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Foreword

[ was a faculty member at the University of Tennessee and a colleague of Dr. Kenneth Avis
when he conceived, organized, and edited (along with H.A. Lieberman and L. Lachman) the
first edition of this book series that was published in 1984. It was so well received by the
pharmaceutical science community that an expanded three-volume second edition was
published in 1992. Dr. Avis did not survive long enough to oversee a third edition, and it was
questionable whether a third edition would ever be published until two of his graduate
students, _Drs. MNema and Ludwig, took it upon themselves to carry on Dr. Avis’ tradition.

Their oversight of this third edition is work that their mentor would be highly pleased
and proud of. From 29 chapters in the second edition to 43 chapters in this new edition, this
three-volume series comprehensively covers both the traditional subjects in parenteral science
and technology as well as new and expanded subjects. For example, separate chapter topics in
this edition not found in previous editions include solubility and solubilization, depot delivery
systems, biophysical and biochemical characterization of peptides and proteins, container-
closure integrity testing, water systems, endotoxin testing, focused chapters on different
sterilization methods, risk assessment in aseplic processing, visual inspection, advances in
injection devices, RNAi delivery, regulatory considerations for excipients, techniques to
evaluate pain on injection, product specifications, extractables and leachables, process
analytical technology, and quality by design.

The editors have done an outstanding job of convincing so many top experts in their
fields to author these 43 chapters. The excellent reputations of the authors and editors of this
book will guarantee superb content of each chapter. There is no other book in the world that
covers the breadth and depth of parenteral science and technology better than this one. In my
opinion, the editors have achieved their primary objectives—publishing a book that contains
current and emerging sterile product development and manufacturing information, and
maintaining the high standard of quality that readers would expect.

Michael . Akers
Baxter BioPharma Solutions
Bloomington, Indiana, U.S.A.
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Preface

Pharmaceutical Dosage Forms: Parenteral Medications was originally published in 1984 and
immediately accepted as a definitive reference in academic institutions and the pharmaceutical
industry. The second edition was published in 1993. The ensuing years have produced
incredible technological advancement. Classic small-molecule drugs are now complemented
by complex molecules such as monoclonal antibodies, antibody fragments, aptamers,
antisense, RNAi therapeutics, and DNA vaccines. There have been significant innovations in
delivery devices, analytical techniques, in-silico modeling, and manufacturing and control
technologies. In addition, the global regulatory environment has shifted toward greater
emphasis on science-based risk assessment as evidenced by the evolving cGMPs, quality by
design (QbD), process analytical technology (PAT), continuous processing, real time release,
and other initiatives. The rapidly changing landscape in the parenteral field was the primary
reason we undertook the challenging task of updating the three volumes. Our objectives were
to (i) revise the text with current and emerging sterile product development and
manufacturing science and (i) maintain the high standard of quality the readers expect.

The third edition not only reflects enhanced content in all the chapters, but also more
than half of the chapters are new underscoring the rapidly advancing technology. We have
divided the volumes into logical subunits—volume 1 addresses formulation and packaging
aspects; volume 2, facility design, sterilization and processing; and volume 3, regulations,
validation and future directions. The authors invited to contribute chapters are established
leaders with proven track records in their specialty areas. Hence, the textbook is authoritative
and contains much of the collective experience gained in the (bio)pharmaceutical industry over
the last two decades. We are deeply grateful to all the authors who made this work possible.

Volume 1 begins with a historical perspective of injectable drug therapy and common
routes of administration. Formulation of small molecules and large molecules is presented in
depth, including ophthalmic dosage forms. Parenteral packaging options are discussed
relative to glass and plastic containers, as well as elastomeric closures, A definitive chapter is
provided on container closure integrity.

Volume 2 presents chapters on facility design, cleanroom operations, and control of the
environment. A chapter discussing pharmaceutical water systems is included. Key quality
attributes of sterile dosage forms are discussed, including particulate matter, endotoxin, and
sterility testing. The most widely used sterilization techniques as well as processing
technologies are presented. Volume 2 concludes with an in-depth chapter on lyophilization.

Volume 3 focuses on regulatory requirements, risk-based process design, specifications,
QbD, and extractables/leachables. In addition, we have included chapters on parenteral
administration devices, siRNA delivery systems, injection site pain assessment, and control,
PAT, and rapid microbiology test methods. Volume 3 concludes with a forward-looking
chapter discussing the future of parenteral product manufacturing.

These three volumes differ from other textbooks in that they provide a learned review on
developing parenteral dosage forms for both small molecules and biologics. Practical guidance
is provided, in addition to theoretical aspects, for how to bring a drug candidate forward from
discovery, through preclinical and clinical development, manufacturing, validation, and
eventual registration.

The editors wish to thank Judy Clarkston and Lynn O'Toole-Bird (Pfizer, Inc.) for their
invaluable assistance and organizational support during this project, and Sherri Niziolek and
Bianca Turnbull (Informa Healthcare) for patiently leading us through the publishing process,
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We also acknowledge the assistance of Pfizer, Inc. colleagues Lin Chep and
reviewing several of the chapters. Min
We would like to express special gratitude to the late Kenneth |, Avis

Tennessee College of Pharmacy) for his dedication to teaching anq et Univepy;

knowledge in the area of parenteral medications to so many students 8 pr Y of
including us. Finally, we acknowledge the contributions of Dr Avis, Lmn“"'ef the ?:W
Herbert A. Lieberman who edited the earlier editions of this book serics, " *Chmay "%,
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Formulation of protein- and peptide-hasgy
parenteral products

Gaozhong Zhu and Y. John Wang

INTRODUCTION

Since the early 1970s, scientific advances in molecular biology and genetic engineer;
led to enormous success in protein- and peptide-based therapeutics for the treatment o
human diseases. They cover almost all therapeutic categories, including carq iOvasT I ¥
hemostasis, antineoplastic, diabetes and endocrinology, anti—infecii_vc, neumpharl'nalcnh,g:{I x
enzyme replacement, wound healing, respiratory, and I:n‘c»‘nc cartilage. Protein-baseg Rh:: |
peutics are emerging as a major class of new molecular ent}hps in the pharmaceuﬁcal indus, a-
Over 200 biotechnology and pharmaceutical companies are developing Protein-bageq
therapeutics. More than 150 biologics are currently marketed, and over 400 are jn advanceq
stages of testing and clinical trials (1).

Unlike small molecules, which are typically synthesized through chemica] Processeg
proteins are produced in living systems. The main technology used to produce Proteing
utilizes recombinant DNA techniques to produce protein molecules in a host cell, Several
of host cells have been employed, including Escherichin coli, yeast, mammalian cells leg,
Chinese hamster ovary (CHO) cells and human fibroblasts], and plant-derived cells, Severa|
other technologies are also used to produce therapeutic proteins. Small proteins and peptides
such as calcitonin, may be produced by chemical synthesis. Most human serum albumin s
sourced from human blood, urokinase from urine, and streptokinase from fungi. Recombinant
human antithrombin (ATryn™), a new product approved by the FDA in 2009, is Produced by

transgenic animals.

"g hil\re

CHARACTERISTICS OF PROTEINS AND PEPTIDES

Compared with small-molecule drugs, protein-based pharmaceuticals are not only larger in
molecular weight, but they also contain more complex compositions and higher order
structures. Intrinsically, most proteins have poor stability and a very short half-life in vivo,
Because of their poor oral bioavailability, most proteins require parenteral administration
routes. In some cases, they require specific delivery systems targeting the specific site of action
to achieve sufficient efficacy. Therefore, formulating these proteins as therapeutic agents with
proper efficacy and safety profiles has been a challenging task. For successful product
development, one needs to have a thorough understanding of the protein’s physicochemical
and biological characteristics, including stability, immunogenicity, and pharmacokinetic

properties. The characterization of proteins is therefore an important step in formulation
development.

Molecular Composition, Structure, and Heterogeneity
A protein, or polypeptide, is formed through the linkage of peptide bonds of amino acids.
Generally, protein structures are described at four levels: primary, secondary, tertiary, and
quaternary. Details about these can be found in the preceding chapter of this volume.
Because of their complex manufacturing process, from cell culture to downstream
purification, protein products generally contain multiple species in terms of molecular weight
or size, which could be due to various modifications to the polypeptide side chains or glycans,
reversible or irreversible formation of oligomers by either noncovalent or covalent I.il_'lkasﬁf
and formation of large soluble and/or insoluble aggregates. It is important to characterize and
quantify all species, as they may directly affect product efficacy, safety, and immunogenicity.
Depending on its size and the nature of its associations, several analytical techniques can
be used to characterize a protein’s size. Routinely, electrophoretic and chromatographic (with
multiangle light-scattering detector) techniques have been used to estimate protein size up 10
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FORMULATION OF PROTEIN- AND PEPTIDE-BASED PARENTERAL PRODUCTS 223

oligomers. By combining a denaturing electrophoretic technique (sodium dodecyl sulfate
1yacrylam1d5 gel electrophoresis [SDS-PAGE]) with size-exclusion high-performance liquid
Chmmatography (HPLQ) or A native electrophoretic technique (Native PAGE), the size of
roteins and the nature of their associations (covalent vs, noncovalent) in native and denatured
states can also be estm'taled.. To more accurately determine the size of proteins, mass
spectrometry, such as mat”x'ams_ledl laser desorption/ionization time-of-flight mass
gpectrometry (MALDI-TOF MS) or liquid chromatography mass spectrometry (LC-MS), is
often used. However, because of the matrix effect and the high energy applied, the molecular
weight or size determined by this technique may not be the true size in solution.

To measure the size of a protein in solution up to 100 nm, several biophysical techniques
may be feasgbl& including fmalyt:cal ultracentrifugation (AUC), field flow fractionation (FFF),
and dynamic light scattering. It should be noted that the size distribution of proteins in
solution, espeaal!y for reversible association, may be highly dependent on the solution

roperties, i_ﬂd‘—‘dmg pH, salt_ concentration, and protein concentration. Therefore, the mobile
hase used in these analyses is preferably the same as the formulation vehicle, and the impact
of the dilution factor during analysis should be assessed.

Insolul?le aggregates or particles larger than 100 pm can be observed by visual inspection
with the unaided eye. Their size can be estimated by microscopy. Subvisible insoluble aggregates
between 10 and 100 um in size can be quantified and sized either by a light obscuration test or by
a microscopic particle count test per USP method <788>. It is still technically challenging_to
accurately quantify and size particles between 0.1 and 10 ym. A technique using Micro-Flow™
imaging (MFD) has been used for particles as small as 0.75 pm (2).

Isoelectric Point

Proteins that contain both positively and negatively charged amino acids are amphoteric
molecules. One property that characterizes a protein’s charge profile is its isoelectric point, or
pl. The pl of a protein is the pH at which it carries no net electrical charge. At a pH below its pI,
a protein is positively charged; above its pl, it is negatively charged.

The pl may be approximately calculated from the amino acid composition data, that is,
pl = (pK; + pKz + pKs ... + pKy)/n for n ionizable groups. However, because the dielectric
constant in the immediate vicinity of an ionizable group depends on protein structure, and
because hydrogen bonding may alter dissociation constants (K,), the true pl can differ
significantly from the calculated one. Several websites provide theoretical estimations of pl for
proteins (e.g., http:/ /www.scripps.edu/~cdputnam/protcale.html, http://www.expasy.ch/
tools/pi_tool.html, and http:/ /www.nihilnovus.com/Palabra.html).

Some proteins have multiple species with different charge profiles, and each species has
its own pI, so these proteins appear to have more than one pl. Some glycoproteins in particular
exhibit complicated pl patterns because of the heterogeneity in their glycan composition. Also,
some proteins comprise multiple deamidation species, which also results in complicated
charge profiles that could be characterized by several techniques, including isoelectric focusing
(IEF), ion exchange chromatography (IEC), and capillary electrophoresis (CE).

