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Foreword 

I was a faculty_ member at the University of Ten.nessee and a colleague of Dr. Kenneth Avis 
".'hen h~_conceived, orgamze?, and edited (along with H.A. Lieberman and L. Lachman) the 
first edition of this book series that was publ.ished in 1984. It was so well received by the 
pharmaceutical science community that an expanded three-volume second edition was 
publi~hed in 1992. Dr. Avis_did not survive long enough to oversee a third edition, and it wa, 
questionable whether a third edition would ever be published until two of his graduate 
students, prs. Nema and Ludwig, took it upon themselves to carry on Dr. Avis' tradition. 

Thetr 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 s• en~e 
and technology as well as new and expanded subjects. For example, separate chapter topics m 
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 aseptic 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 auU1ors and editors of this 
book will guarantee superb content of eaci, chapter. There is no other book in the world that 
covers the breadth and depth of parenteral science and technology better 1lan this one. ln my 
opinion, the editors have achieved their primary objectives- publishing a book that conta.ins 
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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I Preface 

~hnmrnce11ticnl Dosnge Fom,s:. Pn~enfernl Medications was originally published in 1984 ~nd 
1IDmed1ately accepted as a definitive reference in academic institutions and the pharmaceutical 
indus~y. The second edition was published in 1993. The ensu.ing years have produced 
,ncrechble technological advancement. Classic small-molecule drugs are now complemented 
by complex molecules such as monoclonal antibod.ies, antibody fragments, aptamers, 
an~ense, ~Ai therape~tics, and DNA vaccines. There have been significant innovations in 
delivery ~evices, ana_l~tical techniques, in-silica modeling, and manufacturing and control 
technologies. In add.1tion, the global regulatory environment has shifted toward greater 
emphasis on science-based risk assessment as evidenced by the evolving cGMPs, quality by 
design (Q~~)'. p~ocess analy~cal technology (PAT), continuous processing, real time release, 
and other 1.n.ttiatives. The rapidly changing landscape in the parenteral field was the pnmary 
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 (ir) 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 tlris U10rk 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 
envirumm:nt. A chapter diacussing pham1aceutical water ayalems b 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 pre.cented. 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 furure 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, manufacturi.ng, 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 (lnforma Healthcare) for patiently leading us through the publishing process. 
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We also acknowledge the assistance or Pfizer, L11c. colleagues Lin Chen a d 
reviewing several of the ch1111ters. n Mtn Ii¾\ 

We would like to express sp«ial &':'titude to . U1e Late Kenneth E. Avl g rlll-
Tennessee College of Pham1acy) for his dedication to teaching and :a C~nivl!rlih. 
knowledge In Lhe area of parenteral medications to so many studentss lTing Pr -, Of 
including us. Fi.11aUy, we acknowledge the co11LributionR of Dr Avis Leo over Ifie~ 
Herbert A. Lieberman who edited U1e earlier editions of this book seri·es' 

11 
laclutia_. 'vs, . .,, •lld 

5QlllktpN 
/0/111 o t,}"'4 
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Formulation of protein- and peptide-based 
parenteral products 
Gau.hong Zhu and Y. John Wang 

INTRODUCTION 
Sine., the early 1970s, scientific advances in molecular biology and genetic enginec . 
led to cnonnous sucCl'SS in protein- and pcptidc-baSt.>d therapeutics for the treatmcn~np have 
human diseases They cover almost all lhcrapcutic categories, mcluding cardio 

O 
many 

hemost.isis, antineoplastic, dfabetei: and cnd_ocrinology, anti-infccli_vc, neurophannaC::~hir 
enzyme replacement, wound healing, respiratory, and ~.nc _cartilage. Protein-based ~cal 
peutics are cmel'j\ing as a major class of new molecular cnlihes in the pharmaceutical ind hera. 
Over 200 biotechnology and plrnrmoceulical con,panics are developing protein-~ 
therapeutics. More than 150 biologics are currently marketed, and over 400 are in adva 
stages of testing and clinical trials (I). Reed 

Unlike small molecules, which are typically synthesized through chemical pr0cesses 
proteins arc produced in living sys1ems. The main technology used to produce proic· ' 
utilizes recombinant DNA lechniques, to pr~uce prot~ln _mol~es in a host cell. Several 1~ 
of host cells have been employed, 111dud1ng Esc/1wc/11n colr, yeast, mammalian cells leg 
Chinese hamster ovary (CHO) cells and human fibr~blastsJ,_and plant-derived cells. Sev~,,;j 
other technologies are also used to produce therapeutic protems. Small proteins and peptides 
such as calcitonin, may be produced by chemical synthesis. Most human serum albumin ~ 
sourced from human blood, urokinasc from urine, and streplokinase from fungi. Recombinant 
human antithrombin (ATryn®>, a new product approved by the FDA in 2009, is produced by 
h';msgenk a..1limals. 

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 m 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 or 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 phys1cochemical 
and biological characteristics, including stability, immunogenicity, and pharmacokinetic 
properties. The characterization of proteins is lherefore an important step in formulation 
development. 

Molecular Composition, Structuro, and Heterogeneity 
A protein, or polypeptide, is formed through the linkage of pephde bonds of ammo aods. 
Generally, prolein structures arc described at four levels: primary, secondary, tertiary, and 
quaternary. Details aboul 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 tenns of molecular weight 
or size, which could be due to vanous modifications to the polypepbde side chains or glycans, 
reversible or irreversible formation of o\igomers by either noncovalent or covalent linkages, 
and formation of large soluble and/or insoluble aggregates. It is important to characteriz~and 
quantify llll species, as they may dhcctly affect product efficacy, safety, and immunogerudty, 

Depending on its size and the nature of its associations, several analytical techniques c:'n 
be used to characterize a protein's size Routinely, electrophorctic 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 PEPTIOE·BASED PARENTERAL PRODUCTS 223 

oligomers. ~y combining a den~turing electrophorelic technique (sodium dodecyl sulfa_te 
p0Jyacrylam1de gel electrophoresis [SOS-PAGE]) with size-exclusion high-performance liquid 
chrOITlatography (HPLC) or _a naliv_e electrophoretic technique (Native PAGE), the size of 
proteiJ\S and the nature of their associations (covalent vs. noncovalent) in Mtive and denatured 
states can also be estimated._ To '.nore accurately determine the size of proteins, mass 
spectrometry, such as matrix-assisted_ laser desorption/ionization time-of-flight ma~s 
spectrometry (MALDT-TOF MS) or hqu1d chromatography mass spectrometry (LC-MS), is 
often used. _However, because of_ the ma~ix effect and the high energy applied, the molecular 
weight or size deternu~ed by tlus t~cl~mque may not be the true size in solution. 

To me~sur~ tile s•~e of a pr~tein m solution up to 100 nm, several biophysical techniques 
may be feas~ble'. mcludmg ~nalyttcal ultracentrifugation (AUC), field flow fractionation (FFF), 
and dynruruc l~ght scattenng. _It should be noted that the size distribution of proteins in 
solulio1'., e~peoally for reversible asso~iation, may be highly dependent on the soluti?n 
properties, U1dudmg pH, sal~ concentration, and protein concentration. Therefore, the mobile 
phase used _in these analy~es 1s pref~rably the same as the formulation vehicle, and the impact 
of the dilution factor dunng analysis should be assessed. 

Insolu~le aggregate~ or particles larger than 100 µm can be observed by visual inspection 
with the unaided eye. TJ:ietr_size can be estimated by microscopy. Subvisible insoluble aggregates 
betWeen 10 and 100 µrn m 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 µrn. A technique using Micro-FlowTM 
iinaging (MFI) has been used for particles as small as 0.75 µm (2). 

1soelectric 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 pl, 
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 = (pK1 + pK2 + pK3 . .. + pK.)/ri 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. Seve.ra I websites provide theoretical estimations of pl for 
proteins (e.g., http://www.scripps.edu/~cdputnam/protcalc.httru, http://www.expasy.ch/ 
tools/pi_tool.htrnl, and http:/ /www.nihilnovus.com/Palabra.html). 

Some proteins have multiple species with different charge profiles, and each species has 
its own pl, so tl1ese 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 seve.ral teclutiques, 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 pl should presumably 
allow maximum interaction between salt bridges and exert the least interaction between 
protein molecules, it could be expected lo be the most stable condition for conformation. 
However, studies have shown that the optimal pH for conformational stability can be quite 
different from the pT 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 solubili ty dependent on the pH, salt concen­
~ation, and polarity of the solvent. The over~ size of the protein_ does not necessarily 
influence solubility. For example, antibodies, which have molecular welghts of approX1Inately 
150 kDa, can often achieve aqueous solubility greater than 100 mg/mL. 
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VOLUME 1: FORMULATION AND PAC"•G 
""1//G 

. -8 not easy to determine because pepti-' 
.d r proteu1 1 d 1 "es 

The a ueous solubility of a p_epb e o form gels, or may ev~_op aggre~ates U!JOn 
_q h' h concentrations may t difficult. In addition, solubility "ilri 

and prot~ at u~g making solubility a~essm~ solubility determined by most methOcls es 
:fn~~:=~?de~nding on the conform~:~~it;of a protein as ~ hydr~colJoid is _difficult 1~ 

g t 1 b"l"ity because the true so te a protein solution usmg a sem1permeabl 
apparen so u 1 , . t concentrc1 t· · h e 
d fine A common approach 1s o_ 1 'ghest protein concentra 10n 1s reac ed. Anothe 
.:emb~ane with centrifugation w1~1l th: u tide and then add water t? t~e point Wher; 
approach is to lyophilizc a protein o 0hrn a limited amount of J:'rotem i_s available, one 
undissolved material is barely_ ?re~!nt~I ethylene glycol (PEG) soluti~~ (typically 1-9%) and 
approach is to determine solub1hty PEdt determine aqueous solub1hty (4). 

then extrapolate the solubility to 0% P . , osolubility include its intrinsic properties and th 
:ne a protem s •t· f • e The factors that determu, . . . ro erties are the compos1 10n o ammo acids, the 

composition of the solvent. The mt:msi~ P ~position and structure of glycans. Generally a 
folded structure, and for glycop_rote•;~ d;oc~iobic ami.Jlo acids such as Phe'. :Yr, and Trp ~W 
protein made of a large proporhOn ° Y ~ cans increases water solubility. The solvent 
have low water solubility, and adding g rnd specific ligands, can also significantly affect 
properties, including pH, s~l_t concei:t:

11
• of pH is typically in the shape of a U or V, where 

the solubility. Protein solubility as a he on e exceptions. The solubility of a protein at low 
the minimum is at the P!· However,.~~~ a:alt concentration, which is called the salting-in 
ionic strength generally mcr_eas~s wit ses ~e additional counter-ions shield the ionic charge 
effect. As th~ salt concentratio_n m7~ili~- As salt concentration continues to increase, protein 
and t~~reby increase the prot~lll ~o u~ effect). At high salt concentration, the salts begin to 
solubility ~ecreas~ (the ~lht·ng of the protein for the solvation of the polar solvent, which 
compete with the 10111c mo1e 1es O . • th b' d t th t · • . bili A 5 ecific ligand or stabilizer at m s o e pro em may also 
results m decrea~mg solu ty. . P I bility f fibroblast growth factor was observed 
influence solubility. For example, increased so u O .. 

h f h · or heparin-like substances (5). Also, alteplase solubility was in t e presence o eparm . 
· sed b th dd"t' n of arguun· · e (6). However, one needs to as~~~~ whether the hgand or mcrea y e a 110 d" • · h fi 1 < u1 
excipient is acceptable for the intended clinical use before ad mg it mto t e na 1orm abon. 

