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Preface

The use of therapeutic proteins continues to increase, with most of these protein
drug products being used to treat severe diseases such as various types of cancer or
inflammation. As the field of recombinant therapeutic proteins enters its fourth
decade and the market for biopharmaceuticals becomes increasingly competitive,
companies are increasingly dedicating resources to develop innovative biophar-
maceuticals to address unmet medical needs.

Often, the pharmaceutical development scientist encounters challenging phar-
maceutical properties of a given protein, the demands placed on the product by
stability, manufacturing and preclinical or clinical expectations, as well as the
evolving regulatory expectations and competitive landscape. Further, there have
been new findings that require close assessment, for example, related to excipient
quality, processing, viscosity and device compatibility and administration, solu-
bility and opalescence and container-closure selection. The literature varies widely
in its discussion of these critical elements, and consensus does not exist. This book
aims to serve to provide a broad overview, yet deep insight, into these different
topics. We seek to discuss several of these and other challenges currently faced in
biotechnology dosage form development to provide guidance, shared experience
and thoughtful reflection on how best to address these potential concerns.

In order to develop an adequate drug product of a therapeutic protein, significant
considerations need to be made to the formulation, container-closure system, and
processing. Only the combination of all yields an acceptable drug product. Firstly,
Part 2 provides some insights into the formulation development of biologics.
Recently, the degradation and quality of surfactants such as polysorbates have
received significant attention. Furthermore, the use of excipients for formulations
will impact not only protein stability but also the products’ pharmaceutical
parameters such as pH, viscosity, and osmolality. Excipients can crystallize under
frozen conditions and may subsequently lead to challenges related to protein sta-
bility in the frozen state. In order to enable self-administration or improve conve-
nience, high-concentration protein formulations are often required. Part 3 will
discuss high-concentration protein formulations, related theoretical considerations,
product considerations, including opalescence, appearance, and particulate matter,
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but also analytical and predictive tools as well as impact and practical considera-
tions related to protein concentration, such as viscosity and relation to device
functionality. In most R&D portfolios, there are increasingly more “novel con-
structs” in research and development and less focus on “traditional” monoclonal
antibodies. Part 4 will introduce different categories of novel therapeutic protein
constructs, including antibody drug conjugates, fusion proteins, and strategies for
half-life extension.

Significant focus during the development of drug products includes the devel-
opment and selection of the container closure, required to provide protection and
possible functionality for a given product. Historically, glass vials, rubber stoppers,
and aluminum crimp caps are used for therapeutic protein injectables where
self-administration is not desired or required. Increasingly, combination products
are used, including syringes with needle-safety devices or autoinjector, injection
pens or infusion (mini) pumps. Part 5 will introduce various technologies and
discuss possible challenges related to primary packaging and device, including
container-closure integrity testing, delamination, functionality of syringes and
clogging, impact of silicone and tungsten and related analytics. Finally, the stability
of a given product also needs to be ensured during preparation and administration
and some considerations to in-use stability, including microbiological stability, will
be provided.

Finally, processing is being introduced and discussed in Part 6. Challenges for
the “seemingly simple fill/finish process” are many: extractables and leachables,
hold times, material (in)compatibility, sterile filtration, processing residuals (e.g.,
vaporized hydrogen peroxide) impact on stability, QbD considerations, tech transfer
challenges, and GMP drug product manufacturing segregation concerns, e.g.,
ADCs, cytotoxics, growth hormones, or some antibiotics.

The final section, Part 7, will discuss strategies and options for life-cycle
management. This may include changing the route of administration (e.g., IV to
SC), changing the formulation or dosage form (e.g., replacing excipients, changes
from lyophilisate to liquid), or the use of devices.

Given the span of topics, we believe this book is of significant interest for
colleagues in the biotechnology and pharmaceutical industry, as well as academic
researchers and regulatory agencies globally, may it be business or project leaders,
researchers, scientists in formulation and process development, analytical scientists,
QC/QA colleagues, regulatory staff, and manufacturing leaders.

Enjoy reading!

Cambridge, USA Nicholas W. Warne
Basel, Switzerland Hanns-Christian Mahler
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Formulation Development of Biologics



Chapter 1
Introduction into Formulation
Development of Biologics

Daniel Weinbuch, Andrea Hawe, Wim Jiskoot and Wolfgang Friess

Abstract Formulation development is an essential part of every biopharmaceutical
development program and important for the therapeutic and commercial success of
a protein drug product by assuring the quality, safety, and efficacy. The multiple
phases of formulation development interact with other product development exer-
cises as early as discovery research all the way until and beyond market approval.
Every drug product demands a tailor-made formulation, due to the complexity of
different degradation pathways potentially affecting product stability, the specific
characteristics of the individual drug molecule, special patient needs, and even
marketing considerations. Formulation development can be approached using
various strategies, based on a rational design, relying on scientific knowledge in low
or medium throughput, or high-throughput formulation screening of hundreds or
even thousands of conditions employing miniaturized analytical methods. In this
chapter, an introduction to the field of protein formulation development is given, the
literature on current protein formulation development strategies is reviewed, and
current challenges are summarized.

Keywords Protein stability � Stability testing � Preformulation
High throughput screening � Excipients � Development strategy
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1.1 Introduction

Protein formulation development aims to render a therapeutic protein product
robust for manufacturing, storage, handling, and administration to patients. So,
formulation development is essential for the therapeutic and commercial success of
a promising protein molecule: “it is a medicine, not a molecule, that we are giving
to the patient” [4]. With this chapter, we aim to introduce the reader into general
concepts related to formulation development of biologics. The focus is on liquid
and lyophilized protein formulations for parenteral use, as those comprise the vast
majority of our current arsenal of marketed biologics. Nevertheless, most of the
concepts described in this chapter also apply to other biologics, such as vaccines
and DNA- and RNA-based products. Issues specific for the challenges of protein
delivery systems for non-invasive administration and particles for sustained release
and targeting are beyond the scope of this chapter; the interested reader is referred
to the literature [2, 17, 30, 35, 40].

Within this chapter, we discuss various elements of protein formulation devel-
opment, formulation strategies during several stages of development and challenges
that can be encountered. Rather than going into great detail, our intention is pre-
senting the complexity of the topic and important aspects that should be considered
during formulation development (see Table 1.1). Details about several of the topics
briefly touched upon in this chapter, such as high-concentration formulation,
excipient selection, lyophilization development, and in-use stability testing, will be
presented in more detail elsewhere in this book.

1.2 Formulation Development Strategies and Approaches

1.2.1 Protein Formulation: Beyond Stabilization

One of the major challenges in the formulation of therapeutic proteins is to assure
their stability, not only during storage but also during manufacturing, shipment,
handling, and administration. Nevertheless, it should be realized that the “optimal”
formulation is not necessarily the one that is most stable, but rather should fit the
purpose depending on several factors. These include, besides sufficient stability, the
stage of development, clinical requirements, regulatory requirements, packaging
and device configuration, economical issues, marketing considerations, or the
freedom to operate within the patent landscape (Table 1.1). As an example, what is
“best” in terms of a product’s stability is not necessarily good from a patient’s or
economical perspective. For instance, suppose a certain product would be most
stable in 50 mM sodium citrate, pH 4.0. If the product is meant for subcutaneous
administration, this formulation probably would be not preferred, because
the unfavorable combination of low pH and hypotonicity may cause pain at the

1 Introduction into Formulation Development of Biologics 5



injection site [26]. The same formulation might, however, be acceptable if the
product were intended to be diluted in an infusion liquid prior to intravenous
administration, provided that the product is stable in use and compatible with the
infusion system. Another example: If a lyophilizate in a vial would be stable for five
years but the same molecule could be formulated as an aqueous solution in a
prefilled syringe with two years shelf life, the latter might be preferred over the
more stable formulation for economical and marketing reasons and due to easier
patient self-administration.

Since a liquid formulation is often faster and cheaper to produce and is more
user-friendly, generally it is preferred over a lyophilizate. However, it may be
impossible to develop a sufficiently stable liquid formulation, either because of time
constraints during (early) product development or because the molecule turns out to
be insufficiently stable even after extensive formulation development exercises.

Table 1.1 Critical factors to be considered during formulation development

Factor Description/attributes/examples

Analytical methods High- versus low-throughput, stability-indicating, QC, extended
characterization

API Type of protein, physicochemical properties, e.g., molecular weight,
pi, hydrophobicity, solubility, post-translational modifications,
pegylation

Clinical factors Patient population (e.g., age, indication, concomitant medication),
therapeutic window, self-administration versus administration by
professional, compatibility with infusion solution

Competitive
landscape

Originator versus biosimilar product, patent situation, competitive
drugs

Dosage form Single- or multi-dose, prefilled syringe, dual chamber cartridge, pen
cartridge

Drug substance API concentration, formulation composition, available amount,
purity

Excipients Pharmaceutical quality, safety record (for intended administration
route and dose), manufacturer, tested for critical impurities, stability

Manufacturing
capabilities

Disposable/non-disposable technologies, dedicated equipment, filling
line/pumping

Other factors Budget, time(lines), manufacturability, company policy, marketing
strategy, regulatory requirements

Phase of development Phase of development Preclinical, early clinical, late clinical,
commercial

Primary packaging
material

Glass, polymers, rubber, silicone oil, metals, leachables
(anti-oxidants, plasticizers, etc.)

Route of
administration

Subcutaneous, intravenous injection of infusion, intramuscular,
intravitreal, intraarticular, intradermal

Target dose and
dosing regime

Concentration, volume, indication (e.g., one-time application or
chronical application)

Type of formulation Liquid, lyophilizate, frozen liquid

6 D. Weinbuch et al.



The obvious alternative in such cases is a dry formulation (apart from an early stage
frozen liquid formulation), which is almost exclusively achieved by lyophilization,
a process requiring dedicated formulation development.

From a formulation scientist’s perspective, in an ideal world already at the
earliest stage of development the final dosage form, the required stability profile as
well as other needs (see Table 1.1) have been defined, high-throughput, stability-
indicating analytical methods are in place, and material, time and resources are
available in unlimited amounts. However, the real world is quite different.
Consequently, the first formulation used during preclinical studies (e.g., toxicity
studies) is likely going to be different from the formulation applied during later
clinical phases and the final formulation used for commercialization. This may be
explained, besides by the above-mentioned reasons, by changes in the dosing
regime, the route of administration or the primary packaging material (e.g., switch
from vials to syringes) or by instabilities occurring in a not-yet-optimized formu-
lation as well as additional insight gained into the stability of the protein molecule
and/or the excipients. Nevertheless, it is highly favored to have the final formulation
composition defined as early as possible during drug product (DP) development to
avoid additional studies, regulatory efforts and to align drug substance (DS) and DP
composition. To this end, it is imperative that the formulation scientist acquires
knowledge about the clinical needs, marketing considerations as well as regulatory
requirements. Moreover, the more is known about the physical and chemical sta-
bility of a protein molecule as function of major formulation variables and external
stress factors (temperature, mechanical stress, freezing, and thawing, etc.) early in
the development, the less complex, costly, and time-consuming, it will be in a later
stage of development to accommodate a formulation to the needs of the molecule
and the product.

“There isn’t just one way of doing it” holds true for formulation development of
biologics, and there are numerous ways and philosophies how to come to a stable
and robust formulation. No matter which approach is followed for achieving a
satisfactory formulation, the selection of analytical methods plays a crucial role.
Already early in the process, the critical routes of instability need to be identified in
order to establish the important stability-indicating analytical methods as well as the
appropriate formulation strategy to tackle the instability issues. Formulation de-
velopment usually evolves during a drug development program, and often there-
after, and can generally be divided into the following activities: preformulation,
formulation development for DS, DP formulation development for preclinical
phases, for early clinical phases, for late stage/commercialization, and finally for-
mulation activities during the life cycle of a product (Fig. 1.1). Of course, there
certainly is an overlap between these phases, and wherever applicable, considera-
tions for a later stage should be reflected as early in the development process as
possible. In the following sections, we describe first what typically forms part of a
protein formulation and then discuss several phases and approaches of formulation
development.
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1.2.2 Components of a Protein Formulation

1.2.2.1 Active Pharmaceutical Ingredient and Drug Substance

The term active pharmaceutical ingredient (API) refers to the molecule of interest,
e.g., a peptide, monoclonal antibody, or enzyme. In a pure state, the API would
typically be a solid powder, as often found for peptides. This state, however, is
extremely impractical to obtain and/or presents an unstable state for most biologics.
Therefore, a DS, a (sometimes frozen) liquid formulation containing the API is used
for purified bulk storage. A DS typically results from a chromatographic or ultra-
diafiltration step at the end of a purification process. In commercial-scale produc-
tion, the formulation composition of the DS is often very similar to that of the final
DP, but this can obviously not be the case when formulation development has yet to
be completed. This may have consequences for DP formulation screening, as dis-
cussed in the Sects. 1.2.4 and 1.3.1.

1.2.2.2 Excipients

One rule in formulation development is to avoid putting anything into the formu-
lation that is not needed. In other words, a formulation should be kept as simple as
possible, and each excipient, as well as its quantity, should be justified. Having
mentioned this, it is not an easy task to combine the right excipients in the right

Fig. 1.1 Diagram of a formulation development process (modified from Chang and Hershenson
[8])
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concentration, because a stabilizing excipient potentially exhibits a destabilizing
effect on a different protein instability pathway, and excipients potentially influence
each other’s action. For instance, polysorbates added for protection against
interface-related protein aggregation may contain oxidizing species, which may
promote chemical instability [21]. Whereas sodium chloride could help reducing a
formulation’s viscosity, it may negatively affect a protein’s colloidal stability and
also be detrimental upon freezing or lyophilization as upconcentrated in the
freeze-concentrated solution [39]. Finally, the most frequently used excipient, water
for injection, is a natural solvent for proteins but at the same time mediates most if
not all possible protein degradation reactions, reason why many products are lyo-
philized to reduce the water content to minimal amounts.

Table 1.2 gives an overview of the most commonly used excipient classes and
their functions in protein formulations. Importantly, it is common practice to choose
among excipients that are approved and commonly used in protein formulations
(see examples in Table 1.2) in comparable doses and dosing frequencies for the
intended route of administration. Although it would be interesting to explore novel
excipients in order to expand the options for a formulation scientist, including a
new excipient in a formulation is often a “no go.” The reason is that it would greatly
increase development time and cost, because—besides the need for a justification to
use it instead of a more common excipient—its safety would have to be evaluated
in order to get the product approved for clinical trials and registration. The same
may hold true for unusually high doses of a certain excipient. Furthermore, the
quality of excipients should be considered critically, and their stability in the
specific formulation should be assessed. For instance, sucrose might not be included

Table 1.2 Common excipients encountered in protein formulations

Excipient
class

Function Examples

Solvents Dissolution Water for injection

Buffers pH control, tonicity Acetate, citrate, glutamate, histidine,
phosphate, succinate, glycine,
aspartate

Salts Tonicity, solubilization, stabilization,
viscosity reduction

Sodium chloride

Sugars,
polyols

Tonicity, stabilization, cryoprotection,
lyoprotectiona, bulking agenta

Mannitol, sorbitol, sucrose,
trehalose

Surfactants Solubilization, stabilization, adsorption
prevention, reconstitution improvementa

Polysorbate 20, polysorbate 80,
Poloxamer

Amino acids Solubilization, stabilization, tonicity,
viscosity reduction, pH control, bulking
agenta

Arginine, glycine, glutamate,
histidine, lysine, succinate

Anti-oxidants Oxidation prevention Methionine, sodium edetate

Preservatives Antibacterial action (multi-dose
formulations)

Benzyl alcohol, meta-cresol, phenol

aSpecifically in lyophilized products, but only if sugar or polyol stays amorphous

1 Introduction into Formulation Development of Biologics 9



in liquid formulations below pH 6, because its hydrolysis rate during storage may
become significant, leading to the formation of fructose and glucose; the latter
degradant can form glycation products with the protein via the Maillard reaction
[31]. While excipients preferably should comply with compendial standards,
additional requirements may apply for specific protein formulations, as further
illustrated.

Excipients can exert several functions; e.g., glycine can act as stabilizer, buffer,
and tonicity modifier and may have several modes of action. The need for their
inclusion in a protein formulation mainly depends on the critical instability path-
ways of the protein and other not protein stability-related needs, such as tonicity
requirements and lyophilizate appearance. Furthermore, certain excipients that may
be useful in liquid formulations should be avoided in lyophilizates (e.g., volatile
buffers such as acetate, or salts that lower the glass transition temperature of the
maximally freeze-concentrated solution (Tg’) of amorphous formulation), whereas
some excipient functions are specific for lyophilized products, e.g., bulking agent,
lyoprotector.

Buffer species may have specific destabilizing or stabilizing effects on proteins,
besides offering buffer capacity. So, buffer type and concentration should be
carefully selected during formulations screening, and the decision depends not only
on the desired pH (typically well within about ±1 unit from the pKa of the buffer
species) but also on the protein, the route of administration, and whether it is a
liquid or a lyophilized formulation. Furthermore, in high-concentration protein
formulations, one could consider not to include any buffer. Especially in slightly
acidic, highly concentrated (>50 mg/ml) antibody formulations, the total number of
His, Glu, and Asp residues in the API may provide sufficient buffer capacity to
provide a stable pH value [13].

1.2.2.3 Primary Packaging Material

Since the primary packaging material may affect the quality of the DP, it is an
important and integral part of the formulation development program. Obviously, the
primary packaging material depends on the dosage form (see Table 1.1 for some
examples), which in turn impacts the way a drug is administered and its
user-friendliness. Implications of the primary container on formulation develop-
ment, e.g., the setup of mechanical stress studies, are addressed in Sect. 1.3.2 of this
chapter. For more information, the reader is referred to Chap. 5 of this book.

1.2.3 Preformulation

Preformulation studies are a prerequisite “to know your molecule,” which is vital
for the entire development cycle of a therapeutic protein. On the short term, pre-
formulation studies may be used for candidate selection and will help in the
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optimization of upstream and downstream processes for the selected candidate
molecule as well as in the development of a sufficiently stable formulation for DS,
preclinical and first-in-human clinical trials. At later stages of development and
after commercialization, the fundamental knowledge acquired with preformulation
activities will support the rational design of (an) optimized formulation(s) and the
assessment of the shelf life under appropriate storage conditions.

The term preformulation is used rather flexible and differently among research
groups with respect to its transition to, or its position within, formulation develop-
ment. Preformulation studies are performed in close collaboration with discovery
research and should start as early as a promising drug candidate has been obtained.
Preformulation studies are meant to gain insight into critical physicochemical prop-
erties of the protein drug candidate (see Table 1.1), such as primary, secondary, and
higher-order structure, molecular weight, extinction coefficient, isoelectric point,
post-translational modifications, hydrophobicity, and biophysical properties, such as
conformational and colloidal stability. Moreover, they are aimed to determine the
criticality of various environmental factors, such as pH, ionic strength and buffer
species, and the API’s sensitivity to pharmaceutically relevant stress conditions
(Table 1.3). The latter involves assessment of the predominant degradation pathways.
The critical predominant degradation pathways, as well as the sensitivity to pH and
ionic strength, may be quite different between proteins, even for relatively similar
ones such as monoclonal antibodies [10, 33, 43, 45]. Preformulation should
ultimately lead to the development of suitable stress conditions and a toolbox of
stability—indicating analytical methods, enabling the differentiation between good
and bad formulations in upcoming, more comprehensive formulation development
studies. In some cases, selected excipients may already be screened to improve the
stability of the molecule against critical stress factors.

Table 1.3 Accelerated stability and forced-degradation studies used in protein formulation
screening

Stress type Exemplary stress conditions Anticipated instability types

Temperature Real-time/intended
temperature, e.g., at 2–8 °C
Accelerated testing, e.g., at 15,
25, or 40 °C

Aggregation, conformational changes,
chemical changes

Mechanical,
shaking

50–500 rpm, 2 h to >48 h Aggregation, adsorption,
conformational changes

Mechanical,
stirring

50–500 rpm, <1 h to 48 h Aggregation, adsorption,
conformational changes

Mechanical,
freeze-thawing

1–5 cycles, e.g., between 25 °C
and −20 to −80 °C

Aggregation, adsorption,
conformational changes

Oxidation H2O2, 1–5% for 1–2 days,
oxygen purge

Chemical changes (oxidation),
aggregation, conformational changes

Humiditya 0–100% RH Aggregation, conformational changes,
chemical changes, moisture content

aSpecifically for lyophilized products
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Preformulation includes the testing of the thermal stability, e.g., by (micro-)
differential scanning calorimetry (DSC) or dynamic scanning fluorimetry (DSF) as
well as the testing of colloidal stability, including aggregation propensity and
viscosity, e.g., by determination of the second virial coefficient or the interaction
parameter kd by static light scattering (SLS), dynamic light scattering (DLS) or
analytical ultracentrifugation (AUC) [37, 44]. DSC and DSF are often applied to
assess thermal events, such as unfolding, which is helpful to define relevant con-
ditions for accelerated stability studies (see Sect. 3.2). However, although thermal
stability studies are routinely used in formulation screening, for several reasons,
thermal stability may not correlate with storage stability. For example, Bam et al.
observed an excellent stabilization against agitation by polysorbates, although DSC
experiments showed lower unfolding temperatures in presence of the surfactant [3].
Furthermore, the ranking of melting temperatures does not always predict the order
of conformational stability at storage temperature [12, 36]. Therefore, preformu-
lation should include mechanical stress, e.g., by shaking or stirring at temperatures,
far below the Tm value (Table 1.3). Moreover, chemical degradation can arise from
the fully native structure even without the application of thermal or mechanical
stress and might in specific cases be more problematic than conformational or
colloidal instability [29]. Preformulation should thus test for such pathways, e.g., by
forced oxidation (Table 1.3).

1.2.4 Formulation Development

1.2.4.1 Formulation Development Strategies

Formulation development involves studying the influence of formulation variables
on potential critical quality attributes upon intended storage, accelerated, and
forced-degradation conditions in order to identify a stable and robust formulation
based on previous experience with the same API or similar molecules and the
preformulation work. There are several ways and philosophies to reach a stable and
robust formulation. One is a rational design methodology testing well-selected
formulation conditions in low or medium throughput and a defined number of
excipients based 13 on the properties of the molecule, as established in prefor-
mulation studies. The alternative high-throughput formulation (HTF) approach
involves the empirical screening of hundreds or even thousands of different for-
mulations under accelerated conditions preferably employing miniaturized analyt-
ical methods. Finally, for some well-known molecule formats (e.g., monoclonal
antibodies), platform approaches might be suitable by applying standard formula-
tion conditions with a high chance, but no guarantee of success. For novel protein
molecule designs, such a fast-track formulation approach may not be feasible, as a
better understanding of the physicochemical properties and the routes of instability
is required to identify appropriate formulation conditions.
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Independent of the formulation strategy followed, once a suitable formulation
has been identified, its shelf life must be confirmed in real-time and accelerated
stability studies and its robustness assessed under relevant stress conditions.
Accelerated stability studies can never replace real-time stability assessment,
because rates of the degradation routes may have different temperature dependency
potentially affected by a change in protein conformation with temperature [8].
Consequently, the predominant degradation pathway at elevated temperature, e.g.,
25/60 °C, could differ from that under refrigerated conditions (2–8 °C). Therefore,
because protein degradation processes can mutually influence each other in a
complex fashion, Arrhenius kinetics often do not apply to protein formulations [15].

1.2.4.2 Early Stage Formulation Development

Time pressure, limited resources, the risk of a drug to drop out during the devel-
opment program, or plans to sell a drug candidate after clinical phase 1, are only
some arguments to define an early stage DP for preclinical phase or clinical phase 1
without extensive formulation development. In this case, within a relatively
short-time frame, the formulation scientist should aim to deliver such an initial
formulation that can be reproducibly manufactured with a standard container clo-
sure system, while leaving enough flexibility to, e.g., alter the dosage regime and
the route of administration at later development stages. Lyophilization and recon-
stitution with a different volume is one approach to allow dosing flexibility and
setting up different protein concentrations [1, 24]. The shelf life requirement of this
early DP is mainly determined by the logistics of supplying the drug for clinical
trials. Stability of the API in the DP until at least the end of the trial must be
supported by stability data. Importantly, the more is known at this stage about the
intended commercial formulation (e.g., administration route, dosage form, and
primary packaging material), the better.

In preformulation and early formulation development, HTF screening can be
beneficial, especially if there is no or very limited pre-existing knowledge about the
sensitivity of the API to formulation and stress conditions. The high number of test
formulations can be handled when working with automated pipetting systems or
robots ideally combined with stress testing/stability testing in plates and plate-
reader based analytics requiring low sample volumes. Typical analytical methods
for this purpose are UV spectroscopy (protein content, turbidity), fluorescence
spectroscopy (intrinsic or extrinsic with dyes), and DLS, all of which can be
performed fully automated in multi-well plates. Moreover, intermediate-throughput
methods, such as HPLC/UPLC and DSC, when performed with autosampler
devices, can be conveniently used [5, 32, 38].
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1.2.4.3 Late-Stage Formulation Development

While the protein in its initial formulation is tested in clinical trials, the formulation
scientist will already be working on an optimized, commercially viable formulation.
This formulation should, beyond the stability required for the initial formulation,
ultimately be robust against external stresses during the desired shelf life, adminis-
tration (sometimes using product specific application devices) and to potential
protein-specific degradation pathways. In order to test robustness, forced-degradation
studies at relevant stress conditions (Table 1.3) combined with a tailored set of sta-
bility indicating analytical methods, defined during preformulation, are employed. In
this context, design of experiment (DOE) approaches can be applied to optimize
experimental setups and reduce the number of required sample measurements [14].
While forced-degradation studies do not reflect real-life conditions, they are useful to
reveal differences in stability between formulations and to give justification on why
excipients are added and at which quantity. In late-stage formulation development,
tasks of the preformulation phase might still be ongoing and specific molecule
characterization tasks may be intensified. Since the DS is at this stage available in
larger quantities (and often higher purity), the formulation scientist is not anymore
tied to low-volume analytical methods used in early stage development, but can
also employ resource consuming or high-volume methods, e.g., AF4, AUC,
FTIR-spectroscopy, MS, particle characterization [11] to test the stability of the
protein more in detail. Knowledge from clinical trials on application route, dosage
regime, and the potential use of an application device will also influence the for-
mulation design. The investigation of processing stability should include filter tests,
tubing tests, handling test, and fill-finish tests to assure robustness toward stresses
during manufacturing, if not already, at least in parts, performed during early stage
development. Finally, real-time stability studies at relevant storage conditions (e.g., 2–
8 °C) using the DP in its primary container system from different production batches
are to be conducted to define and justify the product’s shelf life. This is stated in the
ICH guideline QC5, and for most DPs, a shelf life of at least 18–24 months is desired.

1.2.4.4 Formulation Development After Commercialization

When a commercial DP has successfully entered the market, formulation devel-
opment might still be needed, e.g., for life cycle management to change protein
concentration, packaging material, or route of administration and to support
changes in the manufacturing process. In this case, knowledge from pre-, early
stage, and late-stage formulation activities is key to enable fast and effective for-
mulation change and comparability studies. Since slight changes in formulation
conditions potentially affect the safety and efficacy of the DP, it is necessary to
perform detailed studies to assure that product quality and degradation profile have
not quantitatively worsened or even qualitatively altered. If analytical characteri-
zation and non-clinical comparability studies are not sufficient for this claim, the
ICH Guideline Q5E demands additional clinical comparability studies.
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1.3 Challenges During Formulation Development

1.3.1 Amount and Quality of DS

One challenge in preformulation and early stage formulation studies is the typically
limited availability of API. The required amount depends in part on the product
development stage as well as on the formulation strategy. Vice versa, if substan-
tially limited amounts are available, this may unavoidably lead to a change in
formulation strategy and/or a reduction of the number of stress testing methods
applied, formulations screened and analytical methods used [11]. Obviously, ana-
lytical methods that require little sample are preferred, including well-plated-based
spectroscopic and light scattering-based methods as well as electrophoretic and
chromatographic techniques [38].

Another challenge is the potential variation in DS quality during product de-
velopment, which may be due to coinciding development and changes in produc-
tion cell line, cultivation conditions, and downstream processes. In particular during
early stages of product development, the quality of the DS may not reflect that of
later-stage (pilot or full-scale production) batches. In particular, aggregate and
particle levels in pre-GMP technical batches do not always meet the minimum
standards, such as those defined by the USP Chapter 787, which will impede proper
assessment of a formulation’s capability to avoid aggregation. Moreover, the level
of impurities or contaminants may have major effects on product stability [42]. For
instance, variations in residual protease activity will especially affect the stability of
the API in a liquid DP. Similarly, a relatively high residual lipase activity may lead
to unexpectedly rapid degradation rates of polysorbates [22, 25]. If the root cause of
such degradation processes would be identified in an early stage, one could choose
to first develop a frozen liquid or lyophilized DP for early stage (pre)clinical de-
velopment, while optimizing the upstream and downstream processes in the
meantime. This, however, would take additional resources and time. Ultimately,
there is the risk that formulation development is focused on inhibiting a degradation
process that turns out to be irrelevant as soon as higher-quality DS batches become
available.

For DP formulation screening, the available DS formulation will have to be
exchanged with the formulations of interest, e.g., by column chromatography,
dialysis, or ultra-/diafiltration. Such processes, which may also involve dilution or
concentration of the API, pose stress upon the molecule. Consequently, it should be
investigated whether the chosen method compromises the protein quality.
Furthermore, in buffer exchange and concentration procedures using a
semi-permeable membrane, especially at high protein concentrations, the final
formulation composition may significantly differ from the intended one because of
unequal partitioning of excipients. This may be due to volume exclusion,
non-specific interactions, and for ionic solutes, such as salts and buffer components,
the Donnan effect [41]. The presence of a surfactant such as polysorbates in the DS
formulation, e.g., introduced in the downstream process to protect the API against
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interfacial stress, would pose a particular challenge, as it is practically impossible to
remove surfactants quantitatively and they may accumulate in an unpredictable way
during membrane concentration processes [27]. Thus, quantification methods for
each of the excipients that are part of DS and DP should be in place for guiding the
proper design of formulation screening methodologies. Furthermore, once a suitable
final DP formulation is chosen, the polishing step in the downstream process can be
adjusted to bring the DS formulation in line with that of the DP.

1.3.2 Selection of Analytical Methods and Stress Conditions

The paradigm “formulation is characterization” refers to the fact that only with a
proper analytical toolbox one can differentiate between good and poor formulations
within the limited time frame of a short accelerated stability and stress program. But
how should one set up the analytical package and appropriate stress conditions?

1.3.2.1 Analytical Methods

No matter which formulation approach is followed, the availability of low-volume,
high-throughput methods is advantageous, especially in preformulation and early
stage formulation studies. Techniques used in these stages preferable provide a
general indicator for stability, such as melting temperature by DSF or DSC, or
colloidal stability by light scattering. Since proteins can undergo a variety of
degradation reactions [29], complementary analytical methods should be used for
monitoring the formation of all potential degradation products when performing
stability and forced-degradation studies. Filipe et al. gave an excellent overview of
commonly used analytical methods outlining their measurement parameter, their
sample requirement, and whether they can be operated in high throughput [11]. The
interested reader is also referred to books by Jiskoot and Crommelin [18], and by
Houde and Berkowitz [16] providing details about analytical methods beyond the
scope of this chapter. Especially in later stages of formulation development,
orthogonal methods should be used to verify the validity of specific methods. For
instance, size-exclusion chromatography (SEC) methods only cover a limited size
range of relatively small protein aggregates (up to about 100 nm) and may not
detect reversible aggregates within this range [7, 34]. Consequently, regulatory
agencies expect SEC data to be confirmed by orthogonal methods, such as AUC
and AF4 [9, 11]. In addition, until recently the use of compendial methods such as
light obscuration has been focused on the analysis of subvisible particles larger than
10 micron.

However, safety concern with respect to protein aggregates and other particu-
lates in the size range of 2–10 lm and more recently also the submicron size range
has facilitated the development of new particle analysis methods, e.g., microflow
imaging, nanoparticle tracking analysis, and resonant mass measurement that are
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now increasingly being applied in formulation development [6, 9, 11, 28, 46]. This
has also been acknowledged by regulatory bodies and has lead to new and updated
guidelines such as the USP <787> and the educational chapter USP <1787>,
suggesting quantification and qualitative characterization of particles in this size
range by orthogonal methods [23]. With the analytical methods comes the chal-
lenge of setting specifications and their justification. For many quality attributes
assessed throughout the whole manufacturing process of a DP like appearance,
color, pH, sterility, osmolarity, visible particles, or subvisible particles, the phar-
macopoeial monographs apply. Other specifications, e.g., the SEC monomer con-
tent, are not ultimately defined at early stage. A specification of more than e.g., 95%
monomer can be accepted at early stage development, may be set in accordance
with platform technology experience and revised reflecting experience and stability
data gathered on the way to commercialization.

1.3.2.2 Stability Testing and Forced-Degradation Studies

How to select appropriate stress conditions? The answer to this question is not
straightforward, because it depends, among others, on the purpose, the protein, the
formulation, the dosage form, and the development stage [15]. For formulation
screening, the stress conditions should be discriminative and allow ranking of
formulations, which implies that they should be harsh enough to induce detectable
changes, but at the same time not so harsh that all formulations show similar, nearly
complete degradation. Pre-existing knowledge from the literature and in-house
experience with similar molecules may be extremely valuable to set up appropriate
stress conditions. Moreover, the relevance of the stress conditions should be kept in
mind. For instance, exposing a protein to a temperature above its unfolding tem-
perature over a longer storage period would be as irrelevant as pyrolyzing a small
molecule; and if a formulation is shown to be resistant to rigorous shaking for
several days, rather than continuing the applied stress for another few weeks, one
may conclude that the formulation is robust toward this mechanical stress factor.

Setting up appropriate stress conditions may be part of preformulation and could
be done with the DS. Typical stressors include thermal, freeze-thawing, mechanical,
and oxidation stress. Table 1.3 gives some rough indications of possible conditions
that could be applied for each of these stress factors. Although extreme pH and
ionic strength are sometimes mentioned as stress factors, those are in fact formu-
lation variables that are typically studied in preformulation studies, often in com-
bination with exposure to elevated temperatures. The outcome of such extreme pH/
ionic strength exposure studies is relevant to define the design space not only in
formulation development but also in downstream processing steps, such as elution
conditions in chromatographic procedures, viral inactivation, hold times, and
conditions between purification steps.

Light stress may be added at later-stage formulation studies, and essential pro-
tection is finally provided by the secondary packaging material. One may consider
using also less harsh conditions than those according to ICH, in order to assess
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subtle differences between formulations. If the final container is known, this may be
advantageous, especially for mechanical stress studies. For instance, the influence
of shaking stress (conditions) is highly dependent on not only the shaking fre-
quency and the incubation temperature, but on container dimensions, filling volume
and solution viscosity as well.

For lyophilized formulations, storage of lyophilizates with different residual
moistures levels under accelerated testing conditions needs to be considered.
Moreover, the effect of freeze-thawing stress to the corresponding liquid formula-
tion (with conditions used during lyophilization) needs to be studied. Furthermore,
stress stability testing after reconstitution is highly valuable to reflect light, tem-
perature, and mechanical stress, which the liquid could potentially be exposed to in
the clinics and by the patients.

While forced-degradation or accelerated stress studies are valid means to com-
pare formulation conditions during development and are recommended by the ICH
Q1 guidelines, they have limited predicting value to the stability of a protein at
real-time storage conditions. Thus, one can use these data to understand degradation
pathways and to define and justify formulation conditions, for instance, the use of
an excipient in a certain concentration, but one should not 22 exaggerate
forced-degradation studies. Instead, a promising formulation should be tested by
long-term studies testing at relevant storage conditions as early as possible since
these studies are the basis for the determination of the product’s shelf life and
demonstrate the relevance of the different degradation pathways.

1.3.3 Manufacturability and Formulability

Formulation development has the goal to obtain a DP that serves the patient’s needs
and promotes stability of the protein. However, manufacturability should also play
a role when defining final formulations, because the product needs to be manu-
factured at large scale and commercially viable. Some steps and procedures that can
be performed with ease in small scale or on a laboratory bench might be difficult to
implement in a large-scale production facility. For example, filtration steps using
very low pore size filters are easily performed in the laboratory, but low-volume
throughput and the costs of industry-sized filter systems might make implementa-
tion problematic in production scale. Also, high-concentration and viscous for-
mulations could be difficult to handle during manufacturing and might cause
problems during release testing by required compendial methods such as light
obscuration. Contrary, low-concentration formulations might face the problem of
protein loss through surface absorption, a factor that can become more relevant in a
production facility. The same holds true for excipients in low concentrations; e.g.,
substantial loss of polysorbate to filters at the beginning of a filling process can
occur. The scale-up to a commercial facility can create additional problems not
observed in small scale. For example, mixing solutions in a large stainless steel
tank, pumping solutions through stainless steel tubing, filtration, and filling through
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a high-speed filling machine can introduce unexpected stresses to the protein. In
addition, the introduction of particles, e.g., by pump systems, has been observed.
Therefore, the relevance of such scale-up-related problems should be assessed early
during process development and should be considered during formulation devel-
opment. This aspect will be the subject of several following book chapters. Since
some, if not all, of the factors mentioned above can show a certain batch-to-batch
variability, regulators require stability data from multiple production batches before
approval of the final DP.

1.3.4 Data Handling and Analysis

From the above, it should be clear that protein formulation screening will involve
the generation, analysis, and interpretation of huge data sets. The two goals of the
formulation scientist should be to make analytical data manageable as well as
interpretable. For the first, a streamlined data analysis is important, which should
include standardized export and analysis templates for each analytical technique
(either using standard office software or dedicated data analysis programs). In
addition, meaningful data folder and file structures as well as traceable sample
names are crucial when handling huge data sets. For the second goal, singular-value
decomposition analysis can help to condense complex data sets, e.g., spectroscopic
data, by vector algorithms to a few descriptive values without loosing information.
Further visualization tools, such as empirical phase diagrams and radar plots [19,
20], will improve data interpretation and will allow the formulation scientist to
identify the best formulation more quickly.

1.4 Conclusions

Protein formulation activities are an important part of a protein drug development
process. Formulation development should start early in product development.
Selecting “the right” formulation requires extensive exercises, including analytical
method development, forced-degradation studies, and accelerated and real-time
stability studies. Moreover, clinical needs, company policy, and marketing strategy
should be taken into consideration during formulation development. Knowledge
gained during preformulation activities will help the scientist to identify potential
hurdles in the subsequent formulation development program and to design a for-
mulation to overcome those, by selecting a limited number of required excipients in
appropriate amounts. Since the definition of “the right” formulation depends in part
on the development stage, early stage formulations typically differ from late-stage
and commercial formulations. Despite its complexity, if formulation development is
done properly, the final result is often a simple liquid or lyophilized formulation in a
dosage form for parenteral administration.
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Part II
Challenges with Excipients



Chapter 2
Polysorbate Degradation and Quality

Kishore S. K. Ravuri

Abstract Among many other applications, polysorbates (PSs) are used as the most
common surfactants in biopharmaceutical products in particular to protect proteins
against interfacial stress. Structural heterogeneity, presence of degradants and other
impurities, and tendency for degradation are interrelated features found in commercial
PSs with a direct impact on their functional properties in biopharmaceutical products.
These pose a challenge for the analytical characterization of PSs at different stages of
product development. This review article focuses onmethods and strategies reported in
the recent years for the analytical characterization of PSs, their degradants and other
impurities within neat PS (i.e., PS raw materials), diluted PS solutions, as well as in
biopharmaceutical formulations. The use of versatile and complementary methods
applied in a systematic approach is crucial to understand the impact of the concentra-
tion, composition, and degradation of PSs on the quality of biopharmaceutical products.
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2.1 Introduction

Nonionic surfactants are widely used in protein formulations, especially parenteral
monoclonal antibody formulations in both liquid and dried (e.g., lyophilized) forms.
Virtually, all marketed parenteral biotherapeutics contains varying concentrations
of surfactants. In general, nonionic surfactants have been favored for use with
biotherapeutics over ionic surfactants due to their proven safety profile, primarily
based on prior use for other products [1–3]. Ionic surfactants on the other hand are
also known to possibly denature the protein [4]. The primary role of nonionic
surfactants in a protein formulation is to protect the protein against interfacial
stresses and related interactions/degradation, including interface-induced protein
aggregation [5], protein precipitation (particle formation), and/or surface adsorption
[5–12]. Surfactants are effective against various stresses such as agitation, for
example, shaking or stirring (air/water interfaces) [6, 13–15], freezing and thawing
(ice/water interfaces), and stresses that can occur during lyophilization [16, 17]).

The most extensively used surfactants in biotherapeutic formulations are the
polyoxyethylene (PEO)-based surfactants, like polysorbates 20 and 80 and polox-
amer 188.

Polysorbates are a family of nonionic surfactants widely used as excipients in
food and pharmaceutical products. Polysorbate 20 (PS20) and polysorbate 80
(PS80) are preferred surfactants used to protect therapeutic proteins against
adsorption to interfaces. The use of PS20 and PS80 in biopharmaceutical products
is well accepted, and accepted excipients for parenteral administration by IV, SC,
and IVT are approved by regulatory agencies. About 80% of biopharmaceutical
products containing peptides, proteins, antibodies, and vaccines are formulated with
polysorbates. Their high hydrophilic–lipophilic balance value and low critical
micelle concentration (CMC) account for their high surface activity even at low
concentrations. PS20 and PS80 not only have been reported to prevent
interface-induced protein aggregation [18–23] and freeze thaw stress [5, 8, 18, 20,
24–26], but also prevent adsorption of the protein to various surfaces [19] such as
sterile filters [27] and primary packaging. Prevention of aggregation by PS20 has
been reported previously including porcine growth hormone [28], recombinant
human growth hormone (rHGH) [29], and recombinant human growth factor XIII
[30]. Similarly, there have been reports of the benefit of PS80 in preventing ag-
gregation induced by vortexing (rHGH [31]) and freeze–thaw-induced denaturation
(lactate dehydrogenase (LDH) [5], recombinant hemoglobin [20], etc. [18].

Typical polysorbate concentrations in biopharmaceuticals are between 0.001 and
0.1% (w/v), corresponding to 0.01 and 1 mg/mL. The choice and concentrations of
the surfactant are usually determined by screening for the lowest effective concen-
tration which stabilizes the therapeutic protein upon interfacial stress. These con-
centrations are determined by stress studies generating air–water and/or ice–water
interfaces, such as shaking, stirring, or freezing/thawing at varied surfactant con-
centrations followed by aggregate and particulate analysis. The concentration chosen
is ideally one level above the edge of failure to provide a sufficient safety margin and
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protection during real-time stress such as transportation, stirring, freeze–thaw.
During commercial production, the surfactant is usually added after ultrafiltration–
diafiltration (UF-DF) and prior to a bulk freezing step in the bioprocess (drug
substance) manufacturing since the UF-DF step can alter the concentration of
polysorbate in a nonreproducible manner due to membrane adsorption. Since drug
substance bulk is typically stored frozen prior to drug product manufacturing, the
presence of surfactant is important to protect the protein from ice–water interfaces
formed during freeze–thaw. Thus, the preferential point of surfactant addition is
post-UF-DF, but prior to freezing of the drug substance.

2.2 Chemical Structure, Synthesis and Composition

Chemically, polysorbates are polyoxyethylene-1,4-sorbitan-monoesters of fatty
acid. Commercially available PS20 and PS80 are diverse mixtures containing
mainly sorbitan POE fatty acid esters (Fig. 2.1).

However, this is just an idealized structure, and commercially available
polysorbates consist of a mixture of structurally related molecules. Additionally,
substantial amounts of POE, sorbitan POE, and isosorbide POE fatty acid esters are
present [32–34]. For instance, the theoretical expected structure for PS20 and PS80,
according to their formal names polyoxyethylene (20) sorbitan monolaurate and
polyoxyethylene (20) sorbitan monooleate, was reported to only account for about
20% (w/w) of the total PS material.

2.2.1 Structure Heterogeneity in PS20 and PS80

The first step in the synthesis of polysorbates is the dehydration and esterification
with fatty acids. This step occurs in a single sequence at very high temperatures in
anhydrous basic conditions [35]. It is not clear whether esterification occurs before
epoxylation [34, 36, 37] because vendors usually do not specify which route is used
for the synthesis. The reverse order (epoxylation first) has also been reported [38].
The average PEG subunits on each polysorbate molecule (w + x + y + z) is sup-
posed to be 20. Typical side products expected in the synthesis is the formation of
isosorbides as observed in the HPLC-CAD profiles of polysorbates 20 and 80 [39]
(b) Further heterogeneity arises from the composition of the fatty acids in PS20 and
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Fig. 2.1 Chemical structure of commonly used surfactants polysorbate 80, polysorbate 20 (top);
x + y + z = 20 and poloxamer188 (bottom); a = 80 and b = 27
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PS80 according to Ph. Eur. 8.5 and 8.0 and USP. Thus, the heterogeneity of
polysorbate arises from (1) the polydispersity of the PEG, (2) the degree of ester-
ification, (3) the uncontrolled dehydration of the sorbitol, and (4) the fatty acid
composition. The polydispersity of PEG leads to a distribution typically expected
from PEG-containing molecules [40]. While the main compound is supposed to be
a monoester, mixtures of isomeric di-, tri-, and tetra-esters are commonly found
(Fig. 2.2). The polysorbate sugar core is a mixture of sorbitans and isosorbides,
depending on the degree of dehydration of the sorbitol as well as the conditions of
the reaction [33]. Typically, PEG sorbitans are also present to a considerable extent
based on unfinished esterification [37]. Up to (<17%) of PS20 corresponded to
nonesterified sorbitan-PEG has been reported [41]. While the main fatty acid is
either lauric acid for PS20 and oleic acid for PS80, the distribution of fatty acids
brings additional complexity [36, 42, 43]. Traces of free fatty acids can also be
found in commercial neat polysorbates. Altogether, this structural heterogeneity
affords the surfactant like properties of this molecule [33] but also tends to be a
significant liability. This leads to a significant degree of batch-to-batch variability
requiring a close scrutiny of each batch in order to ensure uniform behavior [44].
The presence of residual levels of peroxide in bulk polysorbate is also a concern.
Although the European Pharmacopoeia (Ph.Eur.) specifies a limit of “not more than
10 ppm,” there have been reports of rapid buildup of peroxides in bulk as well as in
aqueous solutions of polysorbate, when exposed to ambient oxygen and light [45].
Depending on handling and storage conditions, varying concentrations of peroxides
were noted among different lots of polysorbates [46]. The buildup of peroxides can
be detrimental not only to the stability of polysorbate itself but also to the protein
therapeutic, which it is supposed to stabilize [47]. Based on this consideration,
Harmon et al. have also developed an oxidation stress test relying on peroxides
formed in PS80 in the presence of Fe(III) [48]. The Amplex Red-based fluorescence
assay has also been used extensively to measure peroxides in polysorbates.

2.3 Use in Biotherapeutics

The use of nonionic surfactants in therapeutic protein formulations is governed by a
number of properties like solubility, stability, and most importantly low toxicity.
The more extensively used surfactants in this regard are the polyoxyethylene-based
surfactants like polysorbates 20 and 80. Along production, distribution, storage, and
administration to the patient, protein pharmaceutical solutions are constantly
exposed to a plethora of interfaces (e.g., glass, plastic polymers, stainless steel, air,
ice crystals, silicone oil) which can lead to adsorption, denaturation, aggregation,
and decrease of the effective protein concentration. When combined with
mechanical stress, [49–52] interfacial adsorption might act as a trigger for aggre-
gation and particle formation. This is particularly crucial for hydrophobic proteins
[53] formulated at low-concentration doses in which the loss of protein due to
surface adsorption can be significant [49–52].
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Synthetic scheme of Polysorbates Expected side products

Fig. 2.2 A synthetic scheme and the expected side products

Although the molecular details of stabilization are not yet fully understood,
polysorbates are known to contribute to protein stability by two different mechanisms,
that is, through (1) competitive adsorption to the hydrophobic interfaces and (2) direct
binding to the protein [54]. In the first case, polysorbates show higher adsorption
energies per unit area than proteins, thereby efficiently competing with proteins and
protecting them against adsorption to hydrophobic interfaces [55]. Moreover,
polysorbates may interact directly with the protein increasing its stability in solution
by binding to and protecting exposed hydrophobic regions [56]. This prevents ag-
gregation by reducing protein–protein interactions. Which of these two mechanisms
prevails within the stabilization of a particular protein is protein dependent and PS
dependent. For instance, the binding between PS20 or PS80 and several mAbs was
reported to be negligible, indicating that mAb stabilization by PS occurs mainly via a
competition mechanism [57].

2.4 Interaction of Nonionic Surfactants with Proteins

Proteins, being amphiphilic, high-molecular-weight molecules, tend to fold or
assemble into globular or micellar structures in aqueous solutions, in order to
expose hydrophilic parts to the exterior and hide the hydrophobic part in the core of
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the structure. Their interaction with surfactants is driven by the various forces
governing their stability in solution as well as at the interface. In the following
sections, these two aspects are discussed in detail.

Ideally, the nature of interactions between nonionic surfactants and proteins can
best be described by understanding the thermodynamic drivers such as changes in
enthalpy and entropy, in relation to properties (polar, charged, or hydrophobic) of
regions on the surfactant and protein molecule themselves. Unfortunately, detailed
thermodynamic and site-specific interaction behavior is difficult to measure and
quantify due to the generally low-affinity interactions [58]. Lee et al. [3] have
recently comprehensively reviewed the interactions of polysorbate 20, polysorbate
80, and poloxamer 188 with proteins and have summarized the contributions of the
protein, the surfactant, and surfactant–protein complexes relating to protein
adsorption and implications in aggregation behavior. Table 2.1 details a fairly
comprehensive listing of work related to interaction of proteins with surfactants.
A few of these examples of interaction have been highlighted below.

In investigating protein–surfactant interactions, considerable work has been
reported with bovine serum albumin (BSA) as a model protein, establishing
interactions between polysorbates 20/80 and other nonionic surfactants with BSA.
For instance, Perez et al. investigated the interactions between nonionic surfactants
and bovine serum albumin (BSA), using fluorescence, surface tension measure-
ments, and computational simulations [59]. Based on their studies, they demon-
strated that upon addition of the protein, the surface tension behavior of the
surfactants was modified, and the apparent CMC values of polysorbates 20 and 80
in the presence of protein increased compared to the CMC values of the surfactants
themselves. These results also suggested that despite structural similarities of
polysorbate 20 and polysorbate 80, their interaction with BSA in solution seems to
be different in nature, potentially with differing interaction sites. Further studies by
varying BSA concentrations also suggested that these interactions are different at
distinct aggregated states of the protein in solution. Changes observed in the
tryptophan emission indicated the surfactants first preferentially associate within
cavities in the tertiary structure; once saturated, additional surfactant molecules are
able to interact with hydrophobic patches on the protein surface. Nielsen et al. used
isothermal calorimetry (ITC) to understand the binding of BSA to nonionic sur-
factants with C12 acyl chains along with ionic surfactants [60]. Their data
demonstrated that the binding of low-affinity sites generates energetic parameters,
such as a large negative change in heat capacity, characteristic of hydrophobic
interactions. In this study, it was found that nonionic surfactants bind to proteins
with association constants several orders of magnitude lower than sodium dodecyl
sulfate. It was also concluded that large exothermic enthalpy changes occur along
with large increases in heat capacity during the binding process. These changes
associated with nonionic surfactants were greater than that observed for anionic
surfactants.

Hoffmann et al. [61] reported similar findings when they assessed binding by
ITC and thermal stability of the proteins in the presence of polysorbates 20 and 80
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by differential scanning calorimetry (DSC). Here, ITC provided the binding con-
stants and thermodynamic parameters, while DSC yielded thermal protein stability
information. The results show that both polysorbate 20 and polysorbate 80 bound to
BSA with a binding constant of 8–12 � 10−3 M−1 and a DH −50 to −60 kJ/mol
(25 °C). Stoichiometrically, it was deduced that one to two detergent molecules
bound to BSA. The large exothermic enthalpic changes could be considered as an
outcome of the interaction of the PEO chain with the protein by hydrogen bonding.
It was also recently shown that PEO chains (polyethylene glycol) can also exhibit
affinity for proteins like BSA [62]. Delgado et al. [63] support this hypothesis with
their molecular dynamics simulation results, which suggest enhanced stabilization
of BSA by cooperative self-assembly with polysorbate molecules. However,
Hoffman et al. observed that the interactions of polysorbates 20 and 80 with an
immunoglobulin and lysozyme were negligible. ITC studies showed that very low
binding was observed even at higher titrated concentrations.

In another highly similar analysis performed by Garidel et al. [57], only weak
interactions were found between polysorbates 20 and 80 with several
immunoglobulins. However, this study did find a measurable interaction with hu-
man serum albumin (HSA). This finding was interpreted as the fatty acid chains of
the polysorbates being sterically poorly matched for the fatty acid binding pocket of
HSA. The results showed that binding constants of polysorbates to human serum
albumin were in the range of 103 M−1, a rather negligible value, leading to the
conclusion that direct surfactant interaction is not the main factor for stabilization of
the protein. McAuley et al. [64] also employed ITC to investigate the interaction
between polysorbates and lactate dehydrogenase (LDH). Additionally, surface
tension measurements and interfacial rheology were used in order to understand the
mechanism of prevention of protein adsorption to the air–water interface by the
surfactant. No significant interaction between polysorbate 20 and LDH could be
found using ITC. It was apparent that surface pressure effects dominated the pre-
vention of LDH adsorption to the air–water interface by polysorbates. Interfacial
rheology suggested that the concentration of polysorbate 20 needed to displace
LDH was well below the CMC. The majority of studies based on ITC have revealed
primarily weak binding between polysorbates and therapeutic proteins (in particular
mAbs), and those with albumins suggest a significant interaction component driven
by van der Waals interactions and hydrogen bonding.

In another study, Chou et al. characterized the binding interactions between the
surfactants and Albutropin™ (human growth hormone genetically fused to human
albumin) based on fluorescence spectroscopy and ITC [65]. The authors concluded
that polysorbates had saturable binding to Albutropin with a molar binding stoi-
chiometry of approximately 10:1 (surfactant:protein) and binding of the surfactants
to Albutropin led to an increase in free energy of unfolding. This increased free
energy of unfolding was thought to be responsible for stabilizing the protein even in
concentrations of surfactants well below their CMC. The belief of stabilizing
monomeric proteins from aggregation has previously been described in terms of
molecular chaperones [19]. Earlier studies used chemically denatured protein to
evaluate protein–surfactant interactions, protein structure, and enzymatic activity by
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electron paramagnetic resonance, circular dichroism spectroscopy, and activity
assays [66, 67]. These studies suggested polysorbate 20, as well as other surfac-
tants, may temporarily occupy hydrophobic regions exposed on partially denatured
proteins, enabling them to refold and displace the polysorbate prior to the formation
of an aggregation event.

Kim et al. [68] demonstrated based on optical waveguide light mode spec-
troscopy that polysorbates 20 and 80 are able to prevent protein adsorption to a
hydrophilic surface exclusively by their preferential location at the interface due to
higher affinity. It was also concluded that no significant surfactant–protein asso-
ciations occurs in solution. On the other hand, poloxamer 188 was thought to have
surfactant–protein associations in solution, independent of its affinity for the
interface, thereby inhibiting protein adsorption to the interface. A variety of tech-
niques has been employed to study surfactant–protein interactions in solutions.
Ideal measurement methods are based on measuring direct interactions, are capable
of providing insight into the mechanistic drivers, and determine the site-specific
locations of molecular recognition. However, the weak interactions in play often
require more indirect methods to be used, but are still able to provide insight and
offer relative levels of interactions between various molecules.

2.5 Interactions of Protein–Surfactant Mixtures
at Interfaces

As discussed in the previous section, interactions of nonionic surfactants with
proteins vary according to the nature of the protein. It is also evident that the
surfactant interaction at interfaces typically dominates (e.g., water–air, water–
container, water–silicone oil) as the mechanism stabilizing therapeutic proteins. The
complex behavior of surfactant adsorption is governed by many factors such as the
bulk concentration, the chemical potentials in the bulk solution and at the interface,
the thickness of the adsorption layer, the maximum possible adsorption, and tem-
perature. In a typical therapeutic protein formulation mixture containing both
protein and surfactant, upon exposure to a new interface, different species compete
to adsorb at the interface which leads to lowering of the surface tension. A dynamic
equilibrium is established due to the adsorption and desorption processes [80–82].
The ability to adsorb at the interface would depend on the relative surface activity
and also mutual interaction in solution [68, 83].

Early experiments evaluated the ability of polysorbate 20 to desorb proteins
previously adsorbed to hydrophilic and hydrophobic solid surfaces [84]. It was
found that the polysorbates had little effect at displacing proteins (fibrinogen and
human gamma globulin) adsorbed on the hydrophilic surfaces. However,
polysorbate 20 was effective at removing the protein molecules from a hydrophobic
surface. The ability of the polysorbates to desorb protein from hydrophobic surfaces
was reduced when the proteins had been incubated for extended periods of time at
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elevated temperatures. These conditions likely increased the hydrophobic interac-
tion surface area involved increasing the entropic barrier for solvation, beyond the
level the aliphatic chains of the polysorbate could stabilize. Joshi et al. [85] later
demonstrated that at the liquid–solid interface, the adsorption propensity of non-
ionic surfactants depends on the hydrophobicity of the surface. They also showed
that the pretreatment of hydrophilic surfaces with polysorbate 80 did not have an
effect on subsequent protein (lysozyme) adsorption, while the precoating of
polysorbate 80 on hydrophobic surfaces dramatically decreased the ability of a
protein film to form on the surface, measured by ellipsometry. The trends for
preventing protein adsorption on hydrophobic surfaces held true when both the
polysorbate and protein were added in the same solution, compared to protein
alone. While the mechanisms involved in protein surface adsorption are complex
and are determined by multiple factors (e.g., size, structural stability, and exposed
hydrophobic patch distribution [86, 87]), the literature in general suggests greater
adsorption due to hydrophobic surfaces (regardless of protein properties) and by
more hydrophobic proteins (regardless of surface properties [84, 88]). Polysorbates
appear to be most effective at competing and desorbing proteins from moderately
hydrophobic surfaces [84, 85].

Among the many hydrophobic surface which therapeutic proteins encounter,
silicone oil is a very relevant one. Silicone oil is typically applied to the surface of
prefilled syringes and represents an additional pharmaceutically relevant interface.
Previous work has evaluated the ability of polysorbate 20 to compete with BSA for
interfacial sites on water–oil emulsion droplets [89–91]. These studies relied on
front-face fluorescence spectroscopy, based on tryptophan fluorescence, to demon-
strate a concentration-dependent behavior of polysorbate to effectively displace
protein from the water–oil interface. Mass adsorption measurements using quartz
crystal microbalance (QCM) have been used in evaluating the competition behavior
of surfactants and proteins to silicon oil surfaces [92, 93]. In one study, it was
determined by QCM and surface tension that polysorbate 80 was more effective than
poloxamer 188 at inhibiting the adsorption of an Fc-fusion protein to the water–
silicone oil interface [92]. This was attributed to polysorbate 80, being more
hydrophobic, lower HLB value, than poloxamer 188. In another study, it was found
that both polysorbates (20 and 80) and poloxamer 188 were effective at inhibiting the
adsorption of an Fc-fusion when preadsorbed, but rinsing the surface after applying
the preadsorbed surfactants enabled a greater amount of protein to be adsorbed for
the poloxamer 188 case, also being attributed to a weaker poloxamer 188–silicone
oil interaction creating more unoccupied surface after rinsing. It was also determined
that when surfactant and protein were coadsorbed, all surfactants reduced the amount
of protein adsorbed the interface. However, it was also shown that all surfactants
were not effective at displacing a preexisting protein-adsorbed layer.

A common method for determining the CMC of polysorbates in solution is
based upon the stabilization of the surface tension after the concentration of the
surfactant exceeds that of the CMC [94]. This is due to the previously mentioned
propensity of the polysorbate molecules to associate and orient themselves with the
air–liquid interface. This trend of concentration-dependent reduction (up to the
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CMC) of the surface tension remains for polysorbates in the presence of protein
solutions, although often altered by the surface activity of the protein itself [95].
A similar study based on dynamic surface tension also demonstrated surface tension
increases of polysorbate 80 solutions in the presence of protein (HSA) suggesting
the lack of surface active molecules present at the air–water interface was attributed
to surfactant–protein interactions in solution [96]. This phenomenon helps displace
proteins away from the air–liquid interface, much in the same way as the
above-described competition for solid–liquid interfaces. Interestingly, the dynamic
surface tension may be reduced when interactions take place below the CMC, as
seen for solutions of GCSF with polysorbates and poloxamer 188 [80]. This
behavior has been attributed to protein-disrupting surfactant aggregates unable to
readily adsorb to the interface, increasing the amount of surfactant monomer near
the interface and enhancing the rate of adsorption. Such behavior may improve
formulation stability in shake-stress scenarios by enabling more surfactant to
compete for the interface. However, the proposed aggregate interaction may also
destabilize the protein itself by inducing a partially denatured state.

Mackie et al. [97] propose an “orogenic mechanism” to elucidate the ability of
nonionic surfactants to displace proteins from the interface. They explain how small
quantities of surfactant added to a protein-adsorbed interface can break away the
protein network. This alteration of the interface is thought to be due to different
mechanisms in which surfactants and proteins behave at interfaces. Proteins tend to
form strong interactions with one another, likely caused by hydrophobic interactions
caused by partial denaturation. In contrast, surfactants move in the direction of
surface tension gradients, described by the Gibbs–Marangoni effect [98]. The protein
network inhibits surfactant lateral mobility, and a surface pressure is induced on the
protein network leading to competition and displacement of proteins from the
interface [97, 99]. Korsmar et al. and Kett et al. [73, 74] demonstrate evidence for
polysorbate 20-driven disruption of surface shear viscosity of b-lactoglobulin. While
some of the orogenic studies may not be fully translatable to formulation studies with
biologics, they provide insight regarding the need to prevent protein adsorption at
interfaces and implications for drug product manufacturing.

The various studies performed to date provide different perspectives as to possible
mechanisms surfactants could be contributing to protein stabilization. Although
studies conducted with BSA demonstrate the presence of binding propensity of
surfactant to the protein [59, 60], it could be considered that such binding is a special
situation for BSA and not representative of most other proteins. The few studies on
IgG, published by Garidel et al. and others, show that the binding energy (from ITC
measurements) are weak and likely play no significant role for stabilization [57]. The
presence of surfactant also is not expected to impact on the pharmacokinetic
parameters associated with biologics, especially in the case for mAbs dominated by
FcRn-mediated recycling [100], in contrast to the use of nonionic surfactants in
small molecules where the impacts on pharmacokinetics can be dramatic [101, 102].

The following are the various postulated mechanisms of interaction of nonionic
surfactants to proteins: (a) a competitive mechanism at the interface where the
occupancy of the interface by the nonionic surfactant is more favored
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thermodynamically compared to the protein [18, 31, 83, 97, 103–105]. This com-
petitive adsorption of the surfactant at the interface is correlated to an increased
surface pressure by the surfactant [106]. (b) Direct binding of hydrophobic portion
of the surfactant on the exposed hydrophilic surfaces of the native protein, thereby
increasing the protein’s colloidal stability [29]. This would lead to thermodynamic
stabilization of the native state by preferential binding of the surfactant [107].
(c) “Molecular chaperone”-like function of the surfactant, similar to the “b,” but
stabilizing partially denatured forms of the protein long enough to enabling
refolding of the protein [67].

To date, based on the published data and from our own experience, the primary
mechanism of stabilization of proteins such as mAbs by nonionic surfactants against
aggregation is mainly contributed by competition of (surface active) polysorbate or
poloxamer molecules against proteins at interfaces (e.g., air–water). The competitive
adsorption of nonionic surfactants at interfaces would generally be thermodynami-
cally favoured [31, 103, 104, 108] over adsorption of the protein at these interfaces.
With the decrease of the protein concentration locally at the interface, a decrease in
local concentration of proteins is expected, thereby minimizing risk of protein
aggregation and/or precipitation (protein particle formation). The connection
between protein concentration, collision rate, and thus their aggregation of
self-association is known from studies of nonideal solutions [109, 110]. Surface
tension and rheology experiments [73, 74] provide evidence that the prevention of
adsorption of the protein (LDH in the present case) at the interface is more related to
surface energy and surface pressure rather than to the CMC. Our own studies with
mAbs showed that surfactants stabilize antibodies against mechanical stress and
found that polysorbates and poloxamers have the ability to prevent aggregation or
particle formation against shaking at concentrations well below their CMC [95, 111].

The presence of stipulated amounts of polysorbates is important for the protein
drug product within its shelf life. Despite their successful use in marketed thera-
peutic protein products, polysorbate can undergo a variety of degradation reactions
[20]. This may result in a likely loss of the functional properties of polysorbate in
the formulation as well as formation of degradants that may induce protein insta-
bility [112]. The last is a key area of concern because aggregates and chemically
modified protein molecules are considered critical quality attributes and may be
related to enhanced immunogenicity [113]. Moreover, PS degradation may lead to
unwanted PS-related particles. Therefore, it is crucial to set up analytical approaches
to characterize and quantify polysorbate and their degradation products during
formulation development, manufacturing, and the shelf life of the product.

2.6 Pharmacopoeia Requirements and Commercially
Available Grades of Polysorbate

The international pharmacopoeias describe the minimum criteria that commercially
available polysorbates intended for pharmaceutical purposes should adhere to
(Table 2.2). The pharmacopoeia of the ICH countries usually agrees on the key
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requirements, such as the fatty acid distribution. Based on these specifications, the
main manufacturers offer polysorbates for pharmaceutical applications. The grades
offered typically comply with the specifications from a particular pharmacopoeia
(USP, EP, or JP) are available for example at ACROS Organics, Avantor-J.T.
Backer, CRODA, NOF, and Sigma-Aldrich and SEPPIC. Some polysorbate pro-
viders also offer multicompendial polysorbates, e.g., Avantor-J.T.Backer, CRODA,
and NOF. Avantor-J.T.Backer defines multicompendial as a grade of products
meeting the criteria specified by the US (USP), the European (Ph. Eur.), the British
(BP), and the Japanese (JP) pharmacopoeias. Multicompendial polysorbates from
CRODA and NOF comply with USP, Ph. Eur., and JP. The suppliers, having
recognized some liabilities of polysorbates, have begun to offer polysorbates at
claimed higher purity, sometimes referred to as “super-refined” or “ultrapure”
depending on the vendor. These are claimed to contain low peroxide, low endotoxin,
and low impurity levels. The Chinese pharmacopoeia recently established a set of
stricter requirements for PS80 intended for injection (Table 2.3). For instance, the
content of oleic acid (� 98%) and the specified limit for the endotoxin level (0.012
EU) are tighter specifications compared to other pharmacopoeias. While the use of a
customized grade of PS20 and PS80 containing � 99% laurate (BASF) and � 98%
oleate (NOF) fatty acid esters is observed in some in recent publications, these
polysorbates are not yet commercially produced in the US or European regions.

Given the correlation between PS quality and long-term stability of protein
formulations, it is a common practice in pharmaceutical development to use the
highest purity grade of polysorbates in parenteral formulations. Nevertheless,
beyond the grade of the starting material, it is crucial to control handling and
storage conditions for polysorbates at each manufacturing stage to minimize
degradation and impurities and to maintain a low peroxide level. Neat polysorbates
are recommended to be stored at low temperature, protected from light and in a
tightly closed container under a nitrogen atmosphere to avoid exposure to oxygen.
A caveat to this is the practice of the vendor storing the bulk at room temperature.
Long-term storage of diluted PS solutions should be avoided because a higher
diffusion coefficient facilitates the oxidation cascade propagation. Finally, regular

Table 2.2 Possible markers
from the major routes of PS
degradation under
pharmaceutically relevant
conditions

Oxidation Chemical/Enzymatic hydrolysis

Aldehydes Free fatty acids

Alkanes

Epoxides

Free fatty acids

Ketones

PEG esters

Peroxides

Oxidized fatty acids

Short-chain organic acids
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characterization controls (e.g., in-process controls) and the determination of
appropriate expiration dates are recommended to preserve the integrity of neat
polysorbates.

2.7 Stability and Degradation in Formulations

For the pharmaceutical industry, the characterization of neat polysorbate (i.e., raw
material) or aqueous diluted PS solutions—and as part of a biopharmaceutical
formulations—that is, in the presence of active pharmaceutical ingredient and other
excipients—is highly relevant. The inherent complexity of polysorbates makes their
analytical characterization challenging.

The study of PS degradation is complex due to the heterogeneity of the species
inherently present in polysorbates. Several recent publications have contributed to a
better understanding of the complexity of polysorbates and their degradation
mechanisms, in particular with regard to pharmaceutically relevant conditions
[112, 114–120].

The degradation of polysorbates has been also studied in the past. Donbrow et al.
in their seminal work, researched various parameters such as pH, peroxide number,
and surface tension in aqueous solutions of polysorbate and proposed a degradation
profile based on mechanisms of hydrolysis and auto-oxidation [121]. In another
study by Bates et al. [38] the hydrolysis of PS80 was studied and pseudo-first-order
rates were calculated for degradation by hydrolysis. It was also observed that the
rate of hydrolysis was dependent on factors such as pH, temperature, and the
presence of micelles. It was also found that degradation of PS80 in an aqueous
formulation was different using different rubber stoppers [122]. In recent studies,
Yao et al. have looked at the auto-oxidation scenario by following the rate of
oxidizability of PS80 and PS20 in the presence of a radical initiator [123]. They
followed the oxygen consumption in the headspace and used the Hammond’s
approach to assess the radical chain initiation and thus evaluated the oxidizability of
PS20 and PS80. It was found that apart from the known route of initiation of
auto-oxidation at the ethylene oxide, radical initiation also occurred majorly at the
site of the unsaturation (especially linoleate and linolenate moeities), thus rendering
the rate of oxidizability higher in PS80. The complexity of the PS constituents was
reduced in recent publications by using customized PS20 and PS80 containing
� 99% and � 98% lauric and oleic acid esters, respectively [39, 120]. In one of
these publications, unique degradant patterns of all-laurate PS20 were observed
which, in combination with 18O-labeling, provided a direct approach to differentiate
the mechanism of PS degradation [124].

The above study and work by others [38, 121, 123, 125–132] throw light on
the cause and nature of initiation [127] of auto-oxidation and rates of hydrolysis
[38]—mechanisms which operate in degradation of polysorbates.

2 Polysorbate Degradation and Quality 41



2.8 Mechanistic Pathways of Polysorbate Degradation

The two known mechanistic pathways of degradation of polysorbate are hydrolysis
and auto-oxidation [129]. Scheme 2.1 provides a general outline of the degradants
formed from the different pathways.

Oxidative mechanisms:

Oxidation was found to be the most common degradation pathway under
pharmaceutically relevant conditions (e.g., pH 5.5 and 5 °C–25 °C) [112]. It is
initiated in the presence of oxygen by UV light or metal catalysis, leading to the
formation of peroxides as the main product of the reaction. The highly reactive
peroxides promote the formation of other secondary oxygenated products which
trigger the auto-oxidation reaction [119]. The susceptible positions of oxidation
within the PS structure are (1) the PEG, [121] (2) the ester bond, [120], and (3) the
unsaturation site in the alkyl chains [123]. Oxidation in PS80 results preferentially
from the attack of the double bond of the fatty acid chain, whereas in PS20, it takes
place at the a-carbons of the PEG (ether bond scission). The higher content in
unsaturated alkyl side chains makes PS80 more prone to oxidation than PS20. In
addition, peroxides propagate the oxidation cascade not only to other PS-related
molecules but also to the protein, compromising its chemical stability. Oxidation is
a very common degradation pathway for therapeutic proteins, [133], and it is
known that peroxides preferentially react with Met, His, and Trp residues, whereas
acetaldehydes mainly react with primary amino groups (N-terminus or lysine side
chain). Within a biopharmaceutical formulation, the oxidation cascade is likely to
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proceed also through the protein, which acts as a scavenger of oxidative reactive
species. In addition, the mass concentration of the protein can be several orders of
magnitude higher than that of the polysorbates. Thus, in biopharmaceutical for-
mulations, the extent of polysorbates and protein oxidation might be presumably
lower than expected according to forced degradation experiments. Present in low
concentrations, some PS oxidation products can be also difficult to detect.

The mechanism of auto-oxidation follows the classical radical initiation, prop-
agation, and termination reactions and has been discussed previously by various
groups and us [129, 134–136]. The initiation of auto-oxidation in polysorbates
could occur by various means. Residual peroxides, metal traces, and light may
induce radical initiation in the presence of oxygen. The auto-oxidation of
polysorbate adopts a similar pathway as has been described for most poly-
oxyethylene systems [137]. Radical initiation on the POE chain is followed by
insertion of atmospheric oxygen and subsequently a fast intermolecular hydrogen
abstraction leading to the formation of a hydroperoxide species. As proposed by
Decker et al. [134], homolytic cleavage of the peroxide leads to the formation of
alkoxy radicals which trigger subsequent reactions such as b-cleavage or radical
disproportionation reactions. b-scission of alkoxy radicals would lead to formates
and formic acid. Alternately, a six-membered intramolecular decomposition would
also lead to the formation of formaldehyde and formic acid (Scheme 2.2).
Formation of acetaldehyde and acetic acid has been explained by Dulog et al. [135]
to occur via an epoxy intermediate (Scheme 2.2).

In the isolation of insoluble degradants of polysorbate, the major component was
found to be short-chain POE esters of fatty acids. Some of the lower analogues were
also characterized in the SBSE-GC-MS. Their formation could be explained by
scission triggered by peroxide formation on the ester-containing arm of the mole-
cule. Oxygen insertion followed alkoxy radical formation and b-scission at the C–O
bond on the POE chain would lead to the formation of a fatty acid ester
(Scheme 2.3).

The presence of unsaturation in the fatty acid chain is always a concern with
respect to auto-oxidation processes because of their sensitivity toward degradation
by radical reactions [123]. PS80 contains between 50 and 87% of oleic acid and up
to 20% of linoleic and linolenic acid. Even PS20 contains around 1% of oleic and
0.3% linoleic acid. The oxidation potential of unsaturated fatty acids decreases with
increasing unsaturation, thus becoming more susceptible to radical initiation
reactions.

Auto-oxidation of oleic acid begins by peroxide formation at the allylic site.
Subsequently formed alkoxy radicals undergo hemolytic cleavage of the adjacent
C–C bond, giving rise to an alkanes or aldehydes. Based on the position of per-
oxidation and the C–C bond scission, a number of alkanes are expected as shown in
Scheme 2.4. Studies with the headspaces GC-MS and SBSS-GC-MS show for-
mation of a number of aldehydes and alkanes which can be explained by possible
double-bond migration prior to radical reaction.

The formation of a series of 5-alkyl dihydro 2-furanones can be traced back to
secondary reactions on unsaturated fatty acids. Lactonization of oleic acids in acidic

2 Polysorbate Degradation and Quality 43



conditions has been reported [138, 139]. The reaction is an acid-catalyzed reaction
occurring with or without migration of the double bond. The reaction thus yields
5-alkyl lactones, the alkyl chain length varying due to migration of the double bond.

Polysorbates 20 and 80 show differences in the degradants formed based on their
initial constitution. While the fatty acids obtained in hydrolysis reflect the initial
constitution, differences were also seen with unsaturated fatty acids. PS20 has 1%
of oleic acid and thus showed degradants related to oleic acid in headspace GC-MS.
Hexane and heptanal are secondary products of b-scission of alkoxy radical at C7.
Traces of pentane (a b-scission product at C13 of linoleic acid) were also observed.
In SBSE-GC-MS of PS80, undecenal, 3-nonenal, and 2-heptenal were observed,
these being degradation products of oleic and linoleic acid.

The observations in the UV absorption spectra correspond very well with the
observed degradants. An increase in UV absorption was observed upon aging of
PS20 and PS80 at 257 nm with a broad shoulder at 300 nm. PS80 contains a double
bond (C = C) which gives rise to a p ! p* transition (kmax = 195 nm), an ester
(C = O) and an ether (C–O–C) both giving n ! p* transition (kmax = *210 nm).
Thus, the UV spectrum of PS80 should have a k not exceeding 230 nm.
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The absorption beyond 200 nm could be ascribed to the presence of linoleic acid
(kmax = * 250 nm) [140]. The decrease in the absorption peak at * 250 nm in
the PS80 sample measured after 2 weeks [112] points to the breakdown of the
linoleic acid moiety. Subsequent measurements after 1, 2, and 6 months show a
gradual increase of a peak at kmax = *257 nm and a broad shoulder at kmax =
*300 nm. The peak at 257 nm indicates accumulation of molecules with n ! p*
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transition such as aldehydes and ketones, which according to Woodward–Feiser
rules would produce n ! p* transitions at 293 and 279 nm, respectively.
Conjugated ketones would further shift the maximum to longer wavelengths fitting
with the appearance of a broad shoulder at *300 nm. PS20 displays a similar
behavior. It must be noted that auto-oxidation also occurs in histidine, and thus, the
increase in absorption could also be ascribed to the formation of degradation
products of photo- or thermal oxidation of histidine [124, 141] which is present in
the characterized formulations.

2.9 Hydrolysis

The presence of fatty acids as degradants points to the occurrence of ester
hydrolysis as the degradation mechanisms. Since the formulations are in very
mildly acidic conditions (pH 6 or 5.5), the mechanism can be thought to be an
acid-catalyzed AAC2 reaction which is known to be a thermodynamically driven
reaction with the SN2 attack of the H2O at the ester carbonyl being a bimolecular
rate-determining step [142]. The rates of the reaction can be obtained by treating the
reaction as a pseudo-first-order reaction as has been done by Bates et al. [38]. This
mechanism has some influence on the overall degradation only at higher temper-
atures (40 °C) and has very slow rates at 5 °C and 25 °C [119] (Scheme 2.5).

Thus, chemical hydrolysis of PS catalyzed by basic or acidic conditions is
almost negligible under pharmaceutically relevant conditions and was found mainly
during forced degradation studies [114]. In contrast, recent publications show
evidences of enzymatically driven hydrolysis of polysorbates in protein formula-
tions [115–117, 143]. Host cell proteins, 2 of which have been identified, were
copurified in trace amounts with the therapeutic protein of interest and found to
catalyze the hydrolysis of the fatty ester bond. Therefore, the enzymatically driven
hydrolytic degradation pathway is considered to be more relevant for protein-based
products as compared to the nonenzymatic hydrolytic pathway.

These unwanted reactions give rise to a wide range of possible PS degradation
products, namely peroxides and short-chain organic acids, aldehydes, alkanes,
ketones, and short-chain esterified sorbitan/isosorbide-PEG species (fatty acid
esters [FAEs]) are the main degradants resulting from PS oxidation (see Table 2.2)
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[112, 144]. The hydrolytic pathway is characterized by the presence of free fatty
acids (FFAs) and unesterified sorbitan/isosorbide-PEG species (see Table 2.3)
[112]. The identification of the underlying degradation mechanism, oxidation or
hydrolysis, is important to develop a mitigation strategy. However, the identifica-
tion of specific markers to differentiate between the degradation pathways repre-
sents an analytical challenge. Peroxides are the primary intermediate product of
oxidation; however, they get consumed within the oxidation cascade and are not
always reliable markers of oxidation. Other degradants are difficult to detect due to
their low concentration and high volatility, such as short-chain organic aldehydes.
Apart from identifying polysorbate degradants, other observations, such as moni-
toring of protein oxidation and peroxide formation or the presence of host cell
proteins with enzymatic activity, will help to determine the prevalent polysorbate
degradation pathway (Table 2.4).

Some of the polysorbate degradants, such as FFA [148] and nonesterified
sorbitan/isosorbide-PEG species, [43] are also found in neat polysorbates as
by-products from the manufacturing process. Their initial presence together with
the ongoing degradation impacts the final product quality and stability. Some of the
impurities and degradants, such as FFA, show low solubility in aqueous buffers.
Although some of these components can lead to the formation of insoluble
particles, others may get solubilized by the intact polysorbates in a
temperature-dependent or pH-dependent manner. For instance, FFAs with a long
hydrocarbon chain, such as myristic, palmitic, or stearic acid, are known to be less
soluble in aqueous buffers, depending on pH, compared to, for example, lauric acid
[158].

Analytical Characterization of polysorbates in Biopharmaceutical Product
Development

It is necessary to have characterization and monitoring methods for the
polysorbate bulk, the stock solutions, and the final drug product. The analytical
methods developed for neat polysorbates (and diluted PS solutions) respond to three
main purposes: (1) the quantification of the total amount of polysorbates; (2) the
characterization of the PS composition; and (3) purity by revealing the distribution
of the different species present (i.e., PS-related molecules, degradants, and other
impurities). For biopharmaceutical formulations, the PS functionality assessment
plays a role next to assessing its concentration and composition.

The minimum concentration of polysorbates required to protect the protein of
interest within a formulation is determined experimentally in a functional test
during formulation development, for example, testing formulations with varying PS
type and concentration in forced degradation and (accelerated) stability studies. For
example, a minimal functional level of PS20 or PS80, namely 0.01% w/v, was
reported to be required to maintain the stability of 2 mAbs in case of PS degradation
[112]. It is a common practice to add an excess of polysorbates above the con-
centration required to assure that enough functional surfactant is left in solution at
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the end of a product’s shelf life. However, this needs to be balanced out with the
possibility of accelerate product degradation.

It should be noted that surfactant loss can occur not only due to degradation but
also due to unspecific binding to surfaces during filtration or processing [159]. The
content of polysorbates within a biopharmaceutical product is monitored as
in-process test to confirm the correct PS concentration during and after manufac-
turing and in some cases measured at the time of release. In addition, real-time
stability studies help to define an appropriate control strategy for polysorbates in the
formulation. Besides monitoring the purity of neat polysorbates, a characterization
of its degradation profile within the drug product allows one to understand whether
PS needs to be periodically monitored or an in-process test is sufficient to verify the
correct amount in the drug product.

In conclusion, polysorbates are excellent surfactants which have proven to be
highly beneficial to biotherapeutic formulation in the past decade. It is likely that
polysorbates will continue to be used in the coming years as well given their wide
acceptance and low toxicity. Moreover, despite many new surfactants being
available for trial, it is unlikely that a replacement is available for extensive use in
the coming 5–10 years. Thus, it is important to understand the various facets of
polysorbate and implement controls for polysorbate and measures in place along the
manufacturing path of a biotherapeutic to ensure safe and effective use of these
surfactants.
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Chapter 3
Sucrose and Trehalose in Therapeutic
Protein Formulations

Satish K. Singh

Abstract Sucrose and trehalose are key ingredients in the formulation and stabi-
lization of biotherapeutics. Their utility and function is driven by their unique
chemical and physical properties, especially in aqueous solutions which are sum-
marized in this chapter. There are commonalities as well as differences in these
properties that arise from their conformation, H-bonding characteristics,
water-binding ability, glass transition temperatures, polymorphic behavior, solu-
bility, chemical stability etc. Both sugars are well suited to provide solution-state
stabilization, as well as cryo- and lyo-protection, for therapeutic proteins as
excipients in the formulations. Compendial monographs are available for both
sugars, and the safety and tolerability have been well documented. Although the
final assessment is dependent on the individual biotherapeutic, experience suggests
that sucrose can generally be considered as suitable in most cases, unless con-
strained by a low-pH formulation.

Keywords Sucrose � Trehalose � Stabilizers � Biopharmaceuticals
Excipients

3.1 Introduction

Sucrose and trehalose are key ingredients in the formulation and stabilization of
biotherapeutics. Their utility and function is driven by their unique chemical and
physical properties. This chapter reviews some of these properties in the context of
their use in protein products. Other saccharides such as mannitol and sorbitol are
also commonly used in biotherapeutic products, but are outside the scope of the
current chapter.
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3.2 Physical Properties

3.2.1 Introduction

The structures of sucrose and trehalose are provided in Fig. 3.1. Sucrose is a
disaccharide (glucose + fructose) with the molecular formula C12H22O11. Its sys-
tematic name is a-D-glucopyranosyl-(1 ! 2)-b-D-fructofuranoside. In sucrose, the
components glucose and fructose are linked via an ether bond between C1 on the
glucosyl subunit and C2 on the fructosyl unit. The glycosidic bond is formed
between the reducing ends of both glucose and fructose which inhibits further
bonding to other saccharide units. Since it contains no anomeric hydroxyl groups, it
is classified as a non-reducing sugar. The molecule exists as a single isomer.

Trehalose is a disaccharide (glucose + glucose) with the same overall molecular
formula C12H22O11 for the anhydride. Its systematic name is a-D-glucopyranosyl-
(1 ! 1)-a-D-glucopyranoside. In trehalose, the constituent glucoses are linked via an
ether bond betweenC1s on the glucosyl subunits. The glycosidic bond is formed between
the reducing ends of both glucoses which inhibits further bonding to other saccharide
units. Since it contains no anomeric hydroxyl groups, it is classified as a non-reducing
sugar. Themolecule exists as a single isomer. The (1–1)-a bondingmakes trehalose very
resistant to acid hydrolysis and therefore is stable in solution at high temperatures, even
under acidic conditions.

Fig. 3.1 Structural diagrams
of sucrose and trehalose
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3.2.2 Solution-State Properties

The solution properties of trehalose and sucrose show significant differences that
are related to the conformational flexibility and hydrogen-bonding behavior of the
disaccharides.

Hexose rings have greater conformational flexibility than pentose rings.
Disaccharides that contain a furanose ring (sucrose and others) have lower confor-
mational flexibility than those composed of two pyranose residues (trehalose). The
a-(1 ! 1)-a glycosidic linkage, however, confers a high degree of rigidity (low
dynamic flexibility) to the molecule despite the lack of intramolecular H-bonds [1,
2]. Furthermore, according to Lerbret et al. [3], fluctuations of the radius of gyration
and glycosidic dihedral angles of trehalose indicate a greater flexibility for trehalose
compared to sucrose, reflecting fewer intramolecular H-bonds (=1) compared to
sucrose (=2). The result of the greater rigidity of sucrose and greater number of
intramolecular H-bonds (compared to trehalose) results in reduced ability to form
H-bonds with water and thus a less efficient packing in the solid state and conse-
quently, a greater free volume and lower glass transition temperature (Tg) (for su-
crose compared to trehalose). The Tg value of the disaccharides is related to the
extent of intermolecular H-bonds. With adsorbed moisture, some of the saccharide–
saccharide H-bonds are replaced by saccharide–water interaction, thus reducing the
Tg significantly with water content (Fig. 3.2; Table 3.1). In solution, this property
gives trehalose a lower partial molar volume and a high thermal expansion coeffi-
cient [4]. It is also reflected in the greater heat of solution of amorphous trehalose
(−27.2 kJ/mol) compared to amorphous sucrose (−16.3 kJ/mol). Since this heat of
solution reflects the sum of enthalpy of breaking water–water H-bonds, enthalpy of
forming H-bonds with water in the solvated state as well as enthalpy of confor-
mational change induced by solvation in water, it is an approximate measure of
H-bonding ability of the disaccharide [4]. Since Trehalose forms only one
intramolecular H-bond as opposed to two in sucrose, there are more sites available in
trehalose for H-bond formation with water, resulting in a higher hydration number
[5]. At concentrations approx. 50% w/w or greater, both trehalose and sucrose
assume structures that are analogous to that in the crystalline state. Aqueous sucrose
solutions retain the two intramolecular H-bonds that are found in the crystalline
sucrose, while trehalose retains its single H-bond [5, 6]. However, the greater
probability of sucrose molecules to form intramolecular H-bonds [7], strongly
reduces their interaction with water or other sugar molecules. Capability of trehalose
molecules to interact with water or with other trehalose molecules is similar, which
makes trehalose–water systems more homogenous from a structural perspective. At
high concentrations (33–66% w/w), trehalose molecules can thus also form large
interconnected clusters making them less mobile, while sucrose arranges itself into
smaller isolated clusters [3]. All-atom molecular dynamics simulations have shown
that when reaching a concentration of 1.5–2.2 molar, the trehalose molecular clusters
percolate and form large, continuous aggregates within the system [8].
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Disaccharides in solution obstruct the crystallization of ice, reducing the amount
of freezable water and destroying the network of water compatible with ice.
Trehalose with its higher H-bonding ability has the greater de-structuring impact on
the tetrahedral H-bond network of pure water compared to sucrose [9–12], i.e., the
greater inhibition to the formation of ice. Trehalose de-structures the water network
and orders the water molecules around itself as a kosmotrope. The amount of
impact of trehalose on the water dynamics and structures is however subject to
some controversy since the results reported are variable. Magazu et al. [13, 14]
show that the dynamics of water is significantly impacted by trehalose, but Pagnotta
et al. [15] show that the H-bonding between trehalose and water is limited and the
influence of solvation of trehalose on the water network is small relative to that of
bulk water [2, 16], and in line with that of other organic solutes [2]. Lee et al. [17]
also report that no significant differences were found between trehalose and sucrose
in their overall effects on the structural order, translational diffusion coefficient and
rotational correlational time of the surrounding water.

Trehalose and sucrose slow the dynamics of water molecules (their diffusion) in
their hydration shells to similar extents, and not significantly [2]. Trehalose is
reported to have slightly higher hydration number compared to sucrose at all
temperatures in the range (10–60 °C) [3, 12]. Hydration numbers for both disac-
charides decline with concentration as sugar–sugar contacts become important.
(Note though that reported absolute hydration numbers can differ dependent on the
method or assumptions involved; [2, 18, 19]).

The number of equatorial-OH groups correlates well with the movement of
water molecules and thus is an index of water structure in saccharide solutions. This
structure, indicative of solute–solvent interaction, reflects the viscosity B-coefficient

Fig. 3.2 Glass transition temperature of amorphous sucrose and trehalose as a function of
moisture content shown as best-fit curves. The equation used for sucrose is taken from Sun et al.
[124] and is based on a composite data set from various sources. The equation used for trehalose is
taken from Crowe et al. [125]. Best-fit curve equations are given in Table 3.1
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[20, 21]. Trehalose has a higher number of equatorial-OH groups (8) than sucrose
(6.3) and has a greater number of unfreezable water molecules associated with it
[22], and therefore its solutions show higher viscosity than that of sucrose.
Trehalose forms transient clusters (self-association) at all concentrations, generally
through a single H-bond [2] which along with its higher hydration number may also
explain its higher viscosity in solution. The viscosity of trehalose solutions is higher
than that of sucrose with the difference increasing at higher concentrations and
lower temperatures [12, 23] (Fig. 3.3; Table 3.1).

Fig. 3.3 Viscosities of aqueous solutions of sucrose and trehalose at various concentrations and
temperatures. a Relative viscosity of sucrose at 20 °C (#1, data from Hoffman [126], shown as a
best-fit curve with equation in Table 3.1), and sucrose and trehalose at 25 °C (#2, from Sola-Penna
and Meyer-Fernandes [23]; with permission from Elsevier); b viscosity (measured by capillary
viscometry) at three levels of concentration (ø, weight fraction) for sucrose and trehalose at various
temperatures (#3, from Branca et al. [12]; with permission from American Chemical Society)
showing the strong impact of concentration on the differences in the viscosities
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Viscosity measurements extrapolated to high concentrations and temperatures
near Tg also suggest that trehalose forms slightly stronger glass compared to su-
crose, although more importantly, both are significantly fragile compared to a
conventional strong systems such as of SiO2 [12, 24, 25]. Thus, their viscosities are
strongly influenced (increased) by (reduction of) temperatures below Tg, improving
their protective ability through vitrification, as discussed later. Most glassy systems
relax toward the equilibrium state over time with the relaxation times dependent on
the molecular mobility at the “storage” temperature (below Tg). The amount of
relaxation in a glassy system can be estimated by measuring enthalpic relaxation (in
DSC experiments) for material that has been aged at different temperatures (below
Tg). Trehalose was found to have significantly higher activation energy for
enthalpic relaxation compared to sucrose proving that its glass is “more stable”
[26]. Another related concept is the so-called temperature of zero mobility where
the relaxational movements become negligible, i.e., configurational entropy reaches
zero. This point of zero mobility is considered the safest high temperature to
prevent changes over significant (to pharmaceutical applications) timescales. This
temperature is estimated as 44 °C for trehalose and 3.5 °C for sucrose, showing that
trehalose would be a more robust excipient for long-term storage of freeze-dried
products and would also handle temperature variations better [27].

Table 3.1 Some key aqueous solution-state properties of sucrose and trehalose

Glass transition temperature Y (°C) as a function of moisture content X (wt% dry basis) as
shown in Fig. 3.2
Sucrose: Y = −2042.2X3 + 1865.3X2

– 803.3X + 67.9 (R2 = 0.967) (Sun et al. [124]; fitted over
0 to >35% moisture)
Trehalose: Y = −405.6X0.5 + 202.5X + 115.5 (R2 = 0.99) (Crowe et al. [125]; fitted over 0 to
>50% moisture)

Relative viscosity (−) as a function of concentration C (M) at 20 °C; range as shown in
Fig. 3.3
Sucrose: Y = 3.4514 * C3 − 3.7035 * C2 + 2.509 * C + 0.9119 (R2 = 0.9986) (data from
[126])
Other correlation for Viscosity
Viscosity (Y mPas) measured by DLS, as a function of concentration C (wt%) at 27.3 °C
Trehalose: Y = 0.000208C3 − 0.00868C2 + 0.141C + 0.467 (R2 = 0.99) (Uchida et al. [127])
Also see Longinotti and Corti [128]

Density Y (g/mL) as a function of concentration of solution C (g solute/g solution) at 20 °C;
range as shown in Fig. 3.4
Sucrose: Y = 0.1752C2 + 0.3749C + 0.9986 (R2 = 1) (data from [126])
Trehalose: Solution density can be taken to be similar to that of sucrose as a first approximation

Aqueous solubility Y (% w/w) as a function of temperature T (°C); range as shown in
Fig. 3.7
Sucrose: Y = 64.447 + 0.08222T + 1.6168 * 10−3 * T2 − 1.558 * 10−6 T3 − 4.63 * 10−8T4

(Mathlouthi and Reiser, [60]) (−13 to 100 °C)
Trehalose: Y = −2E-05T3 + 0.0041T2 + 0.3897T + 31.511 (R2 = 0.9999) (data from [24])
Other correlations for Solubility
Trehalose: Ln[S] = Ln(0.1223) − (1330/T) where S is aqueous saturation solubility (mM) at
temperature T (Kelvin) (Mehl [129])
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Gibbs free energy change for the (solid state) amorphous to crystalline trans-
formation at 25 °C is −17 kJ/mol for trehalose, almost double that of sucrose
(−9.6 kJ/mol). Trehalose will therefore have a greater propensity to crystallize out
of solution (although rate processes such as nucleation and crystal growth may
govern the ultimate outcome) [4]. The crystallization tendency is probably aided by
the observation (from MD simulations) that in solution, one water molecule is very
often in resident in a position that corresponds to that of one of the two water
molecules in the crystalline dihydrate (Th) form of trehalose, and would ease the
appearance of crystalline Th form at relatively moderate concentrations (seen as
low solubility) [28]. The solid forms of sucrose and trehalose and their transfor-
mations are discussed in greater detail later.

Diffusion coefficients of sucrose and trehalose are similar at lower concentrations
but begin to differ from each other at higher concentrations (>50% w/w) and lower
temperatures. Sucrose diffusivity is significantly higher than that of trehalose (al-
most 3X higher at 74 wt% and 323 K) reflecting its smaller hydration number and
thus more compact shape. The corresponding water diffusion coefficients are similar
for both systems below 72 wt% solute, but at higher disaccharide concentrations,
water diffuses faster in sucrose than in trehalose [6], as a consequence of the size of
the (intervening) sugar–water clusters discussed above.

Measurements of the partial specific volumes of solid trehalose (crystalline
dihydrate or amorphous) compared to trehalose in solution (extrapolated to infinite
dilution) show that there is a slight contraction of trehalose when it dissolves in
water. This is speculated to be related to an internal H-bond between OH(6) and OH
(2) of the different pyranose rings through partial folding of the rings along the
glycosidic linkage [24]. The partial molar volume (at infinite dilution) reported for
sucrose at 25 °C is slightly higher than that for trehalose [20, 24], but other values
at 20 °C [29] are lower suggesting differences in measurement/errors, etc.

The density of trehalose and sucrose solutions is provided in Fig. 3.4 and
Table 3.1, showing close equivalency and similar dependence on temperature.

Biotherapeutics, such as monoclonal antibodies are often buffer exchanged and
concentrated into the final buffer after an ultrafiltration/diafiltration step. Stabilizing
excipients such as sucrose or trehalose are subsequently added as concentrated
stock solutions to the protein pool in a compounding step, in order to achieve their
target final concentration in the formulation. The higher solubility and lower vis-
cosity of sucrose makes this process step easier to execute than with trehalose.

3.2.3 Solid-State Properties

Polymorphic forms and phases of the disaccharides are important for their utility
and functions. Schematics of the phases and transitions in the disaccharide–water
system caused by water exchange and/or temperature changes are shown in
Fig. 3.5.
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(a)

(b)

(c)

Fig. 3.4 Densities of aqueous solutions of sucrose and trehalose at various temperatures.
a Density of sucrose (#1) (data from Hoffman [126]) and sucrose and trehalose (#2) (data from
Branca et al. [12]) showing the similarity in densities of the two disaccharides; b density of sucrose
from 20 to 60 °C (data from Branca et al. [12]); c density of trehalose from 20 to 60 °C (data from
Branca et al. [12])
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The phase transitions of sucrose in the solid state are quite simple, going
between anhydrous crystal (Form 1) and glass through heat and/or moisture
changes (Fig. 3.4a). A properly designed freeze-drying process for sucrose solu-
tions will generally result in the amorphous form, since the promotion of crystal-
lization of Form 1 in the lyophilizer is difficult. This amorphous form will
crystallize when raised above its Tg, the value of which is dependent on the
moisture content. On crystallization, the absorbed water is expelled from the crystal
into the matrix as free water [30–33]. Thus sucrose does not provide a sink for
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moisture as in the case of trehalose (see discussion below). Heating of the crys-
talline form will lead to a melt followed by decomposition. (Only recently has a
second Form II crystalline polymorph been identified for sucrose, formed under
high pressures [34].)

The phase transitions of trehalose in the solid state are, on the other hand, quite
complex and are depicted in Fig. 3.4b [35]. The outcomes are strongly dependent
on rates of transformation (rate of temperature change, rate of moisture removal,
etc.) [25, 35–37]. The main polymorphic forms are the dihydrate crystal (Th) and
the anhydrous crystals Ta and Tb. Another crystalline form Tc has been suggested
to be combination of distinct domains of Th and Tb, possibly embedded in an
anhydrous crystal matrix [25]. Of particular mechanistic interest are the reversible
Th $ Ta transformation which can occur under gentle dehydration/hydration
without major changes in the main crystal motif. Kilburn and Sokol [35] suggest
that the Ta could, in a strict sense, not be an equilibrium phase of dehydrated
trehalose but a metastable collapsed form of dehydrated Th. Irrespective of the
polymorphic details, the channels in the crystal (that lead to the surface) allow
diffusion of water into and out of the lattice and thus act as a source/sink for water,
and thus a platform for water immobilization [25, 35, 36, 38]. Jones et al. [39],
however, point out that the Th to Ta transformation changes the surface morpho-
logical characteristics of the powder (cracks, roughness) which are not fully
reversible. This can have implications for the use of trehalose where the surface (or
flow) characteristics are important, e.g., dry powder inhalation carrier, spray-dried
powders. (More recently, a new solid form Td has been identified by solid-state
NMR. It is formed by dehydration of Th at or below 100 °C and is generated
concurrently with Ta and amorphous trehalose; Tb was also observed in some cases
during the dehydration. The Td form is metastable, converting to Ta and amor-
phous trehalose above 80 °C, and to Th on exposure to ambient humidity [40].)

JFig. 3.5 Schematic diagram of phase transitions in the disaccharide–water systems as a
consequence of water exchange and/or temperature changes. a Sucrose—Drying or supersatu-
ration of a sucrose–water solution results in sucrose crystals (Form I) which on further heating
toward melting point (*188 °C) leads to decomposition along with the melting. Freeze drying
from the solution leads to the anhydrous amorphous form, which can be crystallized (to Form 1) by
exposure to moisture or by heating above crystallization temperature (*130 °C), but the
crystallization temperature depends on the moisture content of the amorphous form
(Saleki-Gerhardt and Zografi [32]); b trehalose—gentle drying or supersaturation of a
trehalose–water solution results in the dihydrate crystalline form (Th) which on further gentle
drying forms the a-crystalline form. (A metastable form Td may also be formed on dehydration
around or below 100 °C.) Rapid desorption of moisture from the dihydrate above *110 °C under
vacuum or dry nitrogen leads to the anhydrous amorphous form. Other ways to form the
anhydrous amorphous form are to freeze-dry from the solution or to melt and cool the a-crystals.
Heating the anhydrous amorphous form above 160–170 °C results in the anhydrous b-crystals.
Freezing the trehalose solution also results in the formation of amorphous trehalose, which if held
above the glass transition temperature (*−32 °C) can result in the crystallization of the dihydrate
crystals dispersed in the ice matrix. Note that the transitions for trehalose may be impacted by
variations in starting phase sample properties (particle size, surface area, morphology, etc., [41,
130]) and by variations in heating rate and water activity [35]. Trehalose diagram is modified with
permission from Kilburn and Sokol [35]) Copyright 2009 American Chemical Society
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The ability of trehalose glass to form a dihydrate crystal has been proposed as an
important mechanism in its protective ability (in anhydrobiosis) by allowing it to
remain structurally sound under gently changing humidity levels. Increase in
humidity allows local hydrate crystalline regions (of Th) to form and act as sinks of
water molecules, thus regulating the rest of the matrix to low levels of moisture and
amorphicity [38]. This ability of amorphous trehalose to capture moisture in crys-
tallites results in a high Tg even in the presence of residual water (Fig. 3.2,
Table 3.1). The transformation from glassy to crystalline state is influenced by the
method of preparation (as assessed by enthalpic relaxation and onset of crystal-
lization in thermal analysis while the Tg is not impacted). Resistance to crystal-
lization (thermal and moisture mediated) can be rank-ordered on the basis of method
of preparation of amorphous form: dehydration < freeze-dried � spray-dried
< melt-quenched [41]. Moisture adsorption isotherm data is shown in Fig. 3.6, with
trehalose taking up greater amounts as per the sink model discussed above. Sucrose
held below about 12% relative humidity at 25 °C can remain in the amorphous state
for long periods of time [30]. Higher storage temperatures require higher levels of
moisture for the amorphous to crystalline transformation to occur (while remaining
below the Tg) [32]. Eventual crystallization at higher hydration levels results in the
formation of anhydrous crystals (Form 1, Fig. 3.5) and a release of the adsorbed

Fig. 3.6 Equilibrium moisture content for amorphous sucrose and trehalose on exposure to
different relative humidities prior to crystallization. Temperatures of exposure are indicated on the
plot. The downward arrow (#) highlights the data point for sucrose at 25 °C that will crystallize
rapidly on equilibration and release the adsorbed moisture. The data set for sucrose at 30 °C covers
a range where crystallization does not occur before equilibration. (*) represent points on the
trehalose curve where crystallization to the dihydrate (Th) form will occur with an equilibrium
moisture content close to 10.5% on dry basis. Sucrose data is from (#1) Makower and Dye [30]
and (#2) Saleki-Gerhardt and Zografi [32]. Trehalose data is from (#3) Igelsias et al. [42]
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water into the matrix. Trehalose equilibrates to approximately 10.5% moisture (dry
basis) which corresponds to the dihydrate form (Th, Fig. 3.4) [42].

Of particular interest for biopharmaceutical applications is the observation
reported by Sundaramurthi et al. [43] on the freeze-drying of trehalose solution.
They observed formation of the dihydrate Th in the freezing stage upon annealing
of the frozen solution. Formation of the crystalline form represents a phase sepa-
ration. This Th form then subsequently converted to the anhydrous amorphous state
during drying. The implication of this transformation is discussed later.

The aqueous solubility of both disaccharides is reasonably high (Fig. 3.7;
Table 3.1). Sucrose has the greatest solubility of the disaccharide sugars. At 80 °C,
solubilities of trehalose and sucrose are similar (*78% w/w) but the solubility of
trehalose drops rapidly with temperature, reaching *30% at 0 °C while sucrose
remains at *64.5% (Fig. 3.5; Table 3.1). This has important implications for the
use of these materials in biotherapeutic applications as will be discussed later.
Congruously, the water activity lowering behavior of trehalose was determined to
be identical to that of sucrose at the same concentrations, but the lower overall
solubility of trehalose results in higher water activity in saturated solutions com-
pared to sucrose [44].

Most of the above described solution research has been performed in disac-
charide–water systems. Addition of buffers/salts has a significant impact on the
thermophysical behavior of these solutions. For example, phosphate-buffered saline
added to trehalose (mixed in solution state and dried) reduces the Tg and a decrease
in the H-bonding capacity of trehalose glass in a concentration-dependent manner
[45].

Fig. 3.7 Solubility of sucrose and trehalose as a function of temperature shown as best-fit curves.
The data for sucrose used for the curve-fit was taken from Mathlouthi and Reiser [60], and for
trehalose from Miller et al. [24]. Best-fit curve equations are given in Table 3.1
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3.2.4 Chemical Properties

Trehalose and sucrose are both non-reducing sugars since their constituent
glycosidic bonds link anomeric carbons in their monosaccharides. However, the
a-(1 ! 1)-a linkage in trehalose is significantly more resistant to hydrolysis than the
a-(1 ! 2)-b bond in sucrose. The hydrolysis proceeds by protonation of the gly-
cosidic oxygen followed by heterolysis of the resultant oxonium ion into a
monosaccharide and a carbenium ion. The carbenium ion subsequently reacts with
water to produce the second monosaccharide. Protonation of the glycosidic oxygen
creates steric crowding which is relieved by the bond breakage in sucrose, while in
trehalose, there are few steric barriers to rotation about the glycosidic bond. The
anomeric carbon of the glucopyranose carbenium ion is also more electropositive
than that of fructofuranose, making the latter a better leaving group in the heterolysis
and may explain the instability of sucrose [46]. Activation energy for acid-catalyzed
hydrolysis is reported as 26.3 kcal/mol (110 kJ/mol) for sucrose and 40.2 kcal/mol
(168.2 kJ/mol) for trehalose although the pH is not reported (summarized by
O’Brien [47]). Torres et al. [48] determined that the activation energy for acid
hydrolysis (pH 2.5 and below) of sucrose is independent of pH (*99 kJ/mol) with
the pre-exponential factor dependent on the pH. Even under alkaline conditions
(0.1 M potassium phosphate buffer, pH 8.1), the rate constant for trehalose
hydrolysis was found to be *10,000X slower than that for sucrose [49]. For bio-
pharmaceutical formulation purposes, a pH of 5.0 or below should be considered a
risk factor for the hydrolysis of sucrose. Accordingly, a sodium phosphate buffer
with sucrose may be considered a risk if used in a freezing or lyophilization process
due to the drop in pH of this buffer due to precipitation of the basic salt. The high
local concentration due to cryo-concentration combined, with the low pHs (down to
pH * 3) may lead to hydrolysis of the sucrose even if the temperature and/or
moisture content is low (see discussion and references in [50]).

Hydrolysis of sucrose leads to the formation of glucose and fructose, both of
which are reducing sugars, and which in turn can cause glycation of proteins
through the Maillard reaction. Glycation occurs as a condensation reaction between
the aldehyde groups of reducing sugars and the primary or secondary amines in
proteins. Glucose in solution exists as a stable pyranose ring structure in equilib-
rium with the open-chain aldehyde form. The Maillard reaction is initiated through
a reversible Schiff’s base (glycosylamine) formed between the amine group and the
carbonyl carbon aldehyde, and then converts into a more stable ketoamine form
through an Amadori rearrangement. The formation of the Amadori products is an
early stage reversible glycation that is dependent on concentration and exposure
time [51]. The primary residues that are impacted are the e-amino groups on lysine
residues and the a-amino on the N-terminus. Glycation of proteins leads to the
formation of a sugar adduct and can result in loss of structure and function. Fructose
has greater reactivity than glucose for Schiff’s base formation [52]. Participation of
fructose (fructosylation) can lead to cross-linking and aggregation [53]. Glycation
has been reported in liquid formulations of proteins with sucrose in the formulation
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at pH 5 or 5.5 at elevated temperatures [54, 55]. The impact of Maillard reaction has
also been observed in low-pH freeze-dried systems containing sucrose, while not
with trehalose [47, 56]. Hydrolysis of sucrose in this system occurred during the
freezing/dehydration/storage steps due to the high H+ ion concentration, despite the
significantly lower mobility compared to liquid state. Karel and Labuza [57]
reported acid-catalyzed hydrolysis of sucrose at water contents below 1%, when
held at 55 °C. The higher concentration of reactants compensates for the reduced
mobility.

Interestingly, trehalose has also been found to have an antioxidant effect, but not
through any ability to scavenge free radicals, etc. The mechanism proposed for
protection of unsaturated fatty acids is direct interaction of trehalose with the
oxidation-sensitive parts of the fatty acid. The OH-6′ group binds with the double
bond through O–H…p interactions while the OH-2 hydroxyl group binds to one of
the CH groups on the 2-butene through CH…O hydrogen-bond. The intermolecular
complex raises the activation energy for hydrogen abstraction, lowering the reaction
rate by a factor of 10^8 [58]. This effect was not found with sucrose, and it is
proposed that intramolecular H-bonds in sucrose may discourage this type of
interaction. However, sucrose is also considered to have antioxidant properties
(e.g., in protecting foods) due to its effect on reducing water activity, and the
potential for hydrolysis products (glucose and fructose) to block reactive sites of
ions such as copper, iron, and to a lesser extent, cobalt, thus impeding catalytic
oxidation reactions [59, 60].

3.3 Use in Formulations and Stabilization Mechanisms

Trehalose and sucrose are frequently used as stabilizers for protein biotherapeutics.
Stabilization of protein in this context refers to the maintenance of protein structure
(conformational stability) and the ability to resist aggregation (colloidal stability)
[61].

3.3.1 Liquid State

In the liquid state, the main mechanism cited for the usefulness of sugars (along
with that of other osmolytes) to stabilize proteins is that of preferential exclusion
[62]. Osmolytes are excluded from the first hydration shell of the protein, leading to
a preferential hydration of the protein. The chemical potential of the system is
increased, which drives the protein to take on a more compact, i.e., folded state,
since the unfolded state has a greater surface area—this enhances the conformation
stability of the proteins. As an example, the water of preferential hydration
(molecules of water/molecule of protein RNase) is estimated as 350 for sucrose and
400 for trehalose [62]. This is an immediate result of the significant effect of the
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sugars on distortion of the water tetrahedral coordination, and therefore on the
solvation properties of the water molecules around the protein. The extensive
sugar–sugar and sugar–water interaction leads to an enhancement of intra-protein
interactions at the expense of protein–solvent interactions [63–66]. The slightly
higher water of preferential hydration of trehalose over sucrose may be a reflection
of the greater interaction of the former with the water [14], as discussed above.
Greater trehalose–water H-bonding and the more rigid configuration of trehalose
molecule also give it a greater size in solution compared to sucrose (as seen above
in the higher diffusion coefficient of sucrose). The hydrated trehalose molecule is
larger than the sucrose (*2.5X), and therefore, it has a larger excluded—volume
effect than sucrose simply by dint of steric exclusion. In summary, trehalose can
provide the same preferential hydration (of the protein) at lower concentrations
compared to sucrose [23]. Overall, although both trehalose and sucrose are suitable
stabilizers of a protein in the liquid state (not accounting for any chemical effects
due to sucrose hydrolysis), trehalose can be expected to be somewhat more effective
at the same molar concentration. In practice for biotherapeutics, this difference may
however not be perceptible over the expected shelf-life of the product.

The specificity for solute (sugar) requirements for stabilization by the prefer-
ential exclusion mechanism is low. A number of solutes stabilize a variety of
proteins by this mechanism.

As expected from the conformational stabilization due to preferential exclusion,
sugars increase the melting points and thermodynamic parameters (Gibbs free
energy and the melting enthalpy and entropy) in a concentration-dependent manner
over a range of pH [67–69]. Trehalose with slightly greater exclusion ability should
be more effective in raising the melting point but the differences would be minor
and would require extremely careful experiments to discern (see, e.g., data reported
in [63, 66]). Rubin et al. [70] also observed slightly greater increase in melting point
of protein with 500 mM sucrose over trehalose for an aglycosylated antibody.

More interestingly, sugars can also improve the colloidal stability of proteins.
The normalized mutual diffusion coefficient for the protein was increased (implying
greater mutual repulsion) by the addition of sugars for an aglycosylated antibody.
Disaccharides were more effective than monosaccharides, and sucrose was slightly
more effective than trehalose [70, 71]. However, the colloidal stabilization by
sugars may be perceptible only if the inherent colloidal stability due to electrostatic
repulsion is poor, i.e., the hydrophobic interactions dominate [71]. Addition of
sugar reduces the dielectric constant and thus enhances charge–charge repulsion
between adjacent protein molecules [69, 72]. Saito et al. [69] also report that
sucrose and trehalose (10% w/w) could reduce zeta potential and thus (the calcu-
lated) net charge on a mAb, with the magnitude varying by the antibody. The
mechanism is not clear. Reduction of net charge in general will tend to increase the
probability of self-association.

Preferential exclusion is enhanced at high protein concentrations, because
self-association is favored due to the greater reduction of excluded surface area
afforded [62, 73, 74], and reduced by increasing temperatures [14]. Furthermore,
during freezing and during thawing, the preferential exclusion mechanism is still
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applicable [75], as long as there is unfrozen water present, i.e., prior to glass
formation (further discussion below). Therefore, solutes (such as sucrose and tre-
halose) that work by the preferential exclusion mechanism, are effective protectants
as they stabilize over a wide range of conditions.

3.3.2 Frozen State

Once in the frozen state itself, additional factors come into play. The solutes are
excluded from the growing ice crystals and thus undergo cryoconcentration. The
concentration of maximally freeze-concentrated sucrose and trehalose is approxi-
mately 80% w/w [76–78]. Trehalose due to its stronger water de-structuring effect
is more effective in preventing the formation of ice, but in practical non-equilibrium
cooled systems, the difference will not have a significant impact. At solute con-
centrations near 80% w/w, the water available for H-bonding with the concentrated
protein for maintenance of structure may be restricted, although still considerably
more than normal water of hydration of proteins [79]. The sugars, now compressed
into closer contact with the proteins, may participate in some of the H-bonds, thus
providing stabilization through the water replacement mechanism. In parallel, the
cryo-concentrated sugar glass leads to the inhibition of molecular mobility and a
reduction in all reaction rates and therefore an improvement in storage stability. The
fragile glasses of sucrose and trehalose show a significant increase in viscosity
under T 0

g, rapidly enhancing the stabilization effect with decreasing temperature.
This latter mechanism is referred to as the glassy state-vitrification mechanism.
Both water replacement (an enthalpic) mechanism and glassy state-vitrification (an
entropic) mechanism are likely active simultaneously in the system.

As discussed earlier, trehalose with a greater impact on the tetrahedral H-bonds
of water causes a greater degree of disruption and thus the ability of water to form
ice. It interacts strongly and with more molecules of water (compared to sucrose),
creating a conformation which is locally more ordered, and encapsulates the protein
in a rigid environment. This has been termed “cryptocrystalline” by Magazu et al.
[14], who propose that the cryoprotectant action of trehalose arises more from its
strong interaction with water and not directly with the protein.

The water replacement and the glassy state-vitrification mechanisms (in the
frozen state under discussion) clearly require the sugar to remain in the amorphous
state to achieve stabilization of the protein. Crystallized sugars will effectively
phase separate from the protein, thus leading to a loss of protection. In the frozen
glassy state, trehalose with its lower solubility, and its tendency to form intercon-
nected clusters at high concentrations, shows a greater propensity to crystallize out
of the glass if temperatures rise above the T 0

g. The fragility of the trehalose glass
showing a rapid reduction in viscosity above T 0

g aids in this process. Long-term
frozen storage of proteins above T 0

g with trehalose as cryoprotectant has been shown
to result in aggregation due to this crystallization effect on storage at −20 °C; [80].
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Crystallization likely begins at some nucleation hot spots and propagates
throughout the matrix due to the long-range clusters (percolation) of the trehalose
molecules. The protective effect of trehalose is thus lost in a large region of the
frozen matrix. Sucrose, on the other hand, due to its high solubility has not been
reported to crystallize and thus is a safer alternative for frozen state storage, being
more robust to choice of storage temperature (e.g., −20 °C) despite a T 0

g similar to
that of trehalose. Furthermore, due to its smaller clusters, crystallites of sucrose, if
formed, would have difficulty propagating and would therefore require multiple
nucleation events to cause damage to the whole matrix.

Increasing concentrations of protein raises the T 0
g of sugar matrices since the T 0

g

of proteins reportedly lies around −13 °C [81] (although more data is needed on
this topic), with lower molecular weight proteins providing a greater increase than a
higher molecular weight protein for an equivalent mass concentration; larger
molecular weight proteins are more effective than smaller proteins at similar molar
ratios [82–84]. Raising the T 0

g closer to −20 °C by increasing the protein concen-
tration thus reduces the risk of crystallization of the sugar at −20 °C. This is
particularly relevant for trehalose, although no confirmatory data is available in the
literature to date. Another observation reported on the use of trehalose in frozen
storage relates to the impact of process conditions, viz. the rate of freezing. Fast
freezing enables more uniform spatial distribution/entrapment of solute (trehalose),
instead of being pushed toward the center of the matrix by the moving ice front as
in the case of slow freezing. The more dispersed trehalose is able to resist crys-
tallization (or crystallize in pockets and not spread throughout the whole matrix)
and thus provide protection to the protein even when stored above T 0

g [85].

