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Preface

While working with the contributors on this second edition of Protein Formulation 
and Delivery it has been interesting to note the dramatic changes and advances 
that have taken place in the biotechnology fi eld. One of the most signifi cant has 
been the improvement in product titers in cell culture where progress has taken 
protein levels from tens of milligrams per liter to multi-grams per liter. The avail-
ability of larger amounts of protein and the resulting decrease in cost of goods has 
created new opportunities for products and delivery routes, and has made exten-
sions to higher dose levels possible. All of these advances have had a cascade 
effect, placing increased expectations on formulation scientists to produce prod-
ucts with longer shelf-lives, at higher concentrations, that are stable at ambient 
storage conditions. This progressive period in the fi eld of biotechnology presents 
signifi cant challenges to the protein formulator. 

In this edition we have strived to provide a basic understanding of areas of 
formulation and delivery for fi rst-time formulators as well as analysts working 
in the fi eld, while providing examples of new and novel areas that are of interest 
to seasoned protein formulators. We have added more drug delivery chapters, 
expanded the characterization and formulation sections, and included a new chap-
ter on specifi cations in an effort to prepare professionals in the fi eld to address 
these current challenges.

We would like to thank all of the contributors to the fi rst edition of Protein 
Formulation and Delivery and those who have returned to update their original 
work, as well as all of the new contributors, who have enabled us to offer readers 
a new perspective on this stimulating area of formulation and drug delivery. 

Eugene J. McNally
Jayne E. Hastedt
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1

Overview of Protein Formulation 
and Delivery

James Wright
Alkermes, Inc., Cambridge, Massachusetts, U.S.A.

PROTEIN AND PEPTIDE REACTIONS

The experience of developing a number of protein and peptide formulations 
has taught me to look for three principal degradation pathways in formula-
tions of proteins: deamidiation, oxidation, and aggregation. One of the most 
important aspects of these degradation pathways for proteins is the potential to 
diminish the potency and increase the immunogenicity of a biopharmaceutical 
product. A signifi cant example of a biologic product that has shown formulation-
dependent immunogenicity issues was observed in Exprex® (erythropoietin) 
between 1998 and 2003. The effect of a formulation change was a ten-fold 
increase in the incidence of pure red-cell aplasia in patients. Formulation changes, 
extraction of organics from stoppers, and the route of administration may have 
all played a role in the observed increase in incidence of red-cell aplasia for this 
product. This complex and important story emphasizes the need for having a 
broad awareness of the potential interactions of formulation, container, analytical 
methods, and route of delivery with a biological. This book is an attempt to pres-
ent the broad range of knowledge required to formulate protein drug products.

Bummer and Koppenol cover two critical degradation pathways in depth 
in Chapters 2 and 3. The problems associated with these protein degradation pro-
cesses are extensively discussed in these chapters for good reason: they are the 
constant unwanted companions of development scientists in the protein deliv-
ery fi eld. The deamidation reaction is primarily the result of the hydrolysis of 
asparagine to aspartic acid. Thus, the reaction is most likely to proceed in an aque-
ous environment. If the protein is formulated in the solid state, the reaction rate 
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is minimized. As discussed, this reaction has been extensively studied, and the 
effects of pH, temperature, and buffers are well known and well documented. This 
extensive literature gives development scientists the opportunity to systematically 
optimize solution stability with respect to deamidation. In addition, the reactivity 
of asparagine is largely determined by neighboring residues, and thus, the reactiv-
ity of the protein or peptide toward deamidation can be predicted from structure.

Oxidation is in many ways a more complex process than deamidation in 
that the reactants and catalysts of the reaction are numerous and complex. There 
are several matters of signifi cant concern; these include the ability to cause oxida-
tion of specifi c residues through metal ion catalysis, by vapor phase hydrogen per-
oxide, photochemically, or through organic solvent, or even to diminish long-term 
stability in the presence of pharmaceutical excipients. Thus, each unit operation in 
the production and storage of a protein product is a potential source of oxidation.