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 (T ml, 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 Tm value indicates better thermal stability. 

The most commonly used technique to determine Tm is differential scanning calorimetry 
(DSC), as this method not only provides an accurate measurement of Tm 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 Tm has been widely used in preformulation and formulation develop­
ment. The profile of T.,, as a function of pH provides important information in selecting the 
optimal ~H_ for formulation. This method has also been used in screening different stabilizers, 
as an exc1p1en_t that el~vates Tm is expected to be a potential stabilizer (7). However, it should 
be noted that 111 choos111g the fom1ulation, one also needs to consider other information, as Tm 
alone is only indicative of thermal stability. 

. P~oteins in solid state also_e>dtib!t ~ennal transitions upon heating. These are typically 
detenruned by ~- However, it is difficult to measure the true thermal transitions of solid 
prot~, because m most cases other components present in the solid dosage form aJso 
contr:bute to the overall thermal transition. Recently glass transition temperatures (T8) for 
Prote111s have been estimated by tr 1 · • • ' · • r al es . ex apo atmg exap1ent concentration to zero using g v u 
me~s~ed at t very fast scannmg rate in binary mixtures of protein and another glass form 
exop1ent, sue as sucrose, ove.r a range of excipient concentrations (8). 
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instability: Key Degradation Pathways 
The structural complexi~ of proteins mak th . 
,.,.,ndition5 that can result m structural and fes _em susceptible to processing and handling 
~v f 1 d unctional odifi · __ ,.;ety o cova ent an noncovaJent rea " m cations. A protein can undergo a • .., . . tw . c .. ons or modif' . . 
classified mto o mam categories· Ci) ph . 1 •cations, wluch may be generally 

'cal · ys1ca or non-< 1 ho and (i,1 chenu or covalent bond degrad r ova ent nd degradation pathways 
pathways include denaturation or unfoJdin a •~n pathways. Common physical degradation 
rorces- Chemical degradation pathways ~ 8

1 
s~rptlon, and aggregation due to noncovalent 

eXchange, deamidation, isomerization, race:~ u . e covalent-bonded aggregation, disulfide 
Maillard reaction, diketopiperazine formati J.Zahon, fragmentation, oxidation, ~-elimination, 
fl,cilitates chemical degradation, and vice 

0
~~r::.'d Tso on. Oftentimes, physical degradation 

athways have been extensively described . · he funda1?'entals of these degradation 
~ brief description of each degradation p •~hseveral review articles and book chapters (9-14). 
some proteins, and remedies are presente: b wl ay, the factors responsible for degradation in 

eow. 

Oenat11mtio11 
Denaturation is the process of altering prot · 1 , 

ctures) from its native folded ta ems ru~ture (i.e., secondary, tertiary, or quaternary 
s~d further facilitate oth h .5 te. Denatu~ation may result in an unfolded state, which 
~ uired for proteins t;r P . ~sic~ a_nd c~emical degradations. Because a specific structure· 
is req I ss of efficac d . exer Ph ys~ological and pharmacological activities, denaturation 
causes O • Y an incurs t e nsk of safety such as immunogenicity. 

Many times, _the denaturation process can be described as N .... I ... D. The folded native 
structure (N) unwinds ~d passes through a partially unfolded or intermediate state m to a 
denatured ~late (D). This .process may be reversible or irreversible, depending on conditions. 
For rev~rsible ~e_nat~ration, the unfolded protein will regain its native slate once the 
denatun.ng condition 1s removed. 

Many_ factors can cause_ denaturation, including heat, freezing, extreme pHs, organic 
solvents, high. salt con~~ntrati?n, lyophilization, surface adsorption, and mechanical stress. 
These denaturing conditions dis.rupt 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 ct-helices and ~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 exte.nt 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 resu_lt in denatur~tion. . 

Because hydrophobic side chains (1.e., phenyl, _mdole, and ~~d_rocarbon chams) are 
usually tucked inside the protein's globular structure, s1grtifican! ~tab1lizmg effects result from 
their hydrophobic interactions. These interactions, t?O, are sensitive to_ the effects of so~vents. 
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. 

l\dsorption . . . . . 
Proteins are amphiphilic polyelectrolytes, 50 they tend to adsorb at liqwd-sobd, hqwd-gas, and 
liquid-liquid interfaces. When adsorption of proteins ~s, t_he mol.ecules exchange their 
interactions with the solvent and other solutes for mterachons w1~ th~ surface. Two 
~echa · • ·1 'bl for protein adsorption. One mechanism 1s charge-charge "' lUSms are pnman y respons1 e 
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. . . le salmon caldtonin, as a positively charged prote· 
or electrostatic interaction. For ex~p ' f through electrostatic inte cti Ill, 

strongly binds to the negative potei:iti~ of a ~lass ;ur :::mple is bovine serum alb:a . on (~S). 
The other mechanism is hydrophobic mteractiOn. . _ne h dro hobic surfuce O nun, Which 
near its isoelectric point has shown the highest affinity to_the ~ 1 Pdi ha di f Ptystyrene 
through hydrophobic interactions (16). Other interaction;, 1~c u ;g c rge-- po e, dipole­
dipole and van der Waals forces, may also contribute to t .ea s~rp on. 

These interactions may lead to altered structu.res, mclu_dmg seconda:11', tertiary, and 

hid Id further facilitate other physical and chemical degradation 
quaternary structures, w 1 cou . . . Th c d . , 
- cl din t· d covalently bonded modification. ere,ore, ependmg on the 
m u g aggrega ion an • I d ti · 'fi 
nature of the protein and of the contact surface, interfacia _a sorp on can si~ cantly impact 
a rotein drug's tency, stability, and safety, particularly m ~ lo~-c.oncentrati?n dosage form. 

p The key str~egy to minimize or inhibit protein adsorption is either t~ ad Just formulation 
parameters or to modify or avoid certain contact surfaces. The f?rn:iulahon parameters fuat 
potentially control adsorption include protein concentration, pH, iomc ~~en?th' and addition 
of specific excipients sucl1 as surfactants or albumin. For exam~le, modification of the contact 
surface of siliconized vials has minimized interferon adsorption on the glass surface 07). 
When these approac11es do not prevent significant adsorption, alternative contact surfaces 
should be considered during process or storage. In some cases, when 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 ?f denatur~tio_n of proteins, 
since unfolding leads to the exposure of hydrophobic moieties previously bune_d m the protein 
interior, whicl1 is followed by the association of unfolded . molecules via no~covalent 
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, pH, 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 
c11aracterized 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 
:me most co~onJ~ ob~erved protein aggr~gati_on by covalent linkage occurs through 
~termolecular d1sulfid~ linkage, also called disulfide bond formation and scrambling. This 
mtermolecular aggreg_ation _may occur _to any protein containing cysteine or cystine. 

. ~enerally, protems with a free thiol group tend to form aggregates more easily through 
dis~de bonds'. especially w~en th~ f:ee thiol group is solvent-exposed on the surface of the 
protem. Free th1ol groups buned within the tertiary structure are less reactive. The formation 
of disulfide bo_nds in protein_ aggregates with free thiol groups can take place either through 
th~ tw? free th1ol groups available on the surface of eacl1 of two protein molecules, or through 
t~ol-~1Sulfide ~xchange, whereby a reactive thiol group in one molecule attacks an existing 
d1Sulfide ~nd m_another molecule to form a new disulfide bond between the two molecules. 

Pr?tems witho~t free thiol groups may still form aggregates by disulfide bond 
scr~bling ~o~gh mtermolecular disulfide exchange, especially in alkaline conditions. A 
cystine _or d1su~de bond ~ one molecule can be reduced into two free cysteines, which can 
react with cysteme or cystine in another molecule to form a new disulfide bond. 
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Aggregate~ fo,:med through dis~lfide bonds may, through multiple disulnde scrambling 
reactions, resul~: ~\lgh-~olerar-weight aggregates, which could eventually precipitate from 

Jution- Jn a 1tJon, t ie ormation of a new disul.flde bond may change the native 
5~nforrnation to a ~enatured fonn, which could further aggregate through noncovalent 
~ drophobic interaction~ due to exp~s~ hydrophobic residues. 
Y Jn neutral or a!kaline pH conditions, disulfide-bonded aggregation generally becomes 

Jllore severe as lhe thl01 group b~omes more reactive. However extremely acidic pH may also 
cause disulfide-bondl;I _ag~reg~tlon_ (21). ' 

To prevent or mm.um.ze disulfide-bonded aggregates, the main formulation parameter is 
pJ-1• A slightly lower pH (e.g., pH 5) may significantly reduce aggregation. The addition of 
redocing agents. such a~ cyStelne, or of stabilizers that alter conformation such that free 
cysteille or reactive C)'.stme. becomes ~ore _buried into tertiary structure, may al5o minimize 
aggregaoon. For p~te_ins _with sev~re d1sulf1de aggregation, lyophilized formulation should be 
considered, as r_eac1tv1ty m the sohd s tate is reduced significantly. · 

Non~educ1~le aggregates thro~gh nondisulfide linkages have also been reported. The 
reactions mv?lvmg these ~?valen~ linkages include (i) oxidation-induced reactions through 
Trp or Tyr linkage _(22); ('.,) reaction through transamidation, whereby an amino group of 
amino acids (e.g., lysme residue o~ N·termi.nal of a protein) in one molecule forms an isopeptide 
bond with t~e carh?nyl group of either Asn or Gin in another molecule (examples are insulin (23) 
and lyophilized n~~uclease A (2~); and (ii,) reaction through a reactive dehydroalanine 
general~ from ~liminatJon at ~lkaJine pH, which fonns nonreducible cross linkages with other 
amino aods such as Tyr, Lys, H.is, Arg, and Cys. 

Jntramolecular Disulfide Exchange 
Disulfide exchange can also take place within a protein molecule when a cystine (disulfide) 
bond is reduced into two cysteines; one of tl1e cysteine residues then reacts with another 
cysteine to form a new clisulfide bond. Improper linkages of disulfide bonds were responsible 
for a reduction in biological activity of interleu.kin-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 
cystei.nes at 58 and 105. The cleavage of this disulfide in IL-2 and the subs':\uent formation of two 
less active isomers with disulfide bonds at incorrect positions (CysSll•Cys 25 and Cys'05-Cys

125
) 

are promoted by high pH ru,d copper ions (25). Intramolecular disulfide exchange has also been 
reported for monoclonal antibodies. 