Proteins show a broad range of pls, mostly in the range of 2 to 12. The pl of a protein may
play an important role in solubility and stability. In general, protein solubility is at its
minimum when the pH is near its pl. Also, because zero net charge at pI should presumably
allow maximum interaction between salt bridges and exert the least interaction between
protein molecules, it could be expected to be the most stable condition for conformation.
However, studies have shown that the optimal pH for conformational stability can be quite
different from the pl and in many cases is found at a pH corresponding to a large net charge of
the protein (3),

Solubility

The varieties of functional groups (charged, hydrophobic, etc.) on the side chain of amino acids
and glycans (for glycoproteins) make protein solubility dependent on the pH, salt concen-
tration, and polarity of the solvent. The overall size of the protein does not necessarily
influence solubility. For example, antibodies, which have molecular weights of approximately
150 kDa, can often achieve aqueous solubility greater than 100 mg/mL.
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Fhe gzlubil'ity Protein solubility as a function of pH is typically m 1ubil P of Or V, where
the mitlimurr:t is at the pl. However, there are exceptions. _The sclbu u ch] ;;Ycall :dp:}?tem at ]q?\;
ionic strength generally increases with the salt concentration, W e salting-in

effect. As the salt concentration increases, the additional mupter-lort;s i‘:ﬁg it:e ionic charge
and thereby increase the protein solubility. As salt qoncentrahon con rt; > xase Protein
solubility decreases (the salting-out effect). -Atf;u%]}:esitlv:?;:f:r;ﬁhgnﬁol a: < ::ntt‘eagj .;
i ioni ieties of the protein for ; vent, whic
%ﬂﬁn?&iﬁgzﬁuﬂiﬁi specific]‘) ligand or stabilizer that binds to the protein may alsg
influence solubility. For example, increased solubility of fibroblast growth factor was observed
in the presence of heparin or heparin-like substances (5). Also, alteplase solubqlry was
increased by the addition of arginine (6). However, one needs _to assess whetper the hgan4 or
excipient is acceptable for the intended clinical use before adding it into the final formulation,

Thermal Transition Midpoint

Because native proteins exhibit folded structure in solution, they can undergo transition from
native form to unfolded or denatured form with increasing temperature. The thermal
transition midpoint (Ty,,), defined as the temperature at which equal amounts of native and
denatured forms exist in equilibrium, is an important characteristic of proteins, measuring
their thermal stability. Generally, a higher T, value indicates better thermal stability.

The most commonly used technique to determine Ty, is differential scanning calorimery
(DSC), as this method not only provides an accurate measurement of Ty, but also can assess
reversibility of transition and estimate apparent enthalpy. Temperature-controlled spectrom-
etry, including circular dichroism (CD), fluorescence, and ultraviolet (UV) absorbance
spectroscopy, is also sometimes used to differentiate the transitions by tertiary structure
from those by secondary structure.

Measurement of Ty, has been widely used in preformulation and formulation develop-
ment. The profile of T, asa function of pH provides important information in selecting the
optimal pH for formulation. This method has also been used in screening different stabilizers,
as an excipient that elevates T,,, is expected to be a potential stabilizer (7). However, it should
be noted that in choosing the formulation, one also needs to consider other information, s Tm
alone 1{’5 only indicative of thermal stability.

roteins in solid state also exhibit thermal transitions upon heating. These are typically
determined by DSC. However, it is difficult to measure the g’?xe thermfl tra.m-;iiionst)c(:lfJ soli

Pmt:ii;, tbefau;e in most cases other components present in the solid dosage form als0
contribute to the over_a]l thermal transition. Recently, glass transition temperatures (Ty) for
proteins have been estimated by ex

trapolating excipient concentration to zero using T, va]uesm

L . . s

L‘;‘g«*‘_’“’es at ‘;‘ very fast scanning rate in binary mixtures of protein and another glass fo
pient, such as sucrose, over a range of excipient concentrations (8).
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<ome proteins, and remedies are Prﬁzztf;tll‘r:‘{: the factors responsible for degradation in

225

Denaturation :
Denaturation is the process of altering protein structure

structures) ﬁ“fmc:f native folded State. Denaturation may result in an unfolded state, which
could ﬁ:lrthef acilitate other physical and chemical degradations. Because a specific structure
is required for proteins to exert physiclogical and pharmacological activities, denaturation
causes loss of efficacy and incurs the risk of safety such as immunogenicity. ’

Many times, Fhe denaturation process can be described as N « I « D. The folded native
structure (N) unwinds and passes through a partially unfolded or intermediate state (I) to a

denatured state (D). This process may be reversible or irreversible, depending on conditions.
For reversible denaturation, the unfolded protein will regain its native state once the
denaturing condition is removed.

(i.e., secondary, tertiary, or quaternary

Many factors can cause denaturation, including heat, freezing, extreme pHs, organic
solvents, high salt concentration, lyophilization, surface adsorption, and mechanical stress.
These denaturing condlho{\s disrupt a protein’s higher order structure, which is held together
by intramolecular forces including hydrogen bonding, salt bridges or electrostatic forces,
hydrophobic interactions, and van der Waals forces.

Hydrogen bonds are critical in determining overall protein conformation, since they are
the major forces that stabilize the secondary a-helices and f-sheets, as well as the overall folded
structure. Water, the nearly ubiquitous medium for proteins, contributes to this hydrogen
bonding. Cosolvents such as ethanol and acetone and chaotropic agents such as urea and
guanidine hydrochloride disrupt the hydrogen bonds and thus readily denature proteins.

The ionic side chains of aspartic acid, glutamic acid, lysine, arginine, and histidine,
normally found on the surface of the protein, contribute to the stability of the native
conformation by forming salt bridges. The pH of the solvent will determine the charge of the
side chains on these amino acids and the extent of ionic bonding. Therefore, an extreme pH
shift can disrupt these salt bridges and lead to denaturation. Furthermore, organic solvents
will reduce dielectric constant and increase ionic forces or salt bridges, so inappropriate
exposure to organic solvents can also result in denaturation.

Because hydrophobic side chains (i.e, phenyl, indole, and hydrocarbon chains) are
usually tucked inside the protein’s globular structure, sigm.ﬁcan'lf ;tablhzmg effects result from
their hydrophobic interactions. These interactions, tgu, are sensitive to_ the effects of sul_venm.
Disruption of hydrophobic interactions is also considered the mechanism of denaturation by
surfactant, extreme temperature, and mechanical stress, all of which commonly occur during
manufacturing processes.

f;f;:er_}?ﬁorr lvel Iyt they tend to adsorb at liquid-solid, liquid-gas, and
ins are amphiphilic polyelectrolytes, so 4 o U
liquid-liquid inferflices_ \?thn adsorption of proteins occurs, the molecules exchange their
interactions with the solvent and other solutes for interactions with t]u_e s;.:;face. hTwD
Mechanisms are primarily responsible for protein adsorption. One mechanism is charge-charge
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.. ) alcitonin, as a positively charged prote;

or electrostatic interaction. For example, salmon & 5 Protein,

strongly binds to the negative potential of a glass surface ':hJ‘1 Ol;flgsﬁg:zm ;rllltjerac.:tmn (15),

The other mechanism is hydrophobic interactic:;hgine texfll;zl:l"l ;drophobic i ofu:;n' which
i ; 5 : t affi (o] S

near its isoelectric point has shown the highes ty Stycidting dlinses dipole,ydti}g:f:

ic i i 16). Other interactions, :
through hydrophobic interactions (16) O s lsoupiion

dipole, and van der Waals forces, may a s ialids d ;
4 . to altered structures, including secondary, tertiary, ap,
These interaations oay lead 10 ilitate other physical and chemical degrau:latior?1

ternary structures, which could further faci ther .
g]ucz;ue;i:;‘gry aggregation and covalently bonded modification. Therefore, depending on the

nature of the protein and of the contact surface, in_terfac:al.adscl)rphon can tilgt;ufn’:antly impact
a protein drug’s potency, stability, and safety, particularly mt'a O;:‘gi(t):z?tlo : d_on tdfosage form,

The key strategy to minimize or inhibit protein adsorp }I?I:l : e just formulation
parameters or to modify or avoid certain contact surfaces. The formulation parameters that
potentially control adsorption include protein con.centrahon, pf'i, lom'-:i ?ffirent,igth, afnd addition
of specific excipients such as surfactants or albumin. For example, modification of the contact

surface of siliconized vials has minimized interferon adsorption on th(? glass surface (17),
, alternative contact surfaces

When these approaches do not prevent significant adsorption o :
should be considered during process or storage. In some cases, W en the level of adsorption

can be predicted, overage is required in the vials.

Aggregation by Noncovalent Linkage ) .
Non-covalently linked aggregation often results from some degree of denaturation of proteins,

since unfolding leads to the exposure of hydrophobic moieties previously bune_d in the protein
interior, which is followed by the association of unfolded .mo]ecu]es via nopcovalent
interactions to form aggregates. Non-covalently linked aggregation can be a reversible or an
irreversible process, depending on conditions. ) )

Reversible aggregation is highly dependent on protein concentration, pI-_I, salt concen-
tration, and other formulation components. Generally, proteins tend to form high-molecular
weight species (HMWS) at high protein concentration. Upon dilution, these HMWS or
oligomers may dissociate into monomers or dimers. This self-association phenomenon may be
characterized by AUC (18) or by static light scattering (19).

Irreversible aggregates can be soluble or insoluble, depending on the size and nature of
the molecules. Generally, these aggregates can be induced by single or multiple stress
conditions, including heat, extreme pH, mechanical pumping, high pressure, shaking or
agitation, freezing, and freeze-drying. For example, acidic pH and a temperature of 37°C have
resulted in irreversible aggregation of albumin (20).

To minimize aggregation, besides tight control of the process parameters, adjusting
formulation parameters, such as adding sucrose, should be assessed. Sucrose and other polyols
maintain protein molecules in a native compact form, so as to be resistant to external stress.

