 �C at various protein concentrations. Monomer
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faster over time than in the corresponding liquid formulations
(compare Figs. 13 and 14).

This result was surprising. Since residual moisture has a strong
impact on aggregate formation in freeze-dried formulations, we
measured residual moisture using Karl-Fischer and near-infrared
spectroscopy [114–116]. For all formulations, the residual mois-
ture was below 1%. For the lyophilized formulations with
40–120 mg/mL, residual moisture was 0.5–0.6%; for the two
lyophilized formulations at 160 and 210 mg/mL, the residual
moisture was 0.6–0.8%. Whether this small difference in residual
moisture is the reason for the reported trend in the stability of the
lyophilized formulations, is unclear. In general, freeze-drying of
protein formulations improves drug-product stability; there are,
however, clear exceptions (Figs. 13 and 14).

The impact of residual moisture and excipient sorbitol on the
stability of lyophilized antibodies was studied by Chang et al.
[117], who elaborated their observations into a proposed mecha-
nism of protein stabilization in the solid state. To generate different
residual moistures from less than 1 w% to 5 w% for different
plasticizer systems (composed of various mixtures of sorbitol
and/or sucrose or trehalose), lyophilized samples were equilibrated
at different relative humidities. Their structural relaxation time
(alpha-relaxation) was measured by means of thermal activity mon-
itor (TAM), showing a strong decrease with increasing the residual
moisture. The stability data presented by Chang et al. [117] sug-
gested a minimum in degradation rate at 2 w% to 3 w% water
content. Addition of a small amount of sorbitol to a sucrose-
based formulation resulted in greater retention of native structure,
lower relaxation time, and improved stability. In trehalose-based
formulations, however, adding sorbitol had no effect on protein
structure, but the decrease in relaxation time and the improvement
in stability were qualitatively similar to the corresponding data
obtained with the sucrose-based formulation [117]. The results
showed that glass dynamics could not explain the stability results.
“Stability correlated best with the preservation of native structure
for sucrose-based formulations, but with the trehalose-based for-
mulation, neither structural relaxation time nor extent of native
structure was predictive of stability.” As a potential working
hypothesis, they proposed that it is possible that the β-relaxations
rather than the α-relaxation are critical to the stability [6, 117].

6 Controlled Nucleation and Impact on Properties of High-Concentration Protein
Formulations

The development and introduction of controlled nucleation has
received a lot of attention in the biologics freeze-drying commu-
nity. This technology enables much better control of the ice
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nucleation temperature, which depended previously on stochastic
events. The technique also let process developers change physical
properties and quality aspects of the product, and to optimize the
freeze-drying process times.

In the field of pharmaceutical freeze-drying, heterogeneous
nucleation of ice is a reality [118]. One reason is the presence of
impurities, which affect the average formation of the ice nucleation
temperature in a batch. Still, super-cooling pharmaceutical formu-
lations up to �20 or �30 �C could be observed. The inevitable
environmental differences between lab-scale development and
aseptic production also affect the nucleation temperature, due to
the amount of submicron particles in the up-scaling process. It may
be concluded that, at production scale, ice nucleation temperatures
are on average lower than in early development, and that modifica-
tions of the freeze-drying process are therefore necessary [119].

All freeze-drying processes start with the freezing step, either
within the freeze dryer or externally, and the literature clearly
demonstrates an understanding of how important the freezing
process is [6]. It defines the structure and texture of the product,
and significantly affects later drying behavior. Besides the process
influences and the optical appearance of the cake, structure also
affects biological stability and can therefore be described as the
foundation for the whole freeze-drying cycle.

To understand the advantage of controlled nucleation, it is
worth taking a closer look at the nucleation process. Searles et al.
[120] summarized the effects on protein aggregation, primary and
secondary drying rate, crystallinity, and surface areas. He described
different nucleation phases moving through the liquid phase,
referred to the crystallization until the freezing is completed by
the solidification phase. For process control, this means that in
addition to the nucleation temperature, the time and temperature
slopes following primary nucleation are also essential for structure
formation.

The nucleation temperature and the degree of supercooling are
the most important parameters. The lower the solution tempera-
ture, the more crystallization heat can be absorbed: more ice can
form instantly, and faster freezing produces smaller ice crystals. At
higher temperatures (with lesser degrees of supercooling), ice
forms more slowly, with the formation of larger crystals. Thus, by
controlling the degree of supercooling, the process developer can
choose the desired ice crystal morphology.

Some freeze-drying processes include an annealing step. This
step comes directly after the ramp freezing, at temperatures above
T 0

g. Annealing improves sample homogeneity and primary drying

speed. The ice/water interface around many small crystals is initi-
ally large; it reduces as smaller ice crystals melt in favor of larger ice
crystals (Ostwald ripening process) [120]. This can be considered
an advantage for interfacial-sensitive drugs. The downside for active
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ingredients that are sensitive to freeze-concentration is a long iso-
thermal hold time, which may be detrimental; for these, a faster
ramp cooling may result in better protein stability. Unwanted crys-
tallization—of buffer components, for example—may also occur
and result in pH shifts [121].

Homogeneity over the whole freeze-drying batch is always
relevant to clinical or commercial production. Good knowledge
of the lyophilization equipment, and thoughtful freeze-drying
cycle development (possibly including an annealing step) are
necessary.

Now the ability to control the ice nucleation temperature (and
thereby eliminate the variations caused by random ice nucleation)
brings within range a more elegant way to achieve a homogeneous
frozen structure.

Note, though, that one recently published comparison of
controlled-nucleated samples and uncontrolled, randomly nucle-
ated samples does not fully show the expected difference [122]; the
reported results may not result solely from initial ice crystal distri-
bution. Different post-nucleation freezing rates due to spatial var-
iations in intra shelf temperature distribution, variations of vial heat
transfer coefficients, various heat inputs during primary and sec-
ondary drying, pressure inhomogeneities during primary drying,
the edge-vial effect, and product temperature variations may have
big impacts on the process and therefore on the product character-
istics. Since commercial controlled nucleation is relatively new,
there are as yet no lyophilized products produced via controlled
ice nucleation on the market.

As may be anticipated, the idea of controlling ice nucleation is
not new. What is new is the technology for controlling ice nucle-
ation at the different scales, as well as under aseptic conditions in a
GMP environment. These ease the way for applying controlled
nucleation in commercial process development. Nevertheless, the
maturity and comparability of the different technologies is still
under investigation. Geidobler et al. [123] reviewed all then avail-
able methods (Table 3 and Fig. 15) and defined the requirements:

– Success of nucleation: ideal independent of the freeze-drying
equipment.

– Robustness and controllability: free selection of nucleation
temperature.

– Product quality: aseptic conditions must be maintained.

In this context, the two most interesting methods are (briefly):
Ice fog generation and depressurization technique. The ice fog

methods are based on the most straightforward way to induce ice
nucleation of super-cooled solutions, by using ice crystal as seeds.
There are several ways to generate the ice-crystal seeds, either
internally or externally, and then introduce and distribute them
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within in the freeze-drying chamber. A fast and complete distribu-
tion is supported by a depressurization step, which must be pre-
cisely controlled to keep the solutions from boiling. Depending on
the method, the freeze-dryer may require minor adaptions, a retro-
fit, and/or additional equipment [123].

Table 3
Selected overview of methods that allow to control and determine the ice nucleation temperature
[122, 123]

Method Scalability Retrofit needed

Ice fog (original) Difficult Yes

Ice fog (commercial scale) Yes Yes

Ice fog (ice seed generator) Yes Yes

Ice fog (ventilation through cold condenser) Not yet proven No

Depressurization technique Yes Yes

Vaccum induced surface freezing Difficult No

Pre-cooled shelf method Difficult No

Fig. 15 Schematic representation of the technical set ups for the generation of ice fog (kindly provided with
permission by Dr. R. Geidobler)
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High-pressure/depressurization technique. The high-pressure/
depressurization technique was adopted by Gasteyer et al. [124]
and transferred to the field of freeze-drying. The product chamber,
which contains the product vials, is pressurized. The shelf tempera-
ture is then lowered to the desired product nucleation temperature,
and ice nucleation is induced by de-pressurizing the product cham-
ber down to 1 bar. The mode of action is not completely under-
stood, and the authors speculated that cooling of the liquid product
surface by expansion of the gas induces ice nucleation [122]. One
advantage is that commercial freeze-dryers are typically steam ster-
ilized and can withstand high overpressure. The downside is that
lab freeze-dryers are not built to withstand the same high pressures.

How could controlled nucleation be advantageous for high-
concentration protein formulations?

As already mentioned, high concentration is often a conse-
quence of clinicians’ demands for high protein doses within a
limited injection volume. This is not an ideal starting point for
developing an efficient freeze-drying cycle. High concentration
and high density of solids hinder water-vapor transport and result
in longer drying times. There is also the correlation between pro-
tein concentration in the lyophilizate and increasing
reconstitution time.

Awotwe-Otoo et al. [125] showed the general advantage of
controlled nucleation for monoclonal antibodies at lower concen-
tration. In a direct comparison of both freezing processes, con-
trolled nucleation reduced primary drying time by 19%, due to the
formation of larger ice crystals. The cake produced with controlled
nucleation appeared more acceptable, showing less shrinkage and
no visible collapse. The reconstitution time was also decreased,
again due to the pores caused by the large ice crystals.

On the other hand, this structural difference resulted in higher
residual moisture of the final product. This can be explained with a
significant lower specific surface area (0.46 m2/g controlled nucle-
ation vs. 0.90 m2/g without controlled nucleation). Thus, besides
the freezing an identical freeze-drying cycle was used, the second-
ary drying conditions are not suitable to cope with the denser
structure. There were no observed differences in aggregates or
subvisible particle size distribution.

Geidobler et al. [123] focused on high-concentration protein
formulations from 100 mg/mL up to nearly 200 mg/mL. The
work confirmed the observations of Awotwe-Otoo et al. [125], but
at higher protein concentrations. Figure 16 shows a reduction of
the specific surface and the increased residual moisture for cakes
produced with controlled nucleation. Especially for the monoclo-
nal antibody, Geidobler et al. [126] showed much lower specific
surface and reduced reconstitution time. Thus, controlled nucle-
ation may reduce reconstitution time by improving cake-wetting
and gas displacement (thanks to larger pores).
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Current scientific work focuses on comparing different freeze-
drying methods; these studies therefore use identical freeze-drying
cycles. To take full advantage of controlled nucleation for high-
concentration protein formulations, an optimized process needs to
be developed. Developers should focus on the residual moisture
level with the secondary drying, and on rapid freezing after nucle-
ation to avoid having the process spend any time above T 0

g.
To summarize, various and well-engineered techniques that

allow further control of the freeze-drying process are now available
to control ice nucleation temperature in pharmaceutical formula-
tions. It is still unknown if different methods will result in a similar
product with comparable ice crystal size and distribution, even if
they induce ice nucleation at the same product temperature. Apart
from these open technical questions, controlled nucleation can be
clearly recommended as part of freeze-drying cycle development.
No negative impact on product quality has so far been reported,
and the noted issues of higher residual moisture can be addressed
with a freeze-drying cycle optimized to control nucleation. Unac-
ceptably long reconstitution times can be reduced for high concen-
tration protein formulations and it is essential to do so, even while
improving cake appearance and, on the process side, reducing
primary drying times.