To minimize tltis 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. 

Deamidalio11/lsomerization 
Deamidation refers to the removal of ammonia from the amide (RCONHi) moiety of an Asn or 
Gin 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. 

Dea.midation 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 Gin 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 Gin 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 (/) the des-amido peptide (Asp), (ii) the isopepti~e (JsoAsp), or (iii) D-isomers. The 
formation of isopeptides is called isomeri.zation, or sometunes referred to as transpeplidalion, 
because an extra methylene group is inserted to the peptide backbone. When deamidation 
~urs, the lsoAsp to Asp ratio is typically 3. Detailed descriptions of deamidation and 
tSOmerization can be found in a review by Wakankar and Borchardt (26). 
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Figure 1 Comparison of As 
datlon ( diamond) and Asp de; deallll• 
(square) rates in a mOdel pepr:'auon 
Tyr•Pro•Asx·Gly•Ala) al Jr~ (\ta1. 
dralion is the rale•llmlllng '1 Delly. 
lsomerization. SourcB: Fro 6 ep for 
104 and 105. m Fleta. 

At neutral to alkaline pHs, the rate of deamidation is significantly alfected by the siz f 
the amino acid on the C-terminal side of the Asn or Gln residue. In general, Asn is more la~~ 
than Gln and is most labile when adjacent to glycine, which is least obstructive to the formaho e 
of a cyclic imide. Since Asn-Gly is most su ceptible lo deamidation, protein engineers mat 
significant efforts lo avoid constructing a protein drug candidate with such a hot spot. e 

The deamidation rate profile as a function of pH is V-shaped, usually with a minimum 
rate at a pH of about 4 to 5 (Fi.g. 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 two 
days to nine years (27). Not all Asn residues are equally labile; tho e buried within the interior 
portion of a protein are inaccessible to water and thus less reactive. Secondary and tertiary 
structures play an important role in determining the site and the rate of deamidation. In 
insulin, for example, there are three asparagines. At acidic pH, the prevailing deamidated 
species was monodesamido-(A21)-insulin. At neutral pH, deamidalion occurred to Asn at the 
B3 position (28) . For growth hormone containing nine asparagines, deamidation oceurred 
primarily at the Asn-149 position (29). These proteins and others-pramlintide {30), epidermal 
growth factor (31), IgG (32), lgGl (33)-represent a small fraction of proteins that have shown 
deamidation. 

Tsomerization at Asp goes through the same cyclic in,ide intermediate, Asu. Because of 
the effect of pH on the leaving group (-OH), the rate-pH profile is significantly different from 
tha t of deamidation of Asn. Examples of protein drugs that undergo IsoAsp formation include 
insulin as part (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-Cly 
sequence in the solvent-exposed region of the protein, if tl,e 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% 
di.methyl suJfoxide (DMSO) (38) 

Racemizntion 
The racemization reaction is catalyzed by botl, acid and base. Racemization of peptides and 
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 opticaUy 
inactive intermediate, tlms producing a mixture of o- and L-enantiomers for the individ_ual 
amino acid. Since a peptide is composed of multiple chiral centers, the product formed ,_s • 
diastereomer. Racemiuition is biologically significant because a peptide composed of o-anuno 
acids is generally metabolized much more slowly than a naturally occurring peptide made 
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ply of t.-amino acids. For t_his reason, many new synthetic peptides, both agonists and 
~pr,,gonists, u,corporate_ o-ammo acids. A pH dependency for racemization was demonstrated 
ill an aque0us degradati~n s~dy of 8• decapeplide, RS-26306 (39), which found that at neutral 
and a.lkaline pHs, racenuzation contributed to more degradation than did deamidation. 

fragmerit~tion 
The peptide bond ~-CO-R) can u~dergo hydrolysis, resulting in peptide fragments. 
cenerally, IJ\OSt peptide boods are relahvely stable. For example, oxytocin injection was 
re orted to be stable at room temperature for five years (40). Protirclin, a tripeptide (PyrGlu• 
His-Pro), is stable for 20 hours at 80°C at both pH 3.3 and pH 6 (4l ). 

Th~ for~uJa~on factor th~t most influe1:c~ the hydrolytic rate is solution pH. The rate ?f 
hydrolysis 1s 1~ direct proporh?n to the activity of hydronium or hydroxide ions, _wh~n in 

•die or alkahne pHs, respectively. Generally, the reaction becomes much faster in either 
:~tremely acidic. or extreme)~ alkaline conditions. Fragmentation of therapeutic peptides, 
including nafarel~~ (42), secretin (43), captopril, (44), and urokinase (45), has bee.n reported in 

rious pH conditions. 
va The tyPe of neighboring amino acids also affects the susceptibility of the linkage ~o 
fragment~tton. For example, the bond between aspartic acid and proline is sensitive to acid 
hydrolysis. A cleavag~ at Asf•Pro was found in basic fibroblast growth factor (bFGF) (46) an? 
macrophage colony-stimulating factor (47). ~he resultant products are peptides with '.15partic 
acid at the C-tern~mus. The C-termmal pept:Jde bond adjacent to serine is also a reactive one, 
because of the neighbormg-group effect of the alcohol on serine (48). 

Another example ~f fragm~ntation is the cleavage at hinge regions of antibodies resultin~ in 
a Fab fragment. The hmge region m lgG1 heavy chain comprises about eight amino a• ds, 
includillg 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 Cu2+ and Fe3+. 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 
cysl.,ine is the most reactive moiety uf all amino acid components. The disulfide (·S-S-) 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). 

Oxidation of methionine. The thiolether (-CH2-S-CH3) moiety on methionine is susceptible lo 
0>udation to fonn sulfoxide (-CH2-SO-CH3) derivatives. The susceptibility of methionine to 
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oxidation is highly dependent on its site in a protein. Por example, of th thr iolc1t4G111G 
humangrowlh hormone, Met-125 is most reactive, Met-141s less, and M=t-l? "': tnet}\j . 
all (52). n,e reactive methio1tine is likely to be the one exposed on a pr t . O ,snot ,~lli~es i 

'ed . I . ti Ai . I h d o em S"•f <acli ~ unreactive one bun wit ,m ,e core. r m t 1e ca space of formulated ~ ace a ~ea, 
growth hom1one cnn cause 40% of the growth hormone molecules to be . _a11d fte~ 11d 1~ 
month storage period (53). Examples of other pharmaceutical pro~x_,dizect dun,t'Qr;~ 
oxidation are liSlL'<i below, etns e><hibiung a su.. 

g "1~ 
• lntcrlcukin-2 (54) 
• Murine nntibody (Orthoclone OKT3) (55) 
• Hl!rceptin fl (trastuzumab) (56) 
• RL>eombinanl inlerf~{on Y (Actimmune) and recombinant tissue plasm; 

(alteplase, Activase ) (57) nogen acti~ 
• Recombinant human gr.lJlulocyte colony-stimulating factor (58,59) aio, 
• Parathyroid hormone (60) 

As methionine ~an be easily o~idi.zed by atmospheric oxygen, replactn 
nitrogen or argon during manufacturing or 111 the headspace of the final prod g oxygen "'ilh 
common practice to minimize oxidation. In addition, addmg free methionine ~ct conta_iner is 
is also an effective approach to reducing oxidation (61). s an anlioxid~n~ 

Oxidation of tryptophan. Oxidation of tryptophan CM generate multiple oxid" 
Stability studies of Trp amino acid alone in aqueous solution (62) and Trp resi/ed .5 i"!tie,, 
peptides and lysozymes (63) and in bovine a-crystallin (64) clearly identif~es 111 smau 
degradants as 5-hydroxy-Trp, oxy-indole alanine, kynurenine, and N-formylkyn 1 .the Dlain 
are very few artkles reporting the oxidation of Trp in therapeutic proteins.~ru~e. lnere 
reported oxidized bovine serum albumin with oxygen radicals generated from cob~~es _et. al 
(65); Trp oxidation in monoclo~al a~tibodies was recently reported by Yang et al. (

66
)rad,atto~ 

et al. (~7), ?nd ozone and UV 1r~d1~tion we~e used as stress conditions in these stud:d Wei 
Trp ox1dal!on has not been studied m depth ts perhaps due to the fact that no model .di ~t 
condition has been adopted, and a system that promotes Trp oxidation is no~x, Zing 
reproduce. In the case of Met oxidation, tert-butyl hydroperoxide (tBHP) and Ii~ to 
commonly used reagents to generate oxidized Met species. Most recently, a free 2 /re 
generator, AAPI-I (2,2'-azobis(2-amidinopropane) dihydrochloride) was found to eff~ •~I 
oxidize tryptophan in peptides or large proteins (68). By using AAPH as an oxidation sires ve Y 
agent, one can p~edkt the vulnerability of a proteill or the specific Trp residue in a prot:;:_s 

As Trp oxidation appears to be mediated through oxygen radicals because of light 
exposure or peroxide residues from excipients, it is important for mitigation of Trp oxidation 
to limit direct light exposure and to use high-quality exci pients. 

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 
a-elimination. The thiolate ion (HS-) is very reactive and will conlmue 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 a~d 
peptide (70). a-elimination has also been attributed to the fragmentation of hinge regions m 
antibodies (71). 

Maillard Reaction 
The first substantial investigation of the reaction of reducing sugars with arrtino aods •: 
carried out about 75 years ago by Maillard. The chemical reactions involved are'. first, ;us 
reversible formation of a Schiff base between the aldehydic function group of redua';!i s~~ely 
(e.g., glucose) and the amino group of lysine residues in proteins, followed by a • 
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sJoW, but essentially irreversible, Amadori rearrangement, with the formation of ketoamines, 
which foi:ms the hem1ketal structure. A$ the :><=hiff base may also be involved in cross-linking, 
tI,iS reacbon commonly leads ,to nonenzymabc browning, also called a browning reaction. This 
reaction occw:5 most rea~ily •n neutral to weakly alkaline conditions, 

In proteu~ forrnulabon, reducing sugars such as glucose, maltose, fructose, and lactose 
should be a~oid~ ,to preven_t potential Mailfard reactions. In addjtlon, one needs to be 
concerned wttll ?cidic pH, wh,?1 may cause hydrolysis of sucrose lnlo glucose and fructose, 
leading to glycalion of the prote~n: One example Is freeze-dried bFGP. When the cake collapsed 
at elevated temperature,, the acidity from its buffer, citric acid, caused hydrolysis of sucrose, 
which resulted m glycation of tlie protein with glucose (46). 

Dikctopiperazi11e Fom1atio11 . 
Rearrn~geme~,t of the N-termm?I d ipeplide results in the splitting off of a cy_clic 
diketop1perazuie at high pH. Pro_lm_e and glycine in the N-terminal promote tile reaction. 
Aspartame degrades through a sundar mechanism (72), with the cyclization of aspartame 
miJ1UH?l at a pH of 6 to 7, moderate at 7 to 8.5, and rapid above 8.5, Diketopiperazine 
formation has also been reported m the case of vascular endothelial growth factor (73). 