The conformational stability of the protein is also of fundamental concern in 
formulating proteins. Problems with conformational stability are often expressed 
as soluble aggregates and/or insoluble particulates (large aggregates). Aggregated 
proteins are a signifi cant problem in that they are associated with decreased bioac-
tivity and increased immunogenicity. The potential to produce aggregated forms 
is often enhanced by exposure of the protein to shear, liquid–air, liquid–solid, and 
even liquid–liquid interfaces. This means that there is the potential to denature 
and aggregate a protein in almost any unit operation in the downstream process-
ing of a protein, including the formulation of it. However, a protein can often be 
stabilized against aggregation by optimizing pH, temperature, and ionic strength, 
and through the use of surfactants.

PREFORMULATION AND ANALYTICAL DEVELOPMENT

The development of stability-indicating analytical methods (see Chapter 4) for the 
drug product usually starts with the preformulation studies. During the preformula-
tion studies, methods are selected and the fi rst evaluation of the protein on short-term 
stability is conducted. Since one of the most signifi cant purposes of the preformu-
lation work is to defi ne the processes that destroy protein integrity and activity, it 
is critical that the analytical methods chosen for the task indeed be indicative of 
stability. The three basic protein degradation processes (deamidation, oxidation, and 
aggregation) must be followed by accurate, precise, and simple analytical methods.

Bedu-Addo has prepared a very complete review of analytical mytholo-
gies and preformulation studies designed to support the development of proteins 
and peptides. The review starts with protein charge, size, and aggregation state. 
The chemical reaction of deamidation of a protein or a peptide is a common and 
important chemical decomposition reaction. The deamidation of a protein can be 
followed using a number of techniques: isoelectric focusing and ion exchange 
chromatography are two of the most common. Each of these analytical techniques 
allows the development scientist to follow the disappearance of the starting iso-
forms and the generation of reaction products. Often, these reaction products (the 
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more deamidated state of the molecule) are easy to isolate and test in bioactivity 
assays and in pharmacokinetic studies. These activity studies are important steps 
to take when there is concern that the molecule is prone to deamidation, since the 
practical consequences of deamidation can be judged scientifi cally.

Oxidation is often determined using reversed-phase high-performance liquid 
chromatography or by peptide analysis. Aggregation is usually determined by size 
exclusion chromatography (SEC) or by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE). These two techniques give different answers 
because they address different questions. SDS-PAGE detects and quantifi es 
irreversible aggregates, whereas SEC will detect noncovalent aggregates as well. 
The distinction is critical, since the stability of the dosage form may be judged 
by either or both methods. Bedu-Addo also reviews biophysical characterization 
techniques and interpretation for proteins.

During the preformulation and analytical development phase, there is 
opportunity to determine the correlation between the different analytical tech-
niques and the biological activity assay. Often, an activity assay is developed that 
can judge the suitability and stability of the dosage form. It is imperative to know 
early in the development process as to which analytical techniques predict and 
which degradation processes correlate with losses in activity. Understanding this 
relationship between biological activity and independent analytical characteriza-
tion is an important aspect of the preformulation package.

SOLUTION FORMULATION STABILITY

McGoff and Scher review the issues of protein solubility, aggregation, and adsorp-
tion. The authors provide a systemic framework for evaluating the physical stability 
of proteins. The problems associated with physical instability are serious in that they 
lead to aggregation, adsorption to surfaces, and loss of biological activity. Thus, 
formulation studies to determine optimal stabilization conditions should include 
variables such as temperature, solution pH, buffer ion, salt concentration, protein 
concentration, and the effect of surfactants. In addition, the protein should be char-
acterized and stabilized against adsorption and/or denaturation at interfaces.