3.3.3 Lyophilized State

As proteins are lyophilized, there is a further loss of water (compared to the frozen
state). Protein molecules are faced with loss of H-bonds which can destabilize the
structure. Loss of water significantly lowers the dielectric constant that enhances the
intermolecular interactions, with attractive interactions/orientations being favored
as the intermolecular distance decreases [72]. These stresses generally result in
conformational changes on drying or even aggregation [86]. Sucrose and trehalose
again function as lyoprotectants by replacing the water–protein H-bonds with
sugar–protein H-bonds (water replacement), and by intercalating between the
protein molecules thus creating a glassy matrix in which the molecules are
immobilized (vitrification). In the freeze-dried state, the H-bond replacement is
particularly important, so that there is a greater degree of specificity in the structural
requirements of the lyoprotectant over the cryoprotectant. As in the frozen state, the
sugars have to be in an amorphous state to allow effective H-bonding with the
protein; crystallized sugars will form a separate phase, losing their effectiveness as
stabilizers.
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A certain minimum amount of protein—sugar is required for effective protec-
tion. Low excipient to protein ratios may simply enhance risk for high moisture
levels on storage, due to low solids content and potential moisture transfer from
container/closures. However, more importantly, a certain mass of the protectant is
needed for creating a suitable functional matrix, even though the sugar is often in
significant molar excess. A certain minimum level of the excipient is needed to
satisfy the surface accessible hydrogen-bonding requirements of the protein and
preserve a native-like structure (the water replacement component). Additional
sugar then helps to provide dilution of the protein, thus reducing protein–protein
contact and also creating a glassy matrix for immobilization (vitrification mecha-
nism) [87–89]. Heljo et al. [90] found that at a 2:1 w/w (730:1 mol/mol) excipient
to protein ratio, trehalose was more effective than sucrose at protecting the activity
of b-glucosidase on storage at 45 °C. However, at higher ratios tested (20:1 and
40:1 w/w or 7300:1 and 14,600:1 mol/mol) the stability was less dependent on
amount and type of excipients. For a mAb, the minimum stabilizing ratio of sugar
to protein was 360:1 mol/mol, but further benefits were seen even above
500:1 mol/mol. No differences were observed between the stabilization effects of
sucrose versus trehalose [87, 89, 91]. The minimum amount of sugar required for
stabilization does not clearly correlate to the size of the protein [91]. A starting
500:1 mol/mol ratio is a reasonable minimum level to test. The differences in
preservation efficacy among various sugars as reported in the literature probably
reflect the varying conditions of the experiment including the protein itself, the
assay (e.g., use of enzyme activity as opposed to actual degradation rates), and the
storage conditions tested, etc. An additional stabilizing effect in the lyophilized
matrix would arise from the ability of sugars to reduce the dielectric constant, thus
enhancing the charge–charge repulsion between adjacent protein molecules and
preventing them from aggregating [72]. Sucrose or trehalose in a proper pH-buffer
system will likely provide adequate stability to biopharmaceutical products.

For stable lyophilized matrices, a high Tg is preferred, as it is more resistant to
temperature fluctuations. There is more room to tolerate increases in moisture
content. In this respect, trehalose with its high Tg in the amorphous state is the better
lyoprotectant. The trehalose matrix is better able to resist crystallization (and col-
lapse) during temperature excursions or storage at warmer temperatures compared
to sucrose matrices. The ability of trehalose to “absorb” moisture by converting to
the dihydrate Th state also increases the robustness of the matrix to moisture
content. However, the high Tg is not the only factor. In matrices (1:10 w/w) of
glucose/sucrose and glucose/trehalose which had similar Tg (*24 °C), the glucose/
trehalose system was still better able to preserve the activity of an enzyme to high
temperature (44 and 60 °C) storage stress [92]. Trehalose has superior glass-related
properties such as lower free volume and restricted molecular mobility, along with
being resistant to phase separation and crystallization (even above Tg).

Delving into the details of the sugar–protein interactions, however, reveals that
the picture is more nuanced than the simple Tg would predict. Storage stability of
proteins in the lyophilized form does not always directly correlate with the glass
transition temperature of the excipients (see, e.g., [93–96]). There are two parts to
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the stabilization mechanism—the H-bonding water replacement and the immobi-
lization vitrification aspect. How these are individually involved through the
nominal glass transition phenomenon is discussed below.

Addition of protein raises the Tg of the amorphous matrix [97] since the “pure”
protein itself, in the amorphous dry state, has a high Tg (see, e.g., [98]). The Tg of
the mixture of sugar and protein, however, does not follow ideal mixing behavior
(�complete miscibility and additivity of free volume) since specific H-bonding
interactions formed between the sugar and protein molecules are not numerically
and energetically equivalent to the sugar–sugar interactions that are lost [97, 99,
100]. A negative deviation from ideality is seen for both sucrose and trehalose
systems. Assessment of excess mixing enthalpies shows that sucrose–protein
H-bonding becomes more favorable compared to sucrose–sucrose interactions at
weight fraction above 0.5 (Sucrose:RNase system; equivalent to a 40:1 mol/mol
ratio). The same holds true for trehalose but the excess enthalpies are higher since
the trehalose–trehalose H-bond is stronger (�high Tg) and the replacement tre-
halose–protein bonds may be fewer than between sucrose–protein [97, 99–101].
Mixing or miscibility in these systems is thus driven by entropy gain (through net
loss of H-bonds and/or lower strengths of the new H-bonds). In simpler terms, it is
likely that a glassy matrix with a lower Tg (sucrose compared to trehalose) provides
a greater ability to incorporate protein molecules through sugar–protein interactions
and therefore better preservation of the protein structure. A high Tg matrix will have
stronger sugar–sugar interactions and will preferentially interact with itself instead
of the protein [88]. The difference between sucrose–protein and trehalose–protein
interaction is probably small as the non-ideality interaction parameter was found to
be slightly higher for the sucrose–protein, but not statistically different than for the
trehalose–protein system [97]. Based on FTIR spectra, Katayama et al. [97] also
speculate that the trehalose, compared to sucrose, interacts more favorably with the
(small amount of) water present in the system which likely resides around the
charged and polar residues of the protein. Could this be an additional reason for
the more favorable sucrose–protein interactions?

Stabilization in the glassy state through vitrification is related to the molecular
dynamics in the glassy state. Glassy matrices exhibit dynamics over a broad range
of timescales. The global structural relaxation processes (a process) are most
directly related to the storage temperature vis-a-vis the glass transition temperature
(represented by T − Tg); however, other factors such as fragility and thermal history
also play a role. Viscous flow of/in the matrix is closely linked to the global motions
related to the a process. At storage temperatures near Tg, degradation rates are
correlated to (T − Tg), as global motions are significant and determine the rates of
denaturation or chemical reactions. Fragility is important as it determines the extent
of change of viscosity at temperatures near Tg. Therefore at high storage temper-
atures, sucrose matrices will provide less protection than trehalose matrices due to
the differences in their Tg (see, e.g., [95]).

However, along with the large timescale motions in glassy matrices, there are
present faster secondary relaxation processes, comprising small-amplitude local
motions (b process). Pikal, Cicerone, and coworkers [93, 96, 102, 103] have shown
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that the stabilization of protein (against denaturation and chemical degradation) in
glassy matrices stored well below their Tg, is directly linked to these b processes,
and does not correlate to the (T − Tg) difference. They propose that the high fre-
quency b relaxation processes in the glass affect protein stability through coupling
of these motions to local small-amplitude protein domain conformational changes
which enables aggregation to be nucleated by local unfolding. Chemical degrada-
tion reactions such as deamidation can also be occurred due to local domain
motions. Local matrix mobility allows diffusion of small molecules and gases
which can enable oxidation and hydrolysis reactions. Sucrose is better able to
suppress these fast dynamics than trehalose, probably because of its smaller free
volume in the glassy state. Pikal et al. [96] found that at equivalent levels of
disaccharide to protein, sucrose systems were about a factor of two more stable than
trehalose formulations. By adding small amounts of additives (called
anti-plasticizers), these local fast dynamics can be suppressed, improving the sta-
bility of the encapsulated protein. The low Tg anti-plasticizer additive (e.g., 5–10%
glycerol) functions by filling the small voids in the host glass (the free volume),
restricting motion and thereby slowing the fast dynamics. This additive simulta-
neously depresses the Tg and speeds up the global a motions, but the gain in
stability from suppression of fast dynamics dominates. However, if an excess of the
anti-plasticizer over what is needed for occupation of the original free volume is
added, the plasticizer begins to lubricate and speed up all dynamics resulting in a
loss of stability. One of the requirements of the anti-plasticizer is that it should have
a Tg close to that of the host glass. A small amount of residual water may actually
be beneficial from this perspective [93].

The discussion above raises the question of the relative importance of H-bonding
needs of the protein (better supplied by low Tg protectant) and the need for immo-
bilization (better provided by a high Tg protectant), for long-term stability of the
protein. The bottom line is that in practical systems, as long as there is sufficient
amount of the sugar, either disaccharide will be suitable (especially to fulfill the
H-bond requirements). The high Tg trehalose (Fig. 3.1) may then not be a big
advantage from a practical perspective because general storage temperatures are far
below Tg. A note of caution is warranted though in that the Tg of a sugar–protein
system is highly dependent on the moisture content and reports of measured values
must be reviewed in this context. Bellavia et al. [82, 104], for example, report that
addition of protein decreases the Tg of ternary sucrose/trehalose–water–protein sys-
tems at low hydration. However, their mixtures were created by blow-drying and the
lowest water content tested of 2:1 mol water/mol sugar corresponds to approximately
5% w/w water, which is very high for lyophilized biopharmaceutical systems.

The relative ease with which trehalose (unlike sucrose) crystallizes out in the
frozen state (when annealed above T 0

g) suggests that the process development for
such systems must be carefully considered [43, 80]. As shown by Suryanarayanan
and coworkers, the subsequent sublimation of water in the freeze-drying cycle
dehydrates the trehalose into the desired amorphous state. However, the question is
whether the phase separation between protein and trehalose due to crystallization of
the latter (while frozen) is eliminated by this conversion of trehalose to the
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amorphous state in the lyophilized matrix. Sundaramurthi et al. [43] propose
otherwise but currently no data, direct or indirect, has been published on this
question. The number of reports of excellent lyoprotection with trehalose proves
that it is an effective excipient, but since these reports likely did not explore the
lyophilization cycle as was done by Sury and coworkers, appropriate caution is
warranted. An annealing step should not be incorporated in a cycle with trehalose,
due to the risk for crystallization of trehalose.

From a practical cycle development perspective, the low T 0
g of both sucrose and

trehalose solutions implies low primary drying temperatures and thus long cycles.
In both cases, higher concentrations of proteins increase the T 0

g and thus also the
collapse temperatures. Although out of scope of this chapter, increasing the protein
concentrations also results in a separation of temperatures of onset of collapse and
full collapse, allowing aggressive drying cycles to be utilized, shortening the overall
process time [84, 105, 106]. For low protein concentration (e.g., 20 mg/mL or
lower of monoclonal antibodies) combinations of sucrose as stabilizer and mannitol
as a crystalline bulking agent can be used to enable fast drying after ensuring
crystallization of mannitol during the freezing step [107]. Mannitol in a solution
with a ratio of 3:1 w/w mannitol: sucrose can be safely crystallized. However,
keeping the requirement for a certain minimum level of stabilizer (sucrose) to
protein ratio in mind, the overall solids load in the solution can become high,
leading to higher cake resistance. Lower ratios down to 2:1 may also be crystallized
but may require the aid of an annealing step, especially since the protein will also
hinder crystallization. It may be expected that a trehalose + mannitol system would
behave similarly, but the above caution against annealing a trehalose system must
be kept in mind.

3.4 Regulatory and Safety Aspects

3.4.1 Regulatory Aspects

Monographs for both sucrose and trehalose are available in the major pharma-
copoeia. Tables 3.2 and 3.3 summarize the tests/specifications in the US, European,
and Japanese pharmacopoeia. Sucrose, having been around longer, has fewer tests
and is significantly harmonized. There is a bacterial endotoxin limit but no limit for
microbiological bioburden, despite its significant use in parenterals. However, most
vendors of parenteral grade material test for bioburden although acceptance limits
seem to vary (for TAMC and TYMC and/or testing for absence of identified
microorganism).

Trehalose monographs on the other hand have greater differences. Bacterial
endotoxin limits are specified significantly differently between United States
Pharmacopoeia (USP) and European Pharmacopoeia (Ph.Eur.), while the Japanese
Pharmacopoeia (JP) does not have any criteria. The USP lets the level float to
enable the product requirements to be met while the Ph.Eur. sets two limits based
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on amount of trehalose added to the product. The microbiological bioburden limits
are similar between the USP and Ph.Eur., while the JP does not have any criteria.
The Impurities/Related Substances limits are similar but specified with somewhat
greater detail in Ph.Eur. Heavy Metals limits are specified for trehalose but not for
sucrose. Vendors typically use NMT 5 ppm (as lead). However, more detailed
profiling of metal content should be requested as trace metals (especially Fe, Cu)
can have a significant impact on stability of proteins. For illustration, Fe and Cu
limits are currently 130 and 10 ppm, respectively, for both sugars from one vendor.

Table 3.2 Summary of compendial requirements for sucrosea

Test/
characteristic

NF 33 Ph.Eur 01/2015:0204 JP XVI

Appearance White or almost white,
crystalline powder,
colorless or white or almost
white crystals

White crystalline
powder, or
lustrous colorless
or white crystals

Solubility Very soluble in water,
slightly soluble in ethanol,
practically insoluble in
anhydrous ethanol

Very soluble in
water and slightly
soluble in ethanol

Identification Meets test

Appearance
of solution

Solution is clear; opalescence NMT Reference Standard I for 500 mg/mL
solution in water

Conductivity NMT 35 µs cm−1 at 20 °C for a 313 mg/mL solution

Specific
optical
rotation

+66.3 to + 67.0 @ 20 °C, 260 mg/mL, 100 mm

Acidity or
alkalinity

NA NA Meets test

Color value NMT 45 (parenteral grade)
and NMT 75
(non-parenteral grade) for
1.0 g/mL solution at
420 nm

NMT 45 for 1.0 g/mL
solution at 420 nm

Dextrins Meets test

Reducing
sugars

Meets test

Sulfites Meets test; maximum 10 ppm calculated as SO2 NMT 15 ppm as
SO2

Loss on
drying

NMT 0.1% for 2.000 g, 105 °C 3 h

Bacterial
endotoxins

Less than 0.25 IU/mg if intended for use in manufacture of large-volume
parenteral preparations

Lead NA NA NMT 0.5 ppm
aThe current version of the pharmacopoeia should always be consulted for the latest revision of the
monograph
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Table 3.3 Summary of compendial requirements for trehalosea

Test/
characteristic

NF 33 trehalose Ph.Eur 8.0 07/2010:2297
trehalose dihydrate

JP XVI trehalose
hydrate

Appearance NA White or almost white,
crystalline powder

White crystals or
white crystalline
powder

Solubility NA Freely soluble in water,
slightly soluble in
methanol, practically
insoluble in ethanol
(96%)

Freely soluble in
water and slightly
soluble in methanol
and in ethanol
(99.5%)

Identification Meets test

Color and
clarity of
solution

Meets test

Appearance
of solution

Solution is clear;
opalescence NMT
Reference Standard I for
100.0 mg/mL solution in
water

pH 4.5–6.5 for 100.0 mg/mL solution in water

Specific
optical
rotation

+197 to +201 @ 20 °C, 100.0 mg/mL, 100 mm

Chlorides NMT 125 ppm NMT 0.018%

Sulfates NMT 200 ppm NMT 0.024%

Nitrogen
content

NMT 0.005% NMT 0.005%

Dextrin NA NA Meets test

Sulfite NA NA Meets test

Soluble starch Meets test

Water Anhydrous form, NMT
1.0%; dihydrate form
9.0–11.0%

9.0–11.0% 9.0–11.0%

Heavy metals NA; (NMT 5 ppm to be
official December 1,
2015)

Maximum 5 ppm NMT 5 ppm

Sulfated ash Maximum 0.1% on 1.0 g

Residue on
ignition

NMT 0.1% on 2.0 g NMT 0.1% on 2.0 g

Bacterial
endotoxins

If labeled for use in
preparing parenteral
dosage forms:
The level of bacterial
endotoxins is such that
the requirement in the
relevant dosage form
monograph(s) in which
trehalose is used can be
met. Where the label

Less than 4 IU/g for
parenteral preparations of
100 g/L or less of
trehalose dihydrate;
Less than 2.5 IU/g for
parenteral preparations of
more than 100 g/L of
trehalose dihydrate

(continued)
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Table 3.3 (continued)

Test/
characteristic

NF 33 trehalose Ph.Eur 8.0 07/2010:2297
trehalose dihydrate

JP XVI trehalose
hydrate

states that trehalose must
be subject to further
processing during the
preparation of injectable
dosage forms, the level of
bacterial endotoxins is
such that the requirement
(s) in which trehalose is
used can be met

Microbial
contamination

TAMC is NMT 100 cfu/g
(<61>)
TYMC is NMT 100 cfu/g
(<61>)
– Meets test for absence
of Escherichia Coil
(<62>)

– Meets test for absence
of Salmonella (<62>)

If intended for use in
parenteral products:
– TAMC acceptance
criterion 100 CFU/g
(2.6.12)

If not intended for use in
parenteral products:
– TAMC acceptance
criterion 1000 CFU/g
(2.6.12)

– TYMC acceptance
criterion 100 CFU/g
(2.6.12)

– absence of E. Coil
(2.6.13)

– absence of Salmonella
(2.6.13)

Assay 97.0–102.0% on the
anhydrous basis reference
to USP trehalose RS

Percentage content of
trehalose with reference
to trehalose dihydrate
CRS

98.0–101.0% on the
anhydrous basis
(C12H22O11: 342.30)

Impurities/
related
substances

Peaks corresponding to
Glucose and eluting after
trehalose are NMT 0.5%;
Peaks corresponding to
maltotriose and other
polysaccharides and
eluting before trehalose
are NMT 0.5%

Specified Impurities:
Glucose (NMT 0.5%)
and oligosaccharides
(mainly glucosyl
trehalose) (NMT 0.5%);
Unspecified Impurities:
For each impurity, NMT
0.2%
Total Impurities: NMT
1.0%
Disregard Limit: 0.1%

Peaks eluting after
trehalose and eluting
before trehalose are
each NMT 0.5%

aThe current version of the pharmacopoeia should always be consulted for the latest revision of the
monograph

86 S. K. Singh



Interestingly, the monographs do not specify limits for residual solvents. Typical
vendor testing uses a limit of 5000 ppm (0.5%) for ethanol and 3000 ppm (0.3%)
for methanol. At a typical use level in liquid products corresponding to isotonic
levels (approx. 85 mg/mL), this could correspond to a solvent load of up to 0.7 mg/
mL. These levels of solvents can have an impact on the stability/solubility/
opalescence behavior of sensitive protein products and may also become apparent
in extractable/leachables studies. This issue will likely not arise in lyophilized
products where the lyophilization process should help to eliminate these sol-
vents, but would be present in the solution leading up to the lyophilization.

More recently, nanoparticulate impurities have been identified in sucrose
(through a dynamic light scattering signal in solutions) in the 100–200 nm size
range [108]. These impurities suspected to be arising from the process/raw materials
comprise dextrans, ash comprising metals and minerals, and other aromatic col-
orants that are not completely removed from the purification process. The level of
these impurities varies between vendors and likely between batches of the excipient
since it is not controlled actively. Although the study only looked at sucrose, it is
likely that the same types of nanoparticles are present in trehalose also. The specific
exact impact of these nanoparticles on protein stability has not been currently
reported, but is baked into the quality attributes of the products where these ex-
cipients are currently used.

3.4.2 Safety Aspects

Trehalose, despite its widespread presence in nature in many organisms, does not
occur in mammalian cells. However, humans have the enzyme trehalase in
intestinal villi cells and in kidney brush border cells, liver and plasma, and are able
to hydrolyze ingested trehalose [109].

Trehalose dihydrate is present in a number of marketed products for intravenous
administration. Among the current approved products, Avastin (bevacizumab)
[110] contains one of the highest level of trehalose (2.4 mg trehalose dihydrate/mg
active). At the highest indicated dose of 15 mg/kg and fastest infusion time, this
results in an IV dose of 36 mg trehalose dihydrate/kg, over 30 min (72 mg/kg/h)
every 3 weeks. However, larger total amounts of trehalose have been dosed in
clinical trials (unpublished data).

Despite bypassing the intestinal and first-pass liver trehalases, intravenous ad-
ministration of trehalose can increase systemic glucose due to hydrolysis by plasma
or liver trehalase, or due to hydrolysis by trehalase in the proximal kidney tubules
and renal reabsorption of the resulting glucose. It can be surmised that the fate of
parenterally administered (or ingested) trehalose corresponds to that of glucose since
trehalose is rapidly hydrolyzed to glucose by the enzyme trehalase. In humans, the
maximum rate of glucose utilization has been estimated to be 500–800 mg/kg/h
[111]. It is known that dextrose solutions should be used with caution in patients
with overt or known subclinical diabetes mellitus or with carbohydrate intolerance
for any reason [112]. The amount of glucose infused via Cipro IV at maximum
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recommended dose can reach 30 g/day. The Japanese Pharmaceutical Excipients
Directory reports a maximum precedented daily doses of 8000 mg glucose by IV,
380 mg by IM, and 300 mg by SC routes [113].

Trehalase deficiency is found in certain individuals and ismore prevalent in certain
ethnic groups (e.g., Inuits). Orally ingested trehalose in these individuals can result in
bloating, cramps, or diarrhea. No specific information about IV tolerance of these
individuals for trehalose could be found, but trehalose is excreted in urine. When rats
were given trehalose IV at doses of 0.5 or 1 g/kg, 87% of dose was recovered from the
urine indicating little or no trehalase activity in the liver and kidneys. On the other
hand, for the same doses given to guinea pigs and rabbits 7–9% of dose was recovered
in urine. Infusion of a 10% solution of trehalose to rabbits for 90 min at 6.7 mL/kg/h
led to a rapid increase in serum glucose concentration that returned to normal 90 min
after cessation of infusion. Only 1% of the infused trehalose was recovered in the
urine [114].

In acute toxicity studies with trehalose, the IV 50% lethal dose (LD50) in mice,
rats, and dogs was greater than 1000 mg/kg (the only tested dose), with no signs of
toxicity in any species [114]. In all species, trehalose was detected in plasma and
urine after administration. Repeat-dose IV studies with trehalose in mice and dogs
at 1000 mg/kg/day for 14 days were also well tolerated, with increase in serum
glucose concentration during the first hour after treatment [114]. In diabetic rabbits,
the serum glucose elevation persisted for longer periods [115].

Sucrose is a common additive in stabilization of IV drugs. On oral ingestion,
sucrose is readily digested by acid hydrolysis and the enzyme sucrase in the small
intestine. Glucose and fructose are then rapidly absorbed into the blood stream.
However, IV administered sucrose is not metabolized by the liver and is thus
excreted virtually unchanged in urine. The Japanese Pharmaceutical Excipients
Directory reports a maximum precedented daily dose of sucrose as 39.84 g by IV
and 25 mg by SC routes [113]. Among the many parenteral products that contain
sucrose, AmBisome [116] has one of the highest sucrose concentration
(900 mg/vial; 72 mg/mL after reconstitution) which corresponds to an intravenous
administration of sucrose of approximately 108 mg/kg/day at the high dose of 6 mg
active/kg/day. Furthermore, the solution is diluted (from 4 mg active/mL to 1 or
2 mg active/mL) in 5% dextrose prior to infusion. Infusion is recommended to be
carried out in 120 min or 60 min if tolerated. No significant adverse effects similar
to those reported for IVIG (discussed below) have been reported for AmBisome.
Among products dosed via the SC route, Orencia [117] has one of the highest levels
of sucrose (170 mg/mL).

High doses of sucrose have been administered in intravenous immunoglobulin
(IVIG) products and have been linked to development of acute renal failure.
Histology shows vacuolation of the proximal tubules, swelling of the tubular
lamina, and occlusion. Sucrose appears to be pinocytosed into renal tubular cells
and stored in lysosomes. Renal cells also cannot metabolize sucrose. Accumulation
of sucrose in renal tubular cells causes an osmotic gradient with the resulting flow
of water in to the cells causing cellular welling and vacuole formation. Swelling
leads to narrowing of the tubular lumen, causing intratubular obstruction and acute
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renal failure. Susceptibility to osmotic nephritis is greater in older individuals
(>65 years) and those with diabetes, renal insufficiency, hypertension, hypov-
olemia, or those receiving concomitant nephrotoxic medications. IVIG-associated
acute renal failure is observed to be reversible, though there have been reports of
death in some circumstances. It is not clear whether the acute renal failure results
from the presence of sucrose in the formulation itself or the osmolality of the
product, or both. A high percentage of sucrose-containing formulations of IVIG
reported to cause acute renal failure (73%) also had high osmolality (e.g.,
700 mOsm or greater), though it is clear that acute renal failure was also reported in
those sucrose-containing formulations that had low osmolality (e.g., 309 mOsm) as
well [118–121]. As a precaution, in the context of IVIG therapy, FDA recommends
a maximum infusion rate of 3 mg/sucrose/kg/min [122], which may be a useful
limit to adhere to for other products also. Formulation scientists should be aware of
the potential adverse effects of intravenous sucrose and take steps to avoid them
(e.g., evaluate formulation osmolality, knowledge of patient population comor-
bidities, and concomitant medications).

Sucrose (along with sorbitol, maltitol, and fructose) may also be contraindicated
in patients with hereditary fructose intolerance, or in the rare cases of glucose–
galactose malabsorption syndrome or congenital sucrose–isomaltase deficiency
[123].

3.5 Summary and Recommendations

This chapter has summarized structural, physical, and chemical properties of su-
crose and trehalose and of their aqueous solutions. There are commonalities as well
as differences in these properties that arise from their conformation, H-bonding
characteristics, water-binding ability, polymorphic behavior, solubility, chemical
stability etc. Both sugars are well suited to provide solution-state stabilization, as
well as cryo- and lyo-protection, for therapeutic proteins as excipients in the for-
mulations. Table 3.4 summarizes some salient aspects of sucrose and trehalose for
their use in biotherapeutics, as discussed in this chapter. Although the final
assessment is dependent on the individual biotherapeutic, experience suggests that
sucrose can generally be considered as suitable in most cases, unless constrained by
the pH of the formulation.
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Chapter 4
Introduction to High-Concentration
Proteins

Wei Wang, Arun Alphonse Ignatius, Satoshi Ohtake
and Teng-Chieh Yang

Abstract Monoclonal antibodies (mAbs) have become a major class in protein
therapeutics.ManymAbs require development at high concentrations, due to the high
dose required for efficacy and patient-preferred self-administration through subcu-
taneous injection, which is oftentimes limited by dosing volume. Development of
high-concentration protein products, however, has been associated with two major
challenges—high solution viscosity and enhanced aggregation tendency. These
challenges and the relevant strategies to overcome them are discussed herein, and
future directions in the development of high-concentration products are proposed.

Keywords Formulation � Viscosity � Aggregation � Stability � Administration

4.1 Overview of Recombinant Therapeutic Proteins

The advent of the recombinant DNA technology in the 1980s led to a rapid
expansion of commercial biologic products over the past 30 years, with a growth
rate twice as that of the entire pharmaceutical industry. The biologics market
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accounted for about $170 billion in sales in 2012, nearly 18% percent of the overall
pharmaceutical market [26]. In regard to the sales volume, there are five biologics in
the top 10 global pharmaceutical products. IMS Health forecasts that the global
biologics market will reach $200 billion in 2016–2017 and $250 billion by 2020.
More importantly, among the predicted top ten selling drugs in 2018, seven are
likely to be biologics [26, 92].

Human insulin (Humulin) was the first recombinant protein pharmaceutical
products approved by US FDA for diabetic mellitus in 1982, followed by growth
hormone (Somatotropin) and several variants of insulin. The following years was a
rapid growth period, when many important human protein products were com-
mercialized, including cytokines, interferons, growth factors, blood factors, and
enzymes (Table 4.1).

4.1.1 Antibody Therapeutics

Among all protein biotherapeutics, monoclonal antibodies (mAbs) have become a
major class—transforming from murine to completely human type and treating
various types of diseases, including cancers, chronic inflammatory diseases,
infectious diseases, cardiovascular diseases, and several medical conditions such as
transplantation [90, 113]. Today, mAbs are the fastest growing class of
biotechnology-derived molecules with over 300 candidates in development [2]. As
of November 2014, 47 mAbs had been approved by the FDA and EU. Importantly,
70 or more mAb-associated products are expected to be in the market by 2020.
mAbs are relatively easy to produce with platform expression systems and purifi-
cation schemes, and their quality attributes have been standardized relative to other
biotechnology products. As therapeutics, mAbs have high target specificity,
allowing minimal side effects. In addition, they are relatively stable and easy to
engineer to be stand-alone drug molecules, or platforms for other valuable thera-
peutic agents such as antibody-drug conjugates.

4.1.2 Concentration Ranges of Marketed Biotherapeutics

The concentration ranges of biotherapeutics vary widely. As shown in Table 4.1,
the concentration range is 0.25–14.2 mg/mL for growth hormones and growth
factors; 0.1–10 mg/mL for most cytokines, except for Kineret at 149 mg/mL;
175–1000 IU/mL for blood factors (different protein concentrations depending on
the specificity); 0.58–5 mg/mL for recombinant enzymes; and 1–200 mg/mL for
antibodies.

It is obvious that mAbs may need to be developed as high-concentration products.
Of the 42 mAbs currently in the market, 14 are high-concentration formulations
(>50 mg/mL; see Table 4.1) and 11 of the 14 high-concentration mAbs are
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administered by s.c., one by i.v. and one by both i.v. and s.c. To date, certolizumab is
the highest concentration product (200 mg/mL) available in the market as a liquid
product in a prefilled syringe for the treatment of Crohn’s disease by s.c. injection.

4.2 Need for High-Concentration Protein Products

There has been a growing need for developing high-concentration protein products.
The need is mainly driven by the following considerations—route of administra-
tion, high dose requirement, long-term drug administration, convenience (and
compliance), and manufacturing cost.

4.2.1 Routes of Administration

As shown in Table 4.1, the administration routes for protein therapeutics are
essentially either intravenous (i.v.) or subcutaneous (s.c.) [80]. Between these two
routes, s.c. administration is the preferred route of administration. While i.v.
infusion or injection typically requires drug administration by a health care prac-
titioner (HCP), therapeutics deliverable via s.c. route can be provided to patients for
convenient self-administration. Since delivery via the s.c. route is generally limited
to small volumes for ease of administration and patient acceptance,
high-concentration protein products may have to be developed to minimize the
product volume to accommodate this more patient-friendly administration route.

In addition to the two common administration routes, the biologics industry
continues to explore alternative, non- or less-invasive and patient-friendly delivery
approaches, including oral [25, 74, 93], pulmonary [10, 39, 89], nasal [3, 59], buccal
[5, 81], rectal [27, 112], and transdermal delivery [45, 77] for proteins, as summa-
rized in Table 4.2. The goal for exploring these alternatives is to use the therapeutic
proteins in the most efficient/convenient manner possible (route of administration)
while minimizing the impact on the quality of life of the patients (frequency of drug
administration and injection-related discomfort). Owing to the large size and rela-
tively hydrophilic nature of proteins, however, membrane permeation of proteins is
extremely low, leading to low bioavailability, a key hurdle for successful enablement
of these alternative delivery options [80]. Many approaches were tried to improve
the low bioavailability of proteins via alternative routes, such as the use of pene-
tration enhancers [121]. It is well known that the membrane permeability of diffusive
drugs can be significantly enhanced if the local drug concentration is high
(high-concentration gradient). It is conceivable that a high local protein concentra-
tion at the administration site would be required to improve the protein permeability
and bioavailability. Hence, development of high-concentration protein products may
be required for achieving alternative protein delivery.
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4.2.2 High Dose Requirement

Many proteins require a high dose to be effective. This is especially true for mAbs.
A high blood mAb concentration is often needed to drive their diffusion to the
target tissue and interact adequately with the target antigens (e.g., tumor-associated
surface antigens). Frequently, a dose for a mAb exceeds 1 mg/kg patient weight. If
the s.c. route is preferred, a higher dose is needed to achieve a desired plasma mAb
concentration and to compensate for the relatively poor bioavailability of mAbs
upon administration in the subcutaneous space due to their large size and relative
hydrophilicity [32]. The actual dose requirement may mandate a mAb product
concentration exceeding 100 mg/mL, assuming a preferable injection volume of
1 mL or less. A higher injection volume may be required to accommodate a
concentration-dependent limitation on solution viscosity or stability of the protein.
An injection volume >2.0 mL is generally not preferred due to major concerns on
injection volume-induced pain [63] and possible back pressure-induced product
leakage at the injection site [37]. The s.c. route of administration, along with its
volume limitation, is a critical factor to be considered for product development.

Alternative options such as the use of a patch pump could allow delivery of a
significantly higher volume [67, 102]. Although such an alternative delivery
method may not require a high-concentration protein product, a patch pump may
require sophisticated control on the drug delivery mechanism, a complex drug
reservoir or loading procedure, and the device may be costly relative to vials or
prefilled syringes. It should be mentioned that recombinant hyaluronidase could be
used in a protein formulation to facilitate tissue diffusion, allowing administration
of a larger-than-normal injection volume [11]. Detailed discussion of these alter-
native administration methods is outside the scope of this chapter.

4.2.3 Long-Term Drug Administration

Management of chronic diseases often requires frequent and long-term drug
administration. Both long-term i.v. and s.c. therapies require sacrifice and com-
mitment from patients than would be required for an oral therapeutic, as is typical
for a small molecule drug. Patient acceptance and compliance are important factors
to consider, particularly for chronic use of protein drugs, as this will impact their
quality of life. While protein biotherapeutics are more difficult to develop for
non-parenteral administration, s.c. administration is generally favored over i.v.
infusion because it allows easier administration and often can be performed at home
or anywhere while traveling. Patient compliance can be significantly improved, if a
user-friendly prefilled syringe or an auto-injector is provided for drug administra-
tion. The availability of a variety of insulin products for self-administration is a
successful story for diabetic patients [71]. A high-concentration protein product
with a low injection volume for s.c. administration is highly preferred. i.v.

4 Introduction to High-Concentration Proteins 107



administration may also benefit from high-concentration protein formulations
because the lower infusion volume affords a shorter time for infusion (assuming no
tolerance issue) and also provides convenience for long-term drug administration.

4.2.4 Manufacturing Cost

Drug product manufacturing processes often include freezing/storage/shipping of a
drug substance, thawing of the drug substance, compounding, filling, and possibly
freeze-drying and reconstitution. Preparation of a high-concentration drug sub-
stance in a lower volume may facilitate freezing/storage/shipping of a large quantity
of drug substance. Thawing/filtration/filling/freeze-drying of a higher-concentration
protein product may take less time, thus potentially reducing the total cost of drug
product manufacturing. On the other hand, protein concentration through UF/DF
operation can facilitate protein aggregation for membrane- and/or shear-sensitive
proteins. Sampling volumes may need to be balanced to minimize the loss of
product and to meet the analytical assay requirement.

4.3 Overall Challenges in Developing High-Concentration
Products

Proteins are generally not stable relative to small molecules. The physical and
chemical behavior of a protein product may change dramatically with increasing
concentrations. This section discusses the theoretical aspects of high-concentration
proteins, consequences of protein–protein interactions at high concentrations,
influencing factors and the overall challenges.

4.3.1 Theoretical Considerations

As discussed above, a high-concentration product is often needed to minimize the
injection volume and thereby enable s.c. administration and its inherent advantages.
Theoretically, what is the maximum protein concentration one could achieve in a
solution? This question can be addressed by making several assumptions. Assuming
proteins can be packed as densely as a single protein with no free space, the max-
imum concentration would be 1350 mg/mL, equivalent to the average protein
density reported [34]. Assuming proteins are hard spheres, the maximum concen-
tration would be 1350 � 63.4% = 856 mg/mL, where 63.4% is the maximum
packing density of hard spheres [107]. A slightly lower protein concentration of
approximately 700 mg/mL was found in dense but colloidally stable nanoclusters in
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solutions [62]. If all protein molecules are dispersed with a gyration volume, the
maximum concentration of a mAb would be *476 mg/mL, based on a radius of
5 nm as determined [127]. In reality, high protein concentrations have been achieved
up to 350 mg/mL for lysozyme [40], 380 mg/mL for IgGs [15], and 400 mg/mL for
bovine serum albumin [28].

Protein–protein interactions can become significant when the distance between
proteins falls into the range of themolecular size at high protein concentrations. Yadav
et al. [125] calculated the average surface-to-surface separation distance inmAbs to be
a few (1–5 nm) nanometers at 100–200 mg/mL. This essentially brings themolecules
to close proximity for possible interactions. The type of protein–protein interactions
and their distance dependency have been summarized [69]. In general, themajor types
of interactions include electrostatic, hydrophobic, steric, and hydrogen-bonded
interactions [69, 75, 82, 101]. Dipole–dipole interactions were also shown to play an
important role [106].

Combination of these different types of interactions can lead to either an overall
attractive or repulsive interaction. These two opposite types of interactions can be
measured by two major parameters—osmotic second virial coefficient (B22) and
diffusion interaction parameter (kD). Theoretically, the second virial coefficient, B22,
can be calculated based on potential protein–protein interaction energies [29].
These interaction energies are contributed mainly by—(i) electrostatic interaction
based on the effective charges, (ii) electrostatic desolvation when charges are buried
by an approaching group, and (iii) van der Waals and hydrophobic interactions. In
calculating the theoretical B22 values, the steric interaction (orientational depen-
dence) can contribute significantly in addition to the above-mentioned molecular
forces [82]. B22 and kD are theoretically linked, and clear relationships were also
established as shown in several studies [113]. It is argued that B22 may be more
predictive in assessing colloidal stability [113] and high-concentration-induced
viscosity [98], but in reality, both parameters have limitations in predicting
high-concentration behavior, as they were generally acquired within a low con-
centration range and may change its sign as the concentration increases [98].
Indeed, the relative B22 values of ovalbumin did not correlate well with aggregation
tendency at 37 °C at different pH values [6, 14]. The third virial coefficient rep-
resenting multi-body interactions was rarely evaluated and could make a significant
contribution in protein aggregation [9].

Attractive protein–protein interactions can lead to self-association. Many studies
have shown that proteins can self-associate into reversible oligomers of different
sizes. These sizes range from dimers [18, 60, 103], trimers [30, 61], 4–6mers [103],
or variable sizes of protein clusters consisting of � 6mers [30, 31], 2–9ers IgG1
[73], and 5–45mers [19], depending on the concentration and solution conditions. It
is a combination of short-range attraction and long-range repulsion that result in the
formation of small equilibrium clusters of limited sizes [38, 109]. A clear link was
demonstrated between the undesirable high viscosity of some mAb solutions and
the formation of reversible clusters with extended open structures [127]. Stronger
self-associations, especially in the presence of hydrophobic interactions, would lead
to irreversible aggregation/precipitation with limited solubility, such as an IgG1 [8].

4 Introduction to High-Concentration Proteins 109



4.3.2 Physical Properties and Influencing Factors
of High-Concentration Proteins

As discussed above, increasing protein concentration also increases the chance of
protein–protein interactions, especially attractive interactions, leading to signifi-
cantly different physical and chemical properties of the protein [101]. Three
important physical properties of protein solutions are solution viscosity, protein
conformation, and aggregation tendency.

4.3.2.1 Solution Viscosity

Proteins are polymers of a variety of amino acids. As the protein concentration
increases, an observable property of the solution is the increased solution viscosity.
Concentration-dependent solution viscosity can be described by Eq. 4.1 [68]:

g ¼ ½g�Cþ kh½g�2C2; ð4:1Þ

where η is the specific viscosity, [η] is the intrinsic viscosity, C is the polymer
concentration, and kh is the Huggins constant. As shown in Eq. 4.1, increasing the
concentration can increase the viscosity exponentially. The exponential concen-
tration dependency is demonstrated in many studies in the absence of apparent
protein association [72, 75, 127]. The concentration dependency of solution vis-
cosity is equally applicable for protein mixtures [35].

Protein self-association can occur at a relatively low concentration. An IgG1
antibody was shown to self-associate (to oligomers) above a critical concentration
of 16.5 mg/mL at a low-ionic strength [85]. Self-association leads to a dramatic
increase in solution viscosity due to formation of a network in solution [64] and, in
extreme cases, gelation [17]. The concentration dependency of solution viscosity of
two mAbs is shown in Fig. 4.1, where two mAbs showed clear exponential increase
in viscosity with increasing concentrations. The difference in viscosity is likely due
to a difference in the degree of self-association.

The self-association-induced dramatic increase in solution viscosity can be
attributed to changes in these two parameters—(1) alteration of the Huggins con-
stant, which is proportional to the apparent protein–protein association constant
[87], and (2) alternation of the apparent molecular weight of the protein. The
intrinsic viscosity [η] is exponentially proportional to the molecular weight of a
polymer according to the following Mark–Houwink equation [68]:

½g� ¼ K Ma ð4:2Þ

where K and a are constants for a specific polymer and solvent system, respectively.
For a semi-flexible polymer like proteins, a is likely >0.8. In reality, many studies
have shown that protein self-association or cluster formation is linked to higher
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solution viscosity [64, 88, 117, 127]. The size of protein clusters appears to cor-
relate with the solution viscosity in mAbs [73, 129]. Recent data showed that an
acidic Fv region could facilitate self-association [72].

On the other hand, repulsive interactions (positive B22) could still lead to high
viscosity potentially due to contribution of electroviscous forces, as observed for a
IgG1 mAb at a low-ionic strength [99]. Although electroviscous forces consist of
different levels of interactions—primary (zeta potential and particle size), secondary
(overlapping electrical double layer), and tertiary (change in particle size/shape)
[97], this effect has not been fully recognized as an important factor for high protein
viscosity, as such effects alone failed to explain the viscosity differences for many
mAbs [22, 124].

4.3.2.2 Protein Conformation

A protein solution at high concentrations is a crowded environment. Theoretically,
molecular crowding should favor formation of compact conformations over
extended conformations, promoting protein stabilization. On the other hand, such
an environment should favor both specific (formation of well-defined oligomers)
and non-specific (formation of large aggregates) macromolecular associations [79].
In reality, protein–protein interactions may or may not alter the protein confor-
mation. Both repulsive and attractive interactions in mAbs have been found to have
no significant effect on protein conformations within the concentration range from
50 to 150 mg/mL [128]. Increasing the concentration of two IgG1’s has very little
effect on the structure of the antibodies in a solution containing 0.1 M NaCl and
40 mM citrate-phosphate buffer at pH 6 [42]. In comparison, the Tm of several
protein candidates was significantly increased, e.g., by 2 °C for a mAb at 177 mg/
mL in the presence of a sucrose crowder [43], 2–3 °C for two IgG1’s at 100 mg/mL
[42], and *8 °C for hemoglobin at 245 mg/mL [40]. Similarly, hemoglobin and
fibrinogen demonstrated higher transition midpoints (Tms) in more concentrated

Fig. 4.1 Concentration
dependency of two mAbs
(adapted from Li et al. [72])
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solutions (DTm approximately 2–10 °C), while lysozyme and BSA in concentrated
solutions exhibited a lower Tm than in dilute solutions (DTm approximately 2–20 °C)
[40].

4.3.2.3 Aggregation Tendency

In general, the aggregation tendency of a protein would be enhanced due to the
increased protein–protein interactions at high protein concentrations. It is reported
that the collision frequency in high-concentration protein solutions is *109–1010

collisions per second [69]. In addition, formation of reversible oligomers was
regarded as the initiation step for formation of irreversible aggregates [101]. Many
studies have shown that aggregation is accelerated at higher protein concentrations
such as thermally induced aggregation and gelation of BSA at 330 mg/mL [40], and
the aggregation of two IgG1’s at 100 mg/mL [42]. On the other hand,
concentration-dependent stabilization of protein conformation may lead to a
reduction in protein aggregation tendency at higher protein concentrations, as
observed for the temperature-induced protein aggregation of hemoglobin at
245 mg/mL relative to 0.3 mg/mL [40].

Enhanced aggregation may lead to increased formation of particulates. However,
the contribution of particulates on solution viscosity should be insignificant as
revealed by the following relationship between the amount of particles and the
viscosity of a suspension [97]:

g ¼ g0 1þ 2:5/ð Þ

where η0 is the solvent viscosity and / is the volume fraction of particles.

4.3.2.4 Factors Influencing Protein–Protein Interactions

The type of protein–protein interactions is mainly dictated by the protein’s structure
but can be strongly influenced by the solution conditions. Major solution factors
include pH, ionic strength, and presence of potential interacting excipients [122].
Solution pH dictates the type and number of charges on the protein surface,
influencing mainly the electrostatic interactions. For example, the formation of
reversible dimer in IgG preparations increases with an increasing pH from acidic to
neutral pH [84]. All three IgG1 monoclonal antibodies (pI = 7.6–8.6) are more
associative at pH 6 than at pH 4.4 at a low-ionic strength (<25 mM) [110], and an
IgG1 increased self-association with an increasing pH from 5 to 8 (pI > 9) [31].
A more complex pH-dependent self-association behavior was found for three IgG4
antibodies [111]. It was also shown that varying pH (and ionic strength) can
influence B22 by influencing protein configurations [82].

Ionic strength is another important factor affecting the protein–protein interac-
tions. In general, higher ionic strengths weaken interactions at a long range
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proportionally more than shorter-ranged interactions [69]. Due to this screening
effect, the Debye length (k−1) of 9.6 nm at 1 mM ionic strength was reduced to
2.5 nm at 15 mM ionic strength in mAb solutions [125]. Increasing NaCl con-
centration can, therefore, minimize both attractive and repulsive interactions in
mAbs [103].

Such effects can lead to a change in the degree of self-association or the apparent
molecular size of IgGs [31, 86, 99, 110]. Different ionic strengths can be achieved
through the use of different salts or different buffering agents [31, 122]. The effect can
be so significant that addition of NaCl resulted in a change from repulsive to attractive
interactions [83, 125]. Increasing the ionic strength (>100 mM) actually reversed the
pH-dependent trend of antibody self-association [110, 111]. Reduction of the ionic
strength of an IgG1 mAb solution led to formation of opalescence and liquid–liquid
phase separation (>10X difference in light and heavy protein phases) [85].

4.3.3 Major Challenges

The challenges in the development of high-concentration protein products were
widely recognized [23, 105, 120]. These challenges can impact three major product
development stages/aspects—formulation development, process development, and
drug administration.

4.3.3.1 Formulation Development

Three major issues are associated with formulation of high-concentration protein
products—enhanced aggregation, limited solubility, and phase separation. As dis-
cussed above, protein self-association at high concentrations is the major cause for
these issues. Protein aggregation should be strictly controlled, as such aggregates
have a potential to alter the product’s activity, toxicity, and immunogenicity [13,
16, 95, 119]. Limited protein solubility may also present a significant challenge,
especially for mAb products, which often require a higher dose. For example, the
solubility of a particular IgG1 was found only to be *13 mg/mL at pH 7.2
(pI = 7.4–7.5) [123].

Traditional formulation approaches can be effectively used to minimize protein
self-association or aggregation, e.g., selection of proper formulation pH, ionic
strength, buffering agents, and excipients. For example, the self-association-induced
opalescence of mAb’s can be minimized through pH and salt adjustment [70, 85].
Several buffering agents, citrate, succinate, glutamate, propionate, and acetate, were
shown to lower the interaction parameter kD and the relative degree of effect
matched the relative rates of protein aggregation [100]. Many non-electrolyte ex-
cipients could reduce the attractive protein–protein interactions such as sucrose,
trehalose, mannitol, and sorbitol [21, 114–116]. More drastic approaches for
minimizing these issues include protein engineering [91] or conjugation [44].
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4.3.3.2 Process Development

As discussed above, self-association may lead to significantly higher solution vis-
cosity. A viscous solution is difficult to handle during routine product manufac-
turing processes, such as solution transfer, filtration, and filling [104]. Similar
formulation approaches can be used to minimize self-association or viscosity.
Selection of a formulation pH several units away from its pI theoretically increases
the charge density of a protein and generally leads to enhanced repulsive or reduced
attractive protein–protein interactions, minimizing solution viscosity. Indeed, the
highest viscosity of an IgG1 mAb was found at a pH near its pI at low-ionic
strength conditions [75]. A similar pH-dependent trend of viscosity was also
observed for an IgG2 at 150 mg/mL [20]. As shown above, salts have a significant
effect on solution viscosity. The viscosity of two mAbs could be reduced roughly
by half in the presence of 150 mM NaCl [43].

If the high viscosity is caused by attractive protein–protein interactions con-
tributed at least partly through hydrophobic interactions [20, 28, 31], the use of
hydrophobic salts in a mAb or other protein formulations can be useful [28, 41,
108]. Even at moderate concentrations, some of the hydrophobic salts reduced the
viscosities of concentrated mAb solutions over 10-fold at room temperature [41]. It
should be noted that some formulation excipients may potentially increase the
formulation viscosity at a high protein concentration (>90 mg/mL), such as sugar
molecules [43]. Excipients, which could potentially interact with proteins, may
have a dramatic effect. It was demonstrated that the use of arginine hydrochloride
(ArgHCl) reduced the high viscosities of bovine gamma globulin (BGG) solution at
250 mg/mL (60 cP) and human gamma globulin (HGG) solution at 292 mg/mL to
an acceptable level (below 50 cP) [57]. Arginine also reduced the viscosity of both
BSA and HSA solutions at pH 7.4 at 25 °C [58]. In general, repulsive interactions
are preferred to minimize protein self-association or higher viscosity.

A practical approach to achieve high protein concentration is to reconstitute a
lyophilized product to a volume lower than the fill volume. This approach may
allow manufacturing of drug products at a lower protein concentration, mitigating
high-concentration-associated process challenges and potentially bypassing
high-concentration-associated stability issues during long-term storage.
Nonetheless, the reconstituted drug product still needs to be handled successfully
without difficulty through the administration process.

Other non-traditional approaches can also be used to deal with high viscosity of
proteins at high concentrations. Batch crystallization of three mAbs was successfully
achieved with full retention of their biological activity in vitro. At 150 mg/mL, the
viscosity of an infliximab solution was at 275 cP, but the equivalent crystalline
suspension had a viscosity of less than 40 cP [126]. The use of organic solvents was
also found to be an effective approach in recent investigations [13, 78, 108]. It was
shown that the non-aqueous suspensions of c-globulin at 300 mg/mL reduced the
viscosity of the aqueous solution by 38X [108].
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4.3.3.3 Drug Administration

Most protein drug products are administered through i.v. or s.c. injection. In this
case, a product solution needs to be withdrawn into a syringe and injected through a
needle (syringeability). High viscosity of protein solutions may present delivery or
administration challenges. A solution viscosity of higher than 50 cP may present
practical difficulty with a 27 or 29 G needle normally used for subcutaneous ad-
ministration especially for patients who may have challenging dexterity (e.g.,
rheumatoid arthritis patients) [78]. Assuming the force of 30 Newtons as a limit for
manual injection, the viscosity of an IgG solution should not exceed approximately
25 cP to achieve an injection rate of 4 mL/min through a 27G needle [15]. If one
would like to achieve a faster injection rate or use a smaller needle size, a less
viscous solution would be required. The theoretical relationship between the
injection force and these syringe and needle-related parameters can be described by
the following equation for Newtonian fluids [15]:

F ¼ 32D2l Qg=d4

where F is the injection force, D is the syringe diameter, l is the length of the
needle, Q is the injection flow rate, η is the viscosity, and d is the inside diameter of
the needle.

Both Newtonian and non-Newtonian viscosity behaviors have been reported for
mAb protein solutions in the literature [1, 85, 88, 129]. It appears that less viscous
protein solutions tend to be Newtonian, while more viscous solutions tend to exhibit
strong shear-thinning behaviors [1, 94, 129]. The dividing point may depend on the
protein. Shear thinning appears to be observed only at a higher shearing rate for mAb
solutions [1, 94, 129]. The shear thinning could be due to disruption of protein
oligomers/clusters [129]. The estimated shear rate was about 180,000 s−1 for deliv-
ering a 1 mL solution through a 27G needle with an inside diameter of 0.222 mm in
6 s [94]. This is significantly higher than what was used to test shear thinning, e.g.,
104/s [129]. In any case, a recent study has shown that syringeability can also be
predicted accurately based on the property of non-Newtonian mAb solutions [1].

In the dose administration process, the protein may experience significant
shearing. It has been shown that a concentrated IgG1 mAb solution (>100 mg/mL)
can tolerate a shear between 20,000 and 250,000 s−1 for between 5 min and 30 ms
(far in excess of those expected during normal processing operation) [7].

4.4 Future Directions

The challenges associated with development of a high-concentration protein pro-
duct justify the continued efforts in the following areas—minimization of viscosity
and protein aggregation, development of advanced analytical tools, and better
understanding of in vivo product performance.
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4.4.1 Minimization of Viscosity and Protein Aggregation

As discussed above, although traditional formulation approaches can reduce the
solution viscosity significantly, the degree of reduction may still be inadequate.
Recent investigations have shown the potential of significant viscosity reduction by
clustering protein molecules in solutions. High protein concentrations up to
320 mg/mL were prepared by formation of dense, reversible, colloidally stable
nanoclusters of 35–80 nm driven by small molecule crowders [12]. The homo-
geneity and stability of these solutions may need further evaluations. Other novel
alternatives, such as preparation of crystalline or non-aqueous suspensions, would
need similar types of evaluation. In addition, significant evaluation may be required
on the safety of the non-aqueous solvents.

Protein aggregation has been recognized as a key product development issue for
a long time [76, 118]. Although traditional approaches can be used to mitigate
protein aggregation at high concentrations, the conditions for favorable mitigation
of protein aggregation may not align with those for minimization of high viscosity.
For example, certain formulation excipients, such as sugars, that protect protein
from aggregation can increase the viscosity of proteins [43]. Any novel approaches
designed for reduction of viscosity should ideally be able to mitigate the aggre-
gation tendency or vice versa.

4.4.2 Development of New Analytical Methodologies

A variety of analytical methods are available to characterize antibody
self-association [36]. In many cases, these assays are not in high-throughput format
such as analytical ultracentrifugation. Some parameters can only be determined at
low concentrations, such as the interaction parameter kD determined by DLS. The
type/dominance of protein–protein interactions, reflected in these parameters, may
change with increasing concentrations [98, 101, 110]. Although AUC can be used
to probe the protein association at high concentrations, protein self-association may
not be detectable by sedimentation velocity experiments, if the association is not
strong enough [75]. Some routine assays, such as SEC-HPLC, may require sample
preparations, including dilution, so the results may not reflect what is really in the
original product solution. In general, the future development would be focused on
high-throughput assays, which should cover a wide concentration range, reveal
what is in the original product solution, and/or predict protein behavior at higher
concentrations.

Protein–protein interactions are the cause of characteristic and sometimes
challenging protein behaviors at high concentrations. Although both electrostatic
and hydrophobic interactions are apparently involved, specific interaction sites or
residues have not been clearly identified. A limited number of studies did point to
the dominant role of Fab–Fab interactions [18, 31, 64, 70, 96, 127]. On the other
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hand, Fc participation in protein–protein interactions was involved in mAb
protein–protein interactions [18]. In fact, Fc was found to be the only part of IgG1,
which is responsible for an IgG1 association, leading to phase separation under a
low-ionic state [86]. This is possibly due to the hydrophobic and flexible nature of
the Fc region [24, 84]. In this regard, more complex instrumentation may be needed
to detect local and subtle energetic and/or conformational change in proteins.

4.4.3 Understanding of In Vivo Performance

A desired in vivo performance of a protein product is the final goal in product
development. In recent years, pharmaceutical product development scientists
increased their attention to the fate of protein products after administration—both at
the site of injection and in the blood stream. The pH and composition of different
tissue fluids can be significantly different from that of a protein product [66].
Therefore, a high-concentration product with a reversible formation of protein
oligomers may not show reversibility upon subcutaneous injection and subsequent
dilution with tissue fluid. It has been shown that proteins can aggregate easily after
administration or mixing with plasma due to the difference in pH, and different
components in different tissues [4]. Protein aggregates at the injection sites were
shown to have a slower elimination than monomeric proteins after subcutaneous
injection in mice [33, 65].

Even though a high-concentration protein product can be developed with
acceptable viscosity and aggregation tendency, the crowded protein product may
present additional challenges, altering the in vivo behavior. For example, subcuta-
neous injection of high-concentration proteinwith reversible clusters intomice results
in indistinguishable pharmacokinetics versus a standard antibody solution [62].

In comparison, the half-life of crystalline infliximab suspension is 777 h, sig-
nificantly longer than that (390 h) after subcutaneous injection in rats [126].
Understanding the behavior of high-concentration products upon administration
could be a useful part of a product development process.
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Chapter 5
Solubility, Opalescence, and Particulate
Matter

Hanns-Christian Mahler and Anja Matter

Abstract “Appearance” is an analytical test often found in specifications of protein
drug products. However, appearance can mean many different things, including
dosage form (liquid, dried), color (coloration of solution, color of cake), cake
appearance (in case of a lyophilisate), opalescence, or turbidity, and—in some cases
—even visible particles. “Maximum solubility” is a parameter that has been pre-
viously evaluated for proteins. But given the nature of biologics and the analytical
methods used for assessing solubility often do not yield any practically relevant
information. Opalescence, respectively, solution clarity can be measured as defined
by the European Pharmacopeia. It is a helpful parameter that can relate to aggre-
gation, but also other solution phenomena like liquid phase separation. The col-
oration of solution is also defined in the European Pharmacopeia. Coloration in
protein products can relate to concentration, type of formulation, but also process-
or product-related degradants or contaminants. Solution viscosity is of utmost
importance for manufacturing as well as administration of biologics at higher
concentration. Finally, aggregates and particles can arise as a result of degradation
pathways and subvisible and visible particles in parenteral preparations also have to
comply with related pharmacopoeial requirements.
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5.1 Introduction

Protein formulations are colloidal suspensions and not perfect solutions. In most
cases, proteins contain hydrophobic aromatic amino acids that would generally
drive their adsorption properties. This is the main cause for some of the phenomena
that such protein formulations show.

Given that “appearance” of a protein formulation can be influenced by many
different aspects, namely its solubility, opalescence, color, viscosity, and aggre-
gation propensity, and this chapter aims to discuss these relevant parameters in
more detail in order to allow more specific and appropriate testing.

5.2 Appearance of Protein Formulations

5.2.1 Solubility

Solubility can be defined as the amount of a substance (the solute) that dissolves in
a unit volume of a liquid substance (solvent) to form a saturated solution under
specific conditions such as temperature and pressure (business dictionary). Such a
definition is being used and is helpful for small molecule drugs, especially for
poorly soluble small molecule drugs that require solubilization efforts. Solubility for
a protein is, however, not an easily defined term. Solubility can also be considered
as a limit, where typical endpoints such as HPLC analysis, visual inspection,
subvisible particle testing, and other tests can be used to evaluate if there is yet
undissolved solid matter and to determine these thresholds. This approach would be
somewhat similar to small molecule solubility assessments. Such tests, however,
can often be rather misleading when trying to establish “solubility” limits for
proteins. Proteins, as mentioned earlier, are colloidal and not ideal solutions, and
thus, their colloidal behavior in solution may drive some of the data. Also, it can be
unclear on what is the “acceptable” threshold to derive that solubility limit from
when looking at HPLC analysis (soluble aggregates), visual inspection, subvisible
particle testing, or other endpoints.

Some authors tried to evaluate “protein solubility” by artificially lowering protein
stability and provoking aggregation and particle formation, such as by using poly-
ethylene glycol (PEG) as precipitant [1, 18]. However, the obtained “maximum solu-
bility” (inmg/mLconcentrations of protein) did notmatch other actual experiments [17].

In the author’s perspective, the term “solubility” is thus misleading when being
used for proteins and formulations and we recommend not using it.

5.2.2 Opalescence

Opalescence can be defined as a type of dichroism in highly dispersed systems with
little opacity. The phenomenon is an example of the Tyndall effect and is named
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after the appearance of opals (Wikipedia). Opalescence refers to a solutions optical
characteristic caused by scattering of light, which can be explained by different
scattering events like Rayleigh or Mie scattering [19]. In practical terms, opales-
cence is often interchangeably called turbidity.

The European Pharmacopeia has amonograph for themeasurement of “Clarity and
degree of opalescence of liquids” (Ph.Eur. 2.2.1, version 5). The degree of opales-
cence can be visually detected or alternatively determined by an instrumental method
(nephelometry, turbidimetry, or ratio turbidimetry). During operator-based testing,
the operators compare the solution in diffused daylight against reference standards.
The solutions opalescence is usually reported in Formazin Turbidity Units (FTU).
Turbidity reference standards are prepared using formazin and are diluted to the
respective target opalescence. When formazin was initially adopted as the primary
reference standard for turbidity, FTU or Formazin Turbidity Units were used. These
units, however, do not specify how the instrument measures the sample. NTU stands
for Nephelometric Turbidity Unit and signifies that the instrument is measuring
scattered light from the sample at a 90° angle from the incident light.

Ph.Eur. currently defines the following categories, which relate to following
NTU, as calculated for the respective dilution:

– Clear (up to 3 NTU, <Ref I);
– Slightly Opalescent (3–6 NTU, <Ref II);
– Opalescent (6–18 NTU, <Ref III);
– Strongly Opalescent (18–30 NTU, <Ref IV).

When assessed instrumentally, the test result is more accurate and independent
of the analyst’s vision. The disadvantage of the method becomes apparent if the
degree of turbidity increases and the amount of particles is too high resulting in
multiple scattering and the incident light is hindered in reaching the detector.
Nephelometric measurements are therefore more reliable in low turbidity ranges,
where there is a linear relationship between Nephelometric Turbidity Unit
(NTU) values and relative detector signals.

Many drug products, especially for European Health Authority submissions,
measure opalescence manually or instrumentally and drug product specifications
often report either above FTU units (e.g., not more than 18 FTU), Ph.Eur.
Reference Standards (e.g., NMT Ref III) or a descriptor as used in the Ph.Eur. (e.g.,
max. or not more than strongly opalescent).

The Ph.Eur. does not include any specific requirement for parenteral products in
general, with regard to opalescence. In fact, there are commercial parenteral
products available that are strongly opalescent (significantly above 18 FTU), such
as emulsions and suspensions, for example, adjuvanted vaccines. In protein for-
mulations, the concentration of protein, but also the type of formulation, would
typically impact the degree of opalescence. The more concentrated a protein
solution, the higher opalescence may be expected, as the scattering of light would
increase with increasing concentration of undissolved proteinaceous spheres in the
colloidal suspension. For high-concentration formulations (e.g., above 150 mg/mL
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of protein), high values of opalescence can be expected and are often not a general
sign of concern per se, but maybe—a bit oversimplified—considered as a cosmetic
defect.

As shown in Fig. 5.1, the primary factor for solution opalescence is the protein
itself. pH, ionic strength, and some specific excipients, respectively, ions, can also
significantly change turbidity [32].

To note, in the Ph.Eur. monograph for “Monoclonal Antibodies for Human
Use,” these antibody products are described as “slightly opalescent” in the mono-
graph text and requirements. While this expectation can be realistic for very diluted
antibody formulations, it is quite unrealistic for an antibody formulation with a
protein concentration well above 50 mg/mL.

As an example for formulation-dependent opalescence, citrate-containing pro-
tein formulations often have higher degrees of opalescence than comparable
histidine-containing formulations of the same protein and with otherwise identical
excipients [32]. The absolute level of opalescence is, however, not a sign of quality
per se, yet a characteristic of a given solution.

Opalescence testing is often used during formulation development of protein
formulations. In some cases, opalescence can correlate to protein aggregation [15]. It
is rational that an increase in protein aggregation would change the size of colloidal
spheres in solution, namely the aggregates or particles, which then would likely
change the degree of opalescence. Also, the tendency of an increase in intramolecular
interactions of proteins (repulsion or attraction) would be considered to impact
opalescence. This is often assessed as second virial coefficient (A2 or B22).

Interestingly, depending on the aggregates or particles formed, it should be noted
that opalescence values may also not show any change, despite significant protein
precipitation and instability. As an example, if a protein would readily form

Fig. 5.1 Turbidity increase
as a function of protein
concentration. Four different
monoclonal antibodies are
depicted with different
concentrations in similar
formulations
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significantly large particles (e.g., >100 µm in size), solution opalescence would not
change. This is because only spherical aggregates that are small enough to impact
the scatter of light would drive any change in opalescence. Opalescence can thus
not be used as the sole method to assess protein aggregation and is incapable of
replacing most valuable methods like size-exclusion chromatography (SE-HPLC),
subvisible or visible particle testing.

Opalescence can also relate to other solution phenomena. This includes being a
precursor of liquid phase–phase–separation [9, 16]. In other cases, opalescence has
been found when protein formulations showed tendencies toward formation of gels
(own unpublished data).

In summary, opalescence is a complex thermodynamic phenomenon that relates
to solution properties and may depend on:

– Type of protein and its concentration;
– Buffer type and ionic strength;
– Protein aggregates and their shape;
– Phase separation phenomena.

While the absolute value of opalescence is usually not a relevant parameter, the
level of change in opalescence may be important. This can be of significant interest
during storage (tracked in stability studies) or for the evaluation of process changes.
Opalescence testing is recommended for parenteral product development and
Quality Control (QC) purposes such as release and stability testing, but cannot
replace methods like SE-HPLC, subvisible or visible particle testing.

5.2.3 Coloration of Solution

Coloration of solution is defined as the degree of coloration of liquids in the range
brown–yellow–red (Ph Eur 2.2.2, version 5). It refers to a solutions property and
appearance caused by adsorption of specific wavelengths of light.

The European Pharmacopeia has a monograph on the degree of coloration of
liquids (Ph Eur 2.2.2, version 5). This test can either be performed visually by an
operator or by instrumental testing. During operator-based testing, the operators
compare the solutions appearance or color to the given reference solutions, viewing
horizontally against a white background. For instrumental testing, the color is
measured using the reference color standards B, BY, Y, GY, and R. The degree of
coloration is reflected by the respective numerical value in connection with the
color scale; e.g., Y7 would be less yellow-colored than Y5.

– B (brown), intensity B1–B9;
– BY (brownish-yellow), BY1–BY7;
– Y (yellow), Y1–Y7;
– GY (greenish-yellow), GY1–GY7;
– R (red), R1–R7.

5 Solubility, Opalescence, and Particulate Matter 129



Protein formulations often show some level of solution color. In many cases, the
color of protein solutions is on the “Yellow” or “Brown” scale. Given that colors on
the “Yellow” and “Brown” scale may be close to each other, it is recommended to
set a given color scale, once defined.

The Ph.Eur. does not include any specific requirement for parenteral products in
general with regard to color. To note, in the Ph.Eur. monograph for “Monoclonal
Antibodies for Human Use,” these antibody products are described as “slightly
yellowish” in the monograph text and requirements. While this expectation can be
realistic for some very diluted antibody formulations, it is quite unrealistic for
antibody formulations with a protein concentration well above 50 mg/mL, since
coloration is likely stronger with high-concentration formulations. As mentioned,
also other color scales than “Yellow” may often be required for protein formula-
tions, including the “Brown” scale. For high-concentration formulations (e.g.,
above 150 mg/mL of protein) increased values of coloration can mostly be
expected and are often not a general sign of concern. However, discoloration of
protein drug products could give rise to concerns about potential quality impact. On
the other hand, given the root causes of solution coloration of protein formulation, it
is obvious that accelerated and stress testing, including high temperatures as well as
light exposure, would lead to changes in color [21].

Recent studies on the topic have evaluated changes in color caused by oxidation
[14, 27]. They identified tryptophan oxidation products as the main driver for color
change to yellow in stressed monoclonal antibody drug product. Apart from the
oxidation, other post-translational modifications on the antibody such as advanced
glycation of end products can give rise to color [6]. Not only the molecule itself, but
also various media components can contribute to drug substance color for a specific
monoclonal antibody including carry over of media components [29]. Reducing the
concentration of B vitamins has an effect on the intensity of the color. Derfus et al.
also assessed the effect of processing conditions (medium composition and harvest
conditions) on final bulk drug substance color and found that Vitamin B12 can
cause a slightly red–pink color [11, 20]. Brown discoloration was also observed as a
result of mixing effect of yellow and pink colors [33]. It was demonstrated that the
brown color was caused by the chemically defined basal medium containing high
levels of iron and vitamin B12. Iron caused tryptophan oxidation in the protein,
which likely contributed to a yellow color and the pink color was caused by the
residual B12. It can therefore be very cumbersome and labor-intensive to identify
individual molecules that would drive coloration, since coloration may arise from
multiple sources. In addition, these species are typically quite low in abundance and
concentration levels.

In summary, coloration of solution relates to the solutions properties and ap-
pearance and may occur due to:

– Type of protein and concentration;
– Aggregate formation;
– Process residuals;
– Physical and chemical reactions caused by stress.
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Proteins are expected to exhibit some color, especially in highly concentrated
solution. While the absolute value of color is usually not a relevant parameter, the
level of change in coloration, e.g., during storage or accelerated stability studies,
can be of significant interest for the evaluation of process changes. The testing of
the color of solution is recommended for parenteral product development and
Quality Control (QC) purposes such as release and stability testing.

5.2.4 Viscosity

Viscosity of a solution can be defined as a measure of the resistance of a fluid to
deformation under shear stress. It describes a fluid’s internal resistance to flow and
may be thought of as a measure of fluid friction (https://www.sciencedaily.com/
terms/viscosity.html). Protein formulations show relevant changes in solution vis-
cosity, as a function of:

– The active ingredient (protein) and related characteristics (e.g., size, electro-
statics, dipole moment, presence/absence, and type of conjugation)

– Protein concentration
– Formulation properties (e.g., pH value, type of buffer, and excipients used with

possible relevance for which counterions are used)
– Solution temperature
– Eventually shear rate. Protein formulations may or may not show shear-thinning

behavior [2]. Of note is that the shear forces that may be typically occurring
during manufacturing operations or injections (administration) are generally
acknowledged to not lead to protein instability [3, 28].

Solution viscosity of protein formulations can be measured via different analytical
methods.Most commonly used, andmost applicable, is the plate/cone apparatus. This
method can also vary shear rates and thus supports the evaluation if a given formu-
lation shows Newtonian or Non-Newtonian behavior. Some plate/cone methods also
can support the assessment of temperature of a solution viscosity with solvent trap and
heating/cooling options. More traditionally used methods for viscosity assessments,
like capillary Ubbelohde and other methods are often poorly applicable for proteins.
These tests are quite crude and require significant sample volumes resulting in sub-
stantial cost per measurement due to the typically high cost of goods of therapeutic
proteins. There are some recent advancements for an automated technology that
requires only very little sample volume. This microfluidic Viscometer-
Rheometer-On-a-Chip (mVROC) is used for the assessment of protein formulation
viscosity. To note—these methods often do not correlate well to other viscosity
methods given that measurements are poorly comparable related to expected shear
rates.

Viscosity often becomes a limiting parameter when developing
high-concentration formulations (see Fig. 5.2). A fantastic review on the topic is
provided by Shire et al. [25].
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It can have the following impact:

– Limiting ultrafiltration–diafiltration (UF-DF, tangential flow filtration/TFF) unit
operations and leading to higher transmembrane pressures and at the same time
lower flow rates.

– Limiting filtration unit operations (lower flow rates).
– Limiting filling operations, e.g., drying on/in the filling needle [24], for exam-

ple, related to type and material of needle chosen, and or impacting filling
precision.

– Impacting injectability [17]. More viscous solutions often lead to longer injec-
tion times when applying the same injection forces, or can increase the required
injection forces. Given the applicability of Hagen–Poiseuille’s Law, this issue is
having increasing relevance (r to the power of 4!) with smaller inner diameters
of injection needles, such as being used for some specific routes of adminis-
tration (e.g., 30G needles often used for intravitreal injections).

Viscosity testing or ranges are not governed specifically by any regulatory
guidance. However, given the importance of being able to manufacture and general
Quality-by-Design principles, and considering the importance and regulations
around patient usability, an adequate assessment of viscosity early in development
is of utmost importance.

5.2.5 Aggregation and Particles

Proteins can undergo chemical or physical degradation pathways. Chemical
degradation processes include the breakage of peptide bonds or amino acid

Fig. 5.2 Viscosity of an
example monoclonal antibody
as a function of concentration
and at two different
temperatures (5 °C vs. 25 °C)
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modifications such as oxidation and deamidation. On the other hand, physical
degradation includes changes in the three-dimensional structure of the molecule and
non-covalent interactions such as unfolding/denaturation, adsorption, aggregation,
and precipitation. Aggregation and precipitation that lead to proteinaceous particle
formation have received significant attention in the past years, given the concern
about these being possibly connected to altered immunogenic reactions in patients,
although this was discussed quite controversially [7, 26]. While there was no
clinical evidence, in vitro work and animal studies suggested that artificially gen-
erated proteinaceous particles stimulated immune responses [12]. Recent studies
suggest that aggregates or particles per se would, however, not be a significant
immunogenicity risk unless significantly (almost quantitatively) oxidized [4, 5] to
levels beyond typically observed in actual products. Yet, aggregation and particles
typically remain a critical quality attribute to date. Of principal concern is also the
product efficacy due to differences in biological activity of the aggregates [10].

Chapter 6 specifically discusses protein aggregates and particles and related
analytical methods in more detail.

In brief, size-exclusion high-performance liquid chromatography (SE-HPLC)
remains the workhorse of industry for the assessment of soluble aggregates. Soluble
aggregates are typically oligomers like dimers, trimers, and tetramers that usually
pass through a 0.22-µm filter [30]. In many cases, asymmetric flow field flow
fractions (AF4) or analytical ultracentrifugation (AUC) can be used as orthogonal
methods to confirm the validity of the SE-HPLC results. Soluble aggregates are
required to be monitored and are specifically mentioned in relevant guidance such
as ICH Q3B(R2). Acceptance criteria for soluble aggregates are per se not prede-
fined and depend on product, process and related risk assessment. The higher the
protein concentration, the more likely is the risk for aggregation to occur and the
accumulation of aggregates over time.

Subvisible particles (>10 and >25 µm) are required to be measured and spec-
ified, in compliance with the pharmacopeias like Ph.Eur., JP, USP, and other
guidances. Light obscuration testing remains the method of choice for protein
formulations. While the pharmacopeias also allow a “microscope method,” the
application of latter is often limited when trying to also measure proteinaceous
particles in the subvisible particle range. USP recently introduced an additional
monograph for biologics drug products, suggesting that flow imaging techniques
would also be considerable as a relevant, orthogonal method. This method, how-
ever, is not found in Ph.Eur. or JP and the authors also believe that the value of flow
imaging methods is primarily on characterization of the particles morphology based
on images, rather than for quantitative counting. If used for latter, it may prove
difficult to come up with relevant acceptance criteria for flow imaging methods that
are meaningful and relevant for clinical safety as well as insurance of product
quality and consistency. There is no common agreement on the maximum allow-
able aggregate levels in protein-based pharmaceutical products, because of the
different behavior of proteins. Some may be largely stable and safe despite certain
levels of aggregates, while for other proteins very small changes in aggregate levels
may significantly affect protein stability and even safety [8]. Acceptance criteria for
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light obscuration of subvisible particles are defined in the pharmacopeias and
depend on product configuration: Small volume parenterals (SVPs; up to 100 mL
container size) versus large volume parenterals (LVPs; >100 mL container size).
When particles may be present in the drug product, it is mandatory to use of an
in-line filter prior to parenteral administration. Products may be exempt from the
subvisible particle requirements, if used with a final filter, but this can also be
dependent on the route of administration and scope of application. While for par-
enteral preparations in general, the limits are (for SVPs) “NMT 6000 particles
>10 µm and NMT 600 particles >25 µm”; the Ph.Eur. states that different values
may be appropriate for subcutaneous or intramuscular administration. The USP
<789> has established a monograph for ocular products with significantly tighter
limits of “NMT 50 particles >10 µm and NMT 5 particles >25µm.” Latter limits are
not specifically required in the Ph.Eur., yet tighter limits than the ones listed in Ph.
Eur. 2.9.19 may be appropriate in some cases, where product and process consis-
tency would allow tighter limits, and where the disease state may warrant tighter
acceptance criteria, such as when sterile products are used during surgery or for the
injured eye.

The higher the protein concentration, the higher is the risk and likelihood for
particles to occur. Of note, air bubbles also impact the results of subvisible particle
counts, since they significantly contribute to particle counts. This is a common
analytical artifact of a light obscuration method. Air bubbles are also often stabi-
lized by surfactants, which are the most commonly used excipients in protein
formulations. The impact of other parameters including color and opalescence on
particle testing results was also studied. However, solution viscosity and refractive
index showed a more pronounced effect on the analytical results, especially with
more translucent particles [31].

There is a trend that submicron particles (<1 µm) are being requested by some
Health Authorities during product submissions for clinical studies (IND) as well as
for marketing authorization approvals (MAA). There are various emerging methods
in evaluation for that purposes, including Nanoparticle Tracking Analysis
(NTA) and Resonance Mass Measurements (RMM). The available methods,
however, do have significant downsides, for example, related to precision and
accuracy that hinder their use for Quality Control purposes and significantly limit
their applications to guide development [22, 23]. To date, these methods best suit
their use for extended characterization or specific research purposes.

Visible particles should be minimized and avoided in parenteral products.
The USP and Ph.Eur. require parenteral products to be “essentially/practically free
of visible particles.” The monograph “Monoclonal Antibodies for Human Use”
requires latter products to be “without visible particles unless otherwise authorized
or justified.” This clearly signals the desire for parenteral products to do anything
possible to avoid the presence of particles. There is no clear numerical threshold of
visible particles in relation to clinical safety. This is both due to absence of relevant
clinical data, as well as the variety of particle types that may be found, and due to
the fact that dosing, disease state and concomitant treatments may alter the safety
impact as well. Visible particle testing per Ph.Eur. 2.9.20 and USP uses a black and
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white background panel with observation times of at least 5 s against each back-
ground. Testing would be performed by trained and qualified human operators. Any
unit containing visible particulates would be removed from the rest of the batch
during 100% inspection operations. Given that protein formulations may generate
proteinaceous particulates, it is most relevant to also use best efforts during for-
mulation, process, and packaging development, i.e., holistic drug product devel-
opment toward minimizing particulates. Formulations containing proteinaceous
particulates are suggested to be improved in the related drug product design. If—for
whatever reason—product optimization cannot be performed in due course, a final
remediation and derisking option is often the use of in-line filters during admin-
istration to patients (and animals). Such filters would need to be assessed for
compatibility and ability to actually filter out the related particulates, to ensure that
the administered solution would comply with expected pharmacopoeial
requirements.

Formulations that have significant opalescence or coloration may adversely
impact the ability to visually inspect these products for visible particles. Ph.Eur.
thus specifically mentions that visible particle inspection also allows inspections
using increased light intensity or longer inspection times. For further reading, we
would like to refer to a review paper on the topic [15].

5.3 Conclusions

“Appearance” is a test often found in specifications of protein drug products.
However, appearance can mean many different things, including dosage form
(liquid, dried), color (coloration of solution, color of cake), cake appearance (in case
of a lyophilisate), opalescence, or turbidity, and—in some cases—even visible
particles. The European Pharmacopeia is a helpful source to establish more specific
and appropriate testing parameters for development and/or quality control purposes,
and this chapter aims to discuss various relevant, but often overlooked and
underappreciated, parameters for protein drug products.
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Chapter 6
Analytical Characterization
and Predictive Tools for Highly
Concentrated Protein Formulations

Andrea Allmendinger, Stefan Fischer and Robert Mueller

Abstract This chapter focuses on different aspects of development and charac-
terization of highly concentrated protein formulations. This includes the introduc-
tion of predictive tools used during early development, specific challenges for
analytical methods, and extended characterization of rheological and structural
properties. The application of predictive tools during clinical lead selection and
early-stage development helps to assess whether a selected clinical candidate may
successfully pass the challenges of a high-concentration product in later develop-
ment. In particular, parameters like B22 (second virial coefficient) and kD (diffu-
sional interaction parameter) are described and underlying principles, technologies,
limitations, and applicability to highly concentrated formulations are elaborated.
The specific challenges of high-concentration protein formulations with respect to
analytical characterization are discussed in detail and practical recommendation is
given. Different common techniques to measure viscosity are described including
dependencies on protein concentration, temperature, and shear stress. Structural
characterization of highly concentrated protein formulations requires analytical
tools capable to measure in the non-diluted regime. Only a limited number of
analytical techniques are available for this challenging task like small-angle scat-
tering techniques (SAS) and quartz crystal impedance analysis (QCIA)/microbal-
ance with dissipation monitoring (QCM-D). These techniques are described, and
measuring principle, applications in literature as well as limitations are outlined.
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Diffusion coefficient � Rheology � Viscosity � Protein aggregation
Opalescence � Small-Angle scattering techniques

6.1 Predictive Tools for Clinical Lead Selection
and Early-Stage Development

The desired outcome of clinical candidate selection and early-stage biopharma-
ceutical development is to bring an investigational new drug (IND) into clinical
trials (Entry into Human (EIH)) and assess and test it as potential therapeutic
protein. There is significant interest in the likelihood of the selected clinical can-
didate to successfully pass later development (beyond EIH) and eventually enter
commercialization. As per today, novel therapeutic protein entities are emerging
while still mostly therapeutic antibodies and related entities cover the majority of
biotherapeutic drugs [1, 2]. The use of platform approaches and routine methods
and their steady refinement often rather results in a panel of several potential
candidate molecules with necessary functional properties than in “the one single
candidate” [1]. This contrasts the resource- and cost-intense stages of development
(bioprocessing development, pharmaceutical development and possibly device
development) which need to be dedicated to the top candidate molecule [1].
Consequently, the decision about “the one candidate” is fundamental and needs to
be gated prior subsequent development activities. In this context, molecular
assessment is conducted; it assesses the likelihood of each candidate molecule to
ultimately become a stable, efficacious and safe drug. A major component to
molecule selection is the question whether the selected molecule is presumably
suitable for large-scale manufacturing, the respective dosage form with the antici-
pated shelf-life (e.g. liquid dosage form with >24 M shelf-life at 2–8 °C intended
storage) and—specific to highly concentrated formulations—has acceptable ag-
gregation and viscosity behaviour. Such assessment is common to biotherapeutics
and the approaches are often called “developability assessment” or similar. General
developability approaches are beyond the scope of this chapter and the interested
reader may refer to respective review articles [1].

In the context of highly concentrated formulations, a special interest lies in
assessment of aggregation propensity and viscosity. Literature often suggests that
these attributes are mostly governed by protein–protein interactions (PPI). In
addition, literature suggests that PPI largely govern opalescence and general phase
behaviour (such as seen by phase separation) [3]. Consequently, there is large
interest in the direction and magnitude of intermolecular interactions and under-
lying principles for their assessment.

In this context, parameters such as the second virial coefficient (B22) and the
diffusional interaction parameter (kD) have been extensively studied. The following
sections will elaborate on the underlying principles, limitations and—finally—on
the applicability for highly concentrated formulations.

140 A. Allmendinger et al.



6.1.1 The Second Virial Coefficient (B22)

The second virial coefficient B22 describes non-ideal behaviour in solution and
quantifies intermolecular forces between two protein molecules [4] while negative
B22 values denote attractive behaviour, and positive B22 values describe repulsive
behaviour. As described earlier on, attractive interactions between proteins are often
related to aggregation, high viscosity, opalescence and liquid–liquid phase sepa-
ration [3, 5–8].

Traditionally, the B22 has been assessed by static light scattering (SLS) [9–11]
and membrane osmometry. In addition, analytical ultracentrifugation has been
widely applied using the principle of sedimentation equilibrium.

SLS measures the time-averaged scattering intensity (Rayleigh scattering) that
can be related to B22 by constructing the so-called Debye plot in a dilute solution
regime. The methodology requires a concentration series, which can be obtained by
(a) serial dilutions to be prepared and (b) a concentration detector, e.g. refractive
index detector. The excess Rayleigh scattering is detected at 90° scattering angle.
The classical approach is rather time—and material intense (about 50 mg of protein
as assessed in a dilute solution regime and a few hours for the individual con-
centrations assessed with stable scattering intensities). Recently, automated
approaches were developed, such as composition-gradient MALS.

Membrane osmometry is based on an osmotic pressure system consisting of two
compartments and semi-permeable membrane. In the inner compartment, the buffer
solution containing the protein is placed (sample solution), and in the outer com-
partment, only the buffer solution is placed (reference solution). An important
attribute to the membrane is its impermeability to protein while being permeable to
water and salt/buffer components [12]. In an equilibrium state, the chemical
potential on both sides of the membrane is equal. The presence of protein (which in
this case is a non-diffusible solute) reduces the chemical potential in the sample
compartment and triggers solvent flow from reference to solvent compartment [12].
Applying pressure can stop solvent flow and establish equilibrium. This additional
pressure applied is the osmotic pressure. Based on the McMillan–Mayer osmotic
virial equation, the osmotic pressure can be linked to the osmotic second virial
coefficient. The analysis is usually done by using the so-called membrane
osmometers. As described for SLS, membrane osmometry requires dilution series.
The analysis is work intense and does usually not allow for high-throughput
analysis. This raises the question for alternative methods which allow for
autosampler and automation. In this context, self-interaction chromatography
(SIC) was developed. In 1996, Patro et al. reported on SIC as a means to study PPIs
in bioprocessing environments [13]. SIC requires a protein immobilized solid phase
chromatographic stationary phase [14], the protein being present in the mobile
phase and finally injection of the solution of the protein to be studied. The elution
volume is typically assessed by a liquid chromatography detector such as UV. From
the classical measurement alone, there is no link to B22 yet until a model developed
by Tessier et al. is used to relate osmotic second virial coefficient to the elution
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behaviour in SIC [15]. SIC may come into play if the Rayleigh scattering of a
molecule is not strong enough to apply SLS; this can be the case for species of
lower molecular weight such as peptides [16]. In the case described by Payne et al.
[16], a 36-amino acid therapeutic peptide was studied, and salt concentration, salt
type, and pH were varied and related to solubility and apparent molecular weight.
This specific study showcases the applicability and screening options of SIC in
general. Limitations of SIC arise from the general need for column preparation, i.e.
protein immobilization. Moreover, the accurate measurement of dead volumes is
crucial for accurate retention time data which is—as described earlier on—the base
for calculation of the B22.

Among these techniques described, SLS has been most widely used. Membrane
osmometry and sedimentation equilibrium analysis (using analytical ultracen-
trifuge) require long measurement time, i.e. are not high-throughput methods. In
addition, the material amounts required are often not yet available in early dis-
covery, lead candidate selection.

B22 in general and its predictive power for concentrated solutions are being
discussed ambiguously. As outlined earlier on, the B22 is primarily applied in a
dilute solution regime. Nevertheless, good qualitative correlations could be found
between the B22 as assessed in low concentration and viscosity and aggregation
propensity at concentrations higher than 100 mg/mL [17].

6.1.2 The Diffusional Interaction Parameter kD

A methodology which recently gained much interest is the assessment of the dif-
fusional interaction parameter kD. Measurements of kD are usually conducted at
protein concentrations of 1–20 mg/mL using dynamic light scattering (DLS) where
mutual diffusion coefficients are measured as a function of solute concentration
(c) and allow for the calculation of the diffusional interaction parameter (kD) (with
D0 is the self-diffusion coefficient).

D ¼ D0ð1þ kDcÞ ð6:1Þ

In a simplified way, a positive kD signifies more repulsive interactions while less
positive kD implies more attractive intermolecular interactions. A major advantage
of the DLS instrumentation is its applicability to a micro-well format which allows
for automated assessment of kD while keeping API consumption very low [17–19].
Various studies have been using dynamic light scattering, mostly due to the fact that
kD is often reasonably correlated to B22 [19–21]. Lehermayr et al. assessed kD (via
DLS) and the second virial coefficient (via SLS) for a set of monoclonal antibodies
in typical pharmaceutical buffer systems and derived an empirical relationship
between kD and B22 applicable to standard antibodies. This data has been generated
in a dilute concentration regime (as described above). The methodology allows for
larger screenings based on the well-plate format and significant less protein required
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for the studies. For a classical B22 measurement by SLS in dilution solution, 50 mg
of protein is a good estimate. For the kD approach by DLS applying micro-well
plate format, kD can be obtained with about 1.5 mg of protein. Several studies have
demonstrated that kD can be a fast tool to study protein aggregation propensity and
solubility [22]. A comprehensive study conducted by Connolly et al. [18] correlated
kD values of 29 monoclonal antibodies (obtained at 1–20 mg/mL) to dynamic
viscosity data at the high-concentration regime (≤175 mg/mL) within four different
solution conditions. It should be noted that the correlation was not equally well
established between the four buffer systems tested, however the study demonstrates
that kD can be a powerful parameter to assess high-concentration behaviour in the
dilute solution regime, especially if only low amounts of protein are available.

In terms of predictive power, the tools described so far need to be taken with
care. It should be noted that the tools based on B22 and kD may provide sufficiently
good relative ranking of different proteins, however full correlation with aggrega-
tion or viscosity may not be found. This may especially become relevant if attempts
are undertaken to predict high-concentration properties, as the methods—in their
classical application—are methods describing solution behaviour in dilute solution.

6.2 Analytical Characterization of Highly Concentrated
Protein Formulations

6.2.1 Analytical Challenges for Characterization
of Concentrated Protein Formulations

Concentrated pharmaceutical protein formulations have a protein concentration
from 50 mg/mL to more than 200 mg/mL [23]. Thereby, they show significantly
different physical properties, such as increased viscosity and elevated opalescence,
in comparison to diluted formulations. These properties have an immediate influ-
ence on the sample preparation and method performance of analytical assays used
for the characterization of concentrated protein formulations.

High viscosity poses several challenges for handling of concentrated protein
formulations. Sample preparation for analytical assays using only small loading
amounts requires accurate pipetting of small volumes of viscous sample and high
dilution factors. In order to achieve the requested analytical precision and accuracy,
comprehensive method development, operator training and use of special equip-
ment (e.g. positive displacement pipettes) are required. The use of optimized
automated liquid handling systems can further reduce variability during the sample
preparation and dilution process of concentrated protein solutions.

Concentrated protein formulations may appear more opalescent than diluted
solutions due to the intensified protein–protein interactions [3, 24]. The higher
turbidity may handicap the visual inspection for particulate contaminations. This
may complicate the qualification of automated inspection procedures or require
lengthening of inspection time per sample for visual inspection operators.
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Sub-visible particle measurements using the light obscuration method can be
impacted by the occurrence of flow marks when a concentrated protein sample gets
in contact with an aqueous rinsing solution. In order to avoid falsified results due to
the formation of flow marks in the detector cell, optimization of pre-rinse volume is
required.

The concentration of sub-visible particles can also be underestimated in viscous
solutions due to intake of air into the pumping system of the light obscuration
instrument and a resulting reduced measurement volume. Weinbuch et al. suggested
sample pressurization to overcome this problem [25].

Werk et al. reported that the parameters viscosity and refractive index have a
pronounced effect on sizing and counting accuracy and precision, which results in
detection of smaller sizes and lower counts of sub-visible particles in concentrated
protein formulations [26].

USP <787> emphasizes specific challenges of high-concentration and or high
viscosity products including small differences in refractive index between particles
and solution or problems with fully soakage of viscous sample solutions [27].

Furthermore, concentrated protein formulations are more prone to drying when
exposed to environmental conditions. Partially drying of a protein sample may lead
to sample inhomogeneity, potential physical degradation, and clogging of capil-
laries or needles. Hence, the sample needs to be quickly processed after the primary
container has been opened and the sample solution is exposed to ambient tem-
perature and lower relative humidity. The occurrence of needle clogging of
staked-in needle syringes pre-filled with concentrated protein solutions, which have
been exposed in an uncontrolled way to environmental conditions, may interfere
with injection force test results of syringe-based medical devices. Controlling
environmental laboratory conditions and the exposure time of opened samples may
help to avoid complications during sample treatment and testing.

6.2.2 Aggregation (Soluble and Insoluble Aggregates)

Physical instability refers to changes in the protein folding or higher-order structure
which include denaturation, adsorption to surfaces, aggregation, and precipitation
[28, 29]. Aggregation requires bi-molecular collisions and a strong concentration
dependency is expected to be dominant in high-concentration protein formulations
[30]. Protein aggregation may result in covalent (e.g. disulphide-linked) or
non-covalent association. Irreversible aggregation by non-covalent association typ-
ically occurs via hydrophobic regions exposed by thermal, mechanical, or chemical
stresses, that alter the protein’s native conformation. Protein aggregation may impact
protein activity, pharmacokinetics and/or is considered relevant for changes in
immunosafety [29, 31]. It occurs in most biopharmaceutical processes, especially
during fermentation, refolding, purification, formulation and storage [29, 32–34].

Reversible protein association may also have a significant influence on protein
activity, in vivo clearance or safety, if dissociation of associated protein molecules
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is rather slow, or the equilibrium at high protein concentration is shifted to the
associated state.

Analytical technologies used for characterization of proteins involve usually
dilution to lower concentrations or exposure of the protein to solvent conditions that
differ from the initial formulation composition. This may have considerable impact
on the results of the assay since a change in solvent composition or concentration
may alter a protein’s physical state in a way that is not representative to the initial
condition in the formulation [31]. This problem is especially important in the
analysis of molecular weight and size distributions of proteins. SDS-PAGE, non-gel
sieving SDS-capillary electrophoresis, and matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS) are often used to obtain
molecular weight information. These techniques are also useful for detecting
covalently linked aggregates, or SDS non-dissociable aggregates, but cannot be
used to determine non-covalent protein association states. The often-used gel per-
meation or size exclusion chromatographic method (SEC) provides such informa-
tion but has several challenges. The protein’s interaction with the chromatographic
resin and its hydrodynamic volume may alter the elution time; thus, the use of
globular protein standards to estimate the molecular weight may be erroneous.
When protein–resin interactions are ionic in nature, the addition of salts will
decrease such interactions, but control experiments are required to demonstrate that
the increased ionic strength of the mobile phase does not perturb the size distri-
bution of the protein. The impact of hydrodynamic volume on elution time, leading
to the over-estimation of protein size, is especially noted for highly glycosylated
proteins that have shapes different from the typical globular protein standards. The
use of static light scattering detectors coupled with sizing chromatography (LC/LS)
allows for the absolute determination of molecular mass of a protein and its
higher-order aggregates and fragments during separation by gel sieving. Since
elution times are not used to estimate molecular size, the problems of protein–resin
interaction and hydrodynamic volume are no longer relevant [29].

The most commonly used analytical technique for quantifying aggregates in
pharmaceutical formulations is SEC coupled with UV detection. In
high-concentration formulations where reversible protein self-association predom-
inates, the determination of aggregate levels by the SEC method may be incon-
sistent and inaccurate [35]. The SEC method involves dilution of the protein sample
during injection onto the column which may lead to dissociation of aggregates with
rapid dissociation rate constants. Moreover, to prevent detector saturation,
high-concentration protein solutions are generally diluted even prior to injection
onto the SEC column. The rapid dissociation of a monoclonal antibody upon
dilution could result in varying aggregate levels, depending on the time and tem-
perature of analysis after sample dilution. However, the use of SEC as an analytical
tool for quantification of aggregates and estimation of shelf-life of protein drug
products requires a high analytical precision [29, 36].

Technologies such as dynamic light scattering and analytical ultracentrifugation
may provide more representative information about protein self-association states at
high concentrations, because they maintain the sample composition during analysis
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and can also be performed at high protein concentration [37]. Limitations of the
light scattering methods are: they are not quantitative and are subject to multiple
scattering artefacts at high protein concentrations. Analytical ultracentrifugation
(AUC) performed as sedimentation equilibrium centrifugal analysis can be used to
characterize protein aggregation. The analysis requires fitting of data to several
exponentials and is model dependent. Sedimentation velocity analysis has been
greatly improved and algorithms are now available to determine small amounts of
protein aggregates and sedimentation coefficients. The determination of the sedi-
mentation coefficient can provide valuable information regarding overall shape of
the protein when coupled with computations of hydrodynamic bead models.
However, correction of apparent molecular weights and sedimentation coefficients
due to non-ideality at high protein concentrations is difficult to achieve [31, 38].
Another technique uses preparative centrifuges coupled with a specially designed
micro-fractionator to obtain sedimentation equilibrium measurements of molecular
weight in concentrated as well as multi-component protein systems [39].

Field-flow fractionation (FFF) methods have recently come into focus as being
highly attractive for protein analysis [40]. In FFF, particles and molecules are
separated according to their diffusion coefficients. Separation is performed in an
open channel by the combination of a (Poiseuille) flow in the axial direction and a
cross-flow through the porous wall of the channel [41]. Litzen et al. [42] compared
separation and quantitation of monoclonal antibody aggregates by asymmetrical
flow field-flow fractionation and gel permeation chromatography. FFF demon-
strated following advantages compared to SEC: it can cover a broader size range in
one single run and the size range to be analyzed can be adjusted by the flow rates
using one single separation channel. It gives the same resolution but with a faster
separation. Furthermore, FFF offers much faster and flexible analysis of the influ-
ence of formulation buffer on the aggregation of proteins. FFF instrumentation can
be coupled to MALS-RI/UV detector, which permits direct determination of the
molecular weight of the separated species.

6.2.3 Viscosity of Protein Solutions

A major challenge for the development of high-concentration protein formulations
is the increase of viscosity with increasing protein concentration. The higher vis-
cosity has a direct impact on the performance of manufacturing processes such as
concentration and buffer exchange by ultrafiltration, sterile filtration and filling
operations [31, 43]. Furthermore, a high viscosity may limit the ability to administer
the protein drug by injection [44].

Tanford describes a viscous fluid as a fluid in which there are attractive forces
between neighbouring portions of the fluid [45]. Applying an external force on the
viscous solution creates flow which is opposed by a frictional force. This definition
leads to the original concept from Isaac Newton on the dynamic (shear) viscosity η
(Pa s) as the ratio of shear stress σ (Pa) and shear rate _c (s−1).
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g ¼ r
_c

ð6:2Þ

An alternative viscosity parameter is the kinematic viscosity ν (m2 s−1) which is
defined as the ratio of dynamic viscosity and the solution density ρ (kg m−3).

m ¼ g
q

ð6:3Þ

The viscosity of a protein solution is mainly influenced by protein concentration,
shear stress and temperature. Other factors include formulation properties such as
pH and ionic strength or the nature of salts [39, 46].

The next sections provide a selection of commonly used models to describe the
relationship between viscosity and the parameters protein concentration, shear
stress and temperature.

6.2.3.1 The Impact of Shear on the Viscosity of Concentrated
Protein Solutions

A Newtonian solution is defined by a constant viscosity independent of the applied
shear rate. However, many fluids and solutions deviate from the Newtonian beha-
viour and show either shear-thinning or shear-thickening behaviour [47]. Recently,
concentrated antibody formulations have been characterized for shear-thinning
behaviour which was observed during filtration and injection processes [44, 48–51].
The shear-thinning effect is defined as the reduction in viscosity at high rates of
deformation [52]. Depending on the nature of the system, shear-thinning can be
explained by the changes of the structure of colloids as a result of deformation [53]
or that polymer chains are disentangled and stretched at high rates of deformation
[52]. Thereby, the viscosity curve shows three distinct sections: (1) at low shear rates
an apparent Newtonian viscosity or zero shear viscosity, (2) followed by an expo-
nential decrease of viscosity with increasing shear rate, and finally (3) an apparent
Newtonian viscosity behaviour at high shear rates [54]. Allmendinger et al. [48]
modelled the viscosity curve of concentrated antibody solutions with an Bird–
Carreau–Yasuda model (Eq. 6.4) and observed a zero-viscosity range for shear rates
up to 10,000 s−1 followed by an exponential decay of measured viscosity. However,
a second Newtonian range could not be measured due to limitation in measuring
viscosity at shear rates higher than 100,000 s−1 [52].

g ¼ g1 þ g0 � g1ð Þ � 1þC2 _c2
� �n�1

2 ð6:4Þ

The model developed by Bird, Carreau [55] and Yasuda [56] accounts for the
observed Newtonian plateaus and is able to fit a wide range of shear rates. It
includes five parameters, where g0 is the zero shear rate viscosity, g1 is an infinite
shear rate viscosity of the second Newtonian plateau, and C is a time constant
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reflecting the critical shear rate _ccrit ¼ C�1. The parameter n represents the Power
Law index, which accounts for the shear-thinning behaviour and describes the
width of the transition region between the zero shear viscosity and the Power Law
region, which has the value 2 in the original Bird–Carreau model [52].

6.2.3.2 The Dependence of Viscosity From Protein Concentration

A major challenge for the development of concentrated protein formulations is the
increase of viscosity with increasing protein concentration [31]. Thereby, the vis-
cosity depends strongly on concentration, size and shape of the protein and the
nature of protein–protein and protein–solvent interactions [57]. The concentration
dependency of a protein solution can be described by a virial expansion, relating the
viscosity to the solvent viscosity ηs and protein concentration c where higher-order
terms of the expansion account for intrinsic viscosity [η] and the interaction
parameter Huggins coefficient Kυ [58–60].

g
gs

¼ 1þ g½ �cþKvc
2 þ � � � ð6:5Þ

The intrinsic viscosity [η] is a quantity characteristic of a polymer and depends
on the molecular weight and the conformation of the polymer. The second-order
coefficient Kυ can be positive or negative and indicates attractive or repulsive forces
between molecules [59, 60].

Ross and Minton [61] described an alternative concentration dependency of vis-
cosity which was developed based on a modification of the concept by Mooney [62].

g ¼ gs � exp
g½ �c

1� k=tð Þ g½ �c
� �

ð6:6Þ

The factor ðk=tÞ is the ratio of the dimensionless self-crowding factor k and the
dimensionless Simha form factor υ [61, 63].

6.2.3.3 The Influence of Temperature on the Viscosity of Concentrated
Protein Solutions

The viscosity of a fluid sensitively depends on the temperature [59] and in most
cases will decrease with increasing temperature. Due to the strong temperature
dependence of the viscosity, it is required to report the viscosity result always
together with the testing temperature and to tightly control the sample temperature
during the measurement [64].

The Arrhenius relationship (Eq. 6.7) is widely used to describe the temperature
dependence of viscosity [58, 64].
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g Tð Þ ¼ g0 � exp �E0=RTð Þ ð6:7Þ

The parameter η0 is a matter constant (Pas), E0 is the flow activation energy (J),
R is the universal gas constant 8314 J/(mol K), and T is the temperature in K.

6.2.4 Analytical Methods for Measuring Viscosity
of Protein Solutions

There is a wide variety of analytical methods available to measure viscosity or other
rheological properties of concentrated protein solutions. Frequently applied
instruments in the field of protein formulation development include rotational
rheometers, falling ball and capillary viscometers. In the recent years, new instru-
ment and methods became available with advances in reducing sample volume and/
or increasing sample throughput. The selection of the viscosity test method should
be based on the nature of the sample, required rheological information and avail-
ability of sample volume, but should also consider the process or unit operation
which is in scope of the rheological characterization.

6.2.4.1 Falling Ball and Capillary Viscometers

The use of a falling ball is one of the oldest methods in rheometry and the principle
was already used by G. Stokes in 1851. F. Höppler designed in 1933 a falling ball
viscometer which is meanwhile standardized (DIN 53015) and commercially
available. The methodology is described in several standards such as USP <913>
[65]. The instrument measures the time which a metal or glass ball takes to sink
through a glass tube filled with a liquid sample. The viscosity η is calculated from
the measured descent rate U∞ according to Eq. 6.8 [65, 66].

g ¼ C0 � qS � qlð Þ � g � cosu
U1

ð6:8Þ

C0 is the instrument constant, which is found during calibration of the measurement
tube and each sphere, g is the gravitational acceleration, ρS and ρl are the densities of
the sphere and the test sample, and φ is the inclination angle of themeasurement tube.

Falling ball viscometers have the advantages of simple operation, as well as the
prevention of evaporation and skin formation at the air–liquid interface, a large
viscosity measurement range from 0.3 m Pas to more than 10 Pas, a good
repeatability (without changing the ball) and a good temperature control. The
classical Hoeppler viscometer requires a large sample volume of approximately
40 mL, which limits its application for characterization of expensive concentrated
protein solutions. Many companies offer variants of the classical Hoeppler
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viscometer with significantly reduced sample volumes (e.g. rolling ball
micro-viscometer with sample volumes less than 1 mL). Limitations of falling ball
viscometers are the low sample throughput due to long measurement times, labo-
rious cleaning of the tube, and that accurate measurements without complex cor-
rections are only possible for Newtonian samples [64].

Another well-established principle is the measurement of kinematic viscosity
with a glass capillary viscometer. The principle of the method is to measure the
running time of a viscous sample, driven by gravity, which flows through a glass
capillary of defined inner diameter and length [58]. Capillary viscometers are
available with different designs such as Ostwald (DIN 51561), Ubbelohde (DIN
51562) and Cannon-Fenske (DIN 51336) viscometer. The different designs vary in
operability, flow profiles and possibility to correct flow disturbances [64]. USP 39
provides a methods description for Ubbelohde- and Ostwald-type viscometers [67].
The required sample amount is in the range of a few mL and the method is limited
in sample throughput due to laborious cleaning of the glass capillary and long
measurement times. Like the falling ball principle, the capillary viscometer deter-
mines only accurate viscosity results for Newtonian samples without extensive
application of corrective calculations as shear rates are not controlled and will
change during the measurement [58].

6.2.4.2 Rotational Rheometers

Rotational rheometers are, in comparison with falling ball or capillary viscometers,
more flexible instruments that can be used to measure the rheological behaviour
over a wide range of test conditions [58]. In a rotational rheometer, a viscous
sample is sheared between a static and moving surface and the resulting shear stress
is determined via measurement of the generated torque. Typical test applications for
rotational rheometers are measurement of shear viscosity (flow and viscosity
curves), creep recovery tests, deformation and relaxation tests, and oscillation
experiments [64].

Typical test geometries for rotational rheometers are cone and plate, parallel
plate and concentric cylinders [64, 68]. Thereby, cone and plate measurement
devices have been most frequently used for the characterization of concentrated
protein solutions [46, 48, 69]. In a cone and plate device, the sample is introduced
into the fixed gap between a flat plate and a truncated cone. The defined angle of the
cone ensures a constant shear rate in the entire sample. The resistance caused by the
viscosity of the sample is recorded as function of rotational speed of the cone. As
described in Eq. 6.2, the viscosity η is the defined as the ratio of shear stress τ (Pa)
and shear rate τ (pa) (s−1). For a plate and cone device, the shear stress τ can be
calculated from the measured torque M according to Eq. 6.9 with the cone diameter
R and the shear rate τ from the rotational speed n according to Eq. 6.10 with α the
cone angle in [°].
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s ¼ 3 �M
2 � p � R3 ð6:9Þ

_c ¼ 6 � n
a

ð6:10Þ

Thereby, the sensitivity to measure lower shear stresses can be extended by
using cones with larger diameter, whereas the maximum applied shear rate can be
increased by utilizing cones with smaller angles.

A rotational rheometer in combination with the plate and cone device has several
advantages when measuring concentrated protein solutions. The design of the plate
and cone device provides homogeneous shear condition within the sample, which
allows the characterization of shear viscosity for Newtonian and non-Newtonian
protein samples over a wide range up to shear rates of more than 10,000 s−1 [48].
Furthermore, the measurement requires only small sample volumes (e.g. less than
100 µl for a 0.5° cone with 25 mm diameter [48]), and the measurement device is
simple to clean. However, the method is sensitive to perturbations due to sample
inhomogeneity at the edges caused by solvent evaporation, skinning at the air
interface, surface activity of protein molecules [69], or sample leakage and partial
gap draining at high rotational speeds [64]. Temperature control only via the bottom
plate can lead to a temperature gradient within the sample. Both temperature and
sample inhomogeneity can be reduced by using a cover hood with inside space
temperature control and a solvent trap [64]. Although the sample throughput is
higher than with capillary or falling ball viscometers due to the easier cleaning of
the measurement device, rotational rheometry is not a high-throughput analytical
method.

6.2.4.3 Alternative Viscosity Methods

In recent years, new viscosity methods have been used for rheological characteri-
zation and formulation development of concentrated protein solutions. Capillary
extrusion or micro-channel rheometry was applied to characterize Non-Newtonian
protein solutions at shear rates higher than 10,000 s−1, where the rotational
rheometry reaches the limits of its applicability [48, 70, 71].

Nanoparticle tracking velocimetry by dynamic light scattering has been used to
minimize sample amount and to increase sample throughput. He et al. [72] used
150 nm polystyrene particles as tracer particles and determined the viscosity of
concentrated protein solutions using the Stokes–Einstein equation (Eq. 6.11) with
D the measured diffusion coefficient, k represents the Boltzmann’s constant, T the
temperature in K, η the viscosity of the diffusion medium, and R is the radius of
tracer particle.
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D ¼ k � T
6 � p � g � R ð6:11Þ

Pamar et al. [73] describe a similar approach using the small protein lyosozyme
as tracer particle. The principle is easily compatible with high-throughput instru-
mentation using multi-well plates and is therefore a valuable tool for formulation
screening of concentrated protein solutions. However, the technique will not pro-
vide details on the shear viscosity [58].

Allmendinger et al. [74] described an automated, high-throughput method to
determine viscosity of protein solutions using standard capillary electrophoresis
(CE) equipment. Riboflavin was used as a tracer dye to monitor movement of
protein samples. The viscosity of the protein sample was calculated from the
migration time of the riboflavin peak moving through the filled capillary by
applying the Hagen–Poiseuille’s law. The suitability of the method was demon-
strated for protein formulations with viscosities in the range of 5–40 m Pas.
Advantages of the CE instrumentation-based method included commercially
available and established automation, short measurement times (1–15 min) and
small sample volumes (few microlitres), which makes the technique applicable for
high-throughput measurements.

6.3 Extended Characterization

Analytical characterization of highly concentrated protein solutions can be chal-
lenging as outlined in the previous section. In particular, the requirement to dilute
the analytical sample to lower protein concentrations like for the quantification and
characterization of protein aggregates for various chromatographic methods results
in a limited number of analytical techniques being available for direct characteri-
zation of highly concentrated protein solutions on a molecular level. However,
characterization at the molecular level is crucial to truly understand physical
macroscopic properties at higher protein concentrations like solution viscosity.

Macroscopic behaviour at protein concentrations exceeding the 100–150 mg/mL
is defined by several aspects. First, these are among others the intrinsic properties of
the molecule (e.g. amino acid sequence/molecular weight, size/confirmation/shape).
Second, the number and nature of molecules in solution leading to crowding of the
molecules with increasing concentrations (volume exclusion) adds to the macro-
scopic behaviour. Finally, solution behaviour at high protein concentrations is
governed by intermolecular interactions described by the potential of mean force
between two molecules, which is a function of intermolecular distance [21, 57].
Depending on the nature of these interactions (e.g. electrostatic, hydrophobic, van
der Waals forces) being repulsive or attractive in nature, and dependent on other
solutes around the molecule (formulation composition), they can lead to non-ideal
behaviour of the protein solution [75]. Since predictions of macroscopic behaviour
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are based on analytical techniques measuring at low protein concentrations, the
non-ideality can only be accounted for to some parts and thus limits the outcome of
the prediction [76]. Formation of transient higher-order structures in solution as a
result of protein–protein interactions has been reported to be the underlying reason
for increased viscosities for some monoclonal antibody formulations [77]. These
structures are reversible and consist of loosely bound clusters of various sizes
depending on protein concentration and formulation composition [78]. The cluster
size has been reported to be directly linked to macroscopic behaviour, specifically
to viscosity, thus driving the need for analytical techniques measuring at high
protein concentrations.

Characterization of these structural components on a molecular level can be
performed by use of small-angle scattering techniques (SAS) measuring in the
non-diluted sample regime as well as characterization by use of quartz crystal
impedance analysis (QCIA) and quartz crystal microbalance with dissipation
monitoring (QCM-D). The structural information can also elucidate information on
protein–protein interaction at high protein concentrations. These methods, which
are used for extended characterization at high protein concentrations, are described
in detail in the following paragraph including the measuring principle, applications
in literature as well as limitations.

6.3.1 Storage/Loss Modulus G′/G″ Determined by Quartz
Crystal Impedance Analysis and Quartz Crystal
Microbalance with Dissipation Monitoring

Quartz crystal impedance analysis (QCIA) and Quartz crystal microbalance with
dissipation monitoring (QCM-D) are non-destructive test methods to characterize
viscoelastic properties of a liquid. The quartz crystal is resonating at high fre-
quencies in the megahertz range (5–10 MHz) applying an oscillating strain onto the
sample [79, 80]. The underlying principle is the electromechanical coupling, which
means the interplay of the electric properties of the piezoelectric quartz crystal and
the mechanical properties of the load. Deformation of the quartz crystal in both
directions resulting in mechanical vibrations leads to separation of charges in the
piezo crystal and thus build-up of an electrical potential proportional to the applied
stress. The resonance frequency is determined by the mass of the crystal as well as
by the mass of the load. Thus, loading of a sample results in a frequency shift. To
solely determine the mechanical properties of the sample, the effect of mass needs
to be differentiated from the density–viscosity effect by either impedance moni-
toring (QCIA) [81] or by determination of the dissipation factor (QCM-D) [82, 83].
These parameters can be converted to the storage modulus G′, which is a parameter
normally used for quantification of viscoelastic material under application of an
oscillating strain. G′ is frequency-dependent and a measure of energy stored in the
system. The loss modulus G″ in contrast is proportional to the loss of energy during
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oscillation and characterizes the viscous, plastic part of a sample. The solution
appears as a liquid as long as G′ is below G″ and vice versa as a gel-like structure if
G″ is higher than G′. Both parameters are governed by the molecular interaction
within the material. An increase in intermolecular interactions may result in
(higher-order) structural changes leading to an increase in energy stored in the
system upon application of a strain. The relaxation time increases as the molecules
are no longer able to re-orient in the timescale of a single oscillation. As an
example, this results in a smaller shift in impedance for QCIA compared to an ideal
solution, which show a linear correlation of impedance shift and viscosity/G″. For
an ideal fluid, molecular relaxation times are small enough at high frequencies and
molecules re-orient themselves. Therefore, G′ and G″ measured in the megahertz
frequency range can be used as a parameter to characterize viscoelasticity directly
translating into a measure for protein–protein interactions.

Application of QCIA to aqueous solutions in the pharmaceutical relevant vis-
cosity range for parenteral injections was first shown by Saluja and colleagues in
2004 for ideal formulations like sucrose, urea, PEG-400, glucose, and ethylene
glycol solutions as well as for a non-ideal PEG 800 formulation [81]. In 2005, they
studied highly concentrated BSA formulations up to a protein concentration of
200 mg/mL at various pH (2–9) and ionic strengths (25 and 150 mM sodium
chloride). They reported a decrease in storage moduli with higher ionic strength due
to shielding of electrostatic interactions showing the potential to characterize and
link the rheological properties of the formulations with protein–protein interactions
[84]. In 2006, Saluja and colleagues studied monoclonal antibody formulations
(IgG2) at protein concentrations up to 120 mg/mL at a pH between 4 and 9 and an
ionic strength up to 300 mM. Consistent with the change in ionic strength and in
pH, they reported a direct relation between the storage moduli and protein–protein
interactions [85]. In 2007, they established a qualitative relation between the second
virial coefficient from light scattering measurements performed at low protein
concentrations and the storage modulus as a novel measure for protein–protein
interactions at higher protein concentrations. They studied IgG2 formulations for a
pH between pH 3.0 and 9.0, however only up to a protein concentration of 120 mg/
mL [86]. The QCM-D method was applied in 2009 by Patel and colleges to various
IgG2 solutions (70 mg/mL, pH 4–6.2) for analysis of the storage modulus G′
characterizing the rheological properties as well as characterizing protein–protein
interactions [87]. In general, determination of the storage and loss moduli by QCIA
and QCM-D requires a low sample consumption in the microlitre range of only 10–
20 µL. Further advantages of these methods are the short measurement time of 2–
3 min, fast stabilization after loading, and overall easy handling. However, accurate
and uniform drop placement as well as complete coverage of the electrodes is
challenging. Importantly, the QCM-D instrument used in the mentioned publica-
tions is commercially available.
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6.3.2 Small-Angle Scattering Techniques

Small-angle scattering (SAS) techniques are powerful methods to investigate
nanostructures of colloidal macromolecular systems like protein solutions at high
protein concentrations. These techniques use elastic scattering characterized by zero
energy transfer of either an X-ray (Small-angle X-ray scattering, SAXS) or neutron
beam (Small-angle neutron scattering, SANS) when directed at the sample. The
intensity of scattered photons or neutrons I(q) is detected at very small scattering
angles (typically 0.1–10°) as a function of the scattering vector q to resolve
structures at a length scale of about 1–100 nm (Fig. 6.1). The scattering data give
information about the fluctuations of electronic or nuclear densities in the matter,
which can be related to the size (distribution), shape and orientation of nanos-
tructures within the sample. They specifically account for random arrangements of
density inhomogeneity like higher-order arrangements in protein solutions at ele-
vated concentrations. The scattering data also elucidate inter-particle interactions
and can thus be used to study molecule interactions in solution, which will be
outlined below.

SAXS and SANS are two similar methods which provide complementary
information. X-rays interact primarily with the electron cloud surrounding each
atom. The higher the atomic number, the higher the scattering intensity. Neutrons
interact with the nuclei of atoms or by interaction with the magnetic momentum of
unpaired electrons. Therefore, the contribution to the diffracted intensity depends on
each isotope. To increase resolution, hydrogen is exchanged by deuterium during
sample preparation for SANS measurements. This is the major advantage of neu-
tron diffraction over X-ray diffraction that neutron scattering is sensitive to the
presences of hydrogen/deuterium with the latter scattering neutrons to a stronger
extent. The deflection of the neutrons is dependent on the size of the nanostructures
in solution in which smaller structures yield higher scattering density.

The application of SAS techniques is a unique, non-destructive way to obtain
direct structural information on colloidal systems with only little sample prepara-
tion. The X-ray source can be a laboratory source or a synchrotron. Neutrons are

Sample q  
(sca er
vector) 

Source

λ
Beam A enuated transmi ed beam 

Fig. 6.1 Measuring principle of small-angle scattering techniques
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usually generated in a nuclear reactor or spallation source. However, beam time in
one of the few globally distributed synchrotrons is scarce and costly.

The scattering intensity of colloidal protein solutions I(q) is given by the product
of the structure factor S(q), the form factor P(q), and the molecular protein con-
centration ρ as a function of q [88–90]:

I qð Þ ¼ qP qð ÞS qð Þ ð6:12Þ

q is the scattering vector, which is a function of the scattering angle θ and the
wavelength λ:

qj j ¼ 4p
k
sin

h
2

ð6:13Þ

The form factor is a function of the size and shape of the macromolecular
structures in solution and an average overall orientations. It is characteristic for
repeated distances of partially ordered materials and capable of delivering structural
information of up to 150 nm. The structure factor is the average distribution of
intermolecular distances and can thus be related to the potential of mean force.

Application of SAXS to protein solutions to study their interaction potential in
solution was demonstrated in 2003 by Liu and co-workers. They studied lysozyme
solutions correlating X-ray scattering data with the second osmotic virial coefficient
at low salt concentrations. With increasing ionic strength, however, the attractive
potential was overestimated not accounting for short-ranged interactions [91].
Zhang and colleagues have studied the effect of ionic strength on protein–protein
interaction with BSA as a model system for a large range of salt (up to 2 M) and
protein concentrations (2–500 mg/mL) using SAXS. The data revealed that
repulsive Coulomb interactions dominate the overall interaction potential at high
protein concentrations and at low ionic strength. Addition of salt changed the nature
of the interaction potential smoothly from repulsive to attractive and revealed the
presence of an increasing attractive potential at high salt concentration attributed to
van der Waals forces [92]. The influence of the type of the salt being chaotrope or
kosmotrope in nature and the dependence of their position in the Hofmeister series
as well as their influence on the molecular structure was studied in 2012 by Scherer
and co-workers for IgG1 formulations [93]. They also reported in 2013 that this
IgG1 formed reversible dimers in dilute solutions and protein cluster at higher
protein concentrations studied up to 175 mg/mL. The cluster formation was
dependent on the ionic strength of the formulation. The cluster size correlated with
the viscosity of the IgG1 solutions [77]. Also in 2012, Mosbaek et al. applied SAXS
to IgG2 formulations up to protein concentrations of 122 mg/mL. They demon-
strated that SAXS can measure short- and long-ranged interactions at high protein
concentrations simultaneously being strongly affected by the added excipients in
the formulation [94].