PHARMACEUTICAL DEVELOPMENT PRINCIPLES 
Because of their poor permeability to epithelium cell membranes and instability in 
gastrointestmal ~act, proteins and _p~ptides have very poor oral bioavailability and are 
therefore pnmanly formulated as tnJectable or parenteral products for intravenous (M 
infusion or subcutaneous (SC), intramuscular (IM), or intrathecal (IT) administration. Some 
proteins are also d~livered _tluough no~invasive administration routes, such as nasal a_nd 
pulmonary formulations, to improve pabent 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 fonnulated as suspeMion~ in a crystalline form or in other lipid- or polymer-bMed 
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· 
men! 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 (AP!), which is 
typically stored in bulk containers, such as plastic or s tainless 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 tile manufacturing 
process. However, drug substance should ideaJJy be in . a . formulation vehicle that can be 
readUy further formulated into drug product. Therefore, 1t 1s unportant 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 preformulabon develop­
ment activities, which serve to identify tile key degradation patllways of tile molecule and to 
develop stability-indicating assays to support formul~tion developmen_t studies. ~ general, 
pretorrnulation activities should evaluate the biophysical and b1ochetn1cal 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 process-
1 I · I tu f · ti · t· h · · re ato-1 factors (such as ug 1 tempera re, reezmg, 1awmg, 1g t, agitation, pressure and "' 

stress). In these st:udies, biophysical characterization assays such as UV-visible spectr shear 
DSC, CD, Fourier transform infrared spectr05copy (Fr-JR), AUC, and fluorescences oscopy, 
copy are often used to determine which conditions result in the highest thermal stabtctros­
the least conformational changes. Biochemical methods such as size-exclusion ,b,~nd 
reversed-phase HPLC, hydrophobic interaction chromatography, capillary electroph C, 
peptide map, gel electrophoresis, ion-exchange HPLC, and potency assays are used to 'doresis, 
the key chemical degradation pathways, primarily through covalent bond changes

1 
en!;1Y 

these stress conditions. ' un er 
Results from prefonnulation studles should identify the potential sources of th 

instability of the molecules and the key stabiHty-indicating assays to monitor the degradati • 
products, as these are needed for formulation screening and optimization studies. Once ~n 
leadi_ng formulation(s) are i?entified from the screening stud!es, appropriate container closur: 
for fmal 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 on 
several factors. These choices not only need to offer the best stability and safety profiles, but 
they must also be easy to scale up for manufacturing and convenient to use during 
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 complia11ce 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. 

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 presentatio~ 
but is also a key parameter in product stability. The following considerations are important m 
the selection of a viable protein concentration in a formulation: 

• It should be below the protein's solubiHty 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 Jong-term storage tempera_rure. 
However, measurement of true protein solubiHty is challenging, so this is an ernpincal 
exercise where real-time data needs to be evaluated on potential precipitation of th_e 
protein at the selected concentration and stored for the desired duration. This 
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assessmen~ sh~ul~ be made for both dru . concentration is fmalized. g substance and drug product before a protem 
• It should maintain the protein's stabili . 

at high concentrations may lead to ty dur~g long-term storage. Generally, proteins 
low pr~tein concentrations may le:~grt~ga~o~ and precipitation. C?n the other hand, 
adsorptrnn onto various product-c t . sigruficant loss of protem content due to storage, filter membranes and s/n acting ~urfaces (e.g., container closures during 
relative ratio of any reactive impu;.:~on; tubmg during processing). Also, a higher 
surfactants, and sterilants used in t~~e: suc_h ~s ~races of heavy metals, peroxides from degradation. septic filling process) to the protein could cause 

• It should be operable under manufacturin . . . . . achieved at lab-scale may not b g conditions. High protem concentrations formulation with a high prot • e operabl~ at manufacturing scale. For example, a em concentration may h h' h . . .. undesirably Jong processin f f . . ave 1g viscosity, requtrmg an (UFDF) step. On the other hg ;:ne or filtratmn o~ the ultrafiltration and diafiltration 
loss from the filtration me:'b;/t low concentrations there may be significant prot~in 
scale. Therefore, it is critical t ne due to the lar?er surface area at manufacturing 
b f ch . . 0 assess the scalability of the manufacturing process e ore oosmg a protem concentration. 

• It should minimize product wast d · h · · . . . e urmg t e manufacturmg process, testing, and clirucal use. Material losses during manufactur' ( r 1 ) 1 t · d dose preparation for clini 1 ( . _mg e.g:, me oss ' samp e esting, an . . ca use e.g., residual m contamers) are all volume based so a high protem concentration will Jt · 1 · ' . . resu m a arge amount of protem waste. Therefore, the low~st p_rotem concentration that delivers the required dose and maximizes production yield should be identified. • 
• It should meet th~ requirements for product presentation. Product presentation is 

selected on the basis of factors such as dose (size and frequency), administration route, 
converuence of dose preparati~n, patient weight distribution (for weight-based dosing 
schemes)'. numb~r 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 sigrlificantly reduce 
the lyophilization time. 

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. 

pH 
As proteins containing both positively and negatively charged amino acids are amphoteric 
molecules, solution pH has a direct impact on the overall stability of proteins. When solution pH is far from the pl of the protein, electrosta~c.repulsions betw~e~ like c~arges in the protein increase, causing a tendency to unfold. In addition to electrostatic mteractions, pH also affects 
othe~ _interactions within proteins. Therefore, changing pH direct!~ ~ffect~ the co~ormatio_nal stability of proteins and their solubility in aqueous solution. In add1tio~, smce ~~rtam chem'.cal 
reactions are highly pH dependent, solution pH also affe~ts the che~cal stability of proteu1:s. 
The following areas should be assessed when selecting an optimal pH for a protem 
formulation: 

• Profiles of conformational stability, chemical stability, and solubility as functions 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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, , of H (Dalker colOI' Indicates a faster reaction rate at designated pH range.) 
Figure 2 Reaction rates as a functoon P • 

chemical stability. It is important to define an optimal pH that is a good compromise 
among all these characteristics. . . 

• As chemical stability involves several differen! _degradation pathways and ea<:' 
d gradation pathway may have a different stability profile as a function of pH in 

s:iution (Fig. 2), it is important to balance all the ~egradation profiles before ~~ing 
the optimal pH for the formulation. The degradati?n pathways _th_at lead to s1gruficant 
Joss in potency or biological activity or that cause unmunoreactivity should be kept lo 
a minimum when selecting the pH. 

• 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 fonn 
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 excipients in the 
formulation. Certain excipients may not be stable in a certain pH range under long­
term storage conditions. For example, acidic pH has caused the hydrolysis of sucrose, 
a commonly used stabilizer in protein formulations (81,82). 

• The selected pH should be compatible with product-contacting surfaces during 
manufacturing and storage. It has been reported that acidic pH caused corrosion of 
stainl_ess. steel~ th~ pr_esence of chloride ions, which generated iron ions that catalyzed 
methmrune oxidation ma monoclonal antibody (83). Also, high or low pH may cause 
more leachables from stoppers, which serve as primary container closure. 

• The selected pH needs to be safe to use for its intended administration route. A certain 
pH range may be suitable for IV injection but cause side effects when used for SC, IM, 
or IT injection. 

close ;:~i:0st pr?tein_ fonnulations, the selected pH is in the range of 6 to 7, as this range~ 
physiological pH and also provides the optimal stability for most proteins. Fo 
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p J/!ft) uJation pH is mostly in the acidic r 235 
·Je'• forr: solubility and less adsorption . ange of 4 lo 5, as this 

p"P'' ,queoU pH range provides 
ll"11er 

/$ ften used to control the fonnulation Ii 
sr.fff rs are 01 changes that can affect the stability aid ·. keeping It within a 
a~ffc 01 srn•1 iype and concentration for prot .,. •olublhty ol protei n .;:arrow r~nge to 
pr<'"' i,u/fcr eins should be b , s. 'nc >!<!k-cuon ol a 
proP.!era tions: ased On the following 
,:0¢ 1 b ffer species and concentration should n 1 

, , 1,c. u, phosphate buff~r may result in a signir cause protein lnBtubillt F 
sod •U11found to cause instability of sorn , icant pH drop upon lre,/i nr example, 
t><.""~iltration or low protein concentration ~o!~?t~eins, particularly ! t ti;hhl~, ~r 
con b ({er species should have a pl( ne• ti 1 ions (84). u er 
f he l1 • 1 H • ~r le target p 

• ·t Table 1 hsts I le p control ranges for 80 n P •• prelerably within H 
uni' ~n buffer conce11tratio11 has 110 effect on the' ~;to~rnonly used buffer sp~;;: P 

• ~ i~;,nun,, but high enough to provide sufficfent ~:f~ta?ilily, it should be kcp~ to 0 
~ mulation pH. High buffer concentration may c enng capacity to control lhc 
: or lM injection. I~ addition, for lyophilized pr~~~t Sorn~ pain or discornlort upon 

CCies such as sochum phosphate or citrate m 1 ' a high concentration of bulfer 
sp I · h Id - ay ead to a lo 1 Perature, w uc wou reqU1re a longer lyop" 'Ii . wcr g ass transition tern . 1 f • . •u zation cycle 

uffers, hke sa ts . o ioruc compounds, contribute to · . . 
~ mulahon solution Therefore, buffer concentr ti tilt o~eral\ ionic strength of the 
1~~t are dependent on ionic strength, such as pr:t~·n a 5~ ~:~uences other properties 
Certain buffer species, besides controlling solutio 1~ 50 u ity and stability. 

ent in some protein formulations . For examp~p -~ ~ay also serve as a stabilizing 
::ent to remove any heavy metals that potentiall; c~t:~y~e"~,"Y ds~r_vc ~ -a .c~elating 
has an antioxida~t effect (85). xi a •on. 1stidme also 
The buffer species and concentration should be safe t . f . 

• · · · t So b ff · " use or its lntended 
adnun1stration rou e. me u er speoes and concentrations may be suitabl f LV 
1n·1ection but may not be compatible when used for SC lM IT .. . e or 

· f d • , or mJections. For 
example, citrate wa~ , o~ to cause more pain than histidine as a buffer when 
administered by SC mJection (86) . 