Fig. 16 Specific surface area and residual moisture for BSA at 100 mg/mL and at
193.9 mg/mL and a mAb formulation at 161.2 mg/mL (kindly provided with
permission by Dr. R. Geidobler)
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7 Conclusions

The descriptor “high-concentration protein formulation” should
not be defined in terms of specific protein concentrations, but
instead should refer to specific solution properties that become
more relevant with increasing protein concentration: viscosity,
opalescence, colloidal instabilities, liquid-liquid phase separation,
gel formation, etc.

In developing lyophilized high-concentration protein formula-
tions, one must first address all issues related to high-concentration
liquid protein formulations. The main challenge is to reduce recon-
stitution times for high-concentration freeze-dried protein formu-
lations. This appears to be possible, and one option is controlled
nucleation.
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Chapter 13

Mechanical Behavior and Structure of Freeze-Dried Cakes

Sarah H. M. Hedberg, Sharmila Devi, Arnold Duralliu,
and Daryl R. Williams

Abstract

Freeze-drying or the lyophilization of biopharmaceuticals is a standard method for product manufacture in
order to increase product shelf-life and minimize the tendency of re-constituted products to aggregate.
However, the physical and or mechanical stability of freeze-dried cakes can be problematic, which can
directly result in financial losses due to unusable or damaged products. Currently, there is very limited
systematic knowledge of the relationship between lyophilization process conditions and the cake-specific
physical structure, mechanical performance, and stability. This Chapter reviews the detailed mechanical
properties and structure of freeze-dried cakes formed from aqueous solutions with concentrations from 1 to
40% w/v of common excipients, mannitol, sucrose, and trehalose in some detail. In addition, the mechani-
cal properties of commercial freeze-dried products as well as effects of moisture content and ingress into
freeze-dried cakes are also reported. Both experimentally measured Young’s moduli and yield stress data
scale well with reduced cake density, in line with theoretical predictions from classical cellular solids theory.
A novel compressive indentation method is reviewed which can accurately determine a cake’s Young’s
modulus and yield stress within 1 min, allowing the potential future use of these mechanical cake attributes
as Critical Quality Attributes (CQAs).

Key words Compressive mechanics, Young’s modulus, Sucrose, Trehalose, Mannitol, Yield stress,
Normal indentation

1 Introduction

1.1 Current QC

Methods for Solid

State Freeze-Dried

Products

Freeze-drying or lyophilization is the most common method of
preservation and the extension of shelf-life for biopharmaceutical
products. It is widely used for preparing biopharmaceutical pro-
ducts for subsequent dissolution and delivery of bioactive thera-
peutic agents to patients in liquid-based formulations. Liquid
formulations are the easiest to handle and the most cost-effective
route to manufacture, but many of the products are at risk to
physical (such as aggregation and precipitation) as well as chemical
degradation (deamidation and oxidation) processes during storage
and transport [1, 2]. These degradation processes can be avoided or

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_13,
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at least slowed down by lyophilization with the resultant solid state
products having a longer shelf-life and being stable for months or
years under ambient conditions [3]. Freeze-drying has been used to
preserve a wide range of biopharmaceuticals, viruses, biological
specimens, food products, and archaeological artifacts. In 2004
freeze-drying accounted for 46% of all biologics approved by the
Food and Drug Administration (FDA) [4] and 9 years later, in
2013, four out of the six top selling biologics were freeze-dried
products.

Even though freeze-drying is a standard method used for the
manufacture of solid state biopharmaceuticals, many final freeze-
dried products are physically or mechanically fragile and can easily
be damaged during processing or transportation [5]. Fracture,
delamination, and crumbling of a freeze-dried cake is not an
uncommon event. Such damaged freeze-dried products are no
longer acceptable for re-constitution and subsequent delivery to
patients, resulting in financial losses as well as a loss of confidence in
the product. Therefore, it is of great interest to use experimental
methods that are capable of quantifying changes in the mechanical
and physical properties of these fragile freeze-dried cakes [6].

The general characterization of freeze-dried products has
attracted significant research interest in the past 40 years and over
20 different characterization methods have been reported in the
literature. However, out of these 20 methods, only around 6 meth-
ods are used regularly. Table 1 summarizes the type of information
that can be obtained from the different tests, ease of operation,
offline or online nature of test, and whether the test is destructive to
the material.

1.2 Mechanical

Characterization

of Freeze-Dried Cakes

In addition to finding a fast and reliable method to measure the
mechanical properties of the freeze-dried cake, it is important to
gain a detailed understanding of the relationship between mechan-
ical behavior of lyophilized biopharmaceutical cakes and the process
conditions and product formulations involved. This knowledge
could be used as a critical quality attribute (CQA) to enable the
manufacture of robust lyophilized products at the first attempt
using a quality by design approach, instead of trial and error
based approaches. The understanding of the CQAs of final pro-
ducts, including the lyophilized products, is one of the main focuses
in the biopharmaceutical industry to ensure the quality of new
medicines.

The CQAs that are currently used for freeze-dried products
include properties such as cake physical structure and physical
appearance, residual moisture content, in process formulation sta-
bility, product reconstitution time and color, bio-activity, as well as
shelf life [18]. In addition to these practically important CQAs, the
relationship between these CQAs and lyophilization process con-
ditions is equally important. By knowing how to obtain a certain
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CQA, and how it can be measured easily and reliably, improvements
and refinements in process conditions can be implemented with
likely favorable outcomes.

Currently, a commonly used CQA for freeze-dried cakes is their
physical appearance, which is derived from the color, finish, and/or
shrinkage of the final dried cake. All of these properties are reported
qualitatively, or at best semi-quantitatively, therefore it is very diffi-
cult to make comparisons between different researchers measuring
the properties and the materials produced by the same laboratory.
Having at most semi-quantitative properties causes a problem for
developing favorable conditions and parameters for optimum prod-
uct formulation and process optimization, leading most experi-
ments to be trial and error. These are some of the crucial
developments for freeze-dried biopharmaceuticals in order to
ensure product safety and quality, without incurring significant
financial losses due to batch failures and rejections.

1.3 Excipients

in Freeze-Dried Cakes

Excipients are classified as stabilizers, buffers, bulking agents, pre-
servatives, surfactants, and tonicifiers and they can help in main-
taining stability during the lyophilization process, handling,
shipping, and storage. They are generally added to biopharmaceu-
tical formulations to provide physical or chemical stability to freeze-
dried cakes. Typical formulations contain one or more excipients.
Apart from enhancing stability, excipients also help to provide the
cakes with increased density and additional rigidity, which are both
a contributing factor in improving the mechanical properties of the
cakes.

Excipient buffers are required in pharmaceutical formulations
to stabilize pH, therefore their choices are critical. Phosphate buf-
fers, especially sodium phosphate, can undergo drastic pH changes
during freezing [55, 56], so the best choices are Tris, histidine, and
citrate which, at low concentrations, only undergo minor pH
changes [2]. Bulking agents provide the majority of the formula-
tion and are especially important when formulations have a low
concentration of the active ingredient. Bulking agents that are
crystalline help provide an elegant structure of the cake and good
mechanical properties but are generally less effective in stabilizing
proteins [55]. The most effective excipient stabilizers for proteins
are disaccharides as they form sugar-based amorphous glasses.
Sucrose and trehalose are two of the most common inert disaccha-
ride stabilizers used. Tonicifiers or tonicity adjusters are critical for
providing isotonic solutions, meaning that the osmotic pressure
needs to be equal with respect to a membrane, i.e., the blood cells
or cardiovascular tissue for intravenous formulations, with no
movement between either side of the membrane. In order to adjust
this factor, which could be necessary for formulations with high
drug concentrations, low injection volumes, or stability issues, a
tonicifier might be needed in the formulation [57].
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Kang et al. [58] summarized the most common liquid and solid
formulation conditions for one of the largest classes of biopharma-
ceuticals, monoclonal antibodies (mAbs). Out of 37 commercial
mAb formulations, 12 were lyophilized formulations. Out of these
12 formulations the most common stabilizing excipients were
sucrose and trehalose, sucrose being the most prevalent one. Man-
nitol was another common stabilizing excipient for commercial
formulations.

1.4 Mechanics

of Cellular Solids

and Foams

Freeze-dried cakes are an example of cellular materials which are
commonly referred to as foams, and consist of a number of cells
that can have solid faces and solid edges. These cellular solid struc-
tures have often been described as solid struts and plates that
together form the different units of cells [59]. There are many
applications for cellular materials, often lightweight organic poly-
mer based, such as packaging, thermal insulation and for structural
uses including bone replacement therapies and light weight struc-
tures for buoyancy applications [60]. In the last two decades there
has been an increase in the number of industrial and commercial
applications in sectors like the automotive and aerospace industry
that has driven research toward a better understanding of their
mechanical behavior.

If the structures within the cellular materials have no direction-
ality they are considered isotropic while if their cellular structures
are axisymmetric (like cork) or orthotropic (like wood) they are
considered anisotropic. The mechanical properties of foams also
reflects these isotropic or anisotropic structures [61]. Cellular
materials can both have open cells and closed cells; open cells are
when the material structure is divided into small columns or beams
that form the edges of the cells whereas closed cells when the
material is distributed into small plates that form the faces of the
cells. The mechanical properties of these materials are also depen-
dent on the open versus closed cell structures (Fig. 1). The most
important property of any foam structure is the relative density,
which is defined as the density of the solid foam over the density of
the solid that that foam is made from. This ratio can vary between
0.01 and 1 and the mechanical properties of the foams are shown to
relate directly to their relative density [61].

The different types of cell structures are critical for understand-
ing the mechanical properties of foams. It is believed that the
relative density followed by the anisotropy are the most important
factors that can describe the mechanical performance of a foam.
Other topological aspects that can have a significant impact on the
mechanical properties include the cell shape, the edge connectivity,
and the number of contact neighbors. As cellular materials do not
exist with a single relative density, isotropicity or topological aspect
and instead have statistical distribution of these properties, it is
almost impossible to be able to give direct guidelines for mechani-
cal property prediction a priori [7].
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All materials will deform when stress is applied, but the defor-
mational behavior will depend on material composition and struc-
ture. Brittle materials will deform elastically until a critical stress is
reached when the material will start to fracture. Ductile materials
will instead yield plastically with increasing strain before failing.

There are three modes of compressional deformation: confined
compression, unconfined compression, and indentation (Fig. 2). In
confined compression, the sample is placed into a container that
confines the sample at the bottom and on the sides and this repre-
sents an idealized deformation. In unconfined compression, the
sample is placed between two rigid, flat plates letting the sample
expand laterally. Indentation is when the sample is indented by a
frictionless probe often with a cylindrical, spherical, or pyramidal
shape. Foams are divided into two broad categories based on their
structural uniformity, where the performance of the isotropic mate-
rial is identical regardless of the direction of the test, whereas for
anisotropic material, this depends on the direction of the test.

Fig. 1 Open (left) and closed (right) cellular structures [62]
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Honeycombs are regular two-dimensional cellular materials
that enable the development of closed-form expressions for
describing the mechanical performance of macroscopic in-plane
properties of foams. Even though cells in honeycombs are most
often hexagonal, they can take three basic lattice structures: the
hexagonal structure, the square structure, and the fully triangulated
structure [59].