SANS was applied in a number of studies in the recent years focusing on
proteinaceous solutions. Velev and co-workers have studied protein interaction by
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neutron scattering for liquid lysozyme and chymotrypsinogen formulations
dependent on various formulation parameters (pH 3–11; addition of 5–300 mM
NaCl). They demonstrated agreement between the second virial coefficient deter-
mined by static light scattering and by neutron scattering determined at a protein
concentration of 10 mg/mL, as well as agreement to the theoretically calculated
second virial coefficient according to the DLVO theory. The data revealed that
measurement at low protein concentration can account for repulsive and attractive
electrostatic interaction, long-ranged van der Waals forces, and the excluded vol-
ume of the protein molecules equivalent to colloidal spheres. However, the mea-
surement was unable to resolve complex short-ranged interactions [95]. An increase
in the intensity distribution when q is approaching zero was also demonstrated for
other proteins at very low scattering angles due to the formation of ordered clusters.
This was shown in 2005 by Liu and colleagues for Cytochrome C and lysozyme
solutions and interpreted as the presence of weak long-ranged attractive interaction
between the molecules dependent on the formulation composition [96]. Application
of SANS to monoclonal antibody formulations was reported in 2013 by Liu et al.
They studied the intermolecular potential at high protein concentrations of 150 mg/
mL revealing highly anisotropic attractive potentials for one of the antibodies
dependent on formulation composition [97]. These attractive intermolecular forces
led to the formation of reversible dynamic clusters, which were shown in 2015 to be
the underlying reason for unusally high solution viscosity [78]. They also reported
the formation of reversible dimer formation at dilute protein concentration, which
interact with each other forming loosely bound transient clusters at increasing
protein concentrations. These data were in line with neutron spin echo measure-
ments determining antibody diffusion at short-time diffusion coefficients.

The published literature data show that small-angle scattering techniques are
useful methods to characterize the overall nature of intermolecular interactions at
low and especially high protein concentrations dependent on the composition of the
formulation. At increasing protein concentration, these techniques enable
the characterization of higher-order arrangements in the protein solution at the
nanoscale level being either sensitive to inhomogeneities in electron densities
(SAXS) or to fluctuations in the density of nuclei (SANS).
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Chapter 7
Practical Considerations for High
Concentration Protein Formulations

Deirdre Murphy Piedmonte, Jian Hua Gu, Stephen R. Brych
and Monica M. Goss

Abstract Practical issues that arise for high concentration protein formulations can
complicate manufacturing and affect injectability/device compatibility. High
concentration protein formulations have an increased tendency for high solution
viscosity, physical stability sensitivities (aggregation/particulation), and
non-Newtonian solution behavior (shear thinning) due to high shear rates. Process
unit operations can be negatively impacted by these factors, and it is critical to
understand how they influence process performance. Device compatibility can be
affected by changes in protein concentration and temperature that will impact
product viscosity and injectability. Complete characterization of the solution
physical properties (viscosity and shear thinning profile) as well as the stability
profile must be understood to ensure efficient processing, delivery, and efficacy of
the therapeutic product. If potential candidates with impeding viscosity values are
not identified early in development, subsequent mitigation efforts to reduce vis-
cosity likely pivot from a protein engineering approach to changes in formulation.
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7.1 Introduction

Many of the practical challenges associated with manufacturing and administering
high concentration protein formulations are related to the high viscosity of the
solution because viscosity can increase as a function of protein concentration [1–5].
Increases in viscosity (i.e., resistance to flow) are typically due to protein inter-
molecular interactions that can be hydrophobic, polar, or ionic in origin and may
even occur at interfaces [4, 6–8]. Regardless of the precise mechanism of inter-
molecular interaction, self-association of high concentration protein formulations
typically manifests as high viscosity. Although the range of 15–30 cP is considered
higher viscosity [9], ‘high’ viscosity is less of an absolute number and more situ-
ational, meaning when the viscosity of the product necessitates adaptations of
manufacturing processes and administration. In addition to being highly dependent
on protein concentration, viscosity is influenced by solution temperature. This is of
practical significance because the viscosity of a product can change within the fairly
narrow and controlled temperature range experienced during manufacturing unit
operations, storage, and patient administration. Viscosity dictates solution behavior
(i.e., fluid dynamics) and can therefore impact ‘processability’ during certain unit
operations in manufacturing. Moreover, the viscosity of a drug product solution
drives critical device design choices and functionality, which are often termed
‘syringeability/injectability.’ Solutions with increased viscosities may lead to
increased injection times, which can be correlated with the perception of a painful
injection.

High concentration protein formulations enable the administration of smaller
volumes for subcutaneous injection. Whereas the delivery volume for subcutaneous
injection was once thought to be limited to 1 mL due to concerns of injection pain
from volume, viscosity, and formulation characteristics, larger volumes are now
successfully being delivered [10, 11]. Berteau et al. reported that abdominal
injections of up to 3 mL and 20 cP were tolerated without perceived pain [12].
Interestingly, the authors reported that the high viscosity (15–20 cP) injections were
the most tolerated (with respect to pain) compared to injections with lower (1 cP)
and medium (8–10 cP) viscosities. Moreover, within the conditions assessed, nei-
ther injection volume nor flow rate impacted perceived pain [12]. Ease of admin-
istration is complex and is influenced by many factors, including injection volume,
needle gauge, time of injection, composition of the formulation, site of injection,
and the viscosity of the solution.

Regarding product quality of protein therapeutic formulations, degradation
reactions can be broadly categorized into those affecting chemical and physical/
colloidal stability. Chemical modifications (e.g., oxidation, deamidation, isomer-
ization, fragmentation, glycation) typically do not pose an added concern for higher
protein concentrations. However, high concentration protein formulations can have
an increased propensity to aggregate and/or particulate (subvisible or visible par-
ticles) and can even undergo gelation. Moreover, formulation has been shown to
have an impact on aggregation/particulation and high concentration protein
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formulations, in particular, can show increased kinetics of aggregate/particle for-
mation [13, 14, 16]. While formulation parameters (e.g., pH, ionic strength, buffer,
surfactant type, and concentration) are typically balanced to optimize chemical and
physical stability, particular effort at high protein concentrations may be required to
reduce potential physical stability and viscosity challenges.

This chapter will focus on the practical aspects of developing, manufacturing,
and administering high concentration, viscous protein therapeutic formulations.

7.1.1 Overview of Viscosity Measurement Techniques

For high concentration protein solutions, accurate viscosity measurements gener-
ated under relevant conditions aid in the rational design of the manufacturing
process as well as the selection of an appropriate delivery device and delivery
parameters (e.g., force profile and injection time). The complex rheological
behaviors of high concentration protein formulations make both the prediction of
viscosity measurements and the measurements themselves challenging.

7.1.2 Complex Behavior Under Shear: The Practical
Significance of Shear Thinning

For classical ‘Newtonian’ solutions, fluid dynamics is mainly determined by vis-
cosity and is independent of the rate of shear. Practically, this means that the
viscosity of a Newtonian fluid remains constant regardless of how fast it is forced to
flow through an orifice (e.g., filling needle during manufacturing or a syringe during
administration). More complex fluid behavior is deemed ‘non-Newtonian’ behav-
ior, where the flow varies with time, shear rate (γ), and shear stress (τ). The effective
viscosity is dependent on the shear rate. The simplest model for non-Newtonian
fluid dynamics is the power‐law fluid model/Ostwald–de Waele model, which
describes that the shear stress (τ) is proportional to the shear rate (γ) to the nth
power [15].

s ¼ Kcn

Shear thinning is a phenomenon used to describe non-Newtonian behavior of
fluids whose viscosity decreases under increasing shear strain, meaning less
resistance to flow at higher shear rates than at lower shear rates. High concentration
protein solutions with high intrinsic viscosities often exhibit shear thinning.
Moreover, proteins differ in their susceptibility to shear thinning. Even the same
protein may exhibit different shear-thinning behaviors as a function of protein
concentration, when measured at the same shear rate [16, 17]. Therefore, a viscosity
measurement executed at a single shear rate may not represent the actual viscosity
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throughout processing/manufacturing unit operations and patient administration
because a drug product solution can experience a wide range of shear stress
throughout its lifecycle.

Various techniques can be used to measure solution viscosity, and their
advantages and disadvantages have been reviewed thoroughly elsewhere [18–20].

To select the most appropriate instrument to measure viscosity, it is key to
remember that the experimental data should be generated at a shear rate that is
within the range that will be encountered during the unit operation or administration
step of interest. In brief, rotational viscometers commonly use a cone and plate or
parallel plate geometry to measure the solution rheology. A constant shear rate
across the geometry, such as with the cone/plate, enables precisely defined viscosity
measurements for non-Newtonian liquids at that shear rate. Slit viscometers feature
a wide shear rate range, while both rotational and glass capillary rheometers operate
at lower shear rates.

Figure 7.1 illustrates relative shear rate ranges for protein drug product unit
operations during manufacturing (e.g., mixing, bulk transfer, tangential flow fil-
tration (TFF), automated visual inspection, filtration, and filling) and administration
overlaid with the capability of viscosity-measuring techniques (slit, rotational, and
glass capillary viscometers) [21–24]. The shear rates listed in Fig. 7.1 are relative
ranges and not absolute values because shear rates are dependent on the specific
operating conditions under which the shear was generated. Note that the shear rate
experienced upon extrusion through a needle is orders of magnitude greater than
shear rates experienced during most other unit operations (Fig. 7.1).

Rotational and glass capillary rheometers operate at lower shear rates (on the order
of 100–1000 s−1) than the shear rate range typically encountered during extrusion
through a narrow bore needle (typically on the order of 100,000–1,000,000 s−1)

Fig. 7.1 Illustrative, relative shear rate ranges for manufacturing unit operations [e.g., mixing,
bulk transfer, tangential flow filtration (TFF), automated visual inspection, filtration, filling (piston,
peristaltic, and time-over-pressure (t/P))] as well as extrusion from syringe overlaid with the
capability of viscosity-measuring techniques (slit, rotational, and glass capillary) with respect to
typical shear rate range [21, 23, 24]
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(Fig. 7.1). The apparent viscosity of a solution prone to shear thinning during
extrusion could be significantly less than the viscosity measured during characteri-
zation of the product. The practical result is that highly concentrated protein thera-
peutics may require significantly reduced injection forces because of shear-thinning
(i.e., non-Newtonian) behavior than would be anticipated for a Newtonian fluid [17].

A viscosity–shear rate profile of the protein therapeutic solution can be generated
over a range of shear rates that are relevant to both drug product manufacturing unit
operations and administration by combining viscosity data generated at high shear
rates with data obtained using different viscosity methods.

Because protein therapeutic formulations can experience a broad range of shear
rates spanning several orders of magnitude, a viscosity measurement generated at a
single shear rate likely will not be representative of the various shear rates expe-
rienced throughout manufacturing and administration. Viscosity should be mea-
sured under appropriate conditions (meaning at a relevant shear rate), particularly
for high protein concentration therapeutic solutions that exhibit prominent
shear-thinning behavior. Representative viscosity measurements take on an added
importance as a program matures through development and can improve technical
transfers (e.g., when switching filling technologies between piston, peristaltic, or
time-over-pressure fillers) as well as help identify appropriate injection forces for
administration and device design.

7.1.3 Technical Considerations to Accurately Measure
Viscosity

Beyond choosing the proper viscometer that operates in the shear rate range that
will be experienced during the unit operation(s) of interest, there are additional
practical considerations for accurately and reproducibly measuring viscosity given
the complexity of measuring the rheological properties of high protein concentra-
tion solutions. In the following section, we discuss technical considerations to
enable the generation of accurate and reliable viscosity measurements of high
protein concentration solutions.

Obtaining accurate viscosity measurements using rotational rheology is com-
plicated by the potential for protein film formation at the air/sample liquid interface,
particularly for high concentration protein formulations. The presence of an elastic
protein film at the air–water interface of the periphery of the cone and plate or
parallel plate geometry can cause unusual behavior in viscosity measurement of
protein solutions, such as a shear thinning behavior for solutions whose behavior is
expected to be Newtonian [25]. This specific challenge of film formation at the air–
liquid interface can be mitigated by adding a small amount of surface active
excipient (such as a surfactant) into the solution, which serves to prevent irre-
versible adsorption of protein molecules at the interface. The challenge can be also
addressed by using a different technique to measure viscosity such as capillary or
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slit viscometry (such as the microfluidics viscometer–rheometer-on-a-chip
(m-VROC)), which does not have a liquid/air interface.

In addition to protein concentration, another solution property well known to
affect viscosity is temperature [16]. To reliably and accurately measure viscosity,
the accurate and precise determination of protein concentration of samples of
interest as well as stringent temperature control during viscosity measurements are
essential.

Sample preparation, loading, the use of carefully chosen standards, and even
cleaning between samples are all particularly important for highly concentrated,
viscous protein samples. Care should be taken during sample preparation and
analysis not to induce product quality changes such as aggregation or particulation.
Careful sample loading is required for the slit and capillary viscometers because the
introduction of bubbles into the systems during sample loading can significantly
influence the viscosity measurement. Cleaning protocols should be executed con-
sistently to prevent the sample carryover, which will ensure accurate measurements.
Moreover, instrument performance should be routinely assessed using reference
fluids traceable to national standards and/or water [26, 27]. Especially for high
protein concentration solutions, appropriate aqueous solutions with viscosities
known to be similar to the samples of interest can be used to check the performance
of the instrument. Instrument manufacturers sometimes use cellulose solution
standards because cellulose solutions present Newtonian behavior under low shear,
but convert to non-Newtonian at higher shear rates. Due to the complex behavior of
proteins under shear, viscosity measurements of high protein concentration solu-
tions require a judicious choice of instrumentation, testing at different and relevant
shear rates, and meticulous execution.

7.2 Manufacturing Unit Operations

To minimize potential impact to product quality, protein therapeutics may be
processed at refrigerated temperatures, where solution viscosity is increased. The
solution characteristics of high protein concentration drug products such as high
viscosity can impact the performance of manufacturing unit operations, specifically
tangential flow filtration (TFF), filtration, filling, the effectiveness of automated
inspections, and even the cleanability of manufacturing equipment. In the following
sections, we will discuss each of the aforementioned unit operations in detail, as
they pertain to high protein concentration, viscous therapeutic formulations.

Tangential Flow Filtration (TFF)
The final stages of processing protein therapeutics typically requires a solution
exchange and concentration step into the final formulation composition at the final
target concentration. Other manufacturing process techniques to deliver high con-
centration drug products by drying such as lyophilization and spray drying are
discussed elsewhere [28, 29]. Here, we focus our discussion on tangential flow
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filtration (TFF), which is commonly used to formulate and concentrate liquid drug
product formulations to generate a high enough concentration to deliver in an
injectable volume in the range of 1–1.5 mL [28]. TFF is a pressure-driven tech-
nique that uses a membrane to separate large protein molecules and water/solutes
where the protein is retained based on its size. When performing TFF to achieve
high final protein concentrations (>100 mg/mL), several challenges can be
encountered. Particularly for high protein concentration therapeutics that have low
solubility, TFF can result in protein precipitation, consequent membrane fouling,
and reduced recovery [1, 30, 31]. To avoid TFF issues related to protein precipi-
tation caused by low solubility, the protein can be diluted back into its ‘solubility
zone’ during the diafiltration step. This step requires that the facility can accom-
modate larger volumes of diluted protein (i.e., appropriate tank sizes are available).
If accommodating facility fit infrastructure is unavailable, a variable volume
diafiltration step can be used where the protein is concentrated during buffer
exchange to skirt areas of low solubility [31, 32].

During TFF, the maximum achievable protein concentration allowed by the
system above which no further increase in protein concentrations is feasible is
referred to as Cwall [30, 33]. Approaching Cwall, solution viscosity can increase, and
there is an increase in system transmembrane pressure due to the formation of a
polarized layer of highly concentrated protein on the retentate side of the mem-
brane. This can cause increased system back pressure and processing time.

A cumulative or ‘stacking’ phenomenon can occur, for example, at antibody
concentrations at the membrane of 150–200 mg/mL and corresponds to a 55–
70 mg/mL retentate antibody concentration [34]. Increasing the pressure generally
does not assist in increasing flux across the membrane since the gel layer only
grows thicker [35]. If issues arise due to decreased flux at the required processing
protein concentrations, alternate formulations to minimize protein–protein interac-
tions or increased shear stress to sweep protein incorporated in the gel layer back
into solution should be assessed [1, 36, 37]. Naturally, an evaluation will be
required to determine if alternate formulations provide adequate shelf life stability
or if increased shear during processing is tolerated by the protein since proteins can
become destabilized in high shear environments [38].

It is well known that viscosity decreases with increasing temperature. Therefore,
an obvious practical solution to overcome processing challenges due to increased
viscosity (and related issues due to increased pressure, the Cwall concentration, and
recovery) is to operate at elevated temperatures. A thorough assessment of drug
product quality at the higher operating temperature is necessary to ensure quality is
maintained. Moreover, forward processing into drug product (DP) and subsequent
monitoring on stability is important to ensure that no impact to product quality was
incurred due to higher temperature processing that will manifest during DP shelf
life at the recommended storage condition. The development of an appropriate
formulation to increase protein solubility and counter high viscosity effects has
shown to be an effective mitigation approach to ease issues encountered during the
TFF processing step [28].

7 Practical Considerations for High Concentration Protein … 169



Moreover, accurately targeting the final formulation pH and final excipient
concentrations can be challenging when performing TFF because of intermolecular
interactions between the protein and excipients. At high protein concentrations, the
pH and excipient levels in the starting diafilitration buffer may increase in the final
drug product due to intermolecular interactions with the protein. This phenomenon
is termed the Donnan effect and is excipient-specific [39]. The Donnan effect can
lead to significant differences in filtrate and retentate excipient concentrations
during TFF [39]. Depending on the pI of the protein and its charge at the formu-
lation pH, the conjugate charged buffer species can cooperatively interact with the
protein due to electrostatic interactions, potentially leading to unequal partitioning
of that particular charged solutes across the membrane. This will lead to increased
levels of the conjugate acid or base of the buffer on the retentate side of the
membrane, which can either lower or raise the pH (based on whether the conjugate
acid or base, respectively, of the buffer is retained) in addition to lowering the level
of non-protein interacting isotonicity agents (e.g., sugars and amino acids), due to
volume exclusion effects [39, 40]. For instance, after the TFF of a concentrated
monoclonal antibody formulation, the pH increased 0.8 units (from 4.0 to 4.8) and
the buffer concentration increased more than 40 mM (from 10 to 51 mM) [39].

The latest models for molecular interactions/volume exclusion effects during
TFF processes can be used to predict final pH and excipient concentrations
post-TFF [39, 41, 42]. In addition, informative experiments should be conducted
throughout development to characterize and understand the effects that the TFF
processes can have on highly concentrated protein solutions.

Bulk Drug Substance Storage
Protein drug substance (DS) is often stored for extended periods of time and is often
stored frozen to minimize degradation during its relatively long shelf life [43].
Commonly used containers for frozen bulk drug substance include stainless steel
cryovessels, carboys, and disposable ‘single-use’ systems [43]. Cryoconcentration
is a phenomenon that can lead to differences in protein and excipient concentrations
within a DS container. Cryoconcentration results in formation of concentration
gradients of the protein and excipients and has been mapped in carboys [44] and
cryowedges [45, 46]. Due to their dimensions, ‘single-use’ bulk drug substance
bags have the advantage of reduced cryoconcentration compared to what has been
observed in traditional containers, but compatibility testing with single-use bags is
warranted to test for leachates and any potential, consequent product quality impact
[47, 48]. Freezing rate is known to impact cryoconcentration, and the effect was
most noticeable in the osmolality distribution after a slow freezing process [49].
The impact of cryoconcentration may be more pronounced at higher protein con-
centrations, potentially resulting in increased aggregation propensity and higher
viscosity, which could make subsequent mixing and filtering unit operations more
complex.

When formulations are stored frozen, changes to the physical state (such as
crystallization) of the stabilizing excipients that may occur in the frozen state should
be assessed. For frozen formulations containing stabilizing excipients, such as
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sorbitol (an isomer of mannitol), crystallization can result in protein instability (i.e.,
aggregation) due to the removal of the stabilizing excipient from the protein in the
amorphous phase [50]. Similarly, the crystallization of trehalose in the frozen state
was reported [51] and characterized [52], and its effect on aggregation was later
assessed [53]. High protein concentration monoclonal antibody formulations
showed evidence of delayed excipient crystallization as well as decreased aggre-
gation rates after crystallization, presumably due to the self-stabilization afforded by
higher protein concentration formulations [54].

An understanding of the potential degradations in the frozen state is important to
ensure DS stability over its intended shelf life, particularly for high concentration
protein formulations that can be aggregation- and particulation-prone.

DS thawing times and temperatures are dependent on practical constraints like
the DS volume and container (carboy, ‘single-use’ bag, or cryovessel) as well as
facility infrastructure. Thaws can be static or dynamic at either refrigerated tem-
perature or room temperature, and mixing after thawing can be used to generate a
homogenous solution for forward processing.

7.2.1 Drug Product Fill/Finish Unit Operations

Mixing
Mixing is a unit operation designed to achieve a homogenous solution and is of
particular importance for high concentration protein therapeutics. The choice of
mixing tanks is often dictated by practical constraints such as batch size and
existing facility infrastructure. Mixing operations should be performed such that
product quality is not adversely impacted.
Mixing operations can be more challenging for high protein concentration thera-
peutic solutions, particularly if the solution is viscous. Technical considerations
including the mechanism of mixing, the geometry of the mixing tank as well as the
mixing speed time and temperature of operation should be assessed. Regarding tank
geometry, the ratios of impeller to tank diameter and impeller diameter to impeller
distance from tank base as well as mixing speed and time should be carefully
considered [55–57]. Bottom-mounted mixers are common due to their ease of use
and low tank fill volume requirement but in some cases have been reported to
induce protein aggregation and particulates during processing [58]. Subvisible
particles have been observed with bottom-mounted mixers due to the protein
passing between two surfaces (e.g., the impeller bearings and drive unit) during
operation [59]. This can induce several potential stresses: mechanical stress,
interfacial interactions (e.g., solid–liquid and/or air–liquid), cavitation, and even
local thermal stress [58]. In contrast, top-mounted impellers do not have the close
contact stress with tank and mixer components, but these types of mixers have
volume constraints. The batch volume must be large enough for the impeller to be
sufficiently covered with solution in order to avoid foaming and vortexing during
mixing [56]. Foaming during mixing can induce aggregation. In contrast,
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top-mounted impellers can induce shear, particularly at the impeller tip. Two
studies that assessed top-mounted impellers reported no changes in product quality
[55, 59]. Although there may not be product quality impact as a result of mixing,
characterization under relevant processing conditions is recommended because
some molecules are more sensitive to shear.

To achieve homogeneity for viscous, high concentration protein formulations,
longer mixing times at lower mixing speeds may be used, where the protein ther-
apeutic solution will experience lower shear rates. Moreover, mixing can be per-
formed at a warmer temperature, where solution viscosity is decreased. However, it
is important to verify that the protein therapeutic solution is robust to mixing at the
chosen operating temperature, particularly if mixing occurs at an elevated tem-
perature to mitigate viscosity [55, 60, 61]. As shown in Fig. 7.1, the shear rate of
mixing is fairly low compared to other unit operations, but prolonged exposure to
even low shear rates has been reported to induce protein degradation [59, 61, 62].
Assessing homogeneity by osmolality and/or protein concentration measurements
taken from different depths in the mixing tank ensures that the product is being
adequately mixed with the selected choices of impeller, mixing speed time and
temperature.

Filtration
Aseptic filtering of protein drug product (DP) can occur at two separate stages:
bioburden reduction filtration immediately after compounding/mixing the DP and/
or sterile filtration prior to filling. The filtration process can be affected by properties
of both the therapeutic protein formulation (e.g., viscosity, formulation composi-
tion, and particle load) and filter (e.g., pore size and surface properties of the filter
material) [57, 63, 64]. Incremental increases in protein concentration can lead to
increased solution viscosity that requires increased force during filtration [63].

High concentration protein formulations can exhibit an increased propensity to
aggregate and/or particulate [65]. Protein particulation resulting from processing
stresses (especially for suboptimal formulations) can result in downstream filter
plugging and fouling due to a high subvisible particle load [66]. Gradual pore
plugging and fouling result from pore narrowing by the accumulation and
adsorption of deformable protein aggregates/particles [57, 63]. To understand the
implications of potential filter pore plugging, filter capacity tests are performed
during development to assess the flux of solution through the filter at a constant
filtration pressure. The outcome of this test will identify the proper filter surface
area to volume ratio to avoid manufacturing slowdown or stoppages and without a
negative impact to product quality.

Reversible self-association networks have a higher predominance at high protein
concentration and can lead to increase in viscosity that causes difficulty during
filtration [2]. Increase in the force required to filter high protein concentration
solutions can increase both processing time and shear stresses. Upon filtration
through narrow pores, highly concentrated, viscous protein therapeutic formulations
can exhibit non-Newtonian filtration behavior associated with shear thinning. In
fact, shear thinning behavior can differ based on the type of filter. Shear thinning
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was observed for the same protein solution during filtration with a polyether sulfone
(PES) membrane but not with a polyvinylidene difluoride (PVDF) membrane with
the same pore size, but the filters were shown to have a different pore network [63].
The shear thinning was caused by the tighter network of pores associated with the
PES membrane that disrupted the reversible self-association interaction network
thought to increase solution viscosity [63]. The disruption of the self-associated
networks can likely increase filtration rate [63, 67]. Although small pore sizes
restrict flux, associated shear thinning can compensate somewhat for the loss in
flux. It has been observed that the shear thinning effect did not contribute to
negative product quality impact when formulated in the presence of a surfactant
[68]. Choosing a differently sized filter and/or different filter material can improve
processability.

Filling (Pump Considerations)
There are several filling technologies used in protein drug product manufacturing.
Fillers are categorized based on their mechanism of action and typically include
peristaltic, time-over-pressure (t/P), and positive displacement (piston) pumps.
Choosing the proper filling technology is particularly important for high protein
concentration, viscous protein therapeutics to minimize dripping and clogging
during the fill as well as any potential negative impact to product quality (partic-
ularly particles) that can occur due to increased shear rate [61, 69, 70].

As depicted in Fig. 7.1, t/P fillers impart shear rates on the same order of
magnitude as syringe extrusion during administration because t/P fillers typically
control the flow rate out of the pressure vessel using a narrow orifice. Particularly at
high shear rates, non-Newtonian shear thinning of high protein concentration vis-
cous solutions can cause dripping during filling. Dripping can cause filler nozzle
clogging due to rapid water evaporation of remnant solution left at the tip after a
pump stroke or during necessary line stoppages. Dripping/clogging can result in fill
weight inaccuracies that lead to unexpected line stoppages and impact manufac-
turing efficiency and can potentially lead to batch failures. Factors for nozzle
clogging include protein concentration, solution viscosity, air flow around the
nozzle tip, and nozzle size [69]. Suck-back (or drawback), which is a slight reversal
of fluid flow that brings the solution back into the nozzle, has been shown to
minimize or eliminate nozzle clogging by minimizing dripping at the nozzle tip
[69]. Furthermore, mitigating any variation in the ‘suck-back’ height was shown to
be key to improved fill weight precision [70].

Dripping during filling may require greater optimization of the filling process
[69, 71]. If the shear rate is imposing complications during filling (i.e., inducing
shear thinning), then peristaltic or piston-driven pumps have been shown to apply
lower shear rates (Fig. 7.1). Moreover, high shear can potentially impact product
quality and has been reported to induce the formation of protein particles [72].
Optimization of the fill speed and nozzle size should be considered if a negative
impact to product quality is observed.

In addition, understanding the effect of environmental factors including tem-
perature and humidity on rheological properties and filling operations of high
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concentration protein formulations is key, as is choosing appropriate filling needles,
filling speed, and verifying the robustness of line stoppages during filling operations
as part of process qualification.

Automated Visual Inspection (AVI)
Visual inspection is a required release assay that can be manual or automated. Here,
we focus on automated visual inspection (AVI), because it is known to be sensitive
to solution properties such as density, viscosity, and surface tension. This is because
AVI systems detect particles in solution after spinning the primary container (at a
fixed rate) and solution properties affect the movement of a particle in solution. Ji
et al. showed decreased performance of an AVI system as a function of DP for-
mulation viscosity [73]. Moreover, the authors reported that differences in surface
tension and density can affect the detection rates of an AVI system, even between
formulations with the same measured viscosity. Increasing the spin speed improved
the overall performance, particularly for viscous samples [73]. Therefore, the
selection of a spin rate for an AVI system may need to be altered for a highly
viscous drug product solution. This finding reinforces the idea that physical
properties should be characterized during development and taken into consideration
even when developing settings for an AVI system.

Cleanability
Solution behavior such as surface tension and viscosity can affect cleanability [74].
High concentration protein solutions may have a stronger propensity to form a
soilant layer on surfaces and as a result may be more difficult to clean. This is of
practical significance both during analytical testing and manufacturing. While
cleanability is formally assessed prior to manufacturing to validate that cleaning and
sterilization practices are sufficient, caution should be taken well before cleanability
protocols have been tested in a manufacturing setting. Cleaning characterization can
be rapidly performed using UV-Vis spectroscopy [75]. If a drug product solution
poses cleanability issues in a manufacturing setting, this finding could translate
back to the analytical testing environment, where instruments should be cleaned
between samples to eliminate carryover between testing highly viscous samples.
Known solution behavior can be somewhat predictive of cleanability issues.

7.2.2 Mimic solutions

Beyond specific unit operations, there are other process considerations where
solution properties of the drug product formulation are relevant. One example is
mimic solutions, which can be used when drug product is unavailable for process
development. Mimic solutions can be used throughout development: during process
development for fill/finish, syringe/device functionality studies, combination pro-
duct human factor engineering studies and even in blinded clinical studies. A single
mimic solution may not be fit for use for all purposes and should be carefully
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evaluated. Identifying the solution properties that need to be matched can help
select an appropriate mimic solution. Particularly for viscous, high protein con-
centration product solutions, the rheological properties of the intended mimic
solution including shear-thinning behavior and temperature dependence of solution
viscosity should be carefully considered. A mimic solution that matches solution
properties (over a range of temperatures) including density, viscosity, and surface
tension may be sufficient to evaluate fill/finish operations for filling and syringe
stoppering conditions. However, different surface interactions can be noted between
a high concentration protein formulation and its mimic solution with similar
solution properties, because proteins tend to adsorb to surfaces [76]. For clinical
studies, any excipients added to the mimic solution to increase viscosity and hence
match the drug product solution (such that the injection extrusion force or device
injection time is similar for the mimic/placebo and active drug product) must be
designated as ‘generally regarded as safe’ (GRAS). Mimic solutions should be fit
for purpose and exhibit the same properties as the drug product solution.

7.3 Delivery Considerations

7.3.1 Pre-filled Syringes and Autoinjectors

To allow for a streamlined administration experience for patients, drug product is
commonly provided in a pre-filled syringe (PFS) [77]. PFS are often used in pens/
autoinjector devices, which provide an opportunity for home dosing and reduce the
potential for needle sticks. It is worth noting that technology allowing needle-free
injections has been reported to enable the administration of highly viscous gels that
are not amenable to traditional administration with a syringe due to their high
viscosity [78]. Currently, PFS are ubiquitous and will therefore be the focus of
subsequent discussions.

7.3.2 Syringeability/Injectability

The term ‘syringeability’ refers to the force required to expel a solution through a
needle and is typically used to describe the ease of flow through a needle and any
tendency to clog or foam. The broader term ‘injectability’ incorporates the force
required to inject, which also depends on tissue back pressure. The flow through a
needle is best characterized by the Hagen–Poiseuille equation, expressed below as
the pressure drop necessary to generate the hydrodynamic force to expel the fluid
out of the syringe, which varies with the inverse of the inner diameter (or radius) of
the needle to the fourth power (r4) [15].
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DP ¼ 8lLQ
pr4

Equation 1: ΔP = pressure drop; μ = fluid viscosity; L = needle length;
Q = volumetric flow rate (expressed as volume/time); r = needle inner radius.

Needle gauge (specifically the inner diameter of the needle) is critical to both
syringeability and injectability. Needle gauge also possesses an inherent duality in
relation to patient comfort and ease of injection. A narrow bore needle may be more
comfortable to insert but requires a greater force to inject [79]. Other geometric
properties of the needle (e.g., inner diameter, length, and shape of the bevel) affect
both syringeability and injectability.

Characterization of the injection time and delivery force required for a manual
injection or with a delivery device such as an autoinjector is essential. Because the
viscosity of a solution dictates the fluid dynamics of injection, solution viscosity has
a dominant effect on injectability and therefore device performance. At high protein
concentrations (>100 mg/mL), changes in viscosity tend to be nonlinear. Even
relatively small differences in protein concentration within a typical specification
range can lead to fairly large increases in solution viscosity that could potentially
impact processability and/or device function.

Given the impact of both protein concentration and temperature on viscosity, it is
important to assess their combined impact on solution viscosity. A traditional
viscosity curve for a monoclonal antibody as a function of protein concentration
and temperature is shown in Fig. 7.2a. These data were generated using a cone and
plate viscometer, at a relatively low shear rate of 750 s−1. In Fig. 7.2a, the effect of
protein concentration on viscosity is most pronounced at the lowest temperature
assessed.

Although the temperature range shown in Fig. 7.2a is relevant to manufacturing
operations, long-term refrigerated storage, and patient administration, the relatively
low shear rate at which the data was generated (750 s−1) is not representative of
typical filling unit operations or administration (refer to Fig. 7.1). Therefore, in
Fig. 7.2b, we show theoretical values estimated at a higher shear rate
(*100,000 s−1) to illustrate how effective viscosity can decrease as a result of shear
thinning. The decrease in effective viscosity due to shear thinning is most pro-
nounced at low temperature and high protein concentration.

A holistic understanding of the impact changes in protein concentration and
temperature will have on viscosity and consequently on injectability and device
functionality hinges on mapping viscosity data over a relevant range of both protein
concentrations and temperatures. As discussed earlier, and highlighted in Fig. 7.2a
and b, during development the apparent viscosity should be assessed at shear rates
consistent with shear rates experienced upon injection. Differences in viscosity as a
function of temperature (even at the same protein concentration) can potentially
result in requiring a high extrusion force during the device design. It is particularly
important to assess the potential for shear-thinning behavior during administration
to avoid an overpowered device design. The failure to recognize the potential to
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undergo shear thinning during administration can lead to the recommendation of an
overestimated injection force that could potentially affect patient comfort (high
delivery forces resulting in fast, potentially painful flow rates) and device func-
tionality [80]. The force required to expel high concentration protein therapeutic
solutions from a syringe can be significant. Acceptable variability in the protein
concentration and or temperature at which the device is used to administer the
product can lead to a wide range of viscosity conditions under which the device
must be able to reliably function.
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Fig. 7.2 a (Top panel):
Viscosity (reported in cP,
measured at 750 s−1) of a
monoclonal antibody as a
function of both protein
concentration (mg/mL) and
temperature (degrees Celsius).
b (Bottom panel): Theoretical
values estimated at a higher
shear rate of 100,000 s−1
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Typically, protein therapeutics are processed and stored long term at refrigerated
temperatures, where solution viscosity is often the highest. A protein therapeutic
solution is often equilibrated to room temperature before injection to improve a
patient’s experience by potentially reducing the injection time and the extrusion
force required for injection.

Potential Effect of Syringe Siliconization
Although PFS can be either glass (usually Type 1 borosilicate) or plastic, glass
syringes currently dominate the PFS market [81]. Glass PFSs are siliconized to
allow the plunger to move along the barrel. Silicone oil can be baked or sprayed on.
The distribution of silicone oil can impact the force required to extrude the contents
because uneven silicone oil distribution, particularly an insufficient amount of sil-
icone oil near the needle, may impede the injection [80, 82]. This may impact both a
manual injection from a pre-filled syringe or with an injection device. If an injection
device uses a compressed spring to expel the contents, this issue can be exacerbated
because the force also weakens near the end of the injection, which could poten-
tially lead to a stalled injection.

Injection time is an outcome that is highly relevant to the patient. Rathore et al.
reported model-based quantification that identified key sources of injection time
variability: product viscosity, needle diameter, and the spring constant [83]. Despite
the small variability within GMP‐caliber autoinjector components themselves,
injection time can be variable due to its dependence on several other system
parameters [83]. It is understood that models cannot capture all potential sources of
variability, such as the homogeneity of syringe siliconization, potential (albeit
minor) performance degradation due to component age, protein drying in the
needle, and the precise temperature at injection [9, 83]. Careful and methodical
testing, modeling and assessment for potential modes of failure are necessary to
choose appropriate conditions for delivery.

7.3.3 Impact of Subcutaneous Tissue Back Pressure
on Injectability

In silico models can predict the performance parameters of injection devices such as
injection force and time [17, 83]. However, these models are based on fluid
dynamics principles and therefore omit the potential impact of the tissue back
pressure during subcutaneous (SC) injection. Similarly, analytical testing to assess
injection forces and syringe functionality testing (i.e., break loose and extrusion
force) are typically performed into air and may not be representative of an in vivo
injection where the skin and subcutaneous milieu also play a role. In silico mod-
eling and analytical testing can assess syringeability and identify potential modes of
failure, but to assess injectability, the role of tissue back pressure must also be
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considered. Despite growing interest in this topic, limited data exist for assessing
the contribution of the tissue back pressure during SC injection [79]. Allmendinger
et al. reported that the contribution of the subcutaneous back pressure to the
injection forces increased linearly with viscosity and reported that when estimating
injection forces, the contribution of the tissue as well as the conditions of injection
should be considered [17, 84].

An appropriate animal model should be selected to predict tissue back pressure
in humans. Due to the morphological and physiological similarities between
minipig and human skin, the minipig has been successfully used as a model for
studies of drugs administered subcutaneously [84, 85]. Variations in tissue
back pressure measurements can be observed, particularly for high viscous solu-
tions. Patte et al. examined tissue resistance pressure in patients at different infusion
rates and found that stepwise increases in the infusion rate were associated with
significant rises in median tissue resistance pressure [86]. Several factors can
contribute to the variability in the tissue back pressure measurements (which can in
turn affect the injection forces), including needle geometry (e.g., inner diameter,
length) and even the surface finish of the syringes [84]. The natural variability of
skin tissues and injection site location can also introduce variability in the injection
force measurements into skin tissue. Thus, these factors should be carefully taken
into consideration while measuring injection forces representative for in vivo
conditions.

The development of robust combination products requires a better understanding
of injection forces dependent on various parameters including tissue back pressure.
The development of ex vivo models (e.g., obtaining functional skin tissue) and
in vivo animal models for assessment of device functionality including injection
force measurements can aid in the overall success of holistic device design, which
accounts for the solution properties of the therapeutic protein formulation.

7.3.4 Potential Needle Clogging

Drying and subsequent needle clogging may occur upon storage of the device and is
hypothesized to be due to evaporation of the liquid in the formulation or local
precipitation of the protein. The volume of the precipitated material affects the area
of the needle that may be partially blocked. This impacts the extrusion force to
varying degrees depending upon the extent of the clog. Increased protein concen-
trations have seemingly increased probability of these types of blockage events. The
extent of blockage is also dependent upon storage conditions such as temperature,
time, orientation, relative humidity, and device parameters including needle gauge
and length, and needle shield rubber formulation. The rubber formulation can
theoretically affect the permeability of the needle shield and/or potentially introduce
leachables that initiate protein precipitation [87, 88]. This drying phenomenon is
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readily observed when the needle shield is removed from the syringe but the
contents of the syringe are not immediately injected, similar to issues observed with
filling needles [69]. The extent of the blockage is dependent upon the protein
concentration, syringe orientation, temperature, relative humidity, and time of
exposure without the needle shield. This phenomenon can be detected by moni-
toring the extrusion force as shown in Fig. 7.3, which shows extrusion force dia-
gram of a high concentration antibody formulation that was stored under various
environmental conditions to induce clogging.

In a typical load–force diagram, the breakloose force (N) is a maximum, which is
readily observed as the plunger begins to move. The force then decreases as plunger
traverses the air gap. The maximum force to expel the syringe contents is termed the
extrusion force. If protein dries in the needle and partially blocks the fluid path, a
new peak may be observed after the breakloose peak. The extent to which the dried
protein clogs the needle may translate into a greater force required to expel the
blockage or for complete blockages, potentially result in cessation of extrusion.
Partially clogged syringes may not result in a noticeable change in injection forces
during manual or device-driven expulsions, but may be predictors of increased risks
of future clogging events.

Due to the myriad potential causes of needle clogging, understanding the
mechanism is critical. To that end, neutron scattering has been recently used to
image liquid in the needle and monitor the injection process [89]. This work
highlights the potential for in situ imaging techniques to aid in the investigation and
prevention of device malfunction.

Fig. 7.3 Extrusion force diagram of a high concentration antibody (100 mg/mL) stored under
various environmental conditions to induce clogging. The extrusion forces of a control, a partially
clogged syringe as well as a completely clogged PFS (force > 40 N) are shown
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7.4 Potential Mitigation

It is worthwhile to briefly mention the causes of high viscosity because mitigation
efforts may vary based on the mechanism of interaction. Protein self-association can
be due to myriad interactions: non-specific molecular crowding, specific interac-
tions, weak associations, and/or electrostatic interactions [90–92]. To mitigate
viscosity driven by intermolecular interactions, understanding the type of interac-
tion (at a molecular level) is important. If the underlying mechanism is unknown,
then screening of formulation excipients that can disrupt the protein–protein
interactions can be informative. The underlying mechanism driving high solution
viscosity can sometimes be inferred based on the excipient class that is effective in
mediating it. Practically speaking, mitigation options depend on the phase of de-
velopment. An unusual and problematic tendency to self-associate can be identified
by measuring viscosity as a function of protein concentration and temperature
during early screening studies to influence the choice of one molecule over another
in the pre-discovery phase. Judicious point mutations have been shown to decrease
viscosity [93]. However, a protein engineering approach hinges on a nuanced
understanding of the molecular mechanism driving increased viscosity.

For molecules further along in development, and depending on the underlying
mechanism, self-association (and consequent high viscosity) can sometimes be
mitigated by prudent choices of excipients to modulate attractive and/or repulsive
interactions. Certain excipients, specific cations/anions, or amino acids have been
shown to help reduce solution viscosity, decrease aggregation, and increase solu-
bility [94–96]. Multiple self-association mechanisms can be at work in high protein
concentration solutions, in which case the dominant mechanism affecting viscosity
should be identified. For example, Nichols et al. identified that neutralizing nega-
tively charged surface patches was more effective in reducing solution viscosity of a
highly concentrated antibody solution than disruption of an aggregation-prone
region of the protein [93]. Although it is best to choose a molecule during devel-
opment that does not have intrinsic high viscosity, this approach can be impractical
because efficacy is often the dominant molecular attribute.

7.5 Summary

Practical issues that arise for high concentration protein formulations are typically
due to high viscosity, which can complicate manufacturing unit operations and
affect injectability/device compatibility. The viscosity of high protein concentration
drug products can impact the performance of manufacturing unit operations,
specifically tangential flow filtration (TFF), mixing, filtration, filling, the effec-
tiveness of automated inspections, and even the cleanability of manufacturing
equipment. Each potentially affected unit operation must be carefully considered to
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determine the effects, if any, that high viscosity, particulation, or shear sensitivity
could have on process performance. Potential mitigations (like processing at higher
temperatures where viscosity is lower) must be balanced with any impact to product
quality.

Solution properties that affect viscosity and downstream operations such as
device compatibility include slight variations in protein concentration and the
temperature of the product at administration. Variability in the homogeneity and
level of siliconization of the PFS, primary container dimensions, the characteristics
of the autoinjector spring, and tissue back pressure can potentially affect in-
jectability. Due to the potential for non-Newtonian behavior (shear thinning), vis-
cosity–shear rate profiles of high concentration protein formulations should be
generated over a range of shear rates relevant to both drug product manufacturing
unit operations and administration. Early screening of potential candidates can
identify highly viscous candidates and perhaps eliminate such molecules from
consideration. If such issues are not identified until later in development, perhaps
concurrent with an increase in dosing regimen that necessitates a higher protein
concentration, then mitigation efforts to reduce viscosity likely pivot from a protein
engineering approach to focus on formulation changes.
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Chapter 8
Parenteral Container Closure Systems

Roman Mathaes and Alexander Streubel

Abstract Parenteral container closure systems are in direct contact with the drug
product formulation and can significantly impact the product quality. The interac-
tion between the drug product formulation and the primary packaging components
may also impact adequate delivery of the product to the patient. Therefore, primary
packaging development should be fully integrated into parenteral drug product
development. This book chapter describes the basic function and requirements of a
parenteral container closure system, advantages, and challenges with commonly
used container closure system materials and components and the key benefits of
combination products compared to traditional vial systems.

Keywords Parenteral container closure systems � Primary packaging
Glass � Combination products

8.1 Introduction

Recombinant proteins comprise the largest segment of the parenteral pharmaceu-
tical market and continue to outpace overall pharma spending growth. Following
the approval of insulin in 1982, the total annual revenue of biologics increased to
140 billion dollars in 2013. Yet, biologics are very sensitive and delicate systems
with complex upstream and downstream processes as well as an aseptic fill and
finish process, where the drug product is transferred into its container closure
system (CCS). The selection and validation of an adequate CCS is a key process
during the product development. Different container closure systems for parenteral
pharmaceuticals are available, which need to be carefully designed and chosen to
provide several requirements.
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8.2 Requirements of a Parenteral CCS

Several requirements of a parenteral CCS are mandatory (Table 8.1).

1. Containment

The basic and fundamental function of a CCS is the containment of the DP. This
includes no leakage, diffusion, or permeation of the DP during manufacturing,
distribution, and normal handling. In addition, the CCS must be inert to alteration
by the DP [1, 2].

2. Protection and Compatibility

The CCS must protect the DP from all external influences, in the case of therapeutic
proteins from, e.g., oxygen by allowing a nitrogen protective gas headspace or in
the case of freeze dried DPs from moisture.

In addition, the compatibility of the primary packaging with the final DP plays
an important role in the design and selection of the CCS. Several possible inter-
actions between the primary packaging and the parenteral DP can be critical for the
DP stability over shelf life. Ensuring the compatibility of the final primary pack-
aging and the DP is an essential part during the product development (Table 8.2).

The different primary packaging components are the source of specific ex-
tractables and leachables, which possibly lead to physical or chemical DP degra-
dation. Extractables are substances that can be extracted from the primary
packaging under harsh conditions like aggressive solvents or elevated temperatures.
Leachables are substances that leach into the DP solution under normal conditions.
For example, leaching metal ions from glass vials can lead to protein precipitation.
The leachable profile is dependent on the glass type and quality as well as the DP
formulation (mainly pH), (Table 8.2). Other case studies of CCS–DP interactions
are discussed in detail later in this chapter.

3. Sterility

Parenteral DPs are sterile products, as per pharmacopeial requirements and are
manufactured by terminal sterilization, if possible. However, the terminal steril-
ization of therapeutic protein adversely impacts product quality. Therefore, thera-
peutic proteins are manufactured aseptically in combination with sterile filtration.
Parenteral DPs are protected by appropriate CCS. A CCS needs to be designed,

Table 8.1 Overview of
requirements of a parenteral
CCS

Containment: no leak, diffusion, or permeation of the DP

Protection: protect the DP from all external influences

Sterility: ensure container closure integrity (CCI) over shelf life

Presentation and identification: source of information, e.g.,
labels

Convenient application: comfortable and easy administration

Anti-counterfeiting: unique packaging schemes
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chosen, and validated to ensure protection from any possible microbial contami-
nations during manufacturing (intrinsic contaminations) or storage (CCI).
Obviously, any microbiological contamination of a sterile product can cause serious
harm in patients [23]. Sterility assurance of parenteral DPs during manufacture or
storage is clearly mandated by health authorities globally [24, 25]. Ensuring CCI
over the product shelf life (storage, shipment, intended use) is one of the most
critical aspects in the development and commercialization of a parenteral phar-
maceutical product.

As a result, a variety of leak test methods have been developed to assess CCI and
have different advantages and challenges: (1) The microbial immersion challenge
test (mCCI) is a traditional CCI test method, where filled and sealed drug product
units are immersed in a defined challenge organism solutions under specific con-
ditions and possible contaminants are assessed. (2) Physical CCI (pCCI) tests exist,
where any kind of surrogate is being used to assess possible leaks and thus CCI.
The most commonly used CCI tests includes the blue dye test, the electrical field
test, or the helium leak test, with the latter being the currently most sensitive pCCI
test [26–28].

4. Presentation and Identification

The label on the CCS is an important source of information of pharmaceutical products.
The pharmaceutical company must deliver a product within label claims. Label
information usually includes the identification of the active pharmaceutical ingredient
(API), the dosage form, the trade name, storage condition, and the batch number. The
provided information on the label must follow national legislation [1, 29].

5. Convenient application

The global healthcare environment undergoes a paradigm shift from hospital care to
home—self-administration. As a result, the possibility of a convenient
self-administration of a pharmaceutical has received increasing attention.
A common trend in the competitive parenteral biopharmaceutical market is the use
of combination products like pre-filled syringes (PFSs) or other drug delivery

Table 8.2 Overview of possible interactions of the parenteral DP and the primary packaging

Example of source Example of interaction, degradation pathway Ref.

Glass: vials, syringes Leachables of particles and metal ions,
adsorption, precipitation

[3–7]

Plastics: vials, syringes Leachables, poor gas barrier: oxidation [8]

Elastomers: rubber stoppers,
plunger

Leachables, adsorption, permeation [9–11]

Metals: syringe Leachables of tungsten: oxidation, precipitation [12–15]

Adhesive: PFS stake-in
needles

Leachables of adhesive components: oxidation [16]

Coatings (e.g., silicone oil):
syringes

Leachables of silicon oil: adsorption, aggregation [17–22]
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devices instead of the conventional vial and disposable syringe. Combination
products offer numerous benefits for the patient like safety and dosing accuracy
(discussed below) [2, 30].

6. Anti-counterfeiting

Counterfeiting has become an extremely serious problem in the pharmaceutical
industry. Biopharmaceuticals can have single treatment cost of 1000 dollars and are
an attractive product for counterfeits. Obviously, counterfeit parenteral pharma-
ceuticals which are possibly non-sterile can cause serious harm to patients.

Therefore, several solutions have been introduced for anti-counterfeiting. For
example, visual features include breakable temper evident caps, or covered features,
which are hidden from public [2, 29].

8.3 Container Closure Systems for Parenteral
Pharmaceuticals

Several CCSs for parenteral pharmaceuticals are available: vials with rubber stopper
and a crimp cap, pre-filled syringes, cartridges, ampoules. The prevalent CCS
configuration for parenteral pharmaceuticals is the glass vial sealed with a rubber
stopper and a crimp cap (around 50–55% of injectables [10]), followed by pre-filled
syringes (around 25–30% of injectables [10]) (Fig. 8.1).

Fig. 8.1 a Pharmaceutical
vial sealed with a rubber
stopper and an aluminum
flip-off cap: (1) crimp cap
with plastic flip-off button,
(2) rubber stopper, (3) vial
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8.4 Vials

The glass vial offers several advantages over the plastic vial. For instance, it provides
compression strength, considerable chemical inertness, impermeability to gas,
resistance to heat, and transparency for product visibility. In contrast, the plastic vial
lacks all these benefits of the glass vial. However, they are not fragile, light, cheap,
and can be manufactured in precise dimensions and in a variety of shapes [31].

The USP pharmacopeia addresses glass quality in chapter <660>
“Containers-Glass,” which classifies glass into three types. First, the type I
borosilicate glass is considerable chemical inert and has a low thermal coefficient of
expansion. Second, the type II surface-treated soda lime glass is chemically treated
to reduce alkali leachables (e.g., by ammonium sulfate), and third the type III
standard soda lime glass (not used for parenteral drug products). In addition to the
classification of the glass types, the USP chapter <660> provides three tests to
determine the glass type and the inner surface hydrolytic resistance. For example,
the “Powdered Glass Test” challenges small pieces of glass in an autoclave cycle.

For the production of glass, the raw materials are heated up until they are
homogenously molten. After homogenization of the melt, vials can be produced in
several ways: by a blow or pressing process (“molded” vials) or via tubes which are
subsequently cut and formed (“tubular” vials). Today, glass vials from glass tubings
are preferred over glass vials from molding as they have less cosmetic defects, are
lighter, show better dimensional consistency, and display a better heat transfer
during lyophilization [10].

During the hot forming process, the tubes are heated up again partially by gas
flames to form the bottom and the neck/opening region of the vial using forming
tools made out of steel. Sticking of the liquid glass to these forming tools is avoided
by a constant rotation of the tubes with the forming tools which are lubricated by
food grade oil. Such vials reveal high internal stresses from the high temperatures
differences during forming process. These stresses are released by heating up the
vials close to their transformation temperatures Tg (approximately 580 °C) in an
annealing or cooling oven. At the end of the manufacturing process, the vials are
usually packed in polymer boxes and are being shipped to the customer.

Fused silica or fused quartz is a glass made out of pure SiO2. It has outstanding
properties like a low thermal expansion coefficient, high temperature resistance, and
high chemical resistance. It is inert against acids except hydrofluoric and hot phos-
phoric acid. But it has a main disadvantage which excludes it from being used in the
above-described vial (or syringe) forming process: Transformation and softening and
processing temperatures are all significantly higher compared to other glass types
used for pharmaceutical applications. As a consequence, additional raw materials are
added to lower the processing temperature, mainly alkali oxide (Na2O or K2O,
so-called network modifiers). The modifiers are mobile ions within the glass back-
bone formed by SiO2 and other network formers and lead to a disruption of the
network. This results in a lower processing temperature. The addition of network
formers like B2O3 or Al2O3 helps to improve the chemical durability (borosilicate
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glasses). Depending on the desired chemical and physical properties, several more
substances (metal oxides) are added, e.g., coloring agents like iron or titanium in case
of brown glass. It is the aim to keep the elemental composition as tight as possible.
Therefore, the raw materials need to have a constant and high quality.

8.5 Rubber Stopper

The elastomeric rubber stoppers are an important primary packaging component of
several CCS. For example, they are used for closures of vials and syringes and as
plungers tip (pistons) for syringes or cartridges. The elastomeric rubber stopper is a
complex chemical part of the primary packaging [32]. Closures and pistons are
available in a variety of sizes and shapes. In case of the pharmaceutical vial, two
important designs are the serum rubber stopper and lyophilization rubber stopper.
The lyophilization rubber stoppers are manufactured with protruding nods to keep
the rubber stopper in the correct position with open vents during the lyophilization
process (Fig. 8.2) [33].

The USP covers elastomeric rubber stoppers with several chapters. USP chapter
<381> “Elastomeric Closures For Injections” [34] provides physicochemical and
functional tests for elastomeric rubber stoppers. The different rubber stopper types
(silicon coated, lubricious coated, barrier coating) require individual test setups. In
addition to USP chapter <381>, USP chapter <87> [35] and <88> [36] provide
in vitro and in vivo “Biological Reactivity Tests.”

The rubber formulation usually consists of an elastomer, a filler, an activation
agent, a vulcanization agent, and color pigments [37–39]. In contrast to the complex
rubber formulations before the 1980s with over 10 components, the rubber for-
mulations are cleaner today [40]. The most common elastomer for stoppers is
halobuty, which shows a superior gas and moisture barrier [37, 41]. The vulcan-
ization agent (usually sulfur) provides the rubber shape and elasticity [42]. The
process of vulcanization is controlled by an activator (metal oxides) [39, 42]. In
addition, fillers reduce tack and modify the rubber stopper hardness.

Fig. 8.2 Serum and lyo rubber stoppers for pharmaceutical vials. (1) Rubber stopper flange
height, (2) vial sealing area, (3) no pop ring, (4) rubber stopper plug, (5) vent, (6) nods
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The final elastomer composition as well as the size and shape of the rubber
stopper determine the physical and chemical properties like hardness, modulus,
compression, permeability to gas [37, 43, 44], and the individual profile of ex-
tractables/leachables [9, 45, 46].

In addition to the complex chemical rubber formulation, rubber stoppers are
usually coated to reduce the leaching of rubber components into the drug product
[45]. Moreover, it can replace silicone on the top of the stopper, which is required
for a convenient process and handling. For, example, the proprietary West
Pharmaceuticals/Daikyo Flurotec® coating contains ethylene and tetra-
fluoroethylene (EFTE) and protects the drug product from the rubber leachables
[47]. Furthermore, it can be applied to the top of lyophilization rubber stoppers to
prevent the sticking of the rubber stoppers to the freeze drying shelf.

The ability of a rubber stopper to close a vial is a function of the rubber’s
mechanical properties. Mortan et al. described the viscoelastic properties of elas-
tomeric stoppers [43]. The intermediate response (combination of viscous and
elastic) of a stopper during the capping process ensures a sufficient seal. First, the
viscous behavior allows the rubber stopper to flow into imperfections of the vial
sealing area. Second, the elastic behavior of the stopper generates a pressure of the
stopper against the vial sealing area, the residual seal force.

The viscoelastic properties of a rubber stopper are defined by the rubber stopper
hardness, which is usually measured by a shore durometer and elasticity [48].
Rubber hardness can be measured with a shore A durometer. Today, stoppers are
available from shore A hardness 40 up to shore A hardness 80. Another important
parameter of a rubber is the compression set. Compression set test measures the
elastic properties of a rubber after prolonged compression stress. Therefore, a high
compression set stopper applies less force to a closure after storage [49].

In addition to the stopper dimensions, the hardness of the rubber formulation
impacts CCI. Soft stoppers fill vial imperfections more efficient. However, a soft
stopper increases the risk of stopper dimpling into the vial neck. In addition, soft
stoppers are susceptible to ruptures.

Rubber stopper and vial manufacturers do not collaborate to match their product
configurations. Especially, the no pop ring of the rubber stopper should match the
blowback on the vial. Lam et al. addressed this problem and described a method to
visualize the fit of rubber stoppers and vials [50].

Moreover, several environmental stress factors influence the stopper perfor-
mance. For example, heat during washing and autoclaving accelerates stress
relaxation and crosslink reversion, which increases the gas permeability of a rubber
stoppers [51]. In addition, Chan et al. described cracked pre-filled syringe rubbers
upon ozone exposure [52]. Most common rubber formulations display a Tg
between −50 and −70 °C. Therefore, stoppers stored on dry ice or −80 °C lose
their elasticity, which can possibly impact CCI [53].

In conclusion, the stopper is a complex component of the primary packaging.
Several interactions with the DP are possible or can influence CCI. The process of
the stopper selection should always stay in context with the vial selection and
includes several physicochemical and dimensional aspects.
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8.6 Crimp Caps

During the capping process, the rubber stopper is compressed and kept in its
compressed position by the crimp cap. The compressed rubber stopper applies a
force against the vial sealing area, which seals the CCS.

Different crimp cap designs are commercially available. The majority of crimp
caps consist of an aluminum part and feature an injection site or are completely
removed (tear-off design) before usage. Plastic buttons (flip-off buttons) can further
protect the injection site. A variety of different designs of flip-off buttons are
available, e.g., with the same diameter than the aluminum part or with a larger
diameter than the aluminum part, which eases the removal of the flip-off button.

8.7 Combination Products

The global healthcare environment undergoes a paradigm shift from hospital care to
home—self-administration. Parenteral drugs for long-term treatments including
rheumatoid arthritis or metabolic disease are candidates for self-administration. The
increasing competition of several products of different pharma companies in certain
disease areas like the above-mentioned rheumatoid arthritis led to the development
of a variety of combination products for self-administration [54]. A combination
product is defined as: “A product comprised of two or more regulated components, i.
e., drug/device, biologic/device,…” [55] and eliminates the filling step from a sec-
ond container like a vial. Pre-filled syringes comprise the largest segment of all
combination products with a predicted growth to 6.83 billion units in 2025 [30].
However, injection pens or other more complex auto-injection devices receive
increasing attention lately [54]. The most prominent examples for pen devices are
the insulin pens in the European market.

PFS shows several advantages over conventional glass vials. However, some
challenges remain (Table 8.3).

PFS can be classified into two different groups: luer lock luer tip PFSs where the
barrel is locked to the needle with a mechanism similar to a screw and staked-in
PFSs where the needle is fixed to the barrel with an adhesive [30]. The barrel of the
luer lock luer tip PFSs can get siliconized in a bake-in process, and no adhesive is
needed (low leachable levels). The staked-in PFSs are siliconized in a spray-on
process and use an adhesive (possible leachable source). However, they are con-
venient to use [54].

In addition, PFSs can feature a dual chamber design, where two liquid drugs
products or a lyophilized drug product and a diluent are separated in two chambers
in the same container. The two chambers are separated by an internal plunger,
which is pushed over an bypass prior usage allowing the two components to be
mixed [60, 61].

198 R. Mathaes and A. Streubel



PFSs are available in glass and plastics. A glass barrel has the advantage of
transparency for visual inspection, absolute gas tightness, and competitive overall
costs. Plastic barrels were historically produced out of polymers like polypropylene
and polyethylene and had the disadvantage a lower transparency and a lower gas
barrier compared to glass barrels. The low transparency of conventional plastic
syringes was addressed by the development of cyclic olefin copolymers (COC) and
cyclic olefin polymers (COP) PFSs. COC and COP pre-filled syringes also feature a
good moisture barrier and low extractable levels (no tungsten pin during manu-
facturing needed, no silicone oil coating needed). Today, PFS in the European and
US markets is preferably made of glass, whereas PFS in the Japanese markets is
preferably made of plastic.
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Chapter 9
Development of Prefilled Syringe
Combination Products for Biologics

Mariana N. Dimitrova, Jared S. Bee, Ling Lu and Jason E. Fernandez

Abstract Biologics for treatment of a growing number acute and chronic
conditions are often developed as parenteral injectables. Prefilled syringes
(PFS) and other combination products offer patients the convenience of at-home
self-administration. This can result in considerable cost savings compared to dosing
in a clinical setting. PFS systems improve patient compliance and dosing accuracy,
reduce overfill cost and waste, and can reduce sharps injuries (‘needle sticks’) with
the inclusion of a safety system. With the advantages of PFS also come potential
challenges that require early development taking into account the drug product and
formulation requirements; drug compatibility and stability, solution properties such
as viscosity, good understanding of the syringe functionality, user experience and
requirements, comprehensive risk assessment to assess and prevent failures of
syringes at home or in emergency settings. This chapter describes design controls,
human factors, scientific, engineering, and regulatory aspects of development of
PFS as combination products. Finally, advanced PFS offerings and emerging
syringe technologies with improved material, mechanical, dimensional, and com-
patibility properties are discussed.
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9.1 Introduction: Why Prefilled Syringe Injectables?

Although oral delivery is highly convenient, biologics are subject to a significant
first-pass effect, greatly reducing oral bioavailability [1]. As a result protein ther-
apeutics and large molecular weight biologics are typically delivered parenterally.
Subcutaneous delivery is an attractive route of administration as it offers both
acceptable bioavailability and a convenient route of administration for patients
associated with reduced pain upon injection and greater tolerability. The combi-
nation of convenience and bioavailability is a large driver in the development of
prefilled syringes (PFS) for use with biologics. Figure 9.1 shows a typical relative
bioavailability for different routes of administration [1–3].

Outpatient dosing and self-administration of biologics are desirable for patients
with chronic conditions where frequent long-term dosing is required with minimum
impact on patient ambulation and quality of life. Prefilled syringes, autoinjector
devices, and large volume subcutaneous wearable combination products represent a
rapidly growing segment of the biologics market because they are convenient and
cost-effective offerings that can meet this need. A growing number of commercial
biologics on the market are available as PFS or other SC combination products.
Humira® (adalimumab), Enbrel® (etanercept), and Avonex® (interferon c-1a) PFS
presentations have been used by patients for many years. Figure 9.2 shows PFS
offerings for different types of molecular entities over the past 20 years. Prefilled
syringes can be a step toward development of an autoinjector presentation as part of
product lifecycle management. Insulin is one of the best-known biopharmaceutical
products and is currently available in various pen injectors from multiple companies
including NovoPen® 4® (Novo Nordisk), Lantus® SoloSTAR pen (Aventis), and
Humalog® KwikPen® (Eli Lilly) (Fig. 9.3).

Fig. 9.1 General
bioavailability trend of
intravenous (IV),
intramuscular (IM),
subcutaneous (SC), and oral
delivery of 145 kDa
molecular weight biologics
(e.g., monoclonal antibodies)
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9.2 Advantages of PFS Presentations for Biologics

Prefilled syringe product presentations offer many advantages over vials for
injectable biologics. The ability to safely self-administer and avoid treatment in a
clinical setting is one of the many advantages prefilled syringes offers in terms of
patient convenience. When combined with a safety system, prefilled syringes
reduce the risk of accidental sharps injuries (‘needle sticks’). This feature is also a
compliance requirement for prefilled syringes in the USA, European Union, and
increasingly the rest of the world. Prefilled syringes reduce the risk of

Fig. 9.2 Prefilled syringe product approvals since 1995 by molecular class. The approved
products include diverse classes of biologics including proteins (e.g., etanercept), monoclonal
antibodies (e.g., Amjevita, adalimumab), vaccines (e.g., Fluvax), oligonucleotides (e.g., mipom-
ersen sodium), peptides (e.g., Copaxone, glatiramer acetate), carbohydrates (e.g., Thorinane,
enoxaparin sodium), etc. Source PharmaCircle prepared 06/2017

Fig. 9.3 Number of PFS
products currently in Phase 3
trials by molecular class. The
graph illustrates that biologics
continue to drive the PFS
market, which underscores
the criticality of PFS delivery
systems to protein-based
therapeutics. Source
PharmaCircle prepared 06/
2017
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contamination, needle reuse and improve dosing accuracy. By dosing the complete
contents of the PFS, there is a higher level of confidence in achieving the correct
dose, relative to withdrawing a dose from a vial and measuring the dose with a
disposable syringe. This is especially desirable in the case of unit-based treatment
independent of the body weight of the patients (Fig. 9.4).

In terms of overall manufacturing cost, PFS may offer surprising benefits over
vial presentations. The lower overfill of PFS compared to vials due to lower holdup
volume often reduces unnecessary wastage and overfill of life-saving valuable
biologics, thus favorably impacting the overall cost of PFS compared to vials. Cost
reductions could lead to notable price reduction, thus better coverage by healthcare
payer organizations and therefore greater potential access to patients. Figure 9.5
shows an illustrative example relative cost of goods manufactured (COGM) com-
parison for an accessorized PFS compared to a vial. This calculation does not
include other drug development costs incurred in discovery, translational science,
clinical development, marketing, logistics, human factor studies for combination
product, and other business overheads. The cost of antibody manufacturing is on
the order of $100–$1000 per gram, depending on the expression system, the titer,
the manufacturing process, and scale. The vial components and filling costs are
estimated to be on the order of $10 per dose [4]. Syringe container components
typically cost slightly more than vials and for this estimate, we assumed $15 per
dose. A dose of 1 mL of 150 mg/mL antibody (0.15 g dose for 70 kg patient =
2 mg/kg) at $200 per gram is $30. Based on this, we assume typical relative costs of
33% for the vial and 50% for the PFS relative to the dose. The overfill cost is
directly related to the dose cost, and we assumed a larger overfill of 30% is needed
for a viscous drug product in a vial and only 5% for a PFS. The key driver for the
vial cost is the overfill needed due to the holdup volume. This is illustrated in
Fig. 9.5.

The higher overfill cost for a vial compared to a PFS presentation has a greater
impact for lower titer or yield processes but is less impactful for lower dose or for

Fig. 9.4 Example of an accessorized prefilled syringe configuration showing the various
components
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lower cost products. Another substantial total cost of a drug is the healthcare
provider facility and staff time and resources when dosing is performed in a clinical
setting. This is not part of the COGM analysis. If a prefilled syringe can be used for
self-administration at home instead of hospital, then additional cost savings (e.g.,
$2,000/day) could also add to the advantages PFS presentations offer for parenteral
injectables.

9.3 Development of PFS Presentations for Biologics

Combination products development incorporates a range of considerations associ-
ated with the therapeutic formulation, the syringe injection device, the fill–finish
process and packaging operations, user/patient requirements, etc. Some of the
critical considerations and their interdependencies are illustrated in Fig. 9.6 and
summarized succinctly in Table 9.1.

When considering a transformation of a biologic therapeutic from intravenous
into patient-convenient subcutaneous route for administration, it is critical to con-
sider all factors that may potentially impact the product immunogenicity and
address them in the PFS development process. A recent review [12] of clinical
studies found that four out of six products with clinical data for both SC and IV
administration routes had slightly higher patient anti-drug antibodies (ADA) rates
for SC compared to IV route [12]. For example, HerceptinTM had the highest ADA
rates of 14.9% by SC compared to 8.1% by IV. However, the SC administration

Fig. 9.5 Illustrative example
comparing cost of goods
manufactured (COGM) for a
vial compared to an
accessorized prefilled syringe
presentation at commercial
stage. In this scenario, the
higher cost of the PFS
container closure components
compared to the vial cost
(50% vs. 33%) is more than
compensated by the higher
cost of the extra biologic in
the overfill for a vial (30% vs.
5%)
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Fig. 9.6 Critical areas of considerations in the development of PFS presentation

Table 9.1 Considerations in the early development of PFS presentations for biologics

Patient/user requirements

Requirements Example considerations and possible studies

Target product profile and
human factors

User needs could require that the drug is easy to self-administer
in the home setting using a PFS with a low perception of pain on
injection. Some considerations for design inputs could be the
needle gauge, dose volume, injection force/time, excipients,
competitive landscape, patient training, and dexterity. An
informative study may lead to design inputs such as needle gauge
>27, dose volume <1 mL, injection time <10 s, and injection
force <25 N. Engineering studies can then be performed with
configurations that could meet these design control inputs

Formulation suitability

Excipients A thorough compatibility assessment of the therapeutic
formulation with the injection syringe device should be
performed. Evaluate the solution properties of the formulation to
fit the device requirements, e.g., viscosity which correlates with
the glide and break loose forces and functionality of the syringe.
Weak interactions and therefore viscosity may be reduced by
addition of excipients to the formulation [5, 6]
Assess if a freeze-dried compound can be reformulated and
developed as a stable liquid form
Assess if different levels of key stabilizing excipients are needed
(e.g., surfactant)

Volume Substantial progress has been made in recent years expanding the
volumes delivered subcutaneously by injection devices, e.g.,
Hizentra® of CSL Berings. For PFS presentations, typical ranges

(continued)
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Table 9.1 (continued)

Patient/user requirements

Requirements Example considerations and possible studies

of volumes include � 1 mL in the past and � 2.25 mL in recent
years for biologics. The 1 mL has been a historic benchmark for
SC injection volume based on backpressure, pain, local adverse
events, and leakage; however in recent years, it has been
proposed that these factors might be re-examined and further
explored for volumes of up to 3.5 mL [7] for PFS. It is noted,
large volume subcutaneous delivery devices have greatly
expanded the delivery volumes into the subcutaneous interstitial
space to tens and hundred milliliters per administration. To
ensure efficacious dosing, often these volumes are also associated
with higher concentration formulations for biologics such as
monoclonal antibodies. Typical volumes for vaccines are much
smaller

Concentration Assess the ability to formulate the protein at a suitably high
concentration to achieve the dose in the desired volume. Assess
impacts of concentration on phase separation, viscosity,
osmolality, long-term stability, and syringe functionality

Viscosity Measure viscosity versus concentration profile for potential
formulations
Perform evaluation of expected forces needed to inject for
different needle gauges
Assess impact of concentration variation on viscosity (e.g., at
±10% concentration)
Assess impact of refrigerated versus room temperature on
viscosity
Perform glide force functionality assessments on stability

Stability Assess impact of high concentration and viscosity-modifying
excipients on product stability

Robustness Assess impact of variability in levels of key excipients on
formulation properties and stability such as bracketing of the
surfactant level on stability to assess impact on subvisible
particles, or impact of key excipient on viscosity
Perform the general suite of formulation and stability studies as
required such as freeze/thaw studies. For example, stopper
movement during freezing and subsequent thawing of a PFS may
result in loss of sterility which needs to be assessed thoroughly in
early development

Redispersion of adjuvant For vaccine-based products, which contain an adjuvant,
redispersion of the adjuvant is required prior to administration to
the subject. PFS containing adjuvanted vaccines should be
routinely assessed for redispersion when stored and shipped in a
variety of configurations (e.g., tip down, tip up, sideways, etc.)

Compatibility

Sensitivity to silicone oil Perform agitation studies with spiked silicone oil emulsion
Perform stress, accelerated and long-term storage stability studies
in syringes with different silicone oil levels

(continued)
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Table 9.1 (continued)

Patient/user requirements

Requirements Example considerations and possible studies

Sensitivity to tungsten Assess low-tungsten syringe offerings and perform tungsten
pin-extract spiking for glass staked needle syringes. Evaluate key
degradation pathways (e.g., soluble aggregates, particles,
potency) under excess stressed conditions and over the course of
shelf life at intended storage conditions

Overall stability in a
prefilled syringe

Perform studies in different prefilled syringe options (e.g., glass
vs. plastic, staked vs. luer lock) and vendors
Perform stress, accelerated and long-term storage stability studies

Shipping and handling Add simulated or real transportation stress arms to stability
studies and assess product quality

Stopper movement Stoppers may move due to changes in pressure during shipping
or by freeze-thaw. Products should be evaluated to determine
whether stopper movement could result in a loss of sterility and,
if so, whether restraining the stopper with active secondary
packaging is required

Filling Perform a scale-down pumping stress study. Fill development
stability lots with a commercial scale filler pump or scale-down
model
Assess impact of filling settings on the final quality (e.g., drip
retraction, fill temperature)
Assess the impact of sterilization on stability (e.g., assess
potential impact of residual vaporized hydrogen peroxide,
gamma irradiation, or e-beam)
Several case studies have been published demonstrating that
there are additional engineering challenges relating to practical
aspects of the PFS fill–finish processing operations such as
dissolved gas and liquid leaks upon removal of tip-cap [8],
sterilization and packaging impacts on components [9], and
filling nozzle and process optimization [10, 11]

Functionality

Injection force profile Measure injection force profile to determine break loose force,
glide force, and smoothness of gliding for different lots of
syringes on stability. Assess forces and smoothness of the
injection force profile within the context of the desired profile.
The syringe functionality should be closely aligned with the
patient population requirements and dexterity. Typical glide force
requirement might be <25 N glide force for a smooth injection
force profile
Perform stress, accelerated and/or long-term storage stability
studies in syringes with different silicone oil levels and/or in aged
syringes

Container closure integrity
(CCI)

Container closure integrity should be established upon
manufacturing (filling) of the drug product and demonstrated to
be maintained through subsequent operations such as primary
container shipment and device assembly using an appropriate
integrity test method. Review Chap. 12, for further information
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route for HerceptinTM was concluded to be noninferior to IV administration and to
have a similar overall safety profile. In another example, OrenciaTM had low ADA
rates of 1.1 and 2.3% for SC and IV respectively. For all six products, the overall
assessment was that ADA rates were low and without impact on safety or efficacy
[12]. Factors proposed to potentially contribute to differences in ADA rates for SC
compared to IV include injection site damage, mechanism of action, disease state,
protein aggregate levels, formulation excipients [12] and need to be evaluated in the
formulation development of PFS presentations.

Examples of compatibility and functionality considerations for PFS combination
product presentations of biologics are illustrated in Sects. 9.4 and 9.5.

9.4 Compatibility of Biologics with PFS

Contact with surfaces and leachables has been shown to impact biologics during
manufacturing and during storage [13]. The change in product contact surfaces and
leachables in PFS configurations compared to vials requires additional compati-
bility and stability assessment. Silicone oil is the most commonly used lubricant in
glass syringe configurations which is required for a patient’s convenient and
compliant delivery of parenteral injectables. Some proteins are sensitive to silicone
oil, forming aggregates or particles while others may be less sensitive with no
adverse impact on the protein detected [14]. Thus, the sensitivity to silicone oil
needs to be thoroughly assessed early in PFS development, a suitable syringe
configuration selected for further development, and the formulation tailored to the
needs of the PFS combination product.

Clouding of insulin caused by excess silicone oil on syringes was reported in
some historical (1980s) cases [15, 16]. More recently, the Fc-fusion protein abat-
acept has been shown to form particles consisting of droplets entangled in a fibrous
structure upon exposure to siliconized syringes [17]. Agglomeration of emulsified
silicone oil droplets from syringes can be accelerated by adsorption of protein,
resulting in larger particle-like silicone droplet ‘grape clusters’ in the solution [18,
19]. In contrast, there was no impact on protein purity, higher order structure,
stability, subvisible particle counts, or biological activity of interferon alfa-2b
fusion protein in siliconized (at various target levels) glass cartridges [20]. There
was an increase in turbidity, for both the placebo and active drug, in the siliconized
glass cartridges that correlated with the silicone oil level and was attributed to the
presence of silicone droplets [20]. Similarly, the only detectable impact for moving
from a vial to a PFS configuration for two different mAbs was a small increase in
subvisible particles that could have potentially been related to emulsified silicone
droplets released from the barrel [21]. No differences in safety, efficacy, or
immunogenicity were reported for patients receiving either the vial or the PFS
presentation [21]. Several publications have indicated that formulation can sub-
stantially impact the adsorption, and adsorbed structure, of proteins to silicone oil
and that forced degradation studies with spiked silicone emulsions combined with
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vigorous agitation can enhance aggregation [17, 18, 22–26]. These examples
explain why it is very important to determine the optimal level of silicone oil
lubrication of prefilled syringes that will ensure smooth functionality over the
course of shelf life without resulting in instability of the biopharmaceutical for-
mulation contents. For example, Fig. 9.7 illustrates soluble aggregation formation
as a function of the amount of silicone oil present.

Tungsten is a leachable derived from the glass staked PFS needle hole forming
process. Similar to silicone oil, some proteins have been found to be sensitive to
tungsten leachates present in staked needle syringes—forming aggregates or par-
ticles, while many proteins show no sensitivity. Tungsten residue has been asso-
ciated with immunogenicity resulting from tungsten-induced denaturation and
aggregation of epoetin alfa [27]. Earlier investigative studies into initial observa-
tions of aggregation in PFS demonstrated that tungsten residues were the root cause
of the aggregation [28]. Further studies demonstrated that the impact of tungsten on
protein precipitation and aggregation was greatest at lower pHs [29] and largely
mediated by soluble forms of tungsten polyanions [30]. The discovery of protein–
tungsten interactions has led PFS vendors to take steps to control and monitor
tungsten residues in PFSs and develops low tungsten or tungsten-free product line
offerings intended for biologics that may require them.

Screening studies can be performed to identify potential sensitivities to silicone
oil and tungsten. Performing these studies in the development phase allows product
development teams to take appropriate steps to mitigate any risk identified through
continued formulation or container development. The most common type of
screening studies involves spiking extracted tungsten or silicone oil into formulated
proteins and subsequently exposing the spiked solutions to stressed conditions such
as shaking or high-temperature storage. Samples are then evaluated by appropriate
analytical tests, such as particle analysis and compared to control containers. These
studies are intended to exaggerate the effects that may be encountered in a PFS

Fig. 9.7 Example of silicone oil induced aggregation and soluble high molecular weight species
(HMWS) formation in a protein therapeutic. Increasing the silicone oil results in a small increase in
aggregation and formation of additional aggregate species as shown by the appearance of new
peaks in the chromatogram

212 M. N. Dimitrova et al.



presentation and proactively identify areas for continued development. An example
of data that may be obtained from this type of screening study is provided in
Fig. 9.8. Data presented in Fig. 9.8 shows that impact of silicone oil and tungsten,
assessed by subvisible particle count, varies from protein to protein.

9.5 Syringe Functionality Considerations

The injection force profile and smoothness are important aspects of the functionality
of a prefilled syringe presentation. Patients, especially those with limited dexterity
or strength, may experience difficulties in completing a manual injection with an
irregular and/or high injection force profile. To a first estimate, the force required to
expel the formulation through the needle can be assessed using the Hagen–
Poiseuille fluid flow equation with an extra term to account for friction of the
stopper against the barrel. This approach has been used to model the impact of
component variability on the expected functional performance variation of delivery
devices [31].

Currently, glass prefilled syringes are the leading syringe configuration for PFS
product presentations of biologics. Silicone oil is coated onto the inner barrel
of glass syringes to lower, and smooth, the frictional forces upon injection.

Fig. 9.8 Example of a screening study investigating the sensitivity of various biologic
therapeutics to free silicone oil and tungsten. The microflow imaging (MFI) analyses have been
utilized to detect changes in subvisible particles under stressed conditions
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Glass barrels with non-uniform silicone oil distributions, especially bare patches
near the needle end, were found to have large undesirable fluctuations in the
measured gliding force profile [32]. This can have an impact on the patient expe-
rience during self-administration and can result in ‘stalling’ if the PFS is packaged
within an autoinjector. The use of ‘diving nozzle’ siliconization in the manufac-
turing process of glass staked needle syringes is a mitigation that has enabled a
more uniform distribution while minimizing application of excess silicone to the
barrel. Frictional contributions are notably lower for siliconized glass barrels than
for plastic barrels which do not typically have silicone lubrication applied.

The needle gauge and the viscosity of the formulation are the factors that have
the greatest impact on the force needed to inject, whereas friction contributes to a
lesser extent. In a feasibility assessment, it is useful to calculate the expected impact
of needle gauge, formulation viscosity, and injection speed on the force to expel the
formulation from the syringe. In Fig. 9.9, we show the application of the Hagen–
Poiseuille equation to calculate the force required to expel 1 mL from a prefilled
syringe in 7.7 s. Results are shown as predicted upper value for prefilled syringes
with different gauge needles as defined by ISO 9626. Backpressure depends upon
the injection rate and the viscosity and has been reported to be in the order of
2.4 ± 1.9–4.7 ± 3.3 N for 10 and 20 mPas solutions injected at 0.2 mL/s in
subcutaneous tissue and could be as high as potentially 12 N in certain cases [33]. It
is noted the measured and perceived user forces arising from tissue backpressure
may vary between different syringe designs and depend on factors such as the
needle diameter, the barrel bore diameter, the design of finger flanges, convenient
grip of the syringe barrel, drug formulation. In this calculation, we used a value of
5 N as an average estimate for backpressure. The calculation results shown in
Fig. 9.9 may be used to assess feasibility of the injection force for a PFS

Fig. 9.9 Calculated upper glide force estimate as a function of the drug viscosity for different
needle gauges. Parameters used in the calculation are needle length = 20 mm, barrel diame-
ter = 6.35 mm, frictional force = 2 N, volumetric flow rate = 0.13 mL/min (1 mL in 7.7 s), and
issue backpressure estimate (see text) of 5 N. EN ISO 9626 minimum needle IDs: 29G = 133 µm,
29GTW = 190 µm; 27G = 184 µm, 27GTW = 241 µm
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presentation. For example, if it is known that the formulation viscosity is 10 mPas
at room temperature, then a prefilled syringe with a 27TW (Thin Wall) needle may
be preferred over a 29TW (Thin Wall) needle. A formulation with a viscosity of
3 mPas might be considered acceptable whereas more research studies may be
recommended if the current formulation has a viscosity of � 20 mPas at the target
concentration. The assumptions used in calculated injection force estimates should
be evaluated for the actual design space situation. For example, PFS vendors offer
needle designs with inner diameters larger than the ISO limit and with more defined
specifications which can therefore reduce glide forces substantially from the upper
estimate based on the ISO specifications.

The formulation viscosity can increase on refrigerated storage which should also
be considered in the design of a robust prefilled syringe offering. Figure 9.10 shows
a typical example of how viscosity versus temperature data trends for high-
concentration biologics. The impact of temperature fluctuation on viscosity profile
is important to consider within the context of PFS functionality and user force
requirements (recall Hagen–Poiseuille equation). Room temperature equilibration
of PFS presentations prior to injection is a common practice used to reduce vis-
cosity, glide, and break loose forces as well as reduce pain upon injection.

The choice of suitable syringe configurations offering improved compatibility
with biologics while also offering smooth functionality is greatly improved in recent
years as discussed in Sect. 9.7.

Fig. 9.10 Viscosity as a function of temperature for an example biologic. Concentration and
temperature are critical parameters to consider in the selection of PFS needle configurations as
normal variability in these parameters can greatly impact the viscosity and resulting functionality
performance of the PFS system

9 Development of Prefilled Syringe Combination Products for … 215



9.6 Regulatory Considerations in PFS
Development—Design Controls

Between 2010 and 2013, a number of PFS failures in emergency rooms and
intensive critical units’ settings resulted in serious adverse events. After learning the
failure was linked to the design of the luer connectors on syringes, the regulatory
agencies determined that these syringes were not designed, reviewed, and approved
for these specific intended uses and deemed design controls necessary for PFS
design. In April 2013, the FDA issued draft guidance on glass syringes to sup-
plement the ISO 11040-4:2007 glass syringe standard, which lacked connectivity
performance requirements and had limited dimension specifications. In June 2013,
the FDA also finalized its guidance for marketing application owners to consider
the technical requirements in the regulatory submissions of the injectors used to
deliver drugs and biologics. The guidance recommended that the combination
product development and manufacturing should consider the combination product
as a whole, including the interfaces between drug and device, device and device,
device and users.

Thus, PFS presentations which were originally regulated as a drug product based
on the primary mode of action became a drug/device combination product in 2013
[21 CFR Part 4 ‘Current Good Manufacturing Practice (CGMP) Requirements for
Combination Products’ (Final Rule)]. According to the regulation, PFS combina-
tion product manufacturers need to meet the requirements in either of two ways.
One way is to meet both the drug cGMPs (21 CFR 210/211) and medical device
Quality System Regulations (QSR) (21 CFR 820). The second is a streamlined
approach that uses drug cGMP as a base and adds on relevant provisions from
device QSR. In the PFS combination product, the syringe is a device constituent
part and the drug formulation is a drug constituent part. Accordingly, the PFS
development process needs to apply design controls as part of device QSR
requirements (FDA Guidance CGMP for Combination Product 2015 [34]), in
addition to the drug cGMP (Fig. 9.11).

Design controls are based upon quality assurance and engineering principles,
interrelated practices and procedures that are incorporated into the design and

Fig. 9.11 PFS development—regulation history
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development process, forming a system of checks and balances (FDA Design
Control Guidance 1997 [35]). Typical drug development focuses more on the
manufacturing process risks and their impact on drug quality. Design controls also
address additional interface risks from the ground up, including not only device
design or selection, but also manufacturing and uses. Table 9.2 describes a PFS
development process, differentiating between drug and device development.

9.6.1 PFS Design Controls

Design controls are useful tools in PFS combination product development including
risk management and human factors. Effective use of these tools can improve the
quality of the product, add value and increase efficiency in the development pro-
cess. Moreover, design controls create a blueprint for the development process from
start to end, synthesizing multiple sources to fill any knowledge gaps in the de-
velopment process while ensuring compliance and adherence to applicable
regulations.

Design controls consider the PFS combination product as a whole, including the
interfaces, such as drug and device, device and device, device and manufacturing
process, and device and user. Design controls start from a documented and
approved plan (Design and Development Plan (DDP)) (FDA Design Control
Guidance [35]). The DDP describes the design and development process and
activities including risk management and human factor activities.

The outcome of the design controls is documented, approved, and compiled in a
design history file (DHF). Design input starts by identifying: (a) user needs,

Table 9.2 Drug versus device process development

Drug development Device development

Regulation and quality system

PFS (syringe = drug container
(CCS))

Syringe = device, PFS = combination product

21 CFR 210/211 cGMP for
manufacturing

21 CFR 820 QSR(GMP) for development and
manufacturing

Guidance: Q8, Q9, Q10 for
development [36–38]

21 CFR 820.30 for development—auditable

Technical

CCS requirement for drug protection ISO standards for delivery performance and safety

Prescriptive per USP, FDA
guidance, Test-in approach

Systematic approach, add device–users’ interfaces
design-in, design requirements

FDA guidance: reduce medication
error

FDA guidance: human factors-reduce use error

SME knowledge, experience Quality system, documented objective evidence,
traceability
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(b) regulatory requirements, (c) device industry standards, (d) risks from similar
product experience, and (e) other stakeholder needs, such as manufacturing
machine compatibility and marketing presentation.

The design input requirements are generated by transforming all of the listed
requirements into a list of engineering parameters, which include functional, per-
formance, usability, safety, and interface requirements.

For the selected off-the-shelf (OTS) syringe components with same intended use,
the development program can start from the risk management activities. The risk
management tools can be used to document known risks and controls with docu-
mented evidence for safety and effectiveness while identifying new risks and new
controls. In this case, design controls may focus on reviewing the existing speci-
fications and data including existing manufacturing process or setting up new
design requirements due to the new risks. The development responsibility may
focus on supplier management, such as verifying supplier data for design controls
and in regulatory submissions, quality assurance of syringe components, change
notification, and controls through purchasing controls.

For early clinical phases using OTS syringe, the Design & Development Plan
(DDP) may define the scope of the project as focusing on the clinical study only.
The objective of design controls is to ensure safe and effective use of the device
constituent part and combination product in the clinical trials and collect user data
to inform or improve the design. The DDP can provide the overarching strategy and
enable combination of the activities and documents from risk management, design
verification, and design validation. The level of documentation required may be
further reduced by including one design review before the clinical study starts.

Syringe development in the device industry follows device development regu-
latory guidance and ISO standards regulations. In April 2013, the Food and Drug
Administration issued a draft guidance for Glass Syringes, a Supplement to ISO
11040-4:2007 to help the pharmaceutical industry understand and prevent luer
connectivity issues when using glass syringes. In June 2013, the FDA issued a Final
guidance—Technical Consideration on Injectors. It explained what technical data to
submit in license application filings in regards to interface compatibility, e.g.,
syringe and autoinjector, drug and injector, user and injector. In 2015, the third
edition of ISO 11040-4:2015 [39] was published to provide technical guidance and
facilitate discussion between pharma PFS manufacturers and syringe suppliers to
determine appropriate product specifications. If certain sections are not applicable
or not required, pharma companies may ask syringe suppliers to explain or provide
the scientific justification. This ISO standard also called out other standards such as
(a) ISO 7886-1 for syringe function and performance, (b) ISO 7864 [40] for needle
dimension and performance, (c) ISO 9626 for needle material and dimension, and
(d) ISO 594-1 [41–43], -2 or ISO 80369-7 for Luer connector dimensions and
performance.

The pharmaceutical companies may reference ISO 11040-4:2015 [39] standard
to identify gaps in the supplier specifications and in the verification data regarding
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device safety, function, and performance. Additionally, ISO 11040-5 can aid with
filling gaps in function and performance requirements for plunger stopper, which
are not included in USP <381>.

9.6.2 Risk Management in the Design Control Process

Risk management approach is based on objective evidence, e.g., scientific literature,
supplier data, manufacturing data, clinical evaluation, or complaint data. As a part
of the combination product market application, the current regulatory requirements
include provision of objective evidence or justification to prove safety (e.g., bio-
compatibility) and effectiveness (e.g., syringe force, luer connectivity) of the pro-
duct for the intended use. Thus in addition to risk assessment of the drug Critical
Quality Attributes (CQA), the pharma industry now needs to reference ISO 14971
for the device constituent parts of a combination product to conduct a Hazard
Analysis, use risk analysis (e.g., uFMEA), product risk analysis (e.g., components
and/or system level FMEA), risk–benefit analysis, production and postproduction
review to meet additional requirements for the device. For example, a Hazard
Analysis for a PFS system may summarize the hazards from therapeutic (e.g.,
dose accuracy, overdose, underdose), chemical (e.g., leachable, drug-related
impurities, other contaminants), biological (e.g., sterility, biocompatibility,
cross-contamination), and mechanical causes (e.g., sharp effect). These hazards may
be caused by improper selection of components or the design of a combination
product as a whole, as well as incompatibility with the manufacturing process or the
use of the combination product.

Historically pharmaceutical companies relied on suppliers to provide product
data, but now pharmaceutical developers need to review the objective evidence
from suppliers, assess the data, and qualify (verify and validate) the components for
safe and effective use with the drug formulation, with the manufacturing process,
and with the intended user population. If there is a gap in supplier documentation, a
required risk control may involve a new verification or validation or a new
requirement.

9.6.3 Design Validation and Human Factors

Why perform human factors studies for PFS? Even though an off-the-shelf syringe
has been used for many years and for various applications, if it is used in a new
therapy and/or a combination product, clinical evaluation will be required. As part
of design validation per regulation, the syringe should be tested in the actual and/or
simulated use environment. Human variability, different user groups, and different
use environments may introduce use errors not previously seen or envisaged.
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User preference may also become a source of use errors. User interfaces include
user interaction with the syringe, packaging, and labeling (e.g., instructions for use).
Patients may not always use the product as directed—for example, some may prefer
to inject on thigh not abdomen area, may like to inject perpendicularly instead of at
an angle, plunge intermittently rather than continuously to reduce the pain, or inject
more quickly, wear gloves or not; in a family setting, there may be pets or children
running around to interfere with injection.

Human factors formative testing is exploratory and serves to inform and opti-
mize device design. Cognitive and ergonomic interactions with the operation of the
device are assessed with different user populations in a simulated setting that
mimics actual use environment (e.g., light, noise) to identify and mitigate use errors
in the design and instructions for use (IFU). Finally, design validation (human
factor summative testing) confirms that the design meets user needs, the user can
operate the devices safely and effectively, can clearly understand the IFU, and risks
are mitigated to an acceptable level. User FMEA is a common tool to leverage
existing scientific data, complaint data, or clinical evaluation with objective evi-
dence, to document or justify risk controls, or identify needs for additional human
factor studies. A well-designed IFU may help users to more easily understand and
utilize the product. Nevertheless, some users may not understand the IFU and may
require training by professionals. Therefore, the FDA recommended that pharma
companies should ensure the HCP labeling includes training for the patient by the
HCP prior to use of the device.

9.7 Emerging Technologies for Prefilled Syringe
Presentations

Prefillable syringe systems offer a convenient platform for the subcutaneous and
intramuscular delivery of biologics. As the use of PFS has grown in the develop-
ment of therapeutic biologics, challenges associated with the integration of PFS
systems have been encountered. Tungsten and silicone oil, already discussed, are
known to be directly related to the presence of subvisible particulate (SVP) matter
in prefilled systems and may contribute to the aggregation of some therapeutic
proteins [22, 23]. The theoretical role that aggregates and SVP matter play in
eliciting immunogenic responses is of further concern. These factors have led to a
more thorough characterization of tungsten and silicone present in PFS systems and
have in turn driven the development of prefillable syringe product lines offering
enhanced control of these parameters: reducing tungsten and free silicone oil.
Polymeric syringe systems have also emerged to provide a solution for products
that require an absence of silicone oil and tungsten [44]. The evolution of polymeric
syringes has introduced additional challenges to users of these components,
including increased oxygen permeation across the polymer barrel, label adhesive
and ink permeation, and susceptibility to cosmetic defects. The use of radiation
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sterilization in polymeric syringes resulted in radical formation that caused oxi-
dation of the protein, whereas steam sterilization did not have a negative impact on
compatibility [45].

Advanced technologies focused on glass PFS lubrication enhancements leading
to improved compatibilities with sensitive biologics have also emerged. These
technologies offer a reduction or even elimination of the silicone oil lubricant from
the system in order to mitigate potential challenges with SVP and aggregation,
effectively coupling the barrier properties of glass with the lubricant free features of
polymeric syringes. A novel fluoropolymer stopper that eliminates the need for
silicone oil lubrication has been developed [46], while systems that seek to modify
and immobilize the silicone oil lubricant layer [47] or replace the silicone oil [48]
have also emerged. In parallel, advances in polymeric syringe technologies are
beginning to offer barrier systems [49], providing polymeric syringe barrels with
some of the desirable properties of glass systems.

The integration of PFS into autoinjector systems provides an additional level of
patient convenience. While this convenience is highly desirable, it has shed light on
an additional set of challenges related to the dimensional fit, functionality, and
strength performance of PFS systems. This has led to more insightful studies of the
distribution of lubricating silicone oil in PFS systems and the introduction of sili-
conization process controls in PFS product lines. It has additionally spurred the
development of analytical tools [50] to aide in the characterization of siliconization.
These advancements are geared toward the goal of optimization of the functionality
of the combination PFS-device product. The mechanical strength of glass PFS has
also emerged as an important attribute in the development of combination products.
Glass breakage presents both a safety concern and a dose delivery concern. To
address glass breakage, glass strengthened offerings have been developed with
superior mechanical performance compared to standard Type I borosilicate glass
barrels. Noted previously, polymeric syringes have also been positioned as an
enhancement to mitigate glass breakage.

Considering the growing integration of biologics into PFS-based subcutaneous
delivery systems, the development of technologies to mitigate challenges encoun-
tered in the development of combination products is expected to continue to grow
in parallel. The end result is a range of technologies available for the development
of convenient, safe, and effective PFS-based biologic therapeutics.
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Chapter 10
Special Topics in Analytics of Pre-filled
Syringes

Atanas Koulov

Abstract Pre-filled syringes (PFSs) are extensively used as a container closure
system offering convenience of administration. PFS features special and unique
characteristics, enabling their proper functionality, but which, in some cases, may
result in novel and unanticipated challenges. Such challenges are, for example, the
potential interaction of the drug product with trace amounts of tungsten, originating
from the pins used to form the syringe, or the presence of large concentrations of
silicone oil droplets, potentially masking changes in proteinaceous particle load in a
PFS product. This chapter discusses some of the analytical approaches used to
tackle such challenges in the development of PFS drug products.

Keywords Pre-filled syringe � Silicone oil � Particles � Tungsten
Leachables and extractables � Container closure

10.1 Introduction

The pre-filled syringe (PFS) is a particular container closure system (CCS), pre-
senting specific and often unique physical and functional features (see Fig. 10.1).
For example, in contrast to liquid-filled vials, PFSs typically contain very little
headspace and have unique product contact surfaces and materials (steel needle,
silicone oil covered barrel). PFSs require careful design and development to ensure
proper functionality. The latter typically depends on the combination and interplay
of various characteristics such as product solution viscosity, needle and syringe
dimensions, fill volume, siliconization technology/level. Thus, the development of
PFS products requires additional—and often highly specialized—analytical char-
acterization and testing. In this chapter, some of these special analytical topics and
requirements will be reviewed.
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10.2 Protein Aggregation and Sub-visible Particles

One of the main differences between PFS and vials most commonly used in de-
velopment of biotech products is the presence of silicone oil (SO; polydimethyl-
siloxane)1. Silicone oil is used as a lubricant of the glass barrel of PFS in order to
reduce the frictional force between the rubber stopper/piston and the syringe barrel
and in turn ensure proper syringe functionality (break lose and gliding forces
allowing unobstructed administration over the shelf-life of the product).

The silicone oil is applied to the barrel of the PFS using different technologies.
For example, the silicone oil can be sprayed onto the barrel directly, resulting in a
layer of “free” (or loosely bound) silicone oil. Alternatively, the silicone oil can be
baked onto the glass surface of the barrel, resulting in a much more tightly bound
silicone oil layer. Typically, spray-on processes also result in larger amounts of
silicone oil delivered to the PFS barrel surface: typically approximately 1 mg SO/
barrel or less versus approximately 0.1 mg SO/barrel or less for baked-on SO
processes. Clearly, such apparent differences in both the amount of silicone oil and
the mobility of the silicone oil layer on the barrel of the PFS are very important,
particularly in the context of the frequently asked question about potential inter-
actions between SO and the protein API in biotech products [1]. Such potential
interactions have been discussed in recent studies [2], which have raised the pos-
sibility for serious adverse effects of SO on proteins, such as induced protein
aggregation, presumably caused due to the very hydrophobic nature of SO.
Interestingly, such studies have so far demonstrated measurable effects only in
highly exaggerated and unlikely conditions (e.g. at very large SO/protein ratios, far
exceeding the ones typically used in biotech products). Furthermore, it has been
demonstrated that the presence of a surfactant (a nearly mandatory pharmaceutical
excipient for protein therapeutics) obliterates the induction of protein aggregation
by SO in such experiments [3, 4]. Nevertheless, testing the compatibility of protein
therapeutics with SO remains a very important endpoint of PFS development.

The presence of SO in PFSs contributes to another important facet of the PFS
target product profile (TPP), namely the sub-visible particle load of the product.
Interestingly, SO present on the barrel surface may migrate to the bulk of the
product in the form of microscopic SO droplets, thus contributing to the overall

Fig. 10.1 A schematic representation of a staked-in-needle pre-filled syringe, showing the various
components: (1) plunger, (2) syringe barrel, (3) needle and (4) rigid needle shield

1With some exceptions, liquid-filled vials typically do not feature siliconized glass walls.
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particle load of the product. Here it is important to emphasize that the mechanism of
migration of SO to the aqueous protein solution is still not well understood. In fact,
it is likely that the spontaneous migration of SO to the bulk aqueous solution is a
misconception. Clearly, in static conditions and in the absence of external energy
added to the system, such migration constituting essentially the creation of a SO
micro-suspension would not be favoured thermodynamically due to the
hydrophobic effect. Naturally, in cases where PFSs are subjected to external forces,
such as agitation for example, one could envision how such external energy may
lead to partitioning of SO micro-droplets into the aqueous solution of the product.
However, it is arguable to what extent do such effects contribute to the presence of
large amounts of SO droplets in the PFS products. The fact is that during the testing
of PFSs, large amounts of SO micro-droplets are commonly observed. It should be
pointed out that sample preparation practices likely vary widely between different
laboratories and testing sites. Nevertheless, in the context of the discussion above,
one of the more drastic examples of exertion of force onto PFS (and the
barrel-bound silicone oil layer in particular) is the ejection of the PFS content prior
to testing. This is a typical and most common practice in order to ensure that the
analytical tests are performed on the product solution as administered to the patient
(ejected through the needle or at the very least through the tip of the syringe in cases
of luer lock configurations). It is easy to imagine the action of the syringe piston
moving down the barrel of the syringe and essentially stripping the silicone oil
layer. In these circumstances, a relatively large volume of SO likely is mixed with
the product solution in the form of micro-suspension during ejection of the syringe
contents. This line of thought poses an interesting possibility, i.e. the possibility that
the majority of silicone oil droplets observed in PFS product solutions is generated
during the sample preparation. This idea is supported by the observation that the
faster the contents of PFS is expelled, the larger amounts of SO droplets are
observed in the test solution (unpublished data). Nevertheless, the amount of SO
droplets in solution may increase over the shelf-life of a syringe, owing to various
factors, such as the syringe manufacturing process, storage and transportation.

With the caveats mentioned above, the SO droplets still constitute a large (in
most cases the dominant) portion of the sub-visible particles in the PFS solutions.
Whereas proteinaceous sub-visible particles have been and continue to be a topic of
high scientific interest within the biopharmaceutical community, particularly in the
context of concerns about potential adverse effects [5, 6], SO droplets are generally
thought to be relatively inert and safe if administered to patients parenterally,
particularly in the low-microgram quantities contained in solutions expelled from
PFS units. Thus, the presence of different types of particles (proteinaceous particles,
SO droplets and other particles) effectively poses a challenge to sub-visible particle
testing.

The light obscuration sub-visible particle test universally used for quality control
of biotech therapeutic products in accordance with the major pharmacopoeias is
(in its current technical implementation) unable to differentiate between a SO
droplet and a non-SO (e.g. proteinaceous) particle. Thus, SO droplets may effec-
tively “mask” the particle load in a product. This may become particularly
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important if the proteinaceous particles in a given product exhibit a tendency to
increase over the product’s shelf-life—a tendency which may not be readily
detectable due to the masking effect of the often more numerous SO droplets. Thus,
during the development of a PFS program, it is very important to characterize the
sub-visible particle profile of the product and understand the relative contribution of
the SO droplets and non-SO particles in the product. Within the last several years,
the development of three technologies in particular made possible the relatively
detailed characterization of SO/non-SO sub-visible particles.

The first technology which enabled characterization of the SO droplets is the
technique known as flow imaging microscopy (aka dynamic imaging microscopy)
[7, 8]. Flow imaging microscopy features a flow-cell set-up somewhat similar to the
one of light obscuration, but in contrast to the latter, which simply enumerates the
particles passing through the flow cell, flow imaging microscopy features imaging
capabilities, i.e. provides images of the individual particles collected by a
high-speed camera. The ability of this technique to produce the images of indi-
vidual particles has proven very useful for characterization of SO droplets in PFS.
Due to their hydrophobic nature, the SO droplets have a very regular circular
appearance, regardless of their size [7, 9]. Furthermore, the refractive properties of
SO lead to the particular appearance of larger SO droplets in flow microscopy
images (the exact size thresholds depend on the specific instrument set-up)—i.e.
darker outer border and lighter interior. This characteristic appearance of SO dro-
plets allows for differentiating them from other microscopic particles, which are
commonly present in PFS test solutions, e.g. air bubbles, proteinaceous particles
(see Fig. 10.2).

The second advance that we have witnessed within the last decade is the de-
velopment of algorithms for automatic, machine differentiation of SO and non-SO
particles. This operation until recently was performed manually, with operators
sorting sometimes through thousands of particles and deciding how to categorize

Fig. 10.2 Examples of different types of sub-visible particles commonly present in PFS: a air
bubbles, b silicone oil droplets, c proteinaceous particles
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them based on their personal experience. Clearly, such manual procedure is
extremely cumbersome and prone to error. Thus, the recent invention of several
approaches for automatic categorization of particle images ([7, 9, 10, 11], Schnaible
and Koulov unpublished) allowed for more efficient accurate and precise differ-
entiation of particles. Further, the latest approaches allow for differentiation of
particles of sizes which were previously inaccessible via manual categorization
(<5 um).

It needs to be mentioned that in general, due to the different detection principles
of flow imaging microscopy and light obscuration, these techniques produce dif-
ferent results (in terms of particle enumeration) when measuring identical samples.
Whereas this has been the subject to extensive research and debate in the com-
munity and the physical causes have been largely understood ([12, 13], Koulov
et al. unpublished), the fact of the matter is that this fact is not that relevant to the
characterization of sub-visible particles in PFS. More specifically, LO is likely to
remain the tool of choice for quality control and flow imaging microscopy—the
method of choice for “extended/additional characterization”—e.g. SO/non-SO
particle profile characterization in PFS.

Paradoxically, the presence of different commercial flow imaging microscopy
systems which use different optical systems and non-harmonized particle mor-
phology descriptors has effectively stymied the efforts on development of common
techniques for data analyses. Recent efforts to develop algorithms for data analysis
have overcome these differences and have made major progress in direction of
harmonization of these data and in understanding these differences [14].

In practical terms, during the development of PFS biotech therapeutic products,
various studies to understand the sub-visible particle profile of the product need to
be carried out. Typically, these encompass the analyses of stability samples
(long-term storage, accelerated and stressed conditions) from various product lots
accompanying the PFS development. Such extended characterization efforts are
particularly important to understand the proportion of SO particles in the product as
well as the kinetics of the different categories of particles over the shelf-life of the
product. This knowledge may prove essential when defining product-specific limits
for sub-visible particles (typically required for licensure in the USA) for PFS
products and in general—in order to ensure the definition of a sound control system.

As a final note, it may be mentioned that the current practices with regard to
sub-visible particle characterization of PFS vary significantly from company to
company (and even sometimes—from site to site). Different approaches are applied
to not only sample preparation, measurement and instrument settings, but also to the
characterization “philosophy” applied during the duration of the lifecycle of a
product. Whereas regulators provide certain latitude to sponsors in justifying
individual control strategies (based on the specifics of each product), such broad
variance in practices and approaches may contribute to larger discrepancies in the
characterization of different products than often appreciated.
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10.3 Container Closure Integrity

The guarantee of sterility of parenteral dosage forms is a critical facet in their
development. In this aspect, PFS presents a more complex challenge simply due to
the larger number of closure interfaces (see Fig. 10.3). In addition, some of these
interfaces are formed with moveable parts—e.g. the syringe plunger, the syringe
needle shield; thus, factors present during storage and shipping (e.g. air pressure
differences) may affect the container closure integrity (CCI) of PFS.

It is critical that during the development of PFS products, special attention is
paid to the characterization and qualification of the CCS, particularly with regard to
the aspects mentioned above. However, such careful characterization requires the
availability of analytical tools and approaches to measure the relative contributions
of the different container closure interfaces (sealing areas). For example, it is
important to carefully select the method for measuring container closure integrity in
order to distinguish small differences in tightness of the various sealing areas.
Typically, only very sensitive deterministic methods (e.g. the helium leak CCI test
method) may be suitable for this purpose. In addition, the methodology for CCS
characterization should be developed so the individual contributions of the various
sealing areas can be revealed (Pelaez et al., in preparation) and characterized. Also,
the CCI testing methodology needs to allow for accurate and precise measurement
of the contributions of the movements of the various moveable PFS components
mentioned above. For example, one such critical question is the robustness of the
tip cap seal. It should be noted that such methodologies to date are not commer-
cially available, but need to be designed for purpose and custom-built (Pelaez et al.,
in preparation).

10.4 Extractables and Leachables

Similarly to any other parenteral CCS, PFS requires leachable and extractable
evaluations. However, this is also an area where PFS presents additional analytical
challenges as compared to other CCSs (e.g. vials). In general, the presence of
additional (and unique) product contact surfaces in PFS requires that the potential

Fig. 10.3 A schematic overview of a rigid needle shield (RNS) staked-in-needle pre-filled syringe
showing the main sealing interfaces: (1) ribs of syringe plunger, (2) RNS/tip cone and (3) RNS/
needle tip
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contributions of these contact surfaces are specifically addressed. An example of
such distinct contribution may be the interface of the stainless steel needle and the
tip cone of the glass barrel of the syringe. Typically, the syringe needle is fixed to
the tip cone using an adhesive (see Fig. 10.1). In most syringe designs, the adhesive
comes into direct contact with the product and therefore has the potential of
affecting the product stability. Some cases of such occurrences have been reported,
where either the incomplete curing or incomplete drying of the needle adhesive has
resulted in leaching of compounds from the adhesive into the product with adverse
consequences, such as protein oxidation [15, 16].

Another example of unique product contact surface in syringes, which may
potentially contribute to the elemental impurity profile of the product, is the metal
needle itself. Of course, the elemental impurity profiles of PFS are typically
assessed according to ICH Q3D, similarly to other dosage forms. However, it is
worth mentioning one interesting aspect of the elemental impurity profile of PFS,
namely the potential influence of the syringe manufacturing process. It has been
widely reported [17, 18, 19] that the manufacturing process of syringes (formation
of the glass tip cone orifice using a hot tungsten pin) may result in the presence of
tungsten and a variety of tungsten-compound residues (such as oxides and salts),
which may have adverse effects on the stability (and potentially on the safety) of the
product. More specifically, it has been demonstrated that such tungsten compounds
may induce protein aggregation. Thus, the potential sensitivity of a given product to
the presence of tungsten compounds is important to assess during the development
of pre-filled syringes. Typically, this is achieved by means of tungsten spiking
studies using either pure model tungsten compounds or preferably tungsten pin
extracts.

10.5 Closing Remarks

There are several unique aspects in the development of PFS, resulting in distinct
quality attributes, which need to be specifically addressed during the development
process. The characterization of these special quality attributes in turn often requires
the use of specialized analytical approaches. Whereas some of these aspects (e.g.
the presence of adhesive in staked-in-needle syringes as a potential source of
leachables) are unique in origin, they can be characterized, monitored and con-
trolled using analytical tools that are readily available and applied to other par-
enteral formats. Others, however, (e.g. assessing the robustness of the tip cap seal or
the differentiation of SO and non-SO particles), present unique analytical challenges
and require the development of new, custom-built technical solutions, which are not
readily available.

Although many of the analytical challenges encountered during product devel-
opment can be anticipated by following the general logic and rules of product
development, there have been cases of surprising challenges, which were difficult to
anticipate. One such example is the clogging of syringes due to evaporation of
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product in the syringe needle. As the number of market approvals of PFS products
is continuously increasing, it is likely that such surprises will decrease in the future.
However, the complexities of PFS development will likely still pose analytical
challenges for the foreseeable future.

Finally, it is important to remember that the different quality attributes of PFS are
often interlinked and interdependent (e.g. the viscosity profile of the drug product as
a function of temperature, which determines the syringe functionality parameters,
needs to be taken into consideration in developing the protein content specifications
for the product). Thus, the development of PFS products in the future may benefit
from development approaches such as quality by design (QbD). However,
regardless of the development strategy of a given program, proper PFS drug pro-
duct development will always surely require a holistic analytical approach inte-
grating state-of-the-art analytical tools and advanced scientific knowledge.
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Chapter 11
C Mini-pumps

Dirk Gläser, Jürg Liniger and Daniel Peter

Abstract Mini-pumps for bolus injection contribute to keep pace with the
requirements for drug delivery devices driven by specific properties of protein
therapeutics in combination with particular usability needs. Introductory Sect. 11.1
reflects on the growing requirements on drug delivery devices for biologics in
connection with new indications and user groups. Section 11.2 discusses the
boundary conditions, physical basics and technical requirements. Section 11.3 deals
with the different types of pumps and their classification. In Sect. 11.4, the different
drive concepts and their application areas are discussed and Sect. 11.5 looks at new
trends and related requirements for mini-pumps. Finally, Sect. 11.6 makes con-
siderations on USA and EU regulations applicable for those devices.

Keywords Drug delivery device � Mini-pump � Bolus injector
Pen injector � Patch injector � Micro-dosing pump

11.1 Introduction

Beside intravenous infusion and hand-held syringes, Mini-pumps play an important
role for the bolus administration of protein therapeutics. Pumps used for bolus
injection facilitate the process of drug delivery by improved usability and more
precise control of the administration process, for example by means of mechanical
or electronic control of the delivery process. These factors represent essential
prerequisites for potential self-administration, even for special target user groups,
with consequently positive impact on patient convenience and reduced cost for
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health care systems. The market of protein therapeutics is further growing [1, 2],
and hence, adequate delivery systems are needed to cope with the expectations of
patients, healthcare professionals, and authorities. Consequently, drug delivery
systems like Mini-pumps are gaining importance. Mini-pumps generally can be
single- or multiuse drug delivery devices with replaceable or non-replaceable drug
containers. They can be hand-held (e.g. pen injectors) or, especially when longer
administration times are needed, body-worn (e.g. patch injectors), which requires
different considerations in terms of usability. Protein therapeutics such as mono-
clonal antibodies (mAb) creates new requirements for drug delivery, due to partially
relatively high volumes (>2 ml) and high viscosities in combination with specific
administration routes. Additionally, there is a growing awareness of user needs and
usability aspects including the potential for self-administration. Traditional devices
such as prefilled syringes in combination with auto-injectors, so-called pen injec-
tors, are not always capable of providing the required features. Patch injectors
represent a suitable alternative which address these specific needs. Body-worn
patch pumps are typically needle-based injection devices delivering drug volumes
from 1 ml up to several 10 ml, at viscosities up to 30 cP and higher, often asso-
ciated with longer injection times than traditional pen injectors (Fig. 11.1).

In addition to individual volume and viscosity ranges, the consideration of user
needs and convenience aspects is essential when designing such devices. First of
all, ease of use is a central requirement in order to fulfil user needs and to prevent
from use errors under real-use environment conditions. This can be achieved for

Fig. 11.1 Application areas of bolus injectors in comparison
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example by means of prefilled, ready to use devices, featuring as less handling steps
as possible and an intuitive and easy to understand user interfaces. Another aspect is
convenience. It may be appropriate to choose a smaller needle size and to hide the
needle in order to reduce the pain sensation perceived by the patient and to manage
‘needle phobia’. Depending on the specific target user group, there might be
additional usability requirements like adequate user interfaces to be considered, for
example in connection with visual impairment or disabilities, especially when
considering self-administration. Such Mini-pump devices may be intended for
different routes of administration, like transdermal, subcutaneous, intravenous,
intramuscular, intrathecal, ocular, intraperitoneal and others. For protein products,
the main focus is on both, the intravenous and subcutaneous routes, whereas the
subcutaneous injection is becoming more important [3]. However, due to the
growing number of protein therapeutics for an increasing variety of indications,
alternative routes of administration like the ones mentioned above might become
more important for certain disease areas. Another relevant aspect is the integration
with the drug packaging. Typically, well-known primary packaging systems like
vials are preferred which create specific requirements for the device, e.g. integration
of the primary container in the device. Alternative concepts suggest the filling of the
device from a drug reservoir or the insertion of a separate drug container right
before administration to the patient, but typically require additional handling steps.

Special requirements associated with protein therapeutics which need to be taken
into account include cold storage from filling until the time of use.

In summary, protein therapeutics in combination with today’s usability
requirements create new and very specific requirements for drug delivery devices,
depending on the indication, target user group and way of using the device, e.g.
self-administration.

11.2 Boundary Conditions of Mini-pumps for Biologics

11.2.1 Physical Basics

In Mini-pumps, a fluid is normally transported through a fluidic path typically
comprised of hoses and needles forming a tube system. In the simplest case, the
injection needle is the only tube in the entire system.

If a fluid is to be transported through a straight, circular tube, a pressure dif-
ference must exist, which can be calculated according to the Hagen–Poiseuille law
[4] as follows (Fig. 11.2):

p1 � p2 ¼ 128 � L � g � Q
d4 � p

In simplified terms, this law applies to laminar flow (Reynolds number
Re < 2300, [5, 6]) and Newtonian fluids. This assumption does not hold true for
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turbulent flow, where the pressure difference is greater because of additional flow
losses. The assumption likewise does not apply to fluids that display
non-Newtonian behaviour.

As a simplification, the viscosity of Newtonian fluids such as water depends
solely on temperature. The viscosity of protein therapeutics varies with temperature,
but also with protein concentration. Protein therapeutics may display
non-Newtonian behaviour. In this case, viscosity depends non-proportionally on the
shear forces acting on the fluid. There are known shear-thinning effects that lead to
a decrease in viscosity with increasing shear forces [7].

Given the conditions noted above, it is necessary to determine for every real
situation whether the Hagen–Poiseuille law is applicable or whether the calculation
model must be adapted [8, 9].

11.2.2 Basic Requirements

The basic task of a Mini-pump is the transport of the liquid drug from the drug
container into the patient’s body. This can be either a controlled dosing of the drug
or the delivery of the entire content of the drug reservoir at acceptable flow rate.

For a Mini-pump according to Fig. 11.3, where the drug container is a syringe
and the fluidic path is the injection needle, the required driving force can be
calculated as follows (assuming Hagen–Poiseuille law is applicable):

FDrive ¼ 32 � D2 � L � g � Q
d4

þFFr

With syringe inner diameter D, length of the injection needle L, dynamic vis-
cosity g, flow rate Q and inner diameter of the injection needle d. The friction force
between the syringe barrel and plunger is considered with FFr.