It should be noted th_at as zwitterions, proteins have their own buffering capacity, 
especially at high concentr~ti~n, so a buffer may not be required in formulations if the pH can 
be maintained by the protein ':self. It h~ ~en reported that monoclonal antibodies at 60 mg/ 
mL have a strong self-buffering capacity and that the long-tenn stability of self-buffered 
formulations is comparable to that of conventionally buffered formulations (87) . 

tonic Stl'englh/Sall Co11ce11tratio11 
As proteins carry botl1 negatively a.nd positively charged groups, ionic strength in formulation 
solution may directly affect the solubility and stability. Ionic strength in parenteral formulation 

Table 1 Butters for Protein Formulations 

Buffet Acid Base pH range control Examples 

Phaephate Monosodlum phosphate Dlsodium phosphate 5.8-7.8 Elaprase®, Remlcade® 
Acetate Acetic acid Sodium acetate 3.8-6.8 Avonex®, Neupogen® 
Citrate Citric acid Sodium citrate 3.0-7.4 Amevive®, Rituxan® 
Succu,a1e Succlnic acid Sodium succinate 3.3-6.6 Actlmmune® 
TRIS TRIS HCI TRIS 7.1-9.1 Wellferon®, Enbret® 
H,sldne Histidine HCI Histidine 5.1- 7.0 Xolalr®, Raptlva® 
Carbona1e Socium blcarbonale Sodium carbonate 5.4-7.4 , 9.3-11 .3 Fuzeon™ -
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236 . Cl N Cl affects electrostatics in _a ~rotein either by no 
is m11inly adjusted usmg ~a shiel~ing or by specific ion bm~m9 to the protein.~l>ecific 
(Debye-Huckel) electrostatic tatic shielding and weaken ioruc repulsion/attra . t lo\v 
concentration, saJts. aff~!,t~cm;~ect may be stabilizing wh~~ _there are major r~tion . as 
Counter-ions, so tlus 5 . g 'olding, or could be destabilizing when there ~- Pltls111e 

I d . g to protem uni, . h tr ti' , ... e m • 
interactions ea in . ·rs t'n the proteins. At lug concen a ons, e1ectrostatic Shi aJOr 

• 1 b ·dges or 1On pai • • · th I elc:l' stabiliztng sa t n ff ct f salt as of other add1tiVes, JS on e so vent pronorti 111g 
Tl d n,jnant e e o , , h ,-~ ES of th 

is saturated. ,e . ~ . alts seem to iJ,crease surface tension at t e water-protein interfac e 
solution. The stabilizing s t . ction by keeping hydrophobic groups away from water m I e and 
strengt11en hydrophobic ~n ~a 

1 
of proteins (13). Therefore, ionic strength or salt conceo ecuies, 

inducing preferential ill~y ra dmtl,e stability of proteins. The following areas should be ntration 
h ti solub 1ty 1111 • ' . as5es affects bot 1e . . strength or salt concentration: SEd 

when selecting a proper imuc 

. . 1 ffect of pH, the profiles of solubiUty and stability as functions of. . 
• Simila\ to~~e ~,ot overlap each otl1er for a specific protein, so the Optimum ;on~c 

51rengtlt l Y ·mum solubility may not be the same as at maximum stability 
0

1n
1c 

streng 1 at ma.xi t1 h . d . • t IS . d fi e an optimal ionic streng 1 t at 1s a goo compromise between th 
unportant to . e . n • ese 
two charactenshcs. 
1 

. t gt!, or NaCl concentration has been reported to have an impact on th 
• omc s ren . . h t · tr · e 

. •ty of formulations especially at h1g pro em concen at:tons (88). It m 
VISCOSI , • . . th . . f h . ay 
therefore serve an important factor. m adJ~~ting ~ VISCOSI!):' o t e prod~ct. Viscosity 
is an important parameter fo: ~yrm~eab1hty of h1gh-protem concentration formula-
tions used in SC and rM admm1stration. . . 

• Ionic strength or NaCl concentration s~ould be compatible with other excipients in the 
formulation and with product-contacting surfaces. Jt h~s been re_ported that high salt 
concentration combined with acidic pH '.'"ay cause_ ros~ng of stamless_ steel, resulting 
in an elevated level of iron ions responsible for ox1dat1on of the protein (83). 

• Ionic strength or NaCl is certainly a key contributor. to the ov~~all tonicity of the 
formulation, and it is important to keep the concentration or tomaty suitable for the 
intended administration routes. 

Stabilizers 
When adjusting the parameters discussed above-protein concentration, pH, buffer, and ion.ic 
strength-till does not resuJt 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 mode.I should be developed to screen the stabilizer type and 
concentration for specific degradation against specific stress. For example, to identify 
a stabilizing excipient agamst shaking stress, surfactants and concentration ranges 
should first be tested through an established shaking model. To find a stabilizer 
against freezing/thawing stress, an appropriate freeze/thaw stress model should be 
~sed to screen various cryoprotectants and their concentration ranges. 

• The number of stabiliz.ers in a single formulation should be minimal and based on needs. 
An ideal ~tabilizer i~bits or minimizes multiple degradation pathways. For exam~le, 
conformational stabiliz.ers, such as sucrose, which enhance conformational stability, 
minimizes not ~nly the aggregation but also other chemical degradations such as oxidation 
and fragmentation that occur when the reactive sites are exposed in absence of sucrose• 

• The type and concentration of stabilizers should be compatible with other excipients iJ1 
the formulation. For example, ca2+ may be a good stabilizer, but if the buffer is 

• phospha~c. and the pH is above neutral, precipitation of calcium phosphate may occur, 
Any Slabibzers that may cause interference with protein assays should be avoided. For 
examples, polymers and albumins used as stabilizers in formulations may interfere 
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commonly Used Stabilizers In Protein Fomiulatlons 
fal>fe 2 
~ Hypothesized stabilizing 

237 

mechanism(s) (reference number) Examples 

~-- 5-t-ab-,:-.,i.z-e-pr-o-:-te:-in_s_b:-y-pr-e:-fe_r_en_t_ia-l :...__:S::.u.::c::.ro:::s::e::F_o_ll_is-tl-~-. -P-an-g-lu_b_u_ll_~-.-0-v-l-dr_e_iG!_,-)(-ig_r_ls_™ _ _ 
sugars hydration In solution; serve as 

potyols 

surlactants 

Amino acids 

Metal chelators 

Divalent metal 
cations 

Polymers or 
proteins 

cryoprotectant and/or T rehalose: Advate, Herceptln® 
fyoprotectant: certain sugars Lactose: Factre~ Glucagon® 
such as glucose may chelate Glucose: Gammagard® SID 
heavy metals, thus serving as Maltose: Bexxa~ Gamlmunu® 
antioxidants (89) . 

Stabilize proteins by preferential 
hydration In solutlon; may serve 
as cryoprotectant and/or 
lyoprotectant; certain polyols 
such as mannllol may also 
serve as antioxidants by 
chelating metal ions (89). 

Reduce agitation-Induced 
aggregation by reducing 
surtace tension; facilitate 
refolding by specific or 
nonspecific binding to protein; 
minimize adsorption and 
prevent other degradation by 
preferentially binding to 
interfaces (air-liquid, ice or solid 
surfaces). 

Suppress protein aggregation and 
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 
specific binding to certain sites 
of protein. 

Stablllze proteins by mechanisms 
similar to those of surfac;tants; 
serve as cryoprotectant or 
lyoprotectant. 

Mannltol; DlglFab™, Fabrazyme'il! Cerezyme® 
Sorbflol: Dlglbin~ Neulasta™, Neupogen0 
Glycerol: Humaiog®, Humulin®R 

Polysorbate 20: Neulasta™, Replagai@, Raptiva® 
Polysorbate BO: PEG·lntron, Remicade®, WinRho sof'® 
Poloxamer 188: ElltekT"' 

Glycine: Gamune~ Synagl~ Neumega® 
Arginine: Activas~ TNKase® 
Cysteine: Acthre~ SecreFlo® 
Histidine; BeneFix® 

EOTA: Kineret™, Ontak® 

ca++: Pulmozym~ ReFracto®, Kogenate® 
Zn .,.: Nulropln Depot™, Aralast™ 

Albumin; Intro~. Rebif®, Zevalin™, Procrtt® 
PEG: Autopiex®T, Hemofi'®M, Monarc-M,,.. , Prolastin® 
Carboxylmethylcellulose: Plenaxis TM 

Heparin: Thrombate Ill~ Autoplex®T 
Oextran: 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 r ecombinant human 
serum albumin may change this dynamics. 

• Stabilizers of high quality from a reputable vendor should be used for lab screening 
~tudies. 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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238 . studies, as they may result in 
f screening A · · · t · . elusive results rom t bi!izing effect. case m pom 1s the 

~uld. ~ause u1eo~l the stabilizer itself has a s ~d levels In polysorbates used in 
mstability even V: c 

I 
b tes· varying peroxi c 

ro:~!~t~~vs~~~~et:fre::o~,fo~nd y~e 5luc%;:~u~~~uld be safe to -~c for intended 
d ncentration of s tabihzcrs the safety and toxicity of any new 

• The ~ a". co 11 • ·mportant to assess 
administrnbon routes. 19 1 

• 
exci ient prior to clinical studies. . . . . 

P tration of stabihzer 1s a chaUengmg 
"'Pe and concen · · t birt 1· As shown choosing the proper ., I including solubil ity, s a i y, comp Janee, 

process. It is i~,portant to consider on :
5
spe:i~g analytical difficulties). 

safety, and operational challenges (such po 

Tonicity Modifiers . od ct . generally forolUlated to be isotonic or iso­
For parenteral admil~stration, the fmal pr ~ ~:Cl with an osmolality of 289 ~Osm/ kg. ":1e 
osmotic which is equivalent to 0.9% or lSO m 1:~ • the type and concentration of tonlcity 

' b 'd ed when finau,,tng following aspects should e cons, er 
modifiers in the final product: 

t · forml·'ati·ons include NaCl, mannitol od' fi rs in pro etn u ' • Commonly used tonicity m 1 e 1 t d for the formulation, such as salt or 
and sorbitol. An excipient al~eady 

1
se e~ e easing concentration does not have an 

stabilizer is the preferred choice w ,en me[ . 
effect on 'ihe overall properties of the forrnd u atiotnh.e administration route and dose 

h . t f . otonicity depen s on . . 
• T e req~rremen o is ·. . ted into IV fluid such as normal saline solubon 

preparation. U the product is dilu . t be required to be isotonic. However 
• d · · t ti the formulabon may no ' pnor to a nurus ra on, . d ·1 tion isotonicity is preferred 

if the product is directly inj~t~d _without any I u , , 
particularly for SC, IM, and IT miechons. . b • d 

• For l O hillzed roduct, the formulation prior to lyophili_zation mar not _e reqwr~ _to 
· y p · p h th econstituted solution 1s reqUtred to be isotonic. Isotomc1ty 

be isotomc even w en e r . • th d 
in final reconstituted solution can be achieved by choosmg e proper type an 
volume of diluent to reconstitute the lyophilized product. 

It should be noted that some recent studies have shown that infusion ~f solutions with 
iso-osmolality but hypotonicity may cause some adverse effect~ (91). This suggests that 
although the terms "isotonic" and "isoosmotic" have been us~ mterchan&eably, they ~ ay 
have different effects on safety, particularly for products that will be lnfused m large quanbty. 