1.5 Mechanical

Attributes of Freeze-

Dried Products

As reported previously, some of the challenges with freeze-drying
are the poor understanding of how process conditions affect cake
structure and mechanical properties. Along with the process con-
ditions, the choice of excipients, buffer, and solution composition
are carefully chosen for the specific material to be freeze-dried. In
the biopharmaceutical industry, a better understanding of how
these changes in formulation affect the mechanical properties of
the final freeze-dried protein would be highly desirable. This
understanding would allow us to map out process conditions and
solution formulation required to produce good quality cakes that
do not break easily on handling or storage.

Devi [7] has provided a thorough literature review on the
different steps in the freeze-drying process and how different pro-
cess parameters can be adjusted to achieve a desirable product.
However, acceptable CQAs chosen vary between researchers, e.g.,
De Beer et al. [63] used attributes like onset and duration of
crystallization process steps, duration of primary drying, and resid-
ual moisture content, while other researchers used dry layer flow
resistance, hence primary drying time, as the key measurable attri-
butes against the process variables of shelf temperature and pressure
[64–66]. Cannon and Shemeley [67] measured the ice sublimation
rates for various vial types to better understand the relationship
between vial glass types, vial diameter and base concavity, and the
ice sublimation rates. The effect of excipients on freezing

Fig. 2 Modes of compressive deformation
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temperature and sublimation rate has also previously been studied
[68]. Sunderland proposed suitable but practical CQAs for freeze-
drying, which included physical appearance, reconstitution time,
residual moisture content, and protein assay [69]. In terms of the
physical appearance this mainly included quality descriptors such as
color in hue, tint and tone, shade and intensity. The visual inspec-
tion also included the cake structure such as coarseness of the cake,
signs of pockets, voids, or collapse.

Many of these descriptors may be good for process understand-
ing but they may not be suitable as CQAs and provide no insight to
improve our understanding between process conditions and prop-
erties—including mechanical—of the freeze-dried cakes. Further-
more, the explicit relationship between the processing conditions
and the mechanical characteristics of the final freeze-dried cakes is
not clear as the literature reports few studies on this topic [7].

Today, there is a clear understanding of how to control the
internal structure of the cake by varying the freezing conditions and
excipients used in the formulation. Examples include the use of
faster cooling rates that will produce smaller ice crystals because
there is insufficient time for Ostwald ripening to occur or to enlarge
the size of the crystal. Thus, smaller ice crystals create smaller pore
cavities in the cakes. Slower cooling rates on the other hand will
allow the ice crystals to become larger because of the Ostwald
ripening and therefore create larger cavities in the cakes. Very low
freezing temperatures (e.g., �80 �C) will create smaller pores while
higher temperatures (�20 �C) will create larger pores because of
the larger ice crystals formed [51]. If the ice nucleation is sponta-
neous then a larger variability in the cake properties between the
vials will be observed. In such cases, ice crystal formation will not be
uniform, and an irregular distribution of pore sizes is created. On
the other hand, controlled nucleation will produce ice crystals with
more uniform sizes which will in turn lead to the formation of pores
that will have much narrower size distributions [7].

2 Experimental Studies

2.1 Freeze-Drying

of Sucrose, Trehalose,

and Mannitol

Sucrose (Sigma Aldrich, Dorset UK) and trehalose (Cargill 1640
Minneapolis, MN, USA) were used to make 1.0%, 2.5%, 5.0%,
20.0%, 30.0%, and 40.0% w/w solutions with purified, deionized
water (>18.2 MΩ cm at 25 �C). D-Mannitol (Sigma Aldrich,
Dorset UK) was only prepared in 5.0% w/w solutions with purified,
deionized water. 2 mL aliquots of solution from each concentration
were dispensed into 6 mL borosilicate glass vials (VCDIN6R,
Schott, Germany) and placed on the trays in a hexagonal pattern
which maximizes the number of vials that can fit on the tray. In total
168 vials were placed on each of the two trays in the freeze-dryer in
a semi-stoppered position. Solutions were freeze-dried (FD) using
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a VirTis Advantage Plus freeze-dryer (SP Scientific, Warminster,
PA, USA). The freeze-drying runs were performed according to
two protocols, the first one consisting of a freezing rate of
0.3 �C/min until reaching the primary drying temperature of
�40 �C where the product was held for 190 h. Afterward the
temperature was ramped up at 0.3 �C/min until reaching the
secondary drying temperature of 20 �C where the sample was
held for 24 h. However, after seeing cracks in the SEM images
[7], the run was performed according to a second protocol with a
primary drying temperature of �50 �C and a hold time of 160 h.
Afterward the sample was only held for 12 h at the secondary
drying temperature of 20 �C. After freeze-drying all the vials were
sealed under a 50 mTorr vacuum and stored at around 18 �C
until used.

For the moisture exposure study sucrose (Sigma: S5016-1 kg,
Dorset, UK) and trehalose (Cargill 1640 Minneapolis, MN, USA)
were used to make the 5%, 10%, and 20% (w/w) solutions with
purified deionized water. All concentration solutions were freeze-
dried using a Telstar Lyobeta 15 (Azbil-Telstar SpA, Terressa,
Spain). The freeze-drying cycle run consisted of a freezing rate of
0.2 �C/min and a primary drying temperature of�35 �C/min held
for 20 h. Secondary drying temperature was at 25 �C where the
sample was held for 16 h. After the cycle had finished the vials were
backfilled with nitrogen gas before stoppering.

2.2 IgG Freeze-

Drying Cycles

Screw capped vials with 5 mL nominal volume, height of
41.5 mm � internal diameter 18 mm (Adelphi Tubes, Haywards
Heath, UK) were filled with IgG at varying concentrations (10, 50,
100, and 200 mg/mL) to a fill-depth of 1 mL using an automated
Multipette stream repeater pipette (Eppendorf, UK). For each
separate run, 200 vials were loaded onto a stainless steel tray and
placed on top shelf of the LyoBeta 15 freeze dryer. Two runs were
completed where vials for 10, 50, 100, and 200 mg/mL IgG
underwent lyophilization using the low moisture run and the
other second batch of 50mg/mLw/v IgG using the high moisture
run cycle (Table 2). After the cycle had finished, the vials were
backfilled with nitrogen gas before stoppering the 13 mm diameter
igloo halobutyl stoppers (Adelphi Group, Haywards Heath, UK).
Afterward, the vials were capped by hand and labeled. The process
conditions and timings were varied slightly for the samples contain-
ing IgG. The protocol is summarized in Table 2.

2.3 Scanning

Electron Microscopy

Samples for Scanning Electron Microscopy (SEM) were prepared
by carefully separating the cake vertically, into halves using a sharp
scalpel. One half of the cake was then divided into quarters verti-
cally. The second half of the cake was first separated into quarters
and each quarter was divided horizontally into two portions.
Approximately 0.4 cm3 samples, with the freshly separated surface
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orientated upwards, were mounted on the SEM stub covered with a
drop of conducting silver paint and allowed to dry. The sample was
sputter coated with Au for 120 s in an Ar atmosphere (Emitech
K550). A TM-1000 (Hitachi, Japan) table-top SEM (15 kV accel-
erating voltage and solid state backscattered electron detector) was
used to scan the morphology of the freeze-dried cakes at magnifica-
tions of up to 5000�. The dimensions of cell height and length
were measured from the micrographs (�500 and �1000) using a
graduated ruler (inserted in the image) and the thickness from the
�5000 micrographs, using computer-based software (Image J,
National Institute of Health, USA). Using the length scale of the
image, the cell area was measured. On average, at least 50 cell
dimensions (n � 50) were measured for each sample and mean
dimensions determined and reported.

2.4 Relative Density

Determination

The relative density, ρrel, of freeze-dried cakes that is referred to
here is obtained by dividing apparent density, ρapp, by true or
absolute density, ρtrue, if the porosity is zero and follows the full
procedure outlined in Devi and Williams [54].

ρrel is determined by the mass and the volume that is occupied
by the cake. The volume is calculated using the dimensions of the
cake that is often cylindrical.

ρapp was determined using a helium pycnometer (AccuPyc
1330, Micromeritics Instrument Corp., Norcross, GA, USA) and
the accuracy of the instrument was checked using AccuPyc 1330
calibration standard (AccuPyc 1330, Micromeritics) of known vol-
ume. Before measurements, the excipient samples and compact
powder discs were purged with helium for at least 15 h to remove
any sorbed moisture. During measurements, the samples and com-
pacts were purged with dry helium ten times in the instrument test
chamber to effectively remove any residual moisture prior to final
data collection. The reported results are averages of ten consecutive
measurements (n ¼ 10). The true material densities for the differ-
ent excipient samples were estimated by plotting the absolute den-
sity of the compacts as a function of compaction force and
extrapolating the linear line to the y-axis to read the true density
where porosity is expected to be zero.

2.5 Mechanical Tests The mechanical tests followed what was outlined in Devi and
Williams [54]. The indenter probe, a flat-faced 5 or 10 mm diame-
ter punch, was directly attached to a load cell (Futek, UK). The load
cell was connected to computer via a strain bridge amplifier (Fylde,
UK) and attached to a z direction motion stage (Zaber, Canada).
The load cell performance was validated using a series of calibra-
tions weights and the system was controlled by Labview style
software. The sealed vials containing the cakes were equilibrated
at 22 �C before testing. A compression indentation test was carried
out on the cake immediately after removing the stopper from the
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vial using a loading velocity 10 μm/s, recording force data every
50 μm. The cakes were approximately 6.0 mm thick and 19.6 mm
in diameter. The force measured (g) versus displacement (μm) was
recorded during the compression into the central zone of the dried
cakes. Time of the experiment took typically 0.5 min and was
conducted at 22 �C and 40%RH.

The global compressive strain ε was calculated using:

ε ¼ h0 � h

h0
ð1Þ

where h is the height of the sample after movement of the indenter,
and h0 is the original cake height. It was assumed that there is no
lateral spreading of the cake as it is contained in the vial. h0 was
measured by lowering the indenter into an empty vial and deter-
mining the height at which the indenter touched the vial base; h1.
Afterward the indenter was lowered into a vial containing a sample.
The height at which the indenter makes contact with the cake is
noted as h2. The original height of cake h0 can be obtained from the
difference between h2 and h1. The global compressive strain ε is
limited to the range between 0 and 1. The compressive indentation
stress, σi, was calculated using:

σi ¼ F

A0
ð2Þ

where F is the measured force, and A0 is the contact surface area in
m2 of the flat faced indenter. As there is a variation in the force data
obtained due to cracking/fracturing of the brittle cakes as the
indenter pushes through the cake, the maximum force data points
were taken from each experimental set and used in the maximum
stress-strain curves.

Young’s modulus, E, can be determined from indentation
compression data using the previously established formula from
Sneddon [70]:

E ¼ μ

2 1þ vð Þ ð3Þ

where μ is the rigidity modulus (μ ¼ F(1 � v)/4rh), r is the
cylindrical indenter radius, h is the displacement, F is the force
applied, and v is the Poisson’s ratio from:

F ¼ 4μrh

1� v
¼ 4

E

2 1þ vð Þ
� �

rh

1� vð Þ ð4Þ

The indenter used is a flat faced cylindrical probe with 5 mm
radius (Fig. 3). It is assumed that the Poisson’s ratio for all freeze-
dried, brittle, cellular cakes of sucrose, trehalose, and mannitol used
in this study is 0.2. The Young’s modulus for freeze-dried foams,
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Ef, (where the subscript denotes that the material is a foam) can be
calculated using

E f ¼ F
1� v2

h2r
ð5Þ

3 Mechanical Performance and Structure of Freeze-Dried Cakes

3.1 Compressive

Indentation Stress-

Strain Behavior

of Excipient Cakes

Figure 4 shows sets of mean stress-strain curves for freeze-dried
mannitol, sucrose, and trehalose for n ¼ 3 [53]. Mannitol cakes
were observed to exhibit the lowest crushing stress of 11 kPa, while
both sucrose and trehalose exhibited much higher crushing
strengths of 25 kPa and 31 kPa respectively. The apparent Young’s
modulus values were also significantly different between mannitol,
sucrose, and trehalose, measuring 25 kPa, 150 kPa, and 210 kPa,
respectively.