The effect of concentration of the protein on the stability of the formulation 
is also a critical concern. Proteins undergo concentration-dependent aggregation 
and adsorption, and thus the effect of protein concentration on physical stability 
must be accounted for. The testing of the adsorption potential of a protein with the 
range of materials that might be used in packaging or processing is an important 
part of the formulation effort.

SOLID-STATE FORMULATION STABILITY

The pharmaceutical solid-state product of a protein or peptide is usually pro-
duced by freeze-drying. A freeze-dried product is produced by a process that, if 
done correctly, is friendly to protein structure and activity and can prolong the 
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shelf life of the product. The reason that proteins have enhanced stability in the 
solid state is that molecular mobility is drastically reduced.

A protein is usually present as an amorphous solid in a lyophilized product, 
with a glass transition temperature associated with the material. In very rough 
terms, at temperatures above the glass transition temperature, there is signifi cant 
molecular mobility, whereas below the glass transition temperature, reduced 
mobility, and reaction rates are achieved. Thus, the stabilization of a protein is 
dependent on the use of a freeze-drying process and formulation that enhances 
protein conformation and reduces molecular mobility. Reduced mobility and 
enhanced protein stability is achieved through temperature, moisture, and excipi-
ent control during and after the freeze-drying process. A very systematic review of 
freeze-drying and the selection excipients are presented in Chapters 8 and 9.

PROTEIN DELIVERY

Approaches to the challenging problems of protein drug delivery are broadly cov-
ered by authors who have practical development experience. Solution formulation 
development is covered thoroughly by McGoff and Scher with high-concentration 
formulation development reviewed by Stevenson. In addition, needle-free injec-
tors are reviewed by Farr, Boyd, Bridges, and Linn. The injectable (subcutaneous, 
intramuscular, or intravenous) product is usually the fi rst dosage form developed 
for delivery of a protein and becomes the standard by which other routes of deliv-
ery are judged by. As was seen with Eprex, seemingly simple changes in protein 
formulations can lead to very signifi cant changes in product performance.

Pulmonary delivery of proteins presents important advantages over inject-
able formulations and the formulation of proteins for pulmonary delivery is 
reviewed by Clark. Pulmonary delivery makes administration of the protein 
much more patient friendly. However, the stability of drug product, consistency 
of delivery, complexity of the delivery device, and the concerns over safety are 
all signifi cant development challenges that must be overcome for application of 
pulmonary delivery of proteins.

CONCLUSION

The development of a formulation for a protein is an amazingly complex task. 
First of all, proteins have complex structures and often contain structural hetero-
geneity. This is why a strong preformulation program is necessary. Also, because 
of this complexity and heterogeneity, a wide array of chemical, physical, spectro-
scopic, and biological assays are required to adequately characterize a protein and 
to determine its stability in the formulation.

The complexity in protein structure is matched by the complexity of the 
ways this fragile structure can undergo degradation. As we know, the manufactur-
ing process can have a profound impact on protein structure through pH, heat, 
oxidation, interfacial degradation, and shear, just to name a few of the poten-
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tial variables to control. Excipients, containers, delivery systems, and container 
 closure systems may also interact with the formulated protein and are thus critical 
aspects of the development process. The complexity of protein structure, the wide 
array of sophisticated analytical techniques required to fully characterize protein 
formulations, and the many different paths of protein degradation make it clear 
that development of a stable well-characterized protein product is a demanding 
challenge. It is also clear that even small changes in the formulation or process 
may lead to signifi cant changes in product performance as reviewed in the chapter 
presented by Hastedt and McNally.
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2

Chemical Considerations in Protein 
and Peptide Stability

Paul M. Bummer
University of Kentucky, Lexington, Kentucky, U.S.A.