Bulking Agents (for Lyopl1ilized Product Only) . . . . . 
For lyophilized product, bulking agents are reqUtred to provide enough solids to mamtaln 
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 
v,rith 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 ~mmonly used bulking agents as they provide better cak_e 
appear?nce and do not require a longer lyophilization cycle. However, because of thctr 
crystalline nat_u;re, they may cause phase separation during storage, leading to stability 
issues. In addition, a high ~ontent_of mannit~I may lead to vial breakage during freezing 
(92) due to volume exi:,ans1on durmg crystallization. 1rus vial breakage phenomenon has 
been also observed with NaCl crystallization during lyophilization (93). 
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preservatives for Protein Formulation 

ble3 ----::===- - --- - -----------------~ El<ample(s) Comments 

~ 
phei,ol 

,,,.creSOI 

~•rosal 

cniorobutanol 

Antivenin 
Aplisot® 
Nutropln Aci3 
Epogen® 
Nutropln8 
Pegasys(!!I 
Factrel® 
Humatrope 
NovoLog@ 
Antivenin 

Desmopressln 

Air and light sensitive: mny net as n roduclng agont. 

Usually In diluent for reconotllullon of lyophlllzod product. 

Used In both liquid multlusa produclS and dllunnta for 
tyophlllzed products. 

Not commonly used for recenl products because of 
mercury-related toxicity. 

Wldnly used preservative in pharmaceuticals. Including 
lnjectables. Typically used at 0.5% . 

• Polymeric bulkin_g a~~nts !e.g., hydroxyethyl starch (HES) or dexttan] and proteins (e.g., 
albumin) may s1gnificantly •~duce the length of lyophili7.ation cycle by raising T8' , 

howe~er, .som~ of them_ may m.terfere with certain protein assays. Therefore, patential 
comphcabons m analytical testing should be considered when choosing tl,Js type of 
bulking agents. 

• 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. 

prt:StnJOfive5 (for Mu/tidose 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 
hould 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 tha t requirements in BP /EP are more stringent than those in USP (94). 

• Adding preservatives generally results in protein instability. This is not surprising, as 
the badericidal 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 th diluent (for lyophillzed product) or to the product upon 
preparation for the first do e. 

General Strategies for Formulation Screening and Optimization 
~ discussed above, protein formulation has multiple parameters, including the protein itself, 
uffers, pH, stabilizers, and other excipients, and each parameter has its own functions. Some 

of these parameters may interact with each other; for example, pH and stabilizers both affect 
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Critical AHributes for Design ol Experiments 
Table 4 Formulation Parame1ers, Evalualion Models, and . , . 

Cnltcal attnbu1es 
Formulallon parameters 

Protein concenlration 
pH 
Buffer type/concentration 
Stabilizer type/concentration 
Tonicity modiller type/concerllfatlon 
Preservative type/concentration 

Evaluallon models 

n,ermal stress 
Freezo/lhaW cycle 
Peroxides exposure 
Light exposure 
Shaking/agllatlon 

Appearance 
Content 
Aggregation 
Fragmenlalion 
Oxidation 
Deamidalion 
Potency 

. . th od ct has to be exposed to multiple process 
the stability of the molecule. In ad~ition, e pr ~ handling, such as extreme temperatur • 
related stresses during manufacturing, storage, an f •t Is challenging to develop a t : , 
freeze/ thaw cycles agitation and pressure. There ore, 1 

1 t d tT 5 a le 
' ' • t rious process-re a e s esses. 

formulation containing many parameters agams va ff a· e tool in dealing with ch 
Des. f · ts (DOE) has proven an e ec v su a 

1gn o expenmen . · bl DOE as part of the co 
complicated development process involving multiple varia es. ' . f ncept of 
quality by design (QbD) recently introduced by regulatory a~e~cies or p_harmaceutical 
development, is a tool to establish the design space thr~ughd::~tis~~~HaQiY~

1~~~= des_ign 
space forms a link between development and manufactunng gn ' . ceutica) 
Development). For formulation development, the design space refers to the defmed range of 
formulation parameters and quality attributes tl1at have been demonStTated to provide 
assurance of quality. . 

Formulation development using a DOE approach typ,ca!Jy has ~o S!ages:_ fo~ulation 
screening and optimization/robustness studie~. :he_goal of the screemng stu?Y ts to 1de~tify 
the key formulation parameters, while the ophmJzation/ robustness study defmes the Optimal 
or robust range of the selected key parameters. . . . . 

To design a proper space for statistical DOE _s~_d1es, 111s 1mpo_rtant to coUect all the 
information from preformulation development act~~1ties and any prior knowledge on the 
protein. This information helps in identifying the critical formulation parameters and the key 
degradation pathways that potentially affect the critical quality 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 studjes. 

Table 4 lists the parameters and attributes for DOE studies. Once the study is completed 
and data are coUected, 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 tl1e DOE concept have been 
described in a book chapter written by Ng and Rajagopalan (95). 

Choice of Container and Closure System 
Becaus~ proteins_ may_ interact. with the contact surfaces, the compatibility of immediate 
packagmg material w1tl1 protein product needs to be evaluated during selection of the 
container closure system. 

_As described in section "General Formulation Development Process in Industry," most 
protem products are formulated as ~rug substance and drug product, wh.ich are typically 
stored at frozen and refrigerated conditions, respectively. In choosing an appropriate container 
closure system for dn,g subsrnnce, the following aspects should be considered: 

• Commonly used _container closure systems for drug substance include plastic bottles 
or bag~ and stamless steel vessels. Various types of plastics have been used in 
pa

1
ckagmg protem drug substance, including Teflon, polyolefin, glycol-modified 

f'? yethylene terephthalate (PETG), polypropylene (PP) polycarbonate (PC) poly-
vmylchloride (PVC) I · I ' ' , po yvmy alcohol (PVA), and polyethylene (PE). It is important to 
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e\laluate whether th~ prod".ct re111.1ins stable under intended storage conditions. For 
e,1ample, hydrophobic protems tend to adsorb more on hydrophobic polymers such as 
Teflon. In addi.tion,. the _material's gas permeability and lead1ablcs should a.lso be 
evaluated. Pla~bcs with high ~as permeability may affect product stability during l~ng­
terrn storage if the produ~. IS oxygen sensitive. Plastics such as PVC tha t contam a 
substantial amount of plashazer m~y.gencrate more leachables than other plastics. When 
stored in a stau1less steel ~essel, aod1c PJ:l and chloride ions may cause corrosion. With 
aJl increased amount of d_1SS?lved metal ions, protein oxidation is a concern (83). 

• The material should retam its function at the intended storage condition. Since most 
protein dru~ substan_ces are stored frozen, ii is important to assess the brittleness point 
of the plashes at the intended storage temperature. If the brittleness point is above the 
intended storasc tempera~rc, contniner closu1tc inti,~dty may bt, cu111p1umised. In 
addition, breakage of container closure may occur upon impact, such as an accidentaJ 
drop. Therefore, PC ~nd Teflon are preferred because of their lower brittleness points. 

• The size of the con tamers s hould be selected on the basis of product stability, potential 
expansion of product, and cost effectiveness. For example, a sufficient amount of 
headspace should be aJJowed 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: 

• UnJike drug substance, most drug products are stored in glass vials with rubber 
stopper systems. Some products are also packaged in prefilled syringes, cartridges, 
and duaJ 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 
importan t 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 sheU-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 shou ld be siliconized for proper syringeability. It is 
important to recognize, however, th.is 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 shouJd 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 
~astage, and conforming with patient needs (e.g., self-administration)-becomes more 
unportant. Prefilled syringes, self-injection devices using cartridges, and dual chamber 
lyo:ject syringes may help the drug product to gain a greater market share because of 
theU" convenience of use, which leads to better patient compliance. 
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242 'ded on the basis of several facto 
be dec1 . d Ii rs . closure should . . . cost effecaveness, an .c?mp ance 1o; 

• The size of conta1.ne~ roduct stability, ds ace which is a cnhcal paramet 
including dosing regimen,.~ size affects the head ft st~biJity upon agitation dun er 
patient use. For example, : it may impact pr~ u size of the syringe also affects t~g 
for most liquid pro~uct~ r prefilled syriJ,ges, t ,epon exposure to reduced pressu e 
shipping and handling. e~,ent of the stoppelr s :e less headspa.ce. re 
headspace ond the m_ov C tri·dges tend to ,a 

l hippmg ar 
during alrp ane 

6 
· Hers of the container closure syst~-

duct the supp bli h d D M - .. 
For both drug substance an~:i:~er~uppliers that ha;~ ~: ad~~on, ~! ~=e~U_es 

should be reputable an~ weU es onents should be preferr a; need to be established in Clal 
(DMFs) for the packagmg comp ntaJner closure system m case 
products a second source for the co 
issues arise with the primary source. 

Manufacturing Process Development ·ate formulation and_ ~ontainer closure syste~ (s to 
The next step after selection of an approp;intains protein stab~Jty under pr?cess conditions 
develop a manufacturing pr~~ss that m 

O 
hilization. Instability of prote~ under these 

such as mixing, fiJtration, f1llmg, and 1: iiis important to evaluate_ and defin~ _the optimal 
conditions is often observed, and therefor . From these studies, the critical process 
process conditions prior to cGMP manufac~~~-be defined using a OOE approach Silllilar 
parameters and acceptable operation ranges t ° CQAs impacted by these proces~ conditions 
to that used in formulation dev~lopment. T: uld be considered when developmg a robust 
should be evaluated. The fo!Jowmg aspects s 0 

and suitable manufacturing process: 

• manufacturing should be compatible with the 
• All prod\1ct-contacting surfaces du;:~t-contacting surfaces during. drug product 

formulaho~. ~enerally, __ 
th

e eP~tin a Teflon-coated stir bar, a stamless steel tank 
manufactunng mdude silicon g, 1 tic connectors plastic housing and filter 

· lier mixer rubber gaskets, P as ' 
or impe ' 1 lastic containers It is important to evaluate the 
:~~~~~f;y ~1 ~~:erp:o::: 0 ~fth these contact. surfaces prior to the start of 
manufacturing using these matenals. . . . 

• The container closure system should be compatible with the fill . line at the 
uf tu · s·te Typi'cally machinability needs to be conducted pnor to cGMP manacnng, . , . · hi · 

manufacturing to ensure that the filling and stoppenng operations run smoot y, with 
Jow rejection rates, and that the ~al_ cont~iner closure system meets the contamer 
closure integrity test criteria (integrity 1s 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. 

• Ii 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. 

• The filter size for sterile filtration should be large enough not to give high back 
pressure during filtration. For aqueous protein formulations, a polyvinylidene fluoride 
(PVDF) membrane is the most commonly used. A filter sizing study should be 
perfo~ed to de~e the proper size of filter for cGMP manufacturing. 