Fig. 11.2 Laminar flow through a circular tube, where L is the length of the tube, g is the dynamic
viscosity, Q is the flow rate, d is the inner diameter of the tube, and p1 and p2 are the pressure
values at the corresponding positions
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Figure 11.3 shows the schematic structure of the fluidic path of a Mini-pump. Its
central component is the drug container. The fluidic path is understood here as the
fluid-conducting link from the drug container until discharge into the patient’s
body. Normally, a combination of needles and hose sections is used. In the simplest
case, the transfer system consists merely of the injection needle connected directly
to the drug container.

Besides the rheological and volume requirements imposed by the fluid to be
transported, the Mini-pump design must consider numerous technical boundary
conditions that depend on the treatment given. Some boundary conditions may be
of secondary importance and overridden by other boundary conditions, depending
on the treatment. In designing a Mini-pump, it is often necessary to reach a com-
promise between competing requirements and boundary conditions. However, it is
important to understand that the Mini-pump is developed around the drug container.
The drug container is the heart of the pump, and its form and properties are not only
governed by the properties of the fluid to be transported, but are also key deter-
minants of the pump design.

In the following, important boundary conditions are detailed.

Reconstitution
When reconstituting a freeze-dried powder, a key consideration is whether recon-
stitution with a suitable fluid is to take place inside or outside the Mini-pump.
Reconstitution in the Mini-pump is technically demanding. External reconstitution
results in additional handling steps for the user.

Fig. 11.3 Symbolic view of Mini-pump fluidic path, where L is the length of the injection needle
(fluidic path), d is the inner diameter of the injection needle, p1 and p2 are the pressure values at the
corresponding positions, Fproj is the force resulting by the pressure projected to the plunger, and
FFr is the friction force of the plunger. FDrive represents the force to move the plunger to achieve
the desired flow rate. In more detail, F(x) represents a force which depends on the plunger position
(spring-driven) or x(t) represents a motor drive where the position and/or the speed of the plunger
is controlled
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Volume to Inject
Normally, the amount of drug to be administered is at least the fill volume of the
drug container. Where the drug container is a cylindrical cartridge, the design of the
Mini-pump must find a balance between cartridge diameter and length. From the
drug standpoint, there may be an optimum in terms of minimizing the contact
surface between drug and cartridge. From the standpoint of Mini-pump size, for a
given injection volume, a large cartridge diameter results in a short length, and this
may appear advantageous at first sight. However, a large cartridge diameter also
requires a correspondingly strong pump drive, which is often technically
challenging.

Viscosity/Pressure in the Fluidic Path Depending on the viscosity of the drug,
the desired flow rate and the geometry of the fluidic path through which the drug is
transported, it is possible to determine the required driving force of the Mini-pump
and the pressures produced in the fluidic path and cartridge.

Injection Time and Tolerance
The injection time—the time until the drug has been completely injected—depends
on the total injection volume and flow rate. A change in flow rate or its tolerance is
accompanied by a change in the injection time, which is potentially noticed by the
user and may be undesirable.

Electronically controlled pump drives tend to be non-critical with regard to flow
rate tolerance. Spring-based drives, in which a spring exerts force on the plunger,
and the fluidic path acts as a flow restrictor determining drug flow, are usually
inaccurate because the flow rate is largely determined by injection needle diameter
tolerances and the viscosity of the drug. Flow rate and injection time tolerance
specifications may preclude certain drive designs.

Flow Rate and Viscosity Tolerability
Whereas injection volume and viscosity of the drug are determined by therapeutic
and formulation requirements, the flow rate during subcutaneous delivery is often
the subject to debate during the development phase of the device because of
conflicting requirements, such as injection time and physiological tolerability.
Physiological acceptance is most commonly equated with the pain sensation of the
patient. From a safety and convenience perspective, the shortest possible injection
time is desired, whereas the intention to reduce the pain experience leads to the
desire for lower flow rates which consequently results in longer injection times.

Generally, it is assumed that smaller drug volumes can be injected faster,
whereas larger volumes require slower delivery. Auto-injectors typically deliver
approximately 1 ml within less than 10 s which corresponds to a flow rate of
approximately 6 ml/min. High-volume injectors currently target for significantly
lower flow rates typically in the range of 1–3 ml/min. Recent data suggest the
physiologic tolerability of larger SC dose volumes and high viscosities in combi-
nation with higher flow rates, showing that faster delivery can be associated with
even less pain sensation for a certain delivered volume [10, 11].
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Dose Accuracy
In designing a Mini-pump, it is important to consider how the pump design affects
dose accuracy. In the simplest case, the entire drug container is emptied in a defined
time (bolus injector). Here, dose accuracy is largely influenced by the fill volume of
the drug container and the ability of the Mini-pump to empty the entire container.
Within certain limits, flow rate accuracy is normally of secondary importance.

In the case of an insulin pump, high demands are placed on dose accuracy,
so-called micro-dosing, because a few millilitres of insulin must be released over
several days according to a precise administration profile. Under- or overdosing
would have bad consequences for the patient.

Storage
The Mini-pump is required to work always safely and reliably. Therefore, storage
times and conditions, depending on the drug, have to be considered when designing
such devices. In case of protein therapeutics, cool storage of the drug together or
without the device for a certain time is to be expected. The maximum storage time
is typically defined by the stability of the drug.

11.2.3 Additional Requirements

As well as the basic requirement of controlled delivery of the drug product at a
defined flow rate, Mini-pumps must satisfy a large number of additional
requirements.

Many of these requirements aim at simplifying Mini-pump use or treatment as a
whole and/or making them safer.

Control, High Dose Accuracy and Communication
The use of electronics and software results in new possibilities for controlling,
monitoring and displaying Mini-pump functions that are not feasible with purely
mechanical systems.

Electronic controlled pump drives allow for high-precision dose accuracy pump
drives. Logging of user operations or communication via the Internet or with other
devices such as cell phones or blood glucose meters provides new opportunities for
treatment monitoring or aids fault-finding during servicing.

Ergonomics and Design
In terms of ergonomics and industrial design, customer requirements and expec-
tations have changed in recent years, driven by numerous examples from the
consumer goods industry and mobile consumer electronics. Manufacturers are
called upon to develop ergonomic devices that are suitable for the target groups and
also have an appealing design.

Mini-pumps where the injection needle is never visible to the user shall help to
reduce the pain sensation perceived by the patient and manage ‘needle phobia’.
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Simple and Safe Handling
To reduce handling steps and to simplify the use of a Mini-pump, one option is to
integrate a prefilled drug cartridge into the Mini-pump. Various handling steps—
that are necessary if the drug is filled by the user/patient into the Mini-pump—are
no longer necessary what may be an important benefit for the patient/user.

An other option to increase the ease of use (and also the safe handling) is the
integration of automated functions into the Mini-pump. Automated functions, such
as the automated connection of the injection needle to the drug container, the
automated insertion/retraction of the injection needle, the automated needle
shielding before and after use and the automated needle stick injury protection after
use, could be requirements to increase the easy and safe handling of the Mini-pump.

Reusability
Mini-pumps can be constructed as single-use or reuseable devices. Single-use
pumps are disposed of after a single use. Reuseable pumps are often designed for
the controller, drive and possibly the power source to be reused, while the drug
container and all other components that are in contact with the drug and/or must be
sterile are used once only.

Reusable pumps seem at a first glance to better cope with sustainability
expectations, however, might require a more complex logistics and drive additional
requirements. These factors must be carefully weighed in order to come to a
realistic assessment regarding sustainability.

11.3 Types of Mini-pumps

Among the Mini-pumps commonly available on the market, a fundamental dis-
tinction is made between bolus injectors for short-term administration and
micro-dosing pumps for long-term administration. Bolus injectors are further dif-
ferentiated into pen injectors, which are hand-held during drug administration, and
patch injectors, which are adhered to the body at the administration sites. Widely
used micro-dosing pumps are ones worn close to the body with a transfer system for
the drug fluid (infusion set comprising a flexible tube with an injection needle and a
coupling for connection to the pump). For some years, micro-dosing pumps have
also been available that can be adhered directly to the user’s body (Fig. 11.4).

All types are familiar both as single-use articles, which are disposed of after
complete or partial administration of the contents of the drug container, and as
multiuse articles, which are fitted with a new drug container after complete or
partial administration and can be reused.

Single-use articles are generally characterized by less complex operation steps
and are thus less error-prone, especially if the devices are provided to the user
already fitted with the filled drug container. A further advantage is lower cost due to
lower requirements for robustness and long-term reliability.
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The main advantages of multiuse devices are in the area of sustainability, but
they are also capable of meeting more extensive requirements. In the area of
micro-dosing, because the use of higher-quality and more accurate components
makes it possible to meet considerably higher requirements not only for dose
accuracy, but also for flexibility (e.g. individual programming of dosing profiles,
recording of treatment history, visual display of information for the user).

11.3.1 Bolus Injectors

When using bolus injectors, a relatively large amount of drug fluid (>0.1 ml) is
injected during a single administration. Either pen or patch injectors are used for
administration.

11.3.1.1 Pen Injectors

Description
A pen injector is held in position by hand to administer the drug fluid. Various
models possess a protection against unintended operation, which allows adminis-
tration of the fluid only when the injection needle is a certain depth under the skin
(Figs. 11.5 and 11.6).
With a single-dose injector, all the fluid in the drug container (usually � 2 ml) is
delivered at once and the injector is then discarded or fitted with a new drug
container. With multidose injectors, several doses (usually � 0.5 ml) of the fluid
are delivered in several administrations over a certain time (e.g. several days or
weeks). Multidose injectors have either a fixed or selectable dosage.

Mini-pumps

Bolus Injectors Micro-dosing 
pumps 

Low Volume
e.g. Pen injectors

High Volume
e.g. Patch injectors

Fig. 11.4 Types of mini-pumps
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Drug administration with a single-dose injector is often effected by a preten-
sioned mechanism, which is released by the patient when the injector is in the
correct position. With multidose injectors, administration is generally accomplished
by a user-applied force, where a small amount of fluid is to be delivered, or by a
mechanical or electromechanical drive in the case of larger dose volumes.

Pen injectors are particularly suitable for administration of protein therapeutics
as long as the volume is small (typically <2 ml) and the viscosity is low. For higher
viscosities, pen injectors with thin wall needles and elevated force are suggested to
allow acceptable injection times because the device is hand-held.

11.3.1.2 Patch Injectors

Description
A patch injector is attached to the patient’s body at the administration site with an
adhesive patch on the device to administer the drug fluid. The injection needle is
inserted into the tissue to the defined depth, the drug delivered and the needle then
retracted to avoid risk of injury. Here again, some models are equipped with a
safety device which prevents actuation of the device before it is on the patient’s

Fig. 11.5 Pen injector Pegasys ProClick (single-use, single-dose)

Fig. 11.6 Roferon or comparable (reusable, multidose)
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body and/or which can interrupt drug delivery if the device is removed from the
body before all the drug has been administered (Fig. 11.7).
Patch injectors are generally used with administered drug volumes exceeding 2 ml.

Drug administration from a patch injector is effected by a pretensioned mech-
anism or an electromechanical drive.

Patch injectors are particularly suitable for administration of protein therapeutics
with larger volume (typically >2 to several 10 ml) and the high viscosities. The
drive allows to apply higher forces, and the injection time is not critical because the
device is body-worn.

11.3.2 Micro-dosing Pumps for Long-Term Use

When using micro-dosing pumps for long-term administration, relatively small
amounts of drug fluid are administered at a so-called basal rate (amount adminis-
tered per unit time, e.g. micro-litres per hour), although a bolus can often also be
delivered with the same device (Fig. 11.8).

Description
To administer the drug fluid, a micro-dosing pump is fitted with a filled drug
container (or the container is filled if integrated) and connected to the transfer
system. For certain therapies (e.g. insulin treatment of diabetes), this transfer system
must be filled with drug fluid before the injection needle is placed on the patient’s
body.

After placement of the injection needle, the pump is switched to operating mode,
causing it to deliver the predefined amount of drug fluid. Certain therapies (e.g.
diabetes treatment) make use of micro-dosing pumps that permit the delivery of
freely selectable boluses (e.g. after meals) in addition to the basal rate.

Fig. 11.7 Roche single-use
injection device
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With most micro-dosing pumps, drug administration is effected by an elec-
tromechanical drive.

Micro-dosing pumps are widely used for therapy of diabetes and less important
for protein therapeutics where predominantly administration of a high-volume bolus
is required.

11.4 Drive Concepts for Mini-pumps

Protein products often have high to very high viscosity because of their concen-
tration of active substance. For most of the concepts discussed below, the principle
applies that, apart from larger drug container volumes, the size of the device also
increases with the viscosity of the drug fluid because more powerful and hence
larger actuators have to be used and the device’s supporting structures have to be
built more robustly. Alternatively, this can be avoided by enlarging the flow cross
sections in the fluidic path, although this means that a larger-diameter injection
needle has to be used which is not desirable from a convenience point of view.

11.4.1 Driven by Mechanical Actuator

Purely mechanical pump concepts can be implemented, for example, by using a
pretensioned actuator element, as illustrated here by a mechanism with a com-
pression spring (Fig. 11.9).

Description
The drug fluid is contained in a cartridge which is sealed with a needle-pierceable
septum at the end of its outlet and has a sliding plunger at its open end. The actuator
element consists of a pretensioned compression spring, which is released at the start

Fig. 11.8 Accu-Chek spirit
combo
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of drug delivery and then exerts a force on the plunger that pushes it towards the
outlet, thereby expelling the drug fluid. Alternatively, a spring mechanism can act
on a collapsible drug container (e.g. bag) to expel the drug fluid. This type of drive
is characterized by a low level of complexity. The delivery rate, and hence the
delivery time for a given amount of fluid, is determined by the spring characteristic,
the viscosity of the fluid, the plunger friction and the geometry of the transfer
system components, especially the injection needle, and can thus be predetermined
by appropriate dimensioning of certain components. However, the tolerances of
some of these parameters have a major impact on delivery time variation. The
spring characteristic also makes it difficult to achieve a uniform flow rate.

With high-viscosity drug fluids, a powerful (spring) actuator must be used to
deliver the dose volume within an acceptably short time. This actuator must be pre-
tensioned throughout the storage period, a factor that must be taken into account in
designing the components exposed to this force andwhich can negatively impact size.

11.4.2 Driven by Electromechanical Actuator

Electromechanical pump concepts feature an actuator element that is electrically
driven and powered by a power source. They also often use an electronic control
unit (hardware and software), permitting flexible programming of the pump.

High-viscosity drug fluids require a powerful actuator with corresponding power
source in order to deliver the dose volume within an acceptably short time, and this
can negatively impact size.

11.4.2.1 Syringe Pumps

Description
The drug fluid is contained in a cartridge which is sealed with a needle-pierceable
septum at the end of its outlet and has a sliding plunger at its open end.

Fig. 11.9 Schematic representation of a compression spring-driven mini-pump
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Alternatively, a prefilled syringe can be used as primary drug container. The
actuator element consists of an electric motor whose rotational movement is stepped
down via a gearbox and converted to linear movement with a spindle drive. The
resultant impact force propels the plunger towards the cartridge outlet, thereby
expelling the drug fluid (Fig. 11.10).
While this drive concept displays a certain level of complexity, it makes it possible
to set a defined delivery rate almost regardless of fluid viscosity, plunger friction or
other confounders and their tolerances, and low delivery time variation is achiev-
able. With appropriate design, this concept also permits administration of minute
quantities in the micro- to nanolitre range and is therefore suitable, for example, for
use in micro-dosing pumps for the treatment of diabetes. The use of telescopic lead
screws allows to limit the form factor and the overall size of device although adding
complexity to the design.

11.4.2.2 Peristaltic Pumps

Description
The drug fluid is located in a collapsible drug container (e.g. bag), which is con-
nected to the transfer system into the patient’s body. Part of this transfer system
consists of a relatively soft and flexible—and hence squeezable—length of tubing.
Two plungers act as inlet and outlet valves. Between these valve plungers is a
delivery plunger. Controlled actuation of these three plungers, e.g. with cam discs,
produces drug flow in the squeeze tube, resulting in delivery of the bag contents
into the patient (Figs. 11.11 and 11.12).
A variation of this principle is the carousel pump, in which the squeeze tube is
arranged in a rough semicircle, along which at least three rollers attached to a disc
follow a circular path. In this case, the rollers assume the function of the valve
plungers and delivery plunger.

Fig. 11.10 Schematic representation of an electromechanically driven mini-pump
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The delivery mechanisms explained above can be driven by an electric motor
and, where necessary, an additional gearbox, which are connected to the cam disc in
the case of the linear peristaltic pump and to the roller disc in the case of the
carousel pump.

Fig. 11.11 Schematic representation of electromechanically driven linear peristaltic pump

Fig. 11.12 Schematic representation of electromechanically driven carousel peristaltic pump
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This drive concept is less suitable for micro-dosing than for delivering larger
amounts of fluid. Examples include intravenous administration of drugs requiring
delivery of amounts in excess of 50 ml within a few hours and parenteral nutrition
in which several hundred millilitres must be delivered within a day and thus play
not an important role for delivery of protein therapeutics.

11.4.2.3 Micro-pump Engines

The concept of a micro-pump engine represents an alternative approach which
provides flexibility in the device design and has advantages for the overall size of
the device due to the typically small size of the actual pump engine. Instead of
compressing the primary packing or parts of the fluidic path in order to expel the
drug, the fluid is delivered by means of suction. This concept enables amongst
others the use of standard primary containers. Since, in contrast to the concepts
where the drive is completely separated from the primary packaging and the fluidic
path, the drug comes in direct contact and mechanically interacts with parts of the
pump and, e.g. its lubrication, this concept has additional requirements with respect
to compatibility and bears additional risks regarding impact on drug stability that
must be examined thoroughly during development.

Description
Micro-pump engines typically consist of one or more movable parts that alterna-
tively open and close a valve creating an underpressured cavity which sucks the
drug from the reservoir, e.g. the primary packaging, followed by creating an
overpressure in the cavity that then expels the drug. The pump itself represents an
integral part of the fluidic path of the device. The drive of the pump engine is
electrically powered and typically electronically controlled, which allows good
control of the flow rate over a certain range.

11.4.3 Driven by User-Applied Force

In these pump concepts the force required to expel, the drug fluid is applied by the
user him- or herself (Fig. 11.13).

Description
The drug fluid is contained in a cartridge which is sealed with a needle-pierceable
septum at the end of its outlet and has a sliding plunger at its open end. The dosing
element consists, for example, of a spindle drive in which a dosage can be manually
preset by twisting a rotary knob. Manual pressure on the dosing button moves the
entire dosing element linearly as far as it will go, which moves the plunger towards
the cartridge outlet, thereby expelling the drug fluid.
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These and similar drive concepts are widely used in insulin therapy for diabetics,
but are also familiar for additional applications in which smaller dose volumes are
required. Dose volumes >0.5 ml or dosing of high-viscosity fluids is scarcely
achievable with this concept because the user has to exert a force on the dosing
button throughout the administration process. The force required for delivery is
mainly determined by the viscosity of the fluid, plunger friction, return spring force
and the geometry of the injection needle.

11.4.4 Gas-Driven

Gas-driven pump concepts use compressed gas as the actuator or possess an
actuator in the form of a cell in which a gas is produced by a chemical or elec-
trochemical reaction (Fig. 11.14).

Description
The drug fluid is contained in a cartridge which is sealed with a needle-pierceable
septum at the end of its outlet and has a sliding plunger at its open end. The
incoming compressed gas exerts pressure on the plunger, propelling it towards the
cartridge outlet and thereby expelling the drug fluid.

Although this drive concept has a low level of complexity in terms of the
principle employed, ensuring a hermetic seal poses a major challenge. The delivery
rate is determined by the actuator characteristic, the viscosity of the fluid, the
plunger friction and the geometry of the transfer system components, especially the
injection needle.

This pump concept has not yet gained wide market acceptance.

Fig. 11.13 Schematic representation of a pen drive based on a spindle drive
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11.4.5 Other Drive Concepts

The last few years have seen intensive research and development on new pump
concepts, as well as alternative actuator concepts. In some cases, the alternative
actuator concepts are combined with traditional pump concepts, but there are also
some revolutionary new approaches. The aim of these new concepts may be to
further miniaturize the pumps or to gain a cost advantage by using cheaper com-
ponents. Some of these approaches are briefly outlined below.

Shape Memory Alloys
Already on the market is a product that although using a conventional threaded
spindle drive is driven by shape memory alloy wires instead of an electric motor.

Piezo Actuators
Various projects are working on the use of piezoelements as actuators. Approaches
range from replacement of the conventional electric motor and possibly the spindle
drive by rotary or linear piezoactuators to the so-called inchworm motor consisting
of two piezoactuators for caulking the actuator at the cartridge internal diameter and
an element to generate propulsion, or a so-called ‘hula-hoop’ threaded spindle
drive.

Already in use are products with piezoactuators arranged in the form of a linear
peristaltic concept, for example, in implantable micro-dosing pumps.

Balloon
Also known are concepts in which the drug fluid is pumped by an additional filling
system into a balloon contained in the device either manually or automatically
before use. The balloon then acts similarly to the purely mechanical drive using a
compression spring described in Sect. 4.1.

Fig. 11.14 Schematic representation of a gas-driven mini-pump
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11.5 New Trends in Mini-pumps

Drug Requirements
Among others, the need to support more highly viscous drugs and higher volumes
is a driver for the development and industrialization of technically advanced drug
delivery systems, primarily patch pumps. Latest developments suggest patch pumps
which are capable of delivering several 10 ml of highly viscous fluids at consid-
erable flow rates.

Platforms and Costs
Meanwhile, there is generally a trend towards technology and product platforms in
order to achieve cost-efficient targets. Due to the nature of the targeted drugs, the
administration routes and patient populations, it can be a significant challenge to
meet all the individual needs at the same time. Thus, platforms are often a com-
promise between a bespoke solution for a specific use case (disease areas, thera-
peutic boundary conditions, target user groups, drug properties) and costs involved
in the development, manufacturing and regulatory effort of the devices.

Device-Tailored Primary Packaging concepts
Since the integration with the primary packaging of the drug plays an essential role
in the development of the devices, new drug container concepts, or even
custom-tailored primary packaging design, e.g. plastic bags or tubes, might allow
new and enhanced device designs.

Usability
Generally, there is a trend to make drug delivery devices more robust against use
errors and consider usability aspects throughout the requirement engineering and
design process. It is not sufficient that a device technically works properly; it must
be easy to use for, in particular, the target user group, and the device design must
contribute to prevent from unwanted use error under real-use environment condi-
tions. This is typically achieved by usability and handling studies which generate
input for the design process and therefore become increasingly important.

Industrial Design
When looking at the industrial design requirements driven by the user expectations,
first of all small size and attractive design are key elements. This involves the desire
for state-of-the-art user interfaces, including, for example, visual and audible
feedback, which is in addition driven by usability considerations, on the one hand,
and regulatory requirements on the other hand. In the next step, integration with
personal electronics like mobile phones is conceivable, although this creates new
hurdles on the design validation side.

Sustainability
Sustainability aspects and environmental awareness of the users are not least drivers
for semi-disposable and loader concepts, which are perceived to be less harmful to
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the environment. In addition, environmental considerations play an important role
during material selection and design in order to allow for a viable waste manage-
ment concept during the commercial phase.

11.6 Regulatory Considerations for Mini-pumps

Medical devices are, depending on type and classification, subject to a variety of
regulatory requirements. Pumps for medicinal products are in general medical
devices which fall under the 93/42/EEC Medical Device Directive in Europe and 21
CFR 800ff in the USA.

Many of today’s Mini-pumps for biologics are drug products integrated with
delivery system, e.g. prefilled single-use patch injectors. The regulation of such
combinations is different, depending on the region. In Europe, if the device and the
medicinal product form a single integral product which is intended exclusively for
use in the given combination and which is not reusable is regulated as medicinal
products according to Directive 2001/83/EC. However, relevant essential require-
ments of Annex I of Directive 93/42/EEC apply as far as safety- and
performance-related device features are concerned [12].

In the USA, device-drug combinations are regulated as combination products
according to 21 CFR Part 3.

In contrast, devices with exchangeable cartridges, for examples, reusable pumps
are regulated in the EU as medical devices according to Directive 93/42/EEC,
whereas in the USA as combination products according to 21 CFR Part 3.

Depending on the Primary Mode of Action (PMOA), it has to be decided which
regulatory requirements need to be fulfilled in detail. Depending on the type of
product, the intended use and the Primary Mode of Action, other requirements may
apply, e.g. Directive 90/385/EEC Active Implantable Medical Devices for
implantable pumps.

When developing, manufacturing and marketing medical devices, EN ISO
13485 in Europe and QSR/21 CFR 820 in the USA, describes the requirements for
a Quality Management System which includes as well design and development
control requirements.

A Risk Management (e.g. according to ISO14971) and a Usability Engineering
Process (e.g. according to IEC62366) must be considered.

It is important to note that the complete regulatory requirements for each indi-
vidual type of medical device must be evaluated thoroughly for all anticipated
markets.
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11.7 Conclusions

The specific properties of protein therapeutics, e.g. rheological properties in com-
bination with particular usability needs, create new challenges for drug delivery
devices and combination products. The major issue is to meet the technical
requirements given by the drug, e.g. viscosity and volumes, and simultaneously
satisfy these usability expectations. Mini-pumps for bolus injection contribute to
keep pace with these growing demands. Mini-pumps are typically needle-based
injection systems capable of delivering a wide range of drug volumes and vis-
cosities, which help to cope with these increasing technical requirements. Different
types of Mini-pumps are existing which differ particularly in the drive concepts.
They can be hand-held or body-worn with replaceable or non-replaceable drug
containers. Depending on the specific requirements of the therapy, the drug product
and the user group, the most suitable type must be chosen for the individual
application. For subcutaneous delivery of protein therapeutics, the following two
device types are currently predominantly used: for smaller drug volumes, pen
injectors, and for larger volumes, patch injectors. However, other device types and
administration routes are conceivable and might be required for certain disease
areas. Usability consideration plays an essential role throughout the entire devel-
opment process, starting from the definition of requirements. Good knowledge
about drug properties and the target user group is key in order to meet the usability
needs and to prevent from use errors under real conditions.

In summary, Mini-pumps represent an effective and flexible tool in order to cope
with the demands of protein therapeutics and continue to gain in importance in the
future.

References

1. Elvin JG, Couston RG, van der Walle CF. Therapeutic antibodies: market considerations,
disease targets and bioprocessing. Int J Pharm. 2013;440:83–98.

2. Aggarwal SR. What’s fueling the biotech engine—2012 to 2013. Nat Biotechnol.
2014;32:32–9.

3. Shpilberg O, Jackisch C. Subcutaneous administration of rituximab (MabThera) and
trastuzumab (Herceptin) using hyaluronidase, 2013.

4. Poiseuille JLM. Recherches expérimentales sur le mouvement des liquides dans les tubes de
très petits diamètres. CR Acad Sci. 1840;11:1041–8.

5. Reynolds O. An experimental investigation of the circumstances which determine whether the
motion of water shall be direct or sinuous, and of the law of resistance in parallel channels.
Philos Trans. 1883;174:935–82.

6. Reynolds O. On the dynamical theory of incompressible viscous fluids and the determination
of the criterion. Philos Trans Royal Soc London. A. 1895;186:123–64.

7. Zarraga E et al. High shear rheology and anisotropy in concentrated solutions of monoclonal
antibodies. J Pharm Sci. Aug 2013;102(8):2538–49.

8. Rathore N et al. Pharmaceutics, preformulation and drug delivery - characterization of protein
rheology and delivery forces for combination products, J Pharm Sci. Dec 2012;101(12).

11 C Mini-pumps 255



9. Allmendinger A, et al. Rheological characterization and injection forces of concentrated
protein formulations: an alternative predictive model for non-Newtonian solutions. Eur J
Pharm Biopharm. 2014. https://doi.org/10.1016/j.ejpb.2014.01.009.

10. Dias C et al. Tolerability of high-volume subcutaneous injections of a viscous Placebo buffer:
a randomized, crossover study in healthy subjects, AAPS PharmSciTech. Oct 2015;16(5).

11. Berteau C, et al. Evaluation of the impact of viscosity, injection volume, and injection flow
rate on subcutaneous injection tolerance. Med Dev Evid Res. 2015;8:473–84.

12. COUNCIL DIRECTIVE 93/42/EEC of 14 June 1993 concerning medical devices,
1993L0042—EN—11.10.2007— 005.001.

256 D. Gläser et al.

http://dx.doi.org/10.1016/j.ejpb.2014.01.009


Chapter 12
Container Closure Integrity
Testing of Primary Containers
for Parenteral Products

Shu-Chen Chen

Abstract Container closure integrity (CCI) is the ability of a container closure
system—i.e., a package system—to provide containment and protection for the
content inside. Ensuring the CCI of a parenteral product package is essential during
the entire lifecycle of a product. The chapter first reviews the U.S. FDA regulatory
requirements on CCI. Regulations for several regulatory authorities outside the
USA are also presented for comparison. From these regulatory requirements,
attributes of CCI test are discussed. The chapter is then devoted to two aspects of
CCI tests—(1) selection criteria for the test method to use and (2) introduction of
six different methods. Selection criteria cover sensitivity and reliability of the
method, destructive versus non-destructive methods, inline monitoring versus off-
line test as well as the material of construction of the primary container. Six
methods reviewed are microbial challenge test, liquid tracer leak test, vacuum decay
leak test, electrical conductivity leak test, tracer gas leak test, and headspace gas
analyzer. Finally, the development, qualification, and validation of a method to be
used are discussed. Each CCI test method has its advantages and disadvantages.
The selection of an appropriate CCI method depends on the purposes and
requirements of the test. In the Summary section, comparisons on the pros and cons
for the various methods are presented.
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12.1 Introduction

12.1.1 Purpose of Container Closure Integrity Test

Container closure integrity (CCI) is the ability of a container closure system (i.e., a
package system) to provide containment and protection for the content inside. It is
an important quality attribute for a package to safeguard and maintain its content to
the required specifications for various industries. For example, CCI of a food
package can prolong food freshness by limiting water loss, CCI of a drug package
can preserve content safety by preventing contaminant ingress, CCI of a nuclear
waste package can protect environment by keeping toxic materials sealed, and CCI
of a petroleum drum can curtail oil degradation by reducing oxygen transmission.

Container closure integrity is especially critical for parenteral product package
due to the mode of administration of the parenteral product to the user. CCI can
prevent microbial ingress, maintain product sterility and stability, and retain drug
efficacy. Most importantly, it ensures the safety of patients who use the products.
A non-efficacious and non-sterile drug not only loses medicinal and therapeutic
effects but also poses potential threats to the well-being and life of patients. The
serious consequence with the loss of CCI has made it a critical defect in quality
controls for parenteral product release. Numerous factors, from the material
selection at early stage of container design to the storage conditions at final stage of
product shelf life, can affect CCI of a package system significantly. Therefore,
ensuring the CCI of a parenteral product package is essential during the entire
lifecycle of a product.

12.1.2 Primary Container Closure System for Parenteral
Products

A parenteral package system includes various components that keep the content
safe and effective until time of use. According to FDA’s guidance for packaging
human drugs and biologics, a container closure system refers to the sum of package
components that together contain and protect the dosage form. A package system is
another term equivalent to a container closure system. A package system typically
consists of primary package components (or primary package system) that are in
contact with the product content and the secondary package components (or sec-
ondary package system) that are used to provide additional protection to product
during transportation and distribution. This chapter will focus on the primary
package components used for parenteral products in pharmaceutical and biological
industries. Therefore, a package system or a package used hereafter refers to a
primary package system or a primary package.

Vial, syringe, and cartridge are various primary package systems used for the
finished parenteral products in pharmaceutics and biologics. The components for

258 S.-C. Chen



vial package system normally comprise of a vial, a stopper, and a flip-off aluminum
cap. The components for syringe package system include a syringe barrel, a
plunger-stopper, and a luer lock or a stacked needle with shield. And the compo-
nents for cartridge package system typically consist of a barrel, a plunger-stopper,
and a diaphragm encased in a cap for needle penetration. In this chapter, the term
primary container is also used for the three primary package systems vial, syringe,
and cartridge.

Borosilicate Type I glass is still the main material of construction for majority of
the primary containers used in parenteral products, although plastic has gained
significant recognition and usage recently due to easy breakage of glass. Plastic
container also has the advantage of being free from silicone oil coating, which is
needed for extruding the content from a glass syringe.

12.1.3 Container Closure Integrity Test for Parenteral
Products

A container closure integrity (CCI) test for parenteral product is to detect flow in
and out the container through a leak path that can lead to non-sterility. CCI test is
often interchangeably used with leak test which is a method that detects leak path
on a package that allows the escape of content inside a container to the environment
or the entry of foreign materials from environment into the container.

A CCI test is conducted under specified test conditions using selected equip-
ment. Test result measures the degree of leakage. For a CCI test that quantitatively
measures the amount of gas flow, the degree of leakage is usually expressed as the
amount of gas flow per unit time. When the amount of gas flow is expressed in
volume, the conditions for gas volume need to be stated because gas volume
depends on temperature and pressure. Often the detected leakage flow is converted
and expressed in terms of hole size on a thin orifice plate for easy conceptualization
on the degree of defect.

The CCI test of a parenteral product is to be conducted throughout its lifecycle
prior to use to ensure sterility of the content inside the package. During the man-
ufacturing process, the container integrity is typically checked by a vision
inspection system, which usually limits to detectable leak size of larger defects from
chips, cracks, and breakages. Some manufacturing process does employ leak
detection system that is capable of detecting smaller leaks for 100% online moni-
toring. However, it is often limited to detection technologies that require packages
with certain conditions, such as the nitrogen-blanketed package. With recent FDA
guideline on CCI test in lieu of sterility test, the CCI test is now included in the
stability study. The CCI test is also performed frequently in forensic investigations
when concern on product sterility is raised due to exceptional conditions, such as
temperature excursion during transport. In these applications, the good-quality
products can often be saved by passing a non-destructive CCI test.
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The CCI test provides a valuable means for monitoring product quality
throughout its entire lifecycle. Therefore, selecting a proper CCI test is critical. The
suitability of a CCI test depends on the use, requirement, and timeline of the
parenteral product. These parameters that influence the selection of a CCI test are
discussed in Sect. 12.3.

12.1.4 Background on Container Closure Integrity
Test and Method

The manufacture and distributions of pharmaceutics and biologics are
government-regulated industries. The regulations in the USA clearly state a con-
tainer closure system that permits penetration of microorganisms is unsuitable for a
sterile product. Safeguards should be implemented to strictly preclude the delivery
of products that may lack CCI and lead to non-sterility. Other countries in the world
also have similar regulations on sterile drugs, for example, the Manufacture of
Sterile Medicinal Products in the European Union, the Ministerial Ordinance on
Standards for Manufacturing Control and Quality Control for Drug and Quasi-
Drugs in Japan, and the Food and Drugs Act and Regulations in Canada.

Historically, the sterility of drug products has long been evaluated and verified
using microbial challenge with media-filled containers as part of aseptic process
validation prior to product manufacturing. The sterility for product lifecycle was
also evaluated and demonstrated through microbiological challenge with sterile
outcome on the stored products. This traditional microbial challenge test for sterility
verification, however, has scientific and practical limitations according to FDA
guidance; it can only detect viable organisms present at the time of tests, the viable
organisms present at the time of test can only be detected if they are capable of
growth in the culture media used, and it is destructive and prone to contamination.
A negative finding in sterility test does not guarantee the integrity of a container
closure system throughout the product lifecycle.

In 2008, FDA issued the guidance on CCI test in lieu of sterility test for stability
study. The guidance suggests the CCI be maintained and demonstrated throughout
the product shelf life in addition to sterility testing. EudraLex Volume 4 (EU
Guidelines to GMP Medicinal Products for Human and Veterinary Use) in 2008
also indicates container integrity should be checked with appropriate procedures.
With these guidelines and the limitations of microbial challenge, physicochemical
test for container closure integrity has been used by many companies to replace the
microbial challenge.

A wide range of instruments for physicochemical tests are available in the
market. Many companies in pharmaceutical and biological industries have used
them to develop, validate, and implement the physicochemical test methods for CCI
of parenteral products within the last decade. The major and frequently used
physicochemical methods as well as the traditionally used microbial challenge for
leak detection of primary containers in pharmaceutics and biologics industries are
presented and discussed in Sect. 12.4.
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12.2 Regulatory Requirements on Container
Closure Integrity

12.2.1 Regulations on Sterile Drugs

12.2.1.1 US Federal Regulations on Sterile Drugs

For the protection of public health, sterile pharmaceutical and biological products
are required by federal laws under Title 21—Food and Drugs and Title 42—The
Public Health and Welfare of the United States Code (U.S.C.). They provide the
federal statutes for the requirements of releasing human drugs and biologics to the
markets. These requirements are legally enforced under the Code of Federal
Regulations (CFR). Title 21 of the CFR is the portion that governs food and drugs
within the USA. Three chapters are provided in Title 21 CFR with each chapter,
respectively, for the Food and Drug Administration (FDA), the Drug Enforcement
Administration (DEA), and the Office of National Drug Control Policy (ONDCP).
Most of the regulations in Chapter I for the FDA are based on the Federal Food,
Drug, and Cosmetic Act (FD&C Act) of Chapter 9 in Title 21 of the U.S.C. Since
biologics is also covered under Title 42 of the U.S.C., FDA’s regulatory authority
for biologics in Title 21 CFR resides in the Public Health Service Act (PHS Act)
under Chapter 6A of Title 42 U.S.C. In short, human drugs and biologics in the
USA are regulated by Title 21 CFR under the FDA, Department of Human and
Health Services. The two centers in the FDA, Center for Drug Evaluation and
Research (CDER) and Center for Biologics Evaluation and Research (CBER),
oversee and execute these regulations for human drugs and biologics. Another
center in the FDA, Center for Device and Radiological Health (CDRH), will also
carry out the enforcement of these regulations to pharmaceutical and biological
industries if the drug or biologics is part of a combination product which includes a
medical device, and the device is the primary mode of action that provides the most
important therapeutic function of the combination product.

In Chapter I of Title 21 CFR for the FDA, Subchapters C (the 200 series), D (the
300 series), and F (the 600 series) are regulations pertaining to pharmaceuticals and
biologics. More specifically, the regulatory controls on containers and closures are
covered in Part 211—Current Good Manufacturing Practice for Finished
Pharmaceuticals and Part 600—Biological Products: General. Section §211.94(b)
in Subpart E states the container closure system shall provide adequate protection
against foreseeable external factors in storage and use that can cause deterioration
or contamination of the drug product. Section §600.11(h) in Subpart B also iterates
the requirements that the containers shall be sealed to maintain the integrity of the
products during the dating period. In addition, the containers and closures for
products intended for use by injection shall be sterile and free from pyrogens.

The FDA often issues documents to provide guidance for industry on general
principles of the regulations. While such guidance represents FDA’s current
thinking on the topic, it is not a legally binding document. There are several FDA
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guidance documents pertaining to container closure integrity for maintaining sterile
drug products. The three main ones are “Container Closure Systems for Packaging
Human Drugs and Biologics,” “Sterile Drug Products Produced by Aseptic pro-
cessing—Current Good Manufacturing Practice,” and “Container and Closure
System Integrity Testing in Lieu of Sterility Testing as a Component of the Stability
Protocol for Sterile Products.” Again, these guidance documents affirm that a
well-sealed container closure system shall provide protection from microbial con-
tamination (loss of sterility or added bioburden) and maintain product integrity
(prevent loss of product and efficacy) over its shelf life. The container closure
system should be monitored, and the evaluation of the packaging system should be
included in the stability protocol.

12.2.1.2 Regulations Outside the U.S. on Sterile Drugs

Other countries have similar requirements in GMP pertaining to the manufacturing
and quality controls of sterile drugs. For products supplied to countries outside the
USA, the CCI test shall also meet the specific rules and regulations required in the
marketed countries. Table 12.1 shows the correspondent regulations and agencies
to CFR and FDA for several other countries.

With the requirement on demonstrating the maintenance of drug sterility through
a CCI test, a number of standards and references from various organizations
(ASTM, ISO, USP, EP, etc.) are available to facilitate the implementation and
execution of various CCI tests for meeting regulatory compliance. Information from
these documents provides useful guidelines for evaluating, developing, and

Table 12.1 Example of regulations and regulatory authority outside the USA

Country Regulations Regulatory body/authority

Australia Therapeutic Goods Regulations
1990 (Therapeutic Goods Act
1989)

Therapeutic Goods Administration
(TGA) of Department of Health and Ageing

Brazil Resolution RDC 17/2010 (Drug
GMP) Market Regulations

National Health Surveillance Agency
(ANVISA) of Ministry of Health

Canada Food and Drugs Regulations
(Food and Drugs Act)

Therapeutic Products Directorate and
Biologics and Genetic Therapies
Directorate, Health Products and Food
Branch of Health Canada

European
Union

EudraLex from European
Commission

Respective regulatory body in each country
(e.g., Federal Institute for Drugs and
Medical Devices of Ministry of Health in
Germany)

Japan Ministerial Ordinances of
MHLW

Pharmaceuticals and Medical Devices
Agency (PMDA) of Ministry of Health,
Labour and Welfare (MHLW)
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validating a selected CCI method. However, each container closure system needs to
select a suitable CCI method first, which depends on the requirements, specifica-
tions, and applications of its content.

12.2.2 Attributes of Container Closure Integrity Test
from Regulatory Requirements

12.2.2.1 Test on Container with Product Content

FDA guidance states the CCI test shall be conducted on product-filled containers to
provide the true status of container closure integrity. Depending on the material of
construction of the container closure system, some unexpected interference between
container package material and parenteral product could occur over the dating
period, resulting in degradation of material and thus compromising the integrity of
the closure system. Testing samples filled with actual product is a true assessment
of the CCI as any compromise in CCI due to the interactions between product and
container closure system over the shelf life can only be detected by using these
samples.

The CCI test using the conventional microbial challenge requires the container
filled with growth promotion media. As a result of using such media, the test is
conducted on container that has no contact to the actual product. However, in some
cases, a CCI test cannot be done on container that holds the actual product, for
instance, the product contains a material which biases the CCI test result. If no
suitable CCI test is available for container filled with actual product, then the use of
media-filled containers may be acceptable providing no adverse interaction between
product and container exists.

12.2.2.2 Test on Container Over Product Lifecycle

Historically, the CCI test was performed only at the beginning of product lifecycle,
and sterility test was performed over the product lifecycle. Since the sterility of a
product does not guarantee the integrity of a container and container integrity is a
critical quality attribute for parenteral product, the CCI should be assessed, moni-
tored, and controlled during the entire lifecycle of the product. The lifecycle starts
in the design of primary container at the beginning stage of package development,
continues through the routine manufacturing process, and finishes at the end of the
product shelf life. In the beginning stage of package development, the requirements
for product content and package’s properties, function, manufacturing, storage,
stability, shipment, distribution, and human factors all need to be considered to
ensure the CCI of the package. Applicable test methods for the content and package
shall be evaluated during design process, and a suitable method is selected,
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developed, and qualified. The selected test method is then used to challenge the
final design of the container under normal and potential extreme conditions for a
successful pass of the CCI test.

Proper in-placed process controls for routine manufacturing can reduce the
occurrence of container integrity failure. The vision inspection system commonly
used for cosmetic defects can monitor and minimize the risk of accepting leak
containers. However, these procedures cannot eliminate all potential CCI failures.
Leak test, either 100% non-destructive online or statistically significant in-process
sampling, should be conducted to supplement the process control and vision
inspection for confirmation of container integrity prior to product release.

Interaction between package materials and drug content or degradation of
package materials could occur over time and affect material’s sealing property. This
issue might subsequently impact the integrity of the package system, yet not dis-
covered immediately post-filling of the content. A slow interaction or degradation
might not even be detectable until product reaches the end of its long shelf life.
Therefore, it is essential, as well as required by the regulations, that container
integrity be evaluated in stability study over product shelf life to ensure no detri-
mental effects occur over storage period to compromise container integrity and
cause harms to patients.

12.3 Selection Criteria for Leak Test Method

A particular leak test method may not be applicable to all product packaging
systems. The selection of a leak test method depends on the attributes of the
method, manufacturing of the product, intended use of the content, and configu-
ration, material and design of the container closure system. FDA guidance on
validation of an analytical test recommends the characterizations of a method’s
accuracy, specificity, detection limit, linearity, range, precision, and robustness.
Some of the characteristics may not be applicable for a physicochemical test. For
example, the specificity is not a relevant characteristic for a non-chemical test.
Critical characteristics such as detection limit (or sensitivity) and precision (or
reliability) shall be considered at the minimum for a physicochemical method. In
addition, method type (destructive or non-destructive), method applicability (online
or offline), product content (small or large molecules), and container’s material of
construction (glass or plastic) are other important factors to consider in selecting a
suitable leak test method for primary containers to meet the specific application and
objective. These parameters are discussed in details below.

12.3.1 Sensitivity or Detection Limit

A leak test is to measure the leak rate from the inside of a container through a leak
path out. The measured leak rate is often converted into an equivalent flow rate
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through an orifice on a thin plate under the same test conditions. For easy con-
ceptualization, the sensitivity of a method is then commonly expressed as the
smallest size of an orifice (a hole size) the method can detect. The smaller a leak
size a method is capable of detecting, potentially the higher the sensitivity of the
method.

The sensitivity of a method should not be confused with sensitivity of an
instrument. A test method is an integral system that consists of instrument(s), test
parameters, test procedures, and peripheral equipment such as test chamber, con-
necting tubing, flow meter and pump, etc. Sensitivity of a test method is usually
lower than that of the instrument used in the integrated system which contains
additional components. The difference between the two sensitivities will be further
illustrated later in the sections where the methods are discussed.

Another misunderstanding on the method sensitivity is how the sensitivity of a
method can be claimed. The sensitivity of a method is the lowest achievable leak
detection for the entire primary container system. A method cannot claim a sen-
sitivity of a certain leak size if this leak size can only be detected at an easy location
on the primary container closure system (i.e., syringe barrel), but not at a difficult
location on the system (i.e., plunger-stopper of a syringe).

The ability to verify the sensitivity of a method also affects its attainable sen-
sitivity. It is necessary to demonstrate the method will consistently reject defects at
the claimed sensitivity, which requires reproducible and well-defined defects at the
sensitivity to be verified for testing. Since laser-drilled hole has a well-defined leak
size and is the closest mimic to a realistic torturous leak path, it is often used on the
barrel of a container as defect. The current laser-drilling technology is capable of
creating small leaks of approximately 5 ± 1 lm with reasonable reproducibility.
Therefore, the sensitivity of leak tests for parenteral containers is commonly vali-
dated as a nominal 5 lm orifice despite the higher sensitivity of some instruments.

No container can be claimed as absolute zero leak. The elastomer seal of a
container can permeate minute gas flow and thus a tiny gas leak. The adequacy of a
method’s sensitivity depends on the requirements of product quality specifications
and the availability of leak detection technology. For some applications, a method
with lower sensitivity (higher leak rate) might be acceptable as only the sterility of
the product needs to be preserved. In other applications, a higher sensitivity might
be necessary to prevent adverse effect on product efficacy and stability due to leak.
Once the sensitivity (i.e., allowable leak rate) for the intended use is established,
method selection can be narrowed to technologies that are capable to deliver the
required performance.

12.3.2 Reliability or Precision

The reliability of a test method indicates the variations of the test results under
specified test conditions. The higher the reliability of a test the lower the variation in
results will be. Various terms such as repeatability, intermediate precision, and
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reproducibility are used to express different sources for the variation of data from a
test method. In analytical method for laboratory measurement from the ICH Q2,
repeatability accounts for the variations over a short interval of time under the same
test conditions; intermediate precision evaluates the variations in data from tests by
different analysts, in different days and using different instruments; and repro-
ducibility examines the variations between laboratories.

These terms are defined differently in the Reference Manual of Measurement
Systems Analysis (MSA) from the American Society for Quality Control (ASQC)
and the Automotive Industry Action Group (AIAG). Here, the repeatability is
defined as the variation in measurements obtained by an operator on one sample
with the same gage several times, and the reproducibility is the variation in the
average of the measurements made by different operators using the same gage on
one sample.

Regardless of the various definitions of the terminologies, the bottom line is that
the method has to be able to produce consistent results (i.e., within the allowable
variations) when performed by different operators, at different time, with different
machines, and at different sites.

Reliability of a method is critical to prevent false conclusion. It should be
verified with statistically significant confidence using sufficient sample size, ran-
domized sample order, and alternating operator orders. This is especially crucial for
test that is highly probabilistic and provides only attribute (i.e., pass/fail) data. This
will be further illustrated in the sections where the various methods are discussed.

12.3.3 Destructive Versus Non-destructive Methods

The destructive or non-destructive nature of a test method can influence its appli-
cation and selection of a CCI method. It is more desirable to use non-destructive
method as it offers the advantages of cost saving and preservation of samples. The
destructive method causes the loss of potentially good products and packaging
components, does not offer the opportunity to reexamine the samples, and does not
allow the execution of other tests on the same samples. More than one test on a
sample is important when link between tests on the same sample is needed as in
forensic investigation. However, the destructive method may be the only choice due
to certain limitations or requirements of the product.

12.3.4 Contents Inside Primary Container

Drug product typically is not the only content inside a primary container. Moisture,
air, or nitrogen can be present in the headspace of a container. The type, property,
and quantity of the contents inside a container can affect the function and therefore
the selection of a CCI test method.
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The liquid product inside a container is often substituted by water during CCI
method development because the product is expensive and hard to obtain. The use
of water may not represent the worse-case conditions for leak detection of the
method selected. The selection of a method should be checked using the container
with actual product inside to ensure the selected method is appropriate for the
targeted product and container system.

12.3.5 Inline Manufacturing Monitor Versus Offline
Laboratory Test

Cycle time of a test is another factor to consider when selecting a test method
for different end uses. The processing speed in fill-and-finish and
stoppering-and-capering for drug manufacturing is typically in the range of hun-
dreds of containers per minute. The cycle time of a CCI test for inline application
has to be comparable to this production speed. Reducing the throughput due to CCI
test may require major modification of production lines thus can be costly for
business.

A method that can be in sync with production speed but with slightly lower
reliability is more preferable than one with a higher reliability but at a speed too low
to be good for 100% inline use. Tighter acceptance criteria can be set for the faster
method to compensate for the slightly less reliable result. Although this approach
can potentially reject good containers, it maintains production speed while still keep
container integrity in check for the passing products.

On the other hand, in a stability study a more reliable method, even slower, is
more appropriate for the CCI test. A longer test cycle is less a concern for stability
protocol as the study typically has a limited number of samples. Applying a less
reliable method to the limited samples in a stability study can be problematic. If a
non-leaker is falsely identified as a leaker in stability study due to the unreliable
data or unnecessarily tight acceptance criteria, it can trigger a false non-
conformance and needless investigation for the marketed products.

Therefore, depending on the purpose of the application, whether a test method
can be inline 100% manufacturing monitor or offline sampling test will influence
the selection of the method.

12.3.6 Primary Container Material of Construction

Traditionally glass has been used as material of construction for primary container
of parenteral product. Glass is usually considered as impermeable and does not
absorb tracer gas (usually helium) or liquid (such as dye) in method that uses tracer.
But the elastomer material that provides sealing function for the glass containers
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(such as the stopper in vial and the plunger-stopper in syringe) may absorb tracer
gas and outgas during test cycle to give false result.

Plastic is now gaining recognition as the material of construction for the par-
enteral containers. Rigid plastic used for primary containers usually has lower
permeability than the elastomer seal material. However, a primary container has a
much larger surface area compared to an elastomer seal. It may absorb sufficient
amount of trace gas in a test. The absorbed gas is then released during test cycle for
the leak detector to register it as a leak to lead to false result. Furthermore, plastic
material exhibits high propensity of absorbing color dye. As will be discussed in
further details in a later section on test method, absorption of dye by the primary
container could bias or impair the method to be selected. Therefore, before a test
method that uses tracer is selected studies are required to ensure that the elastomer
or plastic materials to be used do not influence the test result.

12.4 Container Closure Integrity Test Method
for Primary Container

The test methods presented in this section include the frequently used physico-
chemical tests and the traditionally used microbial challenge for rigid primary
containers. The general principles, applications, advantages, and challenges of these
tests are discussed. Some exemplary data are provided to further illustrate different
features of each method.

12.4.1 Microbial Challenge Test

Microbial test, one of the earlier and widely used methods for verifying the sterility
of drugs, has two types—immersion or aerosol. In the immersion test, the con-
tainers to be tested are filled with media solution and then submerged in a vessel
containing nutrient broth and the motile-indicating microorganisms. Upon com-
pletion of the exposure period, the containers are incubated and the media solution
inside the containers is examined for turbidity. The turbid containers are
sub-cultured on media to confirm the presence of the indicating microorganism.
Sterility or CCI is demonstrated when the challenged container shows no turbidity,
indicating no presence of the microorganism inside the container. The aerosol
challenge is performed in a similar procedure. Instead of immersion, however, the
media-filled samples are exposed to aerosolized microbial spores in a
high-bioburden environment for an allotted time.

Since the microorganism used in the challenge is extremely small, a leak size of
1 lm can potentially be detected if the organisms migrate through the leak path.
With this feature, the method may seem to have a high sensitivity. The success of
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leak detection by microbial challenge, however, depends on several other factors;
the chances for the microbes to find and traverse the leak path and the wetness of
the entire leak path. Due to such unpredictable movement of microorganisms and
the potential air blockage of the micro-channel, microbial method has been shown
to be probabilistic. Figure 12.1 shows an example of the unrepeatable nature of the
results from a microbial immersion challenge. For each leak size, up to three
separate tests were conducted under the same test conditions using containers with
extremely small leaks. The leak rate in the figure is presented as vacuum decay rate.
The range of leak rate represents a range in hole size of approximately from 0 to
5 lm. In the figure, a generally increasing trend in the percentage of microbial
ingress is observed with increasing leak size. However, the percent positive units
varied significantly from test to test on leaks of similar size.

Various studies have been published in an attempt to correlate the leak size to
percent positive leak detection. Unfortunately, the probability of microbe ingress,
limited sample size, and types of microorganism used in the studies prevented such
correlation attempts from reaching a firm and consistent conclusion, thus, making
the determination of method’s true sensitivity difficult.

Several other shortcomings of the method such as microorganism type, de-
structive and contamination prone nature tend to drive the leak detection for pri-
mary containers toward other physicochemical tests. Nevertheless, in some
instances, microbial challenge may be the only viable CCI test. One such example
is the case of an intricate auto-injector device. The following factors of an
auto-injector—numerous movable parts, obstruction of container headspace, diffi-
culty of preparing the positive control, and potential compromise of container
integrity from device disassembling procedures—limit the use of other test methods
for its CCI test.
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12.4.2 Liquid Tracer Leak Test

Liquid tracer test, or commonly called dye penetration or dye ingress test, is an
easy, fast, and inexpensive way for leak detection. Figure 12.2 shows the typical
setup for a dye penetration test. The test starts by placing the challenged samples
fully immersed in a tub holding the dye solution (or liquid tracer). The dye solution
tub is placed inside a pressure chamber and subjected to a specified vacuum
pressure for an allotted time. The pressure in the chamber is then restored to
atmosphere for another specified interval. In some cases, the samples in dye
solution tub are subjected to an additional over-pressure for an extra duration prior
to being removed from the test chamber. The dye solution tub is then removed from
the test chamber. The samples are then removed from the dye solution, and the
external surfaces of the samples are thoroughly rinsed and dried. The samples are
examined for dye penetration into the interior using visual inspection or UV/Vis
spectrometer by comparing them to the negative controls.

The most commonly used liquid tracers are Methylene Blue and Rhodamine B.
The USP <381>, EP 3.2.9, ISO 8362-5, and ISO 8871-5 all mention the use of
methylene blue dye as a liquid tracer for closure integrity and self-sealing tests.
Testing conditions in these documents were slightly different in previous releases,

Fig. 12.2 Typical setup for dye immersion test (syringe shown as test sample)
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but are synchronized in the latest versions. Table 12.2 shows the test conditions and
sample size from these documents. Significant modifications on these test condi-
tions have been made by many companies to increase the sensitivity of the test
method. In addition to the extra over-pressure and test duration mentioned above,
one major change to improve the sensitivity of the method is the use of surfactant in
the dye solution, which reduces liquid surface tension to facilitate easier ingress of
dye solution.

One critical requirement missing from the documents in Table 12.2 is the pos-
itive control for the test. Negative and positive controls in an assay are essential to
ensure that the testing system functions properly at the time of test. The test may be
questionable if no positive control is used to demonstrate the test article is actually
challenged during the test. Without the confirmation of a positive control, negative
result of a test sample could be due to the insensitive or probabilistic issue of the
method. The use of validated positive control can rule out these uncertainties.

Due to the poor sensitivity and low repeatability of dye penetration under the test
conditions of Table 12.2, the method has been shown to require relatively large
needles as positive controls to assure consistent 100% dye ingress in positive
controls. Figure 12.3 shows an example of the inconsistent dye penetration result.
Eighty syringes, each contained a “micro” leak of same size, were tested in a single
run using test conditions of 30 min of 9″Hg vacuum and 30 min of ambient
pressure. Significant variation in the amount of methylene blue dye penetrating
through the leaks was indicated by the huge difference in shades of blue color.

Despite the above drawback of the liquid tracer test, the test can be a valuable
tool for the detection of extremely small leak during container development pro-
cess. When the pressure exposure time was increased significantly to hours or days,
additional positive pressure was added to the test cycles and higher concentration of
surfactant was used, the dye ingress test actually detected leaks that were consid-
erably smaller than 5 lm. Under the test conditions of Table 12.2, liquid tracer test
is a simple method for detecting larger leaks, but not a sensitive method for
detecting small leaks consistently, thus not an excellent CCI test method for sterility
confirmation of parenteral products. However, it is a useful tool during container
development for checking container integrity. The inconsistent outcome can be
compensated by using severe test conditions of high vacuum, high over-pressure,
extremely long test duration, high concentration of surfactant in dye solution, and
substantially large sample size.

Table 12.2 Pressure profile and test duration for methylene blue dye test

Source document Sample
size

Exposure at reduced
pressure

Exposure at
atmospheric
pressure

Vacuum
pressure

Duration Duration

USP<381>, EP 3.2.9, ISO
8362-5 and 8871-5

10 −27 kPa
gauge

10 min 30 min
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12.4.3 Vacuum Decay Leak Test

Vacuum decay test utilizes the principle of pressure change for leak detection.
Setup of the test system generally includes a pressure monitor device, a test
chamber, and vacuum mechanism as illustrated in Fig. 12.4. There are three stages
in the leak test; evacuation, equalization, and test cycles. The system applies vac-
uum inside the test chamber containing a sample during evacuation cycle. Test
chamber is then isolated from the vacuum source by the normally closed fill valve.
The absolute pressure transducer monitors the vacuum level in the closed system
during equalization cycle. After the equalization cycle, the normally open bypass
valve closes and the change of vacuum level in test chamber over the predetermined
test cycle is measured by the differential pressure transducer. The vacuum decay
rate is correlated to the leak rate, which in turn determines if a leakage is present in
the test sample based on a preset acceptance criterion.

Vacuum decay test detects leak from any location in a container, thus the leak
location cannot be isolated from the single test. But the simplicity and robustness of
the test makes the method attractive. The test method is used in ASTM F2338, an
FDA recognized consensus standard for non-destructive detection of leaks in

Fig. 12.3 Variation of blue color in 80 syringes with same leak size from a single methylene blue
dye penetration test. Bottom two is negative control
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packages. As demonstrated in ASTM F2338, the commonly recognized sensitivity
of 5 lm for the primary containers can easily be validated. Another advantage of
the method is the simple yet reliable positive control, which is simulated by using a
precise microflow meter to represent the targeted sensitivity. The non-destructive
nature of the test adds one more favorable factor to the method selection. This is
especially so for products that are expensive and scarce to procure during the
method development.

One drawback of the vacuum decay leak test is the occlusion of leak path when
testing a package containing a product of large molecules. The high vacuum applied
during the test provides a high sensitivity to the method and allows the detection of
small leak in contact with liquid solution. But, it also simultaneously pulls the large
molecules in the solution toward the leak. The large molecules are left in the
torturous pathway after the vaporization of water and ultimately clogging the small
leak. In one study of such clog phenomenon, fifty biological drug-filled syringes
with laser-drilled hole size of 3.5–7 lm were tested using vacuum decay method.
The samples were tested daily for 10 days. The results in Fig. 12.5 show that more
than 97% of the data had pressure decay values equal to or less than the clog
criterion based on the responses of no-leak samples, producing false-negative
results.

Figure 12.6 further illustrates the outcome of clog phenomenon. Two groups of
glass syringes with one group containing a biologics solution and the other group
containing its placebo solution were repeatedly tested over 10 days. Each syringe in
both groups had a laser-drilled hole size ranging from 3 to 7 lm on the glass barrel.
The large variations of differential pressures in placebo group were attributed to the
wide range of hole size (3–7 lm), partial impediment on some holes prior to the
leak test, and baseline noise of the instrument. Nonetheless, the clog phenomenon is
evident that leaks on all syringes containing biologics were completely occluded
after three tests, while the ones containing placebo solution were still detectable at
the tenth test.

Fig. 12.4 Schematic diagram of a vacuum decay leak test system
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12.4.4 Electrical Conductivity Leak Test

The electrical conductivity leak test, commonly known as spark test or High
Voltage Leak Detection (HVLD) system, is based on the principle of electricity
conduction through materials of different conductivities. Two fundamental
requirements for the method to work are: (1) the container is made of electrically
insulated material such as glass, rubber, or plastics and (2) the solution in the
container is an electrically conductive material. Figure 12.7 shows the basic setup
and principle of a HVLD system for leak testing a syringe.

During the test, a high voltage is applied to a specific area of the tested container
through an inspection electrode. If the container has a leak at the inspected area, a
discharge current will flow through the pinhole or crack into the container. The
current flow through the container and conductive solution is collected at a
detection electrode. A defective container has no resistance at the leak site, thus a
higher current volume is collected at the detection electrode. Detecting the change
in this current volume enables the presence of a leak to be identified. HVLD is a
localized leak detection method as the inspection electrode needs to be placed near
the defect for an effective detection. Therefore, the test sample needs to be rotated
360° circumferentially and the electrodes need to move laterally (Fig. 12.7).
Alternatively multi-channel electrode stations can be installed laterally (Fig. 12.8),
instead of moving electrodes laterally, to cover the entire test sample.

Fig. 12.7 Setup and leak detection principle for an electrical conductivity test
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Since the HVLD is a localized leak detection method, its method sensitivity
needs to be verified at locations throughout the entire primary container closure
system. The method cannot claim a sensitivity of 5 lm for a prefilled syringe if the
5 lm leak can only be detected at the syringe barrel, but not at the plunger-stopper
of the syringe.

The electrical conductivity leak test method has the assurance of absolutely no
external contamination to the content in the container. It is also considered as a
non-destructive test if the high voltage does not impact the efficacy of the drug or
interact with any of the contents. One study presented by ImClone Systems at 2010
PDA Annual Meeting on the HVLD systems showed the high voltage used in vial
leak detection presented no detectable impact on the efficacy of their biological
drug. However, another study showed the high voltage caused the conversion of
oxygen in the headspace to ozone and could potentially impact the product. It is still
unknown whether the impacts on other parenteral products would be negative or
positive. Thus, it is vital that the impact of high voltage on the content be evaluated
for each specific product over the entire shelf life to ensure no undesirable effects
from high voltage on the efficacy and safety of the drug.

There are several advantages of using the HVLD system for leak detection. The
detection principle of the system allows the test be performed at a much higher
speed than the other methods. It also allows the machine design be flexible to
accommodate various line speeds. The test parameters of the machine, high voltage
and sensitivity factor, are easily adjustable, so a variety of products and containers
can be tested on the same equipment with minimal changeover time. Therefore, the
HVLD system is commonly used in manufacturing for continuous 100% online
monitoring.

Since HVLD system uses liquid product in the container as a conductive path, a
small leak, which might potentially be clogged by large molecule proteins in a
biological product, can still be detected as long as the leak path remains wet. This
benefit can be an important factor influencing the selection of leak test for container

Fig. 12.8 Schematic diagram of a multi-channel HVLD system for syringe
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with large molecule content that poses high likelihood of obstructed leak path. To
demonstrate the advantage of HVLD method over the vacuum decay method for
CCI test of biologics, 20 syringes with hole size of 5–100 lm filled with biological
drug were tested initially using vacuum decay method and subsequently the HVLD
method. Results in Fig. 12.9 show the leaks on all 20 syringes were not detected by
vacuum decay method. Results in Fig. 12.10 show successful detection by HVLD
method.
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Several studies performed on HLVD method indicated a few downsides of the
system. When a small laser-drilled leak was located in an area of thicker wall,
where the leak path was not completely wet, the system could not detect the leak.
However, such leak undetected through HLVD was found after the leak path
became wet through a vacuum procedure. Although increasing high voltage can
improve the success of HLVD in detecting leaks through a thicker wall, it also
increases the occurrence of false reject due to the likelihood of a short circuit. Such
short circuit was observed as occasionally inconsistent signals received at the
detection electrode in repeated tests. Figure 12.11 shows the results of replicate
tests for ten samples with similar leak size on a multi-channel HVLD system. The
signals were fairly consistent between replicates except for Sample no. 4, where a
large discrepancy in signal between replicates was observed. A short circuit
between electrodes of adjacent channels was identified as the cause for the high
signal in the second run. This issue was later corrected through optimization of the
test parameters.

Another factor found to affect the inspection signal is the surface condition of a
container due to environment. The signals varied appreciably when a cold
non-defective sample was tested on days of substantially different humidity. Such
variation can be minimized by controlling the humidity of the testing environment,
warming up the sample and wiping the surface of the sample prior to testing. An
unexpected outcome could trigger a costly false non-conformance investigation.
Therefore, in-depth studies and optimizations of the test parameters are recom-
mended during the method development to minimize the method’s downsides.
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12.4.5 Tracer Gas Leak Test

The tracer gas leak testing is used in various industries for wide range of appli-
cations. Helium, due to its super property, was already used in the 1940s as the
tracer gas for leak detection of the diffusion plant in the separation of uranium for
the first atomic bomb. There are two different ways to run tracer gas leak test for
detecting container leak. The test can generally be categorized as outside-in way or
inside-out way. In the outside-in way, a tested part is placed in a chamber filled with
pressured helium or the outer surface of a tested part is bombarded with helium
whereas in the inside-out way, a tested part is filled with helium. The escaped
helium from the leak in both ways is detected by an integrated detection system
which is consisted of a helium mass spectrometer, a vacuum or pressure system, test
chamber, helium filling equipment, etc. One of the factors in selecting between the
two ways is the rigidity of the containers to be tested. Since it is slow for a rigid
container with a small elastomer seal to absorb sufficient helium in bombing
method or it is challenging to seal a detection probe inserted into a rigid container
for the outside-in method, the inside-out method is generally used for the rigid
parenteral product containers.

For the inside-out method, the principle for helium leak detector is similar to that
of a vacuum decay leak detector. The tested container is placed inside a vacuum
chamber in both methods. The major difference between the two methods is the
need of helium filling in the tracer gas method. Another difference is that the leak is
detected by a mass spectrometer with the rise of helium concentration in tracer gas
method while a pressure transducer is used in the vacuum decay method.

Figure 12.12 shows an example of an integrated helium leak detection system.
The system has the capability of investigating container integrity at various tem-
peratures with the use of an environmental chamber. It also has duel modes of
operation; one for measuring leak rate with a vacuum chamber and the other for
pinpointing the leak location with a sniffer probe. As shown in Fig. 12.12, a vial to
be tested is filled with helium from a tank via needles puncturing through its stopper
seal. Adhesive is applied to the puncture site afterward to seal any potential leak
from the puncture. The vial is then placed inside a vacuum test chamber (shown at
the upper right in the figure) for leak rate measurement or under a cover containing
a sniffer probe (shown at lower right in the figure) for leak location identification. If
a leak exists, helium escaped from the leak path is detected by the mass
spectrometer.

Figure 12.13 presents the helium leak test results of samples from an investi-
gation of subzero temperature excursion during shipping. In this test, the actual
filled helium concentration was not 100%. The measured leak rates shown in the
figure had to be corrected. The actual leak rates were obtained from the measured
leak rates corrected by actual filled helium concentrations in the container. The
acceptance criterion of 6 � 10−6 std.cc/sec is based on Kresch’s study results from
1999. The investigation confirmed the integrity of the containers. The high
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Fig. 12.12 An integrated helium leak detection system for leak rate measurement and leak
location identification
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sensitivity of the method, as seen in the extremely low leak rates measured, makes it
an excellent method for a package when a hermetic seal is required.

Helium is non-toxic, non-reactive, inexpensive, and modestly present in atmo-
sphere. These attributes enable it to go through the smallest leak without affecting
the container and be readily and precisely measured by a mass spectrometer.
Therefore, helium leak detector is currently the most sensitive method for a CCI
test.

Although the method has the benefit of highest sensitivity, it also has some
drawbacks. The commonly used containers for parenteral products typically have
seals made of rubber or other elastomeric material. This kind of materials usually
has higher permeability compared to glass and can potentially absorb tracer gas to
influence the leak detection outcome. To demonstrate the effect of helium perme-
ability on leak test of plastic containers, thirty plastic vials were tested at two
temperatures. Results in Fig. 12.14 show that the same good vials passed the leak
test at −70 °C failed at room temperature with the same pass/fail criterion. This is
due to the effect of higher permeability of helium in plastic material at warmer
temperature. The results also point out that different pass/fail criteria are needed for
tests conducted at different temperatures.

Finally, the use of helium as a tracer gas can be considered as disadvantage.
Since the parenteral products are typically not packaged with helium, the helium
filling step makes it a destructive test. In addition, the test conducted on
non-product-filled container is also a disadvantage.
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Fig. 12.14 Comparison of helium leak rates at room temperature and −70 °C for the same 30
plastic vials
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12.4.6 Headspace Gas Analyzer

Headspace gas analyzer utilizes the technology of low energy laser absorption
spectroscopy to measure the headspace gas inside a container for leak detection.
The laser light is tuned in frequency to match the internal absorption frequency of
the gas molecule to be detected. The laser light is passed through the headspace of a
container. The absorption of laser light after it passes through the headspace is
measured by a spectrometer. The frequency modulated laser is converted in the
spectrometer to an amplitude modulation that is proportional to gas concentration.
By comparing the concentration of the headspace gas in the tested container to that
of a non-leak container, the CCI of the package can be determined. Figure 12.15
shows a simplified schematic diagram of a headspace analyzer using laser
absorption spectroscopy.

Three molecules, oxygen, carbon dioxide, and water moisture, can be analyzed
by the headspace analyzers currently available on the market. Analyzer that mea-
sures oxygen concentration can be used in a container that is packaged with
nitrogen blanket headspace. Analyzer that measures carbon dioxide (or oxygen)
concentration is applicable to a container that is stored under dry ice. And analyzer
that measures the moisture concentration (as pressure reading) can be used in a
container that is packaged under vacuum pressure.

The technology for moisture concentration analysis has been demonstrated to be
suitable for CCI test of lyophilized drug which is usually packaged under vacuum
to minimize moisture content inside the container for the prevention of caking.
Table 12.3 shows results from an application of headspace analyzer in detecting
leak on vials with different manipulations. The oxygen content in the lyophilized
drug vials without leak is typically in the range of 2–4%. The results clearly
confirmed the capability of the method to measure small leak on Sample F and large
leak on Samples A, E, and G.

Fig. 12.15 A simplified schematic diagram of a headspace analyzer using frequency modulation
spectroscopy technique
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Figure 12.16 shows results of another application of using headspace analyzer to
evaluate the CCI of vials under 24 h storage of dry ice. Results from the stoppered
and aluminum cap crimped vials showed the vials were intact with nominal oxygen
concentration prior to and after dry ice storage. That from the vials with a 27G
needle inserted through the stopper showed substantial leak with low oxygen
concentration. And results from the stopper only vials showed variable leaks with
wide range of oxygen concentration. Rubber stopper lost its sealing property under
the cryogenic condition with dry ice. However, the crimping of aluminum cap
compensated for the loss of rubber stopper’s sealing property and was able to
maintain the CCI of the vials.

Headspace analyzer is a non-destructive method as it utilizes the technique of
laser light passing through the headspace without altering the package or impacting
its contents. It is often used for 100% online leak detection due to its fast speed and
non-destructive natures. However, the test is limited to package that is transparent
and contains a targeted gas with its concentration changing by leak. The method
would not be able to detect leak in a container packaged and stored under

Table 12.3 Measured oxygen content from headspace analyzer in lyophilized drug vials

Sample Oxygen (%) Vial conditions

A 22.4 Small crack in glass vial

B 2.8 Normal sample

C 3.6 Normal sample, filled with 3 torr air

D 3.3 Normal sample, filled with 3 torr nitrogen

E 22.0 Stopper punctured by a large needle, left overnight

F 6.7 Stopper punctured by a small needle, left overnight

G 22.0 Open stopper for about 1 s, close again

Fig. 12.16 Oxygen concentrations inside vials under 24 h storage of dry ice
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atmospheric pressure. A leak in this container under atmospheric pressure would
not result in a measurable change in the concentration of oxygen, moisture, or
pressure. Another factor that could limit the application of this method is the
availability of headspace. Prefilled syringe typically has a nominal headspace less
than a few millimeters. With such a small clearance in headspace compounded with
the allowable tolerance in fill volume, the syringe could be very close to liquid full.
Therefore, there is a great risk that in a test the laser light will pass through the
liquid phase and produce false result. A robust design of the detection setup has to
be in place to prevent a false alarm when using headspace analyzer for syringe with
small headspace.

12.5 Method Development, Qualification, and Validation

Validation and qualification can mean different activities for manufacturing process,
analytical method, instrument, and equipment. It could also have different meanings
for different companies. The process to get a CCI test method validated consists of
the following activities: instrument and equipment validation, test method devel-
opment and qualification, and finally test method validation. These steps and related
elements are discussed in this section.

12.5.1 Instrument and Equipment Validation

It is recommended to validate the instrument and equipment used in test method
prior to the method development work. Instrument and equipment validation
includes three phases of qualification; installation qualification (IQ), operation
qualification (OQ), and performance qualification (PQ). Instrument vendors typi-
cally have the IQ, OQ, and PQ documents to facilitate the validation process.

A laboratory usually has preventive maintenance to keep instrument calibration
up to date. However, calibration alone lacks the benefits from the extra activities
performed in IQ, OQ, and PQ thus may not be sufficient for the instrument to be
used in CCI testing. For example, the transducer in pressure decay equipment is
calibrated, but the performance of the equipment may not be appropriate due to a
faulty Venturi tube or leak at internal tubing connections. In addition, instrument
validation can be helpful when unexpected issue occurs during method transferring
from site to site. For instance, successful instrument validation at both the origi-
nating and targeting sites can rule out instrument, utilities, or facilities as the cause
of conflicting results.

The goal of IQ is to verify the delivered instrument is built in compliance with
the designs and specifications, installed according to manufacturer’s instructions,
and located in a proper environment. In the IQ phase, the instrument is identified to
have right model number, the valid certificates of calibration are included, an
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adequate space is allocated at the installation site, the proper temperature and
humidity controls for the environment are in place, and the utilities are within the
required specifications and correctly connected to the instrument.

The instrument is demonstrated to function properly according to operational
specifications during the OQ phase. Test cases with written procedures are per-
formed to verify that data collection system, security and audit trails, control loops,
alarm system, and functional operations all run as intended applications by
instrument manufacturer. For example, when a package with a gross leak is
assessed using manufacturer-supplied parameters in one test case, the leak should
be identified on instrument screen, the alarm is activated if the reading exceeds the
alarm limit, and the correct output of failure is recorded on instrument’s storage
device. The reliability of the instrument under normal operating parameters can also
be tested and confirmed in OQ phase.

All elements for the operation of the instrument, including the connected
peripheral devices such as computer and test chamber, are included during PQ
testing. Tests are set up to verify the performance of an integrated instrument
system according to known results, standards, or intended applications. Typically, a
series of tests are executed and repeated at different time in PQ phase to check the
consistency of the performance. Tests in PQ may resemble those in OQ, but the
goals and acceptance criteria are different. The PQ is verified by successfully and
repeatedly differentiating known leak and no-leak containers in different days with
parameters from vendor’s validation document or from a satisfactorily completed
Factory Acceptance Test.

12.5.2 Test Method Development and Qualification

12.5.2.1 System Suitability for Test Method

System suitability is an important feature in a valid CCI method; however, it is
often neglected in the development process. Thus, it is discussed in particular here
to emphasize its importance.

The CCI test method is an integrated system and may consist of equipment,
instrument, test chamber, tracer material, operation procedures, test parameters,
positive and negative controls, samples to be tested, environmental chamber, and
computer, etc. Even after a successful completion of method validation, occa-
sionally the method may not work properly due to unexpected excursion such as
leak at the connecting tubing or contamination at the analyzer. System suitability
check is to ensure the integrated system is working properly at the time of test. The
check is normally confirmed by using qualified positive and negative controls. With
the acceptance criteria of CCI test as defined and verified in the method develop-
ment, the positive and negative controls shall consistently fail and pass,
respectively.
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System suitability is also essential for confirming method sensitivity and pro-
viding evidence that the test samples are actually challenged at the time of test. One
example to demonstrate the importance of system suitability is related to the dye
penetration test. Many documents (such as ISO, USP, and EP in Table 12.2)
provide guidance on dye test conditions, yet no reference or suggestion on the
necessity of positive control is mentioned. Therefore, many laboratories perform
dye ingress tests following these documents without using any positive control.
With the lack of positive control when a tested sample did not show dye pene-
tration, it is possible that the leak was not actually challenged as no evidence on the
ability of dye penetration was provided.

The use of controls is crucial but selection of controls can be challenging and
difficult, especially if they need to be simple, easy to maintain, reliable, and robust.
Recently, laser drill technology with its capability to produce definite leak size that
resembles a real tortuous leak path has been widely employed as a way of creating
leak samples for rigid primary containers. However, the laser-drilled parts are
expensive, prone to clog, and with limited accuracy at small leak size (i.e., a huge
tolerance as hole gets smaller). In addition, they are not reusable in most of the tests.
Even if reusable, the holes need to be assessed and confirmed as they may be altered
by the preceding leak test. For example, the hole may become bigger from the
shock of high voltage in HVLD test or occluded by dust or particles during vacuum
decay test. Extensive researches and studies sometimes are required to identify the
adequate controls for the system suitability check of each specific method.

12.5.2.2 Development and Qualification Activities

Before a method can be implemented for in-process control, product release, or
stability study, it has to demonstrate its capability to measure the intended prop-
erties. A series of activities take place during method development and qualification
to identify, define, and analyze parameters of the method. The activities typically
include assessment and establishment of method characteristics, evaluation and
optimization of operational conditions, research and development of negative and
positive controls, and determination and justification of acceptance criteria. These
activities may be performed independently, jointly, in sequence, in multiple stages
or in groups. Statistical studies like Design of Experiments can be used to screen
and optimize the input test conditions and output test results. Based on knowledge
gained through development activities, a CCI test can be established and qualified
to demonstrate its capability for the intended use. It is essential that the develop-
ment activities and results be documented, which can be the basis for making
decision on qualification data.

The characteristics of a method to be assessed depend on method type and its
intended application. For analytical methods, the classifications of method type and
characteristics to be qualified are described in ICH Q2(R1) and USP <1225>. Some
of these characteristics (such as the specificity) may not be totally relevant to the
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physicochemical methods for CCI testing. Nevertheless, they can serve as guidance
for the development and qualification of a CCI test method. Typical characteristics
evaluated in the qualification of a CCI test include sensitivity, system suitability,
precision (repeatability and reproducibility), robustness, detection limit, or quanti-
tation limit for a quantitative test.

Method qualification should be performed at the completion of development
based on a defined experimental design. A successful qualification depends on the
understanding of method from the development process. Method capability is
confirmed by demonstrating the success of expected outcomes with the predeter-
mined acceptance criteria. The criteria used to determining the acceptability of the
method should be specified, justified, and documented based on sound scientific
and engineering principles for the intended purpose. Appropriate sample size of
intact and defect samples, including mixed population of various types of defects
and leak sizes if possible, should be used to achieve an appropriate method qual-
ification. Data collection and analysis should include sufficient statistical confi-
dence. When the targeted expectations are not met during qualification, the method
should be reevaluated and redeveloped or different acceptance criteria should be
established and justified. Method qualification for CCI test needs to be repeated
when the design of a container is changed.

12.5.3 Test Method Validation

The purpose of method validation is to establish documented evidence that a
specific and qualified CCI test method will consistently produce the predetermined
acceptable performance in detecting leak to meet required container quality.
Method validation is required prior to the implementation in GLP or GMP facilities
for CCI testing.

Method validation is performed after method qualification is satisfactorily
completed with the test parameters and acceptance criteria selected and optimized.
After method is developed and qualified, it needs to demonstrate that the same
performance attained in method qualification can be achieved reproducibly and
repeatedly at different days using different instruments, analysts, and sites under
GLP or GMP conditions. The characteristics identified and verified in method
qualification should be included in the validation.

Written protocol and proper approvals with the established acceptance criteria
from qualification should be used. Sufficient samples on intact containers from
different batches as well as representative leaks close to realistic defects if possible
should be used in validation. Again, the collected data should be statistically sig-
nificant to demonstrate the suitability, repeatability, reliability and validity of the
method.
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12.6 Summary

Each CCI test method has its advantages and disadvantages. The selection of an
appropriate CCI method depends on the purposes and requirements of the test.
Table 12.4 provides a summary of the comparisons for the methods presented.

The lifecycle concept has been adopted by regulatory agencies for the devel-
opment, qualification and validation of manufacturing processes. The CCI test
method used for commercial or clinical production shall follow the similar approach
for the lifecycle of a product. The method shall not only be monitored and main-
tained regularly, but also be modified, improved, and updated whenever innova-
tions and advances in new leak detection technologies become available. Due to
limited resource or low priority, many companies continue using the method that
was developed and validated many years ago even after newer instrument with
higher sensitivity and capability becomes available. Since the consequence on loss
of container closure integrity in parenteral product is critical, it is important to
employ the best method possible for providing patients with sterile products at the
highest safety and quality standards.

Table 12.4 Comparisons of container closure integrity test methods

Method Pro Con

Microbial
immersion

• Extremely small
microorganism

• Media-filled sample (non-product
filled)

• Probabilistic
• Long test time

Vacuum decay • Sensitive
• Repeatable, non-destructive
• FDA consensus standard

• Defect clogged by large molecules in
product

Dye ingress • Convenient but long test
duration

• Repeatable
• Detects clogs

• Hazardous waste/water consumption
• Limited sensitivity
• Destructive

HLVD system • Clogs are detected
• Potential for 100% online
inspection

• Suitable positive control research
• Potentially destructive
• Wet leak path required

Helium leak test • Extremely sensitive
• Cryogenic temperature
testing

• Reliable

• Helium-filled sample
• Complex setup
• Test interfered by degassing

Headspace
analyzer

• Potential for 100% online
inspection

• Non-destructive

• O2, H2O, and CO2 detection only
• Sufficient headspace clearance
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Chapter 13
Chemical Durability of Glass—
Delamination

Holger Roehl, Philippe Lam and Dominique Ditter

Abstract Primary packaging containers used for the storage of parenteral drugs are
designed to protect the medicinal product from the environment to ensure patient
safety. Mainly borosilicate glasses are leveraged as the vial material of choice due
to their excellent chemical durability and other additional benefits. Nevertheless, the
formulation and its excipients can interact with the glass leading to an alteration of
the surface. This interaction can result in ion leaching or glass corrosion. One
prominent example is the occurrence of delamination which is the formation of
glass flakes/lamellae. Such visible particles were the reason for several recalls
within the last years. For that reason, an overview of general interaction mecha-
nisms of the formulation with the glass surface and the root cause for delamination
is presented within this chapter. Factors influencing the risk for delamination are
discussed in detail as well as analytical techniques suited to investigate the impact
on the properties of the primary packaging containers. The combination of the
knowledge about the underlying root cause and the respective analytical tools to
characterize the vial internal surfaces will help both the manufacturers of the vials
and the pharmaceutical companies to establish a thorough control strategy to avoid
the issue of delamination.
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13.1 Chemical Durability of Glass

Fused silica or fused quartz is a glass made out of pure SiO2. It has outstanding
properties like a low thermal expansion coefficient, high temperature, and high
chemical resistance. It is inert against acids except hydrofluoric and hot phosphoric
acid. But it has a main disadvantage which limits its usage as a primary packaging
component, e.g., as a vial: Transformation, softening, and processing temperatures
are all significantly higher compared to other glass types used for pharmaceutical
applications. Therefore, additional raw materials have to be added to lower the
processing temperature, mainly alkali oxide (Na2O or K2O, so-called network
modifiers) [1]. The modifiers are mobile ions within the glass backbone formed by
SiO2 and other network formers and lead to a disruption of the network. This results
in a lower processing temperature. The addition of network formers like B2O3 or
Al2O3 helps to improve the chemical durability (borosilicate glasses). Depending
on the desired chemical and physical properties, several more substances (metal
oxides) can be added, e.g., coloring agents like iron or titanium in case of brown
glass. To keep the elemental composition as tight as possible, the raw materials
need to have a constant and (of course) high quality.

Glass corrosion and ion leaching
Glasses for pharmaceutical applications are typically made of borosilicate glasses
with very high hydrolytic resistance (chemical durability). Depending upon the
chemical properties of the drug product solution (formulation), different interactions
of the liquid with the glass surface can be observed [1–4]:

– Is the pH lower than 7 (acidic), an H3O
+ exchange will occur with the most

mobile cations, i.e., typically with Na+ or other network-modifying ions. As an
inter-diffusion process, it is governed by a square-root time-law:

x ¼ const: � t1=2

Therefore, the growth of thickness x of the exchanged zone is rapid in the
beginning and slows down continuously, until it stops (from a macroscopic
point of view). The affected depth is only in the range of several ten nanometers,
but a consequence of the described reaction is that the pH value of non-buffered
systems will rise. Water For Injection (WFI) exhibits a pH of approx. 5–6 and
therefore will show this effect. In addition, alkaline ions will leach into the drug
solution and could interact with the excipients or with the API itself.

– OH− ions in alkaline solutions (pH > 7) are able to split the structural units of
silicate glasses directly (i.e., the siloxane bridges). During a basic attack, the
backbone of a silicate glass is destroyed. This process proceeds proportional to
time, that means that the process will continue and will not slow down:
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x ¼ const: � t

The dissolution of the backbone has another important impact: Not only alkaline
ions, but also all components of the glass can migrate into solution and can
interact with the excipients and the drug molecule. One example is the formation
of barium sulfate particles formed out of leached barium from the glass into a
sulfate-containing formulation or the interaction of phosphate buffer systems
with glass leachables [5].

– At neutral pH values (around pH = 7), a combined mechanism will be observed
due to the autodissociation of water. At first, ion-exchange reactions occur
similar like in acids. By that, the concentration of OH− in the water raises
leading to a start of a base attack.

Acids, bases, or other excipients of the formulation can react differently with the
varying glass elements leading to a preferential dissolution of these components [6].
A backbone of chemically more stable materials is left behind. The result is a thin
porous layer which can detach from the glass surface (delamination) [7]. Such
phenomena have a high level of attention from both the authorities and the phar-
maceutical companies worldwide [8, 9] and are the cause for several recalls within
the last months/few years [10]. The basic knowledge to understand the root cause of
delamination is therefore described in the following paragraphs.

13.2 Background/Definition of Delamination

Delamination is the peeling-off or detachment of thin glass layers from the inner
surface of vials usually in the form of small lamellae (“flakes,” see Fig. 13.1),
which then can appear as particles in the product solution (see Fig. 13.2). These
particles can be in the visible or sub-visible range. The phenomenon is not new and
was first described in 1940 by Bacon et al. who reported the formation of flakes or
spicules in solution after accelerated tests on soda lime glass bottles [11]. In 1953,

Fig. 13.1 Thin glass layers
detached from the inner vial
wall surface (Source Schott
AG)

13 Chemical Durability of Glass—Delamination 293



Dimbleby recognized the seriousness of glass flakes in pharmaceutical products
[12]. Nevertheless, delamination still caused a high number of recalls in the past
few years [10]. Due to patient safety and the high costs involved for recalling a
product from the market, it is of high interest to pharmaceutical companies to know
the root cause for the occurrence of delamination. It is essential to avoid the issue
by taking the right preventive actions.

13.3 Root Cause of Delamination

When evaluating published product recalls from 2010 to 2011, no common
features/properties of the drug solutions could be identified as the root cause for
delamination. The pH of the affected products ranged from 3.0 to 9.2, most of them
being near the neutral point (pH = 7). Therefore, the effect is not restricted to either
acidic or basic solutions alone. The product itself or the formulation of the drug
contains sometimes only water (WFI) or small amounts of salt. More often poly-
valent ions like citrates or phosphates are used as buffer systems.

Recent studies [13–23] revealed that the forming process of the vials has a major
impact on delamination. For pharmaceutical applications, mainly Type I borosili-
cate glasses are used for vials due to their high chemical resistance. During the
forming process (from canes to the final vials), hot gas flames are used for heating
up the glass sufficiently to soften the glass and to enable forming. At temperatures

Fig. 13.2 Delaminated glass
particle (flakes) in a placebo
solution (drug formulation
without API) (Source Schott
AG)
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of approx. 1000–1200 °C, some elements/species of the glass evaporate, mainly
borates. These components condense at cooler parts of the cane. In areas near the
forming zone, the glass surface is still so hot that the condensates (element specific)
diffuse into the glass. This changes the overall elemental composition of the glass
near the surface in these areas. Additionally, a phase separation is taking place due
to the change in chemical surface composition of the glass. Both processes result in
boron-enriched areas exhibiting a different (lower) resistance of the glass against
chemical attacks compared to the composition of the original borosilicate glass.
Specific elements (e.g., boron or sodium) are selectively dissolved/eliminated from
the network by a chemical attack of the formulation components leading to a porous
and weak structure (“reaction layer,” see Fig. 13.3). Additional stresses then can
lead to the detachment of the thin porous layers resulting in delamination.

The overall result is the formation of two areas of the vial revealing an increased
risk for delamination (see Fig. 13.4).

Fig. 13.3 SEM image of a
reaction zone caused by
selective dissolution of glass
components [4] (Source
Schott AG)

Fig. 13.4 Areas of the vial
with increased risk for
delamination [24]
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The first zone is located at the wall closest to the bottom where the temperature
gradients due to hot forming are the most extreme. The highest risk for delami-
nation is located there. A second area is located close to the shoulder of the vial. But
the effect is less pronounced due to the lower glass temperature and the shorter time
used for the forming process. Usually, vials are not filled in a way that the liquid
level is reaching that area. It could get important though if the vials are stored
inverted for stability testing of the drug product.

The bottom itself also exhibits a different chemical composition compared to the
original glass. Because of the evaporation of borates, it exhibits a higher SiO2

content making it chemically more stable compared to unaltered surface areas and
therefore less prone to delamination.

For syringes, the delamination risk is generally considered low due to the lower
temperatures needed during the forming process.

13.4 Additional Factors Influencing Risk for Delamination

The forming process is the main root cause for delamination [24]. It is possible by a
close control of the forming parameters to produce vials for which the risk for
delamination is reduced to a minimum. Schott’s Delamination Controlled DC
vials® is one commercially available product.

Molded glass can be considered as a cheaper alternative to tubular glass in the
context of delamination [25]. As delamination issues are associated with the hot
forming process, the risk of delamination associated with molded glass may be
considered lower due to the different production process. Delamination effects are
still possible in molded glass, typically affecting the whole surface and not just
certain risk areas, which needs to be considered in any glass change assessments
due to delamination. However, molded glass is for a variety of other reasons often
less favorably used compared to tubing glass.

In addition, several more factors than the production process have an impact on
the delamination issue, which will be discussed in more detail in the following
chapters.

13.4.1 Glass Composition

The glass composition has a direct influence on the hydrolytic resistance [26–30].
Mostly the boron and (to a lesser amount) the sodium content in the glass are
critical for the occurrence of delamination. For example, because of the higher
silicon content of 3.0 expansion glass compared to 5.0 expansion glass (the value is
indication the thermal expansion coefficient a) 3.0 glass requires higher tempera-
tures for forming which is associated with a higher risk for delamination. However,
Duran glass has a lower borate content, which is generally associated with a lower
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risk for delamination. Therefore, due to the lack of empirical evidence, which
would allow for a more accurate risk assessment, a decision for the selection of the
glass type must be achieved on a case-by-case basis. And it must always be kept in
mind that delamination is the result of the specific interaction of the formulation
liquid with the glass surface.

Another approach is to eliminate the likely main responsible element boron
completely from the glass composition. This can be done by replacing boron by
aluminum offering an aluminosilicate glass vial or by using pure quartz glass vial
made solely from SiO2. Both solutions would potentially remove the main root
cause for delamination.

13.4.2 Coatings

A strategy to reduce the risk of delamination is the application of a coating on the
inner vial surface. This is taking up the idea of changing the glass composition and
thus eliminating the root cause for delamination. Different options are already
available on the market and will be discussed briefly below.

13.4.2.1 SiO2

Type I plus® vials from SCHOTT [31] and vials from SiO2 Medicals are coated
with a thin SiO2 layer, which acts as a protective or a “victim” layer enhancing the
chemical resistance and the lifetime of the used primary packaging container.
Delamination is prevented because of the lack of boron. However, high pH solu-
tions will dissolve this layer. The higher the pH the faster this process is. The
advantage in this case is the time gained until the layer is dissolved. For that period
of time, no attack on the original glass can occur. Additionally, the interaction of
the formulation components with a large variety of glass elements is reduced to
silicon (Si) and silicon oxide species.

13.4.2.2 Hydrophobic

TopLyo® vials from Schott or siliconized vials (with or without the combination of
a heat treatment to create a baked-on silicone layer) exhibit a hydrophobic coating
on the vial interior surface resulting in a contact angle to water of up to approx.
100°. The interaction with the formulation is therefore minimized.

13.4.3 Container Size

In general, vials with a higher nominal fill volume exhibit a bigger body diameter
and an increasing wall thickness. Both factors lead to higher temperatures or longer
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times at elevated temperatures associated for the forming of bigger vial sizes
leading to a higher risk for delamination.

In contrast, small vials like 2 mL/2R vials reveal the highest surface to volume
ratios. A chemical attack on the glass surface is more severe compared to bigger
formats resulting in a higher delamination risk. During the experimental assessment
of delamination, both small and big vial formats should be considered when
applying a bracketing approach.

13.4.4 Ammonium Sulfate Treatment

The ammonium sulfate treatment is applied to remove alkaline ions from the glass
surface. This results in a lower amount of sodium that can be exchanged with H+

ions from the formulation/water. Therefore, such a treatment is normally used for
pH-sensitive (non-buffered) solutions. During the treatment, the glass surface is
chemically attacked and weakened, which lowers its chemical resistance, thus
enhancing the risk of delamination.

13.4.5 Process Steps at the End User’s Side

Not only the vial forming and processing steps at the manufacturers’ end have an
impact on delamination propensity. A lot of influencing factors have to be con-
sidered by the pharmaceutical companies using the vials for filling their medicinal
products [32–35].

13.4.5.1 Formulation Composition

Several buffer systems (e.g., phosphate or citrate buffers) are reported to facilitate
delamination [35–39]. Mechanisms are still poorly understood, and current
knowledge is limited to descriptions of some general principles of glass corrosion
and to some degree delamination specifically [40, 41].

Delamination is also observed with WFI or solutions with low ionic strength,
and (as already described before) a generalization or prediction is difficult to be
made because the root cause is still unclear [41].

In any case, high pH formulations are considered to exhibit a higher risk for
delamination. OH− ions attack the backbone of the glass network leading to dis-
solution of the surface. H+ ions at low pH values typically result in ion-exchange
processes not harming the glass integrity [42–44].
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13.4.5.2 Lyophilization

The risk of delamination in lyophilized products is generally considered lower than
with liquid products. This is mainly due to the low contact time of the liquid to the
glass surface. Contact times encompass process times including holding times
before the lyophilization step and time after reconstitution before application. In
total, contact time ranges from hours to days which is normally not sufficient for the
generation of the described reaction zone [45].

13.4.5.3 Primary Packaging Preparation

The preparation of glass primary packaging material for filling (depending on
individual product and process) typically involves washing, drying, depyrogena-
tion, and sterilization. Terminal steam sterilization is the preferred method of
sterilization for WFI and (most) small molecule products. Each of these parameters,
even though with different degrees of severity, may have an influence on glass
delamination.

The influence of production practices such as pressure of water and the use of
detergents during the washing step on glass delamination is considered low. But the
residual moisture remaining in the containers after the drying (blowout) and
pre-warming steps in the depyrogenation process is considered critical. Residual
water in the vial, resulting from incomplete vial drying will result in generating
water vapor during a depyrogenization or sterilization process, significantly
attacking the glass matrix potentially similar to the described alkalinity mechanism
[46, 47]. Adequate vial processing is key to minimize delamination risk, and this
parameter may be even more critical than formulation composition.

As glass corrosion processes are temperature dependent and require humidity
(resp. an aqueous environment), the combination of humidity and high temperatures
as encountered during terminal sterilization by autoclaving poses a very high risk to
promote delamination. In combination with a previous ammonium sulfate treat-
ment, this can be considered as worst-case conditions.

13.4.5.4 Storage

Parenteral products are typically stored at room temperature and sensitive products
at refrigerated conditions. Although these are very moderate temperatures, the very
long exposure during shelf life allows glass corrosion to proceed slowly. Higher
temperatures in general accelerate chemical reactions; consequently, the higher the
temperature during storage of the filled container, the higher the potential risk for
delamination [48, 49].
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13.4.5.5 Transportation

Mechanical stresses during transport may have an impact on the stability of the
reaction zone described above. Therefore, peeling-off of flakes may become more
likely especially if mechanical stresses are applied to products that have already
been stored for a longer amount of time.

13.5 Detection and Analysis

The success of detecting corroded containers during 100% visual inspection and
AQL testing after Drug Product manufacturing is considered low due to the slow
kinetics of delamination formation and the time point of visual inspection within
weeks after container filling. The probability of detection during stability testing is
higher due to the prolonged exposure time of the container to the solution. Thus, it
is imperative to monitor “visible particles” on stability testing. Yet, the choice of the
right primary packaging configuration has to be ensured by assessing of the suit-
ability of the container before usage for a specific product. The propensity of
delamination can be evaluated both in form of a risk assessment or via experimental
testing, either with selected representative solutions or with the real formulation
(with or without the API). Pharmacopoeial monographs give detailed recommen-
dations for the setup of respective studies (see, e.g., EP 3.2.1 and USP <1660>).
Assessing delamination via experimental testing requires the use of stress protocols
and accelerated conditions to make this assessment manageable related to time. Yet,
these conditions often poorly correlate to actual risk during long-term storage and
cannot reliably predict on what will be observed during long-term storage.

Due to complexity of the system, relying on a single analytical tool is not
considered sufficient. It is recommended to address different aspects with appro-
priate technologies focusing on the following topics:

– Visual inspection of the drug solution
This would be based on Ph. Eur. 2.9.20 testing. Illumination from the bottom of
the vial is helpful to visualize even small particles. A magnifying camera and
documenting videos aid in the detection of small visible particles. The charac-
teristic “blinking” of the flakes with this technique is a first hint for delamina-
tion. This is due to the nature of the flakes; they have a relatively large surface
area but are very thin (normally <100 nm, see Fig. 13.2).

– If particles are present or if their presence is assumed, the solution can also be
filtered and the particles are further analyzed, e.g., by using SEM/EDS to
identify their chemical composition. This may help to distinguish between
flakes, which originate from delamination, and other particles (dust, precipita-
tions, etc.).
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– An optical inspection of the emptied container identifies possible zones of a
strong chemical attack of the glass surface. Areas, in which such attacks have
occurred, can be visualized under special illumination as a milky ring-shaped
features or colored (bluish) areas near the bottom of the vial. Especially the
coloration is a strong indication for a high risk of delamination.

– Determination of glass leachables by ICP-MS/OES
Delamination is the result of preferential dissolution of specific elements of the
glass backbone/matrix, mainly boron. Therefore, analyzing the elemental con-
tent of the drug product solution is a method to detect whether delamination
processes may have occurred. In particular, elements such as calcium, alu-
minum, silicon, boron, sodium, and potassium may be of particular interest as
they are part of the composition of the glass network (if they are not an integral
part of the formulation). However, attention has to be paid to the fact that
elevated amounts of glass ions could just be the result of a strong corrosive
attack and are not directly linked to delamination.
Inductively coupled-plasma mass spectrometry (ICP-MS) is an ideal and very
sensitive technique to quantify these elements in parallel in the parts-per-billion
(ppb) or parts-per-million (ppm) range. If the ratios of the elements in solution
differ from the calculation of the content of each element in the glass, then this is
a hint for a preferential dissolution, which is a strong indicator for a potential
delamination risk.

– The result of the preferential dissolution is the formation of the so-called
reaction zone. The presence of such a zone can be visualized by cutting the vials
and subsequent surface analysis by SEM.

– Optionally a Time-of-Flight-Secondary Ion Mass Spectrometry (ToF-SIMS)
depth profile reveals the distribution of the glass elements inside the upper glass
surface (first few ten nm). Preferential leaching of specific elements can be made
visible, and the information obtained can be also be correlated with the ICP-MS/
OES results.

Samples for the analyses can originate from real-time or accelerated studies.
Studies using increased temperatures should carefully consider the selected tem-
perature range. Levels exceeding 40 °C might trigger reactions which are (due to
their activation energies) not favorable at room temperature (or below) resulting in
misleading data.

13.6 Summary

Delamination is the peeling-off or detachment of thin glass layers from the inner
surface of vials usually in the form of small lamellae (“flakes”), which then can
appear as particles in the product solution. These particles can be in the visible or
sub-visible range. Delamination is a phenomenon which can often be avoided by a
few preventive actions. The quality of the glass vials including the production
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conditions, glass composition and coatings are of high importance to ensure final
drug product quality. Secondly, processing conditions of vials, including washing,
depyrogenization, and sterilization need to be carefully assessed and managed to
protect the vial from a corrosive attack. Thirdly, sound formulation and drug
product development should consider formulation and primary packaging interac-
tions, and long-term stability testing needs to assess visible and sub-visible parti-
cles, on stability. In case unexpected particulates are observed, further actions and
analytical characterization of the solution and vial surface are required to assess
whether delamination is the root cause.

Adequate product and process design are important to design quality into the
product, complemented by a thorough control strategy.
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Chapter 14
Fogging

Holger Roehl, Philippe Lam and Dominique Ditter

Abstract The surface properties of primary packaging containers are determining
their interaction with the parenteral drug product solution. This is not only restricted
to ion leaching or corrosion effects but also impacting adsorption phenomena. The
formulation can creep up the walls forming a thin liquid layer on the inside of the
containers. This layer is getting visible as product residues on the vial walls after a
lyophilization process. This mechanism is known under the term of “fogging”. This
chapter describes the underlying root causes and provides measures to avoid the
issue.

Keywords Glass � Primary packaging containers � Vials � Lyophilization
Fogging � Surface properties � Marangoni effect

Fogging is a phenomenon observed after lyophilization of a pharmaceutical product
[1, 2]. It is a result of deposits formed by thin liquid films from creeping flows (see
Fig. 14.1). Though the overall amount of material is low, the freeze-dried material
on the vial inner surface can be considered as cosmetic defect which could interfere
with optical inspection or Container Closure Integrity (CCI, if the liquid is reaching
the vial opening). This often results in higher, and often quite variable and
unpredictable reject rates and thus, economical loss for the pharmaceutical
companies.
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This complex phenomenon is well known and has been reported in the scientific
literature as the Marangoni effect [3, 4]. The most often cited example of Marangoni
effect is the “tears or legs of wine” where thin streaks of wine or liquor are observed
to climb the sides of the glass (legs), accumulating in pools which eventually become
sufficiently large to fall back down under influence of gravity as droplets (tears) [5].

In general, the Marangoni effect refers to a class of fluid flow driven by surface
tension gradients. The classical explanation for the tears of wine effect is that liquid
flow stems from the surface tension gradient between the surface of the liquid in the
glass and the upper edges of the wetted film present on the vertical wall.
Presumably, due to faster local evaporation of the volatile component (alcohol) at
the leading film edge, the concentration of alcohol is lower there, resulting in a
higher local surface tension. As a result, liquid from the lower portion is “pulled” up
the glass wall (flow). This flow can be sustained for some time, but if evaporation is
eliminated, by covering the glass, then the tears of wine stops.

Surface tension gradients can also arise due to temperature gradients of the film
covering the substrate [3] or due to the presence of surfactants. In the case of
“fogging” of lyophilized pharmaceutical product vials, surfactants (such as
polysorbate) in the liquid drug substance are responsible for the formation of sur-
face tension gradients along the inner surface of the vial in the axial direction. Other
components of the formulation may also contribute, but the surfactant is the main
agent which substantially lowers the solution surface tension as compared to that of
pure water.

Fig. 14.1 Glass with
lyophilized product exhibiting
fogging
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Figure 14.2 depicts the meniscus region inside a liquid-filled glass vial. The
solution surface is populated with surfactant molecules and exhibits a lower surface
tension than pure water. A clean glass surface is normally hydrophilic and is
typically coated with a thin film of water (hydration film). Therefore, the liquid
meniscus region will exhibit a gradient of surface tension, ranging from low near
the liquid surface where surfactant is present, to high on the hydration film of the
glass. The surface tension gradient “pulls” the solution upwards, resulting in flow of
the bulk liquid which will coat the vial surface as a thin film. This Marangoni flow
occurs spontaneously, immediately after filling or shortly thereafter. Unlike the
tears of wine, flow due to surfactant will cease once sufficient surfactant molecules
diffuse into the hydration film to diminish the surface tension gradient below what
is necessary to pull liquid against gravity.

Several flow patterns, illustrated in Fig. 14.3, are observed, often simultane-
ously: (1) a uniform front, (2) fingering patterns and, (3) branching patterns [6–11].
These are all manifestation of the same complex Marangoni flow phenomena.
Fingering and branching are due to instabilities in the liquid spreading front.

The white deposits that characterize “fogging” are a result of the drying of the
liquid film formed by Marangoni flows. The composition of the deposits is the same
as that from liquid splashes during filling or sloshing during post-fill handling/
transport on the line. The extent of observed fogging (how much coverage) depends
on a multitude of factors such as composition of the liquid, surface of the glass,
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Fig. 14.2 Surfactant-driven Marangoni flow in a glass vial. This illustration is not drawn to
relative scale. The initial hydration film thickness is much less than that of the resulting film due to
Marangoni flow
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handling of the vial post-fill. In addition, the thickness of the deposits depends also
on the amount of time the liquid film is allowed to drain before being frozen and
dried.

Recent publications [1, 2] reported on the impact of formulation and process
conditions on fogging including solution composition, temperature and glass
treatments (washing/depyrogenation conditions). The two common factors essential
for the occurrence of fogging are the presence of a surfactant in the formulation
solution and the hydration film on the glass surface (low contact angles to water,
increasing contact angles result in a lower degree of fogging). Diverse studies
investigating the mechanism of solution creeping and film transfer through
observing creeping behaviour of, e.g., a placebo solution containing a fluorescein
dye, or charged nanoparticles in aqueous solutions along the interior glass surface
of vials or containers, [14] are available in the literature. All other factors have no
clear impact on fogging. This is why batch-to-batch, vial-to-vial and even variations
within one single vial occur.

Furthermore, due to the complex interplay of the numerous factors, controlling
fogging in a reliable manner is not possible with the standard components. The
only robust solution to this problem is to use vials with a hydrophobic surface.
This single change will eliminate fogging completely [12]. It is well known that
siliconized glass (baked-on silicon) exhibits more hydrophobic surfaces and
therefore shows poor wetting and larger contact angles with polar liquids as
compared to untreated clean glass surfaces [2, 13]. Schott TopLyo™ vials are one
standard preventing fogging completely. These vials typically show a contact
angle >90° and consist of expansion 51 glass (referring to the thermal coefficient
of thermal expansion a) combined with a completely transparent and nonporous
hydrophobic layer that is applied by plasma impulse chemical vapour deposition
(PICVD).

Fig. 14.3 Marangoni flow patterns and example of the resulting “fogging” on a lyophilized
product vial

308 H. Roehl et al.



References

1. Bauer-Dauphin I, Mahler HC. A method for avoiding glass fogging of pharmaceutical
containers during freeze drying. In: PCT International Application. Switz: F. Hoffmann-La
Roche AG; 2010. 26 pp.

2. Abdul-Fattah AM, et al. Investigating factors leading to fogging of glass vials in lyophilized
drug products. Eur J Pharm Biopharm. 2013.

3. Ludviksson E, Lightfoot EN. The dynamics of thin liquid films in the presence of
surface-tension gradients. AIChE J. 1971;17(5):1166–73.

4. He S, Ketterson JB. Surfactant-driven spreading of a liquid on a vertical surface. Phys Fluid.
1995;7(11):2640–7.

5. Vuilleumier R, Ego V, Netlner L, Cazabat AM. Tears of wine: the stationary state. Langmuir.
1995;11:4117–21.

6. Cazabat AM, Heslot F, Carles P, Troian SM. Hydrodynamic fingering instability of driven
wetting films. Adv Coll Interf Sc. 1992;39:61–75.

7. Cazabat AM, Heslot F, Troian SM, Carles P. Fingering instability of thin spreading films
driven by temperature gradients. Nature. 1990;346:824–6.

8. Eres MH, Schwartz LW, Roy RV. Fingering phenomena for driven coating films. Phys Fluid.
2000;12(6):1278–95.

9. Troian SM, Wu SL, Safran SA. Fingering instability in thin wetting films. Phys Rev Let.
1989;62(13):1496–500.

10. Matar OK, Troian SM. The development of transient fingering patterns during the spreading
of surfactant coated films. Phys Fluid. 1999;11(11):3232–46.

11. Troian SM, Herbolzheimer E, Safran SA. Model for the fingering instability of spreading
surfactant drops. Phys Rev Let. 1990;65(3):333–6.

12. WO2010/115728A2: a method for avoiding glass fogging.
13. Roedel E, Blatter F, Buettiker JP, Weirich W, Mahler HC. Contact angle measurement on

glass surfaces of injection solution containers. Pharm Ind. 2013;75(2):328–32.
14. Johnson DD, Kang B, Vigorita JL, Amram A, Spain EM. Marangoni flow of Ag nanoparticles

from the fluid − fluid interface. J Phys Chem A. 2008;112(39):9318–23.

14 Fogging 309



Part V
Processing Considerations



Chapter 15
Bulk Protein Solution: Freeze–Thaw
Process, Storage and Shipping
Considerations

Parag Kolhe and Sumit Goswami

Abstract Protein drug substance is typically frozen to enable manufacturing flexi-
bility through prolonging the shelf life of drug substance and providing better bio-
chemical stability. The process of freezing and thawing of bulk protein solutions poses
several challenges. It is important to understand the process and define mitigation
strategies to address these challenges. Just not the process but the choice of storage
container can have an impact on stability and downstream operation of formulation
during drug product process. Therefore, understanding the options currently available
in terms of drug substance storage containers and how to balance the need based on
specific scenarios is critical. Storage temperature is as important as the container the
drug substance is stored at. Furthermore, shipping drug substance in frozen state
requires thorough understanding of logistics and dependence of shipping temperature
on stability. This chapter fundamentally looks at the freezing and thawing process,
discusses phenomenon of cryoconcentration in various containers and mitigation
strategies, consequence of not choosing appropriate storage temperature, and provides
considerations for storage and shipping of drug substance.

Keywords Drug substance � Cryoconcentration � Freeze–thaw
Glass transition temperature � Stability � Shipping

15.1 Introduction

Protein bulk solutions are manufactured in drug substance manufacturing facility,
filled in suitable storage container, typically frozen at the DS manufacturing facility,
stored at recommended storage temperature, and shipped to DP manufacturing
facility. Bulk protein solution freezing offers distinct advantages which include

P. Kolhe (&) � S. Goswami
BioTherapeutics Pharmaceutical Sciences, Pharmaceutical R&D,
Pfizer Inc., 700 Chesterfield Parkway West, St. Louis, MO 63017, USA
e-mail: parag.kolhe@pfizer.com

© American Association of Pharmaceutical Scientists 2018
N. W. Warne and H.-C. Mahler (eds.), Challenges in Protein Product Development,
AAPS Advances in the Pharmaceutical Sciences Series 38,
https://doi.org/10.1007/978-3-319-90603-4_15

313

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90603-4_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90603-4_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90603-4_15&amp;domain=pdf


extending DS shelf life and offer better biochemical stability during storage as well
as during transportation (eliminates air–water interface and hence protects protein
from denaturation).

Freezing bulk protein product offers substantial benefits but is not devoid of
challenges. Freeze–thaw unit operation parameters, storage of bulk drug substance,
shipping in frozen state, and logistics are some of the critical elements that need to be
considered. It is essential that the phenomenon of freezing and thawing is understood
well while designing the processes. Understanding various considerations and
constraints during product development is important for successful scale-up, process
development, developing design space around various process parameters, and
instituting adequate control strategy for clinical and commercial manufacturing.

This chapter focusses on various factors associated with the storage of DS such
as choice of DS storage temperature, commonly used DS storage containers, and
considerations associated with their choices, robustness around freeze–thaw pro-
cess, technical challenges, and mitigation strategies for cryoconcentration effects in
various containers and shipping considerations in frozen state.

15.2 DS Storage Considerations

Important aspect of DS storage is choice of temperature. Temperature ranges that
are typically used for storage of biologics DS are 2–8 °C (typically for short-term
storage), −20, −30, −40, −55, and −70 °C. Although storage at 2–8 °C can be an
option for certain types of DS, biologics DS are typically stored at frozen condition
as bulk. Bulk storage of DS at frozen condition provides a number of important
benefits. Some of these are listed below:

1. Longer shelf life than storage at 2–8 °C. Frozen storage allows reduction of the
rate of physical and chemical degradation by minimizing molecular mobility
and interaction with the container closure surface and thus slows down the
reaction kinetics.

2. Reduces the risk of microbial contamination as frozen solution condition is not
conducive to microbial growth [1]. Other than the extremophiles which are not
commonly encountered in manufacturing facility, frozen storage conditions are
detrimental to the growth of regular microbes. If the bioburden load of the
released DS is within the acceptable limit (NMT 1 cfu/10 mL of DS), risk of
contamination of frozen DS with newer microbes is really low.

3. Minimizes the potential risk of agitation/shaking-induced degradation during
transportation. Agitation/shaking-induced destabilization of biologics is pri-
marily mediated by the interfacial stress resulting from air–water interface.
Partitioning of the molecules in the air–water interface may lead to exposure of
hydrophobic patches on the molecules which may lead to aggregation. Storing
of DS in frozen condition takes away the air–water (liquid) interface and thus
minimizes the agitation/shaking-induced destabilization.

314 P. Kolhe and S. Goswami



4. Bulk storage of frozen DS with longer shelf provides flexibility toward meeting
the real-time need of manufacturing of DP (both clinical and commercial) and
also reduces the overall cost of drug development. DP batch size and the need
for manufacturing a batch are primarily driven by the clinical demand. Need for
reloading (remanufacturing) a DP batch may show up as a sudden requirement
during an ongoing clinical trial for various reasons, such as extension of clinical
trial. In such situation, availability of bulk DS may reduce the requirement of
multiple DS manufacture which provides flexibility as well as reduces the
overall cost [2].

The next relevant question is how to decide what storage condition to choose while
storing DS. Freezing is known to increase the storage stability of DS but does
storing at each of the abovementioned temperature condition provide equal extent
of protection against degradation? Does formulation of the DS have a role to play in
the choice of frozen storage condition? Answers to these questions are intricately
connected to the understanding of the phase behavior of water and how that
behavior is influenced by the presence of solute. Understanding the phase behavior
of water is essential as biologics are primarily formulated in aqueous system. Phase
behavior of pure water describes the equilibrium process of freezing of liquid water
into ice [3]. The temperature (0 °C) at which such transition (liquid to ice) starts to
happen has been described as the freezing point. The presence of other excipients
(or solute) in water causes changes in the phase behavior as well as depression of
freezing point which has been described by Raoult’s law. Changes in the phase
behavior can be very complex depending on the type (crystallizable vs.
non-crystallizable), number, and relative concentration of the solutes present in the
system. Equilibrium phase diagrams are available for a number of binary systems,
e.g., water/NaCl, water/trehalose [4–9]. A few phase diagrams are also available for
some of the ternary system of water, e.g., water/glycerol/NaCl, water/DMSO/NaCl
[4, 10–15]. Complexity of the phase behavior due to inclusion of excipients is
apparent from the phase diagram of NaCl. Freezing of a normal saline system (0.9
wt% NaCl in water) causes water to come out of the bulk solution phase as ice
crystal, and as a result, the concentration of NaCl increases considerably in the bulk
phase. As the temperature of the system is brought down to −21.2 °C, the bulk
phase experiences a 26-fold increases in salt concentration (23.3 wt%). At this
temperature, referred as eutectic point the system is a complex equilibrium mixture
of ice, hydrohalite (NaCl�2H2O), and saturated solution of saline [4]. Eutectic point
also refers to the depressed freezing point of this water/NaCl system. This can be
clearly understood from the phase behavior of water/NaCl binary system that
storing at −20 °C may not be enough to achieve a truly frozen state [4].

Direct application of the equilibrium phase diagram is though limited from
practical standpoint, as in reality a formulated DS hardly follows equilibrium
behavior while undergoing freezing process. Changes associated with the phase
behavior during freezing of aqueous solution (water containing other excipients or
solutes) have been described by the time–temperature relationship diagram by
Akyurt et al [16]. This relationship describes the non-equilibrium nature of the
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freezing process which starts with supercooling of the system followed by ice
nucleation. Ice nucleation initiates the process of freezing which continues until
there is no more ‘freezable’ water available [3]. The process of ice formation
(phasing out of water from bulk) increases the concentration of the solutes in the
bulk resulting at cryoconcentration or freeze concentration. Cryoconcentration of
the unfrozen matrix continues to increase until freezing is complete. Combined
effect of increase in concentration and lowering of temperature increases the vis-
cosity of the unfrozen bulk with a concomitant decrease in diffusion coefficient.
When formation of ice crystal is practically complete, the concentration of the
unfrozen mixture reaches to a maximum and the temperature beyond which no
further increase in ice crystallization is obtained while measured under short time
scale is called glass transition temperature (Tg′) [17, 18]. As the system passes
through the Tg′, along the glass transition curve, the viscosity of the unfrozen bulk
becomes considerably high to the point where the state is described as ‘glass’
(viscosity ˃ 1010 Pa/S) [3, 18, 19].