In order to compare the two best stabilizers, solutions of
sucrose and trehalose at a range of concentrations between 1 and
40% w/v were studied and the mechanical behavior of the freeze-
dried cakes measured. They have previously been reported in the
concentrations of 1.0%, 2.5%, 5.0%, 20.0%, 30.0%, and 40.0% w/v
for sucrose [54] and trehalose [7].

3.2 SEM Images

of Excipient Freeze-

Dried Cakes

SEM images were obtained for samples of mannitol, sucrose and
trehalose freeze-dried from 5% w/w solutions [53].

The images displayed in Fig. 5 show typical honey-comb-
shaped cells of different sizes. The SEM images confirmed the
approximate same sizes of the cells for all three excipients:
120 μm � 60 μm � 60 μm. Changes in the excipient did not
significantly impact the cell size or the cell wall thickness, for the

Fig. 3 Schematic of mechanical indentation instrument (not to scale)
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same concentration and same processing conditions. As the excipi-
ent choice does not play an important part of determining the pore
shape and structure, the mechanical performance of the cake will
mainly be primarily determined by the intrinsic mechanical proper-
ties of the pure excipient material [53].

The structure of the freeze-dried cakes of sucrose and trehalose
resembles a cork-like, cellular structure with the size of the cellular
dimensions varying with the different concentrations (Fig. 6). The
structures become more “closed” and continuous as the concen-
tration is increased until the open cells become fully independent
closed celled structures. Both sucrose and trehalose exhibit a similar
structural arrangement for 20% and 40% w/w but where it can be

Fig. 4 Mean maximum stress-strain curves for 5% w/v freeze-dried mannitol, sucrose and trehalose cakes.
The formulations had been frozen at �50 �C

Fig. 5 SEM images of 5% w/v concentrations of freeze-dried mannitol, sucrose and trehalose
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seen that the cell walls and the individual cells appear slightly
thicker and larger in sucrose compared to trehalose. Cakes formed
from 1% sucrose exhibit a slightly more open-cell structure that is
interconnected by mostly struts and a few thin walls. Trehalose has
considerably thinner walls than sucrose and the cake has already
started to form thin but very fragile-looking irregular walls. The
relative densities reported for 1% w/w are 0.008 for sucrose, 0.005
for trehalose, and for 40% w/v 0.302 for sucrose and 0.187 for
trehalose.

The reason why trehalose form cells already at a lower concen-
tration than sucrose could be because trehalose is known to
decrease the surface tension of water by a larger degree than sucrose
[71]. This will allow trehalose to interact with water in a different
way than sucrose does, particularly during ice formation, and pos-
sibly explains the differences seen in the structures where the edges
become rounder as density increases [7].

The behavior of sucrose and trehalose with higher concentra-
tions has been reported for other freeze-dried products too, e.g.,
graphene [72] and collagen-glycosaminoglycan [73]. These mate-
rials both displayed higher densities and more complete and con-
tinuous wall structures at higher freeze-dried concentrations.
Previous reported freeze-dried products have shown for both
chitosan-gelatin [74] and collagen-glycosaminoglycan [73] that
when the density increased the pore sizes decreased.

Fig. 6 SEM images of freeze-dried sucrose and trehalose from solutions with concentrations 1%, 20% and
40% w/w

342 Sarah H. M. Hedberg et al.



3.3 Mechanical

Properties and Cake

Density

Relating the relative density to direct mechanical properties such as
Young’s modulus and maximum stress at failure, it is possible to
derive explicit property correlations:

E f

Es
¼ C

ρ f

ρs

� �n

ð6Þ

where Ef is the Young’s modulus for the freeze-dried cake, Es is the
Young’s modulus of the pure non-porous solid used for the cakes
and ρ f

ρs
is the relative density. C and n are constants that depend on

the morphology and microstructure of the cellular network and the
material being tested, where n can be found in the range of
1 < n < 4 [59, 75].

Figure 7 shows for the relative Young’s modulus as a function
of relative density for sucrose and trehalose. It can be seen that
there is a linear increase of the relative Young’s modulus with an
increasing relative density. The line of best fit of the experimental
data shows an excellent R2 value using n ¼ 1. This means that the
structures of the cells mainly stress stretch when exposed to load
and any bending of the struts or walls inside the cake has a negligi-
ble contribution to compressive loading [7, 59]. The k value for
sucrose (ks) for the line of best fit is 0.0034 � 0.0001 and the
k value for trehalose (kT) is 0.0107� 0.0003. Comparing these two
materials, trehalose has a steeper slope than sucrose, meaning it has
a significantly higher Young’s modulus even at lower relative den-
sities. Based on the k value for the two equations it can be seen that
Ef/Es is three times as high for trehalose for the same ρf/ρs. A
freeze-dried trehalose cake with the same relative density can there-
fore withstand approximately three times higher mechanical
stresses.

It was also investigated how the freeze-dried cakes with differ-
ent densities responded to stress, where the maximum compressive
load bearing ability before fracturing was recorded. The maximum
stress at failure can directly correlate to density by

σmax ¼ k
ρ f

ρs

� �b

ð7Þ

where σmax is the maximum stress at failure in kPa while k and b are
materials constants.

Figure 8a and b show the maximum failure stresses of sucrose
and trehalose as a function of relative densities. At a trehalose
concentration of 20% w/w or higher, relative density of 0.093,
the maximum stress was outside the load cell range. As can be
seen by the equations predicted from the best fit, the ks is
3800 � 220 and the kT is 7700 � 220, while the b values are
1.48 and 1.46 respectively. This means that the increase in the
maximum stress at failure for trehalose is increasing approximately
twice as fast with increasing relative density. The power index of
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both materials is close to 1.4 which describes an open celled behav-
ior according to Gibson and Ashby [59].

Figures 7 and 8 both confirm that trehalose exhibits superior
mechanical properties than sucrose, giving higher values of Young’s
modulus and being able to withstand significantly more stress
before fracturing.
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Fig. 7 Relative Young’s modulus and relative density of freeze-dried (a) sucrose
and (b) trehalose
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3.4 Mechanical

Properties for Freeze-

Dried IgG

In Fig. 9 the mechanical compression data is shown for an IgG
formulation at various concentrations stored at �20 �C and tested
at 25 �C (n ¼ 3). The y-axis represents the Young’s modulus (kPa)
and the x-axis represents the concentrations of IgG at 10, 50,
100, and 200 mg/mL. With increasing concentration an antici-
pated increase of Young’s modulus and thus cake stiffness is
observed. The highest concentration at 200 mg/mL has almost
16� greater Young’s modulus than the lowest concentration at
10 mg/mL. Over time, aggregation, chemical degradation, and
moisture ingress can all potentially affect the mechanical properties
of the cake. However, the use of this compressive indentation
technique could help to detect any minor changes in cake proper-
ties over time and in storage, which may in turn then be used to
correlate to product stability.
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Fig. 8 Maximum stress at initial failure and relative density of freeze-dried (a)
sucrose and (b) trehalose
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3.5 Mechanical

Properties of Freeze-

Dried Cakes Exposed

to Moisture

Most freeze-dried materials are highly hygroscopic. Over time they
will exhibit moisture uptake in storage. Figure 10 shows the
Young’s modulus of IgG at 50 mg/mL at two different moisture
contents. The same IgG formulation for the two freeze-drying
cycles was used to obtain two different moisture contents (1 day
cycle with short secondary drying step for high moisture and 2 day
cycle with a longer secondary drying step for low moisture cakes).
This figure shows that the cake with the lowest amount of moisture
is stiffer and has a ~2 times greater Young’s modulus than the
higher moisture content sample. High moisture contents sees the
cake beginning to exhibit a loss in mechanical properties. With
increasing moisture content there will be a reduction of glass tran-
sition temperature (Tg) due to moisture-induced plasticization
which explains the significant decrease in Young’s modulus. Fur-
ther decreases in Young’s modulus will eventually herald cake col-
lapse. Such behavior has recently been reported in detail by
Duralliu et al. [43].

In Fig. 11a, b, Young’s modulus is plotted against three con-
centrations (5%, 10%, and 20% w/w) for two common industrial
excipients, sucrose and trehalose. The freeze-dried vials were
opened and exposed to a room atmosphere of 25 �C and 40%RH
at three time-points. At time t ¼ 0 the samples were tested imme-
diately after opening, taking not more than 15 s to complete the
experiment. Open vials were then left to stand and the time was
followed with a stopwatch, with measurements then being made
after an additional 1 and 60 min. Both trehalose and sucrose at 5%
and 10% w/w showed no significant differences in Young’s
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modulus after a 1 min exposure. However at 20% w/w concentra-
tions there is a significant drop in Young’s modulus for both
excipients, which indicates that the higher concentration cakes are
more susceptible to moisture uptake and hence loss in mechanical
properties over shorter times. After 60 min both sucrose (5%, 10%,
and 20% w/w) and trehalose (5% w/w) samples exhibit significantly
large decreases in Young’s modulus. However, trehalose at 10% and
20% w/w exhibited no significant change from any of the times
exposed. This may indicate trehalose’s greater resistance to mois-
ture uptake over such times over sucrose at those concentrations.
The large error bars for all experiments indicate that not all the
cakes might be completely homogenous even though they come
from the same batch. This mechanical characterization technique
clearly demonstrates the ability to differentiate between very high
and low moisture containing cakes whether the moisture arrives
during the process or after manufacture.

4 Conclusion

This Chapter has reviewed a relatively new topic in lyophilization—
the mechanical properties of freeze-dried cakes. An experimental
technique for the compressive mechanical indentation of a cake
while still in the vial has been shown to be a fast and reliable method
for characterizing freeze-dried cakes. It is sensitive to excipient type
and excipient concentration, consistent with the SEM observed cake
structures, as well as being sensitive to moisture content in the cake.
Both experimentally measured Young’s modulus and yield stress
data scale well with reduced cake density, in line with theoretical
predictions fromclassical cellular solids theory. It is feasible that these
mechanical properties could be used in the industry to determine
material property-based freeze cake attributes which in turn could be
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used as a quality metric for a freeze-dried batch control. Mechanical
properties offer excellent scope as a future CQA for measuring the
stiffness and strength of any freeze-dried product.
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Chapter 14

High-Resolution Mass Spectrometric Methods for Proteins
in Lyophilized Solids

Karthik Balakrishna Chandrababu, Rajashekar Kammari, Yuan Chen,
and Elizabeth M. Topp

Abstract

Lyophilization (freeze-drying) is used to produce amorphous solid powders of protein drugs. Though
lyophilization is usually used in an attempt to stabilize the protein, degradation processes can still occur in
the solid state, and are often poorly correlated with measurable properties of the protein and the powder.
This chapter describes two novel, high-resolution mass-spectrometry-based methods for assessing protein
structure and interactions in solid powders: solid-state hydrogen-deuterium exchange (ssHDX) and solid-
state photolytic labeling (ssPLL) with mass spectrometric analysis (ssHDX-MS, ssPLL-MS). ssHDX-MS
measures the rate of deuterium incorporation in the protein on exposure of the solid powder to D2O vapor.
ssHDX-MS is thought to provide information regarding the network of inter- and intramolecular hydrogen
bonds experienced by the protein in the solid state, and recent studies have shown that ssHDX metrics are
highly correlated with stability on storage. ssPLL-MS provides complementary information on the pro-
tein’s side chain environment. The chapter summarizes the methods and recent results both ssHDX-MS
and ssPLL-MS, and suggests directions for future research.