Aggregation by Covalent Linkage
The most commonly observed protein aggregation by covalent linkage occurs through
intermolecular disulfide linkage, also called disulfide bond formation and scrambling. This
intermolecular aggregation may occur to any protein containing cysteine or cystine.
Generally, proteins with a free thiol group tend to form aggregates more easily through
disulfide bonds, especially when the free thiol group is solvent-exposed on the surface of the
protein. Free thiol groups buried within the tertiary structure are less reactive. The formation
of disulfide bonds in protein aggregates with free thiol groups can take place either through
the two free thiol groups available on the surface of each of two protein molecules, or through
thiol-disulfide exchange, whereby a reactive thiol group in one molecule attacks an existing
disulfide b9nd inlanother molecule to form a new disulfide bond between the two molecules.
Pr_otems w1tho_ut free thiol groups may still form aggregates by disulfide bond
scra.mblmg _throggh intermolecular disulfide exchange, especially in alkaline conditions. A
cystine or dlSU[f-'jde bond in one molecule can be reduced into two free cysteines, which can
react with cysteine or cystine in another molecule to form a new disulfide bond.
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gregates for.m:d through dlsqlfide bonds may, through multiple disulfide scrambling
ctions, result in high-molecular-weight aggregates, which could eventually precipitate from
ution. In addition, the formation of a new disulfide bond may change the native
conformaﬁ““_ to a @natzred form, which could further aggregate through noncovalent
B Ydrophobic interactions due to exposed hydrophobic residues,
vere as mes mor o X ;
“disulfide-bonded aggregation (21), e reactive. However, extremely acidic pH may also
To prevent or minimize disulfide-bonded aggregates, the main formulation parameter is
H A slightly lower pH (e.g., pH 5) may significantly reduce aggregation. The addition of
reducing 38""“‘9_9“:}‘ as cysteine, or of stabilizers that alter conformation such that free
teine or reactive cgshne‘ becomes more buried into tertiary structure, may also minimize
regation. For proteins with severe disulfide aggregation, lyophilized formulation should be
wnsidered, as r_eact:vn’y in the solid state is reduced significantly. ;
Nonreducible aggregates fhml{gh nondisulfide linkages have also been reported. The
reactions involving these covalent linkages include (i) oxidation-induced reactions through
Trp or Tyr linkage _(22); (f‘) reaction through transamidation, whereby an amino group of
amino acids (e.g., lysine residue or N-terminal of a protein) in one molecule forms an isopeptide
with H}E Cafb?n)'] group of either Asn or GIn in another molecule [examples are insulin (23)
and lyophilized ribonuclease A (24); and (iii) reaction through a reactive dehydroalanine
generated from P-elimination at alkaline pH, which forms nonreducible cross linkages with other
amino acids such as Tyr, Lys, His, Arg, and Cys.

more
cause

Intramolecular Disulfide Exchange
Disulfide exchange can also take place within a protein molecule when a cystine (disulfide)
pond is reduced into two cysteines; one of the cysteine residues then reacts with another
cysteine to form a new disulfide bond. Improper linkages of disulfide bonds were responsible
for a reduction in biological activity of interleukin-2 (IL-2) (25). There are three cysteines in IL-2
at positions 58, 105, and 125. The native protein forms a disulfide linkage between the two
cysteines at 58 and 105. The cleavage of this disulfide in [L-2 and the su ent formation of two
Jess active isomers with disulfide bonds at incorrect positions (Cys™®-Cys'?® and Cys'®-Cys'*)
are promoted by high pH and copper ions (25). Intramolecular disulfide exchange has also been
reported for monoclonal antibodies.

To minimize this type of degradation, it is important to select a low formulation pH and
minimize any impurities, such as peroxides or heavy metals, known to promote redox
reactions.

Deamidation/Isomerization
Deamidation refers to the removal of ammonia from the amide (RCONH;) moiety of an Asn or
Gln side chain, resulting in a carboxylic acid. Deamidation is a major cause of instability of
proteins and peptides in aqueous solution. In lyophilized solid state, the deamidation rate is
slower than in solution.
Deamidation occurs through different pathways at different pH levels. In an acidic pH of
2 to 5, deamidation occurs by direct hydrolysis, which causes Asn or Gln residue to change
into Asp or Glu residue, respectively. The type of neighboring amino acids does not affect the
deamidation rate. Hydrolytic mechanisms in neutral or alkaline pHs are more complex,
however. Under these conditions, the side chain carbonyl group on the Asn or Gln residue
reacts with the nitrogen atom on the peptide backbone to form a cyclic imide {succinimide)
intermediate (Asu). Depending on which bond in the cyclic imide breaks, the reaction product
can be (i) the des-amido peptide (Asp), (i) the isopeptide (IsoAsp), or (iii) D-isomers. The
formation of isopeptides is called isomerization, or sometimes referred to as transpeptidation,
use an extra methylene group is inserted to the peptide backbone. When deamidation
occurs, the IsoAsp to Asp ratio is typically 3. Detailed descriptions of deamidation and
isomerization can be found in a review by Wakankar and Borchardt (26).
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At neutral to alkaline pHs, the rate of deamidation is significantly affected by the size of
the amino acid on the C-terminal side of the Asn or Gln residue. In general, Asn is more Jabj)
than Gln and is most labile when adjacent to glycine, which is least obstructive to the formalio:
of a cyclic imide. Since Asn-Gly is most susceptible to deamidation, protein engineers make
significant efforts to avoid constructing a protein drug candidate with such a hot spot.

The deamidation rate profile as a function of pH is V-shaped, usually with a minimym
rate at a pH of about 4 to 5 (Fig. 1). In a number of synthetic peptides, the half-life of
deamidation reactions of Asn residues at 37°C in pH 7.2 phosphate buffer ranges from tyo
days to nine years (27). Not all Asn residues are equally labile; those buried within the interioy
portion of a protein are inaccessible to water and thus less reactive. Secondary and tertia
structures play an important role in determining the site and the rate of deamidation. Iy
insulin, for example, there are three asparagines. At acidic pH, the prevailing deamidateq
species was monodesamido-(A21)-insulin. At neutral pH, deamidation occurred to Asn at the
B3 position (28). For growth hormone containing nine asparagines, deamidation occurred
primarily at the Asn-149 position (29). These proteins and others—pramlintide (30), epidermal
growth factor (31), IgG (32), IgG1 (33)—represent a small fraction of proteins that have shawn
deamidation.

Isomerization at Asp goes through the same cyclic imide intermediate, Asu. Because of
the effect of pH on the leaving group (-OH), the rate-pH profile is significantly different from
that of deamidation of Asn. Examples of protein drugs that undergo IsoAsp formation include
insulin aspart (34), hirudin (35), and porcine somatropin (36). On the basis of the study of two
monoclonal antibodies (37), the degradants from isomerization were detected by hydrophobic
interaction chromatography.

The best way to avoid deamidation and isomerization is to mutate Asn-Gly or Asp-Gly
sequence in the solvent-exposed region of the protein, if the mutation at these sites does not
affect the biological activity. Otherwise, an appropriate pH (in the range of 5-6) should be
selected to minimize the degradation rate. As the formation of cyclic imide intermediates does
not depend on water, these reactions may occur even in anhydrous conditions such as 100%
dimethyl sulfoxide (DMSO) (38)

Racemization

The racemization reaction is catalyzed by both acid and base. Racemization of peptides anfi
proteins results in the formation of diastereomers, Racemization under basic conditions is
hypothesized to proceed by abstraction of the a-proton from an amino acid in a peptide to
yield a negatively charged planar carbanion. A proton can then be returned to this oph_cau)’
inactive intermediate, thus producing a mixture of p- and L-enantiomers for the indiwd_uﬂl
amino acid. Since a peptide is composed of multiple chiral centers, the product formed is 3
diastereomer. Racemization is biologically significant because a peptide composed of p-amin®
acids is generally metabolized much more slowly than a naturally occurring peptide made

-z
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of L-amino acids. For this Teason, many new synthetic peptides, both agonists and
:nnggartist‘-": mcorpo;atf_ D-amino acids. A pH dependency for racl:errfization was demonstrated
{1 an aqueous degradation ;‘“dy of a decapeptide, R$-26306 (39), which found that at neutral
and alkalin® pHs, racemization contributed to more degradation than did deamidation.

Fmgmgnmtfan

¢ peptide bond (RNH—CO—R) can undergo hydrolysis, resulting in peptide fragments.
Generally: most %tlepn:{e bonds are relatively stable. For example, oxytocin injection was
reported 10 be s%a fe azurt;lom temperature for five years (40). Protirelin, a tripeptide (PyrGlu-
His—P”’)’ is stable for ours at 80 C at both pH 3.3 and pH 6 (41).

The fqrn}ulat:lon factor tha_t most influences the hydrolytic rate is solution pH. The rate of
hydrolysis 18 10 direct proportion to the activity of hydronium or hydroxide ions, when in
acidic or a]_ké:l]l_l‘ie pHs, !‘ESpechve]y.‘General]y_ the reaction becomes much faster in either
extremely acidic or extremely alkaline conditions. Fragmentation of therapeutic peptides,
including nafarelin (42), secretin (43), captopril, (44), and urokinase (45), has been reported in
various pH condmon‘s. .

The type of neighboring amino acids also affects the susceptibility of the linkage to
fragmentation. For example, the bond between aspartic acid and proline is sensitive to acid
hydrolysis. A cleavage at Asp-Pro was found in basic fibroblast growth factor (bFGF) (46) and
macrophage colony-stimulating factor (47). The resultant products are peptides with aspartic
acid at the C-terminus. The C-terminal peptide bond adjacent to serine is also a reactive one,
pecause of the neighboring-group effect of the alcohol on serine (48).

Another example of fragmentation is the cleavage at hinge regions of antibodies resulting in
a Fab fragment. The hinge region in IgG1 heavy chain comprises about eight amino acids,
including two cysteines responsible for the two disulfide linkages between the two heavy chains.
Cleavage takes place at multiple sites, with the majority between Asp and Lys and between His
and Thr (49). The extreme flexibility at the hinge region and the solvent exposure are the driving
forces for such cleavage. The rate of hydrolysis at hinge region is minimal at pH 6 (50).

Besides chemically induced fragmentation, protein hydrolysis can also be mediated by
some residual proteases remaining from production. The cleavage site in this case is
dependent on the type of proteases present. As the proteolytic activity of proteases is typically
pH dependent, the degradation rate is also dependent on solution pH. For example, a
cathepsin D protease derived from CHO was identified as being responsible for degradation of
an Fe-fusion recombinant protein. This protease belongs to an aspartic protease family and is
preferentially active at acidic pH (51).

Oxidation

Several amino acid residues including Cys, Met, Trp, His, and Tyr are potential sites of
oxidation. These residues can be oxidized by atmospheric oxygen or by peroxide impurities
from a number of raw materials including formulation excipients such as polysorbates.
Oxidation can also be induced by exposure to light or catalyzed by transition metal ions such
as Cu®* and Fe*. The most commonly observed oxidations in therapeutic peptides and

proteins are described below.

Oxidation of cysteine. Under neutral or basic conditions, the free thiol (-SH) group of a
cysteine is the most reactive moiety of all amino acid components. The disulfide (-5—5-) bond
formed from the oxidation of two thiol groups results in significant changes in conformation
both intramolecularly and intermolecularly.

Oxidation of the thiol group is promoted at both neutral and basic pH. The rate-pH profile
for captopril, a quasi-dipeptide, shows an increase in oxidation rate starting at pH 5 (44). This
reaction can also be catalyzed by heavy metals. For example, this reaction was effectively retarded
by the addition of a metal chelating agent such as EDTA in FGF formulation (5).

Ozfidation of methionine. The thiolether (-CH,-5-CH3;) moiety on methionine is susceptible to
oxidation to form sulfoxide (-CH,-S0O-CH3) derivatives. The susceptibility of methionine to
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oxidation is highly dependent on its site in a protein. For example, of o Pﬂchnmc

human growth hormone, Met-125 is most reactive, Met-14 is less, ang Mgy I'Ee. Methj,

all (52). The reactive methionine is likely to be the one exposed on a prot ?0 18 gy re mne!i

unreactive one buried within the core. Air in the headspace of formula €N Surfy,.. Clivg a':

growth hormone can cause 40% of the growth hormone molecules o e ox'd'and ﬁ'eé:nd the

month storage period (53). Examples of other pharmaceutica] prme.' i urineudriw

oxidation are listed below, iy e’chibiting LI

* Interleukin-2 (54) =

« Murine antibody (Orthoclone OKT3) (55)

* Herceptin™ (trastuzumab) (56)

* Recombinant interferon y (Actimmune) and recombinant tissye plasmi
(alteplase, Activase™) (57) Minoger,

¢ Recombinant human granulocyte colony-stimulating factor (58,59)

* Parathyroid hormone (60)

acﬁ"&lﬂr

As methionine can be easily oxidized by atmospheric oxygen, replacin
nitrogen or argon during manufacturing or in the headspace of the fina] Pl'odug OXygen Wity
common practice to minimize oxidation. In addition, adding free methionine ag Containg, is g
is also an effective approach to reducing oxidation (61). an ntioxidap,