Tg′ plays a critical role in the choice of frozen storage condition for biologics
DS. Mechanistic understanding of why frozen storage increases the storage stability
of DS may help us understand the relevance of Tg′. Different mechanisms have
been proposed to describe cryoprotection. Formation of ‘glass’ like phase (thus
increase in viscosity with a corresponding decrease in diffusion coefficient of the
unfrozen bulk) beyond Tg′ has been proposed to provide kinetic stabilization
through reduction in the rate of degradation (unfolding, aggregation) resulting from
decrease in molecular mobility [1, 3, 17]. Another proposed mechanism is ther-
modynamic stabilization which is essentially mediated by preferential exclusion. As
the freezing process continues along with other solutes, protein molecules also get
partitioned into the unfrozen bulk. In solution phase, protein molecules are hydrated
(surrounded by water molecule). Hydration of protein molecules has been postu-
lated to be important for the structural stability [20, 21]. As the water crystalizes out
during freezing, the hydration shell around protein molecule is disrupted due to
removal of water, described as desiccation. Desiccation may lead to denaturation of
protein. The presence of stabilizer molecules works against the loss of hydration
shell around protein molecules via preferential exclusion mechanism. Preferential
exclusion of the stabilizers destabilizes the denatured state of the protein and thus
achieves thermodynamic stabilization [22, 23]. If thermodynamic stabilization was
the only mechanism involved, then inclusion of stabilizer would be enough for
providing stability at any frozen conditions. In practical scenario though, kinetic
stabilization plays a critical role. Piedmonte et al. reported that long-term storage of
an Fc-fusion protein at −30 °C in sorbitol-containing formulation showed aggre-
gation [24]. Tg′ value of pure sorbitol as reported in the literature is −44 °C [25,
26]. It was also found that storage at −20 and −70 °C did not cause increase in
aggregation. Similar finding was reported by Singh et al. for a monoclonal antibody
in trehalose (Tg′ is −29 °C)-containing formulation [1]. In this study, Singh et al.
reported that storage of the formulation at −20 °C showed aggregation of the mAb
whereas storage at −10 °C did not show any noticeable change in aggregation level.
These phenomena have been explained by primarily two different mechanisms—
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kinetic stabilization and crystallization of the stabilizer. Storage at above Tg′ causes
significant decrease in viscosity resulting at increase in molecular mobility. Change
in viscosity just above Tg′ has been described by WLF equation (Williams–
Landell–Ferry) [27]. This empirical equation describes that the change in viscosity
above Tg′ (but in the in vicinity of Tg′) does not follow Arrhenius kinetics and
shows much higher sensitivity to change in temperature. In accordance with this
altered kinetics, it has been found that for a 3% sucrose solution storage at −20 °C
causes 100-fold decrease in viscosity (*106 to 104 cP) compared to while stored at
−30 °C. Storing at −10 °C causes an additional 100-fold reduction in viscosity
[17]. Decrease in viscosity allows increased level of molecular mobility which has
been postulated to be one of the reasons for increase in protein aggregation at −20
and −30 °C for trehalose-containing and sorbitol-containing formulations respec-
tively [1, 24]. Increase in molecular mobility facilitates interaction between the
partially denatured protein molecules causing aggregation. It has been proposed that
during freezing process interaction of protein molecules with the growing ice
surface causes partial denaturation [28–30]. Singh et al. postulated that at slightly
higher temperature than Tg′ (−20 °C) molecular mobility is high enough for the
partially denatured molecules to interact and form aggregate. Crystallization of
trehalose has also been proposed to be another cause for destabilization of the mAb
at −20 °C. Sundaramurthi et al. reported that trehalose undergoes crystallization
while stored at −18 °C for 3 days [31]. This process reduces the concentration of
cryoprotectant in the amorphous phase, which once again, when the molecular
mobility is high enough, may lead to increased intermolecular interaction of the
denatured molecules causing aggregation. Lack of stability issue at −10 °C for
trehalose-containing formulation has been proposed to be due to much higher
molecular mobility allowing refolding of the denatured molecules. Although
crystallization of trehalose happens at −10 °C, Singh et al. proposed that much
higher molecular mobility at this elevated temperature favors the process of
refolding over aggregation [1]. On the other hand, the decreased stability of the
Fc-fusion protein in sorbitol-containing formulation stored above Tg′ has been
described due to the crystallization process of sorbitol [24]. All these abovemen-
tioned observations clearly indicate that the storage of DS at a temperature above
the Tg′ of the system may run a much higher risk of destabilization of the protein
molecules during long-term storage under frozen condition. Importance of Tg′ also
indicates that the choice of temperature for frozen storage is closely associated with
the choice of formulation components (stabilizer, excipients, etc.) as the latter
determines the Tg′ of the system. Target storage condition can be achieved if
formulation components are carefully chosen considering long-term stability of
both DS and DP (drug product).

For a given system, Tg′ is highly dependent on the constituent solutes/excipients.
The main constituents of a standard formulated DS are buffer, excipients (stabilizer/
cryoprotectant), and protein. Tg′ for a system can be calculated using the Fox
equation which takes into account the Tg′ of the individual component along with
their weight fraction as described in Eq. 15.1 [19].
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1=Tg0 ¼ w1=Tg01 þw2=Tg02 ð15:1Þ

Above equation describes the calculation of Tg′ for a two-component system,
where w1 and w2 are the relative weight fractions of each component and Tg01 and
Tg02 are the glass transition temperatures of each component, respectively. List of
Tg′ for different solutes could be found in the following references [25, 32, 33].
Proteins do exhibit glass transition behavior as well. Tg′ for different proteins has
been reported to be around −10 °C [34]. Colandene et al. reported that introduction
of monoclonal antibody (mAb) into a buffer system causes increase in Tg′ and the
increase was found to be positively correlated with the increase in mAb concen-
tration [35].

15.3 Impact of Freezing Stress on Protein Stability

Need for obtaining longer storage life for biologics DS is of paramount importance
from the standpoint of reducing the overall cost of drug development. Thus, DS
freezing has become a critical step in the development of biotherapeutics. While
benefits are well-understood and importance is well-established, formulation sci-
entist needs to be aware of the impact of freezing stress on the stability of the
biologics DS.

As the water molecules phase out as ice crystals, concentration of solute at the
vicinity of ice front goes up which in turn increases the possibility of protein
molecules interacting with the ice surface. Such surface interaction followed by
adsorption on to the ice surface has been reported to cause structural perturbation
(loss of native secondary/tertiary structure) leading to denaturation [28, 36].
Strambini et al. proposed that size of liquid water pool in the unfrozen matrix in
equilibrium with ice has significant impact on ice surface-mediated perturbation of
protein structure. For the given system they tested (formulation, protein, and
temperature), it was observed that at water pool below 1.5%, the free energy for
unfolding of protein molecules decreases progressively [28]. Decreases in water
pool cause increase in ice surface area (ice growth) leading to higher adsorption of
protein molecules. Once adsorbed on the surface denaturation is favored as it
increases solvent accessible surface area and thus stronger interaction with the ice
surface leading to further decrease in free energy. It has been found that the freezing
processes that generate larger ice surface area are more prone to cause surface
interaction-/adsorption-induced denaturation of protein [28, 37, 38]. Slower cooling
rate may result at less perturbation, most likely due to the fact that molecules get
more time to diffuse out of the growing ice front and formation of larger size ice
crystals that have relatively lesser surface area. Interaction of protein molecules
with ice can be also minimized by inclusion of surfactants in the formulation. Chen
et al. reported the direct benefit of surfactant for protecting the protein molecules
from ice surface interaction-induced denaturation [36]. Cause of adsorption of
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protein molecules on ice surface has also been described entropically. It has been
proposed that formation of ice causes ordering of water molecules along the ice
surface which is entropically unfavorable. Adsorption of protein molecules on the
ice surface frees up the water molecule into the bulk, a process which is entropically
favorable [39, 40].

Cold denaturation and desiccation are natural consequence of freezing. Cold
denaturation simply refers to the stress effect from lowering of temperature. Impact
of high temperature on protein stability is well known. Exposing protein molecules
to freezing temperature can also be stressful enough that may result at protein
denaturation. Griko et al. reported the relationship between the Gibbs free energy of
unfolding with temperature that ranged from low negative to high positive value for
staphylococcal nuclease enzyme [41]. The relationship between free energy and
temperature was found to be parabolic in nature which indicates free energy of
unfolding became low at lower temperature. When the temperature was as low as
−25 °C, the free energy of unfolding was negative at formulation pH of 7. Cold
denaturation has been proposed to be a thermodynamic consequence of change in
solvent property (dielectric constant of water at −25 °C is 109, whereas at 25 °C it
is 79) [3], weakening of the strength of electrostatic and hydrophobic interaction,
etc [3, 42–44]. Typically, cold denaturation happens somewhere between 0 °C and
the temperature at which other freezing effects start to show up and the specific
temperature at which it happens is related to formulation pH, the presence of other
solutes, e.g., sugar, and also concentration of protein [41, 45–49]. Study with
staphylococcal nuclease enzyme indicates that lowering of formulation pH further
reduces the Gibbs free energy of unfolding at a given temperature and thus at lower
pH cold denaturation happens at relatively higher temperature [41]. In the presence
of denaturant (urea, guanidine HCl), the cold denaturation happens at higher
temperature as well. Tang et al. found that in the presence of sugar and polyols, cold
denaturation happens at a lower temperature [50]. They also found that at higher
concentration protein self-stabilizes by reducing the cold denaturation temperature
[50]. Cold denaturation has been thought to be reversible in nature and in the
absence of other freezing stresses has been considered non-detrimental to the
storage stability of the DS [3, 19]. Adrover et al. reported that increased hydration
of the protein molecules is the cause of cold denaturation. By performing SAXS
study on Yfh1 (mitochondrial human protein) that undergoes cold denaturation at
neutral pH and at temperature high enough for experimentation, Adrover et al.
found that cold-denatured molecules exhibited higher degree of hydration com-
pared to their heat denatured counterparts [51]. It was hypothesized that increased
hydration at lower temperature and thus tighter binding of water molecules to the
amide bond hinders the conversion of the partially unfolded state back to their
folded secondary structure.

Desiccation on the other hand results from perturbation of the hydration shell
around the protein molecules. Water molecules form hydration shell around the
protein surface through direct interaction, and such shell is essential for maintaining
the three-dimensional fold of protein molecules as well as lubricating the protein
surface allowing rapid exchange of hydrogen bonds with the backbone and side
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chain of the protein molecules [21, 52]. As the freezing process continues, water
molecules are removed out of the protein surface leading to desiccation of protein
molecules. This may perturb the hydration shell of the protein molecules. Remmele
et al. reported structural change of lysozyme (amide I bond frequency shift and
bandwidth narrowing) in the absence of cryoprotectant, and this was attributed to
loss of water (desiccation). The presence of sucrose was found to mitigate that effect
[53] and was considered to be caused by the maintenance of hydration shell via
preferential exclusion of sucrose.

Cryoconcentration during freezing may have significant impact on the stability
of the protein molecule. The basic concept of cryoconcentration and how freezing
rate (cooling rate) influences the cryoconcentration behavior have been described in
the previous section. Cryoconcentration results from the partitioning of the unfro-
zen formulation components (buffer, excipient, protein, etc.) into the amorphous
bulk that builds up within the growing ice crystals. As the freezing process con-
tinues, concentration of the formulation components in the unfrozen matrix may
undergo several fold increases. This may lead to several consequences that are
unwanted and detrimental to the stability of the protein molecules. Increase in
concentration can become high enough for one or more of the formulation com-
ponents to be supersaturated at a given location. This may lead to crystallization or
precipitation of the component. Phosphate buffers are known to show such effect
during freezing. Dibasic salt of sodium phosphate is much less soluble than the
monobasic salt. Cryoconcentration during freezing may cause precipitation of the
dibasic salt leading to decrease in pH. Sodium phosphate buffer has been shown to
undergo a decrease in as much as 3 pH units (7 to 4) upon freezing (room tem-
perature to −10 °C) [54–57]. For potassium phosphate buffer system, the effect is
opposite and thus shows increase in pH due to precipitation of the monobasic salt.
The shift in pH is more prominent with the increase in concentration of the buffer.
Shift in pH may be detrimental to protein molecules that are susceptible to pH
change. Degradation of b-galactosidase in sodium phosphate buffer has been
reported by Pikal-Cleland et al., and this has been attributed to freezing-induced
decrease in pH [58]. They also found a correlation between higher concentration of
the buffer component and increased level of aggregation. Increase in protein con-
centration on the other hand was found to cause decrease in aggregation [58].
Pikal-Cleland et al. also reported that application of faster freeze–thaw process may
possibly minimize the exposure to the shift in pH leading to reduction in the level of
aggregation [58]. Susceptibility to pH shift may vary between proteins though.
Kolhe et al. performed a systematic study to understand the pH change behavior of
commonly used buffers and the impact of pH change on IgG2 aggregation [59].
While some of the buffers (phosphate, Tris) showed considerable change in pH
upon freezing either due to crystallization or temperature-dependent change in pKa,
no impact on the aggregation of the IgG2 could be identified that could be solely
attributed to change in pH during freezing [59]. The presence of other crystallizable
component such as NaCl has been found to further aggravate the formation of
aggregates. Adverse effect of NaCl on protein (e.g., hGH) stability during freezing
process has been reported in multiple studies [58–61]. Such effect was attributed to
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either crystallization of NaCl (leading to salting out of protein) or specific anion
interaction with protein surface [60]. In the presence of cryoprotectant such as
sucrose, crystallization of buffer component and excipients has been found to be
suppressed or minimized [17, 62].

Cryoconcentration can lead to liquid–liquid phase separation within the amor-
phous phase as the temperature decreases during freezing. This leads to formation
of more than one amorphous phases and possible partitioning of the protein
molecules within those amorphous phases. Resulting amorphous phases may not be
equal in their cryoprotective property which may lead to inefficient cryoprotection
of the protein molecules [17]. Heller et al. reported phase separation of a PEG–
dextran mix during freezing, and when hemoglobin was formulated in that mix, it
was found to be partitioned into the separated phases [63]. The presence of man-
nitol was found to minimize phase separation [64]. Most of the phase separation
issue has been observed with solutions containing polymeric materials such as
dextran, PEG, PVP. In-depth characterization of system containing protein and the
most commonly used stabilizers in pharmaceutical industry is still pending.

15.4 Practical Aspects of DS Storage Container
and Freeze–Thaw Systems

Selection of appropriate container as well as technology for freeze–thaw operation
is dependent on the availability of specific technology in the manufacturing envi-
ronment as well as volume of production, frequency of production along with
related logistics. This section discusses available containers and freeze–thaw sys-
tems and factors that can influence the choice of the same.

15.4.1 Available Freeze–Thaw Systems and Containers

Freeze–thaw systems and accompanying containers intended for storage of DS are
classified into two categories: controlled freeze–thaw operation (also termed as active
system) versus uncontrolled freeze–thaw operation (also termed as passive system
where freeze–thaw rates are dependent on environmental temperature and loading).

15.4.1.1 Controlled Freeze–Thaw Systems

Controlled freeze–thaw systems offer consistent freezing and thawing rates that can
be applied to protein drug substance in intended container. The following section
describes the currently available commercial systems capable of controlling the
freezing and thawing rates for bulk protein solutions:
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Celsius Pak® System

Celsius Pak® system comprises of bags that are constructed of S71 film which has
product contact layer of EVAM (ethylene vinyl acetate copolymer, monomaterial)
and sizes specifically designed for controlled freeze–thaw (REF—Celsius-Pak®

validation). The offerings in the controlled freeze–thaw include 1, 2, 8.3, and 16.6 L
Celsius®-Pak which can be frozen and thawed by using Celsius® freeze–thaw
module. These modules are equipped with freeze–thaw module for Celsius®-Pak
holding, temperature control unit and control panel (REF: Celsius FT100 Modular
freeze–thaw system from Sartorius Stedim)

Cryovessel System

Cryovessel system uses identical system in terms of freeze–thaw operation where a
temperature control module is used although it differs in the mechanism and design.
Cryovessels can handle volumes in the range of 50–300 L and are made up of
stainless steel. Cryovessels are jacketed and cylindrical in shape. CryoFin™ tech-
nology is used for the design of cryovessel where the sections of cryovessel are
divided into eight longitudinal sections to facilitate dendritic ice growth and pro-
viding smaller identical sections in terms of heat transfer.

Zeta FreezeSystem®

Zeta freeze–thaw systems utilize heating/cooling unit called as FreezeController®

which is attached to FreezeContainer® made out of stainless steel.
FreezeContainer® is available in various volumes ranging from 10 through 300 L
(pilot scale to manufacturing scale). The mechanism of heat transfer is different than
cryovessel. An internal circulation system which is mounted on lids provides the
uniform heat transfer to facilitate freeze–thaw operation.

15.4.1.2 Uncontrolled Freeze–Thaw Systems

In the space of uncontrolled freeze–thaw systems, there are few options that are
available which include traditional carboys/plastic bottles to more sophisticated
systems such as Celsius® FFT system. Typical traditional plastic bottles include
bottles made up of HDPE (high-density polyethylene) and PP (polypropylene).
Celsius® FFT uses ready to use container which includes S71 film bag and a
protective shell. This system is available in 2, 4, 6, and 12 L offerings.

Both of these systems are designed for uncontrolled freeze–thaw in traditional
freezers/cold room/ambient condition. Freezing and thawing rates can vary
depending on type of freezer used, placement of container, capacity of freezer, etc.
One of the advantages with the uncontrolled freeze–thaw system is the flexibility
afforded with container size, especially for early stages of projects.

322 P. Kolhe and S. Goswami



15.4.2 Considerations for Choice of DS Container

There are multiple factors that can influence the choice of DS container. Some of
those factors are briefly discussed below.

1. Size of the DS/DP batch:
For early phase clinical supply, in a given manufacturing campaign the total
number of DP units required may be in the range of thousands. This may be
achievable with a bulk DS container size in the range of around few liters. On
the other hand, for later stage as well as commercial supply requirement may be
large enough such that the bulk DS storage container size may be in the range of
tens to hundreds of liters. Thus, DS manufacturing campaign is closely related
to DP requirement, and thus, the choice of the DS container can be influenced
by the size of the DS campaign and intended DS storage volume.

2. Temperature of storage:
DS storage for biologics typically happens at sub-zero temperature. Frozen
storage is a typical practice at DS level because it provides longer use period and
also bulk storage at frozen condition is cheaper. Most common storage tem-
perature for a well-behaved biologics DS is −20 to −30 °C. Other storage
temperatures include −40/−70 ± 10 °C. Storage temperature chosen for a
specific DS can be strongly influenced by the stability of the material as well as
the formulation. Certain excipients prefer colder temperature than others. For
example, −40 °C is preferred than −20 °C from stability standpoint when tre-
halose is present in the formulation as an excipient. Although storage of DS at
5 ± 3 °C is not so common, there might be certain cases where frozen storage is
not preferred due to F-/T-related instability. For example, certain biologics may
prefer to be stored at 5 ± 3 °C due to the absence of any sugar or polyol that
usually provides protection against F/T stress. Choice of the DS storage con-
tainer can thus be influenced by storage temperature because all types of
material that are typically used for making DS container (e.g., bag) are not
compatible with all ranges of temperature. A detailed discussion around what
DS storage container to be chosen for a given storage condition is provided in
the next section.

3. Requirement of controlled F/T:
Requirement of controlled F/T may have a significant influence on the choice of
the DS container closure system. Or, in other words, it can be said that choice of
DS container may potentially preclude the possibility of using a controlled F/T
system. All available DS containers are not compatible with a controlled F/T
system. For example, bottles cannot be frozen or thawed in a controlled F/T
system. Similarly, Flexboy® containers (from Sertorius Stedim) that contain no
outer rigid container are not suitable for controlled F/T system. Controlled F/T
systems are typically designed for stainless steel cryovessel or Zeta
FreezeContainer system, Celsius®-Pak FC (Flexboy flexible container in a
frame), and Celsius® FFT flexible containers (integrated rigid outer container),
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and their design does not allow controlled F/T for a bottle or Flexboy®

container.
4. Sensitivity of the DS to pH shift

Consideration for leachables from plastic container and its impact on possible
pH shift should be considered carefully. If the DS formulation is not properly
buffered, there is a possibility of pH shift of the DS formulation which in turn
may have adverse effect on the quality of the DS if it is sensitive to pH shift. If
for any reason the formulation is not properly buffered and the DS is sensitive to
pH shift, there might be a need for considering alternative storage options.
Under this situation, one may consider using 316 stainless steel vessels (cry-
ovessel, FreezeContainer, etc), while controlled F/T is intended. If controlled F/
T is not a requirement, one may choose flexible containers that have relatively
cleaner leachable profile.

5. Compatibility of the material of construction with the DS
Compatibility of DS with the material of construction of the container is an
important consideration which is typically assessed through stability testing and
extractable/leachable assessment. Container wall in contact with the DS for-
mulation may leach out specific chemical entities (leachables) during real-time
storage. Nature of these leachables is dependent on the container type as well as
the formulation matrix of the DS. Compatibility of the DS with the leachables is
thus an important aspect to be considered while finalizing the choice of con-
tainer. While assessment of stability during real-time storage provides useful
information regarding compatibility, direct assessment of the effect of leachables
on the critical quality attributes of the DS is carried out during later phase of
development.

15.5 Design Space Considerations for Freezing
and Thawing Process Parameters

15.5.1 Freezing–Thawing Rates and Robustness

Freezing rate is an important process parameter for bulk protein freezing. The
achievable freezing rate is solely dependent upon the bulk solution volume as well
as the equipment capability in manufacturing facility. Rapid ice crystal growth is
generally favored since this will reduce interfacial area for ice denaturation as well
as decrease the risk of adverse conditions known to occur in cryoconcentrated area.
This may not be feasible for large-scale bulk solution freezing but may be achieved
by selecting lower freezing temperature, thereby increasing the freezing rate.

Based on the available stability data, the thawing temperature can be chosen.
Typically, thawing can be achieved at room temperature or at 2–8 °C for plastic
bottles. For controlled rate freeze–thaw units, the thawing rate can be controlled and
uniform thawing can be achieved through mixing during thawing. Caution should

324 P. Kolhe and S. Goswami



be exercised for mixing during the thaw operation since excessive mixing can result
into foaming, thereby denaturing protein on air–water interface. Plastic bottles can
be thawed with or without mixing. Thawing without mixing may take more time
compared to thawing with mixing. In addition, concentration gradients can be
formed with thaw process with no mixing. All these factors should be taken into
consideration for the development of thawing cycle.

Understanding robustness of protein to freeze–thaw stress is an important
parameter that should be considered during product development. Aspects to
consider are slow freezing–thawing rate versus fast freezing–thawing rate. Freezing
and thawing protein solution rapidly can afford greater stability for proteins since
protein does not remain in transition state (ice–liquid) for longer period of time.
This may be feasible for smaller volumes of protein although for bulk protein
solutions where the volumes can be as high as 300 L, in practical terms even if fast
freezing rate is applied, the time required for freezing such large volumes can be
high. Protein can be exposed to transition state for longer times, and the extent
could be different depending upon the position in the container. Therefore,
understanding freeze–thaw robustness of protein can be performed by employing
‘worst case’ scenario evaluation as a part of scale-down studies. Combination of
slow freezing and slow thawing offers ‘worst case’ scenario in terms of stress
experienced by protein since protein remains in transition state for longer period of
time and gets exposed to ice–water interface. A study can be designed to understand
the robustness of protein by subjecting the protein to repeated freeze–thaw cycles
using slow freeze–slow thaw cycle.

Manufacturing process typically involves at least one freeze–thaw cycle
(freezing at DS manufacturing and thaw at DP manufacturing site prior to manu-
facturing). For process flexibility, additional freeze–thaw cycles can be included.
Justification for repeated freeze–thaw cycling and demonstration of no changes in
product quality is important during product development to afford such flexibility.
Repeated freeze–thaw cycling robustness studies by employing slow freeze–slow
thaw cycle can provide assurance of product quality. Herein, a case study is pre-
sented to demonstrate the understanding of freeze–thaw robustness for a mono-
clonal antibody (mAb).

Figure 15.1 provides the information on freeze–thaw profiles that were used for
this study. The details are described below:

• Slow freeze–slow thaw cycle (freezing: 10 h; thawing: 10 h)
• Regular freeze–regular thaw cycle (freezing: 4.8 h; thawing: 2.7 h)
• Fast freeze–fast thaw cycle (freezing: 3 h; thawing: 1 h)

Monoclonal antibody DS was subjected to maximum of 15 freeze–thaw cycles
by using these three different freeze–thaw profiles. Soluble aggregates data is
shown in Fig. 15.2 demonstrating that there was no impact due to ‘worst case’
freeze–thaw stress (slow cycle) when compared with regular and fast cycle. This
data provides robustness of freeze–thaw rate parameter.
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15.6 Cryoconcentration Effects in Large-Scale Systems

As described in previous section, cryoconcentration is a consequence of freezing
process. As water molecules phase out of solution in the form of ice crystal,
concentration of the solutes increases in the unfrozen bulk which ultimately results
at formation of ‘glass’ matrix. As the ice crystal grows, it causes increase in the
solute concentration in the immediate vicinity of the ice surface, in other words at
the ice–solution interface. If the progression of ice front happens at a rate slower
than the rate of solute diffusion and convection away from the ice–solution inter-
face, solutes are excluded from the growing crystals [65–67]. Exclusion from the
ice surface increases the concentration of the solutes at the interface at a level that is
much higher than the bulk giving rise to a concentration gradient. Depending on the
dimension of the container (for frozen storage), such gradient may lead to a
non-uniform distribution of the solute due to convective transport. Rodrigues et al.
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reported that while formulated BSA was frozen in a 50 mL stainless steel container
slower cooling rate caused protein molecules as well as the stabilizer (trehalose) to
polarize near the bottom and radial center of the container [68]. Singh et al. also
reported that freezing in large container leads to polarization of solute toward the
bottom of the container [19]. For a small container (few milliliter storage volume),
such polarization of solute concentration may not be that prominent. On the other
hand while the cooling rate is faster, the rate of formation of ice crystal exceeds the
rate of diffusive/convective transport of solutes. This may result at solutes getting
entrapped within the growing crystals [68, 69]. While freezing happens at faster
cooling rate, ice crystal grows in dendritic fashion [70], and at the completion of
freezing, the average size of the ice crystal becomes much smaller than that results
from slower cooling rate. Formation of dendrite disrupts the convective transport of
the solute away from the ice front leading solute entrapment within the growing
crystal [65, 66, 71–74]. Although trapped inside the growing ice crystal, cry-
oconcentration effect is still observed for entrapped solute. But such cryoconcen-
tration effect is localized and rather minimizes the macrocryoconcentration across
the container [75]. Rodrigues et al. reported that freezing of formulated BSA at a
faster cooling rate causes much more uniform distribution (less polarization) of the
solutes [68]. Miller et al. reported that storing of formulated IgG2 at a temperature
higher than Tg′ showed less aggregation during long-term storage while freezing
was done at faster rate. Although storage at temperature > Tg′ is expected to
increase molecular mobility and thus aggregation. Miller et al. proposed that uni-
form distribution of the solute in the interdendritic space minimizes crystallization
of the stabilizer and thus minimizes aggregation [70].

Nevertheless, cryoconcentrations are unavoidable for large volume protein bulk
solution [75–82]. Several studies have evaluated extent of cryoconcentration in
various passive and active systems. Three different systems are presented here to
demonstrate the extent of cryoconcentration. Mitigation strategies are presented in
subsequent section for various systems to ensure that cryoconcentration effects do
not impact protein quality.

Extent of the cryoconcentration is dependent on the freezing rate. This was
demonstrated by assessing osmolality in frozen bottles by taking various cores from
cross section of the frozen bottles. Three different freezing rates were evaluated
(5 to −70 °C, 5 to −40 °C, and 5 to −20 °C). Clear difference in the extent of
osmolality observed when the solution was frozen from 5 to −70 °C as opposed to
5 to −40 °C and 5 to −20 °C depicting impact of freezing rate (Fig. 15.3).
Observed ‘bell-shaped’ nature of concentration gradient is attributed to combination
of heat transfer and freezing due to passive freezing. It is postulated that the heat
transfer started from the sides of the bottle and as the freezing continues, ice
excluded the solids resulting into solute concentration at the bottom due to density
gradient.

Similar observations were made for Celsius bag freezing where these bags were
subjected to control rate freezing [76]. Celsius bags with varying fill volumes either
2 L or 8 L were subjected to slow or fast freezing cycle by using identical for-
mulations. Cross sections of the bags were taken which involved three vertical and
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seven horizontal section assessments (Fig. 15.4a). Osmolality values suggest that
solute concentration was observed in the bottom part of the bag for the middle
vertical cross section. This suggests that the protein solution freezes from the active
freezing plate (i.e., front and back section) and last part to middle cross section.
Freezing process and density gradients due to solute concentration demonstrated
cryoconcentration in the middle vertical cross section and at the bottom section of
horizontal cross section. No significant difference in cryoconcentration was
observed for 8 L bags despite differences in freezing rates (Fig. 15.4b).

Conversely, when the cryoconcentration effects were evaluated in Celsius bag
filled with 2 L fill, significantly less cryoconcentration was observed suggesting that
fill volume plays an important role. In addition, when two freezing rates were
compared (slow vs. fast), impact of freezing rate was apparent for the low fill
volume (Fig. 15.4b). Slow freezing provided slower ice formation resulting into a
greater degree of polarization.

This pronounced effect of fill depth on cryoconcentration was also observed for
cryowedge system (small-scale model for cryovessels). When 4 L protein solution
was frozen in cryowedge and the samples were taken from top and bottom portion
of the frozen block of cryowedge, it was apparent that the cryoconcentration was

Fig. 15.3 Osmolality map of the cores taken after freezing bottle at various temperatures
depicting effect of freezing rate

328 P. Kolhe and S. Goswami



observed in the last point to freeze and at the bottom portion of the block con-
firming the observations of combination of freezing and density gradient due to
solute conc. responsible for such behavior (Fig. 15.5). It is also important to note

Fig. 15.4 a Methodology of obtaining cores from frozen Celsius bags. b Osmolality map of
Celsius bags from the cores taken after subjecting to slow and fast freeze rates at various fill
volumes
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that the fill depth can have pronounced effect on the extent of cryoconcentration
observed as seen in the case of Celsius bags.

Studies which investigated cryoconcentration effects demonstrated that the
cryoconcentration phenomenon in large-scale freezing process is unavoidable
irrespective of it being an active or passive system. Active freezing system ensures
that the freezing rate experienced by protein solution is constant each time as
opposed to passive system although it cannot avoid cryoconcentration effects. It is
important to note that these cryoconcentration effects get developed during freezing
and stay the same in frozen condition until the container is thawed.
Cryoconcentration can be detrimental to protein quality if not mitigated effectively
especially after thaw. Subsequent section provides a closer look at potential effects
of cryoconcentration upon thawing and mitigation strategies to tackle this challenge
in various systems.

As the cryoconcentration effects happen as the solution freezes, it is important to
have appropriate process controls during and after thawing to ensure that the cry-
oconcentration effects do not impact product quality. An illustration of impact of
cryoconcentration effect is shown in Fig. 15.6 in plastic bottles. In this study,
samples were taken after thawing the plastic bottle. It was observed that when the
samples were taken without mixing the solution after thaw, significant increase in
soluble aggregates was observed in the region where cryoconcentration was
observed (bottom layer of the solution). Conversely, when the thawed solution was
mixed well, no increase in soluble aggregates was observed indicating that effective
mixing helped in obtaining acceptable product quality and mixing after thaw is an
important step if the mixing during the thaw process is not feasible.

In another study where the thaw was performed by using controlled thaw process
and the samples were taken from various locations after thaw [77]. Significant
cryoconcentration was observed especially in the bottom–bottom part of the bag
where the download of DS is intended to happen during DP formulation process.

Fig. 15.5 Osmolality map of protein solution depicting effect of depth on cryoconcentration
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This observation is consistent with Kolhe et. al. with cryowedge system where
significant cryococnentration was observed at the centre bottom part [78]. It is
important to note that the Celsius bag was continuously rocking in one plane during
the thaw process. This rocking process was not enough to eliminate the concen-
tration gradient. Two different processes were employed to ensure efficient mixing
of the contents. Data from two different mixing scheme (rocking in one plane
horizontal stroke on cart) and combination of rocking and flipping is shown in
Fig. 15.7. Rocking and flipping ensures that the protein concentration gradient is
mixed well in all the planes hence making the solution homogeneous.

Fig. 15.6 Impact of cryoconcentration on soluble aggregate formation and importance of mixing
after thaw
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15.7 DS Shipping Considerations

Shipping of DS in frozen condition is an important aspect of process and needs to
be carefully designed. DS shipping process, shipping container, and temperature
ranges are important considerations and are highly dependent on the type of DS
container used. The following aspects should be considered while defining the
shipping process for given DS.

• DS Shipping temperature
DS shipping temperature is an absolute important parameter that should be
defined during the shipment. It is important to understand the stability of DS
beyond its recommended storage temperature. For example, if the intended
storage temperature for DS is −30 °C, it is critical that a range around −30 °C
where DS is stable is identified. Efforts should be made to define the range in
such a way that it is broad and allows for any temperature variations within that
range during transportation.

• DS Container
DS container plays an important role in defining the temperature range
for transportation. Certain containers can afford transportation under dry ice
(−70 °C or below) although some container may present unique challenge with
transportation under dry ice. Plastic (e.g., HDPE bottles) as well as stainless
steel container are good examples where shipment over dry ice is possible
although systems utilizing EVA bags are not good candidates for dry ice
shipment due to its proximity to cold crack temperature of the film. In addition,
tunings can get brittle at these temperatures resulting into loss of integrity of the
container/closure system.

Fig. 15.7 Effect of mixing after thaw on protein concentration and effectiveness of mixing
method
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15.8 Conclusion

Freezing and thawing of bulk drug substance are commonly used process in
biotechnology industry. Freeze–thaw-induced instability due to exposure of pro-
teins to ice–liquid interface, cryoconcentration effects, pH shifts, rate of freezing
and thawing, excipient crystallization pose several challenges for the process
development and tech transfer aspects. Several advance technologies are available
to mitigate these challenges although these technologies are not perfect either.
Fundamental knowledge of freezing and thawing processes and understanding of
how various factors are interconnected can aid in designing these processes
effectively.
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Chapter 16
Leachables and Extractables: From
Regulatory Expectations to Laboratory
Assessment

Michael Jahn

Abstract During manufacturing, storage and administration, a pharmaceutical
drug product (DP) formulation and its constituents are in contact with a multitude of
polymeric materials. Every such contact leads to leaching of chemicals from the
material into the formulation. Health authorities demand from the pharmaceutical
manufacturer to control leaching within an extractables/leachables (E/L) assessment
as a measure to prevent the patient from undue risk. Such an E/L assessment is
structured into different parts. Initially, the manufacturing, storage and adminis-
tration process is mapped; i.e. all contact materials are listed together with relevant
process parameters that might influence leaching. A risk evaluation scores the
materials according to their risk. High-risk materials are subjected to laboratory E/L
testing. Test conditions, i.e. incubation of materials, should reflect the conditions
encountered in the process—too exaggerated incubation conditions leading to
excessive extractables profiles that do not correlate with leachables profiles
encountered during real contact should be avoided. Analysis of the incubation
solutions within screening studies should cover comprehensively the physical–
chemical properties of E/L compounds; typical analytical methods are
headspace-GC–MS, GC–MS and LC–UV–MS. Quantitative evaluation of analyt-
ical data should be performed against analytical evaluation thresholds derived from
toxicological safety thresholds. Compounds encountered above the threshold need
follow-up activities, e.g. structural identification and toxicological assessment.
Special considerations have to be applied and are discussed within this chapter with
regard to E/L assessment of drug substance manufacturing materials, the interaction
of leachables with process constituents, glass delamination, leaching of silicon oil
and leaching from secondary packaging materials, adhesives and printing. In
summary, a proper E/L assessment should enable the pharmaceutical manufacturer
to choose manufacturing, storage and administration materials that do not pose an
undue risk for patients with regard to leaching.
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16.1 Introduction

A pharmaceutical product officially—as described, e.g. in the patient information
leaflet—is composed of the active pharmaceutical ingredient and the accompanying
excipients. Unfortunately, this is a too simplistic view on the composition, as it
neglects that chemical compounds (termed “leachables”) will inevitably have
contaminated the product during its manufacturing, storage and administration
process through contact with and migration from polymeric materials.

Within this chapter, it is discussed how leaching occurs, and how it should be
controlled to exclude a safety risk for patients when being treated with a pharma-
ceutical product.

16.1.1 Background

Throughout the manufacturing, storage and administration process of a pharma-
ceutical drug product (DP), a manifold of polymeric materials is in contact with the
DP formulation and its constituents (in the following text simply summarized as
“formulation”). During the manufacturing process, the formulation is filtered
through microbial and sterile filters, and the formulation is often transferred through
polymeric tubing. The DP is filled into and stored throughout the shelf life in a
container (glass or plastic) with a polymeric closure (often a rubber stopper).
The DP is often administered with the aid of disposable plastic materials, e.g. IV
infusion sets or syringes.

The construction process of those plastic materials is complex. To guarantee the
proper functionality of plastic materials they contain a polymeric matrix, e.g.
polyethylene, polypropylene, polyvinyl chloride, together with plastic additives,
e.g. antioxidants, plasticizers, slip agents, fillers or colourants. As these plastic
additives have to perform a function, e.g. as antioxidants, they contain polar, e.g.
phenolic, functional groups, which limit their compatibility with the unpolar
polymeric matrix. Also, if degraded during compounding at high temperature
(above the melting point of the polymer), they can form polar structural elements,
e.g. carboxylates, which again have limited compatibility with the polymeric matrix
[1]. The (often liquid) formulation in contact with the plastic material might on the
other hand act as a good solvent for those chemicals, especially when containing
surfactants or organic solvents. This leads to leaching, i.e. migration of the
chemicals from the polymeric matrix onto its surface, and from there into the
formulation. The final DP that is administered to the patient will therefore contain
leachables.
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16.2 Health Authority Expectations

Health authorities demand from pharmaceutical manufacturers to guarantee that
leachables are not a safety concern for the patient. The US Code of Federal
Regulations Title 21 [2, 3] demands that manufacturing equipment or containers and
closures “… shall not be reactive, additive, or absorptive so as to alter the safety,
identity, strength, quality, or purity of the drug … beyond the official or … estab-
lished requirements.”, where the attributes reactive and additive concern the phe-
nomenon of leaching potentially leading to alteration of safety, quality and purity.

The FDA “Guidance for Industry: CCSs for Packaging Human Drugs and
Biologics” [4] concludes that the control of leaching should correlate with the risk of
leaching, which can be assessed by evaluating two contributing factors, i.e. the
interaction of the formulation with the polymeric matrix (solid formulation
exhibiting lower risk compared to liquid formulation) and the route of administration
(oral administration being of a lower risk compared to inhalation or injection).

The EMA “Guideline on Plastic Immediate Packaging Materials” [5] gives
guidance on the submission of data on leachables’ control, which is depending on
the risk factors “nature of an active substance”, i.e. solid being less risky than
liquid, and “route of administration”, i.e. oral administration being less risky than
inhalation or parenteral injection. Obviously, potential leaching from materials and
formulations with higher risk demands for stricter control, e.g. by performing
“extraction” and “migration” studies, as they are termed in this guideline.

In the USP chapters <1663> [6] and <1664> [7], the terms “extractables” and
“leachables”, respectively, are defined, and their control strategies are explained.
Extractables are defined as “… organic and inorganic chemical entities that can be
released from a pharmaceutical packaging/delivery system, packaging component,
or packaging material of construction under laboratory conditions. Depending on
the specific purpose of the extraction study, these laboratory conditions (e.g., sol-
vent, temperature, stoichiometry, etc.) may accelerate or exaggerate the normal
conditions of storage and use for a packaged dosage form. Extractables themselves,
or substances derived from extractables, have the potential to leach into a drug
product under normal conditions of storage and use”. USP <1663> scientifically
describes the two critical steps of extractables evaluation of a packaging material,
i.e. generation of the extract and analytically testing the extract. The principles for
extractables assessment can explicitly be applied also to manufacturing materials.
Leachables are defined as “…organic and inorganic chemical entities that migrate
from a packaging/delivery system, packaging component, or packaging material of
construction into an associated drug product under normal conditions of storage and
use or during accelerated drug product stability studies. Leachables are typically a
subset of extractables or are derived from extractables”. USP <1664> scientifically
describes a leachables study outline, starting with the establishment of an analytical
evaluation threshold based on a toxicological threshold, through analytical method
development and validation considerations, as well as the correlation of leachables
to extractables data.
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Another guideline that is very useful to establish a control strategy for leachables
is ICH M7 [8]. ICH M7 manifests a threshold of toxicological concern (TTC) of
1.5 µg for a lifelong daily intake of a genotoxic impurity and consults on how to
appropriately increase the threshold for the case of less than lifetime exposure. It is
explicitly stated in the guideline that its concepts are applicable to extractables/
leachables (E/L) assessment.

16.3 Extractables/Leachables (E/L) Assessment

After a consultation of the appropriate guidelines, it should be clear if materials that
will be used for a certain pharmaceutical application are of a potential risk with
regard to leachables; if so, these materials have to be further assessed. A typical E/L
assessment starts with a mapping of the DP manufacturing, storage and adminis-
tration process and listing of all applied materials and is followed by a risk eval-
uation for each of those materials, which concludes if a material should be subjected
to a laboratory E/L study.

16.3.1 Mapping of the Process

Typical DP process steps and examples of the applied materials are listed in
Fig. 16.1.

Often the drug substance (DS) storage container is part of an E/L assessment of
the DP manufacturing system. Other materials from the manufacturing process that
are typically used and listed in the process map are microbial and sterile filters,
gaskets, valves, connectors and seals. Storage of DP is performed after filling into
CCSs (vials, pre-filled syringes, cartridges). The DP is finally administered to the
patient, especially in the clinical phases, with the aid of administration devices (IV
infusion sets consisting of infusion bags with catheters and in-line filters, disposable
syringes, etc.).

It is important in this phase of E/L assessment to collect information from the
different relevant stakeholders of the manufacturing, storage and administration
process. Personnel from DS downstream processing and DS manufacturing should
give input on materials used for and on storage conditions applied during DS
storage. Colleagues from DP manufacturing process development should provide
information on materials used during the fill/finish process as well as on their
pre-treatment (sterilization, pre-flushing, etc.). Process conditions (badge size,
maximum hold times, process formulations, etc.) should be established, because the
applied parameters will influence the subsequent risk evaluation and potential
laboratory testing conditions of the materials in question. The pharmaceutical de-
velopment group should inform on the final DP formulation (concentration of the
active pharmaceutical ingredient, as well as excipients, pH, etc.), on materials of
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construction of the CCS (glass type, elastomeric closure, fluoropolymer liner, etc.),
and on DP storage conditions (temperature, shelf life, etc.). From clinical devel-
opment input on the posology (dosing strength, frequency, duration, etc.) is nec-
essary; worst-case assumptions might be used, if the posology is not defined yet.
Clinicians should inform on materials intended for DP administration (IV admin-
istration bags, disposable syringes, etc.), as well as on instructions for compounding
(final concentration of DP in the vehicle, intermediate storage conditions in the
pharmacy, etc.).

It has to be appreciated that the gathering of all these information is tedious and
might take a considerable amount of time; however, a diligent collection of
information in this initial phase of E/L assessment is important, as it influences the
further risk evaluation and conclusions drawn from that.

Fig. 16.1 Typical process steps/materials used during DP manufacturing, storage and
administration
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16.3.2 Material Risk Evaluation

When determining the risk for the patient with regard to leaching from materials
used during the manufacturing, storage and administration of pharmaceuticals, two
fields of expertise have to contribute: chemistry and toxicology.

Expertise in chemical sciences is important to understand and evaluate the
interaction of the formulation with the polymeric materials (i.e. what is the likeli-
hood that leaching occurs, and that the leachables are present in the final DP that is
administered to the patient). Factors that have to be taken into consideration are:

– The leachables’ propensity of the formulation: the presence of organic solvents
and/or surfactants and extreme pH excursions increase the leachables’ propen-
sity compared to purely aqueous formulations at neutral pH [9]. In general,
liquid formulations can be regarded to have a higher leachables’ propensity
versus solid formulations (e.g. lyophilisates).

– The chemistry of the material: polymeric matrices like PVC contain high
amounts of plastic additives that will leach [9], whereas fluoropolymers can be
regarded as “clean” materials not releasing significant amounts of leachables.
Fluoropolymeric liners (fluorotec coating) significantly reduce leaching from
elastomeric stoppers in CCSs [10].

– The surface area of a contact material: for a contact with large surfaces (e.g.
filter membranes), the total amount of leached substances is expected to be
higher than from materials with low surface area (e.g. a polymeric seal ring).

– The change of the chemistry of materials during pre-treatment: sterilization, e.g.
autoclaving or gamma irradiation, might modify the polymeric matrix and the
plastic additives, contributing to additional leaching, whereas pre-flushing might
remove leachables [11].

– The position of a material in the process indicates the possibility of clearance of
leached compounds. This is of a higher significance for the risk evaluation of
materials used during DS manufacturing, as clearance during DP manufacturing
(e.g. adsorption to filter materials) is difficult to predict.

– Contact duration: transient contact during manufacturing exhibits a lower
likelihood of contamination with leachables, as only the surface of the material
is washed off, whereas long-term storage might allow migration of compounds
from within the polymeric matrix onto the surface and from there into the
formulation.

– Contact temperature: the temperature has an influence on the diffusion coeffi-
cients; i.e. leaching occurs predominantly at higher temperature, whereas in the
frozen state no significant leaching will be observed.

Expertise in toxicological sciences and safety regulations is important to understand
and evaluate the interaction of potential leachables in the formulation with the
patient (i.e. what is the safety risk for a patient when treated with a medication that
contains leachable compounds). Factors that have to be taken into consideration are:
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– Information on contact materials: if laboratory studies (e.g. extractables studies
performed by the materials’ manufacturer) indicate that leaching of specific
chemicals can be expected it should be evaluated by a toxicologist that toxicity
thresholds for this chemical (e.g. permitted daily exposure, PDE) are not
exceeded.

– Route of administration: safety requirements differ for different administration
routes; orally inhaled and nasal drug products (OINDPs) have a higher degree of
risk, as administered directly onto the sensitive and often affected organ (lung),
compared to DPs that are administered parenterally. This is reflected in a lower
safety concern threshold (SCT) for OINDPs (0.15 µg/day, as suggested by
PQRI [12]) compared to parenterals (1.5 µg/day, as regulated by ICH M7 [8]).

– Frequency and duration of administration: OINDPs are administered with a high
frequency (e.g. several times per day), whereas a cell therapy treatment might
only occur once per lifetime. Potentially, genotoxic impurities have to be con-
trolled in OINDPs therefore with higher scrutiny (i.e. at an SCT of 0.15 µg/day),
whereas ICH M7 allows for an increased toxicity threshold for less than lifetime
treatment. Less than lifetime treatment also happens during early phases of
clinical development, where patients are additionally closely monitored in the
hospital environment; a risk evaluation might therefore conclude that at early
clinical phases reduced leachables assessment of materials (e.g. platform
approach) is required.

– Patient population: if a medication is intended to be used in children, leaching
from materials has to be evaluated from a safety perspective differently than for
an adult patient population. Chemicals like benzyl alcohol are supposed to have
a different effect when administered to children (i.e. potentially causing acidosis
when metabolized to benzoic acid) compared to adults (where benzoic acid is
not of a dramatic safety concern) [13].

Appropriate risk evaluation procedures (e.g. component categorization, material or
component FMEA) can be applied to define the risk for a material. The conclusion
should be that high-risk materials have to be submitted to laboratory E/L studies to
support the use of specific contact materials in a specific manufacturing process,
product packaging or delivery system. The risk evaluation should be documented
and it should provide appropriate justification, if laboratory studies are not con-
sidered necessary.

The two following examples illustrate the conclusions drawn from such a risk
evaluation:

– Microbial and sterile filters used during manufacturing of a biopharmaceutical
DP: the formulation is liquid and contains a surfactant (i.e. strong interaction of
the formulation with the filter materials), and the filters have large contact
surfaces, and the formulation is injected intravenously into the patient. The risk
evaluation likely comes to the conclusion that the filters have to be tested in a
laboratory study (if appropriate information from the filter manufacturer is not
already available).
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– Food grade polypropylene container closure system (CCS) for tablets: infor-
mation and food grade certificates on CCS materials/plastic additives are
available, the dosage form is solid, and the tablets are administered orally. The
risk evaluation might come to the conclusion that the CCS material poses a very
low risk to patients with regard to leachables, and therefore a laboratory study
might not be necessary.

16.3.3 Laboratory E/L Testing

When the material risk evaluation comes to the conclusion that a material, that shall
be used for a specific application during DP manufacturing, storage and adminis-
tration, is of an increased risk with regard to leachables, it is likely that the material
is subjected to laboratory E/L testing (an alternative is to rely on extractables data
delivered by the material’s manufacturer).

16.3.3.1 Analytical Evaluation Threshold (AET)

A typical first step is to establish an analytical evaluation threshold (AET) that
correlates to a pre-defined safety threshold, e.g. the threshold of toxicological
concern (TTC) specified in ICH M7 [8].

The TTC (or another appropriate safety concern threshold) can be correlated to
the AET, which translates the acceptable intake (amount) into an analytical
concentration.

AET ¼ TTC � 1=Vð Þ � 1=nð Þ � FProcess � Cwork up

AET Analytical evaluation threshold
TTC Threshold of toxicological concern
V Volume administered into a 50 kg patient. The dose administered to the

patient might vary with patient weight; i.e. patients with higher patient
weight are administered higher doses/volumes compared to patients with
lower patient weights. A 50 kg mass is considered standard for safety
evaluation purposes. Therefore, the AET is typically not adjusted for
patient mass-dependant dosing, but rather the AET is calculated by
taking into account the maximum dose/volume that will be administered
to a 50 kg patient.

n Maximum number of administrations per day for a 50 kg patient (see
explanation above on patient weight)

FProcess Factor considering parameters relevant to the manufacturing/administra-
tion/testing process

Cwork up Concentration factor due to sample work-up

344 M. Jahn



The factor FProcess is different from 1 if the manufacturing/administration process
cannot be directly simulated during testing (examples are given below).

The factor Cwork up has to be chosen such that the AET is resulting in a con-
centration level compatible with the reporting limit of the analytical method; i.e. the
reporting limit should be lower than the AET.

The following two examples illustrate the calculation of the AET:

– A vial, filled with 4 mL of a formulation that is administered twice a day
(administration volume: 3.8 mL), is subjected to E/L testing. A TTC of 1.5 µg is
established (here, collaboration with a toxicologist might be advantageous to
indeed apply an appropriate threshold). During leachables sample work-up, the
analytes are up-concentrated by a factor of 10, e.g. by extracting 10 mL of
formulation with an organic solvent, which is evaporated to 1 mL and then
subjected to analysis (e.g. by GC–MS). The AET is calculated to

AET ¼ 1:5 lg � 1=3:8mLð Þ � 1=2ð Þ � 1 � 10 ¼ 2:0 ppm

This threshold should not pose a problem to the analytical method GC–MS,
where a reporting limit at a concentration level of an order of magnitude lower
should be easily achievable (if not dealing with extreme matrices).

– During the manufacturing of this formulation (same dosing as above), a sterile
filter is used and subjected to E/L testing, where the same filter (size, mode of
sterilization and flushing) is incubated for a specified time (e.g. as described in
the manufacturing instructions) with 1 L of formulation. In the process, the
eluent of the filter is diluted in a surge tank of 0.5 L (i.e. it has to be assumed
under worst-case considerations that the total amount of filter leachables is
present in the initial 0.5 L). Sample work-up is as described above. The AET is
calculated to

AET ¼ 1:5 lg � 1=3:8mLð Þ � 1=2ð Þ � 0:5 L=1 Lð Þ � 10 ¼ 1:0 ppm

Again, the test conditions are compatible with the GC–MS method, which
should have a much lower reporting limit than the AET.

16.3.3.2 Preparation of E/L Samples

The interaction of E/L samples of the formulation with materials varies with the
contact time, which is transient (i.e. minutes to days) during the manufacturing
process and during administration to the patient, and which is long term (several
years) upon storage in a CCS. Sample preparation for laboratory E/L testing should
simulate the actual contact time. Examples:

– If a manufacturing process is limited in the manufacturing instructions to a
maximum hold time of 48 h, the manufacturing materials should be incubated
during E/L testing with a formulation for this specified time.
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– If the shelf life of a DP formulation in a CCS is specified for 24 months
leachables samples in this CCS should be stored up to 24 months with inter-
mediate pull points (typically at 3 months, 6 months and 12 months).
Additionally, the CCS should be assessed in an extractables study, where
exaggerated incubation conditions (storage at elevated temperature; formulation
with higher solvent strength) are applied. It is important to avoid too exagger-
ated conditions, which would lead to an excess of extractables above the AET,
with no correlation of the extractables profile with the leachables profile.

Biopharmaceutical formulations are often not analytically accessible for E/L test-
ing, because the active protein is present at much higher concentration (up to
*150 mg/mL, i.e. 150,000 ppm) than the AET at which E/L compounds have to
be detected (usually in the low ppm region). Therefore, alternative E/L test solu-
tions (surrogate solutions), e.g. the placebo formulation not containing the bio-
pharmaceutical active, or a surfactant solution with relatively high surfactant
concentration (e.g. 0.1% aqueous polysorbate 20), might be used.

It is important to fill blank samples and treat them in the same way as the E/L
samples.

16.3.3.3 Choice of Analytical Methods

Once the E/L samples and blanks have been generated, they are worked up and
analysed by trace analytical means. E/L compounds are organic molecules (e.g.
plastic additives and their degradation products) that migrate during contact from
polymeric surfaces to the formulation, as well as inorganic impurities. Suitable
work-up and trace analytical methods to detect organic and inorganic E/L com-
pounds are:

– GC–MS after organic extraction for the detection of low molecular weight
(*40–600 g/mol), volatile to semi-volatile analytes with low to medium
polarity. Quantification using MS detection enables structural elucidation in case
compounds are quantified above the AET. Typical reporting limits, established
with an external reference compound, e.g. butylated hydroxytoluene (BHT), are
in the range of *0.1 ppm (after work-up).

– Headspace coupled to GC–MS (HS–GC–MS) for the detection of volatile
analytes. Sample work-up and up-concentration is not feasible, because the
target analytes—volatile compounds—would be evaporated and thus would
escape detection. Therefore, aqueous samples are directly transferred into
headspace vials and analysed. Organic samples are not compatible with HS–
GC–MS. Quantification using MS detection enables structural elucidation in
case compounds are quantified above the AET. Typical reporting limits,
established with an external reference compound, e.g. toluene, are in the range
of *0.1 ppm.
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– LC–UV–MS analysis for the detection of E/L compounds with high variability
in molecular weight (*100–2000 g/mol) and polarity. Sample analysis can be
performed by direct sample injection or after suitable sample pre-treatment.
Often, in screening analyses only the UV response is used for quantification,
because certain excipients in a surrogate or placebo formulation might strongly
interfere with the MS method (e.g. polysorbates). Typical reporting limits,
established with an external reference compound, e.g. butylated hydroxytoluene
(BHT), are in the range of*0.1 ppm. MS is applied for structural elucidation in
case compounds are quantified that exceed the AET.

– Elemental analysis (EA) for the detection of inorganic E/L compounds. ICH
Q3D [14] demands that the elements Cd, Pb, As, Hg, Co, V, Ni, Li, Sb and Cu
are assessed in the final (parenteral) DP. As there are many potential sources of
contamination with these elements during the complex DS and DP manufac-
turing, storage and administration process, those elements are only assessed as
E/Ls from specific materials if their presence is suspected. To assess inorganic
leachables in a holistic approach, covering all of the different steps that lead to
the final DP that is administered to the patient, the DP itself should be analysed.
ICP-MS and ICP-OES are the methods of choice, and their reporting limits are
variable with the respective element and with the formulation matrix.

16.3.3.4 E/L Compounds Above AET

If organic E/L compounds are quantified above the AET, follow-up work is nec-
essary. The analytes have to be structurally identified; this might be accomplished
by simple mass spectral database comparison, or by more sophisticated analytical
and chemical methods, that need well-experienced and well-equipped personnel.
This identification process should be finalized with a chromatographic and spec-
troscopic comparison with an authentic reference standard.

The accurate quantity of the E/L compound, measured ideally with the aid of the
authentic reference standard, together with data on posology should be submitted to
a toxicologist, who will judge if the E/L compound is of a safety risk to the patient.
In the rare cases where this occurs, the material in question will likely be
exchanged. As some of the here described studies might use exaggerated sample
preparation conditions (e.g. during extractables studies or during simulation studies)
it might also be considered to assess, if the respective E/L compound is present at a
significant concentration, e.g. derived from a permitted daily exposure, in the final
DP. Specific methods (e.g. single ion monitoring (SIM), MS/MS, UV at maximum
absorption, specific elemental analysis) can then be applied for quantification. As
per toxicological assessment the compound was deemed potentially harmful, a
validated sample work-up and analysis method should be applied for its
quantification.
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16.3.4 Special Considerations

The workflow for an E/L assessment, as outlined above, is rarely a routine process.
In the following sections, some special challenges are depicted.

16.3.4.1 Leachables During Drug Substance (DS) Manufacturing

During conventional small molecule drug substance (DS) manufacturing by
chemical synthesis of the active pharmaceutical ingredient (API) assessment of
leachables from manufacturing equipment is considered obsolete, because purifi-
cation steps, e.g. re-crystallization, will effectively reduce leachables, and storage of
the API (= DS) is often in the solid state, with minimal potential for interaction with
plastic surfaces leading to leaching. During biotechnology DS manufacturing of—
usually liquid—protein/antibody formulations a manifold of polymeric contact
surface areas will release leachables. Although there are process steps applied for
the purification of the protein—e.g. affinity liquid chromatography, ion exchange
chromatography, hydrophobic interaction chromatography, size exclusion chro-
matography, diafiltration [15]—which enable the removal of process-related
impurities and cell culture components, it should be evaluated if E/L compounds
of interest are also cleared with high rates. Usually, the materials’ manufacturer is
testing their materials for extractables, by, e.g. following the BPOG protocol [16];
such a study, which should be accessible to the DS manufacturer, might reveal if
leachables with safety concern could enter the process stream and if those need
monitoring and control.

Material risk evaluation for biotechnology DS manufacturing materials is tricky.
Numerical risk evaluation with thresholds used for further assessment decisions
(e.g. follow-up E/L laboratory study versus relying on manufacturer’s extractables
data) are useful, but it has to be acknowledged that the scoring is somehow arbi-
trary. The results of this risk evaluation should be reviewed by an E/L expert.

Also, leachables testing of DS manufacturing materials is not trivial:
Establishing an AET is complicated due to uncertainties regarding, e.g. the fate of
leachables during further downstream processing (are they cleared or
up-concentrated with the protein?). Analytical testing with authentic DS pools
might either not be possible due to their unavailability or difficult due to their
complex matrix.

If the analytical methods are established and validated, it might be useful to
study leaching into the DS process fluids in a holistic manner, by performing
leachables screening in the final DS. As outlined, above hurdles regarding the often
high protein concentration in the DS with the implication of uncertain analyte
recovery during work-up and analysis have to be overcome.
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16.3.4.2 Interaction of Leachables with Process Constituents

Leachable compounds are mainly assessed with regard to their safety risk for
patients. However, they might also be detrimental to process performance or to the
quality of the final DP.

It was previously observed that cytotoxic leachables from single-use bioprocess
equipment caused poor cell growth during fermentation [17]. The interaction of the
API with leachables from following process steps must also be taken into con-
sideration. We have observed that gamma-sterilized materials can release reactive
oxygen species (e.g. peroxides) into the process stream, causing oxidation of the
protein (data not published). Leaching inorganic elements might cause protein
aggregation, as seen, e.g. with residual tungsten in pre-filled syringes originating
from tungsten pins used during syringe fabrication [18]. Organic leachables from
the stoppers of administration bags caused incompatibility with the protein
dulanermin during potential freeze/thaw cycles [19].

It is very difficult to predict and proactively study any of those interactions of
leachables with process constituents, and it is likely that only root cause investi-
gations following OOS/OOE results would identify the culprit.

16.3.4.3 Glass Delamination

Another detrimental phenomenon that is caused by leaching is delamination from
glass CCSs. Two possible mechanisms of delamination are described, i.e. leaching
of ions (e.g. sodium) from the glass surface into the DP formulation, or interaction
of formulation constituents with the glass surface. Both mechanisms cause a porous
inner surface of the glass vials or ampules with subsequent release of glass flakes,
which might not be observed during visual inspection of the final filled units,
because the delamination process is rather slow, and therefore might only occur
during long-term storage. The different parameters (glass composition, container
forming process, container pre-treatment, sterilization conditions, DP formulation)
that might contribute to glass delamination should be wisely chosen to prevent
surprises in a late project phase [20].

16.3.4.4 Silicone Oil

Silicone oil is applied as a lubricant on the inner surface of pre-filled syringes to
minimize the injection force that is needed, e.g. for administration with an
autoinjector. During elongated storage of the DP in the pre-filled syringe as well as
when applying shear stress, e.g. during transportation, the silicone oil will transfer
(leach) into the DP formulation and form silicone droplets [21]. A follow-up
interaction of the droplet surfaces with the protein might lead to aggregation and
formation of sub-visible particles potentially inducing immunogenicity. During
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leachables assessment, the “leaching” of silicone might be neglected, because the
chemical itself is not of toxicological concern. However, if the protein is known to
be sensitive to the presence of silicone droplets (this should be assessed during
formulation development) the siliconization process should be carefully established,
by finding a compromise between the functionality of the device and the quality and
stability of the contained DP.

16.3.4.5 Secondary Packaging Materials, Adhesives and Printing

When selecting materials for E/L assessment, it is important to consider also sec-
ondary packaging, adhesives and printing inks as a potential source of contami-
nation. Especially, flexible bags that are used during administration might be
packed in overwraps with a direct contact of the bag material with the overwrap
foil, thereby enabling leaching from the secondary packaging into the contained
solution that is administered to the patient. Often even multi-layered foils—if not
constructed especially for this purpose—are not migration barriers. This also causes
leaching of chemicals used in adhesives to stick labels on the outer side of plastic
bags; adhesive chemistry is complex! Also, printing inks applied to the outside of
flexible bags and other polymeric containers will contribute to a contamination with
leachables. Especially, the volatile components of the printing ink formulation with
high diffusion coefficients will migrate through the polymeric material (if no ded-
icated migration barrier is added). Another source for printing ink leachables might
be the manufacturing and printing process of the foils, when during stacking the
inner surface is in direct contact with the outer printed surface. It is therefore
important to perform leachables assessment on the final packed, labelled and
printed materials.

16.4 Summary and Conclusion

During manufacturing, storage and administration, leachables will contaminate
medications and will ultimately be administered to the patient. It is of importance to
control leaching for compliance and patients’ safety reasons. This might be done by
exclusive risk evaluation (which should be based on scientific rational) or by lab-
oratory E/L testing of materials. To get meaningful E/L results, it is important to
obtain input from the different stakeholders of the CMC and clinical experts. It is
then important to properly select testing conditions and correlate the analytical
results of a study to a safety risk with regard to leachables to the patient.
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Chapter 17
Biotherapeutic Drug Product
Manufacturing and Process
Development

Daniel Dixon and Anthony Gudinas

Abstract This chapter describes a typical biologics drug product manufacturing
process and typical work to support that process. Unit operations addressed include
dilution strategies and mixing, sterile filtration, filling, capping, and inspection, with
a separate discussion on hold time monitoring. As each unit operation is discussed,
manufacturing considerations and typical laboratory study designs are also intro-
duced. A knowledge-based process design feeds into a robust risk management
program, which in turn supports the Quality by Design paradigm. As a program
progresses to later stages, the focus of the Quality by Design paradigm becomes
demonstrating control of the process (through the control strategy) and proving
consistency (through Process Performance Qualification).

Keywords Drug substance dilution � Sterile filtration � Filling
Hold times � Quality by Design

17.1 Overview

At-scale drug product manufacturing of protein-based drugs typically follows a
standard flow simplified in Fig. 17.1. Drug substance is typically shipped from
either the substance manufacturing site or a long-term storage location to the fill site
under frozen conditions. The drug product manufacturing process begins with
thawing the drug substance. The drug substance is then pooled into a suitable
container and diluted with buffer, if required. The formulated bulk drug product is
sterile filtered prior to filling into an appropriate container (vial or prefilled syringe).
Lyophilized products are loaded into the lyophilizer, and the cycle is executed at
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this stage. Following filling (for liquid products) or lyophilization (for lyophilized
products), vials are capped and inspected. At this point, the lot is ready for release
pending analytical release testing and quality review of batch documentation.

Often, “process development” is approached from a purely scientific perspective.
While a strong understanding of the relative sensitivities of the drug product
material is critical to designing a manufacturing process, it is not the only factor.
Additionally, equally critical considerations to manufacturing include: microbial
control, compliance, and process reproducibility as well as economic drivers such
as batch size and facility throughput. A process must be designed with the man-
ufacturing environment in mind to minimize potential microbial risks by mini-
mizing manipulations that may introduce contamination and with suitable
equipment and consumable materials to prevent non-viable contamination. During
execution, the process is typically checked at predefined points to ensure it is
progressing as intended or measure the current state to define future actions through
in-process controls. These controls often include pH, osmolality, active concen-
tration, and bioburden. Process reproducibility can be impacted in several ways,
including equipment capabilities and process simplicity. Process simplicity leads to
reduced opportunity for human error during execution.

Expectations around procedures, facilities, and personnel are described in detail
in ICH Q7 (International Conference on Harmonization [8]. The details of specific
at-scale manufacturing processes are supported by development work, either at
laboratory scale or at full scale, and a robust risk identification and mitigation
strategy. ICH Q8(R2) [9], ICH Q9 [10], and ICH Q10 [7] work together to outline
Quality by Design principles through pharmaceutical development, risk manage-
ment, and quality systems. This chapter will walk through the manufacturing unit
operations and highlight areas of focus and particular importance. This chapter will
assume a liquid product, as lyophilization specific concerns are covered elsewhere
(please see Chap. 17, “Lyophilization: Process Design, Robustness and Risk
Management”).

Transport to 
Fill Site Thaw Buffer 

Formula on DS Pool DS Dilu on

Sterile 
Filtra on Filling Lyophiliza on Capping Inspec on 

Fig. 17.1 Typical protein drug product manufacturing process. Dashed boxes indicate optional
steps
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17.2 Transport and Thaw

There are two primary concerns during transportation of drug substance. The
protection of the active materials during transport is critical as is the maintenance of
the product temperature within predefined acceptable ranges. Both of these aspects
are a function of the design of the shipping container and can be qualified inde-
pendently from the actual product being shipped. Protection usually includes
aspects such as protection from impact, light, and contamination. In general,
early-stage programs should rely on shipping configurations that have been
demonstrated to be fit for purpose in their ability to maintain the product temper-
ature within the target range for the required duration of time while providing
adequate physical protection for the contents against foreseen handling, which
should consider potential delays in transit.

As drug substance is typically stored frozen, adequate storage capacity is
required at the drug product manufacturing site to warehouse the drug substance
within the storage temperature specifications prior to manufacturing. Typically, the
first step of the drug product manufacturing process is the thaw of the drug sub-
stance. Thawing mechanism is dependent on (1) drug substance container type
(e.g., bottles or bags), (2) volume within each container, (3) sensitivity of the active
material to stresses encountered during thaw, and (4) availability of any specialized
equipment at the drug product manufacturing site. For a more detailed discussion of
considerations for drug substance storage, refer to Chap. 13 (“Bulk Protein
Solution: Freeze Thaw Process, Storage and Shipping Considerations”).

17.3 Pooling and DS Dilution

Post-thawing, the drug substance is pooled into a vessel or disposable container of
appropriate size. To minimize manufacturing process time for drug substance, any
required dilution buffer should be prepared in advance and ready for use. Buffer is
added to the drug substance to reach the final target concentration based on the
dilution strategy and the result of an in-process concentration determination. Any
buffer added to the manufacturing process should be confirmed to meet relevant
in-process controls (such as pH and osmolality) and passed through a 0.22-micron
filter to minimize the risk of microbial contamination.

17.3.1 Dilution Strategy

In many cases, the drug substance and bulk drug product contain different con-
centrations of protein. This may be due to products that provide multiple dosage
form presentations by varying active concentration, or reducing storage and
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shipping volumes by increasing active concentration. If this is the case, the drug
substance must be diluted during the drug product manufacturing process.

Buffers used during drug product manufacturing can be broadly split into two
categories: (1) excipient modifying buffers and (2) dilution buffers. If the formu-
lations of the drug substance and drug product are not the same, a modifying buffer
is required. Use of a modifying buffer is preferred to adding dry excipients directly
to a drug substance pool, as mixing speeds and durations can be selected to ensure
dissolution of any dry materials without risk to potential shear degradation of the
drug substance.

The quality of excipients used in protein formulations must be considered to
minimize the impact of potential trace impurities (e.g., trace levels of aldehydes,
peroxides, and/or metal ions which may lead to oxidation) [15]. Additionally,
multiple vendors may be desirable for key excipients, in which case comparable
quality is required [3].

Polysorbate surfactants have received significant attention in the literature due to
potential for surfactant degradation and the potential impact of the degradedmaterials
on the active product [13, 22]. From a manufacturing perspective, several potential
strategies can be employed to mitigate potential risks. These include: (1) purchasing
small volume containers to enable single use or (2) qualifying/validating application
of a nitrogen overlay after each use. Application of small volume aliquots is more
straightforward in amanufacturing environment. To complywith expectations around
identification sampling from each container, it would be recommended to utilize a
single sacrificial container for provisional acceptance of the bulk lot, followed by
samples from the individual containers collected at the point of use if required.
Opening of containers to be used inmanufacturing should be avoided until the point of
use to minimize the risk of polysorbate degradation.

In general, the preferred order of dilution in this case would be to (1) pool the
drug substance, (2) add the modifying buffer at a predetermined ratio to yield the
correct excipient concentration (potentially resulting in a range of protein con-
centrations from lot to lot), and (3) dilute the composition-modified pool to the final
protein concentration. The composition of the modifying buffer should balance the
solubilities of the augmented excipients with the degree of dilution of the drug
substance. The two buffer approach, while requiring more facility time and effort to
manufacture, provides flexibility with respect to lot-to-lot variability in drug sub-
stance concentration, while maximizing consistency of excipient composition from
drug product lot to drug product lot.

The dilution strategy from the potentially variable drug substance concentration
to formulated drug product must consider several aspects:

1. Magnitude of the dilution (large difference vs. small),
2. Volume of solution relative to working volume of vessel/container,
3. Accuracy of concentration determination method and time required for testing,
4. Single lot of drug substance or multiple, and
5. Mechanism for ensuring product homogeneity.
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In general, minimizing the number of times a process is interrupted for micro-
biological and analytical testing is desirable. In a manufacturing environment, a
typical UV/Vis absorption assay performed in a QC laboratory can cause a 2 h (or
more) interruption in the process. Performing this testing multiple times may
challenge the overall process hold time and facility schedule without significantly
improving process robustness.

For a large dilution (e.g., the drug substance makes up less than 70% of the final
volume), an initial dilution can be made based on the theoretical concentration
(either from the Certificate of Analysis of the drug substance, or a weighted average
of the concentrations of multiple lots). Using this theoretical concentration and
pooled drug substance weight, an initial dilution can be performed to an interme-
diate point that is closer to the final concentration (e.g., 80% of the final theoretical
weight). The proximity of the initial dilution to the final target should take into
account the variability of the concentration determination measurement. After
mixing, samples are collected to confirm homogeneity and determine the concen-
tration at that point to use for calculation of the final dilution. If data has been
generated to qualify that a solution is homogeneous when subject to a set of mixing
conditions, then homogeneity does not need to be confirmed provided the mixing
time, speed, and volume are within the previous qualification. Qualification of
homogeneity is typically demonstrated near the process validation stage as com-
mercial batch sizes and process parameter ranges are finalized, while earlier phase
clinical manufacturing confirms homogeneity for each batch.

If the drug substance makes up greater than approximately 70% of the final
volume, a single dilution from the drug substance pool to the final volume is
recommended upon determination of the concentration of the pooled drug sub-
stance through an in-process control.

A potential exception to the above strategy comes when there is poor confidence in
the composite calculated concentration. This lack of confidence can either be due to
high variability of the analytical method or pooling of many different lots of drug
substance over a range of concentrations. Under these circumstances, one should define
amore conservative approach to the dilution process to ensure thematerial is not over or
under diluted during the manufacturing process, thus potentially failing specification.

The pooled drug substance must be mixed to homogeneity prior to sampling. In
general, the higher the mixing speed, the more quickly the solution becomes
homogeneous. The choices of the mixing conditions are generally restricted on the
aggressive side by seeking to minimize shear degradation, splashing, foaming, and
air entrainment. Mixing conditions may also be influenced by the volume of solution.
While it is preferable to design a vessel that remains within its working volume for
the entire range of batch sizes, from the addition of drug substance through the 100%
formulated solution under all circumstances, this is not always possible when
required to work with existing equipment or for products with a significant batch size
range. A scenario may exist (particularly if there is a large dilution between drug
substance and drug product) where the drug substance pool is not above the mini-
mum working volume of the vessel. Vessel choice should also ensure that the
maximum batch size does not exceed the maximum working volume of the vessel.
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In these cases, there are two methods to exceed the minimum working volume
prior to mixing: (1) charge the vessel with a fixed amount of buffer prior to sub-
stance addition or (2) add the drug substance followed by buffer. The advantage of
the first option is that mixing can initiate immediately after drug substance addition.
The advantages of the second option are that it is more straightforward to define the
weight of the drug substance pool and fewer manipulations are required. In the
spirit of maximizing simplicity, the preferred option would be to identify (or design
and purchase) a vessel that can mix across all required volumes. The second choice
would be to add the drug substance first prior to an initial dilution to exceed the
minimum working volume of the selected vessel.

Homogeneity can be defined in several ways. Often pH, osmolality, and protein
concentration are measured. One can question the value of a pH measurement if the
solutions that are mixed are drug substance lot(s) and buffer, each of nominally the
same pH. Osmolality primarily measures the highest concentration of formulation
excipients. In most protein formulations, these are readily soluble compounds (such
as salts and polysaccharides/polyols). Additionally, if the drug substance and drug
product are the same composition, then the only differences in osmolality would be
due to additional ions carried through the drug substance purification process via
the Donnan effect [20]. In either case, the osmolytes are small materials and would
be expected to mix fairly quickly, relative to significantly larger protein molecules.
As a result, the worst-case material to test for in determining homogeneity is
generally the concentration of active ingredient.

Two strategies can be employed for ensuring homogeneity—(1) confirming
homogeneity through in-process controls and (2) qualifying/validating mixing
conditions that have been demonstrated to yield a homogeneous solution over the
full range of batch sizes. For early-stage clinical programs which have not defined a
commercial manufacturing process (such as batch size and equipment design),
implementation of in-process controls will confirm that the process results in a
homogeneous solution prior to progressing through manufacturing. Separately, a
mixing study can be executed on the largest volume of solution at the slowest
mixing speed (worst case) to define conditions that will result in homogeneity,
which would typically be executed in preparation for process validation. Process
parameters within the conditions defined in such a study would not be required to
be challenged for homogeneity on a routine basis.

One popular method for confirming homogeneity is to collect samples from
different locations within the pooled solution at a point in time (e.g., top, middle,
and bottom of the vessel). In employing this method, care must be taken to ensure
that the samples collected are representative of the solution at that particular
location, particularly if long lengths of tubing are required to be submerged.
Another drawback of this method is the opportunity for contamination by having an
operator directly above the solution in a Grade C, down-flow area. The airflow in
these areas would naturally wash over the operator and toward the solution. While
downstream filters will mitigate contamination risk, having operators over open
solutions is undesirable.
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Another method is to collect two samples from the same location at different
mixing times. If the concentration is unchanged between the two time points, then
the solution can be considered homogeneous. This can minimize intrusions into the
manufacturing vessel, particularly if aseptic sampling manifolds are employed.

When diluting, acceptance criteria should be predefined for the allowable vari-
ability between different in-process measurements. This should also take into
account the variability of the concentration assay, as well as the variability allowed
in the finished product specification (typically ±10%). Additionally, an acceptance
criterion should be defined for proximity to the target concentration, as a precaution
against error in executing the concentration measurement. One method is to apply
the following two equations:

Smallest Value
Largest Value

[ 0:95

0:95\
Average of Measurements

Target Value
\1:05

These equations ensure that all values are within 5% of each other and the
average is within 5% of the target. Not meeting these criteria may indicate that:

1. The solution is not homogeneous.
2. The concentration measurement is not robust (or was not performed correctly).
3. There was an error in:

a. The starting concentration value.
b. The amount of buffer added.
c. The weight of the bulk container (e.g., not everything that was on the balance

during the tare was still on the balance).

At the end of the formulation process, the protein concentration should be
confirmed and the solution is often passed through a bioburden reduction filter to
reduce the challenge to the downstream sterile filters and to enable a hold prior to
sterile filtration.

17.3.2 Considerations

The mechanism of mixing at manufacturing scale may lead to particulate formation
or protein degradation in some instances. Commonly used bottom-mounted mag-
netic mixers with silicon carbide bearings were shown to impact the integrity of an
IgG1 protein resulting in an increase in sample turbidity, in one example [2]. This
particle generation was not observed for top-mounted mixers [11].

Material compatibility studies should include all product contact materials
and should consider the surface area to volume ratio at the large scale.
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These experiments are best performed at laboratory scale with surface area to
volume ratios in excess of the worst-case scenario (preferably a multiple of the
ratio) as a function of time exceeding the maximum allowable manufacturing time.
Common materials include stainless steel, platinum-cured silicone, gasket materials
(such as EPDM, PTFE, and platinum-cured silicone), and any plastics used in
storage or sampling bags. When possible, samples of actual in-process manufac-
turing materials should be tested. Analytical tests should include stability-indicating
assays that are expected to show change during storage (e.g., measurement of high
molecular weight and low molecular weight species) as well as any other tests that
may be expected to be sensitive to potential degradation. For example, the degree of
oxidation should be measured after contact with stainless steel for proteins known
to be sensitive to metal-catalyzed oxidation.

During compatibility studies with plastics, the concentration of any surfactants in
the formulation should be monitored as a function of time to ensure that the solution
exposed to those materials has the intended surfactant levels after worst-case
exposure. Additionally, plastics should be evaluated for any potential extractables
and leachables, and steps may be required to mitigate leachable impact on the
finished product.

17.4 Laboratory-Scale Mixing Studies

There are several unit operations in a commercial manufacturing process that
require a mixing step. For example, a mixing step after DS is pooled, a mixing step
during buffer preparation, and a mixing step during dilution (if necessary) of DS to
100% formulated DP. All of the mixing steps are designed to ensure homogeneity
of the protein and other excipients in the formulation. Typically, the commercial
manufacturing site has established mixing speeds and times for the different mixing
steps. Scaled-down laboratory process qualification (LPQ) studies are executed to
compare a common parameter in the mixing process, such as shear rate at the tip of
the mixing impeller, to ensure the commercial mixing parameters are within an
established design space. The shear rate imparted on the solution by the mixing
mechanism is a function of the diameter of the mixer, the rotational speed, and the
power number of the mixer (which takes into account mixer geometry). Mixing
speed at scale should be restricted by (1) allowable shear (determined from
laboratory-scale experiments) and (2) prevention of splashing, vortexing, foaming,
and air entrainment (confirmed at scale, with allowable ranges obtained using either
model solutions or during development studies). Conditions in the laboratory
process qualification studies are set to be more aggressive than the commercial
process to ensure the LPQ studies effectively define the range of parameters within
which protein quality is maintained. The shear rate at the impeller tip can be
calculated for the range of mixing speeds and impeller designs of the commercial
process, with LPQ mixing speeds chosen to surpass the shear rate developed in the
manufacturing process by a safety factor. If protein quality is maintained in the LPQ
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study, then the mixing conditions of the commercial process are within the design
space that will ensure protein quality. The shear rate (c (1/s)) at the tip of an
impeller for a given vessel diameter and impeller diameter is [16]:

c ¼ p � impeller diameter � impeller speed rpmð Þ
vessel diameter-impeller diameter

2

� �

For example, if a commercial process uses an 80 cm diameter vessel for a 400 L
batch size with a 14 cm impeller and 120 rpm impeller speed, the shear rate would
be 160/s. An LPQ study using a scaled-down 2 L vessel with a diameter of 11 cm
and impeller diameter of 6 cm could be run at 100, 200, 300, and 400 rpm resulting
in a shear rate range of 754–3015/s. If the protein quality from the laboratory study
is within specifications after exceeding the mixing time and mixing rate of the
commercial process, then it can be concluded the LPQ study indicates the com-
mercial mixing parameters will result in satisfactory protein quality from a shear
perspective. This study does not, however, ensure the commercial mixing param-
eters do not induce splashing or foaming, or produce a homogeneous formulation.
Such assurances, if required, are the result of actual at-scale mixing studies during
engineering runs that confirm the mixing parameters produce a homogeneous
formulation without splashing or foaming. Surrogate solutions may be considered
with appropriate characterization that homogeneity of the surrogate is representative
of the active materials under consideration.

17.5 Sterile Filtration

Parenteral drug product formulations are required to be sterile. This can be
accomplished either through terminal sterilization or in-process sterilization during
manufacturing. As biologics are typically not compatible with terminal sterilization,
the manufacturing process relies on filtration of the liquid drug product through a
sterilizing-grade filter with a nominal pore size of � 0.2 lm. Two types of filters
are used in manufacturing processes, a bioburden reduction filter and a
sterilizing-grade filter. The purpose of a bioburden reduction filter is to minimize
the level of viable microorganisms in a manufacturing process stream. A bioburden
reduction filter is used in process steps that do not require sterile output; rather, they
are used to ensure the bioburden load of the drug product is below established
control specifications prior to sterile filtration. Sterilizing filters ensure that the
downstream process stream is sterile. This is ascertained by confirming that the
solution presented to the sterilizing filters is low bioburden, less than 10 CFU/
100 mL (colony forming units) or equivalent, that the filter has been demonstrated
to provide at least an 8 log removal of the challenge organism Brevundimonas
diminuta during validation studies, and that the filters have been demonstrated to be
integral both prior to use and after use. Open collection of bioburden samples
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carries a risk of contamination during sampling that could potentially lead to batch
failure. One mitigation strategy would be to employ closed sampling methods to
reduce the exposure of the bioburden sample to the environment (or operators) prior
to analysis. Redundant series filters are used during sterile filtration as a risk mit-
igation strategy to ensure sterility in the event one filter is compromised. While
finished product is tested for sterility after manufacturing, the sampling for this
testing is not from a statistically significant portion of the lot and would only be
expected to detect gross contamination.

17.5.1 Bioburden Reduction Filters

Bioburden reduction filters are used to reduce bioburden load at steps in the
manufacturing process where sterility is not a requirement. For example, if for-
mulated drug product is held overnight prior to filling, it can be filtered into a sterile
vessel using a bioburden reduction filter. Commonly, bioburden reduction filters are
the same membrane type and pore size as sterilizing filters and only differ from
sterilizing filters in the controls placed around the filtration step (such as filter
integrity testing and confirmation of challenge bioburden). A bioburden reduction
filtration frequently precedes the sterile filtration step in a manufacturing process to
ensure a low bioburden load on the sterile filters. Bioburden is measured by
sampling and evaluation using a validated test method. Levels are monitored and
confirmed during process qualification batches.

17.5.2 Filter Requirements for Early-Stage Processes

In preparation for early-phase clinical manufacturing, a filter must be selected for a
manufacturing process. There are several factors involved in selecting a filter: the
compatibility of the protein and formulation with the filter, batch size, membrane
chemistry, and operating parameters of the process. Studies that demonstrate a filter
is compatible with the product, and the filtered product meets the expected
acceptance criteria, should be executed to verify a filter is suitable. These studies
can include: protein adsorption, surfactant adsorption, effects on protein quality
from multiple filtrations, and flux determination [to define the appropriate filter size
(s) for proposed batch size(s)]. In addition, data from filter manufacturers is used to
determine filter suitability for a specific process. Filter manufacturers are required to
perform tests according to compendial methods to qualify the filter for use with
pharmaceutical products. These tests include evaluation of leachables and ex-
tractables, ability to retain bacteria, and properties to confirm filter integrity typi-
cally using water as a challenge stream.

When a filter is selected for a process, it needs to be properly sized for the
intended batch size. Filter sizing can be determined by executing a laboratory Vmax
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test, defined as the maximum filterable volume through a filter of specific area, to
determine the flux of the drug product through the filter and the filter area required
to filter the batch volume in a reasonable time period. The challenge volume/filter
area used in the Vmax test should be representative of the batch volume/filter area
proposed for the commercial process to obtain the most accurate test data.

An alternative during early product development is to leverage a platform pro-
cess approach where a single filter type is chosen that is compatible with multiple
compounds for the purpose of delaying product-specific filter validation until the
proposed commercial process is defined. A platform approach can be used after a
sufficient amount of data is collected on multiple compounds which demonstrate a
degree of robustness where no impact on protein quality is determined from protein
adsorption, multiple filtrations, and membrane compatibility studies. Furthermore,
if a new compound can be identified to be comparable in solution properties,
concentration, excipient types and levels, then a risk-based approach can be applied
to validation areas such as microbial retention and extractable and leachable testing
during early clinical stages.

17.5.3 Filter Integrity Testing (FIT)

A post-use integrity test must be performed on the sterilizing filter in a manufac-
turing process to verify the filter is integral to comply with FDA regulations. To
comply with European Commission Annex 1, the sterilized filter should also be
integrity tested prior to use [4] and is strongly recommended by FDA [6]. Filter
integrity testing determines if there are any defects in the filter membrane that might
compromise the filter’s ability to retain microorganisms. Filter manufacturers set
water-wet integrity test specifications for filters and include this information with
the filter’s certificate of quality. If a product-specific filter integrity test specification
needs to be established, the user or the manufacturer can execute the testing using
validated methods and appropriate documentation, determining the difference
between integrity test results of the challenge stream relative to water [1]. The two
most common types of integrity tests are gas diffusion through a wetted membrane,
or forward flow, and bubble point test of a wetted membrane. Gas diffusion mea-
sures the diffusion of gas molecules across a wetted filter under constant pressure
and is proportional to filter surface area. Diffusion is generally preferred for large
filters or filters with high bubble points. Bubble point measures the pressure
required to push the wetted solution out of the largest pores in the membrane, is
independent of filter surface area, and is correlated to vendor performed microbial
retention testing. A water-wet integrity test is usually sufficient for Phase 1 man-
ufacturing, provided the filters can be suitably wetted with water for a
post-sterilization/preuse integrity test and that water can be flushed out of the filter
without diluting the active material used to fill the initial portion of the batch. The
integrity test verifies that the test filter has characteristics that have been shown by
the manufacturer to retain bacteria.
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The level of filter qualification increases from Phase 1 to Phase 3 clinical
manufacturing and process validation runs. A risk assessment should be executed
prior to full-scale engineering runs to identify any gaps in the filtration process that
require additional testing at the development scale or full-scale engineering and
qualification runs. A risk assessment will analyze factors and determine the prob-
ability, severity of occurrence, and then decide if additional experimentation is
needed to provide more supporting data and reduce risk. ICH Q9 provides guidance
on applying quality risk management principles to development and manufacturing.

17.5.4 Sterile Filtration Validation

Sterile filtration validation studies are typically required to be completed prior to
process validation studies. Filter validation starts with defining the full-scale
manufacturing process: process scale, time of filter exposure to the process stream,
operating temperature and pressures, filter surface area, and type of process flow.
This information will be used to design the appropriate tests by the user or the filter
manufacturer for filter validation. The testing required to perform filter validation
typically includes: product-specific integrity test parameters (if required and not
already measured), bacterial retention, membrane compatibility, leachables and
extractables.

17.5.5 Bacterial Retention

Bacterial retention demonstrates that the sterilizing membrane is capable of
retaining B. diminuta bacteria (B. diminuta) (American Type Culture Collection
(ATCC) 19146) in the presence of the drug product stream. Testing is conducted on
a laboratory scale using 47 mm membrane disks. The use of 47 mm disks for
bacterial retention testing allows for scaled-down simulation of the established
filtration process. Three different lots of 0.2–0.22 lm membrane (test filters) are
tested. A single 0.45 lm membrane is also tested as a control. Prior to retention
studies, B. diminuta is added to an aliquot of DP solution to demonstrate viability of
the bacteria, which determines the next steps during the retention study.

Acceptable performance for the 0.2–0.22 lm membrane is demonstrated by
the membrane retaining all B. diminuta organisms when challenged with
� 1 � 107 CFU (colony forming units) per cm2. The test organism is prepared and
assessed for purity and identity. It is then inoculated into the DP. A sample is taken
and the concentration of the inoculum and challenge fluid determined. The inoc-
ulated DP is filtered, and the filtrate is monitored for B. diminuta. It is expected that
B. diminuta is present downstream of the 0.45 lm membrane, but not downstream
of the 0.22 lm membranes.
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17.5.6 Membrane Compatibility

Membrane compatibility studies assess whether exposure of drug product to the
filter membrane impacts the characteristics and performance of the filter (the target
is “no impact”). These characteristics include: water permeability (flow rate),
product bubble point, weight, and appearance. The testing is done to determine if
the pharmaceutical product is chemically compatible with the filter membrane and
if exposure to the product alters the pore size, therefore altering the retention
capabilities. Membranes from three lots are wetted with water and tested for bubble
point. The membranes are then wetted with product and retested. The membranes
are then statically exposed to the product for a period that brackets the maximum
manufacturing time allowed by the process/manufacturing location. The mem-
branes are then retested, and the results are analyzed to determine if the product has
altered the filter membrane.

17.5.7 Extractables Testing

Extractables testing is performed on filters to determine whether filter-related
components can be removed under aggressive exposure conditions, such as the use
of a solvent or exposure to high temperature or high/low pH. Extractables represent
the worst case in terms of number of compounds identified and levels of those
compounds because of the aggressive exposure conditions. Leachables are a subset
of extractables and represent components that can migrate from the filter during
exposure of the process stream under normal process conditions. Extractable data
can be generated by the filter manufacturer or the filter user. Ideally, the filter
manufacturer can provide a list of possible extractable components, execute testing,
and provide an analysis of the extractables. These extractables should be identified
and quantified. Methods to identify and quantify extractables include
reversed-phase high-performance liquid chromatography (RP-HPLC), liquid chro-
matography with mass spectrometry (LC–MS), and gas chromatography with mass
spectrometry (GC–MS). Extractables testing of filter material using actual drug
product, however, is not practical. The extractable compounds one could expect
from filters consist of organic polymers or monomeric materials, surfactants,
plasticizers, or any raw material used in the filter manufacturing process. Since the
concentration of drug product and/or excipients is much greater than the potential
filter extractables, it is difficult to develop a practical analytical method due to assay
interference. Therefore, instead of testing the filter with actual drug product/
placebo, the filter is tested using a model solvent approach.

Testing is performed using representative worst-case conditions and model
solvent streams based on the product’s formulation and process for the purpose of
extractable substances analysis. Examples of model solvent stream(s) could include
water, denatured ethanol, and low and high pH-adjusted solutions. The extraction
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solutions are analyzed using a variety of methods (listed above) to determine the
absence or presence of compound(s) and to quantify the total amount of extracta-
bles. In some cases, a specific identification is not possible, and these results are
reported as a class of compound (e.g., “polyacrylate-related compounds”). The
potential human toxicological impact must be evaluated for any identified
extractable.

Because extractable testing is based on a model solvent approach, one could
potentially apply the same extractables study across multiple programs, provided:

1. The model solvent bracket accurately describes all challenge solutions.
2. The extractables study was performed on a “worst-case” preparation of filters

(maximum sterilization time, maximum hold time, maximum filter area to
solution challenge).

If testing is based on this approach, extractables data for filters prepared within
the bracketed parameters would be justified for future programs without need for
additional study.

17.5.8 Leachables Testing and Flush Volume
Determination

Leachables testing is performed to determine the minimum flush volume required to
remove filter leachables from the drug product. Leachables testing is conducted
using product or placebo under normal use conditions and can be challenging due to
assay interference, as product ingredients exist at much higher concentrations than
leachables. A feasibility study is first performed with the product to see if the
analytical techniques intended to be used for leachables analysis demonstrate no
matrix interference. These results determine if the product or placebo can be utilized
for the study.

The study design typically involves filtering the product through the intended
filter and collecting aliquots of filtrate which are analyzed for presence of leachables
(nonvolatile, semi-volatile, or volatile components and metals). The minimum flush
volume required for leachable reduction must then be compared to the results of the
filter adsorption study. The chosen flush volume must not only remove leachables,
but also demonstrate that the surfactant and/or product have adequately saturated
the filter where no decrease in concentration is observed. The product requirement
could be 2 L–7 L depending on process and filter. The flush volume must be
implemented in manufacturing in a fashion that minimizes risks for potential
microbial contamination of the filters and any sterile downstream portions of the
filter assembly.
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17.5.9 Filter Sterilization

Filters or filter assemblies must be sterilized prior to use, and the filter sterilization
process is validated to verify that it has no impact on filter performance. The filter
manufacturer’s literature contains information regarding temperature/pressure limi-
tations and the recommended sterilization process. The most common methods of
sterilization are steam-in-place (SIP), autoclaving, irradiation, and gas sterilization.
SIP is used for cartridge-type filters in housings rated for 30 psig or 2 bar. The filter is
assembled and steam is passed through the filter for a validated time and temperature
that ensures sterility. Autoclaving involves steam sterilization at 121–135 °C for
30–60 min depending on the filter’s materials of construction and the qualification of
the autoclave used. Filters should be placed inside two breathable microbial barriers
to avoid contamination post-sterilization. Gas sterilization uses ethylene oxide as the
sterilizing gas. Filters are placed in a breathable microbial barrier that allows pene-
tration of the gas for sterilization and removal of residual gas when the process is
complete. Sterilization by irradiation is accomplished by gamma radiation or electron
beam radiation, generally by a third-party vendor. The advantages of irradiation are
filters are dry, and there is no residual gas or water. A filter integrity test is performed,
post-sterilization, with the filter in place to confirm the sterilization process did not
compromise the integrity of the filter. Circumstances could occur when a filter might
need resterilization. In this case, it should be confirmed with the filter manufacturer
that the filter is compatible with multiple sterilization cycles and the process is
validated.

17.6 Filling, Stoppering, and Capping

In the manufacturing process flow, once filter sterilized, material is ready for aseptic
filling. Aseptic filling has three primary outputs and concerns: (1) The required
amount of product is within the primary container, (2) has been dispensed there
aseptically, and (3) the container has been appropriately sealed to ensure sterility of
the contents over the shelf life of the product. This filling assumes that the depy-
rogenation of the vials has already been qualified, ensuring that the vials are sterile.

Filling is nearly always performed on a weight (rather than volume) basis.
Weight is easy to measure accurately and quickly. In contrast, volume targets must
be converted to fill weight by applying the density of the solution due to the lack of
robust methods for accurately measuring volume directly within an aseptic manu-
facturing area.
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17.6.1 Fill Weight Tolerance

The choice of fill tolerances should account for machine capabilities, as well as the
required contents to meet the label claim, as described by USP<1>. From a machine
capability perspective, most filling equipment establishes three sets of criteria
around fill weight (all apply both above and below target):

1. Ready for filling—indicates that the machine is targeting the center of the fill
range.

2. Machine adjustment—correct for minor drift, but still within the overall
acceptance criteria.

3. Segregation/reject limit—measurement is outside of tolerance and action is
required.

These limits interact in the following fashion:

1. During the setup operation, the filling lines are purged and the machine attempts
to reach the target fill weight. This is defined as successful when a predeter-
mined number of consecutive measurements fall within the upper and lower
“transition” limits.

2. During routine manufacturing, any weight checks within the “machine adjust-
ment” ranges require no action.

3. During routine manufacturing, weight checks between the “machine adjust-
ment” and “segregation/reject limit” are subject to local procedure for machine
adjustment. For example, some facilities require consecutive measurements
within this range to trigger a machine adjustment (which can be done manually
or through the machine automation). Once the adjustment is verified to bring the
fill weights within the desired range, filling resumes.

4. During routine manufacturing, weight checks outside of the reject limits activate
local procedures for how to determine the scope of the deviation. This is usually
restricted to units filled by the needle in question, unless needle identity of the
vials has been lost (e.g., they are on an accumulation table). For fill lines that
perform 100% fill weight confirmation, the impacted unit is only the individual
unit that failed the weight check.

Fill weights are monitored in one of two ways—in-line and offline. For in-line
weight checks, a weighing mechanism is incorporated into the filling machine and
monitors weight at a predefined frequency. The equipment software evaluates the
weight check data against the preprogrammed acceptance criteria and automatically
adjusts the machine, if needed. Offline fill weight checks are performed by oper-
ators, again at a specified frequency, and the results are manually evaluated with
manual adjustments to the machine, if required. The table below shows how filling
tolerances can be shown for two hypothetical target fill weights applying arbitrary
(but often representative) criteria.
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Value Weight 1 (g) Weight 2 (g)

Reject (high) +3% 0.515 10.30

Adjust (high) +2% 0.510 10.20

Release (high) +1% 0.505 10.10

Target 0.500 10.00

Release (low) −1% 0.495 9.90

Adjust (low) −2% 0.490 9.80

Reject (low) −3% 0.485 9.70

In the “Weight 1” example, the difference between the target and adjust limit is
only 0.010 g and to the reject limit is only 0.015 g (or approximately 15 lL,
assuming a density of 1 g/mL). Limits at this level may be influenced by the
reproducibility of the filling. Applied to this example, the question becomes, “Can
the filler dispense with less than 10 lL of variability?” In the case of the limits
applied above to a 0.5 mL fill, the answer may very well be “no” and wider
tolerances must be established. Fill equipment manufacturers provide recommended
diameters for tubing and fill needles to minimize variability across a lot while still
allowing the equipment to run at the target fill rate without excessive splashing.
Additionally, the action of the filling mechanism typically includes a “pull back,”
meaning that after completing the dispensing stroke, the fill pumps reverse slightly
to withdraw the solution from the end of the fill needle. This prevents additional
droplets from falling into some containers but not others, as well as reducing the
incidence of droplets coming into contact with the neck of a vial as the needle is
being withdrawn from the vial.

In the example above, the proposed fill tolerances mean that the acceptable range
(no machine adjustment required) around the target fill weight is 0.40 g for the
“Weight 1” and 0.020 g for “Weight 2.” In this case, one may investigate whether
more narrow criteria are desirable for the high fill weight, as this range is more
easily attainable at manufacturing scale.

The choice of fill weight (or volume) target depends on the interplay of three
questions:

1. How are in-process weight checks performed?
2. What is the hold-up volume of the container?
3. Is there a minimum required delivered dose?

In general, there are two types of in-process fill weight measurement—“to
contain” and “to deliver.” These two paradigms differ in how the weight check is
performed. A “to contain” fill weight defines the fill weight as the difference
between an empty and full container. Almost all online fill weight measurements
are “to contain.” Offline fill weight measurements where the container is rinsed and
dried to yield an empty container can also be considered “to contain.” An example
of “to deliver” would be a destructive weight check of a prefilled syringe where the
intended delivery mechanism was used to dispense contents into a tared weigh boat.
“To deliver” is more representative of how an end user would approach the
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materials, whereas “to contain” is more representative of how the filling machine
was actually set up.

The difference between “to contain” and “to deliver” is described in the second
question above—the hold-up volume of the container. “To deliver” represents what
someone can readily remove from the container, while “to contain” describes how
much material was actually filled into the container in the first place. Because of
their design, prefilled syringes can have hold-up volumes as low as 10 lL.
Conversely, large vials with larger diameter stoppers can have hold-up volumes that
reach 150–200 lL. For vials, the hold-up volume is impacted by the geometry of
the inside of the stopper, the surface area of glass, the geometry of the shoulder of
the vial, and the surface tension of the solution. This is complicated when one
considers that within an individual lot of containers, there is slight variation in these
geometries (presumably within the tolerances stated on the material specifications).
Across multiple lots, this variability certainly exists. Similar, low levels of vari-
ability exist in stopper geometries within a lot and across multiple lots. Because of
this variability, experiments to measure hold-up volume should include a statisti-
cally meaningful number of units (preferably fully processed, including sterilization
and any drying of stoppers that would occur during routine production).
Understanding the average and worst-case hold-up volumes for a product is critical
to defining the appropriate fill weight target as the hold-up volume represents the
material that will be put into the vial at the manufacturing site that the patient
cannot use.

To comply with USP<1> (Volume in Container), the volume that can be
withdrawn from a container must be greater than the nominal volume. This means
that the goal is for every unit to contain at least the labeled dose (nominal volume).
Conversely, ICH Q8(R2) states that the quantity of any manufacturing overage
must be justified. Excessive overages are undesirable per USP<1151>. Considering
these guidances, the easiest way to define the fill weight target is to simply offset it
from the nominal volume by the sum of the hold-up weight and the reject limit. The
lower reject limit can be expressed by the simple equation below.

Lower Reject Limit ¼ NominalWeightþHold UpWeight

The table below updates the prior example by assuming that what was previ-
ously taken as the target fill weight is actually the nominal volume. In this example,
the hold-up weights are representative of a prefilled syringe for the “Weight 2”
column and a 10–15 mL tubing vial for the “Weight 1” column. The number of
significant figures and rounding practices must also be taken into account, which
explains why, for the high fill weight, the lower reject limit exceeds the nominal
plus holdup by 0.01 g. When comparing the data below, from the table above, the
fill target is increased by 0.031 and 0.47 g for the two configurations, respectively,
when accounting for the container hold-up and meeting the nominal label claim.
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Value (%) Weight 1 (g) Weight 2 (g)

Reject (high) +3 0.547 10.78

Adjust (high) +2 0.542 10.68

Release (high) +1 0.536 10.57

Target 0.531 10.47

Release (low) −1 0.526 10.37

Adjust (low) −2 0.520 10.26

Reject (low) −3 0.515 10.16

Holdup 0.015 0.15

Nominal 0.500 10.00

17.6.2 Filling Mechanism

Many different technologies for filling have been commercialized. These include:

1. Time–pressure,
2. Peristaltic pump,
3. Rotary piston pump,
4. Non-rotating piston pump, and
5. Rolling diaphragm.

The mechanism for time–pressure filling is an orifice of fixed diameter, a surge
vessel at a fixed pressure, and a pinch clamp or valve that opens for a variable
duration of time. A peristaltic pump defines fill volume as the volume displaced
from a fixed diameter of tubing through the variable rotation of the pump head. The
final three mechanisms (rotary piston, non-rotating piston, and rolling diaphragm)
involve a piston pump pulling in solution by fixed displacement, and then expelling
it by movement of the piston. The differences between the three lie in how the
solution flow is managed and the design of the piston.

Rotary piston pumps manage solution flow by rotating the piston between the
inlet and outlet corresponding to the down (intake) or up (expel) stroke.
Non-rotating piston pumps follow a similar principle, but without the rotation
aspect of the piston. Solution flow from inlet to outlet is managed external to the
piston by either a block or pinch valve. In both cases, the tolerances between the
piston and wall are generally very tight and the piston is typically sealed and
lubricated by wetting with product. High viscosity or high solid content solutions
may dry in the sealing region, leading the pump to seize.

A rolling diaphragm pump utilizes a flexible gasket to isolate all but the head of
the piston from the product stream. As the piston does not rotate, solution flow is
managed externally, as in non-rotating piston pumps. Because of the gasket, the
piston does not require additional lubrication for its motion which eliminates the
risk of pump seizure due to solution drying.
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In addition to shear and material compatibility, particulate generation can be a
significant consideration impacted by pumping [21]. In the case of the filling
pumps, this concern is more severe as the fill pumps are beyond any points of
mitigation during manufacturing (e.g., filters). Nayak showed that during recircu-
lation, 1–10 lm particulate levels in an IgG1 solution increased the least in peri-
staltic and time–pressure pumps. Rotary piston pumps, and particularly ceramic
rotary piston pumps, showed the greatest increase in particulate levels. Based on
microflow imaging (MFI), these particles were determined to be proteinaceous, and
the root cause was hypothesized to be the relatively higher shear in rotary piston
pumps compared to other pumping mechanisms [14]. Laboratory-scale studies can
be executed that demonstrate the proposed commercial filling parameters will not
have an effect on protein quality by replicating the commercial filling parameters of
needle inner diameter, fill volume, and fill frequency. A design space can be
determined by using a range of filling parameters in the laboratory study that
bracket the commercial process parameters and perhaps identify filling parameters
that determine edge of failure. It must be verified at full scale that the commercial
filling parameters are within the design space and have no impact on protein
quality.

17.7 Stoppering and Capping

Once filled, stoppers are placed in the vials. Key aspects of this step are the
machinability of the stoppers (they are compatible with the filling machine and are
available at the point of stoppering) and the alignment of the machine to robustly
insert them into the vials. Stopper placement is a manufacturing step that only has
one of two outcomes: (1) The stoppers are fully inserted into the vials, or (2) they
are not. As the stopper forms the primary sterile barrier between the contents of the
vial and the outside world, the stopper must be selected to be compatible with the
vial and be demonstrated to make a robust seal once a cap is placed.

Capping is similar to stopper placement in terms of outcomes, but has a few
additional considerations. The aluminum cap must be appropriately crimped around
the head of the vial to ensure the seal between the vial and stopper is maintained
throughout the shelf life of the product. The act of crimping the seal must not
damage the neck of the vial.

Support for the integrity of the vial–stopper–cap system is provided by
Container Closure Integrity Testing, either using a microbial bath or dye ingress
method. This testing supports not only the component combination, but also the
manufacturing equipment assembly of the components and must be repeated for
every combination of components and manufacturing fill line.
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17.8 Inspection

After filling and capping, the finished product undergoes visual inspection to
segregate unacceptable units. Defects can range from product related, unintended
extrinsic materials, or components of the container/closure. Inspection can be
performed in a manual, semi-automated, or fully automated fashion. If visual
inspection does not occur immediately after capping and the materials are stored
under refrigerated conditions, the product should be re-equilibrated to room tem-
perature prior to inspection to minimize the impact of condensation on the exterior
of the product on inspection.

Manual visual inspection is performed by qualified operators manually holding
finished product alternately against black and white backgrounds under appropriate
lighting to maximize the ability of operators to detect defects because of the high
contrast of the environment (see USP<790>). Semi-automated inspection still relies
on operators to visually detect defects, but the product is presented to the operators
in an automated or semi-automated fashion at a fixed rate and rotation against black
and white backgrounds. In this paradigm, the operator would stop the inspection
line to remove identified defects.

Automated visual inspection fully removes the human aspect of the inspection.
Human eyes are replaced by a series of cameras at a number of stations that inspect
for specific defects. This is accomplished through a combination of lighting,
spinning of the product, and abrupt stopping of the rotation. Additionally, the
inspection machine may automatically recycle the product through stations in the
event of equipment faults or invalid results. This can lead to additional exposure to
inspection conditions. Automated visual inspection must be demonstrated to be at
least as sensitive as manual visual inspection through the validation of the equip-
ment recipe and periodic requalification with standard product-specific challenge
sets. As proteins tend to be at least somewhat photosensitive, stability during
inspection as a function of several passes should be evaluated, particularly focusing
on light-related degradation products.

Manual and semi-automated inspection personnel are qualified based on their
ability to identify known rejects within a training set of materials. These same
challenge sets are used to qualify automated systems. The goal of an automated
inspection is to be at least as sensitive as a human inspector. In practice, this leads to
tuning of the automated systems to balance increased sensitivity with an increased
level of false rejects.

17.9 Hold Times

Hold times during manufacturing must be spread over each of the individual
activities. The overall hold time for the process then becomes the sum of these
individual steps. One way to define storage conditions is to classify any holds under
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active refrigeration as “refrigerated” and any time outside of a refrigerator as “room
temperature.” Broadly, hold time typically is split between “room temperature” and
“refrigerated,” each with limits.

The biggest flaw in this paradigm is that it does not take into account product
temperature, but rather uses the temperature of the surroundings. For large volumes
or jacketed steel vessels, the amount of time required to equilibrate to a temperature
condition under passive cooling/warming can be significant (on the order of days in
some cases). The biggest advantage for this mechanism is the simplification of the
documentation process—something is either being cooled or it is not. This also
simplifies the execution perspective—manufacturing batch records can be built with
defined limits for when to apply which hold time and how long certain operations
may take.

Another approach would be to define product temperature ranges and divide the
hold conditions into “2–8 °C” and “>8 °C.” In this paradigm, the product tem-
perature would have to be actively measured to identify which hold time should be
used at each point. The advantage of this paradigm is that it more directly aligns
with stability data and reflects the actual temperature of the product. The disad-
vantage comes in the difficulty of implementation at manufacturing scale. One
could design a hybrid approach where kinetics of solution equilibration at varying
environments could be measured for worst-case situations (e.g., largest batch sizes
for cooling and smallest batch sizes for warming) and consider those times when
assigning process limits.

Unless the product is particularly temperature sensitive, the approach of defining
hold times based on environmental conditions is preferable as it is less prone to
human error in a manufacturing environment and is less intrusive from a product
perspective. Particularly, sensitive products may require active cooling during
manufacturing. This should be avoided unless absolutely necessary as it adds
significant complexity to managing the manufacturing process. Chilled vessels
collect condensation from the environment that will drip onto the floor and require
mitigation. Lowering temperature increases product viscosity (significantly, in the
case of high concentration antibodies), which will impact performance of any fil-
tration steps and may impact performance during filling. Additionally, time must be
defined for moving the vessels from a formulation area to a non-adjacent fill area,
which will require draining of any cooling jacket, moving the vessel, and reat-
taching to a new cooling source.

In addition to purely temperature-related considerations, exposure to light should
be evaluated, as manufacturing processes may occur over several days [18]. Light
exposure has commonly been shown to lead to degradation of proteins [12, 17], but
often at levels far exceeding light encountered during a routine manufacturing
process. Light during routine manufacturing may have an impact on protein sta-
bility for some molecules. This photosensitivity is linked to protein, light source/
bulb type, and exposure duration [19].

Extractables and leachables from process materials (beyond the sterilizing filters,
discussed earlier) are another area that deserves consideration [18]. While filtration
extractables are typically tested, process components, such as stainless steel vessels
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or silicone tubing, can often be evaluated based on a risk management paradigm
that assesses the duration and magnitude of exposure against the extractables
inherent to the contact material.

17.10 Risk Management and Quality by Design

Risk management is based on understanding the potential interaction between the
execution of a manufacturing process and the resulting product. Once one ade-
quately understands the risks in a manufacturing operation, one can identify
potential mitigation strategies to manage those risks. Prior to evaluating a process,
one must identify the criteria for success, namely which quality attributes are most
important. Per ICH Q8(R2), a critical quality attribute (CQA) is a physical,
chemical, biological, or microbiological property or characteristic that should be
within an appropriate limit, range, or distribution to ensure the desired product
quality [9]. For biologic drug products, critical quality attributes typically are cat-
egorized as safety (e.g., sterility), purity (e.g., high molecular mass species),
identity (e.g., peptide map), and potency (e.g., bioactivity).

These concepts have been formalized in the Quality by Design paradigm, which
is predicated on risk understanding and risk management. Any risk-based approach
must be grounded in detailed product and process understanding. Then one can
accurately assess potential interactions between process parameters and quality
attributes, and the potential process variability and failure modes. The value of any
risk assessment output is directly related to the quality of knowledge that is used as
the foundation for the assessment. In this way, risk assessments function as sup-
porting element of an overall knowledge management strategy, rather than as the
foundation.

Progression from earlier to later phases of clinical development is typically
accompanied by an increase in manufacturing scale and batch size. For early
manufacturing, a broad understanding of potential risks and a conservative process
design frequently yield a manufacturing process that is “fit for purpose.” Upon
identifying the intended commercial manufacturing process, more detailed and
formal risk management approaches should be employed building on the knowl-
edge gathered at earlier stages of the program.

There are multiple paths to product and process understanding. Data can be
generated at-scale or using laboratory scale-down models. When possible, scientific
relationships between parameters should be defined. In cases where scientific
relationships are overly complex or poorly understood, or when the number of
variables is significant, statistically designed experiments can be utilized to generate
empirical mathematical models following a Design of Experiments (DOE)
paradigm. One should exercise caution when building a DOE experimental matrix
that the parameters and ranges being examined are potentially linked in a way that
is not otherwise describable and that the allowed variability in individual param-
eters reasonably accommodates the proposed allowed variation in the process.
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With modern statistical software, one can very quickly generate an experimental
design. However, without careful planning the design may not provide robust
conclusions due to shortcomings.

ICH Q8(R2) identifies a flowchart of a potential Quality by Design approach. In
that example, one starts with a target product profile and identifies potential critical
quality attributes. This can be thought of as the first steps of the roadmap—“what
do I want, and how do I know if I succeeded?” After these phases, one performs a
risk analysis and may choose to develop a formal design space—“what if some-
thing varies, and how much can it vary before I am no longer certain if I will
succeed?” Common tools for performing risk assessments and their typical appli-
cation are shown in the table below. The goal of these exercises is to determine
critical process parameters (CPP), defined as a parameter that must be controlled
within a “limit, range, or distribution to ensure the desired product quality.” In
practice, a risk assessment must define the degree of variability that is reasonable to
consider as an assumption. These are frequently taken to be just outside of proposed
batch record control limits (which would be considered the normal operating range,
or NOR), but can be widened with supporting data. The range of parameters known
to yield acceptable materials provides the proven acceptable range, or PAR, which
encompasses the NOR.

System Acronym Description Example

Cause and
effect
matrices

C&E Evaluate strength of
relationships between
process parameters and
quality attributes. In C&E
matrices, typical process
ranges are only used as
guidance. The output is
typically a list of process
parameters that have a
moderate to strong
correlation with one or more
CQAs

For many monoclonal
antibodies, time at room
temperature results in an
increase in high molecular
mass species. Depending on
the sensitivity of the
antibody, this can either be a
moderate or strong
relationship

Failure mode
effect (and
criticality)
assessment

FME(C)A An FMEA identifies the
impact of potential
variability of process
parameters on quality
attributes. For each process
parameter that exceeds the
threshold from the C&E
matrix, feasible modes of
failure are identified that
would cause the parameter to
exceed the NOR (or PAR).
These are evaluated for
severity (degree of impact on
each potentially impacted

Cumulative hold time at
room temperature can be
exceeded due to:
1. Operator error (inadequate
tracking within batch
records)
2. Equipment failure
One may assume that the
magnitude of the delay is
50% more than the NOR
(e.g., 10-day cumulative
hold with a 7-day limit).
For the hypothetical
monoclonal antibody:

(continued)
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(continued)

System Acronym Description Example

CQA), occurrence (how
often the failure mode can
occur), and, optionally,
detectability (can the failure
mode be corrected prior to
impacting the process up to
no way of knowing if failure
mode occurred)
An FMECA build on an
FMEA by adding the
“criticality” element which
would assess whether the
combination of severity,
occurrence, and detectability
require additional scrutiny
during manufacturing,
perhaps even implementing
controls to ensure the
parameter remains at the
target range or level. One
output of a criticality
assessment is the definition
of the critical process
parameters

– The severity may be
moderate (expected to
have an impact, but will
not fail specification).

– The occurrence may be
“infrequent” for operator
error (e.g., reasonable
scheduling and batch
record controls), and
“rarely” for equipment
failure (strong
maintenance schedule,
long history of rare failure
of utilized equipment)

– The detectability is likely
moderate in both cases, as
exceeding the hold time
may not be discovered
until after impacting the
product

Process understanding and risk assessment are expected to be an iterative process.
During early clinical manufacturing, the formulation and process scientists likely do
not have a full understanding of the interaction of all process parameters with critical
quality attributes over a wide range. The degree of variability within the process may
also not be fully understood, as the number of batches is low. As a result, early risk
assessments may be heavily influenced by suspected interactions and the process
will be run in a conservative fashion to guarantee success. Due to this uncertainty,
certain parameters (common examples include room temperature hold time, mixing
speeds and times, and filter flush volumes) may initially appear to be a relatively high
risk, but will evaluated in more detail as the program progresses.

Early-stage risk assessment should seek to identify gaps in knowledge and
develop strategies for assessing and minimizing those potential failure modes.
When possible, scale-down experiments should be designed to either confirm the
relationship or demonstrate a range in which the process parameters do not
adversely impact the process and CQAs. For some parameters (such as confirmation
that mixing conditions yield a homogeneous solution), at-scale work is more
appropriate.

As a program proceeds toward commercialization, the proposed manufacturing
process becomes more defined. Additionally, data from prior manufacturing history
and laboratory and at-scale experiments provides input into re-evaluating the pro-
posed commercial manufacturing process. These data may support a wider range of
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process parameters than those used during earlier phases, allowing for a more
efficient and robust manufacturing process. A final risk assessment after Process
Performance Qualification (PPQ) batches assesses the manufacturing process that
will be described in regulatory fillings and commercialized, including a final
determination of any critical process parameters.

17.11 Control Strategy

While the initial phases of risk management focus on the interaction of process
parameters with quality attributes, the later phases flip the understanding. The
question changes from “How does Process Parameter A interact with CQAs X, Y,
and Z?” to “For CQA X, which Process Parameters A, B, and C must be controlled
to ensure that the CQA remains with the target range or limit?” Certain important
but non-critical quality attributes may also be evaluated in this fashion.

A detailed control strategy begins by determining which process steps and
parameters have the potential to impact each critical quality attribute and how
control of that attribute is assured. These may include aspects such as process
design, in-process testing, release testing, and critical material attributes. In total,
these process controls “address variability to assure quality of the product” [5].

To take sterility as an example, one can clearly identify a number of different
mechanisms by which sterility is assured during a GMP manufacturing operation.
A partial list of such controls is shown in the table below:

Step Control Rationale

Raw
materials

Purchase of excipients and
components that are low in
bioburden

Ensuring microbial control throughout a
process is desirable and simplified by
minimizing the introduction of microbes

Hold
times

Restrict hold times of unfiltered
material, particularly at room
temperature

Minimize risk of growth of any
contamination by sterilizing materials in a
timely fashion

Sterile
filtration

Filter integrity (IPC or critical
material attribute)

Filter integrity is monitored
post-sterilization, prior to use, as well as
post-use. This ensures that the sterilizing
filter is integral over the course of the
manufacturing process

Sterile
filtration

Redundant filters (process design) Redundant sterilizing filters mitigate the
risk of a true filter failure by providing a
second, equivalent filter

Sterile
filtration

Prefiltration bioburden (IPC) The bioburden of the challenge solution is
demonstrated to be within the levels for
which that filter has been validated to retain
microbes

Release
testing

Sterility assay Confirms that gross contamination is not
present in final product
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As with other aspects of the Quality by Design paradigm, a control strategy
evolves with growing product and process understanding. Early-phase clinical
programs may rely on a platform-level control strategy that is “fit for purpose” for
the phase of development and may not be explicitly defined. As a product moves
toward commercialization and routine production, the control strategy becomes
more formalized, detailed, and specific to the product in question.