Key words Mass spectrometry, Hydrogen-deuterium exchange (HDX), Solid-state HDX, Photolytic
labeling, Peptides, Proteins

1 Introduction

Lyophilization (freeze-drying) is a manufacturing process used to
produce solid powders of therapeutic protein drugs [1]. These
powders may be used as the final drug product, or to store the
protein between manufacturing steps, and must be reconstituted
prior to subsequent manufacturing or administration to a patient.
Despite the added cost of producing a dried powder and the
inconvenience of reconstitution, the lyophilized form is often cho-
sen to preserve chemical composition, native structure, and activity
during shelf storage when solution forms are not sufficiently stable
[2, 3]. The selection of appropriate excipients and the design of
suitable drying cycles are critical to achieving this goal [4]. Due to

Kevin R. Ward and Paul Matejtschuk (eds.), Lyophilization of Pharmaceuticals and Biologicals: New Technologies and Approaches,
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the nature of the lyophilization process and the properties of the
proteins themselves, lyophilized protein formulations are generally
amorphous rather than crystalline, and interactions with excipients
are thought to stabilize and protect proteins in the solid state [5, 6].

In lyophilized solids, protein stability on storage is evaluated by
measuring the concentration of protein that retains its native phys-
ical structure, chemical structure, and activity over a period of
months to years [2]. Stability studies are used not only to ensure
the quality of the finished product, but also to optimize the lyophi-
lization cycle and the composition of the formulation. This reliance
on stability studies slows the development of formulation and
process. Analytical techniques such as solid-state nuclear magnetic
resonance spectroscopy (ssNMR), Fourier transform infrared spec-
troscopy (FTIR), near infrared spectroscopy (NIR), and Raman
spectroscopy have long been used to characterize lyophilized pro-
tein formulations and to probe protein structure in the solid state.
Though useful for characterization, these measurements are often
poorly correlated with stability on storage and provide only low
resolution information on protein structure in the solid matrix.
Currently, no analytical method or combination of methods can
be used as a reliable surrogate for time-consuming stability studies
in formulation and process development.

Hydrogen deuterium exchange coupled with mass spectrome-
try (HDX-MS) has been used to analyze protein conformation and
dynamics in solution for many years [7] and has been adapted by
our group to study proteins in the solid state. Solid-state hydrogen
deuterium exchange coupled with mass spectrometry (ssHDX-MS)
(Fig. 1) provides information on protein structure and matrix
interactions in amorphous solid powders, and has been shown to
be highly correlated with protein aggregation and chemical degra-
dation on storage [8, 9]. More recently, we have also developed
solid-state photolytic labeling with mass spectrometric analysis
(ssPLL-MS) (Fig. 2) to probe protein-protein, protein-water, and
protein excipient interactions in lyophilized powders [10–12]. This
chapter describes the two methods, summarizes our findings to
date, and suggests directions for additional research.

2 Solid-State Hydrogen Deuterium Exchange with Mass Spectrometric Analysis
(ssHDX-MS)

Labile amide hydrogen atoms in a protein undergo exchange with
deuterium in the presence of a deuterium donor (e.g., D2O).
Analytical methods that can distinguish deuterium from hydro-
gen can be used to measure the rate and extent of the exchange
reaction. In particular, mass spectrometry can be used to measure
the mass increase in deuterated proteins relative to the native
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Fig. 1 Methods for solid-state hydrogen deuterium exchange with mass spec-
trometric analysis (ssHDX-MS). Uncapped vials containing a lyophilized protein
are placed in a sealed desiccator at constant temperature. The desiccator
contains a saturated salt solution of D2O, which maintains constant D2O vapor
phase activity. Samples are removed at various times, stored at �80 �C until
analysis, reconstituted under quench conditions, and analyzed by tandem liquid
chromatography mass spectrometry (LC/MS) to determine deuterium incorpora-
tion. Proteolytic digestion using pepsin (in-line or off-line; not shown) allows
deuterium incorporation to be measured for both the intact protein and its
proteolytic fragments, so that sites of deuteration can be identified and mapped

Fig. 2 Methods for solid-state photolytic labeling with mass spectrometric
analysis (ssPLL-MS). Vials containing a lyophilized protein formulation with
photolytically labeled excipient (a) and/or photolytically labeled protein (b) are
exposed to UV light, activating the label. Exposure to UV light at 365 nm (shown)
activates diazirine groups. Reaction products include covalent protein-protein,
protein-excipient and protein-water adducts (a, b), as well as “dead-end” or
intramolecular reactions (not shown). Samples are removed at various times,
reconstituted, and analyzed by tandem liquid chromatography mass spectrome-
try (LC/MS) to determine the extent of labeling. Proteolytic digestion (in-line or
off-line; not shown) allows sites of labeling to be identified and mapped
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(i.e., un-deuterated) form, since each exchange of hydrogen for
deuterium increases the protein mass by +1 amu. Hydrogen
deuterium exchange coupled with mass spectrometry
(HDX-MS) was initially developed to study protein folding and
dynamics in solution and is gaining attention for studies of
protein stability [7, 13–15].

The hydrogen deuterium exchange reaction is subject to acid,
base, and water catalysis, and is dominated by base catalysis at
pH > 3 [16]. The “intrinsic” rate of exchange (kint), observed in
the absence of protein structural effects, is given by:

kint ¼ kA H3O
þ½ � þ kB OH�½ � þ kw H2O½ �

where kA, kB, and kw define the contributions of acid, base, and
water catalysis, respectively [16]. The intrinsic rate of exchange is
typically at a minimum near pH 2.7. In an HDX experiment,
exchange is usually quenched using low pH and low temperature,
with the goal of minimizing the loss of the deuterium label by the
reverse reaction (“back exchange”) during analysis. The back-
exchange rate for backbone amide groups typically is several orders
of magnitude slower than that of exchangeable side chain groups
[7, 16].

The hydrogen atoms in a protein can be categorized into three
groups with respect to their ability to undergo hydrogen-
deuterium exchange: (1) un-exchangeable hydrogen atoms, such
as those in methylene groups, for which the reaction does not
occur, (2) exchangeable hydrogen atoms that undergo rapid back
exchange, including those in amino acid side chains and in the
peptide bonds near the chain termini, which thus cannot be moni-
tored in most HDX experiments, and (3) exchangeable hydrogen
atoms for which back exchange is slow enough, under quenched
conditions of low pH and temperature, to allow the exchange
reaction to be monitored. Interestingly, the hydrogen atoms in
the third group are exclusively those associated with the peptide
bonds (i.e., amide groups) that link amino acids to form the pri-
mary sequence. With the exception of the two N- and C-terminal
peptide bonds (which undergo rapid back exchange) and peptide
bonds to proline (which have no exchangeable hydrogen), it is the
peptide bonds along the protein sequence that are monitored by
hydrogen deuterium exchange.

In solution, HDX of peptide-bond hydrogen atoms depends
not only on the intrinsic chemical rate of exchange, but also on
solvent accessibility. Solvent accessibility, in turn, is influenced by
protein dynamics; opening and closing events transiently increase
and decrease the number of solvent accessible peptide bonds. Sol-
vent accessible peptide bond hydrogen atoms typically exchange
rapidly, while those that are shielded from the solvent and buried
inside the core of a protein, or that participate in the intramolecular
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hydrogen bonds that contribute to protein structure, often
exchange more slowly.

Using proteolytic digestion, deuterium incorporation can be
monitored at the peptide level in an HDX experiment, as well as for
the intact protein. Pepsin is typically used for proteolytic (“bottom
up”) digestion and analysis, since the enzyme is active at the low pH
conditions used to minimize back exchange. MS-MS fragmentation
(“top down”) is not used for peptide level analysis in electrospray
ionization mass spectrometry (ESI-MS) instruments because the
site of deuterium labeling changes (“scrambles”) during analysis.
Because the masses and sequences of the peptides produced by
pepsin digestion are usually unique, deuterium incorporation
measured in the peptides can be mapped back onto the protein
structure. In this way, the kinetics of exchange can be monitored
with peptide level resolution.

2.1 Information

Content of ssHDX-MS

Over the past decade, our group has developed ssHDX-MS as a
novel analytical method for proteins in amorphous solids [8, 9, 12,
17–23]. We have demonstrated that the method is feasible for solid
samples [17, 18, 24, 25] and have shown that the rate of exchange
is much slower than the rate of water (or D2O) vapor sorption,
indicating that ssHDX is not simply a measure of mass transport
processes [19, 20]. We have also shown that ssHDX is sensitive to
changes in formulation [8, 9, 18, 24], moisture content [19, 20],
and processing method [12, 23] that go undetected by conven-
tional methods (e.g., FTIR, Raman). Using proteolytic digestion,
we have shown that ssHDX provides information on the solid-state
environment of the protein with peptide level resolution, resolution
not achievable with conventional methods for assessing protein
structure in the solid state [8, 19, 20, 26].

More recently, we have shown that ssHDX-MS metrics are
highly correlated with storage stability [8, 9]. In a study of five
different lyophilized myoglobin formulations, the extent of aggre-
gation on storage for up to 1 year was correlated with ssHDX-MS
kinetic parameters measured immediately after lyophilization, but
showed poor correlation with ssFTIR α-helix band position or
band intensity [9]. Similar studies have been conducted for lyophi-
lized mAb formulations. In these studies, a leading biopharmaceu-
tical company provided four different lyophilized mAb
formulations, for which 2.5 years of storage stability data had
already been acquired [8]. In a blinded study, ssHDX-MS correctly
rank-ordered the stability of the four formulations in ~3 weeks. In
subsequent un-blinded studies, aggregation and chemical degrada-
tion were strongly correlated with deuterium incorporation on
ssHDX. In contrast, commonly-used physical and biophysical
metrics (e.g., FTIR peak position, intensity, moisture content,
glass transition temperature) were poorly correlated with
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aggregation, incorrectly predicted rank-order and often conflicted
with one another [8].

Since the effect of the lyophilization process on the protein is
also of interest [27–30], ssHDX studies have also been conducted
on solid mAb formulations prepared by different processing meth-
ods. Solid powders containing a mAb with different excipients were
prepared by: (1) spray drying, (2) lyophilization without controlled
ice-nucleation, (3) lyophilization with controlled ice-nucleation,
and (4) lyophilization with extended annealing during freezing
[23]. ssHDX-MS detected changes in the protein structure and
matrix interactions not observed using ssFTIR or solid-state fluo-
rescence spectroscopies. In ssHDX-MS studies, the deconvoluted
mass spectra for some spray dried samples showed greater peak
broadening than samples prepared by other methods; bimodal
peaks (“peak splitting”) were also observed for some spray dried
samples [23]. Peak broadening may reflect a wider distribution of
protein conformations or solid environments, while peak splitting
may reflect the existence of subpopulations of the protein in differ-
ent conformations or environments.