Oxidation of tryptophan. Oxidation of tryptophan can generate mul
Stability studies of Trp amino acid alone in aqueous solution (62) and Trp residye ; 3
peptides and lysozymes (63) and in bovine a-crystallin (64) clearly identiﬁe:;es N Sma)
degradants as 5-hydroxy-Trp, oxy-indole alanine, kynurenine, and N‘fnrmy]k)mm_ the majy,
are very few articles reporting the oxidation of Trp in therapeutic proteins, E:“fle, There
reported oxidized bovine serum albumin with oxygen radicals generated from c.obalrles Ehal
(65); Trp oxidation in monoclonal antibodies was recently reported by Yang et al (%)ﬁdmﬁon
et al. (67), and ozone and UV irradiation were used as stress conditions in these shm?“d Wej
Trp oxidation has not been studied in depth is perhaps due to the fact that no model e ,T_hat
condition has been adopted, and a system that promotes Trp oxidation is notm dizing
reproduce. In the case of Met oxidation, tert-butyl hydroperoxide (tBHP) and H »
commonly used reagents to generate oxidized Met species. Most recently, a fme’%d,"‘“‘
generator, AAPH (2,2-azobis(2-amidinopropane) dihydrochloride) was found to Effe:;tj -
oxidize tryptophan in peptides or large proteins (68). By using AAPH as an oxidation sh&‘s"_ﬁi)’
agent, one can predict the vulnerability of a protein or the specific Trp residue in a Pmteg
As Trp oxidation appears to be mediated through oxygen radicals because of Iig]-ﬂ
exposure or peroxide residues from excipients, it is important for mitigation of Trp oxidation
to limit direct light exposure and to use high-quality excipients.

tiple oxidizeq o _

p-Elimination

The disulfide bond between two peptide chains can be cleaved disproportionally, catalyzed by
hydroxide ions to produce dehydroalanine and thiocysteine through the mechanism of
p-elimination. The thiolate ion (HS-) is very reactive and will continue to react with other
disulfide bonds, causing chain reactions. This is one of the operative mechanisms for the
covalent aggregates in solid phase for bovine serum albumin (69) and ANP, a 25-amino acid

peptide (70). p-elimination has also been attributed to the fragmentation of hinge regions in
antibodies (71).

Maillard Reaction :

The first substantial investigation of the reaction of reducing sugars with amino acids “l::
carried out about 75 years ago by Maillard. The chemical reactions involved are, first
reversible formation of a Schiff base between the aldehydic function group of reducing s"%z;
(e.g., glucose) and the amino group of lysine residues in proteins, followed by a relati
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clow, but essentially irreversible, Amadarj rearrangement, with the formation of ketoamines,

, the hemiketal structure, A, . . b R
which forms - As the Schiff base may also be involved in cross-linking,
this reaction commonly leads to nonenzymatic browning, alﬁo called a browning reaction. This

ction occurs '?05* readily in neutral to weakly alkaline conditions.

In Pmm[; d:dm:“lmo“' reducing sugars such as glucose, maltose, fructose, and lactose
should be a‘_"‘}'l idi o li'{mel?_t potential Maillard reactions. In addition, one needs to be
concerned wit Ha‘:’ l';tl; » Which may cause hydrolysis of sucrose into glucose and fructose,
Jeading to glycation of the lPTOIng: One example is freeze-dried bFGF. When the cake collapsed
at elevated tem?erarure_.l the acidity from its buffer, citric acid, caused hydrolysis of sucrose,
which resulted in glycation of the protein with glucose (46).

Dikfl'opipcmzr'ne Formation

Rearrangemef‘t of ﬂ_le N-terminal dipeptide results in the splitting off of a cyclic
diketopiperazine at high pH. Proline and glycine in the N-terminal promote the reaction.
Aspartame degrades through a similar mechanism (72), with the cyclization of aspartame
minimal at a pH of 6 to 7, moderate at 7 to 8.5, and rapid above 8.5. Diketopiperazine
formation has also been reported in the case of vascular endothelial growth factor (73).

PHARMACEUTICAL DEVELOPMENT PRINCIPLES
Because of their poor permeability to epithelium cell membranes and instability in
trointestinal tract, proteins and peptides have very poor oral bioavailability and are
therefore primarily formulated as injectable or parenteral products for intravenous (V)
infusion or subcutangous (5C), intramuscular (IM), or intrathecal (IT) administration. Some
proteins are also de_lwered through noninvasive administration routes, such as nasal and
ulmonary formulations, to improve patient compliance. For local therapeutic effect, proteins
such as growth factors are formulated for topical application and bone matrices.

Most protein products are in aqueous solution or in solid, freeze-dried form. Some are
also formulated as suspensions in a crystalline form or in other lipid- or polymer—l’msed
delivery systems such as microspheres, liposomes, and nanoparticles. Rarely, some proteins,
such as bovine growth hormone, are formulated in oleaginous vehicle.

The formulation development process for products that involve lipids or polymers as
carriers is more complicated than the process for simple conventional dosage forms of liquid
and lyophilized formulations. The principles described below focus mainly on the develop-
ment process for the conventional dosage forms, some of which have also been discussed in
several book chapters and review articles (74-79).

General Formulation Development Process in Industry

Generally, the manufacturing process for most protein products consists of two steps. One is
the manufacture of drug substance, aka the active pharmaceutical ingredient (API), which is
typically stored in bulk containers, such as plastic or stainless steel containers, in frozen
condition for long-term storage purposes. The other step is the manufacture of the final drug
product from drug substance. This is the final presentation to patients and healthcare
professionals, typically stored in glass vials, prefilled syringes, or injection devices, at
refrigerated condition for convenient use and distribution.

Formulations for drug substance and drug product may not be the same. Typically, the
drug substance formulation is developed earlier, as it is the first step of the manufacturing
process. However, drug substance should ideally be in a formulation vehicle that can be
readily further formulated into drug product. Therefore, it is important to develop the drug
product formulation as early as possible, so that the manufacturing process from drug
substance to drug product will be harmonized and straightforward.

Prior to formulation development, it is important to conduct preformulation develop-
ment activities, which serve to identify the key degradation pathways of the molecule and to
develop stability-indicating assays to support formulation development studies. In general,
preformulation activities should ewvaluate the biophysical and biochemical properties of the
molecule under pharmaceutically relevant stress conditions, which include chemical-related
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factors (such as extremes of pH, salts, buffers, oxygen, and peroxides) and Procesg-re]
factors (such as high temperature, freezing, thawing, light, agitation, Pressure, and ateq
stress). In these studies, biophysical characterization assays such as UV-visible SPEctmsshear
DSC, CD, Fourier transform infrared spectroscopy (FT-IR), AUC, and fluorescence o Copy,
copy are often used to determine which conditions result in the highest thermal stabﬂl:;e Ctros.
the least conformational changes. Biochemical methods such as size-exclusion H:Pa
reversed-phase HPLC, hydrophobic interaction chromatography, capillary electropho LF.‘.
peptide map, gel electrophoresis, ion-exchange HPLC, and potency assays are used to jg res}s‘
the key chemical degradation pathways, primarily through covalent bond changes ::hfy
these stress conditions. e

Results from preformulation studies should identify the potential sourc
instability of the molecules and the key stability-indicating assays to monitor the degradati,
products, as these are needed for formulation screening and optimization studies, Once thz
leading formulation(s) are identified from the screening studies, appropriate container closure
for final product presentation should be evaluated. In addition, the manufacturing Process
should be developed.

The choice of formulation, dosage form, and final product presentation is dependent g,
several factors. These choices not only need to offer the best stability and safety profiles, byt
they must also be easy to scale up for manufacturing and convenient to use durin
administration. The decisions are also dependent on the development stage of the product, At
preclinical and early clinical stages, the goal of the project is to evaluate the proof of concept in
product efficacy and safety as early as possible, so the shelf-life of early clinical products may
only need to be 12 months or even less, and the storage or shipping conditions may not require
the refrigerated or ambient temperature that is typically used for commercial products,
Therefore, frozen or lyophilized formulations are typically chosen for preclinical and early
clinical studies. At late clinical and commercial stages, there are more stringent requirements.
At these stages, not only stability but also cost and marketing competitiveness are very
important in making the final choice of the formulation. A very critical factor in a field of many
competing, similar biotech products is patient compliance and acceptance, so prefilled syringes
and auto-injection devices are in many cases essential for the success of the product's
introduction to the market. As a result, evaluation of these dosage forms and devices must be
initiated during phase III or pivotal clinical trials.

Overall, formulation development is a critical and evolving process step in product
development. It is important to initiate the development effort as early as possible. It is also
important to have input from multiple functional areas before finalizing the formulation
choice.

€5 of the

Evaluation of Critical Formulation Parameters

To prepare a stable formulation suitable for patient use, the critical formulation parameters
should be evaluated, including protein concentration, pH, buffers, stabilizers, tonicity
modifiers, bulk agents (for lyophilized products only), and preservatives (for multidose
products only). A discussion of evaluating each formulation parameter follows.

Protein Concentration

Protein concentration not only serves as a critical parameter in finalizing product presentation,
but is also a key parameter in product stability. The following considerations are important in
the selection of a viable protein concentration in a formulation:

¢ It should be below the protein’s solubility in the selected formulation vehicle. Since
protein solubility varies in different formulation vehicles and at different temper-
atures, the selected protein concentration should be below the “true” or thermody-
namic solubility in the vehicle at the intended long-term storage tempera_h-}l'e-
However, measurement of true protein solubility is challenging, so this is an empinca
exercise where real-time data needs to be evaluated on potential precipitation of thF
protein at the selected concentration and stored for the desired duration. This
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assessment should be made for b ;
concentration is finalized. oth drug substance and drug product before a protein

hould maintain t in’ -
ittshigh concentratio}:; Fr):l‘a);fulgasdstabmty dur%ng long-term stor. age. Generally, proteins
low protein concentrations m (i aggregagon and precipitation. On the other hand,
dsorption onto vario B to significant loss of protein content due to
i = PTOduct-comachng surfaces (e.g., container closures during

e, filter memb ;
e S oreres AHd. 5 g during processing). Also, a higher

lative ratio of ive i ilicone tubin
relative of any reactive Impurities (such ag traces of heavy metals, peroxides from
illing process) to the protein could cause

surfactants, and sterilants used in the aseptic ¢
degradation.
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scale. Therefpre, it is critical to assess the scalability of the manufacturing process
before choosing a protein concentration.

e It should minimize product waste during
clinical use. Material losses during manufact
dose preparation for clinical use (e.g., residu
high protein concentration will result in a
the lowest protein concentration that
production yield should be identified.