• The fil'0~ cond1ti~1\S should be compatible with the product. For solution filling, 
s:veral fill~g machm~s ar~ commonly used, including peristaltic pump, stainless steel 
~

1
s_ton syrmge, cer~1c piston syringe, rolling diaphragm, and rotary time pressure 

fillin? sy~tems. While a syringe-filling system typically provides better accuracy, it 
applies high shear. s~es~ between the piston and barrel during movement, which 
could lead to p~ecipitation of proteins. In addition, the filling speed needs to be 
controlled to avoid foaming or splashing dur· fillin 

I mg g. 
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• 'f]te Jyophilizatio~ parameters developed at laboratory scale shouJd be robust enough 
to produce consistent product quality. Sometimes when the lyophllizatlon cycle 
developed ~o_r the laboratory-sc~le lyophilizer is din'Ctly transferred to the production· 
seale lyophibzer, product_ ~ual~ty may not be lhe same. This could be caused by Lhe 
poor robustness of lyophihzation cycle, as different lyophilizer designs rnay lead to 
different levels of heat and ~ass transfer, which could cause changes in product 
quality, such as ca~e collapse, if the selected iyophilizallon paramelers arc un the edge 
of the process design. 

, Hold conditions (time and temperature) for all process inlcrmedioles should be 
establi~hed 10 i:neet lhe net'Cls of routine production operations and to support 
potential _excurs10ns. An operatlo!' deviation may result in longer hold time for the 
process inter?'ed1ate than during routine manufacturing· examples could be 
devia~?ns. pnor to th~ formulation step or filling inlo final product, or after 
fyophihzabon. Supp?rting data for defining acceptable hold conditions need to 
address product quality from both chemical stability and microbiological perspective. 
Assessment of the ~1icrobiological acceptability of a process intermediate hold time is 
tied to m?nufactwin~ process operations and to the microbial growth potential of the 
intermediate composition, Support for extended or cumulative hold times generally 
c0mes from developme~t-scale studies, while support for microbiological properties 
comes from manufactunng-scale studies. 

Stability Studies 
AfteI the manufacture of drug substance and drug product, the following stability studies are 
generally co~du~ted to support tl~e_shelf-life during long-term storage and the product quality 
during distnbution and use at cluucs: 

• umg-tenn stability studies to support shelf-life. Several !CH guidelines outline the content 
and testing requirements for stability studies supporting shelf-life at long-term storage 
conditions (ICH QlA, Q1C, QlO, QlE, and QSC). 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. 

• Temperat11re cycling sludillS lo support excursions during distribution. Prom 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-tenn 
s torage temperature range, whjch 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 lo support the exposure to vibration and red11ced press11re during air and 
ground transportation. It is important to recogruze 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 p/10/ostability st11di11S to support exposure lo light. Sensitivity to light is highly 
dependent on the composition, structure, and formulation of the product. Most 
proteins and peptides are sensitive to i.ntense 1.ight, particularly UV light, which 
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they are relatively stable under n 
typically results in oxidation. H?we~:;ucts are typically stored in reh-ig:r~l 
indoor light. In _addition, pro~~u~J~ect exposure to light. Commercial proctu ed 
condition, in wluch there is which prevent the product's exposure to light. Cts 
nonnally have secondary packages!, t•ble It is Important to conduct a confirrna1(

0 
od ct rema nss " , cka • h ory demons trate that the pr u I tive commercial pa ging pert e ICH guideij 

photostnbility study using represen a ne 

Ql B. . . . wit Ir tlte ad111i11is/ratio11 system to support p~od11ct stabilit 
• In-use and co1111)(1trb11ity studies od ·t contacting surfaces and stresses d1m11g admini I Y 

and to assess compatibility witlt~ 
11

~ -may need to be diluted in an IV bag and :;a· 
tion. For IV infusion, some P h uc IV infusion apparatus by a pump or othen 
Infused into patients throug an od ict stability after dilution prior to dosing, er 
mechanism. It is criti?1! _to as~e~,:r pr~duct In contact with the surfaces of 1~ 
well as the compat1bthty. 0 •nf sion system, such as pumps. For lyophilized 
administration app~ratus and 1

tit~ted solution should be evaluated to ensure the 
products, the stability of r~con~ bient exposure period after reconstitution. 
product remains stable during l e am 

ETED PROTEIN PRODUCTS 
FORMULATIONS OF MARK k ed . ·ectable products must disclose quantitativ 
In the United States, by law all mar e~ 1;

1 roduct are public. Sources on prescriptio e 
~ormula~on,_ so the details on_ ea';11 ~:~ R:fere~ce (PDR) and numerous websites, includut 
information mclude the Physicians / . ts/cder / drugsatfda and websites for specl 
the FDA's http://www.accessdata.fda.gov scrip . . c 

od ( h.ch nl take the form www.tradename.com-.g., www.simporu.com). The 
pr ucts w I commo Y d · older editions of the PDR. 
formulations of discontinued products can be foun Ul . . 

The excipients used in parenteral products were first revtewed and collated by Wang 
and Kowal in 1980 (98). Subsequently, there were reviews ~y 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 Gokam et al. (102). . . 
The types of excipients used in protein formulations ~ave evolved over time. For 

example, in the early years (1980s-1990s), human serum aJburrun (HSA) wa_s co~only used 
as a stabilizer in many protein formulations, particularly low-concentration, high-potency 
products such as interferons, Factor VIIl, and othe~ growth fact~rs. Howev~r, because of 
concerns about potentially contaminated blood that nught comproause the quality of albumin, 
most products have been reformulated into HSA-free formulations. For example, Eprexctll 
(epoetin a), originally containing albumin, was reformulated to use Polysorbat~ 80 as an HSA­
free product in prefilled syringes. Avonex® (interferon P), ongmally having albumm tn 
(yophilized 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 towa.rd 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 hav~ _been minimal since its first approval in 1985 to one recently approved in 
2008. For l_yophilized monoclonal antibodies, the buffer species used has changed fro~ 
phosphate m early approved products to histidine in recently approved products. Sucrose 1s 
the most commonly used ~u_gar in lyophilized formulations, and only a few products use 
treh~lose or malt~s~. In add1tion,_amino acids including arginine and glycine are used i11 both 
hqwd and lyophilized formulations. For liquid monoclonal antibodies, sodium phosph~tc 
appears to be the most commonly used buffer, likely because of its good buffering capaaty 
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TflbleS Fo,rnur,iri'Qrns tor Human Growth Hormonl!!I (In orcktr 01 approval yea,) <l. 

Trade Namo App~lyear Ooslng route Pre.senlaUon Dosilge torm FOC'mu\.8\\0c'\ \ 
Protrop;n® !985 SC ViaVstopper Lyophilited 5 mg v1at": 40 mg manni\o\, o., mg monob~ sod\um i l)hosphale, 1 .6 mg dibasic S<J<f,um phosphate, pH 4 .~7 .ll 

c:, 

Humat,ope@ 1987 SC/IM ViaVstopper Lyophilized 5 mg/S mL vial: 25 mg mannllol, 5 mg glyc\ne, 1.13 mg .,., 
<libaslc sodium phosphate. pH 7 .S :ii 

Pen cartridge Lyophilized 6 mg/2 mL cartridge": same formulation as In vlaVslopper c:, 

Nordltropln@ 1987 SC Pen cartridge Liquid 5 mg/1 .S ml cartridge": 1 mg hlslidlne, 4.5 mg Poloxamer i:11 
188, 4,S mg phenol, 60 mg mannltol ~ ,. 

Nulropin0 1993 SC VlaVstopper lyophilized 5 mg/1 ml vial": 45 mg mannitol, 0.4 mg sodium phosphate is 
monobasic, 1.3 mg sodium phosphate dibasic, 1.7 mg ..., 
glycine, pH 7.4 !lJ 

ViaVstopper Liquid 10 mg/2 mL vial: 17.4 mg sodium chloride, 5 mg phenol, g 
4 mg polysorbate 20. 10 mM sodium citrate, pH 6.0 '1'> 

Pen cartridge Liquid 5 mg/1 ml cartridge•: same formulation as In v1avs1opper ~ 
"' T ev-T ropln® 1995 SC VlaVslopper Lyophlilzed 5 mg/S ml vial: 30 mg mannltol, pH 7-9 cS 

Geno1ropln® 1995 SC 2-chamber cartridge LyophlliZed 5 mg/1 ml cartridge•: S.8 mg somatropln, 2.2 mg glycine, ~ 1.8 mg mannttol, 0.32 mg sodium dihydrogen phosphate 
anhydrous. 0.31 mg disodium phosphate anhydrous. ~ 
pH 6.7 ~ Salzen/Sarosum® 1996 SC VlBVslopper Lyophilized 4 mg vial': 27.3 mg sucrose. 0.9 mg pnospnoliC acio, pH 
6.~.5 ;,i 

ZorbLive® 2003 SC ViaJ/slopper Lyophilized 4 mg vial": 27.3 mg sucrose, 0.9 mg phosphoric acid, pH, g 
7.- .5 g 

Omn11rope® 2006 SC viavs1opper Lyophlllzed 1.5 mg/1.13 ml vial": 0.88 mg diso<fium hydrogen ;;:j 
phosphate heplahydrale, 0.21 mg sodium dihydrogen 
phosphate dihydrale, 27 .6 mg glycine 

Pen cartridge Liquid S mg/1 .5 mL cartridge•· 1 .3 mg disodium hydrogen 
phosphate heplahydrate, 1.6 mg sodium dlhydrogen 
phosphate dihydrale, 3.0 mg poloxamer 188, 52.5 mg 

Valtropln® SC ViaVstopper Lyophilized 
mannitol, 13.5 mg benzyl alcohol 

2007 5 mg vlal/1 ml: 10 mg glycine. 45 mg mannitol. 0.22 mg 
monobaslc SOdlum phosphate, 2.98 mg dil>asie sodium 
phosphate, pH 6.0 

Accretropin® 2008 SC VlaVstopper Uquid 5 mg vial: 0.75% NaCl. 0.34% phenol, 0.2% Pturonie F-68, 
10 mM sodium phosphate, pH 6 .0 

"Indicates a product that has multiple dose strengths, but only the IOwest strength Is !Isled 

~ 
"' 
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Table 6 Formulations for Antibodies, Fe Fusion, and Fat> Conjuga1es (In orcJer ot approval year) ~ ., 
Trade name Nonp<Oprietary name Approval year Dosing roule Pt9Sltnlatlon Dosage IOl!n FormuJaflon 

OrthOclOne OKT-$® Muromonab-C03 1986 IV Ampule Liquid 5 mg/5 ml amPole: 2.25 mg monobaslc sodium 
phosphate, 9.0 mg d<bas<c sodium phosphate, 43 mg 

Reopro@ Abciximab 1994 IV 
sodium chloride , t .O mg polysoft>ale 80, pH 6.5-7.5 

Vial/stopper Liquid 10 mg/5 ml vial: 0.01 M sodium phosphate, 0.15 M 
(Chimeric Fab) sodium chloride, 0.001 % polysorbate 80, pH 7.2 

Ritu,can® RitUXlmab 1997 IV VlaVstopper Liquid 100 mg/10 ml via!': 9 mg/ml sodium cllloride, 7.35 mg/ 
ml sodium c~rate dlhydrate. 0.7 mglmL polySOrllate 
80, pH 6.5 