These results strongly suggest that ssHDX-MSmay be useful in
formulation development, process scale-up and tech transfer for
lyophilized protein drugs. The method accurately predicts relative
stability in far less time than the storage stability studies in current
use, and with far greater accuracy than conventional solids charac-
terization methods. With appropriate additional validation,
ssHDX-MS may ultimately become a surrogate for stability studies,
greatly reducing the time needed for formulation and process
development.

2.2 Experimental

Methods for ssHDX-MS

A solution HDX-MS experiment involves exposing the protein to
D2O in solution, sampling and quenching the solution at various
times, and analyzing the intact protein and its digests using mass
spectrometry. The reader is referred to several excellent reviews that
describe solution HDX-MS methods in greater detail
[31–33]. Here, we focus on methods for ssHDX-MS studies and
the analysis of the resulting data.

In an ssHDX-MS experiment, vials containing a lyophilized
protein, in a formulation together with various excipients, are
placed uncapped in a sealed desiccator and exposed to D2O in the
vapor phase (i.e., D2O(g)) (Fig. 1). The dessicator is maintained at
constant temperature and D2O(g) activity, i.e., constant relative
humidity in D2O rather than H2O, which can be achieved using
saturated solutions of various salts in D2O. Vials are removed at
time intervals ranging from a few hours to weeks, flash frozen in
liquid nitrogen to slow the reaction and minimize back exchange,
and stored at �80 �C prior to analysis. To determine the overall
deuterium incorporation, the vials are reconstituted using ice-cold
0.1% formic acid solution with or without methanol and quickly
injected into a tandem liquid chromatography/mass spectrometry
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system. Electrospray ionization mass spectrometry (ESI-MS) is well
suited to ssHDX-MS studies due to its high mass range and mass
accuracy, though other systems also offer advantages [31, 34]. To
the extent possible, the time for re-constitution and injection is
minimized and maintained constant, and manual handling errors
are quantified by performing replicate analyses. Refrigeration
(~2 �C) during desalting and LC separation also helps to minimize
back exchange. Prior to injection, the sample is passed through a
protein/peptide microtrap for desalting and to remove excipients
before entering the mass spectrometer. In ESI-MS, the mass-to-
charge ratio in the instrument is set according to the size of the
protein. The number of deuterium atoms incorporated is calculated
from the deconvolutedm/z spectra by subtracting the mass value at
each time point from the native (non-deuterated) mass of the
protein. As an example, our previous ssHDX-MS studies of myo-
globin formulations (Fig. 3) illustrate that the rate and extent of
deuterium incorporation are highly influenced by excipient type
and the relative humidity of D2O(g) to which the samples are
exposed [20].

For peptide level quantification, sample handling is identical to
that for the intact protein, except that the protein is digested prior
to LC/MS analysis. For in-line digestion, an immobilized pepsin
column is placed inside an oven that maintains a constant tempera-
ture of 23 �C, optimal for pepsin activity. The digested peptides are
desalted using a peptide microtrap and then passed through a C18
reverse phase LC column to separate the peptides, using gradient
elution with acetonitrile. The peptides are analyzed by mass spec-
trometry by setting a m/z window, typically 100–1700. This pro-
cess is repeated thrice for each protein and only peptide fragments
seen in all three runs are used in determining deuterium incorpora-
tion. The identity of the peptide fragments is confirmed byMS/MS
analysis. The deconvoluted masses of peptic fragments from the
native (un-deuterated) protein are then subtracted from the decon-
voluted masses of the corresponding deuterated fragments to
determine the extent of deuterium incorporation for each frag-
ment. Deuterium incorporation for the fragments can be mapped
onto a three-dimensional structure or a homology model of the
protein using commercially available software to provide a visual
representation of deuterium incorporation. As an example, global
deuterium incorporation was measured by ssHDX-MS for four
different mAb-IgG1 formulations (Fig. 4). Using pepsin digestion,
the local deuterium uptake of various peptic fragments was then
identified (Fig. 5) and the degree of deuterium incorporation
mapped on to a homology model of the mAb structure (Fig. 6) [8].

2.3 Data Analysis

for HDX-MS and ssHDX-

MS

In solution HDX-MS experiments, deuterium uptake kinetics often
shows mono-exponential (Eq. 1) or bi-exponential (Eq. 2)
behavior:
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D tð Þ ¼ Dmax 1� e�kobst
� � ð1Þ

D tð Þ ¼ N fast 1� e�kfastt
� �þN slow 1� e�kslowt

� � ð2Þ

These relationships are often used to fit kinetic data and to
determine regression parameters. In Eq. 1, D(t) is the number of
deuterons taken up at time t, Dmax is the maximum number of

Fig. 3 Deuterium uptake kinetics for lyophilized myoglobin formulated with (a)
mannitol or (b) sucrose and incubated in D2O(g) vapor at various RH: 11% (closed
diamond), 23% (open diamond), 33% (closed triangle) 43% (open triangle), or
75% (closed square). Results were compared with a solution HDX sample (open
square) and fitted to a biexponential model (see Eq. 2). Reproduced with
permission from reference [20]; copyright © 2012, American Chemical Society
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Fig. 4 Deuterium uptake kinetics for a lyophilized monoclonal antibody
(mAb-IgG1) in four formulations (F1, F2, F3, F4) containing different
excipients. ssHDX-MS was performed 11% RH in D2O(g) and was fitted using a
monoexponential model (see Eq. 1). Reproduced with permission from reference
[8]; copyright © 2018, American Chemical Society

Fig. 5 Deuterium uptake in peptic fragments for the mAb-IgG1 formulations of Fig. 4: (A) F1, (B) F2, (C) F3, and
(D) F4. Pepsin digestion of both heavy chain (HC) and light chain (LC) led to 110 overlapping peptides,
represented sequentially on the x-axis by peptide number. Time points for ssHDX and the domain locations are
shown at the top of the figure. Values are averages of three independent experiments. Reproduced with
permission from reference [8]; copyright © 2018, American Chemical Society



deuterium incorporated at large t, and kobs is the observed apparent
first-order rate constant. In Eq. 2, exchangeable amide groups are
assumed to belong to rapidly and slowly exchanging pools, so that
Nfast is the number of amide hydrogens in the rapidly exchanging
pool, Nslow is the number of amide hydrogens in the slowly
exchanging pool, and kfast and kslow are the apparent first-order
rate constants for the rapidly and slowly exchanging pools, respec-
tively [19, 20, 31]. The designation of rapidly and slowly exchang-
ing pools is consistent with the solvent exposure of some portion of
amide hydrogen atoms in the molecule, and the “protection” of
other amide hydrogen atoms by higher order structure.

At a phenomenological level, deuterium uptake in solid-state
HDX-MS experiments often shows mono- or bi-exponential kinet-
ics similar to that observed in solution. However, a number of
observations suggest that the mechanistic interpretations applied
to solution state HDX-MS may not apply in ssHDX, and that a
different interpretation is needed.

Fig. 6 Deuterium uptake mapped onto a homology model of the mAb structure for the four formulations of
Figs. 4 and 5: (A) F1, (B) F2, (C) F3, and (D) F4. The maximum deuterium incorporation (Dmax) for each
formulation is shown. Reproduced with permission from reference [8]; copyright © 2018, American Chemical
Society
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2.4 Mechanistic

Interpretation

of Solution HDX-MS

Data: Limitations

for ssHDX-MS

Solution HDX data are often interpreted mechanistically using the
Linderstrom-Lang model, which asserts that exchange is the result
of reversible protein unfolding (i.e., “opening” and “closing”
events), which may be global or local, followed by an irreversible
“chemical” exchange reaction at free amide groups [31, 34].

NH
�! �
kop

kcl
UH!kch UD

�! �
kcl

kop
ND ð3Þ

Here, NH represents the native protein in its protonated form,
UH represents the unfolded protein in its protonated form, and UD

and ND are the corresponding deuterated versions of these species.
The model relates the observed rate of exchange (kobs, Eq. 1) to
rate constants for opening (kop), closing (kcl), and chemical
exchange (kch). Two limiting cases have been identified. In the
EX1 limit, kch � kcl and kobs ¼ kop, while in the more common
EX2 limit, kcl� kch and kobs¼Kopkch, whereKop is the equilibrium
constant for opening and closing (Kop ¼ kop/kcl) [31, 34]. Thus,
the Linderstrom-Lang model relates experimentally observed rates
of exchange (kobs) in solution to protein structural dynamics (kcl,
kop, Kop).

A number of observations suggest that the Linderstrom-Lang
model does not adequately describe ssHDX at a mechanistic level.
Both the rate and extent of ssHDX are strongly affected by stabiliz-
ing excipients [8, 9, 17, 18, 25]; protein-excipient interactions are
not described by the Linderstrom-Lang model. Similarly, ssHDX is
affected by D2O(g) activity [19, 20], a parameter not included in
Linderstrom-Lang. An ssHDX experiment takes days to weeks to
complete, far longer than solution HDX experiments [8, 9, 19,
20]. This suggests that rate processes much slower than those
identified by the Linderstrom-Lang model (kcl, kop, kch) dominate
ssHDX, or at the very least that the Linderstrom-Lang rate con-
stants are greatly reduced in solids. Finally, applying the Linder-
strom-Lang model requires an independent measure of kch, which
depends on pH and temperature [31]; pH is not defined in the
solid state and glass transitions may complicate interpretation of
observed temperature dependences.

In solution HDX, both protein structure and opening/closing
events are related to hydrogen bonds. These include the intramo-
lecular hydrogen bonds that contribute to higher order structure as
well as the intermolecular hydrogen bonds between the protein and
water. The Linderstrom-Lang model regards opening and
exchange as sequential rather than concerted events, so that an
intramolecular hydrogen bond must break before exchange can
occur at that site. Intra- and intermolecular hydrogen bonds are
likely to govern ssHDX as well, though in different ways, as dis-
cussed below.
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2.5 Hydrogen Bonds

of Proteins in Solution

and Amorphous Solids

Hydrogen bonds can form when an electronegative atom such as
oxygen (O) is covalently bound to hydrogen (H), leading to partial
negative charge on O and partial positive charge on H. These
partial charges, also occurring on nearby molecules or groups,
lead to the formation of weak electrostatic interactions between
the electronegative atoms and hydrogen, termed hydrogen bonds
[35]. The hydrogen atom is effectively shared between the electro-
negative donor and acceptor atoms [35]. Hydrogen bonds have
been categorized as “weak,” “moderate,” or “strong.” Hydrogen
bonds are considered “moderate” if they are associated with ener-
gies in the range of 4–15 kcal mol�1 and resemble hydrogen bonds
between water molecules. Strong hydrogen bonds have bond ener-
gies greater than 15 kcal mol�1, while weak hydrogen has bond
energies less than 4 kcal mol�1 [36].

Proteins are large biomolecules with many hydrogen bond
donors and acceptors. The backbone amide groups (peptide
bonds) can form intramolecular hydrogen bonds, leading to stable
secondary structures such as α-helices and β-sheets with well-
known hydrogen bonding patterns [37, 38]. On average, each
residue in a protein forms 1.1 hydrogen bonds in the native folded
state. The side chain functional groups of a protein (e.g., -OH,
-NH2, -COOH) are also capable of forming hydrogen bonds, both
inter- and intra-molecularly. In general, the stability of a protein
increases with the number of intramolecular hydrogen bonds
[39]. In aqueous solution, the native structure is also determined
by intermolecular hydrogen bonds to water. These interactions are
a relatively constant feature of the aqueous environment, but
become more limited and more variable as water is removed to
form solids.