¢ |t should meet the requirements for product presentation. Product presentation is
selecteq on the basis of factors such as dose (size and frequency), administration route,
convenience of dose preparation, patient weight distribution (for weight-based dosing
schemes), number of manufacturing lots desired or manageable per year, and
commercial considerations of cost and product differentiation. From these analyses,
the amount of protein per vial is specified, and subsequently, the optimal volume and
corresponding protein concentration is determined on the basis of factors such as
solubility, stability, minimal protein waste, and manufacturability.
It should take into account manufacturing process cycle time and cost. For lyophilized
products, the major contributor to manufacturing cost is the lyophilization time.
Reducing the fill volume by increasing protein concentration can significantly reduce
the lyophilization time.

the manufacturing process, testing, and
uring (e.g., line loss), sample testing, and
al in containers) are all volume based, so a
large amount of protein waste. Therefore,
delivers the required dose and maximizes

In summary, protein concentration, as a critical formulation parameter, should be chosen
on the basis of multiple factors, including solubility, stability, manufacturability, cost, product
presentation, and commercial considerations.

pPH
As proteins containing both positively and negatively charge'd. amino acids are amphotgric
molecules, solution pH has a direct impact on the overall stability of_ proteins. When solunqn
PH is far from the p! of the protein, electrostatic repulsions betwge{\ like ck}arges in the protein
increase, causing a tendency to unfold. In addition to electros.tahc interactions, pH also affects
other interactions within proteins. Therefore, changing pH dlrectl){ Eaffect_s the conf'ormatlco.nal
stability of proteins and their solubility in aqueous solution. In addlhop, since certain chem}cal
Teactions are highly pH dependent, solution pH also affegts the chemlcal stability of proteins.
e following areas should be assessed when selecting an optimal pH for a protein
f(’1'[l'lll.lat’ion:

* Profiles of conformational stability, chemical stability, and solubility as functiqns of
PH in solution may not overlap each other for a given protein. The _pH at maximum
solubility may not be the same as the pH at maximum conformational stability or
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Asp-Pro cleavage

Cys oxidation

racemization

B-elimination

diketopiperazine

Figure 2 Reaction rates as a function of pH. (Darker color indicales a faster reaction rate at designated pH range )

chemical stability. It is important to define an optimal pH that is a good compromise

among all these characteristics.
s As chemical stability involves several different degradation pathways and each

degradation pathway may have a different stability profile as a function of pH in
solution (Fig. 2), it is important to balance all the degradation profiles before finalizing
the optimal pH for the formulation. The degradation pathways that lead to significant
loss in potency or biological activity or that cause immunoreactivity should be kept to
a minimum when selecting the pH.

e The optimal pH selected in solution may not be optimal for proteins in solid dosage
forms, so it is important to reassess the effect of pH when the protein dosage form
changes from liquid to lyophilized form. For example, opposite trends in
pH-dependent stability were observed for lyophilized and liquid formulations (80)

® The selected pH should not have any impact on the stability of other exci jents in t
formulation. Certain excipients may not be stable in a certain pH ra':“:Plegt‘-" L;l =
term storage conditions. For example, acidic pH has caused theph dmlg 'unf b}

¢ %;omn;unl)éuseﬁ:l stabilizer in protein formulations (81,82) e s
e select should be i i e : ;

manufacl‘uringpand storage. It ;na?};ae::lie “:::theﬂp:l?ad UCttcc!ntachng surfaces d'u.tmg
stainless steel in the presence of chloride i : i e P-H O
methionine oxidation in a monoclonal “t}irl;i;dwmch Beneratgd iron ions that catalyzed
more leachables from stoppers, which = y (3?)- Also, high or low pH may cause

® The selected pH needs to be qaf' to b e erwiron) Sy
safe to use for its intended administration route. A certair

pH range may be sui W
or IT injecti 0:{ suitable for IV injection but cause side effects when used for SC, M

For most protei .
close to the Ph;;i‘{’}ﬁ;;:g;m:]lanom, the selected pH is in the range of 6 to 7, as this range i
PH and also provides the optimal stability for snack proteins. Fo
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4 is mostly in the acid; 235
i ulation PH is ¥ acidic range of 4
ili i b "
Fli‘jes'u;:rﬂs solubility and less adsorption, © 5, as this PH range provi
?é ef 2
pett

des
used to control the formulatigy, H, keen;

Sn_l'.f"":s areé olf‘:]:‘anges that can affect the stability ar?d ;nllﬁﬁli;ﬂl-ng it within o

ﬂuffint gmfﬂfler type and concentration for progoin, ity o

¢ pu

f o
should bopmluns.
T

narrow range to
based
P'[’E"il rations:
oo

The selection of 5

on the f{)!luwing

a signifi
: found to cause instability of suiem;f:fein P upon free.
n atration OF low protein concentration conditiong '(3
e puffer species should have a pK, near the target ]‘:}.

+ The Table 1 lists the pl_-l control ranges for 50me c%m;m'ﬂ Y within one pH
e buffer concentration has no Efff_tct on the pr, ¥ used

" minimum oL hlg'h :r];m;fg il Pm“d? sufficient "““Eﬂng capaci

formulation pH. High buffer concenlratmr‘x may cause some Paipa A

& or IM injection. In addition, for lyophilizeq Product, a high

> cies such as _sodlum phnspl_late or citrate may lead to -

:em erature, whlchf%_vol{ld require a longer lyophilization cycle,

latior - Thers s ation also { i
[;:;nare dependent on ionic strength, such as protein 5olu'::?lii]:;re:;:ls scl';ﬁll;t?opemes

» Certain buffer species, hesld@s]C({nfolllng solution pH, may also serve as a stabilizin,
agent in some protein formulations. For example, citrate may serve as a chelating
agent to remove any heavy metals that Ppotentially catalyze oxidation, Histidine also
has an antioxidant effect (85). .

o The buffer species and cuncentrahml'l should be gafe to use for its intended
administration route. Some buffer Species and concentrations may be suitable for [V
injection but may not be compatible when used for SC, IM, or IT injections. For
example, citrate was Iﬁau{nd to cause more pain than histidine as a buffer when
administered by SC injection (86).

It should be noted that as zwitterions, proteins have their own bu
ecially at high concentration, so a buffer may not be required in formulati
i3 intained by the protein itself. It has been reported that mon
:Lm:;ve a strong self-buffering capacity anf:l that the long-
formulations is comparable to that of conventionally buffered

ffering capacity,
ons if the pH can
oclonal antibodies at 60 mg/
term stability of self-buffered
formulations (87).

lonic Strength/Sall Concentration

i i iti ioni in formulation
teins carry both negatively and positively charged groups, ionic strength in .
?:}.f;ﬁ; I:zay di?::ctly affect the solubility and stability. Ionic strength in parenteral formulation

Table 1 Butfers for Protein Formulations

Buffer Acid Base pH range control Examples

Phosphate  Monosodium phosphate  Disodium phosphate  5.8-7.8 Elaprase®, Hemlca:c‘?
Acalate Acetic acid Sodium acetate 3858 Avonex®, N“}‘P"Qf@
Citrale Citric acid Sodium citrate 3.0-7.4 Am_av'rve@. Rituxa
Suconate  Succinic acid Sodium succinate 3.3-66 Actlmmu:\@e@ »
TRIS TRIS HCl TRIS 7101 Welloror® Epl:;
Histiding Histiding HCI Histidine 51-70 )F(Ola:e:: < &apﬂ\r
E'?rbonam Sodium bicarbonate Sodium carbonate 54-7.4,93-11.3 uz
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. : _NaCl affects electrostati_cs in a Erofein either b .
is mainly adlu;teﬁe?ﬁ;ﬁaﬁ?c;hsewmg or by specific ion binding to the _P"O)t{einc_. Aple,qﬁc
(Debye-Hucke salts affect electrostatic shielding arl_d_ }veaken ionic repulsion /amCﬁu &
contf-'f'“'_ahoﬂrs this shielding effect may be stabilizing when there are major repun r
munter_-mns«] c.:lin to protein unfolding, or could be destabilizing when there lsllve
fiteaciOv le?,ridges or ion pairs in the proteins. At high concentrations, electrostatic = f]h dior
stabilizing salt dogminant effect of salt, as of other additives, is on the solvent meerﬁESe dlng
is sa':"‘rat:% st:bilizing salts seem to increase surface tension at the water-protein interfacor the
so]utlo?' he drophobic interaction by keeping hydrophobic groups away from water i © ang
:-;rreng_t en m);emntial hydration of proteins (13). Tl3emfure, ionic S_h'ength or salt conceng &
uu:iuc:nbgot]';1 the solubility and the stability of proteins. The following areas should be , atioy
?«flffecf selecting a proper ionic strength or salt concentration: Sse
- rofiles of solubility and stability as ) .
e Similar to the effect of pH, thef other for a speci};ic protein, Z) lh:”;;?ﬁ:i ;f ;2"!"

ngth may not overlap eac :
streng Y imum solubility may not be the same as at maximum stability, 1,

strength at maxim y m ' ‘
impogtant to define an optimal ionic strength that is a good compromise s e
two characteristics. _
centration has been reported to have an impact on lh
13

Jonic strength or NaCl con _ : . .
viscosity of formulations, especially at h:gh protein concentrations (88), It yp,
therefore serve an important factor in adjusting the viscosity of the product. Vigeog; y
is an important parameter for syringeability of high—protein concentration formul;
tions used in SC and IM administration.

o [onic strength or NaCl concentration should be compatible with other excipients i the

formulation and with product-contacting surfaces. It has been reported that high saj;
concentration combined with acidic pH may cause rusting of stainless steel, resultin,

in an elevated level of iron ions responsible for oxidation of the protein (83). 8
Jonic strength or NaCl is certainly a key contributor to the overall tonicity of the
formulation, and it is important to keep the concentration or tonicity suitable for the

intended administration routes.

Stabilizers
When adjusting the parameters discussed above—protein concentration, pH, buffer, and ionic

strength—still does not result in sufficient protein stability, the addition of stabilizers should
be considered. Several types of stabilizers, listed in Table 2, are commonly used in protein
formulations to stabilize proteins against various stresses. It is important to consider the

following aspects when choosing a stabilizer:

¢ The choice of stabilizer type and concentration should be rational. An experimental
laboratory-scale model should be developed to screen the stabilizer type and
concentration for specific degradation against specific stress. For example, to identify
a stabilizing excipient against shaking stress, surfactants and concentration rar-ge-s
sho!.ﬂd first be tested through an established shaking model. To find a stabilizer
against freezing/thawing stress, an appropriate freeze/thaw stress model should be
used to screen various cryoprotectants and their concentration ranges.
® The number qf stabilizers in a single formulation should be minimal and based on needs.
An ideal stabilizer inhibits or minimizes multiple degradation pathways. For example,
co.nf.mhmal stabilizers, such as sucrose, which enhance conformational stability
m:criuguzes not only the aggregation but also other chemical degradations such as oxidation
'?‘[111 agmentation that occur when the reactive sites are in absence of sucrose-
thee ng: 3}::,- gznc;nh'at:cn of stahilzjfers should be compatible with other excipients in
phosabiste arid A or example, Ca®* may be a good stabilizer, but if the buffer 15
Any stabilizers ;l e pH is above neutral, precipitation of calcium phosphate may 0c™
i e \at may cause interference with protein assays should be avoided. For
pies, polymers and albumins used as stabilizers in formulations may interfere
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Hypothesized stabilizing

2 commonly Used Stabilizers in Protein Formulations

mechanism(s) (reference number)  Examples
Type = 7 3
Sugars s‘?ﬂf::ﬁ??:ﬂi:%ﬂﬁ::“: | Sucrose: Follistim®, Panglubulin® Ovidref® Xigris™
; s A :
cryoprolectant and/or I;ZT;Z’;“'__; 3‘21“":;9-6“‘9“’99""@
lyoprotectant; certain sugars : Factrel® Glucagon®
such as glucose may chelate Glucose: Gammagard@SfD
heavy metals, thus serving as Mallose: Bexxar® Gamimune®
antioxidants (89).
polyos Stabl:'jizet lgmiltelneil ?‘ preferential Mannitol: DigiFab™, Fabrazyme® Cerezyme®
Pydalon ST, TaY S9N Sorict: Dighind® Nouasi”™, Nevpooor®
lyoprotectant; certain polyols Glycerol: Humalog® Humulin®R
such as mannitol may also
serve as antioxidants by
chelating metal ions (89).
guractants Reduce ag:llahobn-ind:ceid Polysorbate 20: Neulasta™, Replagal® Raptiva®
:gﬁ:gaatf:slo);-r?a;fn:?a Polysorbate 80: PEG-Intron, Remicade®, WinRho SDF®
v - TM
refolding by specific or Poloxamer 188: Elitek
nonspecific binding to protein;
minimize adsorption and
prevent other degradation by
preferentially binding to
interfaces (air-liquid, ice or solid
surfaces).
Amino acids  Suppress protein aggregation and  Glycine: Gamunex® Synagis® Neumega®

Metal chelators

Divalent metal

protein-protein or protein-
surface interactions; arginine
increases the surface tension of
water, thus favorably
interacting with most amino
acid side chains and peptide
bonds (90).