EnblefC!' Etanercept 1998 SC VlaVstopper Lyopllilized 25 mg/0.5 ml vtal: 40 mg mannltol, 10 mg sucrose, 
12 mg tromethamine, pH 7,1-7,7 

PFS Liquid 25 mg/0.5 mL PFS°: 1% sucrosa. 100 mM sodium 
chloride, 25 mM c-arginine hydtocllloride, 25 mM 
sodium pl\OSpl\ate, pH 6.1-6.5 

AutQ;nj8Ctor Liquid Same as Liquid in PFS 
Remlcade'll lnlliximab 1998 IV ViaVslopper lyophilized 100 mw10 ml vial; 500 mg suciose, 0.5 mg IJ(llywrbate 

60, 2.2 mg monobasic sodium phosphate 
monohydrate, 6.1 mg dibaslc sodium phosphate 
dihydrate, pH 7 2 

Simulect® Basiliximab 1998 IV Vial/stopper lyophll~ed 10 mg/2.5 ml vtal": 3.81 mg monobasic potas5ium 
phosphate, 0 .5 mg dlsodlum hydrogen phospha1e 
(anhydrous), 0.80 mg sodium chloride, 10 mg 
sucrose, 40 mg mannitol. 20 mg glycine 

Synagis0 Pallvt,umab 1993 IM V,al/stopper Liquid 50 mg/0.5 ml vial": 1 .9 mg hiStidine. 0.06 mg glycine, 
0.2 mg chloride, pH 6.0 ~ 

Herceptl~ T rastuzumab 1998 IV Vial/stopper Lyoplllllzed 440 mg/20 ml vtal: 400 mg a,a·trehalose dlhydrate, i 9.9 mg c-hislidine HCI, 6.4 mg ,-histidine, 1.8 mg "' potysorbate 20. pH 6.0 
Zenapax@ Oacllzumab 1999 IV V,al/stopper Liquid 25 mg'S ml vtal: J .6 mg S<l<lium p/l()sphate monobasic I monohydrare, 11 mg sodium phosphate dibaslo 

hoplahydrare, 4.6 mg sodium tliloooe, 0.2 mg ~ poiysorbale 80, pH 6.9 
Mylotord' Gemtuzumab 2000 IV V'...Vslopper lyopllilized 5 mg/5 mL vial: dexrran 40. sucrose. sodium chloride. ~ ozogamlcln monoba.s:ic and d;basic sodium phosphate~ 

I (callcheamlcln) 
Campalh'i> Alemtuzumab 200 1 IV ViaVsropper Uqulcl 30 mgh mL vls,I: 8.0 mg sodium ch"'1'id11, 1.44 mg ~ 

djba.slC $0(Jium ~re. 0.2 fnfJ pou,sslum F chlorlda. 0.2 mg monobll.sfc $00/fJIYI ph('.;,$p/Ulfo. 
"' 0. , mg /X)lys,(Xb8re 80. 0.0 ,87' mg dt~ odolahl Jr dihydraltt. pH 6.8-7.4 
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HurniraG(Untted Adalimumab 2002 SC PFS Liquid 40 1111>'0.8 mL in PFS: 4.93 mg OOdlum chloride. g 
Stalae$) 0.69 mg monoDasiC SOC!lum p!\O<ph3to <fll>ydrato, 

~ 
TIUdelOI (European 1 .22 mg dll>aSiC SO<llum pllOSpM.to Clllly<lmto, ~ 

Un/On) 0.24 mg SOCf1um citrate, 1.04 mg cilrie acid 
monohyd<ate, 9.6 mg mannilol, 0.8 mg polysort>ale i 
80, pH 5.2 

~ 
Zevalln" lbrltumomab 2002 IV ViaVstopper Liquid 3.2 mg,2 mL vial : 0.9% NaCl, so mM SO<lium acetale 

liuxetan ("'Y) :E 
Amevive® Alefacepl 2003 IV/IM VlaVslopper Lyophilized 7.5 mg/0.5 mL vial': 12.5 mg sucrose, 5 mg glycine, <> 

3.6 mg sodium citrale dihydrale, 0.06 mg citric acid ~ 
monohydrale, pH 6.9 >,. 

Bexxar& Tositumomab (lgG 2003 IV Vial/slopper Liquid 35 mg/2.5 mL vial": 10% mattose. 145 mM sodium ~ 
and lgG-131 1) chtoride, 10 mM ph0Sph3l0, pH 7 2 -,, 

Xolal~ Omalizumab 2003 SC Via/stopper Lyophillzed 202.5 miv1.4 ml vial: 145.5 mg sucrose, 2.8 mg !lj 

L-histidine hydrochlot1de monohydrate. l.8 mg 5 
,-histidine, 0.5 mg polysort)ale 20 i Aap1iva® Etallzurnab 2003 SC VlaVstopper lyophilized 150 ffl911 .3 ml vial: 1232 mg sucrose. 6.8 mg 
,-histidine hydrochloride monohydtate, 4.3 mg 
,-histidine, 3 mg polysor1)ate 20, pH 6.2 ~ 

Avasrir/9 Bevaclzumab 2004 IV ViaVstopper Liquid 100 ffl914 ml vial": 240 mg 11.11-trnhalose cflhydrale. "' ~ 23.3 mg sodium phospha1e (monobaslc, 

j monohyarate), 4.8 mg sodium phosphate (<ibasic, 
anhy<lrOuS), 1.6 mg polySOft)ate 20, pH 62 

Ert>ltu~ Cetuximab 2004 IV ViaJ/sloppet Uquld 100 mg/50 ml via!": 8.46 ffl91ml sodium cllloride, ~ 1.88 mg/ml SOC!ium phosphate dibaslc !leptat,ydrate, C, 

0.41 mirmL sodum Pl)Osphate - ~ 
monohydrata, pH 7.0-7.4 /;j 

T~ Natali2umab 2004 IV Vial/stopper Liquid 300 mg/15 ml vial: 123 mg sodium chloride. 17.0 mg 
sodium phosphate monoba5ic monchydrale. 7 24 mg 
sodium phosphate dibaslc ~e. 3.0 mg 
polyso<bate 80, pH 6. 1 

VectibiXTM Panhumumab 2005 IV Voallslopper liquid 100 mg/50 ml vial": 29 mg sodium chloride. 34 mg 
sodium acetate, pH 5.6-6.0 

Orencia® Abatacept 2005 IV VlaVslopper lyophilized 250 mg/10 ml vial: 500 mg maltose, 17.2 mg 
monobasic socium phosphate, 14.6 mg sodium 
chloride, pH 7.~ .8 

Lucentis® Ranibizumab 2006 ln1ravi1real ViaVstopper Liquid 0.5 mg/0.05 mL vial: 10 mM hislidine HCI, 10% 
a,a•ttehalose clihydrata. 0.01 % polysolbate 20, 
pHS.5 

.. 
{contlnuod) 

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

Trade name Nonproprtetary name Approval year Dosing route Presentation 

Soliri,.$ Ecullzumab 2007 IV Vial/stopper 

Cimzla® Certollzumab pegol 2008 SC Vial/slopper 

Arcalyst0 Rilonacept 2008 SC Vial/stopper 

Nplale® Romiploslim 2008 SC ViaVstopper 

Simpon!® Gollmumab 2009 SC PFS 

llaris0 Cana.klnumab 2009 SC Vial/stopper 

"lndlcales a product that has mulliple dose strengths, but only the lowest strenglh Is listed 
"Quantitative formulation is not disclosed. not conslstenl with 21 CFR 201 .100 (b) (5) iii. 
Abbreviations: SC, subculaneous: IM, intramuscular, IV, intravenous. 

Dosage form 

Liquid 

lyophillzed 

lyophilized 

lyophllized 

Liquid 

lyophilized 

Fonnulatlon 

300 mg/30 ml vial: 13.8 mg sodium phosphate 
monobasic, 53.4 mg sodlum phosphate dlbasic, 
263.1 mg sodium chloride, 6.6 mg polysorbale 
80, pH 7.0 

200 mg/1 ml vial: 100 mg SUCfOS8. 0.9 mg lactic acid, 
0.1 mg polysolbate. pH 5.2 

160 mg/2.3 ml vial: histidine. arginine, polyethylene 
glycol 3350, sucrose. glycine. pH 62-6.8" 

250 11g/0.72 ml vial": 30 mg mannltol, 15 mg sucrose, 
1.2 mg L-histidine, 0.03 mg polysorbate 20. sulfrcient 
HCl to bring pH to 5.0 

50 mg/0.5 ml in PFS: 50 mg golimumab antibody, 
0.44 mg L-histidine and L-histidine monohydrochloride 
monOllydrate, 20.5 mg sort>itol, 0.08 mg 
polysorbate 80, pH 5.5 

180 mg/1 ml vial: sucrose, L-hlstldine, L•histidine HCl 
monohydrate, polysorbate ad' 

,., 
~ 

~ 
~ 
~ 

cS 

I 
~ 
~ 
ir 
~ 

!1:1 
~ 
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~R . 
J-{ 6 to 7, the pH at wh.,c.h most monoclon,,I anHbodies ore formuloted rulysorb.,lc 80 

.,,und P present ln many monoclonal antibody fonnulalions. ~·v O is aJso 
.,r Z 

Lus10N _ 
coNC !JOO!< chapter w~ have attempled t~ pro~1dc an uvcrvlcw of formulatiun dcvclupmco~I 
ti• ,~,s ·de- and protcui-based thcrapeut,cs. l·or successful formulMlon clcvdupmc11I, ii 1~ 

,0 r pcP11 f'•sl of all lo understand and characlerizc the uni,iuc char.,clcrlslics 1)( Lhc prolcln or 
,, ,ant u I I . . I' 
1.,,~r including ,_no ecu a.r compos11tun, slructurcs, si,~, charge pruHJc (pl), solubl 1ty, 
,,.:pude, nsition nudpo1nt, and key degradation pathways. !'reformulation actlvitie,; MC also 
[!,em'"~ tr~dentifying the key instability issues and potcnlla l phannaceutically relevant sources 

·cal ,n' ·f· degr d ti 11 I d crtll "ble (or spe.:1 ,c a a on pa ,ways. TI1is chapter provides general prindp cs an 
,-eSJ'ons• of major pharmaceu_tical development activities, including evaluation o( critical 
•~•'"'pie~ n parameters, selection of container closure development of the manufacturing 

~ulatio ·1· t d. t t h If I '( '. • fr for"~ss, and stab1 ,ty s u. '.~ 0 suppor s e · 1 e and chn1cal use conditions. The results _om 
p~ developme~,t activ,hes are ge_nerally _required in completing the pharmaceuh_cal 
these ment sections of regulatory f1hngs. Finally, trends in the evolution of formulation 
dcv4op mcnt since the early 1980s are described on the basis of several examples, including 
ceve opgrowlh hormone and monoclonal antibodies. 
}ltUl1811 
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