For proteins in amorphous solids, the intramolecular hydrogen
bonds of the native form are present if structure is maintained. In
addition, there may be intermolecular hydrogen bonds between the
protein and excipients, residual water, and/or other protein mole-
cules in the surrounding matrix. According to the water replace-
ment hypothesis, proteins are stabilized in the amorphous solid
state by the formation of hydrogen bonds to excipients. These
hydrogen bonds are said to “replace” the hydrogen bonds to
water that help to stabilize the structure in solution, and are
thought to involve, for example, the hydroxyl groups on sugars.
The number and strength of the hydrogen bonds formed between
protein and excipient depend on factors such as excipient structure,
molecular weight, and glass transition temperature (Tg). Excipients
with lower Tg are thought to stabilize proteins by forming more
hydrogen bonds than those with high Tg. Formulations with high
Tg excipients are thought to have greater intermolecular interac-
tions between excipient molecules than those with low Tg excipi-
ents, so that the disruption of excipient-excipient interactions is
difficult and fewer hydrogen bonds between excipient protein are
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formed. Conversely, low Tg excipients may have weaker excipient-
excipient interactions, allowing greater protein-excipient hydrogen
bonding.

Residual moisture in amorphous solids containing proteins is
also important, since the water forms hydrogen bonds with the
protein and also acts as a plasticizer, lowering Tg. Both protein-
excipient and protein-water hydrogen bonds are thought to be
important in determining protein stability in the amorphous state,
and completely dry amorphous protein formulations often show
poorer storage stability than those containing modest (2–5% w/w)
residual moisture content [40].

2.6 Toward

a Mechanistic

Interpretation

of ssHDX-MS

We propose that the rate and extent of deuterium incorporation in
an ssHDX-MS experiment provide information about the hydro-
gen bond network experienced by the protein in the amorphous
solid state. As described above, this network includes both the
intramolecular hydrogen bonds that contribute to protein struc-
ture and the intermolecular hydrogen bonds between the protein
and the surrounding matrix. We envision that the rapidly exchang-
ing pool in ssHDX (Nfast, kfast; Eq. 1) includes amide hydrogen
atoms that do not participate in hydrogen bonds, and thus can
exchange readily with D2O adsorbed from the vapor phase. The
rapidly exchanging pool may also include amide hydrogen atoms
that participate in relatively weak hydrogen bonds to residual water
or excipient. We envision that the slowly exchanging pool (Nslow,
kslow; Eq. 1) includes amide hydrogen atoms engaged in stronger
hydrogen bonds, whether structural hydrogen bonds within the
protein or intramolecular hydrogen bonds to excipients. In a typical
ssHDX experiment, some of the theoretically exchangeable back-
bone amide hydrogen atoms do not undergo exchange. We envi-
sion that this “un-exchangeable” pool represents strong structural
hydrogen bonds in the core of the folded protein.

While the model outlined above is consistent with ssHDX
results to date, it also raises additional questions. First, while chem-
ical exchange is assumed to be irreversible in the Linderstrom-Lang
model, this assumption is unlikely to be valid on the much longer
time scale of an ssHDX experiment. Whether or not exchange is
reversible in ssHDX is unclear at this point. Similarly, it is unclear
whether ssHDX is the result of sequential hydrogen bond breaking
and chemical exchange, as in the Linderstrom-Lang model, or
whether the two processes occur in a concerted fashion. The extent
to which D2Omass transport affects ssHDX kinetics also is not fully
understood. In studies reported to date, D2O(g) sorption typically
is complete in several hours, while ssHDX experiments continue for
hundreds of hours or more. While D2O mass transport thus is
unlikely to influence exchange kinetics past the first few hours,
mass transport effects may mask rapid exchange events, complicat-
ing the interpretation of ssHDX kinetics. Finally, the relative
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contributions of protein structure (intramolecular hydrogen
bonds) and matrix interactions (intermolecular hydrogen bonds)
to ssHDX results have not been explored, though ongoing studies
of unstructured model peptides may shed light on these effects.

2.7 Further

Development

of ssHDX-MS

ssHDX-MS shows promise as a surrogate for stability studies in
formulation development, process scale-up, and tech transfer for
lyophilized proteins. Establishing its validity will require broader
evaluation for a range of proteins and processes, with the goal of
establishing the predictive ability and limitations of the method.
For example, in recent studies of a lyophilized mAb, adding histi-
dine enhanced storage stability but did not affect ssHDX metrics
[22]. This suggests that histidine stabilizes the mAb by a mecha-
nism not detected by ssHDX, which requires further investigation.
Many of the studies relating ssHDX to storage stability have
focused on protein aggregation. While there is some indication
that ssHDX may be correlated with chemical instability in solids
as well, this too requires further study. As described above, there is
evidence that the Linderstrom-Lang model does not adequately
describe ssHDX, and an alternative is needed. Such a model would
not only enable better interpretation of ssHDX-MS data, but
would also improve our understanding of the amorphous solid
state and the factors that control protein stability therein. Finally,
automation of D2O(g) exposure and sample analysis would facilitate
broader adoption of the method and its application in the biophar-
maceutical industry.

3 Solid-State Photolytic Labeling with Mass Spectrometric Analysis (ssPLL-MS)

In solution-state studies of protein conformation and interactions,
covalent labeling approaches have been developed to complement
HDX [41, 42]. One such approach introduces photolytically acti-
vatable functional groups (e.g., diazirine) into a protein of interest
[42]. On exposure to UV light of the appropriate wavelength, the
activated functional group reacts with neighboring molecules,
allowing the protein’s interactions with them to be interrogated.
Amino acid analogs with photoactive functional groups have been
developed and are commercially available. These “photo-amino
acids” can be incorporated into a peptide or protein sequence
site-specifically, either by expression or chemical synthesis. Photo-
lytic labeling has been used to study protein structure and protein-
protein interactions in vitro and in vivo [43–48]. For example, the
photoactive amino acid p-benzoyl-L-phenylalanine (pBpA) was site
specifically incorporated into the adaptor protein Grb2. After UV
exposure at 365 nm, protein variants with pBpA near the ligand-
binding pocket were cross-linked with the epidermal growth factor
receptor, showing the protein-protein interactions involved in the
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cell signaling pathway [44]. To provide additional information on
protein interactions in lyophilized powders, we have adapted pho-
tolytic labeling for use in the amorphous solid state.

The use of photo reactive reagents in lyophilized protein for-
mulations can be classified into two groups: (1) photo-reactive
excipients, in which the label is included in a component of the
solid matrix other than the protein and (2) photo-reactive pep-
tides/proteins, in which the label is introduced into one or more
amino acid side chains during synthesis or expression, or through
post-translational modification (Fig. 2). Since photolytic labeling
products are covalent and the reactions are irreversible, the pro-
ducts are not susceptible to back exchange and are considered to be
stable during analysis procedures, an advantage over ssHDX. In
addition, solid-state photolytic labeling approaches are comple-
mentary to ssHDX in that they probe side-chain interactions with
the matrix, rather than addressing the hydrogen bond network of
the protein backbone.

3.1 Information

Content of ssPLL-MS

3.1.1 Results

with Photolytically Labeled

Excipients

Photo-reactive excipients can be co-lyophilized with the protein
formulation and used to probe formulation and process effects on
interactions with the protein. For example, photo-leucine (pLeu), a
commercially available diazirine-containing analog of leucine, was
co-lyophilized with apomyoglobin and sucrose at different compo-
sitions [10]. Themolar ratio of apomyoglobin to pLeuwas increased
from 0 to 1:100, while the protein to sucrose ratio was kept at 1:2
(w/w). The labeling products were analyzed with MS at the intact
protein level and the kinetics of labeling were also studied. MS and
MS/MS were used to analyze apomyoglobin digests to identify and
map the sites of labeling. To evaluate formulation effects, apomyo-
globlin was lyophilized with sucrose or guanidine hydrochloride
with 100-foldmolar excess of pLeu incorporated in the formulation.

The results demonstrated that pLeu labeling occurs in lyophi-
lized solids on exposure to light. In sucrose-based formulations
with increasing concentrations of pLeu, apomyoglobin acquired
up to 6 pLeu labels. A kinetic profile of the labeling reaction was
established at 1:100 molar ratio of apomyoglobin to pLeu (Fig. 7).
The rate of labeling was rapid and reached a plateau in around
30 min with ~20% of protein remaining unlabeled. Labeling was
observed across helices ABCDG and H with increasing concentra-
tions of pLeu (Fig. 8). No labeling was observed for residues
A57–K96, which form helices E and F.

As a photo-reactive excipient, pLeu was also used to investigate
the effects of formulation and controlled nucleation on lyophilized
myoglobin [12]. pLeu was incorporated in the formulation at a
molar ratio of 100:1 to myoglobin, with or without the presence of
sucrose. The formulations were lyophilized using uncontrolled or
controlled nucleation. For the formulation without sucrose,
uncontrolled and controlled nucleation showed similar pLeu
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labeling fraction of myoglobin, which was 6 (�1)% and 7 (�1)%
respectively. In contrast, myoglobin lyophilized with sucrose using
controlled nucleation showed the largest fraction of labeled protein
(11�1%). The sucrose-free and sucrose-containing formulations
lyophilized with controlled nucleation showed different labeling
in the myoglobin structure at peptide Leu32-Lys42.

3.1.2 Results

with Photolytically Labeled

Peptides and Proteins

When a photo-reactive functional group is incorporated into the
protein sequence at an amino acid side chain, it can form cross-
linked products with molecules near the side chain, and thus can
provide information about the local environment of the protein in
the solid matrix. Information regarding these nearest neighbors
and the effects of excipients on the local environment can be
deduced from the cross-linked products. A peptide or protein
with a photo-reactive amino acid side chain can be produced by:
(1) incorporating the photo-reactive amino acid into the sequence
during peptide synthesis or cell expression or (2) labeling amino
acid side chains, post-translationally or following synthesis, using a
bifunctional reagent with a photo-reactive moiety.

As an example the first approach, a photo-reactive amino acid
was incorporated into the sequence of a model peptide
through peptide synthesis [10]. The peptide sequence
1-HSQGTFTS-8 (GCG (1–8)) was derived from human glucagon.
The photo-reactive amino acid analog pBpA was substituted for
phenylalanine (F6) in solid phase synthesis, producing a site-
specifically labeled peptide designated GCG (1–8)*. GCG (1–8)*
was then co-lyophilized with the individual excipients sucrose,

Fig. 7 (A) Kinetics of photolytic labeling of apomyoglobin (apoMb) in lyophilized solids containing 20.7% (w/w)
pLeu (apoMb:pLeu molar ratio¼ 1:100). (B) Dependence of apoMb photolytic labeling on the concentration of
pLeu after 40 min UV exposure. In both (A) and (B), n¼ 3� SD. The solid lines are fit to an exponential model

F LðC , tÞ ¼ Að1� e�k 1t Þð1� e�k 2C Þ: FL(C, t) is the fraction of labeled protein as a function of pLeu
concentration (C) and irradiation time (t), k1 and k2 are apparent first-order rate constants, and A is the
fraction of protein labeled at the plateau. Reproduced with permission from reference [10]; copyright © 2013,
American Chemical Society
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trehalose, L-methionine, L-leucine, urea or pLeu, and with a com-
bination of pLeu and sucrose. Solution controls consisted of solu-
tions of the peptide with each excipient or excipient mixture prior
to lyophilization. After UV exposure at 365 nm, peptide-peptide
adducts were formed in both solution and solid samples, and
included dimers and trimers of GCG (1–8)*. Peptide-excipient
adducts were observed in formulations containing L-methionine
or L-leucine formulations in solution and in lyophilized solids, but
were not observed in sucrose, trehalose, or urea formulations. In
formulations containing GCG (1–8)* and pLeu with and without
sucrose, peptide excipient adducts were detected with or without
loss of N2. The loss of N2 indicated that labeling occurred through
the activation of pLeu rather than through the labeled peptide.