DEAMIDATION

Introduction

The deamidation reactions of asparagine (Asn) and glutamine (Gln) side-chains 
are among the most widely studied nonenzymatic covalent modifi cations to 
proteins and peptides (1–7). Considerable research efforts have been extended 
to  elucidate the details of the deamidation reaction in both in vitro and in vivo 
 systems, and a number of well-written, in-depth reviews are available (1–5,8,9). 
This work touches only on some of the highlights of the reaction and on the roles 
played by pH, temperature, buffer, and other formulation components. Possible 
 deamidation-associated changes in the protein structure and state of aggregation 
also are examined. The emphasis is on Asn deamidation, since Gln is signifi cantly 
less reactive.

Reaction Mechanism

The primary reaction mechanism for the deamidation of Asn in water-accessible 
regions of peptides and proteins at basic or neutral conditions is shown in Figure 1. 
For the present, discussion is confi ned to the intramolecular mechanism, uncom-
plicated by adjacent amino acids at other points in the primary sequence. Under 
alkaline conditions, the key step in the reaction is the formation of a deprotonated 
amide nitrogen, which carries out the rate-determining nucleophilic attack on the 
side-chain carbonyl, resulting in a tetrahedral intermediate and fi nally the formation 
of the fi ve-member succinimide ring. For such a reaction, the leaving group must be 
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easily protonated, and in this case, it is responsible for the characteristic formation of 
ammonia (NH3). The succinimide ring intermediate is subject to hydrolysis, result-
ing in either the corresponding aspartic acid or the isoaspartic acid (β- aspartate). 
Often, the ratio of the products is 3:1, isoaspartate to aspartate (10–12). In the case 
of acid catalysis (pH < 3), a tetrahedral intermediate is also formed, but breaks down 
with the loss of NH3 without going through the succinimide (13–17). The reaction 
also appears to be sensitive to racemization at the α-carbon, resulting in mixtures of 
D- and L-isomers (10,13–15). The rate of degradation of the parent peptide in aque-
ous media often follows pseudo-fi rst-order kinetics (16,17).

Figure 1 Proposed reaction mechanism for deamidation of asparaginyl residue. Note the 
formation of the succinimidyl intermediate and the two possible fi nal products.
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A number of other alternative reactions are possible. The most prevalent 
reaction appears to be a nucleophilic attack of the Asn side-chain amide nitrogen 
on the peptide carbonyl, resulting in main-chain cleavage (10,16,18). This reac-
tion (Fig. 2) is slower than that of cyclic imide formation and is most frequently 
observed when Asn is followed by proline, a residue incapable of forming an ion-
ized peptide-bond nitrogen.

pH Dependence

Under conditions of strong acid (pH 1–2), deamidation by direct hydrolysis of the 
amide side-chain becomes more favorable than formation of cyclic imide (16,19). 
Under these extreme conditions, the reaction is often complicated by main-chain 
cleavage and denaturation. Deamidation by this mechanism is not likely to pro-
duce isoaspartate or signifi cant racemization (16).

Under more moderate conditions, the effect of pH is the result of two 
opposing reactions: (i) deprotonation of the peptide-bond nitrogen, promoting 

Figure 2 Proposed reaction mechanism for main-chain cleavage by asparaginyl residues.
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the reaction and (ii) protonation of the side-chain–leaving group, inhibiting the 
reaction. In deamidation reactions of short chain peptides uncomplicated by 
structural alterations or covalent dimerization (20), the pH-rate profi les exhibit 
the expected “V” shape, with a minimum occurring in the pH range of 3 to 4 (16). 
Computation studies by Peters and Trout (21) have been helpful in shedding light 
on the effect of pH. These authors have suggested that under mildly acidic condi-
tions (3 < pH, 4), the rate-limiting step is the attack of the deprotonated nitrogen 
on the side-chain. The rate-limiting step at neutral pH is the hydrogen transfer 
reaction, while under basic conditions (pH > 7), it is the elimination of NH2

− from 
the tetrahedral intermediate. Experimental studies have shown that the increase 
in rate on the alkaline side of the minimum does not strictly correlate with the 
increase in deprotonation of the amide nitrogen, indicating that the rate of reac-
tion is not solely dependent on the degree of the peptide-bond nitrogen deprot-
onation (16,19). The pH minimum in the deamidation reaction measured in vitro 
for proteins may (22) or may not (23) fall in the same range as that of simple 
peptides. Overall pH-dependent effects may be modifi ed by structure-dependent 
factors, such as dihedral angle fl exibility, water accessibility, and proximity of 
neighboring amino acid side-chains (see section Peptide and Protein Structure).