17.12 Additional Validation and Process Qualification
Considerations

The Process Performance Qualification (PPQ), formerly referred to as process
validation (PV), strategy must support the intended commercial manufacturing
process. Per FDA guidance, “effective process validation contributes significantly
to assuring drug quality” and this validation is a “legally enforceable requirement”
[5]. The goal of this validation is to “establish scientific evidence that the process is
reproducible and will consistently deliver quality products” [5].

Validation is a documented program that provides a high degree of assurance
that a specific process or system will consistently produce a result meeting pre-
determined acceptance criteria. Validation is attained through understanding the
product and process, showing reproducibility at scale, and documenting the
reproducibility. The development of the process should be governed by the prin-
ciples of Quality by Design (QbD): a systematic approach to development that
begins with predefined objectives and emphasizes product and process under-
standing and process control, based on sound science and quality risk management.

While the bulk of the information will be generated from at-scale manufac-
turing runs, information from previous qualification studies, at-scale studies, and
laboratory-scale studies with a demonstrated tie to the commercial scale can be
leveraged as supporting data. In general, Process Performance Qualification
requires a minimum of three consecutive successful batches, performed under
protocol with predefined acceptance criteria. For products with multiple presen-
tations or multiple filling suites within a manufacturing site, a rationally designed
bracketing strategy can reduce the overall number of runs by examining
worst-case scenarios (such as extremes in batch size or fill volume). The rationale
for any bracketing strategy should be documented and include justification for
the identification of any worst-case parameters (batch size, dosage strength, fill
volume, etc.).

The purpose of Process Performance Qualification is to demonstrate that a
process is reproducible, robust, and ready for commercial manufacture. In this
context, early-phase clinical processes are typically not validated. Early clinical
programs are generally material constrained and run at a smaller scale than the
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intended commercial batch size. Those processes are typically designed to be fit for
purpose and phase appropriate.

The design of any PPQ strategy should consider the desired commercial process.
One certainty about commercial manufacturing is that variability is assured. When
considering PPQ strategy, one must understand the anticipated variability (which
can be strengthened through the risk assessment process), determine potential
extreme acceptable combinations of parameters and process, and ensure that data
has been generated to demonstrate that product manufactured in such a fashion
meets all required quality acceptance criteria. In this arena, a robust risk assessment
process will identify whether there are gaps in the overall process understanding
that must be closed prior to initiation of PPQ.

The consequences of failing a PPQ are very high. It is highly unadvisable to
perform challenges during PPQ that have not been previously supported or known
to be very low risk. Thus, it is generally desirable to perform a demonstration or
challenge batch prior to PPQ to confirm that no issues are expected during PPQ.
This batch should be designed to fill any gaps in knowledge. If such a batch is
performed, it must be scheduled such that any samples collected can be analyzed
and all data evaluated prior to progressing to PPQ.

Parameters that may be challenged during a Process Performance Qualification
campaign include:

Unit operation Challenge Comments

Thawing of DS Time between
thaw and use

Temperature and duration based on product stability

Thawing of DS Refreeze/thaw Potential optional path for storage of drug substance
not required for an individual batch

Manufacturing of
dilution buffer

Hold times of
buffer

Hold times are nearly always challenged during PPQ

Overall process Maximum hold
time

Compatibility with maximum holds for all process
steps should be evaluated (both under refrigerated and
ambient conditions)

Mixing
conditions

Shear and
homogeneity

Small batch size, high mixing speeds, and long times
show shear compatibility. Large batch sizes with low
mixing speeds and short times challenge solution
homogeneity. Alternately, these characteristics can be
qualified offline in stand-alone studies

Bulk filtration Refiltration Allowable reprocessing in the event of failing filters
or potential sterility breaches post-filtration
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Aspects not typically challenged during Process Performance Qualification
include (but are not limited to):

Unit
operation

Not challenged Comments

Facility set
points

Airflow patterns, sterilization
parameters, standard operating
procedures, calibration

A Process Performance Qualification is
designed to confirm that the process can
be operated within an existing facility.
The validation of facility, equipment,
sterilization, and personnel is not
challenged

Overall
process

Media fill restrictions The manufacturing process must
comply with any restrictions in place
from media fills, including overall
filling time and acceptable
interventions. If the existing media fill
program is inadequate for a given
process, the media fill program should
be augmented to bracket the proposed
process prior to PPQ

Buffer
formulation

Excipient concentration Formulation robustness studies are
leveraged to demonstrate that the
product is robust to the anticipated
variability of excipient concentrations

Filling Fill volume The fill volume is not intentionally
challenged. All PPQ batches should
intend to manufacture material at the
target fill volume

During a PPQ campaign, sampling is significantly greater than would be
required during either clinical or commercial production. These samples should be
tested for impact of any challenges using assays that would be most stability
indicating based on the stress. For monoclonal antibodies, this will frequently
include measurement of high and molecular weight species, protein concentration,
and assessment of subvisible particles (particularly after shear challenges).

Hold times are also typically challenged during PPQ. In these batches, each step
is held for the longest allowable time (or just beyond). Process holds that may
include multiple allowable temperatures (typically room temperature and refriger-
ated) challenge both in series. These maximum hold batches are sampled at the
beginning and end of each hold to demonstrate that (1) product quality was not
impacted by the hold, as measured by key stability-indicating assays, and
(2) microbial control was maintained. Testing of the finished product demonstrates
that, even with the maximum cumulative hold, all the product met all specifications.
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A successful PPQ campaign results in:

1. All samples and assays meeting predefined acceptance criteria.
2. Finished product meeting all proposed commercial specifications.
3. A statistical measurement demonstrating adequate process capability (when

warranted)
4. A data set that can support anticipated variability during commercial

manufacturing.
5. A report that collects and presents all data in a traceable form and can be used as

a source document in regulatory applications.
6. Information that can be used as inputs into the continuous process verification

plan.

As PPQ is generally restricted to a small number (typically 3) of batches with an
expected level of variability and the data shows the process at a fixed point in time.
At the conclusion of PPQ, critical aspects of a process are identified that should be
monitored and trended as a function of time to ensure that a process remains within
its validated state and does not drift. This stage is referred to as continuous process
verification and is considered by regulatory agencies to be a part of the overall
validation process [5].

17.13 Conclusion

Most biologics drug product manufacturing processes follow a similar manufac-
turing process. This chapter has stepped through the unit operations included in a
typical manufacturing process and discussed key considerations for each
step. Additionally, concepts around quality risk management and process validation
were discussed in the context of drug product manufacturing.
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Chapter 18
Line Sterilization Considerations
and VHP

Ulla Grauschopf, Katherine Thomas, Joerg Luemkemann,
Sebastian Schneider, Ada Hui, Y. John Wang and Kirk Eppler

Abstract Biological drug products are usually filled into the primary packaging
container under aseptic conditions. Modern fill–finish plants often employ con-
tainment installations like isolators to ensure the highest level of sterility assurance
for the product. The industry standard for containment decontamination is the
treatment with vapor phase hydrogen peroxide. Although being very efficient in
sterilizing the containment, its oxidizing potential makes it a threat to the drug
product filled after the decontamination cycle. The following chapter elaborates on
the determination of scientifically meaningful product protection measures. It
connects the concept of molecule-specific sensitivity assessment to the determi-
nation of VPHP residuals in the containment and to the uptake of VPHP from the
atmosphere surrounding the drug product during the fill–finish process.

Keywords Vapor phase hydrogen peroxide (VPHP) � Product impact
Sensitivity assessment � VPHP quantification � VPHP uptake study

18.1 Introduction

Biological drug products are usually filled into the primary packaging container
under aseptic conditions because they cannot be terminally sterilized like many
small molecules.
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Modern fill–finish plants often employ containment installations like Restricted
Access Barrier Systems (RABSs) or isolators (in the following referred to the
general term containment ) to ensure the highest level of sterility assurance for the
product.

Containments require regular decontamination to ensure the absence of
microorganism on all inner surfaces. The industry standard for containment
decontamination is the treatment with vapor phase hydrogen peroxide (VPHP).
Although being very efficient in killing viable microorganisms on the inner surfaces
of the containment, its oxidizing potential makes it a potential threat to the drug
product filled after the decontamination cycle.

Residuals of the VPHP, if present in the containment atmosphere or desorbing
from parts of the product path during filling operations, will potentially enter the
drug product during the fill and finish process

Depending on the product-specific sensitivity for hydrogen peroxide, the damage
to the drug product from the residuals of the VPHP can be seen immediately or
developed over the shelf life of the product.

This chapter gives an overview about measures that can be taken to characterize
product-specific hydrogen peroxide sensitivity and to avoid inappropriate exposure
of sensitive drug products to VPHP in a typical containment fill–finish environ-
ment. Strategies to define aeration levels for removal of hydrogen peroxide from the
atmosphere as well as subsequent filling production conditions are presented.

18.2 Decontamination with Vapor Phase Hydrogen
Peroxide

Vapor phase hydrogen peroxide (VPHP) is a commonly used agent for the decon-
tamination of modern (especially contained) aseptic fill–finish installations. VPHP
has several advantages compared to other disinfectants or sterilizing gases (such as
alcohols, chlorine dioxide, peracetic acid, formalin, ethylene oxide) [1]. It is more
reliable than the agents mentioned above in terms of reproducible decontamination
result, easier to use, less corrosive, less toxic to humans, easier to remove from the
containment, and less pollutant to the environment than alternative agents [2]. One of
the main characteristics of VPHP is its strong oxidizing property—it reacts quickly
with substances in the environment and typically breaks down to water and oxygen,
leaving only non-toxic residues on all surfaces in the containment installation. These
residues do not interfere with the environment or the pharmaceutical process.

Hydrogen peroxide is brought into the gaseous phase by vaporization or nebu-
lized by a spray nozzle and subsequently introduced into the containment to kill
viable microorganisms. It is critical that all relevant surfaces are exposed to the
peroxide to ensure a high sterility assurance level of the containment. Only if the
VPHP can act on the microorganism under defined conditions (e.g., temperature,
relative humidity, hydrogen peroxide concentration in the vapor, exposure time),
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a reliable kill rate (log reduction of living microorganisms) can be achieved [3]. It is
very critical to define robust conditions to make sure that during routine operation, a
reliable decontamination can be achieved. After the decontamination, residual
VPHP must be removed from the containment. Usually, the full process, consisting
of conditioning (introduction of the vapor to the containment to the specified con-
centration), decontamination (working time of the vapor), and the following aeration
(exhaust/removal of the vapor) of the containment is referred to as a decontamination
cycle. At the end of a decontamination cycle, the containment is in a sterilized state
and routine production (e.g., aseptic fill–finish operations) can proceed. The effi-
ciency of the decontamination cycle has to be proven during cycle development and
validation. It is an industry standard for decontamination cycles to achieve six log
reductions of viable spores of Geobacillus stearothermophilus on all relevant sur-
faces and materials of the containment [4]. To demonstrate that the processing
conditions reproducibly lead to sterile surfaces, spore strips with 106 living spores
specifically designed for hydrogen peroxide testing are placed throughout the con-
tainment (especially in known or proposed worst-case positions). The efficacy of the
decontamination process is shown by the absence of microbiological growth derived
from the spore strips when they are removed and tested at the end of the cycle—to
increase the sterility assurance, extended exposure periods can be used during the
decontamination phase. The main focus of decontamination cycle validation over the
last decade has been the assurance of sterility of the containment by consistent
preconditioning and the treatment with a reproducible amount of VPHP over a
defined time to ensure sufficient contact time of the vapor with the surfaces.

The aeration phase after the decontamination has until recently been solely a
question of operator protection. The maximum allowable concentration for
hydrogen peroxide in the air in rooms or/open containments that people work in is
regulated in most countries to be 0.5 ppm [5]. It has been a common practice to
confirm that the VPHP concentration has fallen below this threshold by chemical
and/or electrochemical indicators (e.g., Draeger tubes etc.) and subsequently
released the containment for operation.

Unfortunately, biopharmaceutical formulations are often less tolerant toward the
oxidizing potential of hydrogen peroxide. Concentrations that can safely be toler-
ated by operators can substantially damage drugs that are filled in the containment
directly after the threshold of 0.5 ppm is reached in the primary aeration phase. For
these sensitive formulations, an additional aim of cycle development is to reliably
achieve conditions at the end of the aeration phase that allow for filling of the drug
with no impact to the product characteristics.

Over the recent years, it has been learned that residual amounts of VPHP can be
desorbed over extended periods into the atmosphere of the containment from the
material such as HEPA filter and other—especially polymer-based—materials of
construction, inside the containment installation. Advanced measurement tech-
niques (refer to Sect. 18.4) revealed that the decay curve for VPHP below the
0.5 ppm concentration value is typically exponential. This leads to very long aer-
ation time if the goal is set to achieve VPHP concentrations in containment
equivalent to that in the regular environment outside the containment.
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Techniques have been shown to be able to reduce aeration time. Heating up the
air in the containment is relatively easy and leads to faster desorption of hydrogen
peroxide from the surfaces of the containment. Even more effective is the appli-
cation of catalysts (e.g., platinum; manganese dioxide) that speed up the decay of
VPHP at the end of the decontamination phase dramatically.

18.3 Product-Specific H2O2 Sensitivity Assessment
(Spiking Studies)

Currently, biopharmaceutical manufacturers are moving protein drug product filling
operations out of traditional clean rooms into containments for the reason of
improved sterility assurance and operator comfort. A key step in the development of
contained fill and finish processes is to determine the sensitivity of the drug product
formulation when exposed to hydrogen peroxide. This sensitivity is essential to
determine the amount of acceptable residual hydrogen peroxide within the VPHP
isolator system for the protein drug products to be manufactured. A simple strategy
for such a sensitivity assessment is to perform a hydrogen peroxide spiking study.
During such studies, specified amounts of hydrogen peroxide solution can be
spiked into protein formulations, which are then assessed for immediate effects on
critical quality parameters and in addition are placed on stability for long-term
assessment. Throughout the assessment, protein oxidation and other qualities in the
formulations can be monitored to determine a maximum tolerated level of peroxide
that does not trigger unacceptable changes in drug product quality including oxi-
dation. The results from hydrogen peroxide spiking studies can be used as guidance
for the development of a VPHP decontamination cycle for the isolator.

Additionally, uptake studies (where vials filled with protein or surrogate solution
are exposed to VPHP inside the isolator) are valuable in determining the amount of
hydrogen peroxide that can enter and dissolve into the drug product. Many factors
such as vial size, vial opening diameter, fill volume, time between liquid fill and
stopper closing, interruptions, residual VPHP level, airflow, location of the vial can
affect the hydrogen peroxide uptake rate and the dissolved amount. A thorough
assessment combining the drug product formulation sensitivity data (spiking studies)
with the dissolved hydrogen peroxide amounts absorbed into a specific primary
packaging configuration (uptake studies) can assure a fill and finish process that does
not lead to unacceptable oxidation triggered by residual hydrogen peroxide.

Among all amino acids, methionine is the most susceptible to hydrogen peroxide
oxidation [6]. Though histidine and tryptophan are also subject to oxidation, they
require that the oxidant be free radicals that are generated through light or transition
metals such as iron or copper [7]. For this reason, the reaction between methionine
and hydrogen peroxide is our main focus. Because monoclonal antibodies are the
main stakeholder of the biotechnology products nowadays and more data are
available from the same Fc methionine residues in different antibodies [8] and
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formulations, the kinetics of methionine oxidation are illustrated by monoclonal
antibody drug products [9]. Besides the methionine residues within the
protein-based drug product, formulation excipients can also react with hydrogen
peroxide as described later. Therefore, in a comprehensive spiking study, it is
desirable to monitor the amount of protein oxidized, the overall integrity of the
protein, the concentration of remaining hydrogen peroxide, and any other change in
excipients as a function of time and temperature. Of these, determination of the
concentration of hydrogen peroxide would be most readily achievable by using the
commercially available fluorometric Amplex UltraRed Assay reagent. This assay
allows determination of hydrogen peroxide down to 10 ng/mL. Oxidation of pro-
tein can be determined by peptide mapping or reverse phase high performance
liquid chromatography (RP-HPLC). For mAb specifically, separation of Fc from
Fab after cleavage at the hinge region allows sensitive detection of methionine
oxidation in Fc. The protein A column [10] was also found to be useful in the
following Fc methionine oxidation.

In a spiking study, ideally, one would conduct the stability study until the mea-
sured content of hydrogen peroxide reaches an undetectable level, <5 ng/mL, and
then to assess the degree of protein oxidation. Hydrogen peroxide spiked into the
drug solution may persist for long period of time if the number and amount of
oxidation sensitive reactants within the drug product formulation are low. Typically,
one would aim for a fast data readout because the drug development schedule would
not allow waiting for complete exhaustion of hydrogen peroxide. Therefore, it is
essential to understand the kinetics of the reaction between methionine and hydrogen
peroxide in order to predict with assurance the degree of protein oxidation under
complete hydrogen peroxide removal.

18.3.1 Kinetics of Hydrogen Peroxide Reacting
with Methionine [9]

This reaction can be written as:

MetþH2O2 ! Met-O Oxidized Metð Þ

With the reaction rate equation:

�d Met½ �=dt ¼ �d H2O2½ �=dt ¼ d Met-O½ �=dt ¼ k Met½ � H2O2½ �

where [Met] is the concentration of Met residues in the protein formulation and
[H2O2] is the concentration that is spiked into the samples. When the protein
concentration is in excess (i.e., Met½ �o H2O2½ �), the Met concentration remains
unchanged and the first-order rate equation can be reduced to:
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�d[H2O2�=dt ¼ k0½H2O2� ð18:1Þ

where

k0 ¼ k[Met] ð18:2Þ

Or it can be written as:

ln H2O2½ �t¼ �k0t þ ln H2O2½ �t0 ð18:3Þ

where [H2O2]t0 and [H2O2]t are the concentrations of H2O2 at the initial time point
and at another specified time point, respectively. The assumption that the protein
concentration is always in excess compared with the hydrogen peroxide concen-
tration is reasonable (in these spiking studies) because the amount of protein is
always much greater than the hydrogen peroxide that is spiked in. By using mAb as
an example, the concentration of 10 mg/mL mAb, which has a MW of 150 kDa, is
equal to 0.066 mM with two chains each having Met 252 and Met 428 residues,
which results in a total concentration of 0.26 mM (0.066 � 4) of Met residues that
can be potentially oxidized by hydrogen peroxide. Whereas hydrogen peroxide has
a MW of 34 Da, it can range from 0.00029 mM at 10 ng/mL to 0.029 mM at
1000 ng/mL. Based on this comparison of concentration, it is obvious that mAb, or
the [Met], is far greater than that of hydrogen peroxide, and remains fairly constant
throughout the kinetic study. Therefore, the decline of hydrogen peroxide con-
centration follows the pseudo-first-order kinetics (Eq. 18.1), where the straight lines
were observed in the semilog plots as shown in Fig. 18.1. Based on mathematic
modeling, such straight line could be observed even if [Met] is only 4� the [H2O2].
In addition, the reaction rate constant is proportional to the Met concentration,
which is proportional to the protein concentrations (Eq. 18.2). The half-lives for the
reaction under 10, 30, and 100 mg/mL mAb could be estimated to be about 2.2,
0.74, and 0.22 month, respectively. By knowing the reaction rate, one can design
the study with appropriate duration; e.g., for a drug product with 100 mg mAb/mL,
the study will be over in 1 month as hydrogen peroxide may decline to undetectable
level in four half-lives, e.g., one month, whereas, with 10 mg mAb/mL, the study
will take ten times longer, 10 months, for hydrogen peroxide to reach undetectable
level. For prediction of reaction rate based on Arrhenius plot, the average activation
energy of the reaction for hydrogen peroxide with L-methionine was approximately
38 kJ/mol, and that with a monoclonal antibody, 59 kJ/mol [9].

18.3.2 Extent of Fc Methionine Oxidation
in Monoclonal Antibodies

In mAbs, there are two methionine residues on the Fc portion that are most reactive,
and it was reported that Met 252 is about twice as reactive as Met 428 [9]. When the
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spiked-in hydrogen peroxide is consumed exclusively by the methionine, we can
calculate the total amount of methionine oxidized. From Fig. 18.2, one can estimate
the total amount of Met 252 oxidation based on the mAb concentration and the
spiked-in concentration of hydrogen peroxide. For example, in drug product of
40 mg/mL mAb, Met 252 oxidation will reach about the 1% level by 200 ng/mL of
hydrogen peroxide [9].

18.3.3 Lyophilized Drug Product

The aforementioned kinetics and predicted extent of oxidation were based on protein
in liquid product. Limited experiences with lyophilized product exist. It was observed
that typically themajority (50–80%) of the spiked-in hydrogen peroxidewas removed
during the lyophilization processes (unpublished results). The remaining hydrogen
peroxide can react with protein in the lyophilized state. Its kinetics in one case showed
a first-order loss of hydrogen peroxide, but not in others (unpublished results). One
needs to be cognizant about the duration of hydrogen peroxide exposure, while
protein is still in liquid state prior to lyophilization as the reaction can be fast.
Sometimes, this period of time can be many hours wherein oxidation or other change
may take place.

Fig. 18.1 Pseudo-first-order kinetic reactions of H2O2 consumption by Met oxidation observed
for various concentrations of H2O2 spiked-in mAb1 formulation (10 mg/mL protein concentration)
represented by solid lines; and in small protein formulation (5 mg/mL) by dashed lines
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18.3.4 Effect of Formulation Excipients on Hydrogen
Peroxide Degradation

As reported [9], the rate of hydrogen peroxide decline was in one occasion faster
than others. It was determined that formulations with trehalose or sucrose exhibited
faster rate of hydrogen peroxide decline than those without. The faster rate could be
mitigated by the addition of a chelating agent, EDTA, suggesting the catalytic effect
of impurities (e.g., metal ions) present in these excipients. Excipients such as free
methionine undoubtedly will neutralize the effect of hydrogen peroxide. Free
methionine, 1 mM, was used in formulation as an antioxidant; the reaction rate of
this methionine was about 10� faster than the rate of reaction with mAb 25 mg/mL
concentration [9]. Therefore, it can be assumed that free methionine as an antiox-
idant will react with nearly all hydrogen peroxide and spare the methionine residue
in the protein.

Because recently new products are mainly antibodies, small proteins received
less attention. Nevertheless, the experiences gained from mAb would be applicable
to small proteins. In a case of a small protein (ca 22kD with three reactive
methionine residues) formulation, at 5 mg/mL, rates of hydrogen peroxide decline
were faster than the rates from 10 mg/mL mAb (Fig. 1). The disparity could be
explained based on the higher molar concentration of reactive methionine residues
in small protein, 0.46 mM, than in mAb, 0.26 mM. The molar quantity of hydrogen
peroxide loss resulted in a corresponding molar quantity of the oxidized protein
(Fig. 3). Although this formulation contains an antimicrobial preservative, phenol,
and polysorbate 20, neither accelerated the degradation of hydrogen peroxide nor
increased the amount of protein oxidation. In a subsequent study, oxidation of an
antimicrobial preservative was closely examined. Benzyl alcohol (92500 µM, 1%)
was present in the drug product formulation of another small protein (ca 42kD with

Fig. 18.2 Theoretical percent
Met 252 oxidation based on
protein concentration and a
ratio of 2:1 for Met 252 to
Met 428 oxidation [9]
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multiple methionines) at low concentration (2.25 µM, 0.09 mg/mL). About 23 and
0.3 µM benzaldehyde (oxidized form of benzyl alcohol) was generated from
spiked-in hydrogen peroxide concentration at 1000 and 200 ng/mL (representing
29 and 6 µM, respectively) in 3 months, at 25 °C. At 5 °C, 0.4 and 0.3 µM ben-
zaldehyde was generated under the same conditions. Concomitantly, protein was
oxidized 40 and 5% when exposed to 1000 and 200 ng/mL hydrogen peroxide at
25 °C (unpublished results). Because of very low protein concentration, significant
portion of protein was oxidized under the study conditions with these high con-
centrations of hydrogen peroxide. After one month at 5 °C, only about 10% of the
spiked-in peroxide could be detected. Compared with the other products described
previously (Fig. 18.1), this rate was too fast for peroxide consumed by low con-
centration of protein. Thus, the fast rate could only be attributed to the oxidation of
benzyl alcohol, and indeed corresponding amount of benzaldehyde was found. This
example illustrates the fact that benzyl alcohol, like free methionine, effectively
reacted with hydrogen peroxide and consequently reduced the amount of protein
oxidation. Even though methionine residue in protein could be much more reactive
than benzyl alcohol, methionine residue was overpowered by the high concentra-
tion of benzyl alcohol (about 41,100�). Because the portion of benzyl alcohol
affected was very small, benzyl alcohol assay did not detect any loss in all test
samples with different concentrations of hydrogen peroxide.

Polysorbate 80 degradation was observed in a study; however, loss of
polysorbate 20 was not detected (unpublished results), and thus, the sensitivity of
polysorbate 80 could be attributed to its unsaturated hydrocarbon chain of oleate
components, not to the polyoxyethylene (POE) components.

In conclusion, when measuring hydrogen peroxide in the protein sensitivity
study, the utmost concern is the presence of antioxidant such as methionine and
antimicrobial preservative, such as benzyl alcohol. Besides protein that can be
affected, polysorbate 80 is also susceptible (Fig. 18.3).

18.4 Determination of VPHP in the Containment
After Aeration

Around 2005, the principal device for measuring residual levels of hydrogen per-
oxide inside containment after a decontamination cycle was the Polytron low
concentration (LC) sensor, manufactured by Draeger Industries. This sensor, with a
range of 0.1–20 ppm, was effective for the majority of small molecule (and vaccine)
pharmaceutical uses. Research was begun on what were safe levels of hydrogen
peroxide for biotech products, with the intent of using containments for filling
biologic drug products. The product sensitivity assessments (refer to Sect. 18.3)
were used as a target, and various production scale containments were tested to
determine what VPHP levels could be safe for a production environment. Early
tests indicated that some products required hydrogen peroxide levels to be less than
10 ng/ml so that protein oxidation levels could be acceptable. With this in mind,
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it was determined that residual VPHP levels would need to be below 10 ppb
(0.010 ppm) for safe line stoppages during filling operations. Based on this need, an
assessment for improved methods for measuring residual VPHP in the containment
atmosphere was conducted.

Initial research showed that this was not going to be an easy task. Due to the
unstable nature of hydrogen peroxide, it is not possible to buy a cylinder of cali-
bration gas or other hydrogen peroxide standard. The Draeger detectors do not use
hydrogen peroxide to calibrate (15% error), as their sensors have a cross-sensitivity
with SO2, so a calibration cylinder of SO2 gas may be used as the standard (a
surrogate). Since most users of hydrogen peroxide are only concerned with the
human safety levels (Lit 17.2.5) of the gas, very low levels (<0.1 ppm) are not of
general interest, and thus most manufacturers of measuring equipment have not
been concerned about measuring in our range of interest.

The standard laboratory method for measuring hydrogen peroxide in liquid is the
Horseradish Peroxidase Assay (HRP), using Amplex Red, manufactured by
Invitrogen. A more sensitive reagent, Amplex Ultra Red (same principle as Amplex
Red), was used to achieve more resolution at the lower end of the scale. This was
coupled with a robust sampling method by absorbing hydrogen peroxide in large
volume of air from the containment into small amount of water, and thus the
hydrogen peroxide level in the air can be determined. Using this method, residual

Fig. 18.3 Correlation between protein oxidation and loss of H2O2 in protein 1 formulation (5 mg/
mL protein concentration) spiked with 250 and 1000 ng/mL H2O2 and stored at 5 °C. Theoretical
calculation is based on the molar consumption of H2O2 equals to the molar quantity of protein
oxidized. At 1000 ng/mL, % protein oxidation is expected
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VPHP level from about 125 ppb down to about 5 ppb (0.125–0.005 ppm) could be
determined. This assay was good as an interim method, but it was quickly realized
that it had many limitations. It did not provide real time data, it required many
intermediate steps including multiple dilutions, a fluorescent plate reader needed to
be kept calibrated, and the overall method was subject to operator error.

A search was initiated for a robust, pharmaceutical-grade hydrogen peroxide
measuring instrument. From 2006 to 2009, five different instruments were evaluated,
manufacturers and inventors were interviewed, and tests were run between a select
few of the instruments. Finally, a custom hydrogen peroxide measuring device was
purchased from Picarro, Inc., (Santa Clara; CA.) a company known for their envi-
ronmental gas measuring systems, which was determined to give the best combi-
nation of accuracy, precision, ease of use, and robustness. The Picarro unit uses
cavity ringdown spectroscopy (CRDS) in a unit about the size of an industrialized
PC. The biggest concern with the Picarro is the lack of a calibration method. The
second choice was an Aero-Laser AL2021 (Aero-Laser, Germany). While this unit
was able to be calibrated and gave a better lower end reading, it was too complicated
for day-to-day use on the production floor in a pharmaceutical facility.

The Picarro CRDS unit was tested on recently constructed production contain-
ment and was found to have a very good correlation with the HRP assay method
(Fig. 18.4).

During start-up of new containments, many tests were run to measure the residual
VPHP in the atmosphere. Tests on materials of construction (MOC) showed that
hydrogen peroxide absorbed minimally into PTFE* tubing, but strongly interacted
with silicone tubing due to high permeability. By connecting a long Teflon tube and
a long power cord to the Picarro, it was possible to move it around to measure the air
in the containment at many different locations. The containment was entered either
through a double-ended tri-clamp bulkhead fitting or by cutting a hole in a finger in
one of the gloves. Residual VPHP levels were measured and compared in various
locations in several different containment systems.

Fig. 18.4 Comparison of readings of the Picarro instrument with the VPHP determination by the
Amplex Red method
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Early tests showed variations in the VPHP residuals inside the containment of
about 30 ppb, whether measured near the depyrogenation tunnel, near the fill
nozzles, or near the lyophilizer. Because the product exposure (unstoppered vial)
occurs mostly in the area between the filling nozzles and the stopper placement
device, that was chosen as the primary location for residual atmospheric mea-
surements (Fig. 18.5).

The preferred mounting location for a VPHP residual sensor is near the fill
nozzles. A poor location for the VPHP sensor seems to be in the return air duct,
especially if the air velocity is higher than recommended by the sensor manufac-
turer [11]. While this can give an aggregate reading for multiple areas of a sectioned
containment, the velocity issue can make the sensor read inaccurately.

While measuring VPHP levels during cycle development, the worst-case con-
ditions when product may be exposed should be considered. After the decontam-
ination cycle, there are typically many steps that need to be executed prior to
beginning the product filling. Because the drug product is at risk while in the
containment, even when inside silicone tubing (refer to Sect. 18.5), all of the
various process steps should be examined to reduce the potential impact to
the product.

18.5 Testing for Vapor Phase Hydrogen Peroxide
Absorption

Due to the unknown mechanisms of VPHP uptake into biotech products, a series of
studies were initiated to determine the amount of hydrogen peroxide that could
migrate into the final drug product container. Initial tests measured residual VPHP
absorbing into an open vial of drug product and branched out into other potential
product contacting surfaces. For fill–finish operations, reasonable allowances for
production stoppages without discarding product are of importance. A 60 min
interruption was the target, with the assumption that any vial that has been filled but
not stoppered was at risk for hydrogen peroxide uptake. As illustrated by Fick’s first

Fig. 18.5 VPHP
concentrations at three
sampling points overtime
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law of diffusion, the amount of diffusion into a liquid is based on the hydrogen
peroxide differential between the environment and the liquid, the distance between
the environment and the liquid, and the surface area of the liquid. Because
hydrogen peroxide has a huge solubility in water (*280,000 ng/ml, per Henry’s
law of solubility), it can be assumed that almost all peroxide in the direct envi-
ronment of the liquid surface will migrate into the liquid.

Early studies showed that Fick’s law was not a definitive model for predicting
the uptake of VPHP into the liquid in a vial, but a place to start. By exposing
WFI-filled vials to the containment’s environment for a known time, and assaying
the vial’s contents by the Horseradish Peroxidase Assay, uptake rates for various
vial fill configurations could be determined. It was quickly verified that the vial’s
geometry and fill volume would play a role in the final hydrogen peroxide con-
centration in the vial (Figs. 18.6 and 18.7).

Fig. 18.6 Application of Fick’s law on the fill volume of 1 ml in a container of the geometry of a
6 ml vial

Fig. 18.7 VPHP uptake in different sized vials and fill volumes
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An initial assumption was made that WFI was a good model for VPHP uptake,
as biotech products are mostly water. However, once full-scale testing began, it was
found that the drug product does not absorb VHP at the same rate as WFI,
sometimes faster, sometimes slower (Fig. 18.8).

The first tests for product uptake involved products with a large fill volume.
These large volumes benefit by diluting the hydrogen peroxide. Studies were
executed to look into the amount of VPHP picked up by the empty vial and stopper
before being filled, and determined the amounts to be trivial relative to the amount
picked up by the liquid. However, when investigating smaller volumes (<1 ml), the
effect of the vial and stopper had a major impact. Studies showed that an open
empty vial circulating on a filler infeed buffer conveyor for a few hours could pick
up more hydrogen peroxide than the exposed liquid would over a short period of
time (5–10 min).

Early tests of materials of construction (MOC) showed several materials used
within the containment were not the best in terms of hydrogen peroxide uptake, and
probably contributed to the slow decrease of VPHP levels inside the containment
(Fig. 18.9).

The MOC studies kept a focus on silicone tubing. Tests were run on the VPHP
uptake of tubing before and after sterilization in place, as well as the transmission of
hydrogen peroxide through the tubing into the drug product. Tubing was installed
after the decontamination cycle was completed, and it was found that residual
VPHP in the atmosphere would still transmit through the tubing into the product.
These studies pointed out that drug product in the fill tubing is at risk after a

Fig. 18.8 Different mAb formulations (from top left to bottom right: mAb A, E, D, C); uptake
rates versus water for injection (different vial configurations and fill volumes lead to different WFI
uptake rates)
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stoppage as well, even if it was not installed before the VPHP decontamination
cycle. The first sample and samples 8–12 were outside the isolator when this
experiment was run (Fig. 18.10).

Due to the high affinity of hydrogen peroxide for water, a study was done on the
potential VPHP uptake at the tip of a nozzle (Fig. 18.11). Various sizes and shapes
of menisci were tested under similar conditions, and the lowest surface area of
product exposed to the environment at the meniscus led to the least amount of
hydrogen peroxide uptake (Fig. 18.12).

18.6 Vapor Phase Hydrogen Peroxide Absorption Testing
in a Scale-Down Containment

Performing VPHP absorption tests in the production environment leads to major
challenges in terms of production line utilization, related cost, and overall duration
of the absorption experiments. It is very time consuming to prepare a filling line to
start absorption studies, because the containment needs to go through all the
preparations steps of a VPHP decontamination to achieve the specific VPHP levels
and concentration decay curve that is typical for the containment. It is obviously
attractive to simulate the large production containments with a smaller represen-
tative model. Ideally, the smaller model (scale-down model—DSM) is able to
create a controlled environment in terms of VPHP concentration, air velocity,
relative humidity, and temperature. It should be able to mimic the VPHP decrease

Fig. 18.9 VPHP uptake rate (ng/cm3) in various materials of construction
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curve of larger aseptic fill–finish containments to allow for representative hydrogen
peroxide uptake studies. To technically achieve a representative VPHP concen-
tration profile over time in the DSM, very small amounts of liquid hydrogen per-
oxide are vaporized and introduced into the air handling system of the DSM. By
adjusting the vaporization rate, distinct peroxide levels in the atmosphere of the
DSM can be achieved.

The miniaturization of the DSM is limited by the fact that a unidirectional
airflow is needed to simulate cleanroom class A (ISO 5) airflow characteristics, so
typically a DSM is a small containment (comparable to a sterility test isolator)

Fig. 18.10 VPHP uptake through a typical silicone fill tubing (6.0 mm ID � 1.2 mm wall) at
500 ppb VPHP in the environment

Fig. 18.11 Menisci of drug product solution at the tip of the filling nozzle
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which is equipped with control systems for the above-mentioned process
parameters.

The first step in establishing a DSM for a distinct containment is to determine the
line-specific aeration kinetic (decrease in peroxide concentration). For the con-
centration range below 100 ppm, a “Picarro” (cavity ringdown spectroscopy) sys-
tem is a suitable method to determine the time-dependent concentration decrease
(refer to Sect. 18.4).

Figures 18.13 and 18.14 indicate the VPHP decay kinetics in the air of the filling
line and the DSM. The measurements start at the end of the aeration phase, when
the containment goes back into its normal mode of operation.

It can be concluded that in the VPHP concentrations follow the same trend and
the concentrations are in the same order of magnitude. The VPHP concentrations in
the DSM are tuned to be slightly higher to simulate a worst case in the context of
uptake experiments (Fig. 18.15).

To compare the VPHP uptake kinetic in the filling line and the DSM, 2.25 ml
prefilled syringes filled with 1 mL WFI were placed (unstoppered) in both con-
tainments under aseptic filling conditions for up to 240 min. Peroxide absorption
ended by stoppering the syringes at distinct time points, and the hydrogen peroxide
concentration in the liquid was determined by the Amplex Red assay. Additionally,
empty syringes were exposed, filled with 1 ml of WFI after the exposure, and
analyzed in parallel to find out if hydrogen peroxide adsorption to the primary
packaging and subsequent desorption into the WFI played an important role in this
experiment.

Fig. 18.12 Hydrogen peroxide uptake into the drug product solution at differently shaped menisci
of drug product solution at the tip of the filling nozzle
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To gain additional insight, the trial in the DSM was extended to cover VPHP
absorption into a placebo buffer and a monoclonal antibody formulation
(Fig. 18.16).

Fig. 18.13 The graph represents the VPHP concentration in the atmosphere of a production line
containment during the development of the VPHP decontamination cycle

Fig. 18.14 The graph represents the VPHP concentration in the atmosphere of the scale-down
containment tuned to mimic the hydrogen peroxide decrease curve of the production line
containment
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Fig. 18.15 The graph represents the VPHP concentration in the atmosphere of a production line in
comparison with the hydrogen peroxide uptake into empty and filled syringes

Fig. 18.16 The graph represents the VPHP concentration in the atmosphere of the scale-down
model containment in comparison with the hydrogen peroxide uptake into empty and filled
syringes
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In the given VPHP concentration and exposure time, the adsorption to the
primary packaging item did not play a role in the overall hydrogen peroxide uptake.
Nevertheless, it could be shown that the amount of hydrogen peroxide present in the
empty and water for injection (WFI)-filled syringes was very comparable in the
experiment conducted in the filling line and in the DSM (Fig. 18.17).

To further elucidate VPHP absorption behavior of different solutions, we
compared the uptake of WFI, placebo, and the full mAb formulation. In this case,
the VPHP was not detectable in the mAb formulation, but showed increased
concentrations in line with the exposure time in WFI and placebo solutions. We
concluded that the formulation experiences comparable VPHP uptake, but the
peroxide is not detectable after the experiment due to the reaction with the mAb
molecule (refer to Sect. 18.4).

18.7 Summary

We could show that production scale aeration profiles can be mimicked in a DSM
leading to equivalent exposure conditions and subsequently comparable amounts of
VPHP absorption. Empty syringes picked up no VPHP over the tested time and
exposed VPHP concentrations. WFI-filled syringes and the placebo-filled syringes
started to pick up measurable amounts of VPHP after 60 min.

Fig. 18.17 The graph represents the hydrogen peroxide uptake into empty and filled syringes and
the found amounts in the HRP assay post exposure
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In terms of the absorption rate of different liquids, it can be stated that for the
formulation buffer and WFI tested in this experiment, no relevant difference could
be detected; nevertheless, a comparability of absorption behavior should be
established. No peroxide could be detected in API-filled syringes, as the hydrogen
peroxide was reacting with the highly concentrated mAb (refer to Sect. 18.4).

The information that can be gathered by DSM experiments mainly relates to
recommendations with regard to exposure time for open drug product solutions and
packaging materials. It is also an appropriate way to connect the formulation
sensitivity (determined in the spiking studies) with packaging configuration and
filling line-specific hydrogen peroxide absorption.

18.8 Conclusion

Vapor phase hydrogen peroxide (VPHP) is considered industry standard for the
decontamination of containments. Unfortunately, certain biological drug products
are very sensitive to traces of hydrogen peroxide. Care has to be taken to avoid
product oxidation by absorption of residuals of VPHP from the decontamination/
aeration phase. A thorough assessment combining the drug product formulation
sensitivity data (spiking studies) with the dissolved hydrogen peroxide amounts into
a specific primary packaging configuration (uptake studies) can assure a fill and
finish process that does not lead to unacceptable oxidation triggered by residual
hydrogen peroxide.

To ensure product safety, VPHP concentrations at the end of the aeration phase
can be validated for an individual containment to ensure that product exposure by
VPHP absorption does not exceed accepted levels. Very sensitive measurement
techniques like cavity ringdown spectroscopy, near-infrared laser spectroscopy, and
the application of the Amplex Red assay can support the validation of the aeration
directly at the production line or studies in representative scale-down models. In
any case, the knowledge about the stability behavior of the molecule introduced
into a decontaminated containment should be available.
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Chapter 19
Lyophilization: Process Design,
Robustness, and Risk Management

Daniel Dixon, Serguei Tchessalov and Bakul Bhatnagar

Abstract This chapter briefly reviews the formulation literature with a focus on
defining formulations that can support aggressive lyophilization. Each step in the
lyophilization process is reviewed with considerations for scale-up with an emphasis
on mathematical modeling (enabled by equipment characterization) and application
of process analytical technologies, when possible. A scientific approach to process
robustness relying upon grouping of process parameters to provide worst case
conditions is described, and the consequences of grouping these parameters is dis-
cussed. Process robustness, assessed in this fashion, can then support the definition
of the process design space and inform risk management activities.

Keywords Freeze drying � Primary drying � Secondary drying
Mathematical modeling � Process analytical technologies (PAT)
Lyophilizer characterization � Process robustness � Quality by design

19.1 Introduction

Preservation of water-sensitive materials by freeze—drying received deserved
attention in the past few decades. There are many review papers [1–5] that outline
principles and advances in freeze-drying (lyophilization). The review papers
focused mostly on research topics while the purpose of this chapter is to outline
“good practices” that authors developed over the course of their work in pharma-
ceutical industry and applied to routine clinical and commercial manufacture of
lyophilized materials.
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19.2 Formulation

Detailed formulation strategies and expanded lists of formulation excipients used in
freeze-drying have been published [6–8]. In general, formulation of lyophilized
products should consider several aspects:

1. Long-term stability of the dried product in the formulation. Ideally this stability
supports room temperature storage during distribution and storage by the end-user.

2. Short-term stability of the liquid formulation during manufacturing, as well as
after reconstitution during final dose preparation.

3. Ability to reproducibly lyophilize the product, hopefully with a cycle of “short”
duration. Ideally, the cycle would be robust to process deviations without
compromising long-term stability.

To accomplish these goals, one should not start with a formulation designed for
liquid stability and attempt to lyophilize it. This may lead the formulator to select
excipients that may have undesirable properties from either stability or processing
standpoints (or both). Rather, at its base, a lyophilized formulation typically
includes:

• A buffering species at fairly low level (e.g., 10–20 mM). Succinate, histidine,
and tris are three popular buffers depending on the desired product pH.

• A primary stabilizer. This is frequently sucrose. Trehalose has also been used,
but can cause other issues, such as crystallization during frozen drug substance
storage [9–11]. For sucrose, a mass ratio of greater than one part sucrose to one
part protein has been shown to provide optimal stability [12, 13] or a molar ratio
of 360:1 [14]. Many reports have been published in the literature comparing
trehalose and sucrose [15–18]. In most of these studies, the stability of the
examined molecule may be slightly improved in the presence of either sucrose
or trehalose, but the differences are generally not significant from a long-term
stability of a commercial product perspective. A brief comparison of sucrose and
trehalose is shown below:

– Sucrose—less expensive than trehalose.
– Trehalose—less susceptible to acid hydrolysis under acidic conditions [18].

• In the case of low-active content cakes, a bulking agent. This is often glycine or
mannitol, both of which can crystallize under appropriate formulation and
process conditions [19–21]. In the case of higher concentration active ingredi-
ents (e.g., greater than 50 mg/mL protein), a bulking agent is not required as the
cake has sufficient mass to prevent blow out, and crystallization of bulking
agents would be inhibited by the additional dry excipients and active [22, 23].

• Additional materials at low levels to protect against specific degradation path-
ways. For example, polysorbate-80 has been seen to improve the clearing of gas
bubbles after reconstitution [24]. Polysorbates may also prevent aggregation of
proteins during lyophilization and reconstitution [18, 25].

408 D. Dixon et al.



Many companies have developed formulation “platforms” to minimize the de-
velopment investment for early phase clinical programs [26]. These can be as
restrictive as predefined formulation options that are tested for suitability, or slightly
more flexible in only defining a fixed set of experiments and a few options to select
from. For a rationally constructed platform, this provides many significant benefits.
These include:

• Easier identification of product stability. In a rationally designed platform, if the
only thing that changes is the identity of the active ingredient, and possible
slight variations in active concentration, the stability of a new program under
accelerated conditions can be evaluated against previously developed materials
to verify that the degradation rate is within the range of experience [27].

• Reduced labor and development in defining the initial dosage form. Limiting
options and defining specific studies provide more focus to the initial devel-
opment activities. The output from these studies is more consistent from pro-
gram to program, harmonizing expectations across the organization.

• More robust process development. If the product is in the same formulation as
existing products and has been shown to have similar glass transition and col-
lapse properties, then preexisting process development can be supportive for the
new product, assuming comparable product configuration and total dried mass.

• Streamlined tech transfer. Reducing the number of potential excipients and
components during an early stage can result in time savings for procurement and
qualification of GMP supplies to support clinical manufacture. Additionally,
platform programs which utilize a common fill site can often omit executing
engineering activities prior to clinical manufacture.

• Simplified initial regulatory filings. From a CMC perspective, if the formulation
and development studies are conserved, template text can be developed to
describe the formulation and manufacturing processes.

Platform formulations (and formulation strategies) provide a starting point for
development and must be demonstrated to be suitable for implementation for each
new molecule [26]. The platform does not replace product development, it just
provides a prescriptive sequence of studies and testing to demonstrate acceptability.
In this way, a platform can be determined to be “fit for purpose.”

A well-designed platform will also take into account aspects of the initial target
product profile (TPP). Examples of this may include:

• While the formulation may be somewhat fixed by the platform approach, the
final choice of fill volume and container/closure must consider dose preparation
and the proposed clinical dose ranges.

• If a lyophilized dosage form does not fit the TPP, then a strategy must be defined
to develop a liquid dosage form in parallel with clinical activities, including the
appropriate cross-over and comparability studies to implement the liquid dosage
form for later clinical development.
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In the event that a platform formulation strategy is unsuccessful, the formulation
scientist must be cognizant of the impact of formulation decisions on the eventual
manufacturing process. From a manufacturing perspective, a shorter cycle is
favored over a longer one. Shorter cycles can substantially reduce the cost of
manufacturing. For busy manufacturing sites, shorter cycles are easier to fit into a
full schedule, help increase the total output of the site, and may even allow pro-
duction strategies that may otherwise not be feasible. While shorter cycles are
strongly desired, successful cycles are required. A short cycle that does not
reproducibly yield suitable product is not acceptable.

Keeping the desire for efficient equipment utilization in mind, there are a number
of decisions a formulation scientist can make that have a direct impact on the final
result. Some of these include:

• Inclusion of additional excipients that reduce the overall glass transition tem-
perature of the matrix [28]. Sodium chloride has a very low glass transition
temperature, and is very difficult to crystallize unless the ratio of sodium
chloride to that of the other excipients is greater than 2 [29]. Formulations
requiring additional tonicity should consider disaccharides or bulking agents
rather than sodium chloride to enable more efficient lyophilization, as these
excipients will suppress the composite glass transition temperature [30].

• Concentrations of low glass transition temperature excipients are above the
minimum required to achieve the desired outcome. This is the same effect as
described in the bullet above.

• Incomplete annealing of crystallizing excipients [19].

Some example lyophilized formulations for commercial materials are shown
below in Table 19.1:

Table 19.1 Examples of several commercial lyophilized formulations

Herceptin [31] Enbrel [32] BeneFIX [33] Remicade [34]

Protein 420 mg/vial 25 mg/mL 50–600 IU/mL 100 mg/vial

Buffer 9.5 mg/vial
L-histidine
HCL
6.1 mg/vial
L-histidine

10 mM
tromethamine
(Tris)

8 mM L-histidine 6.1 mg/vial dibasic
sodium phosphate,
dihydrate
2.2 mg/vial monobasic
sodium phosphate,
monohydrate

Stabilizer 381 mg/vial
trehalose

10 mg/mL
sucrose

0.8% sucrose 500 mg/vial sucrose

Bulking
agent

n/a 40 mg/mL
mannitol

208 mM glycine n/a

Surfactant 1.7 mg/vial
polysorbate-20

n/a 0.004%
polysorbate-80

0.5 mg/vial
polysorbate-80

Other n/a n/a 0.234% sodium
chloridea

n/a

aSodium chloride is added in the reconstitution solution
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Once a formulation is defined, the frozen properties of that formulation must be
characterized to enable the design of a suitable lyophilization cycle. The critical
instrument in this arena is differential scanning calorimetry (DSC). The DSC should
be used to generate a roadmap of the temperatures that may play a role in the per-
formance of the formulation. For purely amorphous formulations, the main deliver-
able is the glass transition temperature of any amorphous phases. For partially
crystalline formulations, additional information includes nucleation temperatures,
temperature conditions for crystal growth (annealing), and eutectic (or secondary)
melting temperatures. For example, sodium chloride must be cooled below approx-
imately −40 °C to enable nucleation and facilitate crystallization on annealing at
temperatures between −35 and −30 °C. During drying, these formulations must
remain below the secondary melting temperature of approximately −21 °C.

Conclusions from DSC experiments should be confirmed by freeze drying
microscopy (FDM). Microscopy experiments visualize the physical consequence of
exceeding the temperatures defined during DSC. If one considers the glass transi-
tion temperature as the range of temperatures over which the viscosity of a material
changes several orders of magnitude from an essentially rigid glass to a flowing
viscous liquid, then the collapse temperature is the temperature at which the vis-
cosity has reduced enough to allow for flow over the timescale of observation. Due
to temperature dependence of viscosity, collapse occurs more rapidly the further
away from the glass transition temperature. This concept has implications on
method induced variability during FDM. For example, if one applies a temperature
ramp for the duration of an FDM experiment, the ability to identify the point at
which a structural change was initially observed may be compromised. The rec-
ommended best practice for FDM would be to proceed stepwise at fixed intervals
between temperatures and hold under isothermal conditions to observe any
potential structural changes in the sample. The spacing of the isothermal steps can
vary based on experiment and DSC data, and sequential experiments can focus on
temperature ranges of interest through smaller step changes for increased resolution
of observed structural changes.

Depending on the viscosity of the product, determination of collapse using a
temperature ramp can yield results that are up to 5 °C (or more) above the collapse
temperature defined by “isothermal” FDM. This is particularly impactful if the
formulation has a relatively low glass transition temperature (e.g., below −25 °C)
as a difference in allowable product temperature of 5 °C will significantly impact
the duration of primary drying. Table 19.2 shows a comparison of collapse tem-
peratures for low solid content, sucrose-based formulations measured by a ramping
method (0.5 °C/min) versus an isothermal method in two different laboratories
(data previously unpublished).

While traditional lyophilization practice has been to lyophilize the product below
the collapse temperature, one can challenge that, if the product is well understood,
then lyophilization above collapse may be suitable [35–38] and even preferable in
some instances [39–41]. For many partially crystalline formulations, this has been
the typical practice. In these cases, the crystalline material provides a scaffold for
the amorphous phase to coat. Because of the crystalline scaffold, there are no visual
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signs of macroscopic collapse. At a minimum, one must demonstrate that no critical
quality attributes are impacted by lyophilization above collapse, if this strategy is to
be employed. Relevant product quality assays may include (but are not necessarily
limited to): reconstitution time, residual moisture, quality attributes impacted by
interfacial stress (such as size-exclusion chromatography), and measurements of
subvisible and visible particles.

19.3 Process Development and Transfer

The product temperature profile over the course of a lyophilization cycle defines the
thermal history of that material. Maintaining a consistent thermal history from vial to
vial, lot to lot, and lyophilizer to lyophilizer is a robust, scientifically sound mech-
anism for maximizing the probability of success in process transfers. Recipe set
points are a critical output in their impact on defining the product temperature profile.
For different lyophilizers, this often means that different set points may be required
to yield a comparable product temperature profile. In these circumstances, it is more
appropriate to adjust the recipe considering the product temperature profile rather
than maintain an existing recipe that will generate a different profile [42].

To properly implement this strategy, laboratory scale process development
should take into consideration the ultimate clinical or commercial manufacturing
equipment. This ensures that the conclusions drawn from development studies can
be applied to production scale. The additional mass within a production scale
lyophilizer means that temperature equilibration generally takes longer relative to
laboratory scale, so additional time must be added to steps where the product is
expected to equilibrate to a temperature. Additionally, the heat transfer efficiency
will likely be different between laboratory and manufacturing scale, particularly for
edge vials [43].

Table 19.2 Accuracy of collapse measurement by freeze-drying microscopy: comparison of
ramping and isothermal methods

“Isothermal” FDM “Ramp” FDM

Material # Dry content (%) Tg′ Tcollapse Tcollapse DTcollapse

1 2.35 −36.0 −35.0 −33.9 1.1

2 3.96 −35.0 −34.6 −23.2 11.4

3 6.51 −34.8 −34.5 −30.0 4.5

4 10.34 −33.3 −31.0 −24.1 6.9

5 11.63 −33.2 −32.0 −24.1 7.9

6 13.52 −34.7 −33.0 −25.5 7.5

7 14.24 −33.8 −33.5 −26.6 6.9

8 14.46 −33.1 −33.0 −31.3 1.7
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The target lyophilization cycle at scale must consider both the formulation as
well as equipment capabilities [44]. Typical batch record limits for allowable shelf
temperature variability are ±3 °C, up to ±5 °C for some lyophilizers. Pressure
tolerances vary more significantly across manufacturing scale lyophilizers, with
some lyophilizers holding within ±10 mT, while others having ±50 mT allowed
variability. The level of allowed process variation must be considered when
designing the lyophilization process, particularly during the primary drying stage.

19.3.1 Ramp Rates

In general, refrigeration systems on laboratory equipment are oversized, relative to
their production scale counterparts. At laboratory scale, a lyophilizer may be able to
maintain adequate homogeneity at ramp rates up to 1 °C/min. At production scale,
because of the mass of the shelves and products and the distance from the point of
shelf inlet fluid temperature measurement to the actual inlet of the shelves, product
homogeneity across a given lot is often compromised above ramp rates of
approximately 0.5 °C/min. Higher ramp rates may lead to differences of 2–5 °C
between shelf inlet and outlet in production scale lyophilizers, which would man-
ifest as differences in shelf surface temperature [44]. As a result, laboratory studies
should utilize ramp rates of no more than 0.5 °C/min to minimize variability
introduced during process transfer. Using ramp rates in this range during devel-
opment studies mean that the ramp rate likely will not have to be changed upon
scale-up.

Some formulations and products may require faster ramp rates to minimize the
impacts of interfacial sensitivity and phase separation [45], forcing a compromise to
homogeneity for product stability. In these cases, critical temperatures and rates
should be identified to ensure suitable product, and the consequences of this data
must be evaluated to determine impact on product robustness, preferably at labo-
ratory scale.

19.3.2 Freezing Temperature

Many large lyophilizers cannot reach shelf temperatures much below −50 °C. One
should ensure that there are no transitions that are required to be met below this
temperature during laboratory scale development (this can be as simple as exam-
ining a DSC thermogram). In general, the final freezing step should be the same for
laboratory and production lyophilizers. During process scale-up, hold time at
freezing temperature for the commercial dryers is normally programmed longer by
1–2 h to account for differences in size and thermal inertia.
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19.3.3 Annealing

Annealing steps can serve two different purposes, depending on the design of the
formulation:

• Growth of crystals for phase-separated crystallizing excipients (such as man-
nitol, glycine, and sodium chloride).

• Increase the size of ice crystals through Ostwald ripening, which in turn will
result in a larger pore during drying, and thereby also increase the sublimation
rate.

Annealing occurs substantially more rapidly at higher temperatures [46]. One
caution is to select annealing conditions that are safely below any relevant melting
temperatures (as defined in DSC experiments). This means ensuring all products
stay below about −5 to −10 °C to avoid the onset of water (or eutectic phase)
melting in the case of amorphous formulations or formulations containing mannitol
or glycine, and below about −30 °C (well below the eutectic melting temperature)
for formulations containing sodium chloride. While annealing is common in for-
mulations containing crystalline excipients, it is less common in purely amorphous
formulations.

In the case of high protein concentration products (e.g., >50% of the dry cake
weight is protein), the composite glass transition temperature may be above −15 °C,
meaning that annealing would not be expected to impact the cake structure signif-
icantly without risk of partial melting of some vials, and thus annealing is not
expected to provide significant benefit.

Annealing steps should be performed at the same temperature for laboratory and
production scale processes. The duration of the annealing hold at production scale
would be expected to be longer than laboratory scale to: (1) account for the
additional time required for product equilibration at the annealing temperature and
(2) to compensate for the smaller initial pore size due to the increased degree of
supercooling for materials manufactured in clean-room production environments
rather than uncontrolled laboratory environments. From a practical point of view,
the duration of annealing at commercial scale should be extended by 1–2 h from
laboratory scale if the solids content is no more than 10% and by 2–3 h if the solids
content is above 10%. Additionally, annealing temperatures closer to the glass
transition temperature require a longer time to achieve the same desired annealing
effect (pore structure or degree of bulking agent crystallinity) than annealing con-
ditions further above the glass transition temperature [46].

Consistency in crystalline content, both within a single batch, as well as across
multiple batches and scales, can be measured by powder X-ray diffraction. Success
can be defined as having a comparable polymorph distribution (preferably without
any hydrates, as in the case of mannitol, which may form a hemihydrate) with
comparable peak areas for dominant polymorphs. This can be confirmed more
quantitatively by powder DSC after the conclusion of the process, where the glass
transition temperature and the temperature and enthalpy of melting of crystalline
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components can be compared. Comparable glass transition temperatures and
enthalpic recoveries show a comparable composition of the amorphous phase(s)
with respect to moisture content and crystallizing excipients (amorphous mannitol,
glycine, or sodium chloride will reduce the glass transition temperature). Measuring
specific surface area of the lyophilized product can confirm comparable pore
structure.

At the conclusion of annealing, the product should be cooled below any relevant
transition temperatures for condenser cooling and vacuum initiation. Prior to
increasing the shelf temperature to the primary drying conditions, the vacuum level
should be stabilized to the set point.

19.3.4 Primary Drying

The primary drying stage of a lyophilization process is typically the longest and
most sensitive step. At this stage, heat is applied to the product to support the direct
conversion of phase-separated ice to water vapor by sublimation. This process is
coupled heat and mass transfer and, with appropriate product and equipment
characteristics, can be modeled reasonably accurately [42, 47]. At its most sim-
plified level, primary drying in a vial can be described by Eq. 19.1:

SinðPSub � PChamberÞ
R

¼ kheatSOut TShelf � TPr oduct
� �

DHS
ð19:1Þ

Sin and Sout surface area on inside and outside of vial
Psub and PChamber vapor pressure of water at the sublimation interface and

chamber pressure
TShelf and TProduct shelf inlet and product temperatures
DHS heat of sublimation of water
R cake resistance to mass transfer
kheat overall effective heat transfer coefficient

In this equation, the three modes of heat transfer (conduction, convection and
radiation) are included in a single heat transfer coefficient. As a result, the heat
transfer coefficient of edge vials is higher than the heat transfer coefficient of center
vials due to radiation received from the relatively warmer chamber walls [43]. This
heat transfer coefficient is a function of the lyophilizer, vial size, vial geometry
(particularly bottom gap height), vial glass type (tubing vs. molded), position on
shelf (radiation) and chamber pressure (gas conduction, convection). The worst-case
locations are typically the corners of the shelf (high heat due to maximum radiation)
and the center of the shelf or location nearest an internal condenser (lowest or
negative radiation from the condenser coils). The heat transfer coefficient of a corner
vial may be 30–40% greater than that of a center vial under some circumstances,
particularly at low shelf temperatures [43].
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The cake resistance to mass transfer is a function of both the formulation and
product thermal history, including solids content, degree of supercooling, degree of
crystallinity (if relevant), dried layer thickness, phase separation (surface skin) and
any collapse that may have occurred. Recall that the degree of supercooling is
greater in a low particulate environment relative to laboratory scale. For
un-annealed, purely amorphous materials at solids content of 10% and above, this
can lead to a 75% increase in mass transfer resistance moving from laboratory to
production scale (data unpublished), particularly at relatively high protein con-
centrations. If annealing is applied for high (� 10%) solids formulations, the
increase in resistance (resistance scale-up factor) could be as high 50%. For low
solids formulation, if annealing step is implemented, we assume resistance will only
increase by about 25% when transferring process from laboratory to GMP con-
trolled conditions. This increase in cake resistance will reduce the sublimation rate
under a given heat input as it is more difficult for water molecules to navigate from
the sublimation interface to the bulk phase, resulting in an increase in product
temperature (reduced cooling from the reduced sublimation rate).

Supplementing Eq. 19.1 with equations to describe the vapor pressure of ice as a
function of temperature and the heat transfer from the bottom of the vial to the
sublimation interface, one can design a relatively simple mathematical model to
calculate the relationship between process inputs (shelf temperature, chamber
pressure, and time) for a given combination of product, vial, and lyophilizer (heat
transfer coefficient, mass transfer resistance, cake height) to calculate the theoretical
product temperature as a function of time during primary drying [48–50].
Simplification of mathematical models requires making assumptions and accepting
the error or uncertainty that comes with those assumptions. In these cases, sim-
plifications required to enable utilization of a simple spreadsheet-based model
(“LyoModeling Calculator” for one example [51]) may introduce temperature
inaccuracies of up to approximately 1 °C and underestimate the duration of primary
drying by about 15–20%. As long as these shortcomings are known and under-
stood, modeling provides an ability to examine a series of potential process con-
ditions without any material cost to hone in on ones that are desirable for further
examination. Such modeling can be used to generate a theoretical process design
space in silico, which can be supported by selected experimental data.

In general, sublimation proceeds from the top of a frozen product to the bottom in an
approximately planar fashion. Due to heterogeneity of dry layer mass transfer resis-
tance, however, primary drying time could vary between different vials, even adjacent
vials that would be otherwise expected to be identical. Determining the endpoint of
primary drying and ensuring the entire batch has completed is a critical point of
implementation of process analytical technologies (PAT). Several methods are avail-
able for end point determination of primary drying: dew point, product temperature, gas
plasma spectroscopy, TDLAS, comparative pressure measurement (Pirani vs. capaci-
tance manometer), condenser temperature and pressure, and pressure rise test [52] with
last threemethods available on the commercial scale.More recently,mass spectrometry
has been applied to lyophilizers, both to monitor progress of primary and secondary
drying, as well as detection of silicone oil leaks within the chamber [53–55].
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If shelf temperature and pressure are maintained constant during primary drying,
product temperature will continue increasing due to increase in dry cake resistance.
If product temperature reaches critical temperature, one should decrease the shelf
temperature or pressure or both to maintain a product temperature below the critical
value [56–58].

During transfer of a process across lyophilizers, the product temperature profile
during primary drying is a critical factor to maintain consistency between laboratory
and commercial scales. There is always desire to measure actual product temper-
atures at commercial scale to ensure that product remains within acceptable design
space. This, however, becomes more difficult if the receiving lyophilizer utilizes
automated loading and unloading, as those systems tend to be incompatible with
wire thermocouples. Production facilities in general are reducing the use of wire
thermocouples as the thermocouples increase the risk of microbial contamination.
While temperature monitoring is not always possible during production batches,
understanding the product temperature profile during technical batches is critical in
evaluating success during tech transfer and may require novel PAT technologies to
accomplish.

19.3.5 Secondary Drying

While primary drying is the bulk sublimation of phase-separated water, secondary
drying is the removal of adsorbed water by diffusion. This desorption is a function of
both time and product temperature. While secondary drying occurs to some degree
during sublimation stage (primary drying), the desorption rate at low shelf tem-
peratures (typical for primary drying) is low. That is why the shelf temperature is
typically raised during secondary drying (unless it is the same as during primary
drying). While shelf temperature is the major factor during secondary drying, the
chamber pressure is not generally considered a significant factor when pressure
control is maintained by injection of dry nitrogen [59–61]. Secondary drying typi-
cally occurs in shelf temperature ranges of 25–45 °C. The duration of secondary
drying is optimized to yield moisture within the target range across the entire batch.
For most protein-based formulations, the duration of secondary drying is 6–9 h
targeting residual moisture level below 1%. While the specific surface area of
products during aseptic manufacture is typically higher compared to the laboratory
scale, theoretically resulting in faster desorption rate due to a reduced desorption
distance, secondary drying usually occurs more slowly at large scale due to lags in
product temperature equilibration with shelf temperature. As a result, during
scale-up, the duration of secondary drying may be extended by an hour or two to
account for the longer time required for the product to equilibrate with the shelf. The
ramp rate between primary and secondary drying may impact the final appearance of
amorphous products. Ramp rates greater than or equal to 0.5 °C/min may lead to
microscopic collapse, which would manifest itself as a slightly shrunken cake due to
product temperature potentially exceeding the glass transition temperature during
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fast ramp. Reducing the ramp rate to 0.1–0.15 °C/min [62] (ensuring the rate of glass
transition temperature increase due to desorption is faster than the rate of product
temperature increase) would mitigate this cosmetic difference. Researchers have
begun exploring the mechanisms of cake shrinkage and cracking [63]. In the
authors’ experience, ramp rates of 0.2 °C/min between primary and secondary
drying for most protein-sugar formulations has yielded acceptable product with
minimal shrinkage. For partially crystalline materials, this ramp rate is not as critical,
as the crystalline scaffold will prevent macroscopic consequences for exceeding the
glass transition temperature.

If the primary drying condition is in the appropriate temperature range for
secondary drying, secondary drying can be performed as an extension to the pri-
mary drying conditions (also referred to as “single step drying”). This is often
feasible with high protein concentration or partially crystalline formulations.

Optimization of the secondary drying process typically focuses on reaching a
target moisture range. This can be accomplished in two ways:

1. Multiple sequential cycles with variable secondary drying conditions. This is a
material- and time-intensive approach.

2. Utilization of either a “sample thief” or sequential stopperingwithin the lyophilizer.
Both of these scenarios require specialized equipment and are typically only
available at laboratory scale. The difference between the two is that the sample thief
method removes vials from the lyophilizer, while the sequential stoppering uses the
thief arm to press down the stoppers to prevent further desorption.

3. Mathematical modeling [64, 65]. Historically, modeling of secondary drying has
been more challenging than primary drying due to the input coefficients
required, and the more complicated relationship between the process inputs and
moisture desorption rates [65].

Recent advances in the mathematical understanding of secondary drying are
guiding a simplified model that can be implemented into readily available
spreadsheet format [66]. These advances will enable utilizing modeling to identify
critical experiments to perform for the understanding of secondary drying opti-
mization, in a manner similar to the proposed strategies for utilization of modeling
to guide primary drying development and design space construction.

19.3.6 Stoppering and Unloading

Once secondary drying has completed, the chamber is typically backfilled with
sterile, dry nitrogen prior to seating the stoppers. The backfill pressure is usually in
the range of 0.7–0.9 atm to prevent stopper pop up and assist in maintaining
container/closure integrity. As the use of automated loading and unloading systems
has expanded, vials that stick to the shelf above has become a more significant risk.
To mitigate this, one company has developed a Teflon coating for the bottom of the
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shelves to prevent stopper sticking [67]. Once stoppered, the product can be
unloaded. Unloading temperature is product specific; however, the room temper-
ature (20–25 °C) is most commonly used to avoid condensation on the outside of
cold vials. Additionally, some configurations (such as dual chamber cartridges or
vails) may require aseptic stopper placement outside of the lyophilizer. In these
cases, the relative humidity of the manufacturing area must be adequately con-
trolled to minimize moisture uptake of lyophilized materials prior to stoppering, and
the moisture uptake across the batch should be understood.

19.3.7 Process Analytical Technologies (PAT)

Many techniques have been developed to monitor the lyophilization process, each
with their own advantages and disadvantages. These can either be in situ or online/
offline after the process is complete.

19.3.7.1 Product Temperature Monitoring

If the product temperature profile is correlated to the suitability (including stability)
of the product, then measurement of that product temperature profile provides
extremely valuable information. The traditional technique for product temperature
measurement has been the use of wire thermocouples or resistance temperature
detector (RTD). These thermocouples and RTDs are robust, inexpensive and can be
easily calibrated over the temperature range of interest. They are not without dis-
advantages though. Wire thermocouples and RTDs can transmit heat into the
monitored vial and act as a point of nucleation during freezing. In commercial
production, they require a significant amount of manual intervention by operators
and are very difficult to use in conjunction with auto-loading equipment. Due to
sterility concerns of having a wire over open containers during production, wire
thermocouples are only placed in edge vials during routine production, which
represent the highest heat condition within the lyophilizer (highest product tem-
perature and shortest drying time). As a result of these drawbacks, they are gen-
erally not feasible for routine manufacturing use in many cases.

One interesting, emerging alternative to wire thermocouples is Tempris probes.
These passive probes communicate with a transducer in the 2.4 GHz frequency
range. As they are submerged within a product vial, they still provide a potential
nucleation site. Because they do not have a wire, they are less intrusive during
commercial manufacturing. Data show that readings from Tempris probes are
comparable with thermocouple readings [68, 69].

Both wire thermocouples and Tempris probes monitor individual vials, thus
applying those results to the bulk of a batch involves an extrapolation. The LyoFlux
(tunable diode laser adsorption spectroscopy, TDLAS) monitors the transport of
water vapor from the product chamber to the condenser through the duct piece
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between the two chambers. With careful calculation and measurement of heat
transfer coefficients, the results from the LyoFlux can calculate a bulk average
product temperature profile [70]. Alternately, a pressure decrease test (PDT, [71])
can also be used for the estimation of batch average product temperature.

19.3.7.2 Endpoint of Primary Drying

Primary drying is typically the longest step of the lyophilization process. If the
process is advanced from the primary drying hold to the secondary drying condition
prior to the completion of sublimation, the product is at risk for meltback or
collapse. As a result, confirmation of the endpoint of primary drying is critical
(when considered with other routine process data) to ensure that the process exe-
cuted properly.

Comparative pressure measurement is an extremely robust and inexpensive
method for determination of endpoint of primary drying [52, 72]. Comparative
pressure measurement relies on two pressure transducers in the product chamber—a
capacitance manometer and a Pirani gauge. The capacitance manometer measures
pressure by the current generated from a pressure-dependent deflection of a thin
membrane and is independent of the composition of the gas it is measuring.
A Pirani gauge measures pressure by the thermal conductivity of the gas that it is in
contact with. The thermal conductivity of water vapor is approximately 60% higher
than that of air or nitrogen. Pirani gauges are calibrated using dry air or nitrogen.
During primary drying, the chamber is saturated with water vapor, resulting in a
Pirani gauge reading 60% higher [52] than the capacitance manometer reading. As
sublimation concludes, the concentration of water vapor in the chamber decreases
as it is transported to the condenser. The lyophilizer bleeds in sterile nitrogen to
maintain the pressure set point. This results in the Pirani reading moving toward the
reading of the capacitance manometer, indicating the end of primary drying.

19.3.7.3 Product Moisture Monitoring

Product moisture monitoring can generally be classified as either online or offline.
Currently, there are no accurate mechanisms to monitor product moisture for an
individual vial in situ during a lyophilization process. Upon conclusion of a pro-
cess, many alternatives have been developed to assess residual moisture.

The most common method is Karl Fischer titration, which involves a
moisture-dependent chemical reaction of iodine. Karl Fisher titration is a destruc-
tive test that is typically performed in a QC environment on a very small number of
samples (relative to the lot size). With appropriate controls, the method is easy to
validate, very reproducible, and accurate. As water is a reactant in the method, no
external calibration is required. Disadvantages include that sample preparation is
time consuming and requires organic solvents.
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Loss-on-drying methods also exist for residual moisture measurement. While
these methods avoid the use of solvents and do not require a calibration standard,
they are not without shortcomings. Lyophilized material is typically very hygro-
scopic; thus, extreme caution is required during sample preparation to minimize the
adsorption of additional water. In low-humidity glove-boxes, these dried powders
often show a high degree of electrostatic charge, adding complexity to sample
preparation. A standard thermogravimetric analyzer is comprises of a balance and a
furnace. This equipment may not be able to differentiate between water vapor and
other volatile components. Other manufacturers have developed equipment with
water-specific sensors to measure water vapor in a heated sweep gas. In either case,
the temperature profile required for suitable moisture measurement will need to be
developed and verified.

In a typical manufacturing process, where fewer than five samples are tested, this
provides assurance that the process did not go significantly deviate from the
intended target, but is not statistically powered to demonstrate the moisture
homogeneity of the lot.

A popular alternative to Karl Fisher titration is the use of near infrared spec-
troscopy (NIR), focusing on the water band at approximately 5100 cm-1. NIR
methods are much faster, non-destructive and require no sample preparation. The
speed and non-destructive nature of NIR makes feasible for higher sample load
applications. Because the output of NIR is an absorbance, a calibration curve must
be generated correlating that absorbance to water concentration. The generation of
this curve is not trivial, as the production of samples at known moisture values can
be a stumbling point. Those calibration samples are verified by Karl Fisher titration.

The implementation of NIR in a manufacturing process can take several forms,
including:

• Offline measurement in a QC environment.
• At line measurement of selected samples using either handheld or benchtop

units.
• Incorporation of a 100% inspection system into the process flow.

Any of the above forms can be performed either by directing the NIR beam at a
location within the cake, or through the headspace of the vial (based on the design
of the calibration curve). Alternate containers may also be compatible with NIR
moisture measurement with appropriate method development.

Lyophilized cake porosity and dimensions had no effect onNIRmeasurement when
cake height and diameter exceeded the NIR penetration depth [73]. Since last point of
primary drying is at the bottom of cake, one could assume that residual moisture at the
end of primary drying is highest toward the bottom of vial. This is consistent with the
theoretical calculations provided in [74]. For conservativeNIRmeasurement, therefore,
pointing beam toward the bottom of vial will be a preferable choice.

Implementation of 100% NIR inspection as part of the manufacturing process
should weigh the value of a 100% inspection against the cost of an increase in
materials falsely identified as rejects. This relies on understanding the impact of
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elevatedmoisture on other critical quality attributes. Products that are very sensitive to
residual moisture or are at risk of failing moisture specifications during routine
manufacture should implement an aggressive strategy of monitoring moisture results.
For products that are robust to moisture and always fall within a narrow range, such
monitoring adds significant cost of false rejects with minimal additional value.

NIR can provide significant value in several situations:

• Demonstration of homogeneity across and between Process Performance
Qualification batches.

• Identification of outliers that can be assayed by Karl Fischer titration for actual
moisture value.

• Situations when it is desirable to measure moisture and product quality from the
same vial.

19.3.8 Equipment Characterization and Modeling

As the field of lyophilization has evolved, more scientists are developing process
models based on the heat and mass transfer equations that describe the
lyophilization process, particularly for the primary drying (sublimation) phase. In
order to satisfy these equations, product- and equipment-based coefficients and
constants must be carefully measured. A model is more robust and effective if both
the sending and receiving lyophilizers have been characterized using the same
general protocol. For laboratory equipment, this is usually a fairly straightforward
exercise, from a resource and scheduling perspective. Production scale equipment is
more difficult to manage, from scheduling, planning, and execution perspectives.
Defining the minimum number of experiments required to collect this data becomes
critical, particularly to minimize the time required and impact on production
equipment. From an equipment perspective, the characterization protocol would
include the following experiments (at a minimum) [42, 75]:

1. Minimum controllable pressure as a function of sublimation rate and maximum
sublimation rate the lyophilizer can support.

2. Heat transfer coefficients of desired vials as a function of chamber pressure.
3. Homogeneity of the shelf surface temperatures during ramps, and the impact on

product temperature heterogeneity as a function of ramp rate.

Minimum controllable pressure as a function of sublimation rate supports just
how aggressive of a lyophilization cycle a machine can handle. At the high end, the
sublimation rate is capped by (1) heating of the condenser to greater than −40 °C, or
(2) choked flow [76]. At the low end, this experiment is an assessment of the rate of
mass transfer from the chamber to the condenser as a function of chamber pressure.

Heat transfer coefficients (Kv) as a function of pressure and position (edge vs.
center) should be measured for any vials of interest [43]. These experiments can
also measure the impact of tray bottoms (if they are also used during production),
which can restrict heat transfer by as much as 50% in the authors’ experience.
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Homogeneity during both heating and cooling ramps can help identify hetero-
geneity that may be experienced by some vials due to thermal gradients across
shelves during more aggressive ramping. In general, homogeneity is preferred
across the batch, preferably keeping product temperature within 1–2 °C across each
other across a load, particularly during the freezing step if relying on uncontrolled
nucleation.

One of the key outputs of equipment characterization is that it can enable transfer
between two characterized lyophilizers primarily utilizing modeling to estimate
target manufacturing process conditions. In addition to minimizing the at-scale work
required to confirm process transfer, modeling can be used to correlate data gener-
ated across multiple lyophilizers, including process robustness assessments [77].

19.3.9 Process Robustness

As a program progresses through clinical development, the understanding of the
process and product must also increase [78]. This concept fits within the quality by
design paradigm of deepening the understanding of the process design space
required to yield acceptable product.

During early clinical development, material is limited. Additionally, the number
of batches and the size of these batches are small (relative to commercial pro-
duction). As a result, most formulation and process scientists will adopt a conser-
vative “make sure it works” approach. The process is biased to more conservative
conditions to ensure that each batch is acceptable and to minimize potential clinical
supply disruptions. Platform formulation approaches can provide significant
de-risking during this phase [26, 27]. If a new program is in the same (or highly
similar) formulation as previous programs at a comparable protein concentration,
then development data for those processes can be highly supportive in providing
confidence in the robustness of a new cycle. While that data are strongly supportive,
it does not directly substitute for knowledge of the current molecule, formulation,
and process.

As a project proceeds through clinical development, the program must validate
the manufacturing process. For commercial manufacturing, the focus shifts slightly
from “make sure it works” to “make sure it works, and is efficient.” Demands on
commercial equipment to meet desired production schedules mean that the desired
cycle is the shortest one that can robustly be executed. To support this, a more
detailed understanding of the process design space is required, including consid-
erations for the range of process parameters that may be feasible at production scale
(accounting for the characterization work that has been performed). This target
commercial cycle must be defined prior to validation (clearly), but also prior to
process robustness assessment.
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Prior to execution of process robustness, several decisions must be made:

1. At what scale will the process robustness studies be performed?
2. What is the overall strategy?

a. Design of experiments (DOE)
b. One factor at a time (OFAT)
c. Multiple Factors per experiment (hybrid). This strategy can include combi-

nation of extreme process parameters that define maximum product tem-
perature design space (e.g., high/high or low/low shelf temperature and
chamber pressure).

3. How much stability is required, and what assays will be monitored?

The simplest strategy (from a process support perspective) would be to perform
process robustness at scale. This is generally not feasible, both from material require-
ment and scheduling perspectives. At-scalework should generally focus on aspects that
cannot be adequately scaled down to laboratory scale and may have product impact.

Most formulation and process scientists rely on laboratory scale robustness
studies to support production processes. The scope of these studies must be care-
fully crafted to support a wide range of potential process deviations during routine
manufacture. The primary impact of these process deviations would be to alter the
product temperature profile. Thus, a laboratory robustness study should seek to
define the range of potential product temperature profiles that yield suitable product.
This focus on product temperature profile reflects the direct correlation between
product temperature profile and finished product critical quality attributes. The
impacts of process parameters such as shelf temperature and chamber pressure are
significant only in how they impact the product temperature profile. For example,
different combinations of shelf temperature and chamber pressure can yield com-
parable product temperature profiles, and thus comparable stability. Numerous
strategies exist for designing process robustness studies. One significant consider-
ation into defining the strategy for robustness studies lies in how that data will be
utilized to support the manufacturing process. Once the product is in routine
manufacturing, the design space defined during robustness studies will be heavily
leveraged to support deviations in manufacturing, so colleagues responsible for the
ongoing commercial support must understand and be able to properly apply the
conclusions of these studies to future process deviations.

One popular, and somewhat controversial, method is to employ statistical design
to create a sequence of experiments that simultaneously varies multiple parameters
to examine their impact upon process outputs, commonly referred to as design of
experiments. These experiments can be very useful in scenarios where (1) rela-
tionships between parameters and outputs are unknown or poorly understood,
(2) the interactions between parameters are unknown, or (3) there are too many
process parameters to study individually. While application of DoE has become
more common in supporting lyophilization processes [79], one can question the
choice of parameters and ranges examined. For example, during primary drying, the
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relationship between chamber pressure and shelf temperature as inputs on product
temperature as an output can be calculated; thus, varying these independently from
each other would lead to additional experiments that would only serve to confirm
the previously described mathematical relationship without providing additional
information. The duration of primary drying is only one of two things: long enough
to complete sublimation for the entire batch or not. If sublimation is complete, then
additional soak under those conditions only serves as a start to secondary drying,
the impact of which depends on the relative temperatures of primary and secondary
drying. If sublimation is not complete, the cycle generally will not be acceptable.
Thus, primary drying time should be considered a dependent variable that is defined
by the duration required to complete sublimation plus a suitable safety factor.

As discussed previously, a lyophilization cycle can be broken down into three
distinct phases: (1) generation of the frozen matrix (freezing and annealing),
(2) sublimation (primary drying), and (3) desorption (secondary drying). When one
examines a lyophilization process, one can frequently define “worst-case” or “ex-
treme” conditions for each step. Progressing through the lyophilization cycle, one
can identify combinations of these conditions that result in “high” or “low”
extremes. The degree of variability considered during these studies for shelf tem-
perature and chamber pressure should exceed the anticipated variability encoun-
tered during routine manufacturing. How far in excess of the anticipated
manufacturing variability should take into account the robustness of the baseline
cycle and product. For example, ±5 °C and 20 mTorr may be a reasonable starting
point.

When considering the ranges for consideration, one must consider and avoid
known failure modes. For example, if the freezing temperature is not low enough,
ice crystallization may be incomplete or sub-optimal. The consequences discussed
earlier in this chapter for each of the processing steps should be considered as well.

For the following examples, consider two types of formulations: amorphous and
partially crystalline, in evaluating process robustness design. Table 19.3 walks
through each step in the lyophilization process and describes the primary impact of
varying parameters.

Examining Table 19.3, one can group the conditions together as shown below
based on their impact to the product (Table 19.4).

Since smaller pores during freezing would serve to increase the product tem-
perature during primary drying by increasing the cake resistance [46], one can
further group “small pores” with “high product temperature” to make “worst-case
high temp” and “large pores” with “low product temperature” to make “worst-case
low temp.” Using this logic, for an amorphous formulation, one could simplify a
robustness study to examine the high and low temperatures at high and low
moisture, resulting in a total of four lyophilization cycles plus one control at the
target set points to examine the streamlined design space. If the edge of process
failure is near this design space, an additional cycle approaching the edge of failure,
or is just beyond the edge of failure may provide insight into the product quality
consequences of operation under these conditions. This is a significant simplifica-
tion of the 14 parameters listed in Table 19.3.
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Table 19.3 Impact of variability in process parameters on the quality of final product

Amorphous Formulation Partially crystalline Formulation

Step High temperature/
pressure, or fast
rate, or long
duration

Low temperature/
pressure, or slow
rate, or short
duration

High
temperature/
pressure, or fast
rate, or long
duration

Low
temperature/
pressure, or
slow rate, or
short duration

Freezing
ramp rate

Fast rate, more
supercooling,
smaller ice crystals,
smaller pores

Slow rate, less
supercooling, larger
ice crystals, larger
pores

Fast rate, more
supercooling,
smaller pores

Slow rate, less
supercooling,
larger pores

Freezing
temperature

High temperature,
incomplete freezing
(under extreme
variability)-low Tg′

No impact High
temperature,
incomplete
nucleation of
crystalline
species

No impact

Annealing
ramp rate

Fast rate, less
Ostwald ripening
[46]

Slow rate, more
Ostwald ripening
(larger pores)

Fast rate, less
crystallization

Slow rate,
more
crystallization

Annealing
temperature

High temperature,
more Ostwald
ripening

Low temperature,
less Ostwald
ripening

High
temperature,
more
crystallizationa

Low
temperature,
less to no
crystallizationb

Annealing
time

More Ostwald
ripening ! larger
ice crystals

Less Ostwald
ripening ! smaller
ice crystals

More
crystallization

Less
crystallization

Refreeze
rate

Less Ostwald
ripening

More Ostwald
ripening

Less
crystallization

More
crystallization

Refreeze
temperature

Closer to Tg′ (or
Tc)

Further from Tg′ (or
Tc)

Closer to Tg′ (or
Tc)

Further from
Tg′ (or Tc)

Primary
drying
ramp

Fast rate, more heat Slow rate, less heat Fast rate, more
heat

Slow rate, less
heat

Primary
drying
temperature

High temperature,
more heat

Low temperature,
less heat

High
temperature,
more heat

Low
temperature,
less heat

Primary
drying
duration

Longer than
required, no impact

Shorter than
required—likely
cycle failure

Longer than
required, no
impact

Shorter than
required—
likely cycle
failure

Chamber
pressure

High pressure, more
heat

Low pressure, less
heat

High pressure,
more heat

Low pressure,
less heat

Secondary
drying
ramp

Fast rate, closer to
Tg (or collapse)

Slow rate, further
from Tg

Fast rate,
minimal impact

Slow rate,
minimal
impact

(continued)
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As the product formulation has a significant impact on lyophilization process
performance, one should consider certain formulation robustness aspects when
defining process robustness. Several potential examples are described below:

– In a partially crystalline/partially amorphous formulation, reducing the ratio of
crystallizing excipient may reduce the overall level of crystallinity, thus
potentially impacting the stability of the final product due to the increased
presence of the crystalline excipient.

– Varying buffer concentration could increase the risk of preferential crystalliza-
tion of one buffer species, potentially shifting the pH in the frozen state.

– Increasing the concentration of low glass transition temperature formulation
components may substantially reduce the composite glass transition tempera-
ture. This may impact product performance during aggressive drying cycles.

– Fast ramp rates to secondary drying exceed the glass transition temperature,
leading to elevated residual moisture.

The potential impacts of formulation robustness should consider anticipated
process variability considering the goal of both studies is to identify ranges where
the formulation and process will be successful. At one extreme, one may conclude
that the magnitude of formulation variability is unlikely to impact the process, and
can be discounted from a risk perspective. On the other extreme, the perceived risk
may justify performing additional work to combine worst-case formulation and
process conditions as part of the assessment.

Table 19.3 (continued)

Amorphous Formulation Partially crystalline Formulation

Step High temperature/
pressure, or fast
rate, or long
duration

Low temperature/
pressure, or slow
rate, or short
duration

High
temperature/
pressure, or fast
rate, or long
duration

Low
temperature/
pressure, or
slow rate, or
short duration

Secondary
drying
temperature

Lower moisture Higher moisture Lower moisturec Higher
moisturec

Secondary
drying time

Lower moisture Higher moisture Lower moisture Higher
moisture

Secondary
drying
pressure

Minimal impact Minimal impact Minimal impact Minimal
impact

aThis assumes that the higher temperature annealing remains below the eutectic melting
temperature of the crystalline phase
bFor mannitol formulations, annealing temperature may impact the polymorph distribution of
crystalline mannitol, including mannitol hemihydrate. In general, it is preferable to select conditions
that minimize the formation of mannitol hemihydrate [80], if possible
cFor mannitol formulations, elevated temperatures during secondary drying have been shown to lead
to dehydration of mannitol hemihydrate and recrystallization anhydrous polymorph [81]. For these
formulations, the impact of secondary drying on mannitol hemihydrate levels must be understood
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Once robustness cycles are completed, they are enrolled in a stability program to
demonstrate that the product is robust to the process deviations examined. One
should consider which critical quality attributes (besides residual moisture) have
been shown to be impacted by storage of dried materials when selecting the assays
for stability monitoring. For most proteins, these assays will include measures of
high and low molecular mass species. Specific activity assays may be useful if they
show low variability and provide insight that structural assays do not. Additional
assays may be selected based on knowledge of the particular product, its degra-
dation routes, and key stability-indicating learnings during product development.

One of the goals of the “high moisture” cycles is to generate product at or just
outside of the proposed commercial moisture specification [27]. Clinical manu-
facturing experience may have only yielded lots at below 1% residual moisture,
while a proposed specification may be 2%. While moisture is typically a specifi-
cation of lyophilized products, one must consider what this specification means.
A critical quality attribute is defined as an attribute that has an impact on the
“safety, efficacy, or purity” of a pharmaceutical product [78]. One could make the
argument that residual moisture, in and of itself, does not impact safety, efficacy or
purity. The primary impact of increased residual moisture is the reduction of the
glass transition temperature of the dried matrix [3]. As a result of the reduced glass
transition temperature, materials within the amorphous phase (including protein)
have increased mobility, resulting in an acceleration of degradation reactions and
interactions that do alter the efficacy and/or purity of the product. In this respect,
residual moisture is a marker for potential future degradation or issues during the
execution of the lyophilization cycle.

19.3.10 Process Performance Qualification/Process
Validation

Process Performance Qualification (PPQ) is required of the commercial dosage
form. Traditionally, this requires a minimum of three consecutive batches (de-
pending on the number of configurations required) and is performed at-scale.
Assuming process robustness has been suitably demonstrated at laboratory scale
and correlated to full scale, varying cycle parameters is not performed during PPQ
batches. Lyophilization cycles executed at the process set points confirm the
reproducibility of the commercial process and the laboratory scale work demon-
strates that acceptable variation of those parameters does not negatively impact
process performance.

One aspect to consider during PPQ is lyophilizer load. For aggressive cycles, full
load represents a worst-case challenge to the equipment ability to maintain chamber
pressure under the maximum sublimation load. Conversely, for low sublimation
processes, a lower load may challenge the ability of the gas bleed/pressure control
system to maintain the pressure within the required variability. A lower load could
result in higher product temperature and faster drying [82].
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19.3.11 Quality by Design and Risk Management

Quality by design, as defined in ICH Q8R, Q9, and Q10, refers to the combination
of process parameters that will yield suitable product, in contrast to “Quality by
QC,” which implies that the success of a process is defined by the end of production
testing [78, 83, 84]. In a quality by design paradigm, the process robustness studies
support the definition of the process design space [85]. These studies provide direct
data on the proven acceptable range (PAR) and potentially identify edge(s) of
failure. This design space should account for both product and equipment limita-
tions [86]. The normal operating ranges (NORs) (typically batch record process
acceptance criteria) should be within the PAR, preferably with enough space
between the two concepts to support process deviations.

Risk management is fundamental to the quality by design philosophy. A typical
risk management process includes the following steps [83]:

1. Correlation between process parameters and critical quality attributes (typically
a cause and effect matrix), leveraging robustness data.

2. Determination of the degree of variability for the process parameters (failure
mode and effect analysis), based on the commercial equipment and process.

3. Correlation of this variability to potential impact to critical quality attributes,
leveraging robustness data.

4. Scoring the severity, detectability, and occurrence of variability that may impact
a CQA and compiling those results to define a Risk Prioritization Number
(RPN).

5. Based on the composite scores and predefined scoring criteria, assess whether
any process steps require mitigation or accept any residual risk.

In examining the “occurrence” concept, typical failure modes considered should
be within the realm of reasonable possibility that may be acceptable. For example,
using a risk assessment to define the acceptability of major refrigeration breakdown
probably does not add much value to the knowledge base. On the other hand,
assessing the impact of pressure deviations outside the acceptable batch record
limits represents a high probability of occurring in the future.

From ICH Q8R2, a CQA is “a physical, chemical, biological, or microbiological
property or characteristic that should be within an appropriate limit, range, or
distribution to ensure the desired product quality.” ICH Q8R2 further defines a
critical process parameter (CPP) is “a process parameter whose variability has an
impact on a critical quality attribute and therefore should be monitored or controlled
to ensure the process produces the desired quality” [78]. Process parameters that do
not impact a CQA cannot be critical process parameters. On top of that, process
parameters which, over the range of variability considered, do not impact CQAs
enough to compromise the desired product quality can also be considered
non-CPP’s. Based on this interpretation, in certain instances, it is feasible for a
lyophilization process to not have any CPPs, as the knowledge space supports any
anticipated process variability without impact to CQAs.
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An experimental design that balances scientific knowledge to guide the selection
of key experiments, potentially augmented with a rationally thought out design of
experiments to characterize areas with unknown interactions, followed by a formal
risk assessment process to tie all of the work together and identify potential gaps
yields a thorough understanding of the lyophilization process. The decision to
capture this information in a quality by design-based regulatory filing is, however, a
business decision on the part of the sponsor to balance the potential benefits of such
a filing against any potential risks. At a minimum, the gathered and categorized
knowledge should lead to an enhanced support of the lyophilization process within
a license application.

19.4 Conclusion

This chapter focuses on providing practical advice on the lyophilization process,
particularly from a manufacturing and design space perspective. While lyophilized
formulation development was not discussed in detail here, the formulation has a
significant impact on the lyophilization process. Utilization of equipment charac-
terization and mathematical modeling can significantly facilitate process scale-up
and/or transfer. The correlation of processes across multiple lyophilizers can enable
direct application of robustness studies performed at laboratory scale to support the
manufacturing scale process. By understanding the interaction of multiple process
parameters and steps on the resulting lyophilized product, the number of experi-
ments required to support process robustness studies can be reduced to support
worst-case scenarios. These data provide inputs into the Risk Management para-
digm and can be used to support the manufacturing process design space.
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Chapter 20
Scientific Approaches
for the Application of QbD Principles
in Lyophilization Process Development

Vinay Radhakrishnan, Penny Davis and David Hiebert

Abstract Lyophilization (or freeze drying) is an important manufacturing capa-
bility for delivering high-quality parenteral drug products. Significant lyophilization
process knowledge based on established scientific fundamentals and understanding
of the good freeze drying practice principles exists within the pharmaceutical
industry. This cumulative scientific knowledge should be leveraged across the
portfolio of both small and large molecules and serves as the basis to gain process
and product understanding. By using the scientific principles of lyophilization,
good freeze drying practices and existing product knowledge, a risk-based approach
to process development will facilitate focused efforts to increase product and pro-
cess understanding to decrease those risks and identify which parameters are critical
for product quality. Ultimately, this approach driven by scientific principles results
in the development of a robust control strategy for a given product. The process
whereby this occurs is based on principles of Quality by Design (QbD) as defined in
ICH Q8 (R2) Pharmaceutical Development. This chapter brings together the
technical knowledge of the lyophilization process, well-established scientific
lyophilization principles and elements of QbD to provide guidance on approaches
to develop a robust manufacturing process and support a regulatory filing strategy
for drug products, while maximizing the freedom to operate. While it incorporates
QbD elements that align with ICH Q8 (R2), Q9, Q10, and Q11, the goal is to define
a knowledge space based on robust scientific evidence and principles. Having this
knowledge and data will provide the basis to justify the control strategy and
lyophilization process description in the dossier that presents the critical product
quality attributes and a process control strategy that is defined by the critical process
parameters to ensure consistent product quality.
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20.1 Introduction

A traditional approach to regulatory strategy for the commercialization of products
focuses on operating controls, end product testing, and process validation to
demonstrate quality control of the manufacturing process. Within this approach, the
control strategy and process description may inadvertently include information that
is not critical for delivering quality of the drug product. In other words, if there is
uncertainty regarding the importance of a quality attribute (QA) or process control,
it will likely be interpreted as a required element of the control strategy subject to
regulatory review and approval. This may result in overly constrictive regulatory
commitments that are not based on scientific rationale or considered important/
critical for delivering product quality.

Rather than testing quality into the product, an alternative approach emerged to
ensure product quality using risk-based approaches and product and process
understanding. This approach is referred to as Quality by Design (QbD) and was
introduced by ICH Q8 (R2) “Pharmaceutical Development” [1]. QbD as defined by
ICH Q8 (R2) is a systematic approach to development that begins with predefined
objective and emphasizes product and process understanding and process control,
based on sound science and quality risk management. Determining the interaction
between input variables and process parameters in a multidimensional approach
facilitates the creation of a robust process providing assurance of delivering
expected product quality. In addition to a robust manufacturing process and quality
assurance, additional benefits include improved lifecycle management of the pro-
duct with regard to regulatory flexibility and quality risk management.

The objectives of this chapter are the following:

• Provide an overview of the science and risk-based approach to lyophilization (or
freeze drying) process development and control strategy.

• Demonstrate application of principles of QbD and lyophilization scientific
principles to process development and control strategy design.

• Discuss experimental design and studies which will provide process and product
understanding to further evaluate the lyophilization process and control strategy.

• Discuss the benefits of applying QbD tools to lyophilization process develop-
ment and control strategy.
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20.2 Application of Quality by Design Principles
to Lyophilization Development

Figure 20.1 illustrates the development of a drug product beginning with the quality
requirements of the product to ensure efficacy and safety to the patient. This
approach utilizes knowledge and scientifically based risk management approaches
to design a robust lyophilization process and ending with a control strategy
focusing on parameters and testing demonstrated to be critical for product quality.
Defining a control strategy by those elements proven to be critical, it is anticipated
that the regulatory flexibility will exist for non-critical parameters or within the
range of success proven for the critical parameters.

20.3 Quality Target Product Profile

The Quality Target Product Profile (QTPP) is an outline of desired product char-
acteristics and is used to design quality into the product and process [1]. There may
be other non-quality related components of the QTPP that are needed for product
development, such as cost of goods and number of strengths or presentations. While
each product will have a unique profile, it is expected that lyophilized products will
have the same or similar profiles. An example of elements to be included in a
lyophilized product QTPP is provided below:

• Indication,
• Shelf life and storage condition,
• Duration/frequency of dosing,
• Route of administration,
• Dosage form,
• Dosage range,
• Strengths,
• Fill volume,
• Injection volume,
• Number of injection sites,
• Primary package (components—e.g., for a syringe include needle gauge, needle

length),
• Cost of goods,
• Safety/local irritation.

Once the QTPP is established, initial product and process knowledge can be
acquired using several QbD tools (see Fig. 20.1). Initially, there will be some
degree of process and product understanding from which to build upon. Leveraging
platform process operations and well-established scientific lyophilization principles
may also contribute to that knowledge.
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20.4 Quality Attributes (Product Knowledge)

In addition to initial process knowledge, it is important to identify product QAs
(quality attributes) based on molecule type, general lyophilized product attributes,
compendial or monograph references, nonclinical and initial characterization
studies [2–6]. Typical product quality attributes for a lyophilized product will
include pH, appearance of cake and reconstituted solution, reconstitution time,
residual moisture, particulate matter and sterility, among other QAs. Along with
identification of the QAs, it is important to understand the relationship between
QAs. For example, a certain amount of residual moisture in the lyophilized cake
may lead to increased formation of product aggregates in biotherapeutics or
degradation products in biotherapeutics and small molecule entities.

20.4.1 Critical Quality Attributes

Once QAs have been identified, their criticality must be determined in order to
facilitate process development and identification of the process parameters which
have impact on those QAs. A critical quality attribute (CQA) is a physical,
chemical, biological, or microbiological property or characteristic that should be
within an appropriate limit, range, or distribution to ensure the desired product
quality. The following quality attributes are typically considered critical for a
lyophilized drug product:

Fig. 20.1 Path to QbD during process development
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• Appearance of cake and reconstituted solution,
• pH,
• Reconstitution time,
• Residual moisture,
• Potency,
• Concentration or protein content for biotherapeutics,
• Particulate matter,
• Content uniformity,
• Product purity- and impurity-related quality attributes,
• Sterility,
• Endotoxin.

Determining the criticality of a QA may be performed using principles of risk
assessments as outlined in ICH Q9, “Quality Risk Management.” Multiple risk
assessment tools for determining CQAs can be used, such as risk ranking or pre-
liminary hazards analysis. The use of a particular risk assessment tool may depend
on the desire to assess certain factors as part of criticality such as uncertainty,
severity, or probability of occurrence. When using the risk ranking tool, factors with
assigned numerical values may include: uncertainty, severity of impact on efficacy,
and functionality demonstrated in terms of efficacy, pharmacokinetics (PK), and
safety. The following equation will provide a continuum of criticality for the list of
product QAs [7]. Quality attributes having higher criticality scores will be
considered critical based on the degree of impact on safety and/or efficacy and
degree of uncertainty about the relationship to safety and/or efficacy.

Criticality Risk scoreð Þ ¼ Impact � Uncertainty

Variations of this equation may be developed to individually account for specific
impact on safety, PK and efficacy. During early development, very little may be
known about the relationship between QAs and PK, safety and efficacy, and thus,
the uncertainty value for several QAs may be high. Throughout clinical develop-
ment, information may be available based on platform or literature knowledge of
the same molecule type (e.g., mAb). This information may be sufficient to perform
an initial CQA assessment which will become an iterative process as further
knowledge from clinical/nonclinical studies and additional analytical data becomes
available, facilitating additional rounds of experiments. As knowledge is accumu-
lated for QAs throughout development, it is expected that the criticality assessments
should yield lower ranking for several QAs as a result of decreased uncertainty
values and a higher degree of confidence about the impact of QAs to PK, safety,
and/or efficacy.
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20.5 Lyophilization Process Knowledge

Prior to reviewing lyophilization information, it is important to examine the for-
mulation and container closure that can play a key role in process design. Platform
formulations are typically used in the development of small and large molecules
where, based on the molecule class and type, a standard set of excipients at defined
concentrations are used to assess initial stability. Based on acceptable stability,
these formulations can be advanced toward commercial product development.
When the formulations are similar, there is a high probability of the physical and
thermal properties of the formulations being similar, which provides an ability to
leverage prior knowledge during lyophilization process development.

The container closure for lyophilized products can be vials with rubber closures,
dual chamber vials (Acto-vials), or dual chamber syringes or cartridges. For this
chapter, the presentation in vials with rubber closure is considered. The principles
outlined below can be utilized for any other container closure as long as the same
principles of heat and mass transfer are applied.

20.5.1 Process Overview

The process flow for lyophilization is provided in Fig. 20.2.
The following unit operations comprise the lyophilization process step: loading,

freezing, annealing (if required), primary drying, secondary drying, and stoppering.

Fig. 20.2 Process flow for lyophilization process
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The filled and partially stoppered vials are loaded onto the shelves in a freeze drier.
The vials are frozen, and if needed, annealing step is applied. The frozen material is
then subjected to primary drying in which the chamber is evacuated to a set pressure
and the shelf temperature is increased to a set temperature and held for a period of
time. The water is removed by direct conversion of ice to water vapor (process of
sublimation). Once primary drying is completed, secondary drying is initiated
where the shelf temperature is ramped to a higher temperature and held for a period
of time, often under the same evacuated chamber pressure. Unfrozen water is
typically removed during this step by desorption. Once secondary drying is com-
pleted, the shelf is cooled to ambient temperature and the chamber is aerated with
sterile gas. At a certain chamber pressure (close to atmospheric pressure), the
shelves are collapsed and the stoppers are fully seated in the vials. The chamber is
further aerated to atmospheric pressure, and the vials are then unloaded from the
chamber for capping.

A lyophilization cycle is developed where specific process parameters need to be
established for the steps outlined below [8, 9]. This chapter will focus on the
freezing, primary drying, and secondary drying lyophilization steps. Although
annealing is not discussed, relevant concepts from this chapter can be applied to the
annealing step of the lyophilization process. In order to define process parameters, it
is important to understand the factors that ensure successful completion of each of
these steps.

20.5.1.1 Freezing

The goal is to completely solidify the product, both the water and product fractions.
Water solidifies as pure ice, and then, the product phase solidifies as a eutectic
mixture of solids or more commonly as a glass. When the solute phase solidifies as
a glass, there is a temperature-dependent transition from low to high viscosity as the
temperature drops. The key time limit for successful freezing is the minimum
duration of the freezing hold step which is intended to deliver complete solidifi-
cation of both water and solute phase in all vials in the freeze dryer. There is no
scientific rationale to specify or experimentally verify the maximum duration of
freezing. Once the product is frozen, the product will remain in this solid state based
on near-zero molecular mobility (on the time scale of the freeze drying process).
The material science of the solidified product leads to the conclusion of negligible
risk of long-term storage (several additional hours) of a frozen product at extremely
cold temperatures.

20.5.1.2 Condenser Cooling Step

The goal of condenser cooling is to prepare the condenser surface to adsorb water
vapor, to act as a trap for water, and to protect the vacuum pump(s) from water
contamination. Essentially, the condenser serves as the water pump for the freeze
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drying process. The general sequence entails cooling the condenser at the com-
pletion of the freezing hold step. Meanwhile, the shelf and product are maintained
at the temperature achieved at the end of freezing, in order to keep the product in the
frozen state. The duration of the condenser cooling step is not critical. The intent of
this step is to reduce the temperature below a logical threshold, resulting in low
vapor pressure of water in the condenser vessel. The vapor pressure of water at the
ice-condenser interface is intended to be low relative to the vapor pressure of water
at the ice interface in the product on the shelves, thereby establishing the pressure
differential that ensures vapor flow into the condenser. One example might be to
cool the condenser until the temperature is below −40 °C, where the equilibrium
vapor pressure in the condenser vessel is 98 mTorr. As the condenser continues to
cool, the vapor pressure will be reduced further. In this manner, the water in the
environment of the condenser vessel is captured as solid ice onto the cold condenser
surfaces. It is reasonable to assert that as long as the condenser is properly cooled,
for example below −40 °C, then the condenser cooling is not a critical part of the
description of the successful freeze drying process. Modern freeze drying equip-
ment uses refrigeration system design to deliver this heat removal, and proper
lyophilization cycle design selects heat input to the product to ensure a “cold”
condenser throughout the process. This discourse assumes the condenser is properly
cooled throughout the freeze drying process execution.

20.5.1.3 Evacuation Step

The next step in the logical sequence is to reduce the freeze dryer pressure. Once
the condenser surface is prepared to act as the water trap (see condenser cooling
step above), the control system initiates the evacuation step. The vacuum pump(s)
are activated, generally given a brief period to “warm up,” the valve isolating the
chamber from the condenser is opened (for equipment designed with this feature),
and the valve(s) separating the pumps from the condenser are opened. The gases in
the chamber and condenser then flow toward the vacuum pump draw point, as the
pumps perform the job of gas removal. As the gaseous contents of the freeze dryer
vessel(s) naturally flow toward the vacuum draw point in the condenser, the
majority of the water vapor in this gas mixture is extracted by condensing as ice on
the cold condenser surfaces. The refrigeration system then removes the heat gen-
erated during this deposition and phase transition process. In this manner, the
vacuum pumps are protected from water contamination and primarily are removing
non-condensable gas components from the gaseous environment of the freeze dryer
vessel(s). The logical endpoint of the evacuation step is the achievement of the
pressure threshold required for the sublimation process. During the evacuation step,
the shelf and product temperature are the same as the temperature achieved at the
end of the freezing step, thereby maintaining the product in the fully frozen state. It
is reasonable to assert that as long as the evacuation end point is achieved, the
evacuation step is not a critical part of the description of the successful freeze
drying process. This discourse assumes that the description of controlling the
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chamber pressure at the proper recipe setpoint implies the success of the evacuation
step.

The time required for the condenser cooling and evacuation steps is not critical,
given that the product is maintained in a static state as a fully frozen solid material.
Generally, the timescale of condenser cooling and evacuation is negligible relative
to the time required for physical change of the fully solidified product.

20.5.1.4 Primary Drying

Once the chamber has been evacuated and the pressure threshold needed for sub-
limation is achieved, primary drying can begin. The goal is to completely sublime
the frozen ice from the solid material. This is achieved by warming the frozen
product under low pressure, well below the triple point for water. The timeframe for
this step is based on the minimum duration of the primary drying hold time required
to deliver complete sublimation of ice from all vials in the freeze dryer. The premise
is execution of sublimation while maintaining the cake structure (product phase)
delivered in the freezing step. There is no requirement to specify the maximum
duration of primary drying. Once the ice in the product is sublimed, the product will
remain in this partially dried state based on near-zero molecular mobility of the
solid-state product phase at the primary drying hold temperature. The material
science of the solidified and partially dried product leads to the conclusion of
negligible risk of long-term exposure (several additional hours) of a partially dried
product at intermediate heating conditions used in primary drying.

20.5.1.5 Secondary Drying

The goal during secondary drying is to remove the adsorbed/unfrozen water from
the solid material. This is achieved by further warming the partially dried product
under low pressure. The temperature for secondary drying is dependent on the
maximum heat the product can withstand prior to degradation—the higher
the temperature, the more efficient is the removal of the adsorbed moisture. The
timeframe for successful secondary drying depends on the minimum duration of the
secondary drying hold step, at a particular shelf temperature, to deliver sufficient
desorption of bound water from the partially dried matrix for all vials in the freeze
dryer such that they meet the moisture specification. The premise is the execution of
desorption while maintaining the cake structure delivered in the freezing and pri-
mary drying steps. Generally, there is no requirement to specify the maximum
duration of secondary drying from the water removal perspective. Once the bound
water in the product is desorbed, the product will remain in this dried state based on
near-zero molecular mobility and negligible chance of rehydration in normal pro-
cess execution. The material science of the solidified and dried product leads to the
conclusion of negligible risk of long-term storage (several additional hours) at
aggressive heating conditions used in secondary drying as long as the product is
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stable under these conditions. Prior knowledge obtained from product stability or
pilot studies can be used to evaluate the impact of prolonged high heat input during
secondary drying on potency or degradant formation.

20.6 Lyophilization Equipment Qualification

In the execution of the freeze drying process, the lyophilization equipment and
associated control system regulate the timed sequence of two key process param-
eters: shelf temperature and chamber pressure. The lyophilization recipe is used by
the control system to regulate the process. Generally, control systems deliver shelf
temperature control against a measurement of shelf temperature considered repre-
sentative of the actual shelf temperature. This representative shelf temperature is
often measured by a resistance temperature detector (RTD): a temperature device
inserted into a thermowell in the shelf manifold inlet piping. The measurement of
the shelf inlet probe is then used as feedback into an algorithm that alternatively
activates a heater or refrigeration to enable tight control against the setpoint. If the
measured temperature is below the setpoint, then heat introduction is provided, if
greater than the setpoint, then heat removal is provided. This results in a natural
variation as the temperature oscillates around the setpoint. This variation is
equipment-specific, is based on the heating and cooling algorithm, and defines the
capability of shelf temperature control for the freeze dryer. This control then
becomes the baseline expectation to be factored in the design space. Clearly, the
ranges for shelf temperature control in the design space must respect this baseline
control capability. The shelf temperature ranges established in the recipe will need
to be wider than this control capability to encapsulate the equipment capability well
within the proven success range of the process.

Similarly, the equipment controls chamber pressure based on the balance of
sterile gas introduction against the constant removal of non-condensable gases by
the vacuum pump, and the constant removal of water vapor by the condenser. The
equipment and control system use an algorithm quite similar to shelf temperature
control, generally using a capacitance manometer or nearly equivalent gauge
mounted on the chamber vessel as the feedback measurement for the pressure
control algorithm. The control is a bit more complex as there are two pumping
systems—condensable gas pumping system and non-condensable gas pumping
system. As part of the condensable gas, or water vapor pumping system, there are
variations in both water vapor and heat removal by the cycling refrigeration system.
As part of non-condensable gas pumping system, inert gas such as nitrogen can be
introduced via a bleed valve to control total chamber pressure. The variation in
chamber pressure control is often a bit wider than the shelf temperature control, and
the oscillations may vary according to the trajectory of the freeze drying cycle, with
tight control during some portions of drying, and larger variations at other times.
This is a natural outcome of proportional–integral–derivative (PID) style control
with its associated mathematical complexities. Nevertheless, the expected variations
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established while drying actual product rather than empty chamber studies should
be used as the baseline expectation for the demonstration of the proven acceptable
range. The recommendation for encapsulating this natural variation well within the
verified success zone applies for chamber pressure control similar to shelf tem-
perature control.

20.6.1 Defining Success in Freeze-Drying

Successful freeze-drying is verified primarily by a detailed study of cake appear-
ance and achievement of moisture targets. For a given experiment, freeze drying is
considered successful if the intended cake appearance is achieved for the majority
of the batch in the process execution and all CQAs are within specification.
A prerequisite to the evaluation of successful freeze drying is agreement on the
expected cake appearance prior to the execution of experiments. Often the
agreed-upon cake appearance is documented in a “Defect Library” that provides a
visual guidance for the range of possible cake appearance outcomes, from
acceptable to failure, as an aid to the visual inspection process. The 100% visual
inspection of lots is considered to be the most sensitive verification of the success of
freeze drying. An alternative to the photographed defect library is a control group
that contains the range of cake appearance in an organized presentation of vials,
ranging from acceptable to samples that need to be rejected.

20.6.2 Lyophilization Cycle Development Based on Good
Freeze-Drying Principles

The process is controlled using a lyophilization cycle that needs to be developed
based on the product, container closure, and freeze dryer. The lyophilization cycle
is initially defined following good freeze drying principles [10]. Tang and Pikal
reviewed prior experience in freeze-drying of proteins and developed recommen-
dations for each step of the lyophilization process: freezing, primary drying, and
secondary drying [10]. Cooling rates during freezing, freezing temperature, and
heating rates during secondary drying were chosen based on published recom-
mendations. While these recommendations pertain to biotechnology-related prod-
ucts, these principles can be applied to any type of product including small
molecules.

Based on extensive data, Tang and Pikal provided a general guidance on de-
velopment of the lyophilization process based on scientific principles or good freeze
drying practices (GFDP). Primary containers (e.g., vials) filled with drug product
solutions are loaded onto the shelf that is cooled and maintained at 5 °C. After
loading, the vials are allowed to come to 5 °C by holding for at least 15–30 min.
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The shelf temperature was decreased at the rate of about 1 °C/min to below −40 °C
(the temperature is selected to ensure that the solution is frozen). The vials are held
below −40 °C for 1–2 h (longer time may be needed based on fill volume). If
annealing is needed, the product was warmed to a product temperature of 10–20 °C
above glass transition temperature in the frozen state (Tg′) and held for 2–5 h [10].
This step is needed to crystallize excipients and/or for increased ice crystal size (due
to ‘Oswald ripening’). The shelf is then cooled to a final shelf temperature of
approximately −50 °C at about 0.5 °C/min and held for 2–3 h (duration is based on
fill volume) [10].

The condenser is then cooled (if the condenser refrigeration is separate from
shelf refrigeration) to below −60 °C. The chamber is then evacuated. The vials are
then heated by adjusting the shelf temperature (Ts) and chamber pressure (CP). The
temperature and pressure setpoints during primary drying need to be set based on
the properties of the formulation such that product temperature (Tp) needs to be
below collapse temperature (Tc) by approximately 2–5 °C. The chamber pressure
(CP) is typically between 100 and 200 mTorr and can be estimated for the target
product temperature [10]. The end of primary drying is defined when the CP by
Pirani gauge is close to the CP by capacitance manometer. This is also defined
when the Tp reaches Ts.

Once primary drying is complete, the shelf temperature is then increased to a
setpoint for secondary drying. The heating ramp rate to the temperature for sec-
ondary drying needs to be 0.1–0.4 °C/min [10]. Typically, the temperature for
secondary drying can be between 25 and 40 °C with no additional change to the
CP. The hold time for secondary drying is normally 3–6 h, and the time length will
typically define the final moisture content in the lyophilized product. Once sec-
ondary drying is complete, the shelf is cooled to 5 °C over a period of 3–4 h and
held at that temperature for a short period (2 h). The chamber is then back-filled
with filtered nitrogen to a suitable chamber pressure (typically between 700 and
900 mBar). At this pressure, the shelves are collapsed and the vials are stoppered.
The lyophilizer is then equilibrated to atmospheric pressure with filtered nitrogen or
air. Then, the vials are unloaded for capping.

These specific parameters represent a typical lyophilization cycle from the
chapter authors’ perspective and are not intended as recommendation for all lyo-
philized products.

20.7 Risk Assessments

Guidance from the FDA on ICH Q9 provides a systematic approach to quality risk
management [2]. This guidance provides principles and examples of tools for
quality risk management that can be applied to different aspects of pharmaceutical
quality. These aspects can be applied to the lyophilization process. Risks to quality
have been assessed and managed in a variety of ways. Below is a non-exhaustive
list of some of these tools:
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• Basic risk management facilitation methods (flowcharts, check sheets, etc.),
• Failure mode effects analysis (FMEA),
• Failure mode, effects, and criticality analysis (FMECA),
• Fault tree analysis (FTA),
• Hazard analysis and critical control points (HACCP),
• Hazard operability analysis (HAZOP),
• Preliminary hazard analysis (PHA),
• Risk ranking and filtering,
• Supporting statistical tools.

Risk assessments are performed at specific points in the product development
progression toward commercialization. The typical points where these assessments
are done are shown in Fig. 20.3.

20.7.1 Risk Assessment (Round 1)

This stage of risk assessment is done prior to process development and character-
ization. A tool that can be utilized is the cause and effect matrices (C&E) to help
identify process parameters that impact quality attributes which will enable creating
knowledge space.

The C&E matrix provides a mechanism to assess process parameters (inputs)
against quality and process attributes (outputs) in order to prioritize parameters for
experimental studies; however, it does not provide manufacturing control bound-
aries (process parameter ranges) to assess the potential severity impact. The goals of
the C&E matrices are to capture the current and prior knowledge and the rela-
tionships between inputs and outputs, to prioritize areas for further study and
experimental design, and to further understand the lyophilization process.

The key deliverable is the prioritization of potentially high-risk process
parameters for designed process characterization experiments. As knowledge of the
commercial manufacturing process and facility becomes available, facility control
and procedural capabilities may also be evaluated, with failure modes and
knowledge gaps identified. The quality attributes for the product should be

Fig. 20.3 Risk management approach
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identified prior to the creation of a C&E matrix, and the criticality (based on initial
information) needs to be defined based on its potential impact on product quality,
safety, or efficacy. Each process parameter (input) is assessed based on the potential
impact on the outputs of a particular focus area, including quality attributes or
process performance attributes. The inputs (process parameters) can be parameters
impacted by people, equipment, measurements, lyophilization process, materials,
environment, etc., while the outputs are quality attributes such as aggregates,
biopotency, endotoxins, contaminants, product degradants, step yield, etc. The
objective is to establish the functional relationship between quality attribute and
process parameters. The relationships that have the higher score are then assessed
based on prior knowledge or new experiments.

Based on the cause and effect exercise for the lyophilization process step, the
parameters and associated experiments that were considered important need to be
assessed [11]. The important parameters are:

1. Chamber pressure during primary drying (Prim Drying CP),
2. Shelf temperature during primary drying (Prim Drying Ts),
3. Hold time during primary drying (Prim Drying hold time(s)),
4. Shelf temperature during secondary drying (Sec Drying Ts),
5. Hold time during secondary drying (Sec Drying hold time),
6. Ramp rate to secondary drying temperature setpoint (Ramp to Sec Drying),
7. Ramp rate to primary drying temperature setpoint (Ramp to Prim Drying Ts).