Chelate heavy metals to prevent
metal-ion-catalyzed oxidation
of cysteine and methionine
residues in proteins.

Stabilize protein conformation by

Arginine: Activase® TNKase®
Cysteine: Acthrel® SecreFlo®
Histidine: BeneFIX@

EDTA: Kineret™, Ontak®

Ca**: Pulmozyme® ReFracto® Kogenate®

cations specific binding to certain sites  Zn**: Nulropin Depot™, Aralast™
of protein.
Polymers or Stabilize proteins by mechanisms  Albumin: Intron®A, Rebif® Zevalin™, Procrit®
proteins similar to those of surfactants; PEG: Autoplex®T, Hemofi®M, Monarc-M™, Prolastin®

serve as cryoprotectant or
lyoprotectant.

Carboxylmethylcellulose: Plenaxis™

Heparin: Thrombate I8, Autoplex®T
Dextran: Mylotarg™

with protein assays, particularly in UV, HPLC methods and gel electrophoresis,
creating complications for release and stability testing.

* Any stabilizers that may introduce potential contaminants, especially animal or
human derived, should be avoided. Albumin, for example, is an excellent stabilizer for
many therapeutic proteins and was widely used in early products; however, because
of concerns about blood source contamination, it has seldom been used as a stabilizer
in recent products. However, availability of pharmaceutical grade recombinant human
serum albumin may change this dynamics.

* Stabilizers of high quality from a reputable vendor should be used for lab screening
studies. Like any excipients, stabilizers may contain different levels and types of
impurities when they are made from different sources or processes. These impurities
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: tudies, as they may result j,

from screening 5% fect. A case in point is the

o e the stabilizer itself has 2 St?bllizllnilgf o polysorbatgs us;jui1L

i“mb'l:tyie:?ll “Emhi[::-ol)'sorbates: varying peroxide 1eV A
pero:u e le

. the study results: :
fc;mulaum zmd;e:é:t[:—?r\i:ﬁ !::F:;%ilizcrs ch):;sen should be safe to use for intendeq
* The type and co

and toxicity of an
administration routes. It is jmportant to assess the safety ty Y new
excipient prior to clinical studies.

could cause inconclusive results

i bilizer is a challengi
i d concentration of sta g ngin
As ih?w_“. cl"nt:::.%otllznl::gsf ';,1?r f.ip‘l‘:ts, includingl:hql;:::ilgés?tabmty, compliance
; s i i .
5;?:1‘?:“‘1 :Per:‘*%%ml challenges (such as posing analytica

Tonicity Modifiers . is generally formulated to i B ia

istration, the final product 15 genv ¢
E:&giifzﬁthﬂggﬁi:ﬁam:o 0.9% or 150 mM Na(.:,l.Wﬂh an osm::\ac{l:}é rr:‘fxz::r ::iﬁlz f;:i 1T-he
foliowir:g aspects should be considered when finalizing the type city
modifiers in the final product:

- ifiers in protein formulations mc]_ude NaCl, mannitol,
| E:.T :‘::I;li)tfo:sefntoe:lggerﬁoglready sgected for the fcu—::nnul?itu:mZl Os:Scl:m?shialt or
stabilizer, is the preferred choice whgl inc;egz:ig concentration ve an
roperties of the formulation. - )
. %‘fﬁ?trz;ut;::;:gagf isEtunicity depends on the adm;lm.srram:n azl‘o:atl-?Il :n:(]) : dt(i,se
preparation. If the product is diluted into IV fluid suc gst nobe e ik 13 ution
prior to administration, the formulation may not be required to be 1SQIOnIE. 0}“&\'&1'.
if the product is directly injected without any dilution, isotonicity is preferred,
articularly for SC, IM, and IT injections. AL ]
gur iyopahi%;zed prc;duct. the fonmﬁation prior to lycphjh‘zauon may not hfe requ::e_d‘lc
be isotonic even when the reconstituted solution is required to be isotonic. Isotonicity
in final reconstituted solution can be achieved by choosing the proper type and
volume of diluent to reconstitute the lyophilized product.

It should be noted that some recent studies have shown that infusion of solutions with
iso-osmolality but hypotonicity may cause some adverse effects (91). This suggests that
although the terms “isotonic” and “isoosmotic” have been used interchangeably, they may
have different effects on safety, particularly for products that will be infused in large quantity.

Bulking Agents (for Lyophilized Product Only)
For lyophilized product, bulking agents are required to provide enough solids to maintain

good cake structure during lyophilization and long-term storage. To choose the proper type
and amount of bulking agent, the following aspects should be considered:

* The type and amount of bulking agent added to the formulation should be compatible
with the protein and other excipients. It should not cause significant protein instability
during lyophilization or storage. An excipient already selected for the formulation,
such as a stabilizer (sucrose or trehalose), should be preferred as the bulking agent
when increasing the concentration does not have an effect on the overall properties of
the formulation (e.g., high sucrose concentration may require an extremely long
lyophilization cycle or result in partially collapsed cakes).
Mannitol and glycine are commonly used bulking agents as they provide better cake
appearance and do not require a longer lyophilization cycle. However, because of their
gﬁ;:ﬂﬁeagadl{tém thetz may cause phase separation during storage, leading to stability
s um :x P;g“hs content of mannitol may lead to vial breakage during freezing

pansion during crystallization, This vial breakage phenomenon has
been also observed with NaCl crystallization during lyophilization (g9’3§}
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- = aservatives for Protein Formulation
g =N
L Example(s) Commaents
e Anlivenin Al
I : i
Fnenn] Aotso® 7 and light sensilive; may acl as a reducing agent.
Mutropin AQ®
alcohol Epogen® Usually In diluent for reconstitution of lyophilized product.
gendy! Nutropin®
Pegasys®
Factrel®
Humatrope Used in both | .
] iquid multiusa products and diluents for
Creso NovoLog® lyophilized products.
- Antivenin Not commonly used for recent products because of
Thim B ) mercury-related toxicity.
- nol BSMOpressin Widely used preservalive in pharmaceuticals, Including

injectables. Typically used at 0.5%.

e Polymeric bulkiﬂ_g agents leg, hydroxyethyl starch (HES) or dextran] and proteins (e.g.,
albumin) may significantly reduce the length of lyophilization cycle by raising Ty,
however, some of them may interfere with certain protein assays. Therefore, potential
complications in analytical testing should be considered when choosing this type of
pulking agents.

e For high-protein-concentration formulations, bulking agents may not be required, as a
protein itself serves as a bulking agent to provide good cake structure.

preservntives (for Multidose Products)
Most injectable protein products are intended for single-dose injection, which does not require
inclusion of antimicrobial preservatives in the formulation. However, some products are
intended for multidose administration, which requires preservatives in the formulation to
prevent any microbial growth from the time the product is opened for use to the time the last
dose is administered.

Table 3 lists the preservatives that have been used for protein formulations. To choose the
appropriate type and concentration of preservatives in a formulation, the following aspects
should be considered:

* The type and concentration of preservatives selected for a formulation should make the
final product meet the antimicrobial effectiveness testing required by USP and BP/EP
at the time of product release and at the end of shelf-life and last dosing. One needs to
be aware that requirements in BP/EP are more stringent than those in USP (94).

* Adding preservatives generally results ini protein instability. This is not surprising, as
the bactericidal or bacteriostatic effect is derived from the preservative’s interaction
with proteins or DNA in microorganisms. It is important to screen for a compatible
type of preservative for specific formulations or proteins.

* Minimizing the contact time between preservative and protein is a general approach to
reducing the preservative’s stability impact. In this approach, preservatives are
typically added to the diluent (for lyophilized product) or to the product upon
preparation for the first dose.

iﬁ"?ral Strategies for Formulation Screening and Optimization

bu discussed above, protein formulation has multiple parameters, including the protein itself,
ffers, PH, stabilizers, and other excipients, and each parameter has its own functions. Some

Ot these parameters may interact with each other; for example, pH and stabilizers both affect
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Table 4 Formulation Parameters, Evaluation Models, and Critial Attributes for > gcfiti:paﬂfibutel:
Formulation parameters Mﬂ_————-———-—m—
Prr::tein concentration mﬁhﬁfi; o E;;::;L "
guﬁar type/concentration Peroxides exposure Fragmentation
Stabilizer type/concentration Light exposure Oxidation
Tonicity modifier type/concentration Shaking/agitation Deamidation
Preservalive type/conceniralion Patency

e

n, the product has to be exposed to multiple procegs.
: ndling, such as extreme temperatyreq

, and ha ; ;
mr:_g-erherefvfef it is challenging to develop a stap),

the stability of the molecule. In additio
related stresses during manufacturing, s

freeze/thaw cycles, agitation, and pressure. | I i Mol
formulation containing many parameters against various process-

G : n effective tool in dealing with such
Design of experiments (DOE) has proven d ariables. DOE, as part of the concept 0‘;

complicated development process involving multiple v . :

qualy by deign (@) ecety inrdiced by ) SEELCE B
i i i ace : 1

development, is a tool to establish the design sp cturing design (ICH Q8, Pharmaceuﬁcg;}

space forms a link between development and manufac i
DPeavelopment)‘ For formulation development, the design space refers to the defined range of

formulation parameters and quality attributes that have been demonstrated to provide

assurance of quality. , . .
Fon'nu]:ltion l-gl’nav'elcq:>tnent using a DOE approach typically has two stages: formulation
s. The goal of the screening study is to identify

screening and optimization/robustness studie ; i
the key f%)rmulagon parameters, while the optimization/robustness study defines the optima]

or robust range of the selected key parameters. .
To design a proper space for statistical DOE studies, it is important to collect all the

information from preformulation development activities and any prior knowledge on the
protein. This information helps in identifying the critical formullabon p?rameters and the key
degradation pathways that potentially affect the critical quz}ltty attributes (CQAs) of the
product for the design space, and in selecting a proper evaluation model that can be used for
screening or optimization of formulations. In addition, the target product profile (TPP) should
also be established prior to DOE studies.

Table 4 lists the parameters and attributes for DOE studies. Once the study is completed
and data are collected, statistical analysis should be performed to establish the design space.
This established design space can not only justify the choice of formulation ranges and help
identify the robust region of the formulation, but can also enable study of the interactions
between each formulation parameter. Several case studies using the DOE concept have been
described in a book chapter written by Ng and Rajagopalan (95).

Choice of Container and Closure System

Because proteins may interact with the contact surfaces, the compatibility of immediate
packaging material with protein product needs to be evaluated during selection of the
container closure system.

As described in section “General Formulation Development Process in Industry,” most
protein products are formulated as drug substance and drug product, which are typically
stored at frozen and refrigerated conditions, respectively. In choosing an appropriate container
closure system for drug substance, the following aspects should be considered:

® Commonly used container closure systems for drug substance include plastic bottles
or bagg and stalirl.less steel vessels. Various types of plastics have been used in
packaging protein drug substance, including Teflon, polyolefin, glycol-modified
pplyethylgne terephthalate (PETG), polypropylene (PP), polycarbonate (PC), poly-
vinylchloride (PVC), polyvinyl alcohol (PVA), and polyethylene (PE). It is important to
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evaluate whether the Pl'ﬂ'du_ct remains stable under intended storage conditions. For
example, hydrophobic proteins tend to adsorb more on hydrophobic polymers such as
Teflon. In addition, the material's gas permeability and leachables should also be
evaluated. Plastics with high gas permeability may affect product stability during long-
term storage if the product is oxygen sensitive. Plastics such as PVC that contain a
substantial amount of plasticizer may generate more leachables than other plastics. When
gtored in a stainless steel vessel, acidic pH and chloride ions may cause corrosion. With
an increased amount of dissolved metal ions, protein oxidation is a concern (83).
The material should retain its function at the intended storage condition. Since most
rotein drug substances are stored frozen, it is important to assess the brittleness point
of the plastics at the intended storage temperature. If the brittleness point is above the
intended storage temperature, container closure integrity may be compromised. In
addition, breakage of container closure may occur upon impact, such as an accidental
drop. Therefore, PC and Teflon are preferred because of their lower brittleness points.
The size of the containers should be selected on the basis of product stability, potential
expansion of product, and cost effectiveness. For example, a sufficient amount of
headspace should be allowed to accommodate volume expansion upon freezing for
frozen drug substance. If the product is stored as a liquid, then minimal headspace
should be considered to minimize the potential instability caused by agitation upon
handling and shipping. With large containers, it may be difficult to control the freezing
process. Stainless steel cryo-vessels with temperature-controlling systems have many
advantages over plastic containers, such as controlled freezing and thawing rates and
nonbreakable characteristics. However, they are expensive and need to undergo
cleaning validation for multiuse purposes. In addition, they may need frequent
passivation to retain resistance to potential corrosion.