Fig. 8 Sites of photolytic labeling in red of apomyoglobin in lyophilized solids
containing photoleucine (pLeu). (a) Ribbon diagram of unlabeled apoMb showing
helices A–E, G, and H. (b–h) Ribbon diagram of apoMb showing sites of labeling
with increasing pLeu in solids containing sucrose: (b) 0%, (c) 0.3%, (d) 1.3%, (e)
2.5%, (f) 5.0%, (g) 11.6%, and (h) 20.7% w/w pLeu. (i) Ribbon diagram of
apoMb showing covalent labeling with 20.7% w/w pLeu in the presence of
guanidine hydrochloride (1.5 M). The ribbon diagrams were generated using
PyMOL (PyMOL Molecular Graphics System, Version 1.4.1, Schrödinger, LLC)
and the crystal structure of myoglobin (PDB ID 1WLA; www.rcsb.org). Helix F
(H82–H97) in the myoglobin structure was modified to an unstructured region, as
observed for native apoMb at neutral pH [53]. Reproduced with permission from
reference [10]; copyright © 2013, American Chemical Society
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As an example of the second approach, myoglobin was deriva-
tized with succinimidyl 4,40-azipentanoate (SDA) in solution, and
protein-protein and protein-matrix interactions were probed using
photolytic activation in lyophilized solids [11]. No significant sec-
ondary structural changes were detected by CD spectroscopy and
solid-state FTIR for SDA-labeled myoglobin compared to the
unlabeled myoglobin. Derivatized myoglobin was lyophilized
alone or using raffinose or guanidine hydrochloride as excipients.
As above, photolytic labeling in the solid samples was activated with
UV exposure at 365 nm and samples were analyzed by LC-MS.

Following SDA derivatization, a heterogenous mixture was
produced in which myglobin carried up to five SDA labels. While
SDA reacts preferentially with lysine side chains, LC-MS analysis of
digested SDA-labeled myoglobin indicated that SDA derivatization
occurred at other amino acids as well, with serine and tyrosine side
chains as likely secondary sites. After UVexposure, peptide-peptide
adducts, peptide-water adduct, and peptide-excipient adducts were
detected and mapped semi-quantitatively by showing the number
of times a particular product was detected in triplicate analyses.
Peptides forming cross-linked products were grouped and peptide
cross-linking numbers were calculated to analyze differences
among the formulations. Peptide cross-linking numbers were
used to show howmany adducts the peptide had formed. Together,
the results indicated the heterogeneous nature of lyophilized pro-
tein formulations and demonstrated that protein-matrix interac-
tions can be mapped with peptide level resolution using ssPLL-MS.

3.2 Experimental

Methods for ssPLL-MS

In ssPLL-MS studies using photolytically labeled excipients
(Fig. 2a), the photo-excipient is first co-lyophilized with the pro-
tein and formulation of interest. To date, commercially available
photo-labeled amino acid analogs have been used for this purpose,
including photo-leucine (L-2-amino-4,40-azipentanoic acid; pLeu),
photo-methionine (L-2-amino-5,5-azi-hexanoic acid; pMet), and
p-benzoyl-L-phenylalanine (pBpA). The solid samples are then
exposed to UV light at an activating wavelength to produce the
activated species and initiate the labeling reactions. Both pLeu and
pMet contain a photoactive diazirine group, which loses a molecule
of N2(g) and forms a reactive carbene after exposure to UV light at
350–365 nm. The reactive carbene can insert into any X-H bond
(X ¼ C, O, N, S), add to a C¼C double bond, or undergo internal
conversion. Formation of the carbene allows pLeu and pMet to
label the protein and other components of the matrix. Photolytic
reactions are not limited to diazirine chemistry; pBpA forms a
reactive ketyl radical on the benzophenone group after UV expo-
sure, which reacts preferentially with C-H bonds. The reaction time
and photo-excipient:protein ratio must be optimized to ensure
sufficient labeling without undue heating of the solid sample during
UV exposure. To monitor the rate and extent of the labeling
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reaction, samples are removed at various times, reconstituted with
an appropriate buffer, and analyzed using LC/MS. Spectra are
selected in the expected mass range of the protein, with an
increased upper limit to allow detection of the high mass photo-
excipient adducts. Typically, a heterogeneous mixture of adducts is
produced, showing a distribution in the number of photo-excipient
species added to the protein. The sites of labeling on the protein
can be identified using proteolytic digestion (e.g., with trypsin/
chymotrypsin) or in MS/MS analysis. The peptide fragments may
differ in native and labeled forms of the protein, however, compli-
cating data analysis.

For ssPLL-MS studies using photolytically labeled protein, the
label must first be introduced into the protein of interest. As noted
above, this can be accomplished during peptide synthesis or
cell expression (1) or post-translational modification (2). The intro-
duction of non-native amino acids, including photo-amino acids,
into a peptide sequence (1) is well established in solid-phase pep-
tide synthesis [49], and commercial peptide synthesis companies
offer this service at a cost comparable to that of native peptides of
similar molecular weight. For larger proteins, methods for expres-
sing mutant forms of proteins that contain photo-amino acids
(1) have been established [43, 50–52]. For example, pBpA-con-
taining mutants can be expressed using an orthogonal aminoacyl
tRNA synthetase-tRNACUA pair that incorporates pBpA at the
position encoded by the amber codon TAG. The TAG codon can
be introduced into the protein cDNA sequence by site directed
mutagenesis PCR, then transfected into an appropriate cell line for
expression of the mutant [43, 50]. Both custom peptide synthesis
and the expression of mutant proteins allow the photolytic label to
be introduced in a site-specific manner, but require significant time
and/or resources. Alternatively, the label may be introduced post-
translationally (2). For example, proteins may be labeled post-
translationally using the bifunctional reagent SDA (succinimidyl
4,40-azipentanoate; NHS-diazirine). At neutral pH, SDA reacts
preferentially with lysine side chains, creating an amide bond that
links the diazirine group to the protein. In larger proteins with
multiple lysine groups, labeling is heterogeneous and a mixture of
products is formed, and labeling can also occur at side chain
with hydroxyl functional group of other amino acids (e.g., Ser).
While it is possible to fractionate or purify the product mixture, this
reduces yield. Thus, while post-translational labeling (2) is often
faster and experimentally more straightforward than peptide syn-
thesis and cell expression (1) approaches, this advantage is counter-
balanced by the heterogeneity of the labeled protein.

Once the labeled protein has been produced, ssPLL-MS studies
are conducted in a manner analogous to those with labeled excipi-
ent. Products of the photolytic reaction include protein-protein,
protein-excipient, and protein-water adducts, as well as
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unproductive intramolecular and “dead-end” products. These dif-
fer from the products of ssPLL-MS using labeled excipient, where
only protein-excipient adducts are detected. For ssPLL-MS using
labeled protein, proteolytic digestion or MS/MS fragmentation
can be used to identify the sites of protein-protein interactions in
the solid state, which may be useful in identifying interactions that
may lead to aggregation on storage or reconstitution. Similarly,
sites of protein-excipient and protein-water interactions can also
be mapped, providing information on the local environment near
the label.

3.3 Data Analysis

and Interpretation

in ssPLL-MS

At the intact protein level, ssPLL-MS products can be quantified
using extracted ion chromatograms (EIC) obtained in LC/MS
analysis, with the assumption that ionization efficiency is not
affected by the label. Using this approach, the kinetics of pLeu
labeling of apomyoglobin in lyophilized powders were shown to
depend exponentially on time and pLeu concentration [10]. For
smaller photolytically peptides, it may be possible to generate syn-
thetic standards of the expected reaction products, allowing more
precise quantitation. At the digest level, heterogeneity of reaction
products makes quantitation difficult, particularly for post-
translationally labeled proteins. Semi-quantitative analysis of such
digests is possible, however, e.g., by counting the number of times a
particular product is detected on replicate MS injections, thus
allowing the sites of protein-protein, protein-excipient, and
protein-water interactions to be mapped [11]. The relationship of
the rate and extent of ssPLL-MS to protein stability on storage in
the solid state is not known.

3.4 Further

Development

of ssPLL-MS

ssPLL-MS is a promising method for mapping the local environ-
ment of proteins in solid formulations. The approach is consider-
ably newer than ssHDX-MS and there is much to be learned. For
example, unlike ssHDX-MS, the relationship of protein stability in
the solid state to ssPLL-MS metrics is not known. While it is
reasonable to expect that more extensive protein-protein interac-
tions measured by ssPLL-MS would be correlated to increased
aggregation on storage, this has not been tested. Studies to date
have demonstrated that ssPLL-MS is feasible when the photolytic
label is incorporated either in the protein or in an excipient, or
both. The complexity of labeling during protein expression and the
heterogeneity of post-translationally labeled protein suggest that
photolytically labeled excipients will be more immediately useful in
formulation applications. The development of new photolytically
labeled excipients that better mimic the range of excipient struc-
tures used in pharmaceutical development would help to advance
this approach. Finally, improved approaches to quantitation and
data analysis are needed; bottom-up analysis of digests of ssPLL-
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MS samples is hindered by the effects of labeling on the sites of
digestion and by the lack of commercial software for identification
of labeled fragments.

4 Summary

Lyophilization (freeze-drying) is used to produce amorphous solid
powders of protein drugs. Though lyophilization is usually used in
an attempt to stabilize the protein, degradation processes can still
occur in the solid state, and the rate and extent of degradation are
often poorly correlated with measurable properties of the protein
and the powder. Solid-state hydrogen-deuterium exchange
(ssHDX) and solid-state photolytic labeling (ssPLL) with mass
spectrometric analysis (ssHDX-MS, ssPLL-MS) are novel, high-
resolution methods for measuring protein structure and matrix
interactions in solid powders. ssHDX-MS measures the rate and
extent of deuterium incorporation on exposure of the powder to
D2O vapor. In limited studies, the extent of deuterium incorpora-
tion in ssHDX-MS has been shown to be highly correlated with
aggregation on storage, suggesting that the method can serve as a
surrogate for time-consuming stability studies in formulation and
process development. Further development of ssHDX-MS will
require broader evaluation to define the limits of the method and
an alternative to the Linderstrom-Lang model to allow mechanistic
interpretation of the results. ssPLL-MS identifies the covalent
adducts formed when a solid powder containing photolytically
labeled protein and/or excipient is exposed to light at an activating
wavelength. ssPLL-MS allows the local solid-state environment of
the label to be mapped with high resolution. Further development
of ssPLL-MS will require an evaluation of its relationship to storage
stability, the creation of novel photolytically labeled excipients, and
improved approaches to quantitation and data analysis.
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