20.7.2 Risk Assessment (Round 2)

The second round RA is typically conducted following process development and
characterization studies and prior to process performance qualification (process
validation) batch manufacture. The round 1 risk assessments need to be reassessed
to ensure that the process parameter impact on quality attributes is accurate based
on any new information obtained from the experiments performed. Based on
manufacturing knowledge and other experiments, the typical and acceptable
operating ranges are defined. Other outcomes from this round of risk assessment
include process parameter risk identification/mitigation and potential parameter
criticality classification. In addition, a draft control strategy is developed and
evaluated during the risk assessment.

Failure mode effects analysis (FMEA) is conducted to evaluate the drug product
manufacturing processes and the potential impact on process performance and
product quality. FMEA is a tool for methodically evaluating, understanding, and
documenting the potential risks to the process operation/consistency and product
quality, i.e., “what can go wrong.” The FMEA is conducted by a multidisciplinary
team comprised of process experts familiar with process development and char-
acterization, and manufacturing site representatives with expertise in manufacturing
operations, manufacturing procedures, equipment capabilities and controls.
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FMEA can be employed throughout the product commercialization stages using
an iterative approach such that the initial FMEA template is developed and refined
with improved process knowledge and greater understanding of the manufacturing
capabilities.

The first stage of the FMEA is to assign process parameter severity (S) scoring
based on the potential impact of the parameter on quality attributes and process
performance (Fig. 20.4). The scoring for occurrence (O) should focus on the
likelihood of deviating beyond the specified typical operating range or setpoint/
target for the process parameter assessed. When considering occurrence, it is
important to focus on common rather than extraordinary failure events. Unexpected
events (e.g., force majeure) are generally not considered. Other occurrence con-
siderations may include prior knowledge, manufacturing history, equipment failure,
and human error and should be described in the FMEA worksheet. The final stage
of the FMEA is an assessment of detectability (D) for identifying a potential
deviation beyond the specified typical operating range or setpoint/target. The
scoring range is consistent with scores assigned for severity and occurrence. A final
risk priority number (RPN) number is assigned based on multiplying the scores for
severity, occurrence, and detection (S � O � D) with appropriate rationales for
each process parameter described. During the FMEA assessment, risk control or
mitigation strategies are discussed and planned for implementation where appro-
priate. The RPN numbers for the unit operation are reviewed collectively, and a

Fig. 20.4 Failure mode effects analysis
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cutoff number (threshold) may be selected based on the data distribution to aid the
selection of parameters for risk mitigation and/or criticality. The impact of severity
on the process and product is dependent on the freeze drying that enables successful
removal of moisture from the product without impacting product quality.

20.7.3 Risk Assessment (Round 3)

During this round of risk assessment, the data from the process performance
qualification batches (process validation) are assessed and the C&E and FMEAs are
reviewed to ensure that the process knowledge is accurately represented. Based on
this understanding, the critical process parameters and critical quality attributes are
confirmed and a final control strategy is defined. This round 3 of the risk assessment
is performed to verify that the process understanding developed through different
stages of development fully supports the progression of the process to commercial
manufacturing and no severe/impactful risks are identified.

Leveraging all product and process knowledge and experience along with the
output of risk assessments is critical to facilitate focus on the right parameters. It is
impractical to conduct studies which account for all variations of process param-
eters (described in Sect. 7.1). For example, a lyophilization process risk assessment
will result in multiple areas for further assessment and understanding. These are
likely to include ramp rates, shelf temperature, and hold time for freezing, annealing
temperature, annealing time, primary and secondary drying chamber pressure,
primary and secondary drying shelf temperature, primary and secondary drying
hold times, chamber pressure for stoppering, and primary and secondary drying
ramp rates to shelf temperature setpoints. Assuming three levels of change (low,
high, and target) of these parameters, a full factorial analysis would require 1000 or
more experiments. A far more feasible approach involves application of
lyophilization principles, product manufacturing experience, manufacturing
knowledge of similar products, and in silico modeling to allow product under-
standing such that the number of experiments needed to address remaining
uncertainty is manageable. It will also facilitate focus on select parameters which
require manufacturing flexibility and development of the knowledge space to
support that flexibility.

In silico modeling is essentially using “non-experimental models and methods”
to build understanding regarding the outcome of freeze drying. One such approach
utilizes mathematical-based predictions regarding the time trajectory of freeze
drying, whereas the current practice is generally limited to predictions regarding the
outcome of primary drying or sublimation. The concept uses a set of basic initial
experiments to empirically derive measures of heat transfer characteristics of the
lyophilization equipment, components, and product, and the mass transfer charac-
teristics of the product, along with the performance limitations of the freeze dryer
[12–14]. For example, the minimum controllable pressure of the equipment is
determined using water-based experiments to establish the maximum water
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transport through the equipment. Pilot lyophilization cycles use product tempera-
ture data profiles to ascertain understanding of cake-resistance by deriving
product-specific mass transfer coefficients. Commercial-scale experiments deter-
mine heat transfer coefficients for the product-specific vials in the actual freeze
drying equipment or equivalent. Then, these data are fit to heat and mass transfer
equations (first-, second-, and third-order curve fitting) from basic physics princi-
ples to arrive at a mathematical relationship that equates the heat transfer to the
product to the mass transfer from the product at steady state. The result is the ability
to predict the time course of freeze drying according to hypothetical conditions with
strong linkage to the actual experience, data, and performance of the product, the
vial, and the target commercial freeze dryer. These numerical analyses then serve as
a means of elaborating the design space efficiently and effectively and provide an
understanding of freeze drying beyond the laboratory and commercial experiences.

Ultimately, this knowledge of quality and process criticality can be incorporated
into the regulatory dossier to justify criticality of process parameters and overall
control strategy in the process description to deliver consistent product quality.
A number of tools are available for process monitoring which can be utilized in
developing a robust process [15–17]. This knowledge will also drive a process
description that delivers manufacturing and regulatory flexibility without compro-
mising quality.

20.8 Lyophilization Process Development
and Optimization

Using the GFDPs (detailed in Sect. 6.2), the lyophilization cycle needs to be
developed and optimized. During this development process, some additional
characterization tools can be utilized to understand the thermal behavior of the
frozen liquid (e.g., freeze drying microscopy, differential scanning calorimetry). In
addition, these tools can be utilized to obtain a deeper understanding of product
quality attributes during cycle development. Further, these tools can be utilized to
understand product quality at intended storage and accelerated stability conditions.

The optimized cycle will be defined based on experimental runs, in silico
modeling, and prior knowledge. In addition, risk assessments can be performed to
identify and understand the relationship and criticality of quality attributes and
process parameters. For lyophilization, the process parameters of each step that can
typically impact the process have been identified and are provided in Table 20.1.
There are several risk assessment tools available which will facilitate the identifi-
cation of relationships between quality attributes and process parameters. If
uncertainty exists through this risk assessment, the next critical step is determining
how to address that uncertainty, whether through assessing literature-based infor-
mation or performing small-scale experiments.
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A description of the lyophilization cycle will be included in the regulatory
dossier with appropriate operating ranges. The ranges will be defined based on the
experience from optimization experiments as well as robustness experiments, per-
formed at small scale. Once the cycle is defined and optimized, the cycle can be
scaled up and tested at commercial scale.

For the purposes of the discussion below, an example optimized cycle is pro-
vided in Table 20.2. This cycle is a hypothetical example and is being used to
illustrate linkage to an example of the regulatory description.

Using this optimized lyophilization cycle, each step involving parameters to be
considered for quality impact on product is discussed below with guidance about
data or knowledge that may be used to support the control strategy and regulatory
process description.

Table 20.1 Process parameters for each lyophilization step

Step Parameter

Freezing Shelf temperature during loading

Freezing ramp rate

Freezing temperature

Hold time for freezing

Primary drying Chamber pressure during primary drying

Ramp rate to primary drying hold

Primary drying temperature

Hold time for primary drying

Secondary drying Ramp rate to secondary drying hold

Secondary drying temperature

Hold time for secondary drying

Table 20.2 Example of an optimized lyophilization cycle

Step Process parameters Step time
(min)

Cumulative
time (h)Shelf temperature

(ramp/hold)
Pressure
(mT)

Freezing Load at 5 °C n/a –

Hold at 5 °C 30 0.5

Ramp to −50 °C 110 2.33

Hold at −50 °C 120 4.33

Chamber
evacuation

Hold at −50 °C 100 60 5.33

Primary drying Ramp to +20 °C 100 140 7.66

Hold at +20 °C 100 1440 31.66

Secondary
drying

Ramp to +50 °C 100 150 34.16

Hold at +50 °C 100 360 40.16

Post lyo Ramp to 5 °C 100 120 42.16

Hold at 5 °C 100 n/a
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20.8.1 Freezing

The parameters to be examined for freezing are:

(1) Load temperature,
(2) Freezing ramp,
(3) Freezing temperature,
(4) Hold time.

20.8.1.1 Load Temperature

The load temperature can be defined based on stability data. Assuming that the
product has solution data available at 5, 25, and 40 °C, and these have been found
to lead to acceptable quality for up to 1–2 weeks (no significant change in QA),
then load temperature does not have to be defined. If the product is not stable, then
the load temperature specification based on stability data may be needed. If needed,
the load temperature is required in the process description. In the case considered
for this document, the authors are assuming that there is sufficient appropriate
stability data to not include the load temperature in the process description.

20.8.1.2 Freezing Ramp

The freezing ramp is assessed using different ramp rates: 0.1, 0.5, and 1.0 °C/min,
assuming that the 0.5 °C/min ramp is likely to be executed within the base case
cycle. The non-freeze-ramp portion of the process uses the baseline cycle param-
eters to assess product quality. Typically, the product quality attributes
(QAs) evaluated are appearance, moisture, particulates, and reconstitution time.
This is dependent on existing data such as freeze/thaw studies, as well as other
experimental or manufacturing data.

20.8.1.3 Freezing Hold Shelf Temperature

The freezing hold temperature can be assessed with freezing setpoints at −50, −40,
and −55 °C. The product from these cycles needs to be evaluated for quality
attributes as mentioned above and, if needed, placed in a short-term stability study
(6–9 months of accelerated stability at 40 or 50 °C).
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20.8.1.4 Freezing Hold Duration

The hold time at the end of freeze can be assessed with freezing setpoint at −50 °C
and 2 and 3 h duration. The freeze hold duration higher than 3 h need not be tested;
if all product is frozen at 3 h, there are no additional changes expected. The product
from these cycles needs to be evaluated for quality attributes as mentioned above
and, if needed, placed in a short-term stability study (6–9 months of accelerated
stability at 40 or 50 °C).

Note: Annealing is needed when the formulation contains excipients that need to
be crystallized prior to primary drying or if the annealing step adds efficiency to the
process (for instance, the ability to freeze dry under more aggressive conditions due
to reduced product resistance). If annealing step is needed, then annealing tem-
perature and time need to be assessed as a two-factor DOE study. Ramps can be
defined based on the data generated for freezing ramps.

20.8.1.5 Freezing Operating Space (Proven Acceptable Range)

The above-mentioned experiments provide proven acceptable parameter ranges for
freezing:

• Shelf temperature control of −40 to −55 °C,
• and freezing hold duration of no less than the highest risk (worst case) cycle, 2 h.

20.8.2 Condenser Cooling and Evacuation

Typically, condenser temperature is not considered a critical process parameter (as
long as it is below −40 °C). Chamber pressure control throughout drying is typi-
cally used to verify that the refrigeration system performance is sufficient.

The condenser will be typically maintained below a nominal threshold of −40 °C
throughout the drying process. This limit may be as high as −30 °C based on the
freeze dryer capability (appropriate pressure control) and the process being used.
The duration of condenser cooling and evacuation is not critical to the success of
freeze drying, so cooling and evacuation are not generally timed steps in the control
systems at commercial and pilot scale. Recipe specifications for condenser cooling
or evacuation are not for determination of process success or failure (unless
unusually slow cooling rates indicate insufficient refrigeration of condenser system
due to leaks, etc.), are not intended for the process description in the registration,
and are only used to allow the equipment to transition from the freezing to primary
drying steps.

The chamber evacuation duration to reach the setpoint for pressure is based on
the characteristics of the freeze dryer and the properties of the formulation filled in
the container closure. In the hypothetical recipe used in this document, the chamber
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pressure control point was selected to be 100 mT, a pressure control point repre-
sentative of many freeze dried products. The ranges for pressure control in freeze
drying will be defined in the primary drying section.

20.8.3 Primary Drying

The parameters to be examined for primary drying are:

(1) Chamber pressure,
(2) Ramp rate to primary drying hold,
(3) Primary drying temperature,
(4) Hold time for primary drying.

20.8.3.1 Primary Drying Ramp

Based on prior knowledge for similar formulations (similar thermal characteristics),
fill volume and container closure, if a ramp rate can be defined that will ensure
success, then additional evaluation of ramp rate is not necessary as long as the
freeze dryer is capable of withstanding initially high sublimation rates without loss
of pressure control. If this information is not available, the ramp rate for primary
drying is assessed using different ramp rates: 0.1, 0.5, and 1.0 °C/min, assuming
that the 0.5 °C/min ramp is likely to be executed within the base case cycle.

The product from these cycles needs to be evaluated for quality attributes as
mentioned above and, if needed, placed in a short-term stability study (6–9 months
of accelerated stability at 40 or 50 °C).

20.8.3.2 Primary Drying Process Control (Primary Drying Shelf
Temperature and Chamber Pressure)

The process parameters that impact primary drying are shelf temperature and
chamber pressure. To understand the impact of these parameters on product quality,
the most aggressive condition would be the combination of highest chamber
pressure and shelf temperature, and the least aggressive condition would be the
combination of lowest chamber pressure and shelf temperature. The extent of the
ranges to be studied is based on existing data and process knowledge. The ranges
need to be defined such that these are broad enough to allow for process variation
without negatively impacting product quality.

The impact on the primary drying process can be evaluated by using the baseline
primary drying ramp rate and the range of shelf temperature +35, +20, and +5 °C
(where +20 °C shelf temperature setpoint is likely to be executed with the base case
cycle) and chamber pressure control setpoints at 150, 100, and 50 mT (where the
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100 mT chamber pressure setpoint is likely to be executed with the base case cycle)
for sufficient duration of time. The range of temperature (±15 °C) and pressure
(±50 mT) needs to be defined based on prior experience or knowledge. These
ranges are provided as an example and are product dependent. The cycles with the
higher end of temperature and pressure are denoted as +, + cycle, and the cycles
with the lower end of temperature and pressure are denoted as −, − cycle in this
chapter (+, + and −, − convention are indicated in Table 20.3).

Table 20.3 Table of proposed experiments

Process
step

High-risk test Low-risk test Comments

Base case Experiment 1 Base case cycle Start with optimized cycle

Freezing

Freezing
ramp

Experiment 2 High rate Experiment 3 Low rate Remaining process parameters as
base case cycle

Freezing
temperature

Experiment 4 High temp
(+, +)

Experiment 5 Low Temp
(−, −)

Heat removal is directly related to
the difference between product
temperature and shelf temperature

Freezing
hold

Experiment 6 Low
duration

Heat removal is directly related to
the freezing hold step

Primary drying

Primary
drying
ramp

Experiment 4 High rate Experiment 5 Low rate As part of +, + and −, − cycle

Primary
drying
pressure

Experiment 4 High
pressure (+, +)

Experiment 5 Low
pressure (−, −)

Heat transfer is directly related to
the chamber pressure

Primary
drying hold
temperature

Experiment 4 High Temp
(+, +)

Experiment 5 Low temp
(−, −)

Heat transfer is directly related to
the shelf temperature

Primary
drying
duration

See comment for this
parameter

Based on cycle optimization and
PAT sublimation endpoint info
(Pirani)

Secondary drying

Secondary
drying
ramp

Experiment 4 High rate Experiment 5 Low rate As part of +, + and −, − cycle

Secondary
drying
temperature

Experiment 4 High temp
(+, +)

Experiment 5 Low temp
(−, −)

Pressure will be covered though it
has no impact on sec drying

Secondary
drying
duration

Experiment 4 High temp
(+, +) Base case cycle

Experiment 5 Low temp
(−, −)

Assess the moisture level to
optimize hold time—define hold
time with available data

Worse case
moisture

Experiment 7 Base cycle
without secondary drying
with sampling during ramp

Worst case moisture and impact
on stability
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The low ramp rate for primary drying is not studied as this is not expected to
impact product quality. Hence, this conservative approach has not been considered
by the authors.

The duration of primary drying is determined using suitable endpoint determi-
nation techniques such as:

(1) Product temperature (when the product temperature is near or equal to shelf
temperature),

(2) Comparative chamber pressure measurement using both Pirani gauge and
capacitance manometer,

(3) Pressure rise test.

The duration of primary drying is described to be not less than (NLT) the
duration established for the end of primary drying for the highest risk cycle
(+, + cycle).

20.8.3.3 Primary Drying Operating Space (Proven Acceptable Range)

The above-mentioned experiments provide primary drying proven acceptable
parameter ranges:

• Shelf temperature control of +5 to +35 °C,
• Chamber pressure control of 50 to 150 mT,
• Primary drying hold duration of no less than the highest risk cycle (+, + cycle),

duration determined by end point testing.

20.8.4 Secondary Drying

The parameters to be examined for secondary drying are:

(1) Ramp rate to secondary drying hold,
(2) Secondary drying temperature,
(3) Hold time for secondary drying.

The science of freeze drying accepts the conclusion that pressure control is not
critical during secondary drying (as long as pressure is controlled by nitrogen
injection rather than a valve between condenser and vacuum pump). The approach
recommended in these experiments is to use the chamber pressure setpoint selected
in primary drying for the secondary drying unit operation for each experiment. This
will give a range of pressures tested in secondary drying equivalent to the range
tested in primary drying.
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20.8.4.1 Secondary Drying Ramp

The ramp rate for secondary drying is assessed using different ramp rates: 0.1, 0.2,
and 1.0 °C/min, assuming that the 0.2 °C/min ramp is likely to be executed within
the base case cycle.

20.8.4.2 Secondary Drying Process Control (Secondary Drying Shelf
Temperature and Chamber Pressure)

The process parameters that impact secondary drying are shelf temperature and time
for secondary drying. To understand the impact of these parameters on product
quality, the most aggressive condition would be the highest shelf temperature and
the least aggressive condition would be the lowest shelf temperature. Chamber
pressure does not have an impact on the secondary drying process (as long as
pressure is controlled by nitrogen injection rather than a valve between condenser
and vacuum pump). The duration is assessed based on the shelf temperature.

The impact on the secondary drying process can be evaluated by using the
baseline secondary drying ramp rate and the range of shelf temperatures +35, +50,
and +65 °C (where +50 °C shelf temperature setpoint is likely to be executed with
the base case cycle) and chamber pressure control setpoints at 150, 100, and 50 mT
(where the 100 mT chamber pressure setpoint is likely to be executed with the base
case cycle) for sufficient duration of time. The range of temperature (±15 °C) needs
to be defined based on prior experience or knowledge. The range of pressure is not
expected to have an impact on the process.

The duration needs to be defined based on prior knowledge and can be as long as
6–10 h. The duration of secondary drying is determined by sampling during the
secondary drying hold and assessing cake appearance and moisture. The duration is
defined based on the time when acceptable cake moisture is achieved. The time can
be set as no less than (NLT) the duration seen for cycle which has the highest
secondary drying temperature.

In the absence of the equipment for sampling during secondary drying, 2–3
cycles can be run at baseline cycle and +, + cycle condition and cycle can be
stopped at 4, 6, 8 h and assessed for cake appearance and moisture. The time can be
defined based on the duration where acceptable moisture level and cake appearance
are achieved.

The product from these cycles (baseline, +, + and −, − cycles) needs to eval-
uated for quality attributes as mentioned above. In addition, these samples need to
be placed in a long-term stability study at storage conditions [alternatively, a
shorter-term study at accelerated conditions (40 or 50 °C)].
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20.8.4.3 Secondary Drying Operating Space
(Proven Acceptable Range)

The above-mentioned experiments provide secondary drying proven acceptable
parameter ranges:

• Shelf temperature control of +35 to +65 °C,
• Chamber pressure control of 50 to 150 mT,
• Secondary drying hold duration of no less than the highest risk cycle (+, + cycle)

duration.

20.8.5 Other—Moisture Impact on Quality Attribute

One of the quality attributes (QA) that is known to impact product quality is cake
moisture. This QA is typically included in product specifications and needs to be
justified and is typical considered as a CQA. This CQA is expected to have
maximum impact on other CQAs (e.g., aggregation, hydrolysis). To enable
understanding with data, samples with varying levels of moisture are generated.
These samples can be generated by sampling during a cycle run using the baseline
cycle at end of primary drying, at two points during the ramp up to the secondary
drying hold step, and at the end of the ramp to secondary drying hold. Alternately,
freeze dried samples can be equilibrated to higher moisture in a dry box or dessi-
cator containing salt solutions. The resulting moisture needs to encompass the
moisture range typically seen and needed for the specification—e.g., if typical
moisture levels are seen at 0.5% and the specification is NMT 2.0%, then the
samples to be tested need to have moisture levels ranging from 0.5 to 2.0% and if
possible to 2.5 and 3%.

The product from these different moisture levels needs to be evaluated for
quality attributes as mentioned above. In addition, these samples need to be placed
in a long-term stability study at storage conditions [or alternatively, a shorter-term
study at accelerated conditions (+40 or +50 °C)].

20.8.6 Summary of Studies and Process Description
(Table 20.3)

Based on the discussion above, the experiments that are needed to support a sci-
entifically well-characterized lyophilization process are provided in Table 20.3.

These seven cycles can be performed, and the quality attributes of the resulting
samples can be assessed to evaluate product quality. In addition, these samples can
be placed in a stability study, and the product quality can be further assessed as a
function of storage condition as well as accelerated conditions.
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20.9 Process Understanding—Defining CPPs and CQAs
and Control Strategy

ICH Q8 (R2) provides the following definition for critical process parameter (CPP):

A process parameter whose variability has an impact on a critical quality attribute and,
therefore, should be monitored or controlled to ensure the process produces the desired
quality [1].

Based on the definition for CPP, a change or variability in the parameter has an
impact on a CQA. While the extent of impact is not defined, CPPs should be
separated from other PPs into those that have substantial impact on the CQAs.
Identification of these CPPs can be performed using the risk assessment stated
earlier, and sometimes repeated iterations of the risk assessments may be necessary.
As knowledge increases or as improvements are made to a process throughout the
product lifecycle, risks may be reduced and the level of impact for a CPP can be
modified and control strategies adjusted accordingly.

The control strategy will include a combination of documentation control,
process automation and control as well as using process analytical tools.
Documentation control includes control of the process provided in the batch record
and verification that the validated parameters have been programmed for the
lyophilization cycle. Process automation will include stepping through a sequence
of steps, requiring logical completion of each step endpoint in order to proceed to
the next step. Additional elements for process automation include control of the
process clock and execution of a hold step, control of condenser cooling and
evacuation, shelf temperature and pressure control algorithm, control of temperature
ramp step (temperature and timing control). Process analytical tools provide ability
to confirm completion of a process step by using equipment indicators. For
example, the completion of primary drying can be determined with a drop in
pressure shown by the Pirani gauge and equalization to the value shown by the
capacitance manometer. In addition, the primary drying endpoint can be determined
by successful pressure rise test measurement. Such tools can be employed to show
completion of the process step and progression to the next step in the sequence.

20.10 Benefits of Applying QbD Principles to Drug
Product Lyophilization

Application of QbD principles to lyophilization process development allows
enhanced process understanding and control strategy design and thus results in the
manufacture of a drug product with greater quality assurance. Understanding crit-
ical quality attributes and the critical process parameters controlling those attributes
during manufacture will also contribute to management of product quality through
the lifecycle of the product. Additional benefits of applying QbD principles to
lyophilization process development are provided below.
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20.10.1 Regulatory Flexibility and Process Description

The ultimate goal of QbD application is the creation of a design space, defined in
ICH Q8(R2) as a multidimensional combination and interaction of input variables
and process parameters that have been demonstrated to provide assurance of quality
such that working within the design space is not considered as a change. Thus, a
design space if approved by the Health Authority creates regulatory flexibility by
allowing changes within that design space that would otherwise result in a
post-approval submission to the commercial license application.

Enhanced process understanding and control through the application of QbD
principles may also lead to potential regulatory flexibility without claiming to be a
design space. In the commercial application, the process description as presented in
Section 3.2.P.3.3 Description of Manufacturing Process and Process Controls and
critical process parameters as presented in Section 3.2.P.3.4 Controls of Critical
Steps and Intermediates provide the necessary process steps and critical process
parameters to manufacture quality product. Changes to the information presented in
these sections will result in a post-approval supplement to the application or license
requiring Health Authority review and approval which will require financial and
people resources to manage this change throughout all applicable markets.
Depending on the degree of change, number of markets where the application is
approved and Health Authority review and approval timelines, it may take years
before a change can be fully implemented globally. Even if the sponsor does not
choose to claim a design space in the application, regulatory flexibility may be
achieved by presenting a process description and process control strategy that is
based on scientific principles, product and process knowledge and full under-
standing of the parameters that are critical to ensure product quality.

With the knowledge gained through application of scientific principles, risk
assessments and process understanding studies (lyophilization experiments), critical
process parameters, and established ranges are identified. Based on these ranges,
regulatory process description for lyophilization can be provided. An example is
provided below:

1. Freezing—Load the filled vials and freeze the product by adjusting the shelf
temperature to not more than −40 °C for a duration not less than 2 h.

2. Cool the condenser (below −40 °C) and evacuate the chamber to not more than
150 microns throughout primary drying.

3. Primary Drying—Sublime the ice by adjusting the shelf temperature to not more
than +35 °C while maintaining chamber pressure below 150 microns for a
duration not less than 18 h [determined by end point detection (Sect. 20.8.3.2)].

4. Secondary Drying—Desorb bound water by adjusting the shelf temperature
between +35 and +65 °C for a duration not less than 5 h [determined by
sampling (Sect. 20.8.4.2)]
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5. Stoppering—At the completion of drying, aerate the chamber with sterile fil-
tered nitrogen and fully insert the stoppers into the vials by collapsing the
shelves.

6. Unload the stoppered vials and move the vials to the capping area.

The critical process parameters may be presented in Section 3.2.P.3.4 as indi-
cated in Table 20.4.

The lyophilization process description in the regulatory dossier should be sup-
ported by the development and robustness studies and presented in Section 3.2.P.2.
Pharmaceutical Development. A synopsis of the above studies and data should be
presented in Section 3.2.P.2. Pharmaceutical Development to underwrite the
identification of critical process parameters and the control strategy of those
parameters. Additionally, it is important to present information from studies justi-
fying why a process parameter is not considered critical and thus not included in the
process description and control strategy. It is recommended to use a synopsis of the
above sections which presents the design, rationale, and data from these studies.

The regulatory flexibility to process controls and control strategy in the com-
mercial application may be realized in various ways. Identifying and scientifically
establishing parameters as non-critical in the lyophilization process may facilitate
flexibility in what information is included in the commitment sections of the
application or license, such as identifying the parameter but not the proven
acceptable range. Additionally, enhanced understanding may support a wider
proven acceptable range for select critical parameters. In the case of lyophilization
as provided in the example above, parameters may not require a range but an upper
or lower limit of that parameter to ensure robust lyophilization and product quality.

20.10.2 Regulatory Change Management Plans
and Protocols

During the commercial lifecycle management of a product, some types of CMC
changes will require Health Authority approval prior to implementing. These may
be known as established conditions as defined in the current draft ICH Q12
guidance (Technical and Regulatory Considerations for Pharmaceutical Lifecycle

Table 20.4 Typical list of critical process parameters and control limits for lyophilization

Lyophilization step Parameter Control limits

Freezing Freezing temperature of shelf Not more than −40 °C

Primary drying Chamber pressure Below 150 microns

Primary drying Shelf temperature Not more than +35 °C

Primary drying Hold time Not less than 18 h

Secondary drying Shelf temperature Between 35 and 65 °C

Secondary drying Hold time Not less than 5 h
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Management). As part of the regulatory assessment for a CMC change, the potential
quality impact on product and how to support a CMC change to ensure product
quality post-change is a critical consideration to form the basis of that assessment.
Enhanced product and process understanding will offer an advantage to assessing
CMC changes during the lifecycle and may facilitate the development of change
management plans which identify future changes and contain protocols to support
those plans.

Change protocol management is a regulatory pathway that exists in select
regions (e.g., USA and European Union). This concept is also incorporated in the
draft ICH Q12 guidance and builds upon the QbD principles and risk management
approaches presented in ICH Q8 (Pharmaceutical Development) and ICH Q9
(Quality Risk Management) [1, 2, 18]. The intent of the protocol for a particular
CMC change is to outline the studies, tests, and acceptance criteria to demonstrate
lack of impact on product quality following the CMC change and gain early
agreement with Health Authorities as to how to support that CMC change. The
protocol may be filed in the initial commercial application or during the commercial
lifecycle of the product. If the protocol is approved by the Health Authority, the
data resulting from the protocol may be submitted as a lower reporting category.
Filing the data as a lower category may result in shorter timelines of approval and
enable faster implementation of that change for the product.

In the case of a lyophilization process, a change management protocol may be
proposed to support additional lyophilizers to be used within the facility if greater
manufacturing capacity is needed in the future. An enhanced understanding of the
lyophilization critical parameters should aid in establishing equivalency between
lyophilizers with appropriate validation and analytical studies to demonstrate
acceptable process control and product quality.

20.10.3 Product Quality Management

Throughout the product lifecycle, quality must be maintained to ensure provision of
a safe and efficacious drug to patients. A robust quality assurance (QA) program
should be in place to ensure product quality through compliance with good man-
ufacturing practices (GMP) and manage quality issues if they occur. When quality
issues do occur, an assessment which may include an investigation or other actions
will result in a decision as to whether impact on product quality also occurred.
A deviation involving a temperature setpoint or time duration for an operation step
may occur during the lyophilization process, and when this occurs, an enhanced
understanding of the process through development studies, risk assessments, and
identification of critical process parameters will enable better quality decision
making about impact of that deviation to product quality.
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20.11 Conclusions

Using QbD principles such as product and process knowledge, scientific principles,
and risk assessments which lead to focused development and robustness studies, a
robust lyophilization process can be developed with an understanding of those
critical parameters that impact product quality. The lyophilization process then
serves as a foundation to not only ensure consistent product quality, but also
provide regulatory flexibility by presenting the lyophilization process description
with the appropriate focus on critical parameters and control of those parameters in
commercial applications. Other benefits are also realized with enhanced process and
product knowledge which can facilitate the design of an acceptable change man-
agement plan and enhanced quality management. This may also offer regulatory
flexibility by obtaining agreement on the regulatory reporting category where data
is submitted based on an agreed upon change management plan.

Teams should approach lyophilization development with the following in mind:

• Are there data on the manufacturing of the lyophilized product that can be
applied to support the knowledge space of the critical process parameters?

• Knowing the capabilities of lyophilizers and having detailed product and pro-
cess knowledge, can transfers be accomplished independent of scale?

• Can data from other lyophilized products be leveraged to support the knowledge
space of a process parameter for the molecule?

• Are there process parameters of particular interest to ensure flexibility if possible
for the product? This may be based on deviation trending for commercial
products or prior knowledge to drive focus on select parameters and flexibility
to work within wide ranges or one-sided limits for a given parameter.

One should keep in mind that process parameters and their ranges (examples are
presented in this chapter) are strictly product-specific and need to be evaluated
based on product characteristics. Careful consideration of QbD concepts will allow
directed lyophilization process development and optimization with approaches to
studies as presented in the sections above. The results of these studies along with
existing or prior knowledge will provide flexibility within the lyophilization pro-
cess. This will result in regulatory flexibility without compromising product quality.
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Chapter 21
Manufacturing of Highly Potent Drug
Product in a Clinical Multi-Product
Aseptic Facility and Transfer
of Principles to Antibiotic Drug Product

Karoline Bechtold-Peters and Silke Mohl

Abstract The manufacturing of highly potent drug products in a multi-product
aseptic facility and the transfer of principles to antibiotic drug products is certainly a
challenging field. The authors have successfully implemented this in a clinical
manufacturing unit and have been able to explain the rationales to regulating
authorities. The assumption of a physically imaginable worst-case approach con-
sidering various risk-reducing factors based on scientific considerations is key.
Several examples of design as well as of operational features to avoid
cross-contamination are described. The authors conclude that at least clinical
facilities should be able to manufacture the increasingly higher potent drugs of the
future in multi-product units. There is no scientific rationale why this should not
also be amenable for commercial facilities from a product risk perspective.

Keywords High potent drugs � Aseptic drug product facility � ADC
Multi-product � Cleaning validation

Terms

ADE Acceptable daily exposure
CFU Colony forming units
OEL Operational exposure level
AAC Antibody–antibiotic conjugate
ADC Antibody–drug conjugate
ADE = PDE Acceptable or permitted daily exposure
CIP Cleaning in place
CIP/SIP/DIP Cleaning in place, sterilization in place, drying in place
ELISA Enzyme-linked immunosorbent assay
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EU Endotoxin unit
LTP Liquid transfer port
MAC Maximum allowable carryover
MBS Minimum batch size
MDD Maximum daily dose of the subsequent product
ppb Parts per billion
ppm Parts per million
RTP Rapid transfer port
STD Smallest therapeutic dose
TDC Thiomab-drug conjugate
VHP Vaporized hydrogen peroxide
WIP Washing in place

21.1 Introduction

Dealing with Highly Potent Drugs is currently an important topic in the phar-
maceutical industry. For a long time, highly effective chemotherapeutic agents have
been part of the oncological or antiviral therapy (e.g., Cyclophosphamide,
Endoxan®, or Ganciclovir, Cymevene®). Companies operating in this field provide
appropriately protected manufacturing units during development and production,
particularly when processing powdered material in order not to expose employees
to the active ingredient. Also, hospital pharmacies mostly have available specific
installations for preparation of cytotoxic drugs [1].

For some time, a trend to higher potent classed molecules is also recognizable
beyond the classical chemotherapy, namely in the biopharmaceuticals field.
Targeted therapies based on antibodies or parts of antibodies are a relatively new
class of cancer drugs that can overcome many of the issues seen with the use of
cytotoxics lacking cell specificity. As different target proteins are expressed by
different cancer types, the targeted therapy drugs are used on a cancer type specific,
or even on a patient-specific basis. Immune answer strengthening molecules like the
Bispecific T cell enhancing antibodies BiTEs (e.g., Blinatumomab®) or drug–toxin
conjugates (ADCs, TDCs, example Kadcyla®) are effective in very small doses.
Furthermore, safety, health, and environment departments tend to apply more
cautious considerations and sort early phase candidates without entire toxicological
assessment sometimes rather into higher safety classes. High compensation pun-
ishments in the USA are a threat and an additional motivation to endanger
employees as little as possible.

A similar challenge shows the production of antibiotic drugs, especially when
dealing with sensitizing antibiotics. For a long period of time, it was little attractive
for the pharmaceutical industry to invest into antibiotic research, but this is currently
changing due to the strong increase in the occurrence of multi-resistant microbes.
Also in this field, targeted therapies using biologic molecules can be developed [2].
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21.2 Definitions

Since potency is a continuum, i.e., from very low to extremely high potency, it is
under discussion whether the expression “highly potent drug” or “highly potent
active compound” should be considered as obsolete and thus too simplified to
group substances into two groups: potent and non-potent. Already Sebastian
Hahnemann following Paracelsus’ routes defined some hundreds of years ago
“Dosis fiat venenum” [3], the dose makes the poison, meaning that every substance
can be toxic or non-toxic, and it finally depends on the dose. Even too much sodium
chloride or water can lead to death. It is only the limit value (PDE/ADE/OEL) of a
substance that describes where it is located on this continuum [4]. From both an
environmental health protection perspective and a cross-contamination point of
view, it is not adequate to take every precaution for “the potents” and do nothing for
“the non-potents.” Qualitatively, the same measures must be applied for all com-
pounds. Quantitatively, the measures differ as much as the compounds’ toxicity [2].

Likewise, the term “cytotoxic” to describe a drug is not clear and should be
abandoned. A definition that might be somehow acceptable is that a “cytotoxic”
substance kills living cells of the organism to be cured at the intended therapeutic dose.

Finally, the meaning of “sensitizing antibiotics” needs to be defined. The next
level of definition relates to “non-sensitizing” and “low-sensitizing” antibiotics
versus “sensitizing” or “highly sensitizing” antibiotics. Typically, beta-lactams
(Penicillins or Cephalosporins) or Sulfonamides are classified as sensitizing
antibiotics [5], because a non-sensitizing dose cannot be established. As opposed to
this for non- or low-sensitizing antibiotics an acceptable daily exposure
(ADE) value can be defined.

21.3 “Share or not to Share” and the Regulatory
Environment

In the context of the manufacture of highly potent and antibiotic drug products, the
following guidelines are important (list not meant to be comprehensive):

• EudraLex—Volume 4 Good manufacturing practice Guidelines, Part I
(Basic Requirements for Medicinal Products), Chapter 3 (Equipment and
Premises) [6] says that “…Cross-contamination should be prevented for all
products by appropriate design and operation of manufacturing facilities. The
measures to prevent cross-contamination should be commensurate with the
risks. Quality Risk Management principles should be used to assess and control
the risks.
Depending of the level of risk, it may be necessary to dedicate premises and
equipment for manufacturing and/or packaging operations to control the risk
presented by some medicinal products.
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Dedicated facilities are required for manufacturing when a medicinal product
presents a risk because:

i. the risk cannot be adequately controlled by operational and/or technical
measures,

ii. scientific data from the toxicological evaluation does not support a con-
trollable risk (e.g., allergenic potential from highly sensitizing materials
such as beta-lactams) or

iii. relevant residue limits, derived from the toxicological evaluation, cannot
be satisfactorily determined by a validated analytical method…”

Compared to the previous version of Chapter 3, the vague expressions “certain
cytotoxics,” “certain hormones,” “certain highly active drugs” have been
removed and also “biological preparations (e.g., from live microorganisms)” are
no longer specifically mentioned. A strong focus is put on having proper risk
assessments and controls, rather than requiring dedicated and self-contained
facilities as a must. Most interestingly, the definition of dedication may also be
interpreted as a dedication for a certain time (formerly expressed as working in
campaigns) [4].

• In EudraLex—Volume 4 Good manufacturing practice Guidelines, Part I
(Basic Requirements for Medicinal Products), Chapter 5 (Production) [7] it
is further explained as regards prevention of cross-contamination in production
that “…Contamination of a starting material or of a product by another material
or product should be prevented. This risk of accidental cross-contamination
resulting from the uncontrolled release of dust, gases, vapors, aerosols, genetic
material, or organisms from active substances, other starting materials, and
products in process, from residues on equipment, and from operators’ clothing
should be assessed. The significance of this risk varies with the nature of the
contaminant and that of the product being contaminated. Products in which
cross-contamination is likely to be most significant are those administered by
injection and those given over a long time. However, contamination of all
products poses a risk to patient safety dependent on the nature and extent of
contamination…”
In the revised Chapter 5 issued in August 2014 mentioning “highly sensitizing
materials, biological preparations containing living organisms, certain hor-
mones, cytotoxics, and other highly active materials” as most hazardous con-
taminants has similarly to Chapter 3 been omitted, and the application of a
Quality Risk Management process is emphasized.
The outcome of the Quality Risk Management process should be the basis for
determining the extent of technical and organizational measures required to
control risks for cross-contamination. Examples for such measures are given.
The guidance now takes into account principles and guidance through the ICH
Q9 process (Quality Risk Management). “…A Quality Risk Management pro-
cess, which includes a potency and toxicological evaluation, should be used to
assess and control the cross-contamination risks presented by the products
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manufactured. Factors including facility/equipment design and use, personnel
and material flow, microbiological controls, physicochemical characteristics of
the active substance, process characteristics, cleaning processes, and analytical
capabilities relative to the relevant limits established from the evaluation of the
products should also be taken into account. The outcome of the Quality Risk
Management process should be the basis for determining the necessity for and
extent to which premises and equipment should be dedicated to a particular
product or product family. This may include dedicating specific product contact
parts or dedication of the entire manufacturing facility…” The latter means that
those products which combine relatively high-risk pharmacological/
toxicological characteristics with high-risk physicochemical properties and
process design should not be manufactured using shared facilities unless justi-
fied after following a rigorous Quality Risk Management process and taking any
appropriate risk mitigating measures for part or all of the process.

• EMA Guideline on setting health-based exposure limits for use in risk
identification in the manufacture of different medicinal products in shared
facilities [8, 9] refers to Chapters 3 and 5 and gives further guidance to
risk-reducing measures: “…Chapters 3 and 5 of the GMP guideline have been
revised to promote a science and risk-based approach and refer to a “toxico-
logical evaluation” for establishing threshold values for risk identification.
Cleaning is a risk-reducing measure and carryover limits for cleaning validation
studies are widely used in the pharmaceutical industry. A variety of approaches
are taken in order to establish these limits and often do not take account of the
available pharmacological and toxicological data. Hence, a more scientific case
by case approach is warranted for risk identification and to support risk
reduction measures for all classes of pharmaceutical substances. The objective
of this guideline is to recommend an approach to review and evaluate phar-
macological and toxicological data of individual active substances and thus
enable determination of threshold levels as referred to in the GMP guideline.
These levels can be used as a risk identification tool and can also be used to
justify carryover limits used in cleaning validation….”
The guideline thoroughly explains how to derive and calculate a permitted daily
exposure (PDE) value. Very interestingly the guideline states that for thera-
peutic macromolecules and peptides the determination of health-based exposure
limits using PDE limits of the active and intact product may not be required,
since they “…are known to degrade and denature when exposed to pH extremes
and/or heat and may become pharmacologically inactive. The cleaning of bio-
pharmaceutical manufacturing equipment is typically performed under condi-
tions which expose equipment surfaces to pH extremes and/or heat, which
would lead to the degradation and inactivation of protein-based products.”
This statement, however, certainly cannot be transferred to hybrids of macro-
molecules or peptides with small molecular toxins, such as the ADCs.

To make the picture complete also reference is given to ANVISA and Health
Canada rules:
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• ANVISA requires in its RESOLUTION—RDC Nº 17, OF 16.04.10 [10]
Article 125 that “…The production of certain drugs, such as certain biological
preparations (e.g., live microorganisms) and the highly sensitizing materials
(e.g., Penicillins, Cephalosporins, Carbapenems, and other beta-lactam deriva-
tives) should be segregated and have dedicated facilities in order to minimize the
risk of serious damage to health due to contamination. In some cases, such as
highly sensitizing materials, segregation should also occur between them…”
According to Article 256: “… The occurrence of cross-contamination must be
avoided by appropriate technical or organizational measures, such as:

I Production in exclusive and closed areas (e.g., Penicillins,
Cephalosporins, Carbapenems, the other beta-lactam derivatives, prepa-
rations with biological organisms, certain hormones, cytotoxic substances,
and other highly active materials);

II Campaign production (separation time) followed by appropriate clean-
ing in accordance with a validated procedure. For products listed in
paragraph (a), the principle of campaign work is only applicable in
exceptional cases such as accidents or emergency situations;

III Use of antechambers, differential pressure and supply air and exhaust
systems;

IV Reducing the risk of contamination caused by recirculation or re-air of
untreated or insufficiently treated;

V Use of protective clothing where products or materials are handled;
VI Use of validated procedures for cleaning and decontamination;
VII Using “closed system” of production;
VIII Testing of waste and
IX The use of labels on equipment to indicate the state of cleanliness.”

• Health Canada describes in its Good Manufacturing Practices
(GMP) Guidelines—2009 Edition, Version 2 (GUI-0001) [11] that
“Self-contained” facilities are required for:

– certain classes of highly sensitizing drugs such as penicillins and
cephalosporins.

– other classes of highly potent drugs such as potent steroids, cytotoxics, or
potentially pathogenic drugs (e.g., live vaccines), for which validated cleaning
or inactivation procedures cannot be established (e.g., the acceptable level of
residue is below the limit of detection by the best available analytical methods).”

Based on the review of the various guidelines, it can be concluded that current
regulatory thinking allows for a risk-based approach when using multi-product/shared
facilities even for highly active and antibiotic compounds. This is accepted by major
authorities (EMA, FDA), if adequate countermeasures to prevent cross-contamination
based on thorough risk assessments and validated cleaning procedures following
scientific data can be provided. Inspection risks, however, prevails with certain
authorities like ANVISA which still requires exclusive and closed areas.
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21.4 Multi-Purpose Facility Versus Dedicated Facility—
How to Properly Design and Run Facilities?
Case Study Parenteral (Aseptic) Facility

As outlined in EudraLex—Volume 4/Part I/Chapter 5 [7], there are technical and
operational measures to be taken to prevent cross-contamination in a multi-product
facility especially in case high-risk products are handled in the same area as
products of less risk. Technical measures are those that are achieved by properly
designing rooms, flows, facility, and equipment while operational measures are
prescribed in standard operational procedures or batch records and define the how
to operate and act to further reduce any cross-contamination risk.

a. Risk analysis regarding cross-contamination risk

A careful multistage risk analysis of the production process is of course a prereq-
uisite for proper system design (Section 4.b) and the establishment of procedural
measures (Section 4.c).

In Table 21.1, possible failure modes and hazards are given as an example
which could lead to release of the highly potent drug substance and to
cross-contamination:

Table 21.1 Possible failure mode/hazard per process step for ADC Drug Product Manufacture

Possible failure mode/hazard—example only

Receipt and storage of API and bulk thaw/
Re-Freeze

e.g., damage of cryo vessel (dripping) due to
defective sealing

Transfer of API solution from cryo vessel to
mobile compounding vessel

e.g., liquid spill because compounding vessel
not opened or still pressurized

Compounding e.g., liquid spill due to leaking connection of
tubing to compounding unit

Bioburden reduction filtration e.g., liquid spill when filter is handled

Transport of vessel to filling line e.g., cross-contamination of material locker
(C to D) due to outside contamination of
vessel

Filling e.g., contamination of containment and
microbiological monitoring system due to
spillage of liquid

Freeze drying e.g., contamination of freeze dryer and/or
unloading part of the containment due to
breakage of vials upon stopper
closure

Transport processes from filling line to
cleaning rooms and storage rooms

e.g., contamination of all GMP zones that
were passed

IPC and batch release analysis e.g. liquid spill or airborne
contamination

Cleaning of compounding equipment, filling
product path, containment, filling line or
facility

e.g. manual or automated cleaning is not
sufficient
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b. Example for proper design of facilities and equipment to enable manufacture of
high potent drugs or antibiotics in a shared facility

Cross-contamination can occur through mechanical transfer when a contaminant
residue moves from one process or area to another one or by airborne transfer when
aerosol (powder, droplets) is available in the air and contacts product or equipment.
For both transfer routes is key to reduce probability of occurance: closed processes
and containment with adequate pressure differential, adequate working flows of
equipment and personnel, airlocks including the gowning. In the following,
appropriate design features are listed as examples that render a parenteral facility
able to function as a shared facility for highly potent or antibiotic drugs (unless
sensitizing). GMP and SHE requirements may mix.

• Appropriate air supply for the clean rooms and the building—ideally 100%
fresh air, no recirculation (Fig. 21.1).
It is important that aerosolized material cannot be spread via aeration in rooms
or compartments in which at the same time or later other products are processed.
Regularly check of air filters and/or provision of preferably 100% of fresh air
needs to be guaranteed.

• cRABS or isolator technology with pressure management in different com-
partments, pressure hold test before filling, pressure alarmed (Fig. 21.2).
Non-RABS or open RABS design is certainly not adequate to protect the
environment from contamination by highly active drugs. Closed containment
RABS or isolators should have a pressure cascade from the most critical area
(filling, stopper setting) to the area in which most likely the solid, aerosolizable
material is produced, i.e., the unloading area of the lyophilizer. It is advanta-
geous if the area in front of the lyophilizer can even operate during the discharge

Fig. 21.1 Schematics of a TR&D building hosting GMP manufacture for highly potent solids and
for highly potent parenterals in same building
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mode under lower or at least equal pressure relative to the environment.
Closed RABS systems or isolators are leak tested prior to use and are pressure
alarmed during operation. For aseptic cRABS or isolator compartments, the
special feature is that they are generally operated in positive pressure relative to
the environment to meet primarily the microbiological protection requirements.
The surrounding clean room thus acts as a sink area. Therefore, there are
facilities that provide an additional sink lock for the personnel in which the clean
room clothing remains.

• Save change filters to protect ductwork and the exhaust air handling system,
returning air H14 filtered before reentering the containment (Fig. 21.3). To
avoid the distribution of aerosolized material within a cRABS system or in the
environment, exhaust and circulating air must be suitably filtered. Save change
filters [12] also prevent contamination of the area during removal and transport
of potentially contaminated filters.

• In case of multiple lines, access by separate personnel locks. When in the same
area two or more filling lines operate, in which highly potent substances are
processed, separate personnel, or material locks into the class B zone should be
provided.

• Automated check weighing: Ideally, during the processing of highly actives an
open and destructive IPC of fill weight or deliverable volume is avoided as well
as the need for manual intervention, e.g., conducting any sample draws.
Through automated tare net weighing both SHE and cross-contamination issues
can be addressed.

• Outside washing machine to decontaminate the vials from the outside (prefer-
entially automated) (Fig. 21.4). It is primarily a SHE request that vials with
highly active ingredients needs to be cleaned at the outside after the filling in
order not expose, e.g., the staff in the visual inspection. On the other hand, to not

Fig. 21.2 Filling lines designed as closed RABS facilities: vials line from Groninger/Skan
(2a, left) and prefilled syringe line from Bosch (2b, right), both located at F. Hoffmann-La Roche,
Basel, Switzerland
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jeopardize the product, the outside cleaning should not go beyond the shoulder
portion of the vial.

• Liquid transfer ports (LTPs) represent a very good means to perform aseptic and
contamination-free connection of the hold vessel with the bulk solution to the
filling line. LTPs are now also available as a disposable material.

c. Additional operational measures

Only examples can be given. The individual measures must be derived from a
thorough risk analysis of the processes (see Section 4.a).

• CIP of lyophilizer and other not easy to access areas, WIP for easy to access
areas (Fig. 21.5). In order to be able to change the format parts after the filling
process, it must be ensured that before the opening of the containment every-
thing is cleaned so far that neither man nor B-space are at risk from contami-
nation. Inaccessible areas should be cleaned more automated (CIP), accessible
sites can be cleaned, for example by spray guns (WIP).

Fig. 21.3 Skan save change filter system a Position during manufacturing, b Opening of the
return air duct, c Locking of the cap with a tool, d Remove of the closed filter unit [12]
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• First rinse of containment and molten ice of condenser discarded into special
wastewater system. It is clear that at least the first rinse water should be collected
separately and special treatment has to be supplied. Through online measure-
ment methods or previous generic cleaning studies, the amounts of wash water
to be disposed in an expensive manner can be reduced. If automated or manual
spray-cleaning procedures are employed, a drain for the wash water is needed.
The stands in contradiction to the EU GMP Guide, Annex 1 [13], which does
not allow drains in the A/B zones (“50. Sinks and drains should be prohibited in
grade A/B areas used for aseptic manufacture.”). Therefore, such a drain should
be completely sealed in the functional state clean room class A/B and used only
after the filling under non-A/B conditions.

• Use of endless bag system to remove solid waste during/after filling (Fig. 21.6).
One of the marketed bag systems can be purchased from the company Lugaia
which is, for example, employed in the Clinical Manufacturing area at
F. Hoffmann-La Roche in Basel.

Fig. 21.4 Validated outside washing of vials after crimping in the containment, drying of the vials
without heat-exposition; equipment located at F. Hoffmann-La Roche, Basel, Switzerland

Fig. 21.5 Automated CIP of lyophilizer loading/unloading zone (right) and manual wash-in-place
of filling compartment (WIP, left); equipment located at F. Hoffmann-La Roche, Basel,
Switzerland
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• Opening of RABS during filling not allowed and blocked by the special filling
recipe, i.e., when switching to the recipe “High Potent” the compartment doors
can be opened only with a very high administrator level.

• Consequent use of manufacturing execution systems (MES) to track material
and equipment in order to render the use of the multi-use or dedicated equip-
ment secure and reduce the possibilities of operator errors.

• Check of compartment HEPA filter integrity after each high potent or antibiotic
batch or provision of studies demonstrating no aerosolization risk. If the ven-
tilation of the cRABS or isolator includes a recirculation of air, it must be
considered whether the returning air can be contaminated by the aerosolized
drug/device combination products. Here it may be separated between liquid and
solid active ingredients. Drug/device combination products distributed in the
filling compartment in the liquid state (dripping needle, needle splatters) is dried
and even denatured in the case of therapeutic proteins/antibodies thereby. An
entry of active ingredient into the air circulation is very unlikely. With solid
product such as lyophilized material, however, a drug/device combination
products release upon vial breakage could result during discharge from the
freeze/thaw dryer in the distribution of micro-fine dust. The testing of the effi-
ciency of the air filtration of the exhausted or recirculated air (testing for
integrity of the exhaust filter or of the supply air filter after manufacture of high
potent batches) or the counter-evidence that de facto no micro-fine dust can
develop seem necessary.

• Protection of microbial sampling plates by special (clean) zip bags (Fig. 21.7).
In order to be able to exit the plates safely and quickly without further surface
treatment by surface cleaning.

Fig. 21.6 Waste removal though Lugaia port/endless bag system; equipment located at
F. Hoffmann-La Roche, Basel, Switzerland

484 K. Bechtold-Peters and S. Mohl



• Specific gowning procedures when handling open material. This could be e.g.,
the use of disposable clothing and double gloves in the compounding area when
openly dealing with highly active ingredients. The disposable clothes should be
discarded when leaving the area and where possible applying the “onion
methods”. i.e. undressing of potentially contaminated clothing layer by layer.

d. Cleaning and cleaning verification/validation concept including definition of a
“reasonable worst case”

The “rinsability” or ease of removal of product may be evaluated in a small-scale
cleaning study or rinsability study, where the product material or inactivated or
fragmented product (dependent on the cleaning procedure) is spiked onto repre-
sentative coupons and exposed to a worst-case (e.g., no impingement, lower flow
rate, etc.) water rinse in comparison to full scale cleaning cycles [14]. If the
worst-case rinse removes the product spike from the coupon, it demonstrates that
the product fragments are not a carryover concern. Regarding ADCs the cleaning
procedure should not cleave off the toxin as it may be less water-soluble than the
full-size conjugate and might also be more toxic.

Cleaning verification/validation must be performed in order to confirm cleanli-
ness after filling and subsequent cleaning [15]. Cleaning limits are to be established
prior to introduction of any high potent drug. Ideally high potent drug product
batches are manufactured in a multi-product facility campaign-wise (“time-wise
segregation”), and cleaning verification is only performed after completion of the
last batch of a campaign. Three successful cleaning events using a representative
manufacturing process are required for cleaning validation.

Product-specific cleanliness limits are defined for shared equipment which
consider the acceptable daily exposure or permitted daily exposure (ADE = PDE)
value established for a specific product. Here the sampling method is typically by
swabbing an appropriate area at the worst-case and representative locations. The
analytical method used to assess cleanliness must be sensitive enough to match with

Fig. 21.7 Zipper bags firmly holding together the microbial plates while removal through RTPs;
equipment located at F. Hoffmann-La Roche, Basel, Switzerland
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the low ADE value in case of high potent drugs. For biologics like Antibody–Drug
conjugates, this means mostly performing an ELISA as protein-specific test.

Cleaning limits can be assigned based on, e.g.,

• the minimum batch size (MBS) in units, i.e., the minimum allowable batch size
to be produced of the subsequent product using the same product train.
The MBS is calculated from the maximum daily dose (MDD) of the subsequent
product. This minimum allowable batch size of the subsequent product is
affected by a potential carryover from the previous batch, and

• the maximum allowable carryover (MAC) outlining the maximum amount of
product residue that is allowed based on the drug’s acceptable daily exposure
(ADE)

How difficult it is to fulfill the cleanliness limit depends on the ADE value, the
area accessible to swabbing and the limit of detection by ELISA.

ADE or PDE Value
The acceptable or permitted daily exposure (ADE or PDE) or acceptable daily
intake (ADI) is according to the EMA Guideline on setting health-based exposure
limits for use in risk identification in the manufacture of different medicinal
products in shared facilities defined as follows [8].

PDE mg=dayð Þ ¼ NOAEL � Weight Adjustment
F1 � F2 � F3 � F4 � F5

F1 = Factor for extrapolation between species
F2 = Factor for variability between individuals
F3 = Factor for repeat-dose toxicity studies of short duration (<4 weeks)
F4 = Factor for severe toxicity (e.g., non-genotoxic carcinogenicity, neuro-
toxicity, teratogenicity)
F5 = Factor if no NOAEL is available, if only LOAEL is available
where
NOAEL = no-observed-adverse-effect level
LOAEL = lowest-observed-adverse-effect level
Note: the PDE must be determined by Toxicology/Safety Assessment

In case of ADCs based on vcMMAE, the PDE values may be as low as 0.5 lg/
day for the complete conjugate, 0.1 lg/day for the toxin molecule still retaining the
linker/spacer and 0.05 lg/day for the cleaved MMAE molecule.

Minimum Batch Size (MBS)
Batch sizes must be set at or above the minimum batch size in order to ensure that
active ingredient carryover from a former product does not compromise the next
product. No more than a specific fraction of the former product may be carried over
into the largest single dose of the next product manufactured in the same
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equipment. If a PDE value is determined, this value is to be used, in other cases 1/
1000th of the smallest therapeutic dose of the former product can be used, whatever
is more strict.

Determination of Maximum Allowable Carryover (MAC)
The maximum allowable carryover from the previous product into the next product
is determined by the PDE value, by the minimum batch size and the Maximum
Daily Dose of the subsequent product according to

MAC mgð Þ ¼ PDE mg=dayð Þ � MBS gð Þ
MDD g=dayð Þ

where
PDE = Acceptable daily exposure from previous product
MBS = Minimum batch size of subsequent product
MDD = Maximum daily dose of subsequent product

Maximum allowable residue (MAR) for equipment parts not in contact with
product (e.g., lyophilizer, area in front of the lyophilizer, filling area) based on
a reasonable worst-case scenario

Equipment parts for use in high potent drug manufacturing in contact with the
product should be either disposable, i.e., are discarded after each use, or used
dedicated for the specific product, unless efficient cleaning can be demonstrated
which might be difficult in case of low PDE values. Those equipment parts are not
considered when calculating the maximum allowable residue, since they are not
used for multi-product purposes and do not contribute to a potential
cross-contamination into another product. These parts could be, for example

• Cryovessel (dedicated)
• Tubing used for cryovessel recirculation (disposable)
• Hold tank (dedicated)
• Surge tank (dedicated)
• Silicone tubing for transfer of API from vessel to vessel and from hold tank to

nozzle (disposable)
• Filter housing (dedicated)
• 0.2 lm or sterile filters (disposable)
• Needles (dedicated)
• LTP adapters (dedicated)
• Connecting and distributing parts (dedicated)
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Normally only cleaning procedures for product contact surfaces of the equip-
ment need to be verified or validated. But also consideration should be given to
non-contact parts into which product may migrate. For example, seals, flanges,
mixing shaft, fans of ovens, heating elements, etc. [14].

For those parts not in direct contact with the product, a risk-based approach is
used which is described in a technical report of PDA [16]. In TR No. 29 of PDA,
2012, it is stated that there are “non-product contact surfaces which may contact the
product indirectly such as by a vector or by an airborne route. These are sometimes
called “indirect product contact surfaces.” Examples of these types of surfaces
might include, e.g., lyophilizers. These indirect product contact surfaces should be
included in the cleaning validation program. However, because of the limited
impact of these product contact surfaces, requirements for cleaning validation, such
as limits, may be different from cleaning validation for direct product contact
surfaces. A risk assessment should be utilized to define the requirements, which will
depend on the specifics of the manufacturing situation.” Also the Baseline Guide:
Risk-Based Manufacture of Pharmaceutical Products (Risk-MaPP) of ISPE, 2010,
provides a scientific risk-based approach, following ICH Q9 Quality Risk
Management, to manage the risk of cross-contamination in order to achieve and
maintain an appropriate balance between product quality and operator safety and
mentions a risk evaluation for residues on non-product contact surfaces [17].

Therefore, with the area contribution and the probability of cross-contamination
being taken into consideration a maximally allowable residue (MAR) value can be
calculated as follows which includes a scientifically derived Risk Reduction Factor,
RRF:

MARequipment part ¼MAC� area contribution of

equipment part=RRFrelated to equipment part

with
RRF = risk reduction factor considering cross-contamination probability

Specific thoughts must be given in case of freeze-dried products to the lyo-
philizer, since it cannot be used dedicated in a shared facility: The only way
material is transferred as cross-contaminant from the lyo chamber surfaces into vials
of the subsequent product is by entrainment of material (from spillage when vials
have fallen over, have broken or have boil over, or from sublimation or
aerosolization of material together with water during the freeze-drying process)
when flushing the chamber with nitrogen at the end of the process (Fig. 21.8). Due
to the vacuum in the lyo chamber and the vials, a distribution of the material
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according to the respective volume ratio of lyo chamber and vial open space can be
assumed. These ratios together with the assumption that the material remaining on
the lyophilizer surface after the preceding CIP/SIP process is fixed to the surface
and does not readily enter the air can be used to calculate a lyophilizer-specific risk
reduction factor based on a “reasonable worst case.”

A summary of the whole concept is depicted in Fig. 21.9.
Since the maximum allowable residue, exterior, MARext, on the outside of the

vials after passing the exterior vial washing machine is not a GMP topic, but
relevant for SHE aspects (safety of operators during visual control, safety of clinical
personnel during preparation and application), a respective SHE rational might be
compiled outside of GMP documentation.

e. Use of disposable materials

The use of disposable materials in the DP processing of highly active ingredients
reduces the costs of cleaning and cleaning verification significantly. A mix up of
dedicated equipment, e.g., due to an operator error is impossible. In addition to
replacing compounding/mixing and holding vessels by 2D and 3D bags, disposable
filter cartridges, tubings, filling needles, connectors, ports, and much more dis-
posables can be employed. For an overview see Fig. 21.10.

However, also the limits and drawbacks when using disposable material should
not be forgotten. Especially the increased risk of a leak leading to the uncontrolled
release of the highly active agent must be considered. In particular, in the frozen
state regularly damages of bag systems are reported, e.g., during transportation [18].

Fig. 21.8 Potential contamination mechanism during lyophilization
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Fig. 21.9 Concept to transfer an ADE value into MAR values using a risk-based approach

Fig. 21.10 Potential application of disposable materials for manufacture of sterile drug product
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Advantages and disadvantages of single-use materials are summarized in
Table 21.2.

21.5 Transfer of Principles to Antibiotic Drug Product

In principle, the design and procedural measures to avoid cross-contamination when
aseptically filling highly potent drugs can be transferred to low to moderately
sensitizing antibiotics. As stated in Sect. 21.2, this does not apply to antibiotics with
high sensitizing potential.

However, another consideration must be made in the case of antibiotics for
processing in aseptic areas: The microbiological monitoring might no longer be
reliable and meaningful in the presence of the antibiotic agent due to splashes
during filling. To prove this, the placement of additional settling plates might be
sensible that are tested after filling for growth promoting features with the microbe
most sensitive to the antibiotic.

The presence of the antibiotic may also jeopardize validation of the bioburden
test before sterile filtration as well as complicate validation of the test for sterility
and should be taken into account in the lead time calculation for the manufacture of
a clinical product.

Table 21.2 Pros and cons (specifically for material in contact with product)

Advantages Disadvantages

• Reduced risk of cross-contamination when
dealing with high potent drugs
manufacture

• Equipment, i.e., disposable are
quasi-dedicated

• No cleaning validation or verification
needed

• Increased sterility assurance (closed
system)

• Reduced burden to quality/calibrate/store/
purchase and use of stainless steel
equipment

• Savings of maintenance costs
• Savings of CIP/SIP (re-)validation
costs

• Energy savings of WFI and clean
steam for CIP/SIP

• Reduction of capital bound as
CAPEX

• Higher production flexibility, e.g., because
various sizes available

• Potential of damage during transportation
and handling (increased concern in case of
high potent drugs)

• Potential for leachables; need to generate
product-specific data during development
(phase-appropriate)

• Adsorption/permeation of active
pharmaceutical ingredient or of excipients

• Absence of standardization

• Dependency on supplier and their quality
systems (changes, consistency of
manufacturing process, sterilization)

• Long-term costs?
• Waste management (volume)

• Interchangeability discussion

• <Compatibility> (interconnection) of various
systems?
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21.6 Differences Between Clinical and Commercial
Facilities

Clinical and commercial aseptic manufacturing areas differ mostly not only by size
and output per time (e.g., 1 or 2 needle filling machine vs 5 or 10 needles) or by
shift model (1 shift/5 days vs 2 to 3 shifts/6 to 7 days), but also regarding the
multitude of products that are manufactured annually. In clinical supply units only
few, sometimes only one batch of a product is produced per year. Single-product
long-lasting campaigns are rarely feasible—also regarding highly potent or
antibiotic drugs. Due to the basic determination of clinical supply units to deliver
numerous, various products, flexibility, and short change-over times are important
KPIs. A time-wise segregation in the same unit between high and non-high potent/
antibiotic projects can and must be assessed via a risk analysis as of Section 4a and
thus the acceptance as multi-purpose facility is obtained.

A further difference constitutes the authority surveillance: While commercial
units expect, e.g., a Pre-Approval Inspection of the FDA prior marketing, the new
uptake of products in a clinical facility is the rule and is not assured by an individual
inspection. Start-off inspections prior to first use of the unit or after major changes
as well as regular GMP inspections are performed.

Most companies have, finally, global quality guidance’s for which some
exemptions are allowed regarding IMPs. Beyond this, it is out of any doubt that
there is no “GMP light” and that compliance with US FDA 21 CFR Parts, 11, 210
and 211, 820, Rule 4, EU GMP EudraLex Volume 4 and applicable annexes,
applicable ICH Guidance’s, and USP/EP/JP is mandatory.

21.7 Conclusion and Summary

The manufacturing of highly potent drug products in a multi-product aseptic facility
and the transfer of principles to antibiotic drug products is certainly a challenging
field. The authors have successfully implemented this in a clinical manufacturing
unit and have been able to explain the rationales to regulating authorities.

The assumption of a physically imaginable worst-case approach considering
various risk-reducing factors based on scientific considerations was key.
Furthermore, several examples of design as well as of operational features to avoid
cross-contamination were described.

Thus, at least clinical facilities should be able to manufacture the increasingly
higher potent drugs of the future in multi-product units. And there is no scientific
rationale why this should not also be amenable for commercial facilities from a
product risk perspective.
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Chapter 22
Introduction into Novel Constructs

Susanne Joerg, Kapil Gupta and Margarida Rodrigues

Abstract New biologic molecules—such as mAb-derived formats, nanobodies, bis-
pecifics, and fusion proteins—are quite diverse and come along with new formulation
and process development challenges. The properties are very dependent on the molecule
and difficult to generalize. Hence, only by selection of optimized formulation conditions
it is ensured to keep challenging molecule properties under control. In addition, a variety
of analytical methods needs to be applied to thoroughly investigate all critical quality
attributes. Finally with regard to compatibility, appropriate experimental design that
mimics clinical administration procedure is essential (including product in-use stability
and stability during administration conditions) and creative solutions might be required
to ensure clinical dosing. Thorough pharmaceutical development is key to enable
integrity and stability of novel biologics compounds upon storage and administration.

Keywords ADC � Bispecifics � Fusion proteins � Developability
Formulation

22.1 Introduction

a. Change of biotechnology market from monoclonals to novel formats

In 1986—almost thirty years ago—the first recombinant monoclonal antibody
Orthoclone® OKT 3 (Muromonab-CD3) was approved by the US Food and Drug
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Administration (FDA) for the prophylaxis of acute kidney transplant rejections (www.
orthobiotech.com/history.html). Since then, the steady progress of the market of
therapeutic biologicals was inexorable, and nowadays, the segment of monoclonal
antibodies (mAbs) is set as a numerically small, but fast growing therapeutic sector.

Recombinant antibodies are used in a wide area of disease conditions, which are
mainly focused on oncology as well as arthritis, inflammation, and immune dis-
orders [1]. In 2011, over 1000 clinical trials were reported using mAbs either as
active drug or comparator [1]. Antibody sales (based on 25 marketed mAbs) were
US$ 41bn in 2010 and were forecasted to increase to US$ 63bn in 2015 [1], with a
further encouraging outlook for the future years.

Current marketed antibody formats differ with regard to the level of humanness;
these include murine (no human sequences), chimeric (about two-thirds human
sequences), humanized (typically >95% human sequences) or fully human mAbs.
Modifications of recombinant monoclonal antibodies can influence the mechanism of
action, side effects, and efficacy, and hence, current antibody design and engineering
efforts target both the variable antigen-binding Fv region and the constant Fc regions.
The Fc region is known to be critical for IgG effector functions, as complement
activation and binding to Fc-gamma receptors, as well as for the control of IgG serum
half-life, due to the Fc-dependent binding of IgG to the human neonatal FcRn.

Nevertheless, the market of recombinant antibody therapeutics is still moving.
Advances in molecular biological techniques have led to development of an
increasing number of bio-therapeutics that differ significantly from the traditional
monoclonal antibody format. Novel constructs could comprise either antibody
derivatives or de novo designs of therapeutic proteins or protein fusions that do not
occur in nature, but are artificially generated by joining two or more genes by
genetic engineering. These novel molecular formats offer superior biological
properties; e.g., bispecifics can bind multitargets, ADC can deliver cytotoxic pay-
load to target cells (ADC), and glycol engineered antibodies have increased ADCC
activity through Fc-gamma interaction.

Consequently, many biopharmaceutical companies are developing these novel
format molecules over antibodies for providing better drug candidates. Currently,
only a few of these novel concepts and scaffolds are on the market, but they are
definitively expected to rise in importance, as many are currently undergoing
clinical testing. At the time of this review, clinical trials.gov listed multiple clinical
trials that are either in recruitment of patients or active for a variety of disease
indications including novel constructs like antibody-derived fragments (100
ongoing or completed clinical studies), nanobodies (5), fusion proteins (427),
bispecific antibodies (67), and antibody drug conjugates (126).

b. Overview of novel constructs (antibody-derived fragments, fusion proteins,
pegylated molecules, ADC, bispecific molecules)

Novel antibody formats can be clustered in antibody-derived fragments, fusion
proteins, antibody drug conjugates, and bispecific or multispecific antibodies pos-
sessing multiple antigen-binding sites (Table 22.1).
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In general, novel formats are more complex than an antibody, e.g., different
antigen-binding domain in a same molecule, different molecular domains linked
through flexible linkers, heterogeneous product through conjugation of cytotoxic
drug to amino acids, and their physical–chemical attributes, manufacturability,
stability, and in vivo properties have to be carefully assessed to select candidates

Table 22.1 Overview on novel constructs [1]

Forms Construct Pipeline/marketed examples

Antibody fragments Fab and (Fab)2 Ranibizumab (Lucentis)

Single-chain Fv
(scFv)

Single domain
antibodies (sdAbs)

TNFR1 Dab (Cephalon, GSK)

Nanobodies Anti-vWF (von Willebrand
factor) Nanobody,
Anti-IL-17A/F Nanobody,
Anti-IL6R Nanobody

scFab, scFv-Fc,
Fv-CH, sc
scFv-zipper

Fusion proteins
Fc fusion protein Etanercept (Enbrel)

Abatacept (Orencia)
Romiplostim (Nplate)

Albumin fusion
protein

Dulaglutide (TrulicityTM)
Albiglutide (TanzeumTM)
Aflibercept (EYLEA)

Antibody drug conjugates
Antibody linked with
cytotoxic payload

Brentuximab vedotin (Adcetris)
Trastuzumab emtansine
(Kadcyla)

Multifunctional antibodies
Bispecific mAbs (2
homodimers)

AFM13 (CD30/CD16) Affimed
Therapeutics

Bispecific mAb-scFv

Diabody: two mAbs,
each separately
mutated in the CH3

domain

Genmab

Bispecific T-cell
Engager (BiTe)®two
linked scFv units

Blinatumomab anti-CD3/CD19
(Micromet)

Dual-variable
domain
immunoglobulin
(DVD-Ig)
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going from discovery to development stage. Very often, formulation challenges are
more pronounced due to overall decrease of conformational stability, decreased
solubility and/or precipitation, increased aggregation, higher levels of protein
degradation and chemical instability, viscosity challenges and potential issues with
material incompatibility and adsorption [2, 3].

Antibody Fragments
Since for some diseases the longer serum half-life and/or cell-killing mechanisms of
mAbs are not required, antibody-derived fragments, skipping the Fc (fragment
crystallizable) part, are rising in importance. The most prominent antibody-derived
scaffold is the fragment antibody binding (Fab) part; additional potential formats of
antibody fragments known are single-chain scFv, nanobodies, and single domain
antibodies (sdAbs). Whereas sdAbs as smallest portion derived from native anti-
bodies are consisting of either a single stable heavy chain or light chain variable
domain (VH or VL), only, scFv is made of one VH linked through a flexible
hydrophilic spacer to one light chain variable domain (VL). Very similar to sdAbs
are nanobodies as single variable domains (called VHH). They can be derived from
llama IgG2 and IgG3 whole antibodies that do contain only two heavy chains and
do not exhibit the classically associated light chains [4]. All, sdAbs, scFvs and
nanobodies can be further engineered to generate more complex heavy multiunit
formats such as bispecific antibodies (see section below on multifunctional
antibodies).

All antibody-derived fragments contain the variable domains responsible for
binding to specific antigenic epitopes, which are known to be quite susceptible to
unfolding and aggregation when present in antibody fragments or single domain
antibodies as compared to intact antibodies. The better stabilization of these vari-
able domains is assumed to be derived from multiple effects of various
non-covalent interactions between complementary domains in a full-length anti-
body, such as sugar interaction and covalent disulfide bonds. This complementary
stabilization remains preserved, and the more domains of the native antibody are
present, resulting in a relatively higher stability of Fab fragments as compared to Fv
fragments which show elevated tendencies to unfold and aggregate [5].

Fusion Proteins
Fc fusion proteins are considered a major class of novel constructs, comprising a
protein, peptide, or receptor exodomain fused to the Fc portion of an IgG molecule.
In these IgG-like molecules, the Fc portion typically contains the hinge region
usually along with the conserved N-glycosylation site in the CH2 domain. Thus,
half-life extension of the attached smaller proteins or receptors is achieved by the Fc
portion, without much affecting their biological activity. A similar effect is known
by classical albumin fusions.

The first of these new drugs to be approved was etanercept (Enbrel), a fusion
portion containing a section of the tumor necrosis factor (TNF) receptor fused to the
Fc portion of human IgG1. Abatacept (Orencia) is another fusion protein that is
constructed of a modified IgG Fc domain and the soluble part of the T-cell receptor
CTLA-4.
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There are, however, intrinsic challenges that need to be overcome, such as
immunogenicity that may occur due to the formation of novel epitopes at the
junction between the fusion partners even if fully human proteins are connected. In
contrast to native IgGs or naturally occurring multidomain proteins, genetically
engineered fusion proteins often lack mutual inter-domain stabilization. Thus, the
conformational stability of the least stable domain was observed to trigger the
aggregation propensity of the fusion molecule abatacept and to support identifi-
cation of most favorable formulation conditions to reduce aggregate formation [6].
Kleemann et al. reported the susceptibility of the peptide moiety for posttransla-
tional and chemical modifications due to the lack of structural preservation.
Potential degradation reactions may be oxidation, deamidation, isomerization,
disulfide scrambling, and clipping [7]. Add link to other book chapter.

Antibody Drug Conjugates
Therapeutic antibodies are employed as delivery agents being conjugated with
chemotherapeutic drugs, immunotoxins, radioisotopes, or cytokines to deliver
cytotoxic payloads to tumor cells [1]. The antibody drug conjugates (ADCs) link
the cytotoxic drugs chemically through a stable or specifically cleavable linker to
either Lys residues or Cys residues, which allows release of the toxin from the
antibody after cellular uptake of the ADC by the tumor cells. Beyond the stability of
the antibody, formulation development needs to consider as well any stability issues
of the attached agent and stability of the linker used to join the attached agent to the
antibody. The pharmaceutical development of ADCs is covered in chapter xxx of
this book.

Multifunctional Antibodies
Bispecific and multispecific antibodies contain two or more variable domains with
specific affinity to bind different antigens. The first bispecific antibody to reach the
market in 2009 was catumaxomab (RemovabTM), with each one variable domain
targeting both EpCAM and CD3. Nowadays, the manifold of existing different
formats of bispecific antibodies comprises IgG-like and Fab fragment-based con-
structs, which may have additional antigen-binding domains attached, as well as
tandem to multiple single-chain Fv or diabody fusion proteins.

Multifunctional antibodies can be generated by a variety of different protein
engineering approaches, such as DuoBody, dual-variable domain immunoglobulins
(DVD-Ig), dual affinity retargeting technology (DART), bispecific T-cell Engager
(BiTE). DuoBody is formed by combining two antibodies, each separately mutated
in the CH3 domain, resulting in a more favorable recombination over formation of
the parental antibodies when reduced and re-oxidized. DVD-Igs carry four
variable-binding domains, since each heavy and light chain contains two
variable-fused domains. A bispecific, monovalent scaffold, based on two scFvs,
being associated with a disulfide bridge, is obtained by DART technology. The VH
and VL of one given variable domain are located on each side of the two different
polypeptide chains. Bispecific T-cell Engager (BiTE) as a monovalent diabody
scaffold is also formed by two scFvs, however, being connected by flexible linkers
rich in glycin and serine residues. For the tandem antibody (TandAb), the two scFv
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fragments are being associated with non-covalent interactions in a head–tail ori-
entation to form a bispecific and tetravalent molecule [4].

IgG-like bispecific antibodies are either asymmetric or symmetric. Asymmetric
bispecific antibodies bear the inherent problem of heavy and light chain mispairing.

22.2 Profiling of Novel Construct Molecules

In past, selection of bio-therapeutics candidates transitioning from discovery into
clinical development has been mainly focused on biological properties pertaining to
target binding and activity profiling. This approach can lead to selection of some
poorly behaved molecules that present severe challenges during drug substance
and/or drug product production. Significant resources need to be incurred to
overcome these technical challenges, and in some cases a patient convenient drug
product may not be feasible due to stability issues. This has highlighted the need for
developability assessment to ascertain manufacturing feasibility, ease of formula-
tion, in vivo compatibility and immunogenicity in discovery phase. This approach
has now been widely adopted in biopharmaceutical industry to select molecules
with good biological and developability properties.

Developability assessment is even more important for novel formats as contrary
to antibodies most organizations have limited experience in development and
commercialization of these molecules. Assessment of molecular properties during
early phases of drug development is critical to flag potential challenges that might
lead to technical failure. This section will outline a generalized approach to de-
velopability assessment for candidate selection with focus on molecular liabilities
pertaining to non-antibody formats.

Developability Profile of a Candidate
From development perspective, an ideal candidate can be produced with high yields
and quality in a standard manufacturing process. It can be formulated in a liquid
formulation at high concentration to enable a self-administration drug product
presentation if desired. It is stable under physiological conditions and does not have
atypical pharmacokinetics properties. Additionally, it does not present immuno-
genicity risk associated with the format or sequence. Many novel format candidates
do not exhibit these desired properties, and early profiling can support deselection
of poorly behaved molecules or recommend protein engineering approach for
mitigating developability challenges. Table 22.2 describes a detailed list of devel-
opability parameters for mAb candidates with additional considerations for novel
format molecules. These can serve as an initial guidance for drug development that
should be adapted based on intended target product profile (TPP). For instance,
high-concentration formulation is not a major consideration for potent molecules
that are efficacious at a low therapeutic dose. Similarly, self-administered drug
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Table 22.2 Developability benchmark for candidate selection

Category Attribute Criteria for mAb like
molecules

Considerations for novel
format molecules

Manufacturing Expression
system

High titers >1 g/L
Control of glycoforms

Variable titers dependent
on expression system
Control of proteolytic
clipping

Purification
process

2–3 chromatographic
step process with
standard resins
High overall yield >50%

Nonstandard resins with
multiple process steps
Yields variable, generally
lower for molecules with
clipping products

Product quality
and stability

Aggregation <5% HMW species over
product shelf life (1)

Higher aggregation
propensity for some
molecular formats, e.g.,
bispecifics, ADCs

Clipping <5% fragmentation over
shelf life (1)

Clipping at linker regions
for novel formats

Posttranslational
modifications

No hot-spots for
deamidation,
isomerization, oxidation,
and glycation in CDR
region
No abnormal
glycosylation sites in the
sequence

Hot-spots difficult to
reengineer for native
protein, e.g., Fc-fusion
molecule
O-linked glycosylation
sites for some formats

Formulation Solubility >100 mg/mL to support
high dose
No precipitation in
physiological conditions

Solubility limitation due to
hydrophobicity, e.g., ADC,
Fc-fusion proteins

Viscosity <= 20cP for
high-concentration
products

High viscosity for some
bispecific formats

Dosage form Liquid in a vial or
prefilled syringe

Liquid formulation
challenging due to stability

Pharmacokinetics FcRn binding Binding at low pH and
minimal binding at high
pH

Only relevant for Fc fusion
formats

Half-life Typically 10–14d (2) Half-life variable-based on
format. ADCs and
Fc-fusion typically have
shorter half-life than mAbs

Serum stability No significant loss of
binding and activity after
storage over half-life
No significant
degradation (cleavage)
over half-life

Proteolytic clipping
consideration in serum for
fusion molecules
Hydrolysis of linkers
leading to drug loss for
ADC
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product might not be an important criterion for oncology indication products that
are administered in clinical setting.

Candidate Selection Process: Merging Biology and Developability

1. Steps in molecule generation from protein engineering to target validation and
integration of developability

The process of generating candidate molecules starts with immunization with a
target or screening against an in vitro phage or hybridoma library to yield initial set of
binders. In vitro, library screening approach can typically generate an initial hit of
candidates that are on the order of 102. These candidates are tested in binding and
activity assays and molecules with poor potency are deselected. Site-directed muta-
genesis of CDR might be performed to increase binding affinity if the potency is too
low. This process typically reduces the set of candidates to the order of 101 that are
further characterized for potency in cellular functional assays (3). Humanization or
germ-lining might be needed to minimize immunogenicity risks for candidates that are
derived from non-human species. The lead molecules from the pool of candidates are
then studied for efficacy, tissue cross-reactivity, and preliminary toxicity in animal
model to select the final candidate to move into clinical development.

Integrating developability assessment in the screening funnel enables consider-
ation of both biological and manufacturability properties during candidate selection.
Similar to biological assessment, developability assessment is performed in mul-
tiple stages starting with high-throughput analysis using selected assays to screen
large number of molecules followed by detailed characterization of top molecules to
select a lead candidate.

The candidate selection process described below is mainly established for mAbs
where large number of candidates is generally available in discovery phase (3,4).
Similar concept is applied for novel format candidate, but the number of candidates
varies based on the format. Bispecific molecules can have large number of candi-
dates from CDR diversity, while fusion constructs typically have limited candidates
from half-life extension (albumin or Fc fusion) or linker length variants.

2. Multistage drug product developability process

Figure 22.1 describes a generalized two-staged approach for developability
assessment that is performed in parallel to functional activity testing to select a lead
candidate. At stage 1, some selected biophysical and product quality attributes are
tested on a large number of candidates with limited material availability. Molecules
are typically produced using discovery stage process at this stage which is often not
representative of clinical process; therefore, measurement of product quality attri-
butes such as charge variants, glycosylation is not relevant to test at this stage.
Melting temperature, hydrophobicity, and isoelectric point (pI) are some of the key
biophysical properties that can be tested as taken together they can provide an
estimate on overall stability of molecule. These tests can be performed with a small
amount of material in a high-throughput setup which is an important consideration
at stage 1 due to material availability.
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Differential scanning calorimetry (DSC) or differential scanning fluorimeter
(DSF) technique can be used for measuring melting temperature. These techniques
are shown to correlate well for determining major unfolding transition of a molecule
(5). DSC usually provides a better resolution for low endothermic transitions and
for novel formats like fusion proteins; it might be better technique for determining
the melting transition of a small fusion partner. It is useful to study the change in
melting temperature in different buffers as for some novel formats it can vary
significantly across a pH range. This data is useful for designing the formulation
studies in later stages. If material is limited for an extensive pH screening, melting
temperature can be measured at two pH conditions, low pH away from pI repre-
sentative of formulation buffer and at physiological pH representative of in vivo
environment. The molecular design of a novel format can have a significant impact
on conformational stability. Molecules constructed by fusing different domains by
linkers can be destabilized due to inter-domain interactions. Figure 22.2 shows the
melting temperature profile of a multivalent antibody fragment molecule con-
structed by fusing three VHH domains using flexible—GS—linkers. The melting

Fig. 22.1 .

Fig. 22.2 Melting transition of multivalent VHH domain protein
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transition of the dimer is lowered by almost 10 °C by fusion of the third VHH

domain. Molecule construct might be optimized by changing the fusion construct
from N to C terminus or by altering linker length to minimize inter-domain
interactions.

Hydrophobicity is a general measure of exposed hydrophobic patches in a
molecule. Highly hydrophobic molecules pose development challenges due to
aggregation, solubility, or non-specific binding. Common techniques used to
measure average hydrophobicity of a molecule include hydrophobic interaction
chromatography (HIC), reverse phase chromatography (RP-HPLC), or fluorescence
spectroscopy using hydrophobic dyes (6). Any of these methods can be applied to
rank molecules based on hydrophobicity. Isoelectric point (pI) and molecular
charge can be calculated from the amino acid sequence, and for antibody formats it
generally correlates well with measured pI. However for some novel formats like
fusion proteins, there can be significant differences between calculated and mea-
sured pI and actual measurement might be necessary.

Among product quality attributes, soluble aggregates by size exclusion chro-
matography (SEC) and higher order aggregates by light scattering are important
attribute to be measured at stage 1 of developability assessment. A higher threshold
should be used for flagging aggregation risk at this stage if molecules are not
produced in a representative process and/or partially purified. As candidates are
generally tested at a low concentration at this stage, significant aggregation (>10%)
finding indicates a high propensity of aggregation and should be used as a criteria
for deselecting a molecule. Sequence analysis can be performed at this stage to
identify potential hot-spots for posttranslational modifications, e.g., deamidation,
isomerization, and oxidation, particularly in the binding region. Advanced sequence
analysis using homology models and aggregation “hot-spot” identification tech-
niques like spatial aggregation propensity (SAP) can be applied to flag liable
molecules (7). For novel formats, particularly fusion proteins, assessment of
molecule integrity, i.e., clipping, can be done at this stage using a high-throughput
method like chip-based gel electrophoresis (Caliper technology) if molecules are
produced in an expression system similar to clinical development.

The combined assessment of biological properties and developability parameters is
done to narrow down the pool of candidates at stage 1 and select the top candidates for
further evaluation. From developability perspective, while all parameters should be
taken into consideration, aggregation, sequence hot-spots, and clipping (for novel
constructs) can serve as primary criteria for ranking and deselection.

The candidate number in stage 2 can vary from 2 to 4 candidates depending on
available molecules that still possess the desired biological properties. If multiple
candidates are selected, it is important to factor in sequence diversity to ensure all
molecules do not carry similar liability. The extent of molecular assessment is
dependent on the availability of material at this stage. If candidate number is
limited, several grams level of material can be produced through a representative
process allowing for detailed preformulation characterization at high concentration.
Alternatively, if the amount of material is limited to hundred milligram level, then
high-concentration properties need to be tested using surrogate assays.
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Solubility and self-interaction propensity are important developability parame-
ters to test at this stage of developability to assess risk for developing
high-concentration products. Solubility can be measured by different techniques
including concentrating the protein solution using a membrane-based ultrafiltration
approach. Although a very straightforward approach, it is often not practical to
apply this at early stage of developability assessment due to high material need and
low throughput. PEG precipitation is a useful alternative technique that can be
applied to measure solubility in multiple solution conditions with a few mg of
protein in a high-throughput manner. It has been shown that a log-linear relation-
ship exists between protein solubility and weight percent of poly ethylene glycol
(PEG) in the solution. Molecules with high solubility require higher weight percent
of PEG to precipitate, and comparative assessment of solubility can be easily
performed. However, extrapolation at zero PEG concentration overpredicts the
maximum solubility as non-idealities present in high protein concentration solutions
are not accounted. Therefore, this technique is mainly useful for comparative
ranking purposes and confirmation of protein solubility by other techniques is
needed to covert PEG concentration to actual solubility range. Mechanism of PEG
precipitation is based on depletion of hydration layer around a protein molecule;
therefore, different molecular formats show differences in this assay due to changes
in size and conformation. Threshold needs to be established for each molecular
format individually, and criteria established for mAbs might not be directly
applicable to other formats.

Self-interaction propensity is another important parameter for developability of
high-concentration liquid formulation products. Molecules with attractive
self-interaction parameter tend to show viscosity or self-association at high con-
centration (4,8). Self-interaction chromatography (SIC) and diffusional interaction
parameter (kD) are some of the techniques established to measure self-interaction
parameter for developability assessment. Both SIC and kD measure different
parameters that can be correlated to second virial coefficient (B22) that provides a
measure of colloidal stability of a solution. Diffusional interaction parameter (kD) is
particularly suitable for developability assessment as it requires very small amount
of material and can be performed in plate-based high-throughput format using a
dynamic light scattering (DLS) instrument. It has been established that molecules
with negative kD demonstrate attractive self-interactions at high concentrations
leading to high viscosity. Diffusional interaction is an important developability
parameter to test at stage 2 of developability assessment as a predictor for viscosity.
Threshold criteria should be established for assessing viscosity risk from kD values
by testing a set of molecules. Correlation of kD with viscosity has not been
established for novel format molecules, and it might be different from mAbs.
However in general, positive kD values are an indicator for repulsive interactions
between molecules and can be used as a criterion for ranking candidates when
tested in similar conditions.

Molecules flagged with PTM “hot-spots” in CDR or binding region should be
tested for susceptibility of modification. These PTMs include deamidation, iso-
merization, oxidation, glycation, and undesired glycosylation. Intact or reduced
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mass spectrometry measurements can be performed to measure oxidation, glycation,
and glycosylation variants (9-11). For novel format molecules, characterization should
be done to check for the presence of o-linked oligosaccharide moieties in linkers or
other regions of the molecule. These modifications can have an impact on activity or
immunogenicity of the molecule and bring additional challenges for analytical char-
acterization. Enzymatic digestion followed by analysis by LC-MS is needed to test for
PTMs like deamidation, isomerization, and glycation in a molecule. Wherever pos-
sible, stress test should be performed to accelerate the rate of modification by incu-
bating molecules in extreme pH buffers at high temperature. Short incubation at 37–
40 °C at low pH (pH < 5) can accelerate aspartate isomerization reaction, while high
pH (pH > 7) promotes asparagine deamidation. Samples from stress test should be
assessed for loss in biological activity by testing them in binding or activity assays
together with control samples. Molecules that show drop in potency from modifica-
tions at PTM site should be considered high risk for developability. They are either
mutated to remove the susceptible site or deselected in favor of other candidates. Even
if a PTM site does not result in a loss in activity, a susceptible site introduces
additional heterogeneity in a molecule that needs to be further characterized later in
development to assess if it is a critical quality attribute (CQA). This additional
characterization effort should be avoided by mutation of the site if possible or ranking
the molecules lower in favor of molecules with no PTMs.

Molecules are ranked for developability by comparing solubility, self-interaction
propensity, PTM liabilities, and biophysical properties to recommend the top
candidate from technical development considerations. If additional material is
available, then preformulation assessment at high concentration can be performed
to further differentiate these candidates. This includes confirmation of actual sol-
ubility and viscosity of candidates and studying short-term stability of molecules in
different formulation conditions to support formulation development.
High-concentration formulations (>100 mg/mL) are needed for molecules that
require high doses (>1 mg/kg) for efficacy. Solubility should be tested at different
pH and buffer conditions at high concentrations (� 100 mg/mL) by incubating
protein in different buffers and monitoring loss in concentration due to precipitation.
Solubility is influenced by multiple parameters, e.g., pH, ionic strength, and tem-
perature. and if material allows, candidates should be compared across a range of
pH and ionic strength conditions at different temperatures. Molecules that are
soluble across a broad range of solution conditions provide a large design space for
formulation development and are preferred from development perspective. It is
important to include buffers that mimic physiological condition in the solubility
screen to ascertain any potential precipitation challenge upon administration of the
drug by intravenous or subcutaneous routes. Table 22.3 provides a general setup for
solubility assessment that can be performed for developability assessment. Some
non-mAb molecules can show significant solubility challenges typically not
expected based on the pI of the molecule. Figure 22.3 shows the solubility data of
an Fc-fusion molecule in different pH conditions ranging from acidic to neutral with
or without salt. This molecule shows solubility in very narrow pH range and
precipitates in the presence of low concentration of salt. The results are unexpected
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as this molecule has a theoretical pI of *8 but shows precipitation at 3–4 pH units
away from the pI where it is expected to be highly positively charged. This
highlights the need for assessing solubility behavior early in development to
develop strategies for overcoming these technical challenges.

Viscosity is another critical parameter to be confirmed at this stage of devel-
opability. It should be assessed as a function of protein concentration in a relevant
formulation buffer for comparison. Molecules with high viscosity pose manufac-
turing challenge during ultrafiltration/diafiltration step, filtration and filling opera-
tions. Moreover, viscous proteins bring drug delivery challenges due to high
injection forces that might fall out of the range for a self-administration. This can
significantly impact the commercialization potential of a molecule, and therefore
viscosity of candidates should be measured as a function of shear rate using a
rheometer and compared as a critical parameter for developability assessment.

Long-term stability of high-concentration liquid formulations can be challenging
due to degradation mechanisms such as aggregation, particle formation, and
chemical modification. It is important to assess the risk for long-term stability of
liquid formulation for different candidates during developability assessment.
Preformulation assessment can be performed to study accelerated stability of
molecules in representative formulation conditions. The goal of the assessment is
not to define a formulation composition for clinical development but instead to
identify challenges in developing one. A small set of formulation composition
spanning a range of pH conditions and excipient types that have been shown to
stabilize most molecules can be included in this screen. In some organizations, a
formulation platform might have been established for early stage clinical stage
molecules. Preformulation assessment can include pH robustness around a platform
formulation to check if a molecule is fit for the liquid formulation platform. The
assessment includes short-term liquid stability (4 weeks) at accelerated storage
temperatures of 25 and 40 °C. Molecules are tested for aggregation, clipping, and
charge variants by SEC, CE-SDS, and ion exchange chromatography or capillary
zone electrophoresis, respectively. Studies can be performed in plate-based setup to
minimize material consumption. In addition to temperature stress, molecules should

Table 22.3 Parameters to be studied during solubility assessment

Protein concentration pH Ionic strength Temperature

50–150 mg/mL 4–8 0–300 mM 5 and 25 °C

Fig. 22.3 Solubility of a fusion protein at different pH and salt concentrations
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also be tested for stability against freeze/thaw and agitation stresses that are typi-
cally encountered during manufacturing and shipping. The analytical results from
all assays are summarized, and molecules are rated based on fit to a formulation
platform or ease of developing a high-concentration liquid formulation. A similar
setup can be performed for novel format molecules; however, formulation condi-
tions should be adapted based on the biophysical properties of the molecule.
Formulation platform that is usually established for mAbs might not be suitable for
novel formats. It is advisable to test stability across broad pH ranges and with
multiple excipient types to understand the degradation pathway of these molecules.
It is also useful to study stability of molecules at multiple product concentrations in
preformulation screen to support later stage formulation development. Accelerated
temperature studies should be setup carefully considering the onset of melting
transition for some novel format molecules. For some molecules, the onset of
unfolding can be close to accelerated temperature stress resulting in significant
degradation that might not be representative of stability at storage temperature.
Table 22.4a, b describes a typical preformulation screen and stress conditions that
can be included in developability assessment. These screens are amenable to
plate-based setup and can be easily adapted to work with automated setup using a
liquid handling system to increase throughput.

The results from biophysical assessment, high-concentration screens, and pre-
formulation screen should be summarized to perform a detailed developability risk
assessment on the available candidates. Molecule with favorable properties in most
assays is recommended as lead candidate from technical development, and selection
of these candidates should be pursued.

Table 22.4 (a) Preformulation setup for high-concentration products. (b) Accelerated stability
and stress conditions

(a)
Protein concentration pH Excipient/s Surfactant

50–150 mg/mL 4–8 Sugars and amino acids PS-20 or PS-80

(b)
Stress Time points/cycles

40 and 25 °C 0, 2w and 4w

Freeze/thaw
(−70 °C freezing/25 °C thawing)

3 or 5 cycles

Agitation stress 2–5 days
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22.3 Formulation Strategies for Novel Construct
Molecules

a. Target product profile: dose/concentration and application route; dosage form:
lyo versus liquid

In addition to the current and future improvements coming along with protein
and recombinant antibody therapeutic drug design leading to additional novel
constructs, formulation scientists are making several efforts in order to cope with
the requirements for customer-tailored biological drug products [2].

While developing a formulated product, the formulation scientist must consider
several aspects. Hence, formulation strategy should be established by addressing a
host of questions that gives guidance on what to develop and on the definition of the
target product profile (TPP). The following table presents examples of what needs
to be considered for each type of evidence [8] and shows examples of the TPP for
three marketed products—one Fab fragment, one fusion protein, and one ADC
(ref). Even though the development of drug product formulation requires certain
studies to be carried out regardless of the type of product, the final target product
profile will set the basis on which studies will be performed first (Table 22.5).

In general, the activities necessary to develop a parenteral product can be divided
into the following three broad areas: preformulation, formulation, and scale-up.

Molecular profiling and developability assessment including biophysical criteria,
as described in previous section, act as starting point for preformulation activities.
Preformulation includes the general characterization of the bulk drug such as the
determination of degradation routes and the common physicochemical factors
(structure of protein drug, isoelectric point (pI), molecular weight, amino acid
composition, disulfide bonds, spectral properties hydrophobicity, glycosylation).
Additionally, susceptibility of the protein candidate to a variety of pharmaceutically
relevant stress conditions should be evaluated, thereby establishing stability-
indicating assays and identifying the major formulation challenges [9].

A thorough formulation development program focuses on the choice of the
appropriate dosage form and the optimization of several factors contributing to
protein stability such as the most powerful variable of pH value, the necessary
excipients with appropriate concentrations, the container closure system, and the
storage conditions [8, 10]. Basically, a stable formulation of a therapeutic biologic
planned for market use—either being liquid or lyophilized—should reveal a shelf
life of minimum eighteen months, at least if stored under refrigerated conditions,
and meet the common requirements of parenteral formulations including the need
for sterility, isotonicity, and being near-neutral pH [10].

Further obligatory studies address protein stability during processing, storage,
transportation, handling, and delivery and confirm the exclusion of critical in vivo
biological properties of the protein formulation observable in preclinical and clinical
studies [8]. Finally, scale-up activities aid in moving the product to a manufacturing
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site. Critical process parameters such as in-process changes in pH, storage and han-
dling conditions, compounding sequence, material compatibility, agitation, filtration,
filling, and lyophilization cycles should be addressed in the design and evaluation of
the manufacturing process and fill and finishing [11].

With regard to the definition of dosage form, despite the fact that lyophilization is
often used to preserve biopharmaceuticals and the first therapeutic proteins were
primarily formulated in freeze-dried form, it is desirable and convenient to develop
biological therapeutics as ready-to-use, aqueous formulations. The rationale behind
this suggestion is among other things the potential reduction of protein stability during
both the freezing and drying process, the implications of an improperly performed
re-dissolution step for patient safety and the workload of preparation for administra-
tion. Besides that, liquid dosage forms are cheaper to manufacture. Indeed, newly
available proteins and recombinant monoclonal antibodies are increasingly launched
as liquid formulations posing a variety of physical and chemical degradation pathways
and this is the trend for novel formats as well [12, 36].

Further production technology and formulation challenges are evolving, par-
ticularly with the need for remarkably stable or soluble high-concentration protein
formulations and the preference to administer those by subcutaneous (s.c.) injection
in view of self-administration [13, 36]. For novel biologics formats, the definition of
the intended dosage form as an aqueous solution versus a dry formulation is
therefore primarily triggered by the solubility and stability of the molecule, posing
an additional challenge. The early definition of dose requirement/concentration is
thus of increasing importance in these cases [3].

b. Formulation screening: broader screening required than for mAbs; pH-optimum
and buffer choice, addition of functional excipients, e.g., antioxidants

For novel biologics molecules, a more tailored, customized formulation devel-
opment with broader preformulation and formulation screenings is required to
ensure molecule stabilization. Formulation screenings may include an initial solu-
bility screening evaluating broad protein concentration and broad pH range based
on molecule solubility, to obtain a range of optimum pH and selection of buffers
suitable for that target pH. Other parameter that should be considered at this stage is
viscosity, evaluating of the impact of protein concentration. Afterward, a formu-
lation screening should be performed (in the liquid and/or lyophilized state) with
focus on evaluation of excipients (stabilizers, functional excipients, surfactants) and
optimization of excipient concentrations. These formulations should not only be
evaluated upon thermal stress but also after mechanical stress as freeze/thaw and
agitation/shaking studies [14]. Optimization studies might be performed if needed,
looking at optimum excipient concentrations. If a lyophilized drug product is being
developed, additional lyophilization screening studies could be required.

The most widely used protein-stabilizing excipients that may be used in for-
mulation studies of novel constructs can be broadly divided into categories:
buffering agents, sugars and polyols, amino acids, salts, surfactants, and antioxi-
dants (Table 22.6) [15].
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A suitable buffer system should reveal a good buffering capacity at the optimal
pH range (considering the buffer pKa), providing acceptable molecule stability and
solubility, and be stable to temperature changes or freezing stress [8]. For a novel
format with a pI >8, it may be required to evaluate different buffers (e.g., succinate,
citrate, acetate, maleate, glycine, histidine), a broad pH range (pH 4.0–6.0) and
wide-ranging protein concentration to find a condition with suitable solubility and
viscosity (Fig. 22.4).

In this case, a formulation containing succinate is the one with best read out
offering better buffering capacity toward lower pH and significant improvement
over higher pH in precipitation behavior. In addition, lower protein concentration
leads to lower precipitation and lower viscosity.

During a formulation stability study for a single-chain monoclonal antibody
fragment, turbidity stays rather constant for high-concentration formulations upon
thermal stress. However, buffer 2-based formulations show clear increased turbidity
when compared to buffer 1-based formulations (Fig. 22.5a). The same trend is
visible for aggregation product levels (Fig. 22.5b).

If aggregates or precipitates are detected during formulation development of a
protein pharmaceutical, surfactants have been found to be effective stabilizers [16].

Table 22.6 Common excipients used in protein formulations (according to [15, 37])

Excipient class Examples Effects

Stabilizing
buffer

∙ Acetate, citrate,
phosphate

∙ Glycinate, histidine,
maleate, succinate,
tartrate, tris

∙ Prevent small changes in pH
∙ Additional stabilizing effects through buffer–
ion-specific interactions with protein

∙ Sugars and
polyols

∙ Sucrose, maltose,
trehalose

∙ Glycerol, mannitol,
sorbitol, xylitol

∙ Non-specific protein stabilizers (preferential
exclusion) in liquid and lyophilized states

∙ Tonicifying agents
∙ Protect from protein oxidation
∙ Cryo- and lyoprotectants

∙ Salts ∙ Sodium, potassium,
magnesium chloride

∙ Ammonium, sodium
sulfate

∙ Non-specific protein stabilizers (preferential
exclusion) or destabilizing effects on proteins,
especially with anions (Hofmeister salt series)

∙ Electrostatic shielding
∙ Tonicifying agents
∙ Cryoprotectants

∙ Amino acids ∙ Arginine, glycine,
histidine, lysine, proline

∙ Non-specific protein stabilizers (preferential
exclusion)

∙ Buffering and tonicity agents
∙ Cryo- and lyoprotectants

∙ Surfactants ∙ Polysorbates (20, 80)
poloxamer, pluronic

∙ Prevention of protein surface adsorption,
denaturation and aggregation

∙ Antioxidants ∙ Ascorbic acid
Sulphurous acid salts
Cysteine, methionine

∙ Inhibit oxidation
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As ionic surfactants tend to denature proteins, low concentrations of nonionic
surfactants, e.g., polysorbate 20 or 80, are generally preferred. However, the con-
tamination of nonionic surfactants with peroxides and its implications on protein
chemical stability should be taken into account. Various hypotheses exist for the
stabilization of proteins against aggregation by surfactants [17].
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Fig. 22.4 Solubility screen for a fusion protein with dependence of pH, buffer system and protein
concentration (a) and viscosity concentration profile (b)
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Fig. 22.5 Formulation screening stability study: turbidity (a) and aggregation products by
SEC-HLPLC (b) results for a single-chain monoclonal antibody fragment
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The formulation components or excipients should be compatible with their
intended use, which are preferably of pharmacopoeial grade and acceptable in the
major pharmaceutical markets. This is of particularly importance if a formulation is
intended for parenteral use (e.g., intravenous infusion, subcutaneous, ophthalmic, or
intra-articular injection) since excipients should be non-toxic and physiologically
harmless at the amounts administered to the patient, and the formulation should be
sterile and exhibit acceptable viscosity and tonicity [10, 18].

c. Process development: freeze/thaw, filter, pump, lyo cycle robustness: high-low
energy; safety factors for transfer

This section is intended to outline the general strategy of process development
studies applicable to all novel formats, considering the need of flexibility to
accommodate specific requirements of an individual molecule and/or process. Once
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Fig. 22.6 Recovery obtained during compatibility feasibility testing for a single-chain mono-
clonal antibody fragment when diluted with 0.9% normal saline, 5% dextrose, or matching placebo
to three different protein concentrations
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22 Introduction into Novel Constructs 517



the preliminary formulation has been determined, but prior to the drug product
manufacture at larger scale (e.g., to support toxicology studies or clinical studies), it
is important to understand the processing conditions the molecule will undergo
during the different unit operations in the manufacturing process [19]. Hence, the
impact of the manufacturing process and fill and finishing operations on drug
product stability may be monitored by simulating the critical process steps during
manufacturing, in order to mitigate any potential risk for drug product production
[11]. The ultimate goal of any process development activity is the production of a
viable commercial product. Thus, a robust process that can be smoothly scaled up
to commercial scale and executed reproducibly is a necessity.

In the past decades, the extensive development of monoclonal antibodies leads
to the definition of platform approaches in drug product manufacturing by which
the development timelines have been shortened. For novel formats, it is intended to
consider these learning. Consequently, process development studies have the
intention of either confirming that the manufacturing procedure primarily selected is
applicable to the molecule being developed or, if using platform processes (with
common process elements), to verify its suitability and identify early on potentially
critical processing steps for which selected process parameters may require adap-
tation. Furthermore, process development studies should aim at identifying provi-
sional in-process controls and corresponding requirements and to further help on
definition of safety factors for the transfer to the final production site. It should also
cover availability of physicochemical data to support process hold times [20].

Critical process parameters such as in-process changes in pH, storage and
handling conditions, compounding sequence, material compatibility, agitation, fil-
tration, filling, and lyophilization cycles should therefore be addressed in the design
and evaluation of the manufacturing process. Table 22.7 presents the series of unit
operations that should be evaluated during early phase drug product manufacturing
development and associated stress factors that can impact final product quality [21].
The processing considerations are further covered in chapter xxx of this book.

Drug substance thawing: The freeze and thaw process may impact protein sta-
bility due to heterogeneous protein and solute distribution along with potential of
aggregate formation [22]. After selection of the storage container, being the most
typical plastic bottles or single-use plastic bags, thawing of drug substance should
be done under defined conditions of temperature, agitation, thawing rate, and time.
In addition, interim storage of bulk dug substance prior to pooling should be
performed to investigate physicochemical interim storage stability.

Formulation compounding and mixing: During this step, the protein is exposed
to different contact surfaces in combination with stirring and shaking stresses and its
stability may therefore be impacted. There are also several air–liquid interfaces that
can induce protein denaturation [23]. Hence, one of the parameters to be investi-
gated during drug substance pooling and manufacturing of bulk drug product
solution that may include dilution of that purified substance to a target concen-
tration is homogenization, as controlled by the stirring time and speed. The pH
adjustment strategy both in the buffer solution and in the final bulk drug product
solution needs also to be evaluated.
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Filtration: To achieve a sterile product, drug product fill–finish operations
include one or more filtration steps. During this process step, the protein may be
adsorbed on the membrane surface and this can lead to protein loss or misfolding on
the membrane surface. This is of special importance for products with low con-
centration or in case the batch size is small and if the bulk is not being pooled after
filtration, prior to filling [24]. Hence, evaluation of this process step should
encompass filter selection as well as scale-up at the potential final manufacturing
settings. Confirmation of suitability of selected membrane material/type (e.g.,
PVDF vs. PES; single layer vs. bilayer filter) should be performed evaluating the
compatibility of the molecule with the filter after repeated filtration steps, mim-
icking a potentially necessary re-filtration in case of unexpected process deviations.
Other process parameters to be monitored during filtration include the effect of
differential pressure on bulk drug product stability.

Filling/dosing system selection: The pumping process may create air–liquid
interfaces that can induce protein denaturation. Additional effects on product quality
to consider when studying the filling system are related to the fact that the protein
solution may experience high shear force as well as interaction with different

Table 22.7 Process and performance parameters for various drug product processing operations [11]

Unit operation Process parameters (examples) Effects

Drug substance Freeze/thaw ∙ Temperature
∙ Agitation during thaw
∙ Freeze and thaw rates and time
∙ Container

∙ Freeze
concentration

∙ Agitation
∙ Ice–water interface

Formulation compounding
and mixing

∙ Stirring time
∙ Stirring speed
∙ Batch size
∙ Vessel type (e.g., stainless steel)
∙ pH adjustment strategy

∙ Shear/cavitation
∙ Air–liquid interface
∙ Inhomogeneity

Filtration ∙ Capacity
∙ Filtrate flow rate
∙ Prerun and pressure
∙ Vmax

∙ Shear
∙ Adsorption
∙ Dilution
∙ Compatibility
∙ Leachables and
extractables

Filling ∙ Pump type
∙ Interruptions
∙ Fill weight and speed
∙ Tolerances
∙ Container closure integrity (CCI)

∙ Shear/cavitation
∙ Inhomogeneity
∙ Leachables and
extractables

Lyophilization ∙ Shelf temperature
∙ Chamber pressure
∙ Freezing rate
∙ Primary drying temperature
∙ Ramping rate between primary and
secondary drying

∙ Drying time
∙ Stopper moisture content

∙ Freeze
concentration

∙ Ice–water interface
∙ Thermal history
∙ Cake properties:
collapse
∙ Inhomogeneity
∙ Residual moisture
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contact surfaces corresponding to containers (vials, syringes) or components
(stoppers, plungers) [25]. Foreign particles can also be introduced during this
process which may lead to protein aggregation that may be associated with
immunogenicity risks. Hence, for dosing system selection investigations, the drug
product solution should be continuously filled with different pump types (e.g.,
peristaltic, piston) at a speed covering worst case conditions, thereby investigating
the general susceptibility of the molecule to pumping induced aggregation and
degradation and overall bulk drug product quality. This also allows testing the
compatibility of bulk drug product with the tubing material using during filling
operations.

Lyophilization: Freeze-drying studies are an additional requirement in case a
solid dosage form is being developed. Such investigations should include the
characterization of bulk drug product solution and final lyophilisate thermal
properties, i.e., the glass transition temperature of the maximally freeze-con-
centrated solution Tg’ and the collapse temperature Tc to allow for a
scientific-based decision regarding the freezing temperature and the maximum
allowable product temperature during primary drying. Then, confirmation of
freeze-drying conditions at full freeze-dryer load and robustness testing such as low
and high energy runs with associated different freeze-drying parameters should also
be performed [26]. Process analytical technology (PAT)-based automation controls
may be used during these investigations. The optimized process should be robust
and up-scalable and yield a comparable drug product.

As an example, Table 22.8 shows the thermal properties obtained for three
formulations of a single-chain monoclonal antibody fragment with different target
protein concentrations. The glass transition temperature Tg’ decreases with
decreasing protein concentration (lower protein to excipient ratio) whereas the
residual moisture increases. In addition, Tg is much lower for the formulation with
higher residual moisture which could lead to collapse of the lyo cake upon
long-term storage. Hence, there is a need for lyophilization cycle development for
low protein concentration formulation and this could be done by, e.g., lowering
freezing temperature and changing primary drying conditions from a ramp to a
step. With this lyo lyophilization cycle optimization, Tg increases from approxi-
mately 20–51 °C and the residual moisture is reduced to 0.9%.

Table 22.8 Thermal properties of three formulations with different target protein concentrations
for a single-chain monoclonal antibody fragment obtained by DSC. (Tg’ and Tg glass transition
temperature)

Form.
#

Cycle Protein
conc.
(mg/
ml)

Tg’ (°C) during
first heating
(−50 °C ! 20 °
C)

Tg’ (°C) during
second heating
(−50 °C ! 50 °
C)

Tg (°C)
(−50 °C
! 200 °
C)

Residual
moisture—
H2O per cake
(%)

F1 1 20.0 −29.82 −29.65 19.3 2.9

F2 1 25.0 −27.73 −27.66 36.6 0.5

F3 1 33.3 −25.49 −25.48 48.1 0.2

F1 2 20.0 – – 51.2 0.9
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During fill and finish operations, the main stability concern would be physical
stability of the protein. Nevertheless, the physical and covalent stability of the
molecule should be determined using orthogonal assays in order to assess the
overall stability of the molecule to various bioprocessing stresses. Hence, during
process development studies, analytics should include, among others, particle
analytics to monitor particle formation (e.g., visual, turbidity, sub-visible particles
analysis), analytics to monitor aggregation and degradation propensity, and assay to
quantify adsorption to surfaces.

d. Compatibility testing

The preparation of parenteral drugs is accompanied by the risk of incompatibilities,
being this an undesirable physicochemical reaction that occurs between the drug
and the solution, container or another drug and where the resulting product can
affect the efficacy and safety of the therapy [27]. The main causes of incompati-
bilities in standard parenteral therapies are: (1) incompatible drug formulation (due
to preservative, buffer, stabilizer, or solvent); (2) non-appropriate solution used as
diluent; (3) incompatible material of administration containers or medical devices,
which can concern the nature of the material used and/or reactions at the inner
surface (e.g., adsorption); and finally (4) mixture of incompatible drugs (drug–drug
incompatibility), e.g., within the same infusion line (simultaneous infusion) and/or
intravenous container or when administered one after the other, but within the same
infusion line [27, 28].

Physical incompatibilities may lead the drugs to become immobilized at the
inner surface of administration containers or lines (adsorption) and so lowers the
concentration, drastically decreasing the quantity of the drug administered to a
patient and that can lead to a therapeutic failure. Furthermore, aggregation and/or
particle formation may also be associated with risk of immunogenicity [29, 30].

Physical and chemical stability can be difficult to maintain over extended stor-
age, especially in the case of intravenous administration since the formulation
components are diluted within the intravenous bag contents and under these diluted
concentrations the excipients may not be effective in stabilizing the proteins [31].
Upon diluting the drug product into the infusion bags, besides the decrease of the
surfactant and other excipient concentrations also the increase of the air–water and
liquid–surface interface has to be considered. Especially with regard to surfactants,
the lower surfactant to protein ratio may affect its ability to protect the protein
against physical stresses (agitation and/or air–water interface stress) and prevent
adsorption to the plastic components [32].

In this section, the focus will be on compatibility testing of protein pharma-
ceuticals with administration materials with associated strategic considerations. As
stated in the ICH Guideline—Pharmaceutical Development Q8 [33], the compati-
bility of the drug product should be addressed to provide appropriate and supportive
information for the labeling. It is further detailed to the point that the testing should
not only cover the recommended in-use shelf life and storage conditions, but also
the conditions of admixture or dilution of products prior to administration (e.g.,
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when the product added to large volume infusion containers). Therefore, prior to
use of any materials for the administration of drug products in clinical trials (and
later on in the market), physicochemical compatibility of the active ingredient with
the administration materials should be assessed.

Commonly, physicochemical compatibility testing of protein pharmaceuticals is
focused on the evaluation of the interactions between the drug and the different
components of the administration kit (e.g., syringes, needles, infusion bags, lines
and in-line filters). The testing itself can be performed on a kit-specific basis,
meaning that it is done for specific combinations of administration components
(e.g., infusion bag, line, in-line filter, and pump) and this specific combination is
identified by its supplier’s reference number and material description. The specific
administration kits are only allowed as such for use in clinical studies.
Consequently, considerable time and efforts have to be invested in order to succeed
with specific testing. Another possibility is to follow a material-based testing
approach, namely testing of administration materials based on investigations done
for most common materials being in contact with the drug product allowing those to
be used in clinical trials. This approach provides flexibility and choices to the teams
with broad use of most common contact materials of administration without limi-
tation on brand/suppliers.

There are several prerequisites necessary prior starting compatibility testing:
Information is needed with regard to the intended clinical dose range, in which
administration route will be considered, details on administration mode (e.g.,
duration of infusion, infusion bag size, injection volume, maximum/minimum
patient weight). Then, the materials intended to be used for the administration of the
drug at the site must be available for testing. It is helpful to determine the avail-
ability of various administration devices in the geographic area of interest well in
advance. When all this information is compiled, a decision has to be made on which
testing approach is applied (material-based approach or basic testing approach).
During compatibility testing itself, the physicochemical protein stability as well as
the biological protein activity in the admixture solution in contact with adminis-
tration components is evaluated. Two main objectives should be considered at this
stage: (1) assessment of protein adsorption to the administration components and
(2) assessment of protein stability in the presence of the administration components.
Once these assessments have been performed, the materials tested are allowed for
administration at the clinical sites.

Most novel biopharmaceuticals constructs have associated potential stability
issues related to higher aggregation propensity, sub-visible particles formation, or
susceptibility of adsorption to surfaces. In order to gain knowledge on the behavior
of these molecules prior the setup of the compatibility study itself, it is proposed to
implement a pretest, which provides evidence on which compatibility testing
strategy to be applied (material based vs. basic testing approach). The concept of
the pretest is to characterize the protein molecule, focusing on compatibility of drug
product formulation with dilution fluids (if needed) and administration materials in
order to define the compatibility testing strategy.
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Therefore, in the first step compatibility studies generally evaluate compatibility
of the drug with the diluent if needed (e.g., placebo, normal saline ,or 5% dextrose)
and in a second instance compatibility with the fluid-path contact material. At the
early development stages, the definitive administration settings are usually not yet
known, and hence worst case settings may be considered (e.g., minimum/maximum
patient weight, dose range, administration volumes, and times). The selection of
which administration materials will be tested should be based on a broad evaluation
of available administration materials from major global suppliers and from different
markets. Then, the compatibility study should be designed to evaluate the con-
centration ranges that provide the desired dose levels in the clinics. With the aim of
efficiently designing the experiment, a bracketing approach is typically used,
covering the lowest and highest dose levels intended to be tested in the clinics and
corresponding concentrations. Other considerations in the study design may include
the clinical dosing strategy, the administration material availability, hold times, and
storage conditions. The physicochemical hold times, transport, and storage condi-
tions of the solution may vary depending on the sensitivity of the product. For many
clinical studies, clinicians generally request hold times and conditions that provide
them with the greatest flexibility in terms of product storage, stability, and ad-
ministration materials [34].