To choose an appropriate container closure system for drug product, the following
aspects should be considered:

* Unlike drug substance, most drug products are stored in glass vials with rubber
stopper systems. Some products are also packaged in prefilled syringes, cartridges,
and dual chamber Lyo-Ject™ syringes, which all consist of glass barrels or tubing and
rubber stoppers. Plastic vials or tubing have also recently been introduced. It is
important to evaluate the product’s compatibility with various types of glass, plastics,
and rubber stoppers, as protein adsorption and other degradations may occur.
Container closure integrity should be retained to ensure the product's sterility
throughout its shelf-life.
Most glass vials are washed and then depyrogenated prior to use. It has been reported
that siliconized vials may minimize adsorption of the product (17). However, the
possibility of silicone oil causing protein aggregation also needs to be examined. For
prefilled syringes, the glass barrels should be siliconized for proper syringeability. It is
important to recognize, however, this step may affect not only syringeability but also
product stability. For lyophilized product, the stoppers may need to be dried in an
oven or autoclave following steam sterilization, because retained moisture may be
released to the lyophilized cake during long-term storage and cause instability issues,
which are critical for moisture-sensitive products.

* The type of container closure system should be decided on the basis of the product's
stability, the development stage, the intended use (indication and administration route),
and marketing competitiveness. For an early clinical development stage, a vial and
stopper system is often chosen, as it involves less technical complexity and thus requires
less development time. For late development or commercial stages, the performance of a
container closure system—such as improving ease of administration, minimizing drug
wastage, and conforming with patient needs (e.g., self-administration)}—becomes more
Important. Prefilled syringes, self-injection devices using cartridges, and dual chamber
lyo-ject syri may help the drug product to gain a greater market share because of
thei nges may help B P! : 3

ir convenience of use, which leads to better patient compliance.
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and suitable manufacturing process:

faces during manufagturing should be compatible with the

uct-contacting surfaces dunng_ drug produyct
manufacturing include silicone tubing, a Teflon-coated stir bar, a stainless steel tank
or impeller mixer, rubber gaskets, plastic connectors, plastic housing and filter
membranes, and other glass or plastic containers. It is important to evaluate the
compatibility of the protein W_ith these contact surfaces prior to the start of
manufacturing using these materials. 3 ) ]

* The container closure system should be compatible with the fill line at the
manufacturing site. Typically, machinability needs to be conducted prior to cGMP
manufacturing to ensure that the filling and stoppering operations run smoothly, with
low rejection rates, and that the final container closure system meets the container
closure integrity test criteria (integrity is typically tested by dye leak or vacuum decay
method).

® The mixing condition should not result in product degradation. If mixing by a
magnetic stir bar causes protein precipitation, alternative mixing methods such as an
impeller should be considered.

® If the product is sensitive to dissolved oxygen in solution, several manufacturing
process steps should be designed appropriately. Degassing the solutions and
overlaying inert gas (nitrogen or argon) in the headspace of vials may be required
to minimize oxidation due to dissolved oxygen in the product.

e The filter size fqr sterile filtration should be large enough not to give high back
v during filtration. For aqueous protein formulations, a polyvinylidene fluoride
erfoy detm draf:;e is the most commonly used. A filter sizing study should be
: ¥he é}lﬂﬁ 0 glﬁ e the proper size of filter for cGMP manufacturing.
co! : . s
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R

, The lyophilization parameters developed at laboratory scale should be robust enough
to produce consistent product quality, Someﬁmesrywhen the lyophilization cycle
developed for the laboratory-scale lyophilizer is directly transferred to the production-
scale lyophilizer, product quality may not be the same. This could be caused by the
oor robustness of lyophilization cycle, as different lyophilizer designs may lead to
different levels of heat and mass transfer, which could cause changes in product
uality, such as cake collapse, if the selected Iyophilization parameters are on the edge
of the process design.
Hold conditions (time and temperature) for all process intermediates should be
established to meet the needs of routine production operations and to support
tential excursions. An operation deviation may result in longer hold time for the
FOCESS iﬂter{md'a‘e than during routine manufacturing; examples could be
deviations prior to the formulation step or filling into final product, or after
lyophilization. Supporting data for defining acceptable hold conditions need to
address product quality from both chemical stability and microbiological perspective.
Assessment of the microbiological acceptability of a process intermediate hold time is
tied to m?nufacwnns process operations and to the microbial growth potential of the
mgeme:;atedcom]posmon. Sulpport for extended or cumulative hold times generally
comes from development-scale studies, while su icrobiological properties
comes from manufacturing-scale studies. iRl

stability Studies
‘After the manufacture of drug substance and drug product, the following stability studies are

enerally conducted to support the shelf-life during long-term storage and the product quality
during distribution and use at clinics:

o Long-term stability studies to support shelf-life. Several ICH guidelines outline the content
and testing requirements for stability studies supporting shelf-life at long-term storage
conditions (ICH Q14, QIC, QID, QIE, and Q5C). Depending on the intended long-
term storage condition, accelerated and stress conditions are often required for the
clinical stability program and lots made during process validation. For postapproval
commercial stability programs, one lot of drug substance and one lot of drug product
are generally required to be placed on stability annually, and only at the long-term
storage condition.

Temperature cycling studies to support excursions during distribution. From completion of
manufacturing to the time when the product is dosed into patients, the drug product
experiences exposure to various temperatures, different from the intended long-term
storage temperature range, which is typically the refrigerated temperature. It is
important to conduct studies to evaluate the effect of these temperature variations on
product stability. The design of these studies has been recommended in the Parenteral
Drug Association (PDA) Technical Report No. 39 (96).

Shipping studies to support the exposure to vibration and reduced pressure during air and
ground transportation. It is important to recognize that shaking studies conducted at
laboratory scale may not be representative of the actual shipping conditions to which
the product is exposed, since the shaking studies may not have vibration amplitudes
and frequencies similar to those generated during shipping. In addition, reduced
pressure occurs during air shipment. This is a concern particularly for prefilled
syringes, as stopper movement has been observed during multiple cycles of reduced
pressure, which may affect the sterility of the product (97). Therefore, it is important to
demonstrate that the product remains intact or within the designed space using actual
or simulated shipping conditions, including representative secondary packaging and
product orientation.

Confirmatory photostability studies to support exposure fo light. Sensitivity to light is highly
dependent on the composition, structure, and formulation of the product. Most
Proteins and peptides are sensitive to intense light, particularly UV light, which
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RMULATIONS OF MARKETED PROTEIN P.RODUCTS ) e
f.? the United States, by law all marketed injectable Pfﬁ““znm“;;uﬁf:m quantitative
formulation, so the details on each marketed product are puc. b‘;r_\ Prescription
information include the Physicians’ Desk Reference (PDR) and nl;énemgﬁ “’is sites, includin
the FDA’s http:/ Jwww.accessdata.fda.gov/ scripts/cder/drugsatfda and websites for specific
products (which commonly take the form www.tradename.com—e.g., WWW SImponi.com). The
formulations of discontinued products can be found in older editions of the PDR.

The excipients used in parenteral products were first reviewed and collated by Wan,
and Kowal in 1980 (98). Subsequently, there were reviews by Nema et al. (99) and Powell et al.
(100). Specifically for biotech products, they were first reviewed by Wang and Hansen (101),
and recently by Gokarn et al. (102). d '

The types of excipients used in protein formulations l_lave evolved over time. For
example, in the early years (1980s-1990s), human serum albumin (HSA) was comonly used
as a stabilizer in many protein formulations, particularly low-concentration, hlgh-potency
products such as interferons, Factor VIII, and other growth factors. However, because of
concerns about potentially contaminated blood that might compromise the quality of albumin,
most products have been reformulated into HSA-free formulations. For example, Eprex™
(epoetin o), originally containing albumin, was reformulated to use polysorbate 80 as an HSA-
free product in prefilled syringes. Avonex™ (interferon ), originally having albumin in
lyophilized form, was reformulated to a polysorbate-20-containing liquid formulation in
prefilled syringes.

Another example of evolving parenteral formulation excipients is the type of
polysorbate. Because of concerns about potential auto-oxidation of the unsaturated double
bond in polysorbate 80 (103), used predominantly in the early days of protein formulations, the
trend seems to be moving toward the use of polysorbate 20. For example, Neupogen™ is
formulated with polysorbate 80, but the surfactant in its newer version, PEGylated protein
(Neulasta™) was changed to polysorbate 20. Polysorbate 80 included in the Activase”
formulation was also changed to polysorbate 20 in its newer variant TNKase™.

To show how formulations have evolved over time, examples of recombinant human
growth hormones and monoclonal antibodies (including Fab, Fab-PEG, and Fe-fusion
proteins) are listed in Tables 5 and 6, respectively. For human growth hormone, changes of
formulation have been minimal since its first approval in 1985 to one recently approved in
2008. For l_yophlhzed monoclonal antibodies, the buffer species used has changed from
phosphate in early approved products to histidine in recently approved products. Sucrose is

the most commonly used sugar in lyophilized formulati

A5 ons, and only a few products use
trehalose or maltose. In addition, amino acids including argin{ne and glz'cine arepused in both
liquid and lyophilized formulations. For liquid monoclonal antibodies, sodium phosphate
appears to be the most commonly used buffer, likely because of its good buffering capacity
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Table 5 Formulations for Human Growth Hormone (in order of approval year)