The data generated to make an assessment of protein adsorption to the admin-
istration components or on the protein stability in the presence of the administration
components is generally focused on product quality attributes of the active species.
Therefore, testing is focused on physicochemical protein stability as well as the
biological activity of the protein in the admixture solution in contact with these
materials. Typical analytical assays to monitor the points above include: concen-
tration (to determine recovery of drug after incubation in the administration com-
ponent and simulated dosing), turbidity, particulate matter, aggregation levels, and
bioactivity. Significant changes in these assays may indicate incompatibility of the
admixture solution with the diluent or the contact material.

From the testing, there are three possible outcome scenarios: (1) no compatibility
issues observed; (2) failure of single materials and/or suppliers; or (3) severe
compatibility issues identified. If severe compatibility issues are encountered during
testing, one needs to elaborate on possible mitigation options. Mitigation options
may be grouped in three categories as alternative administration mode, addition of
excipients or supply of specific materials to the site. The assessment of the technical
feasibility as well as implementation of any mitigation option in the clinics are
crucial to define the probability of success of each option [35].

For instance, Fig. 22.6 shows the recovery values obtained during compatibility
feasibility testing for a single-chain monoclonal antibody fragment when diluted
with 0.9% normal saline, 5% dextrose, or matching placebo down to three different
protein concentrations. Once diluted to an intermediate concentration, adsorption is
observed for the dilution in normal saline whereas for the lowest concentration
evaluated strong adsorption observed in all cases with recovery below the
requirements. For the same molecule, different degrees of adsorption to PES
membranes from different suppliers were observed: Adsorption strongly increased
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for “neutral” PES filters, while positively charged filters showed little protein
adsorption (as shown in Fig. 22.7). For that reason, it can be concluded that minor
material differences may have tremendous impact on compatibility.

22.4 Conclusion

New biologic molecules—such as mAb-derived formats, nanobodies, bispecifics,
and fusion proteins—are quite diverse and come along with new formulation and
process development challenges. The properties are very dependent on the molecule
and difficult to generalize. Hence, only by selection of optimized formulation
conditions it is ensured to keep challenging molecule properties under control. In
addition, a variety of analytical methods needs to be applied to thoroughly inves-
tigate all critical quality attributes. Finally with regard to compatibility, appropriate
experimental design that mimics clinical administration procedure is essential (in-
cluding product in-use stability and stability during administration conditions) and
creative solutions might be required to ensure clinical dosing. Thorough pharma-
ceutical development is key to enable integrity and stability of novel biologics
compounds upon storage and administration.
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Chapter 23
Novel Constructs—Half-Life Extensions

Jeonghoon Sun and Mark Michaels

Abstract A dearth of biologics have been developed and used as therapeutics for
numerous disease indications, including IgG monoclonal antibodies, non-IgG
recombinant proteins, bi- and multi-specific antibodies, and antibody drug conju-
gates. A remarkable portion of these biologic constructs exhibits a short plasma
half-life that results in a significant reduction in therapeutic efficacy. Frequently,
biologic drugs need to be designed to maintain the effective concentration range
during the therapeutic window with an extended serum half-life. Provided here is a
comprehensive overview of various half-life extension methods involving FcRn
engagement, chemical and genetic fusion, post-translational modifications and
formulation.

Keywords Half-life extension � FcRn � PEGylation � Human serum albumin
Fc loop

Diverse forms of therapeutic biologics such as monoclonal antibodies, hormones,
growth factors, cytokines, coagulation factors, enzymes, receptors, and fusion
proteins have been developed and used as therapeutics for numerous disease
indications [1, 2]. In addition to conventional monoclonal antibodies and recom-
binant proteins, more complex forms of biologics such as bi- and multi-specific
antibodies and antibody drug conjugate constructs have become an important part
of current biologic portfolios. Many of these biologic constructs exhibit a short
plasma half-life that significantly reduces the therapeutic efficacy, which requires
frequent and high doses for therapeutic activity while others that have long
half-lives can benefit by extending PK further to increase patient convenience and
compliance and gain a competitive advantage in a challenging marketplace.
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Themost important objective in pharmaceutical design of therapeutic constructs is
to maintain the effective concentration range of a drug during the therapeutic window.
Drug concentrations above the effective concentration range can cause excessive
toxicity, while those below the lower limit can lead to insufficient or lack of efficacy.
Biotherapeutic drugs with a longer serum half-life have flatter pharmacokinetic
profiles and stay in the therapeutic window longer with improved efficacy and safety.

Biotherapeutics are increasing in number and complexity, which creates more
challenges in the development of half-life extension (HLE) constructs not only in
optimizing their biochemical and biophysical properties but also in dealing with
regulatory concerns. Provided is an overview of half-life extension methods that are
in use or in development within the biotechnology industry.

d. Half-life extension

Plasma half-life is a crucial pharmacokinetic parameter that strongly influences the
efficacy of therapeutic peptides and proteins. A number of therapeutic peptides and
proteins are rapidly removed from circulation in serum through receptor-mediated
clearance, renal filtration, and/or metabolic degradation. Frequently, therapeutic
applications of these proteins require maintaining an extended half-life. Current
half-life extension (HLE) technologies include increasing serum residence time by
associating serum proteins with prolonged half-lives, inhibiting receptor-mediated
clearance and avoiding renal clearance by increasing hydrodynamic volume of a
therapeutic protein.

Facilitating the neonatal Fc receptor (FcRn)-mediated recycling and inhibiting
clearance can elongate the half-lives of the molecules that bind to FcRn.
Immunoglobulin G (IgG) and serum albumin are abundantly present in plasma and
have an elongated half-life of 2–4 weeks, which makes IgG, serum albumin and
their fusion proteins distinctive from other plasma proteins with similar hydrody-
namic volumes [3]. The relatively long in vivo half-lives of IgG molecules are due
to recycling mediated by FcRn [4, 5]. Recently, key mechanistic steps involved in
FcRn-mediated IgG recycling were identified [6]. Upon internalization by
macropinocytosis in endothelial cells, IgG and albumin undergo binding to the
FcRn in the acidic early endosome (pH 6). This binding salvages IgG and albumin
from degradation in the lysosome and redirects them at the plasma membrane to
release them back into the blood plasma at slightly alkaline conditions (pH 7.4) [6].
The FcRn-mediated Fc or albumin recycling mechanism can be used in native form
to increase the half-lives of proteins or can be engineered to increase half-life even
further. For example, fusing or tagging a recombinant protein or peptide to the
Fc-region of IgG or albumin elongates the half-life. Fc or albumin constructs that
associate with FcRn with a high affinity in acidic pH and dissociate from FcRn with
a low affinity give rise to an extended half-life. Substitution mutations on Fc or
albumin for HLE have been isolated [6] by rational design or combinatorial display.
Restrained random loop library insertion into Fc-regions followed by phage or yeast
display screening has efficiently identified novel HLE constructs [7].

Certain extracellular receptors actively internalize bound antibodies and pro-
teins. Once bound to these receptors, the antibodies and proteins are subjected to
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lysosomal degradation. Customized protein engineering to reduce the
receptor-mediated clearance has been showed to help with HLE of G-CSF and an
anti-IL6 receptor antibody [8, 9].

Biologic drugs are cleared from circulation through multiple mechanisms
including renal filtration and hepatic degradation, peripheral blood-mediated
metabolic degradation via proteolysis and receptor-mediated endocytosis [10].
Smaller-sized molecules that are less than 50 kDa molecular mass are rapidly
cleared by filtration through the glomerular filtration barrier (GBM) in kidneys [11].
The size of a protein is proportional to its hydrodynamic radius. Therefore,
increasing a hydrodynamic volume of the molecule hampers renal clearance.
Increasing the hydrodynamic volume can be accomplished by fusing the molecule
to proteins such as Fc domain of IgG, human serum albumin (HSA) or its domain
and other non-immunogenic plasma proteins. Chemical conjugation of poly-
ethylene glycol (PEG), genetic fusion of non-structured repetitive amino acids or
post-translational modification (PTM) including glycosylation or sialylation can
increase the hydrodynamic volume. The fusion and PTM also protect the naked
antibodies and proteins from proteolytic degradation and chemical decomposition.
Formulation with liposomes or nanoparticles with chemical conjugation may give
rise to more options for elongating the in vivo plasma half-life of the therapeutic
biologics. In addition, optimization of physicochemical properties such as charge
distribution may help delay the clearance.

WHO, FDA, EMEA, and other safety authorities offer guidelines regarding
regulatory expectations and risk assessment for biotherapeutic products [12, 13].
The regulatory considerations for HLE constructs should cover all the safety aspects
for given antibodies or recombinant proteins. These include primary, secondary,
and higher order structure, size and charge variations, glycosylation and other
post-translational modification, antigen binding and resulting biological activity.

In summary, strategies for HLE are grouped into three categories: (1) utilizing
FcRn-mediated recycling, (2) modulating stability of antibody/protein-receptor
complexes in the sorting endosome, and (3) increasing the hydrodynamic volume.
HLE strategies should be carefully selected depending on the given therapeutic
needs. HLE can be achieved more effectively with synergistic combination of
strategies.

23.1 Fc Associated HLE by Modulating FcRn-Mediated
Recycling

23.1.1 FcRn–Fc Interaction

The neonatal Fc receptor (FcRn) is a heterodimeric integral membrane protein
consisting of an MHC-class-I-like a chain and a b2-microglobulin (b2m) chain [6].
FcRn was first discovered in rodents transporting IgG from the mother’s milk
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across the epithelium of the newborn rodent’s gut into its bloodstream [11]. In
humans, FcRn transfers IgG from the mother to her fetus across the placenta and the
proximal small intestine [6, 14]. Residing in the early acidic endosomes, FcRn
captures endocytosed IgG, rescues bound IgG from degradation in the lysosomal
compartment, transports the IgG to the cell surface, and releases the IgG at neutral
extracellular pHs. Through this FcRn-mediated salvage mechanism, IgG maintains
a long serum half-life. FcRn also plays an important role in serum albumin
homeostasis by a similar transporting mode for IgG [15–17]. These properties are
critical for maximizing the bioavailable pharmacokinetics of IgG and Fc or albumin
fused biotherapeutics [15, 18, 19].

FcRn–IgG interactions have been well characterized (Fig. 23.1) [17]. FcRn
binds to the CH2–CH3 hinge region of the Fc of IgG1, IgG2, and IgG4 subclasses
in a pH-dependent manner. At physiological pH 7.4, FcRn does not bind IgG.
However, at the acidic pH of the early endosome (pH 6–6.5), FcRn has approxi-
mately a 100 nM KD affinity for IgG. Interestingly, FcRn does not undergo a
significant conformational change [20] because the pH dependency is mediated by a
general acid–base titration of histidine, which has a pKa of approximately 6.5.
Below pH 6.5, protonated histidine residues on Fc interact with either glutamate or
aspartate residues on the surface of FcRn.

Fig. 23.1 FcRn–Fc interaction. FcRn–Fc interaction has a central role in regulating serum IgG
levels. Coordinates of a rat FcRn with a human Fc complex (PDB ID 1FRT, Burmeister et al. [17],
Nature 372: 379–383) were utilized to create the figures. On the left: CH2–CH3 hinge region of
IgG binds to FcRn. The box on the left includes key residues that are involved in the Fc–FcRn
interaction. These residues are shown in the box on the right. Simple acid–base chemistry roles in
the Fc–FcRn interaction FcRn binds to Fc in a pH-dependent manner. No to minimal binding
affinity between Fc and FcRn at pH 7–7.5 is detected while moderate binding (KD of 0.1 LM) at
pH 6–6.5 is detected. Structurally, FcRn does not undergo conformational changes upon binding
to Fc, which demonstrates that the pH dependence of Fc–FcRn interaction is mediated by
histidines on Fc and acidic residues on FcRn by acid–base titration
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23.1.2 Fc-Fusion Constructs

Many recombinant proteins including peptides, ligands, and ecto-domains of
receptors have short half-lives. Fc fusion can extend the half-life through FcRn-
mediated recycling and delayed renal clearance by increasing the molecular mass
and the hydrodynamic radius of the fusion protein. Since the Fc is a homodimer,
Fc-fusion constructs are bivalent, which can be advantageous in improving the
efficacy by avidity effects. Depending on the therapeutic indication and needs or
concerns for ADCC or CDC either IgG1, 2 or 4 Fc can be selected. The fusion sites
are usually at the N-terminus or C-terminus of Fc or even at both ends. However,
peptides or recombinant proteins can be inserted into Fc regions, in particular, the
loop regions [21, 22]. Recently with the emergence of bi-specific antibody tech-
nology such as CH3-CH3 heterodimerization, many creative forms of Fc fusion
have become available.

A number of Fc-fusion proteins have been developed for therapeutic applica-
tions. These include trap molecules constructed by fusing Fc to cytokines, extra-
cellular receptor domains, antibody domains, peptides, and other recombinant
proteins [23, 24]. A correlation between affinity for FcRn and half-life was estab-
lished for conventional monoclonal IgG antibodies and Fc-fusion proteins [25].
Interestingly, several Fc-fusion proteins including etanercept, abatacept, and ale-
facept exhibited a twofold–threefold lower affinity for FcRn and shorter half-lives
compared to IgG antibodies. This might be due to a structural perturbation by the
fused receptor domains [24].

23.1.3 Engineered Fc Constructs—Substitution
and Insertion Mutants

Improving the affinity of the FcRn–Fc interaction at an acidic pH can result in
Fc HLE. Various combinatorial and computational methods have identified a
number of substitution mutations at the FcRn–Fc interface as well as allosteric
mutations. Fc residues involved in the FcRn–Fc interaction were site-specifically or
combinatorially mutated to obtain HLE [6]. Many point or combination mutations
including primate-specific ones at T250, M252, I253, S254, T256, T307, E380,
M428, H433, and N434 improve the pH-dependent binding of human Fc to FcRn
[26–33]. For example, Xencor’s Xtend Fc with mutations, M428L and N434S, led
to a 11-fold increase in affinity for FcRn at pH 6 and resulted in extension of the
serum half-life of bevacizumab from 9.7 to 31.1 days. The half-life of cetuximab
was also extended from 2.9 to 13.9 days in cynomolgus monkeys [33]. Meanwhile,
Fc variants with mutations that abolish FcRn–Fc interaction and reduce the serum
half-life in vivo were identified [26, 27, 34, 35, 36, 37]. These Fc variants are useful
for an acute therapeutic effect with minimal toxicity [38] or for prognostic imaging
of IgG distribution [39].
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Recently, a novel loop insertion approach identified a number of HLE constructs
[7]. The loop insertion sites were selected near or apart from the CH2–CH3 hinge
region. Instead of targeting natural FcRn-binding residues found on Fc with sub-
stitution mutations, restrained small hexa-amino acid combinatorial loop libraries
were inserted. Initially, these libraries were panned against human FcRn using
phage or yeast display at pH 5.5. The high-affinity human FcRn binders at pH 5.5,
with no or moderate binding at pH 7.4, were moved forward. The most interesting
set of HLE variants was obtained from the library that was inserted in the CH3
region, which is remote from the conventional FcRn-binding residues. Noteworthy
is that some of the new HLE constructs do not contain additional histidine residues.
Unlike some conventional substitution HLE variants, CH2 destabilization effects on
these Fc loop constructs were not detected and protein expression was not com-
promised. Many Fc loop constructs revealed significant HLE effect in cynomolgus
monkey pharmacokinetic studies.

The pH-dependent binding of IgGs to FcRn can be a very important parameter
for the in vivo homeostasis of IgGs if the KD at pH 7.4 is very low [40–43]. For
example, the half-lives of two human IgG1 molecules with the same affinity for
murine FcRn at pH 6.0 and tenfold difference at near neutral pH were compared,
and the affinity increased construct at near neutral pH reduces persistence [44].
Another study reported a PK effect of N434A and N434W IgG1 variants.
Specifically, N434A exhibited a fourfold affinity improvement at pH 6 with a
moderate affinity improvement at pH 7.4 to primate and non-primate FcRn.
N434 W exhibited a striking 80-fold improvement in affinity at pH 6 while retaining
a high affinity to FcRn at pH 7.4. The PK of N434W was not improved while
N434A exhibited an approximately twofold decrease in clearance in cynomolgus
monkey [33]. This supports the notion that modest to no increases in pH 7.4 FcRn
affinity is a critical parameter for improved pharmacokinetics [45]. FcRn affinity
with pH differentiation is one of the most important factors that affect HLE.
Although minor, there are other factors that affect HLE including antibody stability,
disease microenvironment, disease propagation rate, FcRn expression pattern, and
specific clearance mechanisms such as antigen-dependent clearance [46].

23.2 Non-Fc HLE by Modulating FcRn-Mediated
Recycling

23.2.1 HLE via Albumin Fusions and Conjugates

Composed mostly of a helices and loops, human serum albumin (HSA) is a very
stable, monomeric protein with a molecular mass of 67 kDa. HSA is the most
abundant plasma protein with a serum concentration of approximately 35–50 mg/
mL [47]. HSA exhibits a long half-life of 19 days in humans. This long half-life,
like Fc, utilizes pH-dependent, FcRn-mediated recycling but the binding site of
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albumin on FcRn does not overlap with the Fc-binding site [48]. Unlike Fc, HSA
does not bind to Fcc receptors or complement system. Therefore, HSA fusion
provides an excellent alternative for therapeutic applications where Fc-mediated
effector functions are not required or desired due to safety issues.

HSA has been fused to therapeutic proteins including hormones, cytokines [49],
coagulation factors [50], domain antibodies [51], and other recombinant proteins
[52]. Many cytokines have therapeutic potential including immunomodulatory,
antiproliferative, or antiviral effects. However, their therapeutic use is limited due to
poor PK and stability properties including very short half-lives. Interferon a is
currently used to treat hepatitis B and C. The half-life of interferon a is less than 3 h
in the human body. An HSA fused interferon a, albinterferon a has an extended
half-life of 6 days [53]. This reduces the dose frequency to once biweekly, which is
the same as the recommended administration frequency as the PEGylated form of
interferon a (PEGASYS®), thus providing an alternative option with a more
homogeneous molecular entity [54]. PK studies of HSA fusion with factor IX, scFv,
TNFa, IL-2, and other recombinant proteins revealed significant HLE and efficacy
with fewer infusions and lower doses [55–59].

The N-terminus, C-terminus, or both ends of albumin can be utilized in the
fusion of peptides and proteins including scFvs [57–59]. In addition to the ends of
HSA, there are several internal loops and turns that can be used for internal
insertion sites. Among the three domains in HSA including DI, DII, and DIII, DIII
is a fusion partner in which the FcRn-binding residues reside. For example, a
DIII-fused diabody leads to a significantly extended half-life. The molecular weight
of DIII is approximately 22 kDa which is smaller than the molecular weight of Fc
or HSA. Thus, HSA domain fusion provides a means to finely adjust HLE which is
dependent on therapeutics needs [60].

HSA can be fused to peptides and proteins not only recombinantly but also
chemically via site-specific conjugation. Chemical conjugation is specifically useful
to extend the half-lives of very small peptides that are difficult to produce recom-
binantly. It is also very useful to fuse albumin and other protein molecules to
multiple sites on proteins outside of the N-terminus or C-terminus. Typically, the
cysteine side chain is activated by maleimide chemistry to create a thioether bond
between albumin and the peptide. For example, a 34 amino acid anti-HIV peptide
with HSA chemical fusion has a ninefold increase in HLE [61].

23.2.2 HLE via Interaction with Serum Albumin

Serum albumin circulates in serum at a very high concentration range and has a
long serum half-life. These two features create another opportunity for HLE by
non-covalent binding to albumin instead of engaging recombinant fusion or
chemical conjugation. The molecular entities for non-covalent albumin tagging
have been engineered for several desired features including high affinity,

23 Novel Constructs—Half-Life Extensions 533



cross-reactivity, high stability, site-specificity on albumin-binding sites and no or
minimal immunogenicity [3, 62].

Interestingly, streptococcal protein G contains albumin-binding domains
(ABDs). The ABDs are small three helix bundle proteins composed of about 50
amino acids with a molecular mass of 6 kDa. Domain antibodies were fused to an
ABD and exhibited remarkable HLE on par with PEG conjugation as seen in
animal studies [63–65]. The ABDs facilitated superior tissue penetration compared
to the PEG conjugated domain antibodies. HSA-binding sites on ABDs were
analyzed and high-affinity deimmunized ABD affibodies were engineered [66, 67]

Small domain antibodies, antibody fragments, and peptides were engineered to
bind albumin and resulted in HLE [68–70]. For example, a trivalent nanobody
composed of two domains that bind to EGFR and one domain that bind to mouse
albumin has been engineered and the engineered nanobody exhibited HLE from 1
to 44 h and significant efficacy improvement in tumors with EGFR overexpression
in an in vivo murine xenograft model [69, 70]. AlbudAbs™ is another
albumin-binding entity that was engineered by phage display from a human domain
antibody. The half-life of the human domain antibody is approximately 45 min.
Remarkably, AlbudAbs with a molecular mass of approximately 12 kDa exhibit an
HLE comparable to serum albumin with a molecular mass of 67 kDa. AlbudAb
technology has been applied to inhibiting IL-1 signaling by a soluble IL-1 receptor
(IL-1r), which is an effective modality for the treatment of rheumatoid arthritis.
However, IL-1r has a very short half-life; therefore, AlbudAbs were fused to IL-1r.
Although the AlbudAb/IL-1r fusion has a similar in vitro potency, its in vivo
efficacy was dramatically improved due to its HLE [71]. Smaller peptides can
extend half-life like AlbudAbs. Using peptide phage display, peptides that bind
serum albumin from multiple species with high affinity were identified. The half-life
of a protein fused with a albumin-binding peptide was extended up to 26–37 times
in animal models [72].

HLE via tagging albumin can be accomplished through small molecules as well.
Various ligands and metabolites with high affinity to HSA have been identified [73,
74]. The primary ligands for serum albumin are fatty acids that can be conjugated to
peptides and proteins for HLE by HSA. One of the most prominent examples for
fatty acid conjugation is with insulin. Insulin is a small protein composed of two
peptide chains, A and B, with a molecular mass of approximately 5.8 kDa and has a
half-life of less than 2 h [75]. Through the years, long-acting insulin analogs with
protracted absorption from the subcutaneous tissue have been desired. One of the
two approved long-acting insulin variants is insulin detemir (Levemir®, Novo
Nordisk). The threonine at position B30 of the C-terminus of the insulin B chain
was removed and the C14 myristoyl fatty acid acetylated to the lysine residue at
position B29. The half-life and bioavailability of insulin detemir were improved
significantly [76].

Conjugating proteins for HLE via tagging albumin are expanded to other small
molecules. Various chemical molecules that bind to serum albumin were identified
from chemical combinatorial libraries and used for HLE of small antibody frag-
ments such as scFvs and disbodies [77, 78]. For example, a hexanoic acid derivative
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selected for albumin-binding activity from a DNA-encoded chemical library was
coupled to an anti-fibronectin scFv fragment containing an additional C-terminal
cysteine. Half-life of this scFv was significantly improved from 30 min to 40 h in
mice [78].

23.3 HLE by Chemical and Genetic Fusion

23.3.1 PEGylation

Polyethylene glycol (PEG) is a flexible, inert, non-immunogenic, non-antigenic,
heterogeneous, and highly hydrophilic molecule. PEGylation is a process by which
PEG chains are covalently coupled to other molecular entities including proteins
and peptides. PEGylation improves major PK parameters of biologic molecules by
increasing molecular mass and shielding effects [79, 80]. Increasing the molecular
mass results in increased hydrodynamic volume, which delays renal clearance. The
shielding effects help to protect PEGylated proteins from metabolic degradation,
such as proteolysis, enzymatic metabolization, and chemical decomposition, such
as oxidation of susceptible exposed methionine and tryptophan residues. Therefore,
PEGylation often results in drugs that are more effective and safer with significant
HLE.

In the last two decades, ten PEGylated biologic drugs have been approved,
including enzymes, hormones, and an antibody fragment [79, 80]. Moreover, there
are numerous PEGylated biologic drugs under development in preclinical and
clinical stages, including engineered nanobodies and alternative protein scaffolds
like lipocalins, fibronectin III, thioredoxin and Kunitz domain. These molecular
entities are stable, foldable, soluble, monomeric, and manufacturable. However,
most of them have very short half-lives that negatively affect the in vivo efficacy.

PEG reagents are commercially available with a molecular mass range of 5–
40 kDa. PEGylation can occur via random conjugation or site-specific coupling
reactions. Primary and secondary amine, carboxyl, hydroxyl, sulfur-hydroxyl, and
disulfide moieties of the target proteins can be chemically activated for the random
coupling reaction with the PEG moiety [81, 82]. However, the most frequently used
functional group is the e-amino group of the exposed lysine residue. Several bio-
logics with random PEGylation that demonstrate a substantial HLE are available on
the market including Mircera®, Pegasys® and PegIntron® [83–85].

Random PEGylation may interfere with the interaction between the biologic and
the target molecule, resulting in a reduction or abrogation of the activity of the
therapeutic protein [87]. A site-specific mono-PEGylation is accomplished by
reductive alkylation on the amide group at the N-terminus of a protein. Neulasta®,
an N-terminally mono-PEGylated G-CSF with a 20 kDa PEG, was generated by
reductive alkylation. When one or more site-specific PEGylation reactions are
needed, thiol groups in natural or engineered solvent-exposed cysteines can be

23 Novel Constructs—Half-Life Extensions 535



activated by maleimide PEG reagents, creating stable protein-PEG conjugates. The
free-thiol-mediated PEGylation has been applied to create HLE constructs of
interferon-a, Factor VIII and an antibody fragment PEG analogs [86–88].
Certolizumab pegol (Cimzia®) is a bacterially produced anti-tumor necrosis factor
(TNF) Fab’ fragment. A 40 kDa PEG chain was conjugated to the free cysteine at
the C-terminus of the heavy chain, far away from the antigen-binding site.

There are several disadvantages of PEGylation. First, even the site-specific
PEGylation reduces the functional activity of a PEGylated protein. However, this
can be offset by the HLE effect, resulting in better efficacy in vivo. Second, although
the PEGylation of proteins for HLE, in general, is safe and a well-tolerated method
[89], renal tubular or CNS vacuolization can occur because of the accumulation of
the non-degradable or less-degraded PEG fragments in the kidney or brain [80].
Third, the viscosity of the product can cause complications in production and
administration.

23.3.2 Recombinant PEG Mimetics

PEGylation by chemical conjugation imposes several disadvantages [90, 91]. First,
PEGylation requires additional conjugation and purification steps in manufacturing.
Second, protein-PEG conjugates are a heterogeneous mixture of polymeric mole-
cules. Third, branched PEG moieties are not completely degradable causing vac-
uolar accumulation. In order to overcome the disadvantages of the chemical
PEGylation methods, recently, alternative technologies to the chemical PEGylation
have been invented. The basis of these technologies is substituting PEG with a
flexible, non-structured, hydrophilic, and non-immunogenic polypeptide chain by
recombinant genetic engineering methods. In this way, all of the above-mentioned
disadvantages can be overcome. In addition, production yield can increase resulting
in reduction of the production cost.

There are a handful of recombinant PEG mimetic technologies involving the
substitution of PEG with well-behaving recombinant polypeptides [92, 93].
However, these technologies differ in composition of amino acid building blocks in
the PEG mimicking polypeptides and combination of the building blocks. One of
the most representative examples is Amunix’s XTEN® polypeptides that comprise
an unstructured non-repetitive amino acid polymer with the residues P, E, S, T, A,
and G [92, 93]. Interestingly, there are no positively charged amino acids in the
polymer building blocks. Systematic combinations of the six amino acids were
screened for manufacturability avoiding hydrophobic residues causing aggregation
and T-cell-dependent HLA/MHC-II immune response. Avoiding a B cell-dependent
immune response can be rationalized by the non-structured flexible nature of
XTEN® polymers. Studies based on animal models demonstrate that the XTEN®

polymers which are composed of 288 non-repetitive amino acids fused to glucagon
are safe and minimally immunogenic. Most importantly, the half-life of glucagon
fused to the XTEN® polymers has been increased from 10 min to over 8 h for the
treatment of nocturnal hypoglycemia [93].
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23.4 HLE by Post-Translational Modifications

23.4.1 Glycosylation

Glycosylation is one of the most prevalent post-translational modifications that
occur on proteins. The two most predominant carbohydrate chains of glycosylated
proteins are N-linked and O-linked oligosaccharides. The mechanism of N-linked
glycosylation is better characterized than the mechanism of O-linked glycosylation,
including glycosylation consensus sequences. The N-linked protein glycosylation
pathways were originally discovered in bacteria [94]. Native proteins are often
found to be glycosylated, and the glycosylated proteins have extended half-lives
[95]. Glycosylation can extend the half-life by increasing hydrodynamic radius and
protecting the protein from metabolic degradation of the proteins. The N-linked
glycosylation of oligosaccharides is triggered in the lumen of the endoplasmic
reticulum (ER) at an amide side chain of asparagine of proteins in the consensus
sequences of N-X-S/T where X is any amino acid but proline.

Enhancement of epoetin in vivo activity was achieved through glycoengineering
to create darbepoetin alfa (Aranesp), a hyperglycosylated form of EPO.
Glycosylation analogs with new N-linked glycosylation consensus sequences
introduced into epoetin were screened for additional N-linked carbohydrates and
retention of activity. Suitable consensus sequences were combined in one molecule,
resulting in two additional N-glycosylation analogs which substantially increased
in vivo activity with HLE [96].

N-linked glycoengineering has been applied to HLE for a single-chain diabody
bi-specific antibody with a very short terminal half-life in mice of 5–6 h [97].
Multiple N-glycosylation sites were introduced systemically into the bi-specific
diabody resulting in N-glycosylated molecules with increased hydrodynamic radii
and approximately twofold–threefold of HLE [97].

Although less characterized compared to the N-glycosylation, some biothera-
peutics molecules have been introduced with additional O-glycosylation sites,
resulting in HLE. Native O-glycosylation sites are often found in small peptide
molecules. For example, the human chorionic gonadotropin beta (hCGb) subunit
contains a distinct 28-amino acid C-terminal peptide (CTP) bearing four O-linked
glycosyl groups covalently linked to the serine side chains. Fusion of one or
multiple copies of the CTP to EPO and HGH, respectively, resulted in
O-glycosylated derivatives with improved in vivo potency and half-life [24, 25].
Bioactivities of hFSHb and hTSHb were increased by HLE via engineering
O-linked glycosyl CTP moieties to these molecules [98, 99].

23.4.2 Conjugation of Carbohydrates

Chemical conjugation of carbohydrates opens up a way to covalently link diverse
inert carbohydrates to proteins. Often, addition of these carbohydrates is not pos-
sible by post-translational modification. Hydroxyethyl starch (HES), which is a

23 Novel Constructs—Half-Life Extensions 537



branched amylopectin chemically modified from maize starch, is a safe
non-immunogenic moiety that increases the plasma volume of proteins [100]. Since
the first HES product, Hespan®, was launched in the US in the 1970s, many
different types of HES have been available. HESylation was applied to improve the
pharmacokinetic and pharmacodynamic properties of therapeutic proteins.
Erythropoietin (EPO) was derivatized by HESylation and the HESylated EPO
achieved significantly improved HLE compared to Aranesp® [101].

Polysialic acid (PSA) is another naturally occurring carbohydrate polymer that
has been applied to protein conjugates, in particular, as an alternative to PEG with
improved biocompatibility and biodegradability. Site-specific conjugation of PSA
has been successfully applied for HLE to enzymes, hormones and antibody frag-
ments. Currently, there are several preclinical and clinical stage PSA conjugated
protein therapeutics [102].

23.5 HLE by Formulation and Nanotechnology

23.5.1 Liposomes and Nanoparticles

Liposomes are colloidal vesicle particles that are used as a drug delivery system.
Liposomes are composed of bilayer membranes of self-assembled lipid amphiphiles
surrounding discrete aqueous compartments [103]. Liposomes differ in particle size,
lamellae number, and lipid composition. Unilamellar phospholipid vesicles of
100-nm diameter are the most common liposomes for formulations. The aqueous
interior of the liposomes can accommodate hydrophilic molecules, and the lipid
bilayer region can incorporate hydrophobic molecules. A wide range of chemical
and physical properties of liposomes can be modified for suitable PK and PD
properties of the molecules to be possibly designed. However, the mononuclear
phagocyte system clears liposomes rapidly from the circulation, which results in a
very short half-life (<2 h) [104]. Half-lives of liposomes can be extended by
coupling flexible, bulky, and hydrophilic molecular entities, such as PEG, with the
phospholipids on the surface of the liposomes [105]. The half-life of PEGylated
liposomes is approximately 20 h in mice and 45 h in human [106]. In addition to
the PEG incorporation, active-targeting moieties that can direct liposomes to certain
cells or tissue sites can be conjugated to liposomes. These moieties can be peptides,
proteins, ligands, soluble receptors, antibodies, or antibody fragments that recog-
nize the target molecules. Formulation of therapeutic proteins in PEGylated lipo-
somes were applied to the delivery of cytokines and coagulation factors, resulting in
significant HLE in animal models [107]. Liposome formulations are being tested in
preclinical and clinical experiments and have yet to be proven and approved for
therapeutic applications.

Liposome formulations tend to be unstable in serum due to their low critical
micelle concentration. This can be overcome by either crosslinking the lipids in the
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liposomes or engaging other more robust delivery vehicle entities such as polymeric
nanoparticles [108]. Generating polymeric nanoparticles requires several steps. The
nanoparticles are obtained by radical polymerization and functionalization followed
by polyreactions in small emulsified droplets [109]. Various hydrophilic and
hydrophobic molecular entities can be encapsulated inside the nanoparticles or
conjugated to the nanoparticles and used for therapeutic and diagnostic applica-
tions. Significant disadvantages of nanoparticles exist, including limitation to only
few polymers that be used (e.g., PLGA), burst release effects, lack of loading
efficacy of the active drug and manufacturing and administration challenges. Also,
their fate as future technology in the marketplace remains to be seen.

23.6 Conclusion

HLE platforms have diversified and improved over the last two decades. The
majority of traditional HLE construct strategies involve increasing the hydrody-
namic radius of a protein and engaging the FcRn-mediated recycling mechanism.
New HLE construct strategies have been developed by mimicking and improving
the traditional strategies or by introducing new technologies. For example, tradi-
tional chemical PEGylation which has more than 20 years of history inspired new
approaches such as genetic fusion of hydrophilic, non-immunogenic, and flexible
polypeptides. These new strategies are intended to mimic the beneficial properties
of PEG while incorporating other advantages such as biodegradability, lack of
immunogenicity, and improved manufacturability. Furthermore, a better under-
standing of the molecular mechanisms underlying the HLE of serum albumin and
IgGs has led to novel strategies involving FcRn- or other receptor-mediated HLE.
These strategies involve recombinant fusion or non-covalent binding to albumin,
fusion to the Fc region of IgG or enhancing the binding of IgGs with FcRn. Many
structural, computational, and combinatorial methodologies were developed inde-
pendently or together to create new HLE constructs. In addition to various sub-
stitution mutations in Fc, combinatorial Fc loop strategies were generated for
improved FcRn binding, resulting in HLE. Most of these novel half-life extension
strategies, including liposome or nanoparticle formulations are still at the early
preclinical stage and need to be verified for safety. However, it is expected that
many of these new technologies will be evaluated in clinical trials and become
approved methods for HLE in the future. Optimized HLE constructs should not
only benefit patients by increasing convenience and compliance but also should
benefit companies by reducing protein production costs and by gaining market
share. In an increasingly competitive marketplace, the development of optimized
HLE constructs for sophisticated forms of biotherapeutic molecules, including
bi-specific, multi-specific, ADC, bi- or multi-specific ADC, and other protein fusion
constructs seem essential.
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Chapter 24
“Fc Fusion Proteins”

Carole Heath and Dean Pettit

Abstract IgG-based therapeutics has become an increasingly important category
of the over two hundred biopharmaceutical products approved in the USA and the
EU by late 2014. While a large percentage of this consists of monoclonal anti-
bodies, Fc fusion proteins make up an important class of IgG-based biotechnology
drugs. This chapter reviews the rationale for creating Fc fusion proteins, describes
challenges, regulatory considerations, and improvements that have been made with
this important class of therapeutics.

Keywords Fc fusion � Peptibody � Mimetibody � Expression � Half-life
Effector function

IgG-based therapeutics has become an increasingly important category of the over
two hundred biopharmaceutical products approved in the USA and the EU by late
2014. While a large percentage of this consists of monoclonal antibodies, Fc fusion
proteins make up an important class of IgG-based biotechnology drugs. Linking a
ligand, peptide, enzyme, or extracellular domain of a receptor to the Fc domain of
IgG can have a significant impact on its clinical potential. Addition of the Fc
domain prolongs the serum half-life of proteins, and thus its exposure in the target
tissue primarily by the pH-dependent binding of the neonatal Fc receptor (FcRn),
which prevents the protein from being degraded in endosomes. Because the fusion
protein is markedly larger in size than it was without the Fc, renal clearance is
slowed, which also contributes to the longer half-life. In addition, improved
potency can be achieved by the doubled valency with the same ligand fused to the
hinge on each of the two Fc arms. Fusion to the Fc domain can also add effector
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functions by conferring the ability to interact with Fcc receptors on immune cells.
In this chapter, we describe the advantages and disadvantages of using Fc fusion as
biotherapeutics as well as advances in improving their efficacy for human use.

24.1 Background

Fc fusion proteins can be constructed in different formats such as homodimers,
heterodimers, monomeric Fc fusions, peptibodies, and others depending on the
intended use and desired molecular properties (Fig. 24.1). Generally speaking, the
C-terminus of the receptor or other domain is genetically fused to the N-terminus of
the Fc domain (hinge, CH2, and CH3) of IgG1 because it binds relatively strongly

(a) (b)

(c)

(d)

Fig. 24.1 Cartoon structures
of selected Fc fusion proteins.
a The homodimer structure
consists of the same protein
fused to each N-terminus of
the Fc domain hinge region;
b the heterodimer structure
consists of different proteins
fused to each N-terminus of
the Fc domain hinge region;
c peptibodies or peptide-Fc
fusions are active peptides
fused to the Fc domain;
d monomeric Fc fusions are
smaller and consist of only
one protein fused to the Fc
domain
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to all FccRs [1]. Because the CH3 domains interact strongly with each other, the
molecule exists as a homodimer. The hinge regions provide flexibility to the two
arms, which link to the same or different ligands, and molecular stability via the
disulfide bonding between the two chains. An Fc fusion with only one copy of the
ligand or receptor, i.e., a monomeric Fc fusion, is smaller and may result in
increased tissue penetration but may also possess lower potency. Molecules com-
prised of heterodimeric subunits or multi-subunit complexes with enhanced phar-
macokinetics (PK) have also been constructed.

The Fc fusion approach for biologics has been successful both clinically and
commercially. Genentech was the first to publish the use of an Fc fusion protein in
1989 by linking the ligand-binding domains of CD4 to the IgG1 Fc domain [2].
Now, there are several Fc fusion proteins on the market (Table 24.1), more in
clinical trials (Table 24.2) and others in development. Fc fusion proteins on the
market include etanercept (Enbrel®), abatacept (Orencia®), aflibercept (Eylea®),
rilonacept (Arcalyst®), romiplostim (Nplate®), belatacept (Nulojix®), factor VIII
Fc (Eloctate®), and factor IX Fc (Alprolix®). In 2012, US sales of Fc fusion
proteins reached $5.8 billion dollars, up by 35.3% over the previous year total,
which was the highest growth rate among all biologics [3]. The highest portion of

Table 24.1 Approved therapeutic Fc fusion proteins

Drug Fusion
protein

Type Trade
name

Company Year
approved

Abatacept CTLA-4/
Fc-IgG1

Homodimer Orencia® Bristol
Meyer
Squibb

2005 (US)
2007 (EU)

Aflibercept VEGFR 1
and 2/
Fc-IgG1

Trap Elyea® Regeneron 2011 (US)
2012 (EU)

Alefacept LFA-3/
Fc-IgG1

Homodimer Amevive® Astellas 2003 (US)a

Belatacept CTLA-4/
Fc-IgG1

Homodimer Nulojix® Bristol
Meyer
Squibb

2011 (US
and EU)

Etanercept TNFR/
Fc-IgG1

Homodimer Enbrel® Amgen 1998 (US)
2000 (EU)

Factor IX-Fc FIX/Fc-IgG1 Monomeric
Fc

Alprolix® Biogen 2014 (US)

Factor VIII
Fc

FVIII/Fc
IgG1

Monomeric
Fc

Eloctate® Biogen 2014 (US)

Rilonacept IL-1R/
Fc-IgG1

Trap Arcalyst® Regeneron 2008 (US)
2009 (EU)b

Romiplostim TPO/Fc-IgG1 Peptibody Nplate® Amgen 2008 (US)
2009 (EU)

aWithdrawn in 2011
bWithdrawn from the EU in 2012
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those sales ($3.9 of $5.8 billion) went to Amgen’s Enbrel® (etanercept), which is
the most commercially successful Fc fusion protein to date. Enbrel® is a fusion of
the soluble extracellular domain of human p75 TNFa receptor and Fc from human
IgG1 and was approved in 1998 for the treatment of moderate to severe rheumatoid
arthritis. Enbrel® works by neutralizing both the soluble and, to a lesser extent, the
membrane-bound forms of TNFa resulting in the reduction of concentrations of
serum inflammatory cytokines [4]. Enbrel® is now also approved for treatment of
psoriatic arthritis, ankylosing spondylitis, moderate to severe polyarticular juvenile
ideopathic arthritis, and moderate to severe plaque psoriasis.

Approved in November 2011, the fusion protein aflibercept (Eylea®, which
contains portions of the VEGF receptors 1 and 2 linked to Fc from IgG1), a
treatment for age-related macular degeneration, reached nearly $1 billion in sales
only a year after its approval [3]. Alefacept (Amevive®) approved for treatment of
plaque psoriasis but discontinued in 2011, worked by binding to CD2 on T cells,
reducing their interaction with antigen-presenting cells and thereby limiting T cell
activation. Abatacept, first approved for rheumatoid arthritis, works in a similar
manner to prevent interactions between T cells and antigen-presenting cells.
Belatacept differs from abatacept by only two amino acids but has a slower dis-
sociation rate and a higher potency.

Recently approved fusion proteins include recombinant factor IX Fc [5] and
recombinant factor VIII Fc [6] from Biogen. Recombinant factor VIII Fc
(Eloctate®) and recombinant factor IX Fc (Alprolix®) fusion proteins are
long-acting coagulation factors for the treatment of hemophilia A and B, respec-
tively [7]. These long-acting proteins have the advantage of reduced injection
frequency that simplifies treatment and increases patient compliance. Both of these
clotting factors were produced as monomeric Fc fusions because the homodimeric
forms were not as effective [8].

Peptide-Fc fusions or peptibodies, developed by Amgen, are chimeric proteins
generated by linking the Fc domain of IgG to one or more copies of a bioactive
peptide, combining the biologic activity of the peptide with the stability of a
monoclonal antibody. There are a considerable number of peptibodies in preclinical
and clinical development [9]. With two peptides in each peptibody, the molecule

Table 24.2 Fc fusion proteins in recent/current clinical trials

Drug Fusion protein Type Company

Trebananib ANG-1/-2/Fc-IgG1 Peptibody Amgen

Pinta 745 MSTN/Fc-IgG1 Peptibody Atara Biotherapeutics

STM 434 ACTR2B/Fc-IgG2 Homodimer Atara Biotherapeutics

Dalantercept ALK1/Fc-IgG1 Homodimer Acceleron

Dulaglutide GLP-1/Fc-IgG4 Homodimer Eli Lilly

Conbercept VEGFr/Fc-IgG1 Homodimer Chengdu Kanghong Biotech

Sotatercept ACTR2A/Fc-IgG1 Homodimer Acceleron

APG101 CD95/Fc-IgG1 Homodimer Apogenix

548 C. Heath and D. Pettit



can have increased avidity for its target. Orientation is important as certain peptides
are more active when fused with the carboxy terminus of the Fc domain [9]. With a
typical total molecular weight of less than 69 kDa, peptibodies have a lower
potential to develop anti-drug antibodies (ADA) than their larger counterparts such
as monoclonal antibodies or larger fusion proteins, which is an advantage from a
clinical immunology perspective [10, 11]. The affinity of the peptibody for its target
can be increased by addition of flanking residues, spacers, or linker sequences [12].
Romiplostim (marketed under the trade name Nplate®), the first peptide-Fc fusion
developed as a biologic, is a peptide mimetic of thrombopoietin fused with the Fc
domain of IgG1 and was approved by the FDA for treatment of chronic immune
thrombocytopenia purpura [13]. Glycine linkers were added to increase the flexi-
bility of the peptide moiety [14]. There are several other peptibodies, including
trebananib, which is a peptibody antagonist to angiopoietins 1 and 2 for use in
oncology settings, and PINTA 745, which is an anti-myostatin peptibody for use in
end-stage renal disease and is in clinical trials (https://clinicaltrials.gov/ct2/show/
NCT01958970?term=pinta+745&rank=1. Accessed April 10, 2015).

A similar approach is used with MimetibodyTM technology, developed by
Centocor, where the bioactive peptide is a mimetic identified, for example, from
phage libraries and is then linked to the Fc. The first MimetibodyTM successful in
phase I clinical study, i.e., CNTO 528, contained a 20 amino acid erythropoietin
mimetic peptide [15]. New generation MimetibodyTM proteins have been devel-
oped by rational protein engineering to alleviate the proteolytic degradation and
aggregation inherent in the earlier version. For example, adding carbohydrates to
the flanking region of the peptide reduces the tendency to form inter-chain disulfide
bonds [15].

In order to achieve high-affinity binding to some receptors, two or more distinct
receptor molecules may be needed. Regeneron developed a “trap” approach in
which the ligand-binding domains from different receptors were sequentially fused
to the Fc [15]. An engineered protein called a Trap-Fc, which contains the
ligand-binding domains of EGFR and ErbB-4 fused to an Fc domain, binds to and
neutralizes both ligands. The TRAP-Fc has high binding affinity, inhibits metastatic
phenotypes in vitro, and performs better than using a combination of the two
individual antibodies in mouse tumor models [16]. Using the same technology, a
ligand trap was also created by linking the second and third domains of VEGFR1
and VEGFR2 that is reportedly more efficacious at inhibiting angiogenesis than
VEGFR2 antibody alone [17, 18]. This molecule has been approved by the FDA for
treatment of age-related macular degeneration (aflibercept, Eylea®). Rilonacept
(Arcalyst®) is a Trap-Fc fusion protein and consists of the C-terminus of the
IL-1RAcP ligand-binding region fused to the N-terminus of the IL-1RI extracellular
region, which is then fused to the Fc domain of human IgG1. This fusion strategy
results in a highly potent, long half-life therapeutic [19]. The Trap-Fc approach is
also a highly effective method for treatment with cytokines, which typically act as
multi-component systems to mediate desired immunological responses. Fc fusion
proteins with two independent and potentially synergistic binding domains may
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result in effective therapeutics for treating excessive cytokine release [20]. Cytokine
traps consisting of the extracellular domains of two different cytokine receptor
components fused to human Fc as a heterodimer are potent blockers of cytokine
activity [21].

24.2 Advantages of Fc Fusion Proteins

The primary advantages to developing biotechnology drugs as Fc fusions are
increased efficacy via half-life extension, increased potency (via valency), and
addition of effector functions. Half-life extension results in increased target expo-
sure leading to lower or less frequent dosing, which can reduce costs and improve
patient compliance. The addition of effector functions can be particularly useful in
therapeutic areas such as oncology where cell killing is desired [22].

A clear demonstration of some of these effects is the early study showing that the
dimeric sTNFR: Fc molecule was a more potent inhibitor of TNF than the
monomeric sTNFR by 50–100X as assessed both in vitro by inhibition of TNF
binding or bioactivity and in vivo with mice injected with a lethal dose of LPS [4].
The increased efficacy is believed to have resulted both from the higher affinity of
TNF for sTNFR:Fc than sTNFR [4] and from the fivefold increase in serum
half-life with TNFR:Fc after intravenous injection compared with the soluble
receptor alone [23]. In another example, fusion of the anti-angiogenesis factor
apolipoprotein(a) kringle V to the Fc domain of IgG1 significantly increased both
the half-life and bioavailability without affecting activity in mice [24]. Similarly,
fusion of recombinant human lactoferrin with Fc resulted in a greater than ninefold
increase in serum half-life in rats compared to lactoferrin alone, and a longer
half-life than that of the PEGylated version of lactoferrin [25].

The increase in serum half-life attained by fusion to the Fc domain may be even
more significant for cytokines, which are relatively small and cleared rapidly from
the body. Because increased size, however, slows diffusion through mucus, only a
single cytokine molecule is typically fused to the Fc domain forming a monomeric
Fc. This compromise results in improved pharmacokinetics without significant
reduction in mucus diffusion [26].

In addition to the increased half-life, Fc fusions have been explored to provide a
noninvasive route of administration, namely through the pulmonary mucosa as an
aerosolized therapeutic. Because FcRn, which is responsible for IgG transport, is
expressed in human epithelial cells of the lung, conjugation of small proteins to the
Fc domain of IgG allows transport of biologically active molecules to the blood-
stream [20, 27]. This format confers noninvasive delivery and less frequent ad-
ministration, which would be more convenient for patients particularly those with
chronic conditions. While dimeric Fc fusions of human erythropoietin were shown
to be effective in non-human primates and human volunteers, second-generation Fc
fusion molecules have been developed as monomers with respect to the therapeutic
protein but dimeric with respect to the Fc [20]. The monomers have improved
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transport efficiency, increasing the bioavailability, and a longer serum half-life
compared to dimeric Fc fusions; some of the monomeric fusions also have greater
biological activity. Factor IX and erythropoietin have been developed as monomeric
Fc fusion proteins specifically with the intent of noninvasive pulmonary delivery
[20, 27]. Similar results were observed with monomeric Fc fusions of IFNa and
IFNb, which both had higher efficacy than their dimeric counterparts [20].

In some circumstances, use of an Fc fusion protein may result in improved safety
outcomes for the patient population compared to mAbs. The British Society for
Rheumatology Biologics Register reported that use of anti-TNF monoclonal anti-
bodies (adalimumab and infliximab) resulted in a higher rate of tuberculosis reacti-
vation than the Fc fusion protein (etanercept) [28]. A similar result, that is a higher
risk of TB with anti-TNF mAb therapy than with sTNFR therapy, was found by the
French registry [29]. Their conclusion was that these differences in TB recurrence
could be supported by how the mAb and the fusion protein separately interact with
membrane-bound TNF, leading to a differential effect on effector T cells and Treg
cells. Hunt and Emery suggest that etanercept’s structure may offer some potential
benefits over mAbs because only the fusion part of etanercept contains potential
immunogenic epitopes leaving the TNF-binding portion unaffected, whereas an
antibody response can be directed to several epitopes within the variable region of
mAbs [30]. Going even further is the idea that the Fc domain may confer
immunomodulatory properties to the molecule by inducing antigen-specific tolerance
with the use of specific epitopes and/or carbohydrate side chain modifications [8].

An added benefit of Fc fusions is that the proteins can be easier to manufacture
than the smaller ligand or receptor. Linking the ligand or receptor to an Fc domain
often results in higher expression and secretion and easier purification by Protein A
chromatography, which was the case for TNFr-Fc compared to its soluble receptor
[31]. Difficult to produce molecules can sometimes be expressed more effectively as
an Fc fusion by conferring greater stability to the molecule [32]. The solubility and
stability of fusion proteins can also be improved with protein engineering, aiding
the handling of these proteins during manufacturing and long-term storage [15, 31,
33]. Because of their structural similarity to a portion of an antibody, production of
Fc fusion proteins is accomplished using existing antibody manufacturing plat-
forms. Fc fusion proteins can be expressed in a variety of hosts although mam-
malian cells; e.g., Chinese hamster ovary (CHO) and human embryonic kidney
(HEK), are typically preferred because they provide the necessary folding and
post-translational modifications for human use. Some fusion proteins, however,
may be more effectively produced in bacteria; this is the case for peptibodies.
Romiplostim is produced as a single chain polypeptide in E. coli, using a process
that involves fermentation and downstream processing and includes refolding and
multiple column chromatographic steps. In addition to the high expression level and
the faster manufacturing process compared with mammalian cell culture systems,
the homogeneity of the final product and the absence of glycosylated forms are
important advantages of production in E. coli [12]. Because romiplostim has an
aglycosylated Fc moiety, it is partially Fc-silenced [34].
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24.3 Challenges Associated with Fc Fusion Proteins

The Fc fusion format can also have its challenges, many of which are shared by
traditional monoclonal antibodies. These include safety concerns (immune and
non-immune), unwanted effector function, and manufacturing issues.

Although relatively rare, adverse (on- and off-target) reactions to mAbs and Fc
fusion proteins alike include serious infections, malignancy, cytokine release syn-
drome, anaphylaxis, hypersensitivity, and immunogenicity [35]. Excessive trig-
gering of Fc-mediated effector functions can induce cytokine release syndrome as
has been observed with the monoclonal antibody Rituximab [35]. The suppression
of T lymphocytes by the fusion protein belatacept is associated with an increased
risk of post-transplant lymphoproliferative disease [36], resulting in boxed warn-
ings and a monitoring plan to protect patients. While etanercept also has boxed
warnings for serious infections and malignancy, other immunomodulatory Fc
fusions such as abatacept, alefacept, and rilonacept do not have similar warnings
[35]. Generally speaking, all biologic therapeutics can result in some level of
immunogenicity, which is characterized by either neutralizing or non-neutralizing
anti-drug antibodies. Because the composite fusion proteins are constructed from
two or more proteins, each of which may or may not be modified, they can be
non-native to the body and therefore are potentially immunogenic. The presence of
anti-drug antibodies can affect the pharmacokinetic profile, result in loss of tissue
penetration, and/or reduce the biological activity of the drug [37].

While Fc fusion proteins are typically easier to produce and purify than their
original receptor or ligand, there can still exist issues with manufacturing; pro-
duction and/or purification difficulties can vary on a molecule by molecule basis.
Manufacturing of Fc fusion proteins can result in product variants, aggregates, and
clipped species. This product heterogeneity may stem from disulfide isoforms,
oxidation, and inconsistent glycosylation. These and other variants can complicate
product purification and reduce the overall yield of the process.

24.4 Improving Fc Fusion Proteins

As with other IgG-based therapeutics, Fc fusions have recently been and will
continue to be extensively engineered in the Fc domain and/or in the fusion partner
to improve efficacy, safety, and manufacturability. This section will focus on
engineering the Fc because of its commonality to all of the Fc fusion proteins. Fc
engineering, whether for antibodies or Fc fusion proteins, can be used to increase or
decrease antibody-dependent cell-mediated cytotoxicity (ADCC),
antibody-dependent cellular phagocytosis (ADCP), and/or complement-dependent
cytotoxicity (CDC). There are multiple antibodies and Fc fusion proteins already
approved, in clinical trials, and in development in which the Fc has been modified
without compromising the specificity of the therapeutic moiety [38].
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Fc Engineering: Increased Effector Function Benefits of enhancing effector
functions include greater efficacy, lower or less frequent dosing and decreased
cost-of-goods [33]. Most prior Fc engineering efforts have focused on the IgG
hinge/CH2 region, which can engage Fcc receptor binding to recruit immune
effector functions. Where effector function increase is desired, such as in oncology
applications where destruction of the target cell is the goal, the protein sequence has
been affinity-optimized for FccRs by substitutions or by glycoform engineering
[39]. Fc glycosylation is necessary for fusion proteins to elicit effector functions as
the glycans attached to asparagine at the 297 position in the CH2 domain are critical
for complement activation and FccR binding [39]. While sialylated Fc has the
advantage of anti-inflammatory properties, non-sialylated antibodies may bind with
increased affinity to FccR for enhanced receptor-mediated cytotoxicity [40].
Enhanced affinity of mAbs for Fcc RIIIA, by modifying the amino acid sequence in
the Fc domain or by defucosylating the N-linked oligosaccharides on the Fc region,
has been shown to increase tumor killing through ADCC [41]. These same mod-
ifications were successful for Fc fusion proteins derived from TNFRII and LFA-3
where there was significantly higher Fc receptor cIIIa binding and increased
Fc-mediated cytotoxicity on target cells but binding activity was unchanged [42].
This correlation was demonstrated further in another study where binding of IgGs
to FccRIIIa was enhanced at least tenfold by glycans that lack the core fucosyl
moiety [43]. In contrast to the known correlation between fucose content and
ADCC activity, the impact of other sugar residues in the Fc-bound glycan structure
on immune effector functions is not well understood [44]. The effect of a terminal
galactose on Fc function, for example, is not fully defined and appears to be
antibody specific [1]. A recent study, however, showed that terminal galactose does
affect FccR binding [45]. Clearly, more studies are needed to fully understand the
impact of Fc glycoforms on immune effector function. Changes to Fc glycosylation
will most certainly also affect PK and PD, which will need to be evaluated on a per
molecule basis [1].

Another approach to achieve increased effector function is to use tandem Fc
repeated homodimers. A TNFRII-Fc-Fc fusion showed augmented binding to
FccRs and complement, leading to enhanced ADCC and CDC without affecting its
binding to TNFa or its neutralizing activity [46]. Typically, these constructs are
bigger causing some concern about tissue penetration, but there may be advantages
to slower penetration and accumulation in certain therapeutic situations.

Fc Engineering: Increased Half-life Fc engineering efforts have also been aimed
at further extending half-life by increased Fc—FcRn binding. Mutations have been
identified in the CH2-CH3 region, where IgG interacts with FcRn, that increase the
binding affinity at acidic but not neutral pH, ensuring that the molecule can still be
released into the circulation [47]. Incorporating these mutations into mAbs has been
shown to increase half-life and improve tumor killing [48]. These same mutations
might be equally or more effective in Fc fusion proteins, which typically have
shorter half-lives than intact mAbs, [49].
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Fc Engineering: Decreased Effector Function For applications where effector
functions are undesirable, FccR affinity can by eliminated by using aglycosylated
Fc and/or amino acid substitutions in the hinge/CH2 region. Modifications to the Fc
portion through mutations in specific amino acid residues can prevent the inter-
action of the Fc domain with other Fc receptors and complement components, and
thus reduce or eliminate unwanted effects [35]. Fc functionality has been silenced
for antibodies or Fc fusion proteins that target receptor or cell-surface proteins
especially on immune cells to minimize the safety risk. An example of this is
Orencia® where the C1q- and FccR-binding sequences of the hinge region were
modified to greatly reduce CDC and ADCC [38]. Scallon et al. [50] recently
showed that sialylation decreased ADCC of three different human antibodies, both
by reducing the affinity of the antibodies to FccRIIIa and to their target. With
abatacept, a series of directed, select mutations in the hinge region were introduced
to both improve protein production and reduce Fc-mediated binding to limit the
effects normally associated with binding of Fc such as CDC and ADCC [51]. Using
results from in vitro binding studies, abatacept therapeutic activity is thus primarily
a result of receptor binding rather than activities mediated by the modified Fc
domain [51]. The authors hypothesized that this could result from steric hindrance
(conformational change resulting from deletion of hinge cysteines) or altered gly-
cosylation (introduction of serines, one of which was glycosylated).

While many of the fusion proteins reaching the clinic consist of the Fc domain
from IgG1, effector function decrease can be achieved by using the Fc domain from
other IgG subclasses, such as IgG2 or IgG4, which have relative lower affinity to
FccRs and complement receptors [52]. One example of the intentional use of the Fc
domain from another IgG subclass is development of a long-acting glucagon-like
peptide 1 (GLP-1), which has potential as a treatment for diabetes [53]. Of all the
IgG isotypes, the Fc domain of IgG2 was chosen as the fusion partner for GLP-1
because it has the lowest affinity for FccRI, a high-affinity Fc receptor that can
induce ADCC [52]. In addition, the Fc domain from IgG2 does bind to FccRIIB, an
inhibitory receptor on some immune cells, reducing the likelihood of Fc-induced
immunity [52]. This Fc fusion was shown to have superior therapeutic and phar-
macologic properties compared to native GLP-1 in a mouse model of Type 1
diabetes with a diminished concern for immunogenicity [53]. More recently, an Fc
variant of IgG2 was engineered with multiple substitutions to eliminate affinity for
Fcc receptors and C1q complement protein and, as a result, immune effector
functions [54]. This type of an approach makes sense for therapeutic blocking
antibodies where immunostimulatory functions conferred by Fc domains are
unwanted and Fc interaction with FcRn to extend serum half-life is retained [54].
Another approach is to fuse the protein to a hybrid Fc (hyFc) containing the CH2
and CH3 regions of IgG4 and the highly flexible hinge region of IgD, both with low
ADCC or CDC potential, which has been done with TNF receptor [55]. Using an
in vitro bioassay, the neutralizing efficacy of TNFR-hyFc was about 1.5-fold higher
than that of etanercept, perhaps because of the improved hinge flexibility [55].
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Fc Engineering: Monomeric Fc There is circumstances where the bivalency of
IgG is not desired and can cause unwanted effects. One example is when the target
is a multimeric soluble molecule where use of a bivalent Fc fusion protein could
result in unwanted crosslinking. Another example is antagonism of a cell-surface
target where use of a homodimer Fc fusion protein could result in excessive agonist
activity. Forming a cross-linked network in plasma or unwanted agonist activity can
be avoided with the one-armed format. N-glycosylation engineering to disrupt the
CH3–CH3 interface and mask the exposed hydrophobic surface of CH3 domains
enables the formation of Fc fusion proteins that are monomeric with respect to the
Fc region [56]. Use of this double glycosylation variant improved the properties of
the monomeric Fc domain while maintaining the pH-dependent binding to FcRn.
The monomeric Fc was highly soluble and remained monomeric up to 200 mg/L.
Although the serum half-life was shorter than for a control antibody, tandem repeats
of the monomeric Fc domain increased the avidity and extended half-life [56].
Recent studies have shown that the monomeric IgG1 CH3 domain may also serve
as an effective fusion partner, conferring increased tissue penetration, access to
restricted binding sites and increased therapeutic efficacy, while maintaining long
serum half-life, compared to a typical Fc fusion because of the former’s smaller
size. The CH3 domain, even after engineering in an additional disulfide bond to
increase thermal stability, maintains binding to FcRn keeping the long half-life
associated with those interactions [57]. An additional advantage of the monomeric
CH3 domain as a fusion partner is that the product can be produced at a high level
in E. coli and can bind to both proteins A and G although with lower affinity than a
dimeric Fc.

24.5 Regulatory Considerations

The primary concern of regulatory agencies regarding fusion proteins as biother-
apeutics is their potential for eliciting an immune response. Regulatory agencies
expect more complete characterization of the anti-drug antibody (ADA) response
with fusion proteins because they consist of both a foreign protein (Fc-hinge) and
an endogenous protein. This is especially true if one or both is engineered.
Sequence modification, codon optimization, charge pair mutations, disulfide bridge
insertion, and linker shortening or removal, while often improving expression,
protein folding, or stability, can also have unwanted effects such as altered protein–
protein interactions, aggregation, and immunogenicity [19]. The foreign sequence
could initiate a cell-mediated antibody response that can sometimes also induce an
immune reaction to the fused native protein [19]. Depending on the type and extent
of the immune response, ADA could neutralize the intended effect of the thera-
peutic or, even worse, could cross-react with autologous proteins resulting in an
adverse event for the patient. The FDA recommends that the ADA response to
fusion molecules, especially those that are engineered, be assessed using assays that
can determine reactivity not only to the complete molecule but also to its individual
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components [58]. This approach will help to determine if the immune response is
directed at one or more of the individual components or novel epitopes in the fusion
region.

24.6 Conclusions

Fc fusion proteins continue to provide great clinical promise for treating a variety of
diseases especially as molecular understanding of the associated physiology is
improved. Given the availability of sophisticated engineering knowledge and tools,
the application of IgG-based therapeutics is rapidly evolving to include a new
generation of engineered Fc fusion proteins with potentially improved efficacy and
safety. These advances are leading to “fit-for-purpose” Fc fusion proteins with
precise targeting, rationally designed effector functions and optimized half-lives.
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Chapter 25
Lifecycle Management of Biotherapeutic
Dosage Forms

Nicholas Warne, Bryan Balthazor and William Parr

Abstract Lifecycle management of biotherapeutic dosage forms has become an
increasingly important strategy for providing patients with enhanced convenience
during storage and administration as well as providing companies with an oppor-
tunity to compete in an increasingly crowded marketplace. Often, lifecycle man-
agement is first considered after a product becomes available for commercial
distribution. This approach can cause delays in innovation and result in a loss of
opportunity to serve patients and remain competitive. A thoughtful approach to
lifecycle management of dosage forms should begin in early product design, pro-
viding a framework for continuous improvement and the ability to take advantage
of cumulative learning of both the specific compound as well as the therapeutic area
and patients’ needs.

Keywords Lifecycle management � Dosage forms � Drug product profile

25.1 Introduction and Scope

In its narrowest application, any change to an existing licensed manufacturing
process or product can be considered lifecycle management (LCM). In the context
of biotherapeutic manufacturing, lifecycle management for a given product while
retaining the same mode of action can take many forms: process improvements to
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increase productivity during cell culture, modifications to harvest or purification
steps to increase yield or purity, or new dosage forms to provide a more competitive
product or one that is more patient friendly.

While these are acceptable applications of lifecycle management, they are,
indeed, too narrow. By focusing almost exclusively on the traditional product
lifecycle, which starts at drug product launch, this concept of lifecycle management
ignores the significant amount of work that brackets a product’s development
through years of clinical research, commercial process and presentation develop-
ment, and eventual post-launch optimization. A comprehensive approach to product
lifecycle management begins early in development when the compound is initially
defined, the preliminary (toxicology or Phase 1) manufacturing process is defined,
and the first-in-human dosage form is developed. It is critical to consider LCM early
in development because the initial process and products are often, appropriately, not
suitable for long-term commercialization. A clinical dosage form, for example, is
intended to provide clinicians with flexibility in dose, route of administration, and
frequency of dose. This level of flexibility is problematic for commercial applica-
tion. Having a strategy that encompasses a holistic LCM approach starting from
early Phase 1 process and product development enables a project team to inten-
tionally and strategically plan for process and product enhancements. The outcome
of planning that encompasses multiple phases of product development and a
thorough control strategy with continuous process verification and compliance with
ICH Guideline Q8–Q11 [1–4] at its core allows for a thoughtful approach suitable
for clinical and commercial development.

For the purpose of this chapter, the authors will focus on lifecycle management
as focused on dosage form design. Specifically, we will review the rationale and
strategies for design and implementation of new dosage forms, post-launch, for
biotherapeutic products. Changes may include new dosage strengths to enable more
convenient dose preparation and administration, new formulations such as substi-
tuting a liquid dosage form for a lyophilized powder and the introduction of con-
venience devices such as auto-injectors, dual-chambered syringes, and
reconstitution aids. Out of scope of this chapter are modifications to the active
ingredient itself (for example, PEGylation to extend circulating half-life) as well as
changes to the route of administration. In effect, we wish to assess strategies and
examples in which products have evolved to fulfill customer or patient needs.

25.2 Lifecycle Management and Product Development

In creating a thoughtful dosage form lifecycle management strategy, the project team
must take into account the entire life of a product, rather than simply the product’s
intended commercial lifecycle on the market. From product concept and early
research to marketing and dosage form differentiation, the project team must strive to
recognize and accommodate the evolving needs of the customer. The “customer”
term encompasses a number of diverse groups: clinical research, the commercial
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marketing team, payors, and patients all exert some degree of influence on the
product. Moving through the product’s lifecycle, priorities must necessarily change
to accommodate the current customer. For this reason, a consciously developed
strategy for lifecycle management that maintains awareness of the different groups
involved enables smoother transitions throughout the stages of a product’s maturity.
Table 25.1 illustrates the challenges and considerations of dosage form design.

During the early stages of development, biotherapeutics dosage forms must be
designed to accommodate the needs of the clinical research team. In this early stage
of development, much is unknown including dose (may vary from 0.1 to 10 mg/kg
for a typical monoclonal antibody, a 100x range), route of administration (typically
subcutaneous injection or intravenous infusion depending on the needs of the

Table 25.1 Stage-specific considerations of dosage form lifecycle management

Stage of
development

Important considerations Product options

Phase 1 to 2a
(safety and
dose finding)

Clinical research is the key customer Early stage dosage forms must
provide flexibility across a wide
dosing range, often 100x. Need to
determine whether flat or
weight-based dosing

Doses are unknown and could span a
wide range

Route of administration often
unknown (IV, SC are typical; IM for
vaccines)

Stability of clinical supplies is
important to avoid clinical trial
interruptions and reduce cost of
resupply

Frequency of administration
unknown

Masking of clinical trial materials
may be required

Phase 2b to 3
(registration
trials)

Clinical research has significant input Dosage forms and launch supplies
(kits) should be aligned in
preparation for registration

Commercial team must help to define
drug product (kit) launch
configuration

For combination products (e.g.
prefilled syringes), human factors
studies should be assessed using
“representative” supplies and
instructions

Phase 3 trials should be performed
with representative commercial
supplies

Masking of clinical trial materials,
or comparators, may be required

Initial
registration
and launch

Dosage forms must be suitable for
launch

Proposed dosage forms should be
biochemically comparable to, or
representative of, clinical trial
materials

Depending on timing of program and
registration, may not be optimal
dosage form for market

Post-launch Post-launch, optimized dosage forms
may be required for product
differentiation based on customer or
patient needs

New dosage forms must leverage
previous experience with product

Cost management may drive product
and process improvements

Must add sufficient value in order
to justify product enhancements
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patient community and administration setting; vaccines are often intramuscular),
and frequency of administration (may vary depending on allometric scaling and
pharmacokinetic data from pre-clinical studies). These significant unknowns require
a heightened level of flexibility. Further, given that the probability of early candi-
date compounds reaching registration is approximately 10% [5] at an estimated cost
of $2.6B [6] in which one seeks to invest as late as feasible in a disciplined,
milestone-driven manner, the formulator may wish to avoid prematurely optimizing
the dosage form for competitive purposes and utilize a standardized or platform
formulation [7] to reduce development time and resources while maintaining a
high-quality product. This delay in product optimization is often due to a lack of
understanding regarding dose level and frequency, market demands, and an overall
commitment to further product development which are not clarified until the end of
Phase 2a or 2b clinical trials.

During Phase 1–2a clinical trials, the primary customer is clinical research as
they assess safety, activity, and dose finding. The need for convenience is less
relevant, as during early clinical trials the doses are often prepared by highly trained
clinical pharmacists. The stability of early clinical supplies must be intentionally
assessed depending on the product’s development strategy, timeline, and tolerance
for risk. Utilizing a more stable dosage form (lyophilized powder or frozen liquids
for example) is often less desirable from a dosage preparation and commercial
perspective, but at this stage of development, the use of a more stable dosage form
does accommodate a reduced number of manufacturing batches so that a single
batch of drug product can be utilized through Phase 2a clinical trials. This strategy
helps to reduce incremental development costs (resupply manufacturing, release,
and perhaps stability testing), as well as decreases concerns related to stability
failures possibly resulting in clinical delays, additional resupply batches, and
quality concerns.

If suitably stable, a liquid dosage form could be utilized for early clinical trials,
which is more convenient and more versatile if product differentiation is judged to
be an important attribute in a given patient population. Understanding the dynamics
of a disease, how it is managed by patients and healthcare providers and the dosage
form requirements is critical to defining a dosage form strategy and managing
expectations within a project team. Biotechnology products in oncology, for
example, are often delivered via IV infusion; therefore, dosage form convenience is
less critical. For diseases in which self-administration is a key success factor (di-
abetes for example), the need for convenient dosage forms and devices is critical to
product advancement. While the shelf-life may be somewhat compromised for a
liquid dosage form in comparison to a lyophilized powder, a liquid product may be
more representative in terms of dosage form and quality attributes of the product to
be developed for late-stage trials. In either case, the formulation and dosage form
should be designed to accommodate the needs of clinical research as well as pro-
vide a foundation for product enhancements later in the product lifecycle. It is
important that the formulator be able to link the dosage form development and
manufacture of early clinical supplies to eventual launch supplies to ensure that
they are representative of each other, especially regarding the critical quality
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attributes of the product [8]. For example, if a product evolves from a more stable
lyophilized powder in early clinical trials to a somewhat less stable liquid dosage
form in later trials, then the safety of the new dosage form will need to be evaluated
to exclude the possibility that novel degradants may be present in liquid clinical
supplies that were absent or at reduced levels in the initial safety trial.

In late clinical development, for example Phase 2b and Phase 3 pivotal trials, the
dosage forms must be representative of the proposed launch supplies. The use of the
term “representative” is open to interpretation but can be assessed as meeting a
defined set of specifications or critical quality attributes as well as utilizing a
manufacturing process that are consistent regardless of scale or site of production
and are representative of the eventual commercial supplies. At this stage of de-
velopment, the dose should be known as well as the route and frequency of ad-
ministration. While the final dose may not be available during Phase 2b trials,
possibly requiring the development of dosage strengths that may not be registered,
it is important that Phase 2b trials use dosage forms representative of the clinical
trial materials that have already been tested in patients as well as are representative
of the proposed dosage forms. Depending on the indication, patient population and
clinical trials design, a well-matched placebo may be required, further complicating
product development. While the placebo is of little commercial concern, it is often
critical to a successful late-stage clinical trial and should not be underestimated.
Finally, if the product is considered a combination product [9], then the dosage
form and instructions for use should be assessed by risk assessment and human
factors’ studies to ensure compliance and a mature understanding of how the
product is to be used.

The transition from early- to late-stage development is a critical point in dosage
form development. The late-stage product must be representative, if not identical, to
the proposed launch product. Further, the commercial team must be fully engaged
in the design of the late-stage dosage form since it must accommodate their need for
meeting requirements of the patients or healthcare provider, product differentiation,
maintain an acceptable quality profile, provide flexibility throughout the supply
chain, and be cost effective in manufacture. In order to understand the commercial
drivers, a series of discussions to identify the drug product profile (DPP) should be
held prior to initiation of late-stage dosage form development to ensure that the
product being developed by the pharmaceutical scientist meets the needs of both
the clinical research and commercial groups. Aspects of the DPP are discussed later
in this chapter.

Post-launch dosage form development must be driven by clear commercial and
medical needs. Table 25.2 provides guidance regarding potential commercial and
medical drivers for post-launch dosage form enhancements.

Post-launch dosage form development must be justified by demonstrating that
the benefits of the introduction of enhanced dosage forms outweigh the investment
in time and resources required. This calculation can take many forms including a
projected return on investment (ROI), calculation of net present value (NPV), or
internal rate of return (IRR) [10]. There are strengths and weaknesses associated
with each of these tools, but some quantitative projection must be made in order to
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justify the expense as well as compare competing proposals. Review of an indi-
vidual LCM proposal requires a disciplined tool for creating a financially and
medically driven decision. When comparing across proposals, utilizing the same
calculation with similar assumptions is vital to trusting the output. One aspect of
each of these assessments is that the enhancement must provide a tangible benefit to
the patient or customer. By making the product easier to prepare or administer, the
patient may become increasingly compliant, possibly reducing the incidence of
missed doses due to inconvenience of administration [11]. In addition, having the
ability to better customize doses will reduce waste as well as diminish the possi-
bility of sub-optimal patient outcomes resulting from over- or under-dosing.
Finally, it must be recognized that patient desires, such as ease of administration,
can play a role in the success of a particular product.

25.3 Drug Product Profile

As described earlier, understanding the clinical and commercial needs of the patient
population is critical to designing the appropriate product. To improve success with
the target patient population, it is important to discuss the drug product profile
(DPP) with the integrated project team including clinical and commercial col-
leagues. This discussion should occur no later than Phase 2a, after certain clinical
aspects are known (dose, route of administration, frequency, etc.), and prior to
initiating development of the commercial dosage forms and manufacturing process.
The DPP differs from the target product profile (TPP) in that typically the TPP
accounts for a broader perspective on the product including target indication(s),

Table 25.2 Drivers for post-launch dosage form enhancements

Driver Options

Ease of storage Switch from refrigerated storage to room temperature; important for
self-administration

Ease of dosage
preparation

Switch from lyophilized powder to ready-to-use formulation (liquid,
prefilled syringe)

Switch from lyophilized powder in vial to lyophilized powder in
dual-chambered syringe

For lyophilized powders, introduce reconstitution aid

Switch from single-use vials to multiple-use cartridges

Develop more dosage strengths to accommodate patient dose and mass

For large doses, where multiple vials are required, provide larger
dosage strengths to accommodate one vial per dose

Ease of
administration

Switch from vialed product to prefilled syringe

Switch from prefilled syringe to auto-injector

Reduce injection volume

Switch from intravenous infusion to subcutaneous injection
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safety profile, expected medical outcomes, and, to some extent, cost of treatment
[12]. What the TPP lacks is sufficient detail regarding the desired dosage form, a
crucial aspect of marketing.

Before defining the commercial dosage form, several aspects of the marketplace
should be well understood. This information can be gathered by market research,
which may be important depending on the indication, regional, and competitive
landscape, or it may be based on experience with comparable products. Table 25.3
presents several examples of questions which should be addressed prior to defining
the commercial dosage form.

Understanding the responses to questions presented in Table 25.3 allows the
integrated project team to characterize the need for specific dosage forms. An
example of how this is applied could be the development of an oncology product
which requires intravenous administration in a clinical setting. Given this profile,
there is little need to develop a ready-to-use prefilled syringe and a vialed product
may be suitable. In contrast, if one is developing a product for rheumatoid arthritis
that is to be self-administered, then the team must consider development of a
prefilled syringe as well as auto-injector dosage forms in order to compete in a
marketplace that has established an expectation for these types of dosage forms.
Injection experience has been cited as a reason for patient discontinuation of a
specific therapy [13].

Finally, one must have a mature understanding of both the DPP and TPP prior to
establishing the Phase 3 dosage form, Quality Target Product Profile (QTPP).
The QTPP, as described in ICH Q8, integrates what is critical to the patient in terms
of therapeutic outcomes with product design, control, and specifications. Generation
of a thoughtful TPP and DPP is prerequisites in understanding why a specific dosage
form is being developed. The QTPP subsequently characterizes how one wishes to
control the manufacture of the product in order to satisfy the TPP.

Table 25.3 Points to consider during DPP development

Question Information useful in product design

Who will administer this compound? Self-administration, healthcare professional,
family member, or friend

Where will the dose be administered? In home, physician’s office, pharmacy,
infusion center, etc.

What is the frequency of administration? Daily, weekly, biweekly, monthly, etc.

Who will manage the patient’s drug supplies
and how will they obtain them?

Storage at home, storage at pharmacy, home
delivery

What is the competitive landscape in this
therapeutic area?

Novel product and mode of action; product
will be one of several available

Are there any indication-specific
considerations?

Patient with severe rheumatoid arthritis may
be dexterity challenged

Patient population has no history with
injectables
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25.4 Case Studies

There are several examples of successful lifecycle strategies of biotherapeutic
dosage forms. Because it is challenging to document the many dosage forms uti-
lized during the clinical development of a compound, we will focus on post-launch
LCM strategies using publicly available information. The two examples we have
selected are both injectable drugs, but their dosage form development was influ-
enced by competitive pressures unique to the product area. Human growth hor-
mone, administered daily via subcutaneous injection, has been commercially
available for 30 years by a number of firms. Recombinant factor VIII, for the
treatment and management of hemophilia A, is administered by intravenous infu-
sion and has been commercially available for over 20 years. Both compounds are
often self-administered or often administered by a family member in the home, so
convenience plays an important factor in product choice. Both compounds are for
chronic conditions; therefore, training of patients and caregivers is important to
ensure good injection practices. Both of these products are in highly competitive
therapeutic areas, but their markets have evolved differently as the examples will
present.

Human growth hormone, manufactured by several firms, has evolved signifi-
cantly since it was introduced into the marketplace, and is a good example of
dosage form differentiation via convenience, specificity, and a desire for continuous
innovation as a means of promulgating brand loyalty. The example of recombinant
FVIII clotting factor demonstrates how several companies will differentiate their
products on the basis of formulation, safety, and dosage forms, seeking to compete
with an assurance of quality and convenience.

25.5 Growth Hormone

Human growth hormone (rhGH), also called somatotropin, is a peptide hormone
used to treat patients who have a human growth hormone deficiency resulting in
growth failure and short stature [14]. rhGH is often prescribed for children but can
be used by adults. rhGH is produced using recombinant techniques [15] and was
one of the first biotechnologically derived products.

All of the companies below share similarities in their dosage form trajectory for
growth hormone, from lyophilized vials to cartridges to injection pens, making for
an informative discussion of which factors determine market success. Initially
approved in 1985, rhGH was modified from naturally occurring human growth
hormone by including an additional N-terminal methionine (192 amino acids,
somatrem) due to the expression system, and was provided as a lyophilized powder
in a vial. Since that approval, numerous improvements have been made to the
recombinant growth hormone dosage form including approval of the 191 amino
acid growth hormone (somatropin), introduction of a liquid formulation that does
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not require reconstitution, multiple dosage strengths, and the use of many different
devices for the reconstitution and delivery of recombinant growth hormone.
Competition to maintain market position and growth is the driver of these
improvements. The improvements themselves are identified through innovative
enhancements that provide convenience and flexibility to the patient.

The first recombinant growth hormone (somatrem) was licensed as Protropin®

by Genentech (part of the Roche group). The pioneering product was provided as a
lyophilized powder in a vial and was available in a single dosage strength (5 mg,
somatrem). In 1987, Eli Lilly introduced Humatrope®, the fully human, 191 amino
acid, recombinant growth hormone (somatropin) available in a Redi-Vial, a
dual-chambered vial containing the lyophilized powder and diluent. Genentech and
Novo both had approval for somatropin in 1987, but were unable to market until
1993 due to Lilly’s orphan drug protection for Humatrope®. Genentech made few
changes to Protropin® other than the addition of a 10 mg dosage form in 1989.
They continued to market Protropin® until 2004 when it was removed from the
market; however, the primary focus of the recombinant growth hormone market
shifted to somatropin due to the higher risk of serious side effects associated with
the extra methionine of Protropin®.

The appearance of growth hormone on the market was followed by efforts to
make the dosage form more convenient and user friendly. In 1999, Eli Lilly
introduced the first pen-type device for human growth hormone called
HumatroPen®. This device uses cartridges (6 mg, 12 mg, or 24 mg) that are
reconstituted with a prefilled syringe before inserting the cartridge into the pen,
resulting in multiple reconstitution, assembly, and dosing steps. The reusable pen
has a dose selection knob to control the proper dose, and after initial release, a
hidden needle cover became available for use with HumatroPen®. After reconsti-
tution, the cartridges are stable for up to 28 days when refrigerated.

In 1993, Genentech began to market Nutropin® (somatropin) before the expi-
ration of Humatrope®’s orphan exclusivity by obtaining approval to treat chronic
renal insufficiency rather than human growth hormone deficiency. The original
dosage form of Nutropin® was a lyophilized powder supplied as 5 mg or 10 mg
vials. After Humatrope®’s exclusivity expired in 1994, Nutropin® was approved for
treatment of human growth hormone deficiency.

In December 1995, Genentech’s liquid version of somatropin (Nutropin AQ®)
was approved. This was the first liquid formulation of human growth hormone
available in the USA and greatly simplified the dosing process by removing
reconstitution. Nutropin AQ® was originally available as ready-to-use, liquid 10 mg
vials. In 2002, in association with Ipsen, Genentech introduced a solution containing
cartridge (Nutropin AQ Pen®) in a reusable injection pen (10 mg). Later, in 2008,
they released a 20 mg cartridge for use in the Nutropin AQ Pen® and introduced the
NuSpin® multidose disposable injection pen in three strengths (5, 10, and 20 mg).
The NuSpin® comes prefilled and requires refrigeration (maximum of 28 days after
initial use). This evolution of dosage forms, in retrospect, reflects the emerging
market needs of patients, their families, and a competitive environment.
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In 1996, Pharmacia (Pfizer) launched Genotropin® (somatropin) dispensed from
Intra-Mix (now called Genotropin Mixer), a two-chambered cartridge container
containing either 1.5 mg or 5.8 mg of somatropin and 1.1 mL of water for injec-
tion. The reconstitution involved turning part of the two-chambered cartridge to mix
the lyophilized powder with the diluent, removing the overpressure with a needle,
and withdrawing the product from the cartridge with an additional needle and
syringe. This innovative dosage form resulted in enhanced convenience for patients
and a competitive advantage when compared to other growth hormone products
available as lyophilized powder within a vial. In 2000, Pfizer introduced
MiniQuick, containing lyophilized somatropin. The MiniQuick is a single-dose
dual-chambered syringe that is available in 10 dosage strengths. It is a single-dose,
disposable syringe that is small and portable. Additionally, it is able to be stored at
room temperature for up to 3 months making it much more convenient for patients.
Pfizer subsequently released the Genotropin® Pen, which is a multidose, reusable
device and uses dual-chambered cartridges. Since its release, Pfizer has made
multiple improvements to the device including a hidden needle option, a digital
display, and customizable caps and covers.

In 1996, after Genotropin® was released, Serono become the fourth company to
sell somatropin in the USA when they released Saizen®, available as a lyophilized
powder in 5 mg or 6 mg vials. In 2000, they introduced a convenience device
combining a diluent containing prefilled syringe, adapter, and lyophilized powder in
a vial as a single device (click.easy). Serono followed the device with a wave of
several innovative injector systems incorporating a wealth of features and options
for the user. The one.click reusable cartridge-based auto-injector was introduced in
2001 which uses the click.easy cartridges. A needle-free injector system was
introduced in 2006 (cool.click) which combined a reconstituted vial or cartridge of
growth hormone with a needle-free device. cool.click 2 was released in 2010 which
incorporated an improved nozzle, a digital display, less noise, and a more ergo-
nomic design. In 2008, Merck Serono introduced the easypod system, an electronic
injector, which provides an onscreen display of dosing information and a hidden
needle feature utilizing the click easy cartridges. Benefits of the electronic injector
include customizable injection depth and speed, preset dosing by a HCP, multiple
languages, and injection schedule review by the HCP.

Novo Nordisk entered the global market with Norditropin® in 1988; however, it
was unable to sell to American market, for legal reasons, until 1997. The original
dosage form of Norditropin® was a lyophilized powder supplied as 4 mg or 8 mg
vials. In 2000, Novo Nordisk introduced their first injector pen for Norditropin®,
NordiPen, a multiuse pen with a liquid formulation of human growth hormone. In
2010, they released the current generation of the Norditropin® device, the FlexPro.
The FlexPro is a prefilled, disposable use pen designed to fit more comfortably in
small hands with an easy to push button. It must be refrigerated prior to the first use,
but can then be stored at room temperature for use within 3 weeks. Also available
with the FlexPro is NovoFine, a 32 gauge, 6 mm needle and Autocover, which
hides the needle before, during, and after injections. With the FlexPro, Novo
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Nordisk has become the market leader for growth hormone, demonstrating com-
mitment to continuous innovation.

Additionally, in 2006 Sandoz Sandoz began selling their recombinant growth
hormone, Omnitrope. It was originally available as a lyophilized powder supplied
as 5.8 mg vials. However, in 2008 Sandoz introduced Omnitrope Pen, using 5 mg
liquid cartridges featuring a dose dialing knob. They subsequently released a 10 mg
pen, in 2010.

Figure 25.1 presents recent global sales figures for the firms discussed above.
The sales figures are collected from publicly available resources, primarily corpo-
rate annual reports, and regulatory filings [16].

The sales figures illustrate that the competitive growth hormone market is
dynamic and can be driven by innovation and listening to the customer. During the
past decade, Novo Nordisk has emerged as the market leader for growth hormone
therapies, based on sales. The other four firms, included in this figure, have shown
modest growth (Merck Serono) or slow decline. As the market for growth hormone
has grown globally, due to increased access and patient mass, the increase in sales
has not been shared equally by these five firms. This example allows us make
several observations:

1. A successful approach must be coupled with a consistent commitment to
innovation and product enhancements to maintain market growth: Novo
Nordisk has consistently introduced innovation through improved dosage
delivery systems, convenience and flexibility for the customer, and a generally
pain-free injection experience with the use of 32-gauge needles. Their use of
liquid-filled cartridges, similar to other products in their portfolio, makes the

0 

200

400

600

800

1000

1200

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

An
nu

al
 G

lo
ba

l S
al

es
 (U

SD
)

Year

Norditropin 

Genotropin 

Humatrope 

Saizen 

Nutropin 

Fig. 25.1 Annual global sales of select growth hormone products

25 Lifecycle Management of Biotherapeutic Dosage Forms 571



manufacture and control of the active product predictable and provides patients
with confidence that the growth hormone will be consistent. This is important
because with chronic diseases patients and healthcare providers are reluctant to
switch between products due to risk of dosing errors and immunogenicity.

2. Knowing patient preference matters: As discussed above, liquid-filled car-
tridges have been a successful platform for Novo Nordisk. That said, Genentech
(with Roche and Ipsen) and Merck Serono (click.easy) introduced a liquid-filled
cartridge within 2 years of the Norditropin® launch. The principal difference
between the two products is due to the pen design, dosing options, and needle
selection. Novo Nordisk has utilized a continuous improvement approach to
enhance the patient experience and increase market share.

3. Convenience is key: While two product lines utilize liquid-filled cartridges, the
other products use lyophilization as the stabilization process. This results in the
need for reconstitution of the product prior to administration. Regardless of how
simple this can be made with the use of dual-chambered cartridges or vial
adapters, it results in additional steps for the patient or healthcare provider and
therefore less convenience. The most extreme example of this is the
HumatroPen device which must utilize a separate reconstitution kit prior to
administration and the cool click device which requires multiple reconstitution
and loading steps prior to use. Both of these devices have a built-in disadvantage
relative to the convenience of a liquid-filled 3 mL cartridge.

4. Innovation is not always beneficial for all customers: Growth hormone, like
insulin, has received tremendous attention in terms of alternate delivery systems
to reduce the frequency of administration as well as provide less invasive ad-
ministration. Some of these systems, while technically effective, have not been
found to appeal to customers. Nutropin® depot PLGA microspheres (Genentech/
Alkermes) was introduced to the market in 1999 and subsequently withdrawn in
2004 due to poor sales. Likewise, Pfizer introduced a needle-free system
(ZipTip) in 2002 and the product was withdrawn due to poor sales. Finally,
Merck Serono has maintained their needle-free device (Cool Click) and kept it
on the market for patients who have concerns about the use of needles for daily
injections. While these innovative approaches have enjoyed technical success,
they have not made significant progress in terms of market share relative to the
convenient liquid-filled cartridges and pens of their competitors.

25.6 Recombinant Factor VIII

Factor VIII therapies have evolved from initial treatments purified from fractionated
plasma to recombinant therapies introduced in the 1990s [17]. After the introduc-
tion of recombinant FVIII, several advances were made to reduce the potential risk
of viral infection by eliminating non-recombinant albumin from the process and
formulation. Recombinant factor VIII (Recombinate) was licensed by Baxter (now
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Baxalta) in 1992. In 2003, an albumin-free formulation was made available under
the trade name Advate. Since that time, the principal advance in dosage forms has
been the introduction of additional strengths, reconstitution aids, and the expansion
of room temperature storage periods. In spite of these advances, Recombinate still
enjoys commercial success due, in part, to patient’s reluctance to switch across
brands. In 2002, the Baxject vial adapter was released, and in 2008, an improved
version (Baxject II) became available. In 2014, Baxject III was released which
greatly simplified reconstitution with an all-in-one reconstitution system containing
the active vial, diluent vial, and transfer device. In November 2015, Baxalta, with
Nektar, introduced a PEGylated version of FVIII to reduce the frequency of ad-
ministration (Adynovate).

Bayer introduced Kogenate recombinant factor VIII (also licensed as Helixate by
CSL Behring) in 1993. In 2000, the second-generation products manufactured in
the absence of albumin, Kogenate FS and Helixate FS, were licensed and eventually
replaced Kogenate and Helixate. As with other recombinant FVIII products, it is
provided as a lyophilized powder which must be reconstituted prior to adminis-
tration. Besides the introduction of additional strengths, the primary change has
been the introduction of vial adapters and diluent containing prefilled syringe ease
of use. In 2005, Bayer released the use of BioSET which includes a prefilled
syringe of WFI and a needle-free reconstitution system. In the same year, CSL
Behring released the Mix2Vial needle-free transfer device for use with Helixate FS.

Wyeth (now Pfizer) introduced ReFacto, a second-generation B-domain deleted
recombinant factor VIII, in 2000, and replaced it with the third-generation
albumin-free version, ReFacto/Xyntha, in 2008. Besides developing additional
dosage strengths, in 2004 Pfizer introduced a needle-free vial adapter and diluent
containing prefilled syringe kit for patient convenience (R2 Kit). In 2010, the
company also introduced a dual-chambered syringe (SoloFuse®/FuseNGO®),
simplifying the drug preparation process and reducing the number of components
required to reconstitute and administer the product from three (prefilled syringe,
vial, vial adapter) to one (prefilled, dual-chambered syringe). This is particularly
helpful since factor VIII therapies are commonly self-administered.

In 2015 Novo Nordisk released NovoEight®, a third-generation recombinant FVIII
available as a lyophilized powder in a vial with a vial adapter and prefilled syringe.

Figure 25.2 presents sales figures for the four leading brands of recombinant factor
VIII clotting factor [18]. In contrast to the human growth hormone examples, there
has been a consistent upward trend in sales for the four products. Additionally, one
must note that there has been little change in market share since 2004, which may
indicate stability and product loyalty from patients, their families, and healthcare
providers. Unlike growth hormone, there is limited opportunity to innovate via dosage
form design and convenience, presumably due to the need for intravenous injection.
With the addition of convenience devices (vial adapters, diluent containing prefilled
syringes, and dual-chambered syringes), the primary innovations during the past
20 years have been the elimination of human serum albumin from the process and
product and the recent emergence of extended half-life versions of FVIII with
PEGylation (Baxter’s Adynovate) or Fc Fusion proteins (Biogen’s Eloctate).
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25.7 Keys to Success

After review of the above case studies for growth hormone factor and FVIII clotting
factor, we have identified four keys to a successful LCM program.

25.7.1 The Company Must Be Dedicated to Brand
and Therapeutic Area

All of the companies discussed above have made long-term commitments to a
specific therapeutic area. Furthermore, all of them have made substantial invest-
ments in the innovative science that served to either develop the products initially or
enter the market with a significant market enhancement that increases convenience
to the patient or caregiver. In growth hormone therapy, four of the firms have had a
substantial presence in this area for over 25 years. Additionally, while a relative
newcomer to the field in 1997, Novo Nordisk has provided innovative solutions that
serve patients’ needs and is currently the market leader. A similar situation exists
for recombinant factor VIII in which the four companies (Pfizer via Genetics
Institute) have served the hemophilia community for over 20 years. Especially
crucial in rare diseases, this commitment to patients and healthcare providers
enables companies to establish brand loyalty by maintaining those critical rela-
tionships with the patient base.
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One benefit to sustained presence in a therapeutic area is consistent financial
performance (consider the consistent sales growth for Norditropin (12% average
growth per year for 10 years), Kogenate (13% per year), and Baxter’s recombinant
FVIII family (9% per year)). Additionally, this sustained commitment to rare disease
helps drive further investment in similar therapeutic areas, solidifying the company’s
identity and corporate brand.

25.7.2 Innovation Requires a Competitive Environment
in Which Continuous Improvement Is Expected

If a product is in a competitive field, then the drive for continuous innovation is
clear. The human growth hormone example illustrates the ongoing commitment to
enhanced auto-injector design, ease of dose preparation and administration, and
increased flexibility for patients to manage their disease. The result of this com-
petitive environment, and the changing menu of options for patients, is a dynamic
landscape of products and market share. Novo Nordisk’s disproportionate gain of
new patients is perhaps the result of patients changing their treatments due to
increased convenience. As patients become more aware of the variety of choices in
their treatment, Novo Nordisk’s commitment to finding innovative options results
in market leadership.

The recombinant factor VIII field is also highly competitive, but the diversity of
options for development is more limited. The dosage forms cannot change radically
due to the product’s requirement of lyophilization for stabilization and intravenous
administration. Innovative solutions such as a dual-chambered syringe allow a
company to compete, but against a backdrop of brand loyalty due to concerns about
immunogenicity and patients who are reluctant to switch, it is challenging to alter
the status quo. The recent introduction of extended half-life clotting factors will be a
significant breakthrough to this therapeutic area if the patients and healthcare
providers see real value and the reduced frequency of administration provides
measurable benefit.

25.7.3 An Experienced Interdisciplinary Team Is Required
to Ensure Development of the Best Product
for the Market

As mentioned above, product development is tied to the stage of development,
therapeutic need, market dynamics, and competition. During the clinical stage of
development, cost is less critical than flexibility to enable a wide range of doses in
various indications possibly with multiple routes of administration. For late-stage
development, resulting in a license application, it is critical to bring forward the
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most competitive product at the time of launch. The reasons for getting it right, and
not simply getting to market first, are that competition will eventually arrive and
may have a superior dosage form in terms of convenience and market acceptance.
Recent product launches of injectable PCSK-9 inhibitors for lipid lowering [19]
offer convenient dose preparation and administration in order to stand out in a
highly competitive field dominated by solid oral products. Additionally, the costs
associated with development of alternate dosage forms, including clinical evalua-
tion, can be prohibitive. It is better to absorb these costs in the development of the
product for launch than to accrue additional costs after launch.

Development of a commercial biotechnology product requires a mature product
development team with intimate knowledge of the biochemistry and process lim-
itations of the product. It also requires a knowledgeable commercial organization
and clinical team, with a vision for the marketplace and what the customer (patient,
healthcare provider, payor) wants. The challenge that the team faces is that the
Phase 3 and commercial dosage form decisions must often be made well in advance
of an understanding of the efficacious dose of the product. This increases the cost
and risks of development associated with developing the correct product in time for
launch.

25.7.4 Loss of Exclusivity (LOE) Is not the End
of Innovation

Review of the two case studies highlights that the patent expiry, for a biotechnology
product like growth hormone or recombinant factor VIII, is not a critical barrier to
enhancing the value of the product. While the number of biosimilars products is
increasing globally [20], there is still value in providing innovative solutions to
customers’ needs. Many of the advances in biotechnology dosage form develop-
ment were made on compounds after their initial patents expired and the innovator
companies needed to compete in order to retain a market presence. Unlike tradi-
tional pharma products (small molecules), biotechnology products have maintained
much of their commercial value after LOE. The benefit to remaining in a market is
clear, especially once a company has made a substantial investment in product
development, manufacturing, and growing a well-trained sales team.

25.8 Summary

Lifecycle management of biotechnology dosage forms begins in early clinical de-
velopment and continues until a company decides to withdraw a product. This
“cradle-to-grave” approach requires a mature understanding of the market’s needs,
the product’s limitations, and a company’s commitment to a specific therapeutic
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area and patient population. Several tools exist which enable creation of this life-
cycle management strategy which are outlined in this chapter including a target
product profile, drug product profile, and ultimately a QTPP. These must work in
harmony to ensure that a company is developing the right dosage form for the
market while ensuring safety and manufacturing quality.

The development of convenient, cost-effective dosage forms, and the advance-
ment of product-specific technologies, is often driven by competition. Competition
drives dosage form innovation and provides options to patients and healthcare
providers. After laying the foundation for success with a well-designed product, a
company must consistently innovate to maintain market growth via new dosage
forms, improved product administration, and increased patient convenience.
However, the innovation must be intelligently directed, which requires an under-
standing of the target audience’s needs and preferences. By maintaining these
critical relationships with patients and providers, the company contributes to its
reputation in a specific therapeutic area and promotes brand loyalty. This ultimately
leads to a deeper investment in the company’s area of focus and drives consistent
sales growth.

Experience with lifecycle management enables a company to view the stages of
product life from early development to commercialization to loss of exclusivity as a
continuum. By considering LCM early, the project team can take advantage of
experience with similar products and design a thoughtful plan to minimize wasted
resources during development by building dosage differentiation into the product
strategy during development.
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Chapter 26
Switching from an IV to an SC
Formulation—Considerations
for Formulation Development
and Formulation Bridging

Claudia Mueller and Michael Adler

Abstract Subcutaneous (SC) administration is one of the most common applica-
tion routes for biologics besides intravenous infusion (IV) and represents a bene-
ficial alternative to IV, as it may represent an increased patient convenience.
However, several considerations need to be taken into account for successful de-
velopment of SC products as will be outlined in the following chapter.

Keywords Formulation bridging � Intravenous � Subcutaneous
Therapeutic proteins � Development � Liquid � Lyo � Biologics

26.1 General Considerations

26.1.1 Background

Subcutaneous (SC) injection is one of the most common routes of administration
for biologics besides intravenous infusion [1]. Various therapeutic proteins are
approved for SC administration, such as insulin, growth hormone, interferon-b,
interferon-a and several monoclonal antibodies [2]. SC administration represents an
alternative which offers benefits over IV administration. It reduces the adminis-
tration times and has additionally been shown to reduce health care costs relative to
IV administration [3, 4]. SC formulations may be more convenient for patients,
offering potential improvements in quality of life and treatment adherence [5, 6]. In
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the case of alemtuzumab, SC administration was better tolerated than IV admin-
istration [4, 7]. Since more gradual absorption of the therapeutic from the SC space
occurs as compared to the IV route, administration-associated reactions may be less
severe than infusion-related reactions [8].

Several considerations need to be taken into account for development of SC
products. In general, the bioavailability of the therapeutic is reduced compared to
the IV route [2]. If a rapid mode of action of the active compound is required, the
slower absorption of the therapeutic from the SC space may be suboptimal. Local
reactions may be observed due to the longer presence of the therapeutic at the
injection site [9]. Also, greater variability in between different individuals might be
observed and a potentially increased immunogenicity may be given after SC ad-
ministration [10].

SC formulations can be introduced at various time points within a development
program: (i) directly for early clinical studies, (ii) for late clinical studies or
(iii) post-launch. Drugs for which a switch from an IV to a SC formulation has been
realized are, e.g. Trastuzumab, Rituximab, Tocilizumab, Abatacept.

For scenario (i), no switch is required, whereas for the latter two scenarios a
switch from IV to SC formulation is required. Scenario (ii) (testing of IV formu-
lations in early clinical studies and introduction of the SC formulation for late
clinical studies) might be triggered for various reasons, which may be on the one
hand limited active pharmaceutical ingredient (API) availability in early develop-
ment, and/or fast timelines for early-in-human/clinical trials and on the other hand,
a typically more challenging development of an SC formulation in terms of stability
and/or viscosity (refer to section SC formulation development and administration
challenges). Additionally, SC formulations can also be introduced post-launch as
lifecycle management (scenario iii) for the reasons given above, e.g. to reduce the
time in hospital, or to enable self and/or home administration. Switching from an IV
to a SC formulation post-launch has the advantage that efficacy and safety of a drug
have already been established and clinical studies require less patients and time if
health authorities accept, e.g. a pharmacokinetic (PK) non-inferiority study design
(refer to section Clinical testing).

From a presentation point of view, three switching scenarios are possible:
(1) from liquid IV to lyo SC, (2) from liquid IV to liquid SC and (3) from lyo to
liquid SC. The least preferred option is a lyo to liquid switch as the stability of an
liquid SC formulation is typically worse due to the higher protein concentration
leading to higher levels of degradation products, e.g. aggregates or chemical
degradation products or potentially new degradation products. The acceptability of
higher levels of degradation products depends on the amount covered in preclinical
and clinical studies. Qualification of any new degradation product may require
additional preclinical studies or even clinical studies.
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26.1.2 SC Formulation Development and Administration
Challenges

Many biologics, especially monoclonal antibodies, require high doses in the mg/kg
range [11, 12]. Furthermore, the bioavailability (BA) of biologics after SC injection
is highly dependent on the molecule and species and is typically less than 100% [2].
For monoclonal antibodies, bioavailability ranges between 24 and 95% were
reported [2]. Administration of high doses via the SC route can either be achieved
by injecting high concentration protein formulations and/or by injecting large
volumes (Fig. 26.1).

26.1.2.1 High Concentration Protein Formulations

It is well known that elevated protein concentrations may result into increased
protein aggregation, decreased solubility and/or increased viscosity as the system
deviates more from ideal solution conditions enabling increased protein–protein
interactions due to molecular crowding phenomena [12–14]. Elevated viscosities of
a formulation may result into problems during manufacture (e.g. ultrafiltration/
diafiltration, sterile filtration, filling) as well as administration (syringeability,
injection time) [12, 13, 15, 16]. Increased protein aggregation may result into
long-term stability issues and in turn into an insufficient drug product shelf life.
Protein instability can be mitigated via lyophilized formulations as proteins are
typically more stable in the dry state. However, lyophilized protein formulations
with a high protein content can lead to long freeze-drying cycles and long recon-
stitution times [12].

26.1.2.2 Large Injection Volumes

In case sufficiently high doses using high concentration protein formulations cannot
be achieved due to stability and/or viscosity issues, it is also possible to inject larger
volumes in the SC tissue. In general, larger volumes can either directly delivered

Fig. 26.1 Administration of
high-dose protein
formulations
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via a disposable syringe or administration can be facilitated by an infusion pump or
patch injector [17–19].

For example, in the case of bortezomib (Velcade) 3-mL SC injections were well
tolerated [20]. Based on their product monographs, new drugs such as degarelix
(Firmagon) and azacitidine (Vidaza) have been approved for SC administration in
volumes of 3–4-mL per injection site, respectively; however, information on
injection site reaction details remains limited [21, 22].

The dispersion of even larger volumes can be facilitated by co-injection or
co-administration with rHuPH20, recombinant human hyaluronidase, [5, 23].
However, the addition of the enzyme poses additional challenges for formulation
and process development.

26.1.3 Formulation Bridging Program

The following activities can generally be considered as part of a formulation
bridging program from an IV to an SC formulation:

1. Analytical testing (comparability);
2. Preclinical testing;
3. Clinical testing.

The extent/scope for the bridging program is determined by the stage of de-
velopment as well as the extent of the overall formulation change.

26.1.4 Analytical Testing

Release and stability data at relevant conditions of pre- and post-change formula-
tions need to be compared and evaluated, including the amount and quantitative
level of degradation products. This comparison might require extended character-
ization beyond the standard control system. In case higher levels of degradation
products are observed, it needs to be assessed whether those are covered by already
existing preclinical studies. New degradations products need to be analytically
characterized and potentially evaluated in preclinical studies.

26.1.5 Preclinical Testing

When switching from an IV to a SC administration, the PK profile is likely to
change due to the absorption process that occurs from the SC compartment to the
systemic circulation which will result in changes in both the rate and extent of
absorption. A change in PK may have an impact on efficacy and safety, especially if
these effects are driven by peak concentrations (Cmax) rather than overall exposure
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over a dosing interval (Area under the Curve). The activities required to address this
potential impact will depend on the development phase in which the switch is being
introduced. The following preclinical studies need to be considered:

• For new molecular entities, a complete preclinical safety program based on SC
administration in case the SC formulation is already tested during Phase 1, e.g.
in the MAD arm.

• Preclinical SC local tolerance study.
• Preclinical PK study in a suitable model.

While the PK properties of monoclonal antibodies following IV administration
are well predicted by studies in non-human primates, a reliable animal model to
predict the PK of monoclonal antibodies following SC administration has not been
clearly established [9]. Recently published data by Zheng et al. support the minipig
as an alternative, less expensive and sufficiently predictive model over other
commonly used species (e.g. cynomolgus monkeys) for evaluation of linear
clearance rates and SC bioavailability of monoclonal antibodies [24].

26.1.6 Clinical Testing

In general, the clinical bridging program depends on the considerations whether the
specific change is likely to have an impact on efficacy (e.g. if a likely change of the
PK profile has a potential impact on efficacy) and/or safety (e.g. if a likely change of
the PK profile or of the formulation has a potential impact on safety) and whether
biomarker or surrogate endpoints and an established model to describe the rela-
tionship between PK and PD (biomarker, surrogate, clinical endpoint) are available.

For changes prior Phase 2, the human dose may be estimated based on pre-
clinical PK data or adaptive study designs might be applied.

For post-launch changes where efficacious blood levels are well established, a
PK non-inferiority design (IV versus SC) might be acceptable to demonstrate
efficacy.

During clinical studies, immunogenicity needs to be monitored, according to the
best practice in the development phase. Upon changes in the administration route
from IV to SC higher levels of immunogenicity may be expected [10].

26.2 Case Study—Post-approval Switch from an IV
to a SC Formulation of a Monoclonal Antibody

26.2.1 Background

Rituximab has become a standard regimen in the treatment of various types of
B-cell malignancies, such as follicular lymphoma (FL), non-Hodgkin’s lymphomas
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(NHLs) diffuse large B-cell lymphoma (DLBCL) and chronic lymphocytic leu-
kaemia (CLL) [25, 26]. The administration of rituximab occurs via the intravenous
(IV) route. Typically, dosing in oncology patients occurs based upon mg/m2 body
surface area (BSA). Different dosing regimens of rituximab have been approved for
the different malignancies [27].

The first IV infusion of rituximab in general takes 4–6 h, but may endure up to
12 h, whereas subsequent administrations may last between 1.5 up to 4 h [25].
In general, the IV administration is considered being invasive and can be painful
[8, 26]. Further challenges exist with regard to the preparation of the infusion bags:
trained health care professionals need to calculate the required dose based upon the
patients’ body surface area before the IV bag can be prepared with the required dose
as well as infusion volume. The preparation needs to be performed in an aseptic
manner to prevent from microbial contamination. For the administration to the
patient, again trained medical personnel is needed to place the IV administration set
or even permanent IV lines. Thus, these time-consuming procedures often happen
in dedicated infusion centres. The additionally long infusion times and subsequent
patient observation after infusion result into an overall slow workflow and require a
considerable amount of resources.

Thus, the possibility to administer rituximab subcutaneously offers a valuable
and convenient alternative to its IV administration.

26.2.2 SC Formulation Development

Rituximab for IV administration is available as single-use vials in two strengths,
100 and 500 mg/50 mL. The marketed IV formulation is a concentrate for solution
for infusion and is identical for both strengths (10-mg/mL rituximab, sodium
chloride, sodium citrate, polysorbate 80 and water for injection) [27]. Once the
solution for infusion is prepared, it is administered as an IV infusion. For the NHL
indication the dose to be administered is 375 mg/m2 BSA per infusion, whereas for
the CLL indication the dose consists of 375 mg/m2 BSA on day 0 of the first
treatment cycle and 500 mg/m2 BSA on day 1 for the following cycles [26, 27].

The SC injection volumes needed to achieve the required doses using the
rituximab for IV administration would have been too large, e.g. a 375 mg/m2 dose
for a 70 kg patient requires approximately 70 mL. In order to enable SC injection,
an increased protein concentration was needed for rituximab for subcutaneous
administration to reduce the administration volume. Rituximab has been concen-
trated 12-fold within the SC formulation as compared to rituximab for IV admin-
istration, i.e. 120 mg/mL of the active ingredient. As this protein concentration still
resulted into administration volumes larger than 1.5–2 mL, Roche decided to
co-formulate recombinant human hyaluronidase (rHuPH20), an enzyme expressed
in Chinese hamster ovary cells, within rituximab for subcutaneous administration
drug product to facilitate the SC administration. Upon injection of the drug product,
rHuPh20 locally and transiently degrades hyaluronan, which is a major part of the
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SC tissue. It thus reversibly opens the subcutaneous space and facilitates SC ad-
ministration of volumes larger than 2 mL. Additionally, rHuPH20 facilitates the
dispersion and absorption of the drug product and acts as a permeation enhancer.
Thus, the injection of the 11.7 mL of rituximab SC formulation takes only ca. 5–
8 min for administration as compared to several hours for the IV infusion [5, 23].

The challenges for the formulation development of rituximab SC were manifold:
(1) achieve a high concentration liquid formulation of rituximab (120 mg/mL) with
a rituximab stability comparable to the IV formulation (10 mg/mL), (2) identify a
formulation which provides stability for two different proteins, namely rituximab
and rHuPH20, with different properties, and routes of degradation (3) avoid
interactions between rituximab and rHuPH20 despite differences in isoelectric
points. The formulation screen resulted into a formulation containing 120 mg/mL
rituximab, histidine/histidine hydrochloride, trehalose, polysorbate 80,
L-methionine and 2000 U/mL rHuPH20. A change of the formulation buffer and
excipients was necessary as amongst others the clarity/opalescence of the formu-
lation would have been relatively high in the IV formulation buffer (Fig. 26.2).

Additionally, for optimization of the stability and activity of both, rituximab and
rHuPH20, the excipients used in the rituximab SC drug product differ from those
used in the rituximab IV drug product (Table 26.1).

Additionally, Roche decided to change from a dose based upon mg/m2 body
surface area to a fixed dose for administration of rituximab SC irrespective of the
actual body surface area since the therapeutic range of rituximab was considered
wide enough based upon clinical data (refer to section Preclinical and clinical
testing). Thus, one vial of rituximab 1400-mg solution for subcutaneous injection
contains 11.7 mL of the drug product solution at 120-mg/mL rituximab for single
use indicated for the treatment of non-Hodgkin’s lymphoma.

For the line extension of rituximab for SC administration, previous experience
and knowledge obtained within technical development of rituximab IV was
leveraged whenever possible, e.g. the cell culture and purification processes of the
drug substance are identical for the IV and SC drug substance. Only the final
ultrafiltration/diafiltration (UF/DF) process step has been adapted for the SC drug
substance to account for the increased protein content of 120 mg/mL and different

Fig. 26.2 Clarity/
opalescence of 120-mg/mL
rituximab in citrate and
histidine buffer
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formulation buffer as compared to IV drug substance. As the drug substance
manufacturing process mainly remained identical, also the control of critical steps
and intermediates remained the same and no further critical process parameters
were identified for the SC drug substance UF/DF process step as compared to the
IV process.

26.2.3 Formulation Bridging Program

Annex I of the Variations Regulation of the European Medicines Agency
(EMA) defines that a change in the route of administration and/or the dosage
strength can have a fundamental impact with regard to safety and efficacy as
compared to the initial market authorization [28, 29]. Thus, for rituximab for
subcutaneous administration an extension application to the existing market
authorization was required. The submitted application was composed of informa-
tion on administration, quality, preclinical as well as clinical data. The subsequent
sections provide a high-level overview on the analytical, preclinical and clinical
evaluations that were performed within the development of rituximab for subcu-
taneous administration. Rituximab 1400-mg solution for subcutaneous injection
obtained market authorization in 2014 in the European Union and gained since then
approval in more than 30 other countries worldwide.

26.2.4 Analytical Testing

Another example, where prior knowledge gained from rituximab IV was leveraged,
is the specifications, methods, as well as the release specifications of the SC drug
substance and drug product. Those have been based as far as possible upon

Table 26.1 Comparative formulation composition or rituximab IV and rituximab SC

Ingredient rituximab IV rituximab SC

rituximab 10 mg/mL 120 mg/mL

Recombinant human hyaluronidase (rHuPH20) – 2000 U/mL

L-histidine/L-Histidine hydrochloride monohydrate – ✓

Sodium citrate dihydrate ✓ –

Sodium chloride ✓ –

Trehalose dihydrate – ✓

L-methionine – ✓

Polysorbate 80 ✓ ✓

Hydrochloric acid ✓ –

Sodium Hydroxide ✓ –

Water for injection q.s.a q.s.a

aq.s. quantum satis
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rituximab for IV administration. However, certain limits needed adjustment due to
the previously described changes in the formulation, such as protein content, color,
clarity, pH, polysorbate content.

Analytical comparability was performed between the SC as well as IV drug
substance using release and extended characterization assays and it has been
demonstrated that both materials are highly comparable. Additional studies per-
formed on the drug product level using standard release and extended characteri-
zation methods have shown that the presence of rHuPH20 in the selected
co-formulation has no impact on the quality of the monoclonal antibody rituximab.
Additionally, the stability data from rituximab SC clinical and commercial batches
were comparable and an overall shelf life of 30 months at 2–8 °C was established.

26.2.5 Preclinical and Clinical Testing

The preclinical pharmacology and pharmacokinetic studies addressed on the one
hand the absorption and elimination of rituximab and on the other hand the pre-
clinical efficacy at comparable serum concentrations after IV and SC administration
[25, 26]. The studies were set up to find a dose of rituximab SC resulting into serum
trough concentrations (Ctrough) at least as high as those obtained after IV formu-
lation injection without changes in the dosing frequency. In brief, the anti-tumour
efficacy of rituximab IV and SC formulations was evaluated in a Z138 human
mantle cell lymphoma cell line xenograft SCID mouse model. The pharmacoki-
netics of the rituximab SC formulation has been studied in mice, minipigs as well as
Cynomolgus monkeys. Repeat-dose toxicity of the rituximab SC formulation was
evaluated in an 8-weeks study in Cynomolgus monkeys. The latter study and an
additional dedicated study in rabbits also served for the evaluation of the local
tolerance of the rituximab SC formulation. More detailed information on the
non-clinical program have already been described elsewhere [25, 26, 30].

Based upon the results from the preclinical studies, the clinical studies were
designed. The early clinical trials were set up as a two-staged study to select a dose
of rituximab SC resulting into Ctrough of rituximab at least as high as those obtained
after IV formulation injection and to investigate the pharmacokinetics, safety and
tolerability of rituximab SC as part of maintenance treatment in patients with fol-
licular lymphoma. In the first stage of the phase Ib clinical trial, the focus was set on
dose finding, whereas the stage 2 addressed the dose confirmation by demonstration
of pharmacokinetic non-inferiority of the selected rituximab SC dose compared to
the established rituximab IV dosing [25, 26, 31]. Based upon these results, the fixed
dose of 1400 mg of rituximab solution for subcutaneous injection was selected for
the subsequent two-staged phase III study, which was set up as randomized,
open-label study to investigate the pharmacokinetics, efficacy and safety of ritux-
imab SC in combination with cyclophosphamide, vincristine, doxorubicin and
prednisone (CHOP) or cyclophosphamide, vincristine and prednisone (CVP) versus
rituximab IV in combination with CHOP or CVP in patients with previously
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untreated follicular lymphoma followed by maintenance treatment with either
rituximab SC or rituximab IV [25, 26, 32]. The data for the stage 1 of the phase III
clinical trial showed that the pharmacokinetic profile of MabThera SC was
non-inferior to rituximab IV. Those in vivo data support that the overall bridging
concept applied for rituximab SC and rituximab IV is valid.
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