Formulation

Trade Name Approval year  Dosing route Presentation Dosage torm
i 1985 sC Vial/stopper Lyophilized 5 mg vial®: 40 mg itol, 0.1 mg b di
Protropir® S e phosphate, 1.6 mg dibasic sodium phosphate, pH 4.5-7.0
Humatrope® 1987 SCAM Vial/stopper Lyophilized 5 mg/S mL vial: 25 mg mannitol, 5 mg glycine, 1.13 mg
dibasic sodium phosphate, pH 7.5
Pen cariridge Lyophilized & mg/2 mL cartridge™ same formulation as in vial'stopper
Norditropin® 1987 sC Pen cartridge Liquid 5 mg/1.5 mL cartridge®: 1 mg histidine, 4.5 mg Poloxamer
188, 4.5 mg phenol, 60 mg mannitol
Nutropin® 1993 sc Vial/stopper Lyophilized 5 ma/1 mL vial™: 45 mg mannitol, 0.4 mg sodium phosphate
manobasic, 1.3 mg sodium phosphate dibasic, 1.7 mg
glycine, pH 7.4
Vial/stopper Liquid 10 mg/2 mL wvial: 17.4 mg sodium chloride, 5 mg phenol,
4 mg polysorbate 20, 10 mM sodium citrate, pH 6.0
Pen cartridge Liquid 5 mg/1 mL cartridge™: same formulation as in vial/stopper
Tev-Tropin® 1985 sC Viallstopper Lyophilized 5 mg/5 mL vial: 30 mg mannitol, pH 7-9
Genotropin® 1995 sc 2 rridg Lyophili 5 mg/1 mL cartridge®: 5.8 mg somatropin, 2.2 mg glycine,
1.8 mg mannitol, 0.32 mg sodium dihydrogen phosphate
anhydrous, 0.31 mg disodium phosphate anhydrous,
pH 6.7
Saizen/Serostim@® 1996 sC Vial'stopper Lyophilized 4 mg vial®; 27.3 mg sucrose, 0.9 mg phosphoric acid, pH
6.58.5
Zarblive® 2003 sC Vial/stopper Lyophilized 4 mg \nal 27.3 mg sucrose, 0.9 mg phospharic acid, pH,
Omnitrope® 2006 sC Vial/stopper Lyophilized 1 5 mgﬁ 13 mL vial™: 0.88 mg disodium hydrogen
phospt heptahydrate, 0.21 mg sodi
phosphate dil d'hydraru 2? 6 mg ¢ glycnc
Pen cartridge Liquid 5 mg/1.5 mL i 1.3 mg hyd
phusphata haptahydrata 1.6 mg sodium dihydmgen
, 3.0 mg pok 188, 52.5 mg
mannltol 13. 5 mg bemzyl alcohol
Valtropin® 2007 sC Vial/stopper Lyophilized 5 mg vial/l mL: 10 mg glycine, 45 mg mannitol, 0.22 mg
phosphate, 2.98 mg dibasic sodium
phosphate, pH 6.0
Accretropin® 2008 sC Vial/stopper Liquid 5 mg vial: 0.75% MaCl, 0.34% phenol, 0.2% Pluronic F-68,

10 mM sodium phosphate, pH 6.0

“Indicates a product that has multiple dose strengths, but only the lowest strength is listed

e
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Table 6 Formulations for Antibodies, Fc Fusion, and Fab Conjugates (in order of approval year)

Trade name Nonproprietary name  Approval year Dosing route  Presentation

Dosage form

Formulation

Orthoclone OKT-38 Muromonab-CD3 1986 v Ampule

Vial'stopper
Vial/stopper

Abciximab 1894 v
(Chimeric Fab)
Rituximab

Reopro®

Rituxan® 1997 v

Vial/stopper
PFS

Enbrel® Etanercept 1998 SC

Autoinjector
Remicade® Infliximab 1998 v Vial/stopper

Simulect® Basiliximab 1988 v Vial/stopper

Vial/stopper
Vial/stopper

Palivizumab 1998 M

Synagis®

Herceptin® 1988 [\

Trastuzumab

Zenapax® Daclizumab Vial'stopper

Gemtuzumab 2000 w Vial/stopper
azogamicin
{calicheamicin)

Alemtuzumab

Mylotarg®

2001 v Vial/stopper

Campath®

Liquid

Liquid
Liquid

Lyophilized
Liquid

Liquid
Lyophilized
Lyophilized

Liquid
Lyophilized

Liquid

Lyophilized

Liquid

5 mg/5 mL ampule: 2.25 mg monobasic sodium
phosphate, 9.0 mg dibasic sodium phosphate, 43 mg
sodium chloride, 1.0 mg polysorbate 80, pH 6.5-7.5
10 mg/5 mL vial: 0.01 M sodium phosphate, 0.15 M
sodium chioride, 0.001% polysarbate 80, pH 7.2
100 mg/10 mL vial®; 9 mg/mL sodium chioride, 7.35 mg/
mL sodium citrate 0.7 mg/mL poly
80, pH 6.5
25 mg/0.5 mL vial: 40 mg mannitol, 10 mg sucrose,
1.2 mg tromethamine, pH 7.1-7.7
25 mg/0.5 mL PFS*: 1% sucrose, 100 mM sodium
25 mM v-arginine hydrochloride, 25 mM
sodium phosphate, pH 6.1-6.5
Same as Liquid in PFS
100 mg/10 mL vial: 500mgsumee' Dﬁwpolyaorbale
80, 22 mg b sodium
monohydrate, 6.1 mg dibasic sodium phosphate
dihydrate, pH 7.2
10 mg/2.5 mL vial™: 361 mg monobasnc potassium
hate, 0.5 mg di drogen phosphate
(anhydrous), 0.80 mg sodium chiaride, 10 mg
sucrose, 40 mg mannitol, 20 mg glycine
50 mg/0.5 mL vial*: 1.9 myg histidine, 0.06 mg glycine,
0.2 mg chloride, pH 6.0 §
440 mg/20 mL vial: 400 mg x,x-trehalose dihydrate, §
-
E

9.9 mg w-histidine HCI, 6.4 mg w-histidine, 1.8 mg
polysorbate 20, pH 6.0

25 mg/5 mL vial: 3.6 mg sodium phosphate monobasic
monohydrate, 11 mg sodium phasphate dibasic
heptahydrate, 4.6 mg sodium chloride, 0.2 mg
polysorbate B0, pH 6.9

5 mg/S mL vial: dextran 40, sucrose, sodium chiaride,
monobasic and dibasic sodium phosphate®

30 mg/1 mL vial: 8.0 mg sodium chioride, 1.44 mg
mﬁbwﬂﬂmfé 0,2!'”990(855%
hioride, 0.2 sodium
armmmwm 0.0187 myg disodium edetate

dihydrate, pH 6.

=
£
§
:
H
g
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Humira® (United

Xolai®
Raptiva®

Avastin®

Erbitux®

Tysabri®

Vectibix™

Orencia®

Adalimumab

Tositumomab (|

and |ga'm|)lgG

Omalizumab

Efalizumab

Bevacizumab

Catuximab

Natalizumab

Panitumumab
Abatacept

Ranibizumab

2002

2002

2003

2004

2004

PFS

Vial/stopper
Vial/stopper

Vial/stopper
Via/stopper

Vial'stopper

Vial'stopper

Vial'stopper

Vial/stopper

Vial'stopper
Vial'stopper

Vialistopper

Liquid

Liquid
Lyophilized

Liguid

Lyophilized

Lyophilized

Liquid

Liquid

Liquid

Liquid
Lyophilized

40 mg/0.8 mL in PFS: 4.93 mg sodium chlonde,

0.68 mg sodium phosp!
1.22 mg dibasic sodium phosphate dihydrate,

0.24 mg sodium citrate, 1.04 mq citric acid

0.8 mg poly

hyd 9.6 mg
80, pH 5.2

3.2 mg/2 mL vial: 0.9% NaCl, 50 mM sodium acetate

7.5 mg/0.5 mL vial®: 12.5 mg sucrose, 5 mg glycine,
3.6 mg sodium citrate dihydrate, 0.06 mg citric acid

monohydrate, pH 6.9

35 mg/2.5 mL vial®: 10% maltose, 145 mM sodium

chiloride, 10 mM phosphate, pH 7.2
2025m9‘14ml.wal* 145.5 mg sucrose, zamg

8 mg

L—Hshd”m.osn'ngpdysorbetezc

150 mg/1.3 mL vial: 1232 mg sucrose. 6.8 mg
L-histidine hydrochloride monohydrate, 4.3 mg
L-histidine, 3 mg polysorbate 20, pH 6.2

100 mg/4 mL vial®: 240 mg =,z-trehalose dihydrate,
23.3 mg sodium phosphate (monobasic,
monohydrate), 4.8 mg sodium phosphate (dibasic,

16

20, pHE2

mg
100!110’50“0%3{‘ Btswmt.mmmamn
dibasic h

1.88 mg/mL sodium

0.41 mg/mL sodium phosphatelrmobaﬂc
manohydrate, pH 7.0-7.4
300mgf15vaal 123 mg sodium chioride. 17.0 mg
sodium ph monobasic

724 mg

so:lnrnphospmnadtubhmrw:h 30mg

polysorbate 80, pH 6.1

100 mg/50 mL vial®: 29 mg sodium chloride, 34 mg
sodium acetate, pH 5.6-6.0
250mgf‘|0rnL\mi 500 mg maltose, 17.2 mg

sodium pl

chloride, pH 7278

14.6 mg sodwum

0.5 mg/0.05 mL vial: 10 mM histidine HC1, 10%
y 0.01% paly

pH 55

(continued)
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etz

Table 6 Formulations for Antibodies, Fe Fusion, and Fab Conjugates (in order of approval year) (continued)

Trade name Nonproprigtary name  Approval year Dosing route  Presentation  Dosage form  Formulation

Soliris® Eculizumab 2007 v Vial/stopper Liquid 300 mg/30 mL vial: 13.8 mg sodium phosphate
monobasic, 53.4 mg sodium phosphate dibasic,
263.1 mg sodium chioride, 6.6 mg polysorbate
80, pH 7.0
Cimzia® Cerlolizumab pegol 2008 sC Vial/stopper Lyophilized 200 mg/1 mL vial: 100 mg sucrose, 0.9 mg lactic acid,
0.1 mg polysorbate, pH 5.2
Arcalyst® Rilonacept 2008 sC Vial/stopper Lyophilized 160 mg/2.3 mL vial: histidine, arginine, polyethylene
glycol 3350, sucrose, glycine, pH 6.2-6.8°
Nplate® Romiplostim 2008 sC Vial/stopper Lyophilized 250 pg/0.72 mL vial®: 30 mg mannitol, 15 mg sucrose,
1.2 mg v-histidine, 0.03 mg polysorbate 20, sufficient
HCL to bring pH to 5.0
Simponi® Golimumab 2009 sC PFS Liquid 50 mg/0.5 mL in PFS: 50 mg golimumab antibody,
0.44 mg L-histidine and L-histidine monohydrochloride
monohydrate, 20.5 mg sorbitol, 0.08 mg
polysorbate 80, pH 5.5
llaris® Canakinumab 2009 sC Vial/'stopper Lyophilized 180 mg/1 mL vial: sucrose, L-histidine, L-histidine HCL
monohydrate, polysorbate 80°

"Indicates a product that has multiple dose strengths, but only the lowest strength is listed
"Quantitative formulation is not disclosed, not consistent with 21 CFR 201.100 (b) (5) iii.
Abbreviations: SC, subi us; IM, i iscular; IV, intravenous.
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i
o

Ha6to 7, the pH at which most monoclonal antibodies are formulated. Polysorbate 80

. ""’;gﬂids I;]su present in many monoclonal antibody formulations.
i

ON
QDNFILI‘J‘?L chapter we have attempted to provide an overview of formulation dl-vull'l‘m"'.‘l
o thE % e and protein-based therapeutics. For successful formulation development, it is
for Fepnt first of all to understand and characterize the unique characteristics of the protein or
.n‘P‘?ﬂa including mole;ular composilion, structures, size, charge profile (pl), solubility,
p’andei'ﬁanSim“ midpoint, .?nd kgx dcgmdntion pathways, Preformulation activities arc also
i :‘!’“‘a‘n identifying the key mstqblhry issues and potential pharmaceutically relevant sources
critic? 1th€ for specific degradation pathways. This chapter provides general principles and
resp? ‘5,_-.; of major pharmaceutical development activities, including evaluation of critical
ex |at‘i0“ arameters, §elechon of container closure, development of the manufacturing
l'l’rn?u.; and stability 5t-udle_s to support shelf-life and clinical use conditions. The results from
Prﬂl-*’f“d’e velopment activities are generally required in completing the pharmaceutical
‘l'e'ﬁo ment sections of regulatory filings. Finally, trends in the evolution of formulation
de\-t’mll;mem since the early 1980s are described on the basis of several examples, including

ﬁe:’:'-‘an po owth hormone and monoclonal antibodies.
u
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