Effect of Temperature

The temperature dependence of the deamidation rate has been studied in a variety 
of simple peptides in solution (16,24,25). Small peptides are easily designed to 
avoid competing reactions, such as oxidation and main-chain cleavage, and are 
thus useful to isolate attention directly on the deamidation rate. In solution, deam-
idation of small peptides tends to follow an Arrhenius relationship. Activation 
energies of the reaction do tend to show pH dependence, and a discontinuity in the 
Arrhenius plot is expected when the mechanism changes from direct hydrolysis 
(acid pH) to one of cyclic imide (mildly acidic to alkaline pH).

The deamidation rate of proteins also shows temperature dependence 
(23,26,27) under neutral pH. For deamidation reactions alone, temperature-
 associated rate acceleration in proteins may be due to enhanced fl exibility of the 
molecule, allowing more rapid formation of the cyclic imide (28), or it may occur 
by catalysis by side-chains brought into the vicinity of the deamidation site (5).

The availability of water appears to be an important determinant in 
 temperature-associated effects. In studies of lyophilized formulation of Val-Tyr-
Pro-Asn-Gly-Ala, the deamidation rate constant was observed to increase about an 
order of magnitude between 40°C and 70°C (29). In contrast, in the solid state, the 
Arrhenius relationship was not observed. Further, the deamidation in the solid state 
showed a marked dependence upon the temperature when the peptide was lyophi-
lized from a solution of pH 8, while little temperature dependence was observed 
when lyophilization proceeded from solutions at either pH 3.5 or pH 5. The authors 
related this temperature difference to changes in the reaction mechanism that may 
occur as a function of pH.



Chemical Considerations in Protein and Peptide Stability 11

McNally  PTR  09/24/07  Chapter 02

Adjuvants and Excipients

The infl uence on deamidation by a variety of buffer ions and solvents has been 
examined. As pointed out by Cleland et al. (4) and reinforced by Tomizawa et 
al. (13), many of these additives are unlikely to be employed as pharmaceuti-
cal excipients for formulation, but they may be employed in protein isolation 
and purifi cation procedures (30). Important clues to stabilization strategies can 
be gained from these studies. In the following, it is fruitful to keep in mind the 
importance of the attack of the ionized peptide-bond nitrogen on the side-chain 
carbonyl and the hydrolysis of the cyclic imide (Fig. 1).

Buffers

Buffer catalysis appears to occur in some but not all peptides and proteins studied 
(5). Bicarbonate (16) and glycine (12) buffers appear to accelerate deamidation. On 
one hand, the phosphate ion has been shown to catalyze deamidation, both in pep-
tides and in proteins (12,13,16,31–34), generally in the concentration range of 0 to 
20 mM. Capasso et al. (35,36) observed the acceleration of deamidation by acetate, 
carbonate, Tris, morpholine, and phosphate buffers only in the neutral to basic pH 
ranges. On the other hand, Lura and Schrich (37) found no infl uence on the rate of 
deamidation of Val-Asn-Gly-Ala when buffer components (phosphate, carbonate, or 
imidazole) were varied from 0 to 50 mM. A general acid–base mechanism by which 
the phosphate ion catalyzes deamidation was challenged in 1995 by Tomizawa et al. 
(13), who found that the rate of lysozyme at 100°C did not exhibit the expected linear 
relationship of deamidation rate on phosphate concentration. Although not linked to 
deamidation, it is worthwhile to note that at pH = 8 and 70°C, tris(hydroxymethyl)
aminomethane buffer (Tris) has been shown to degrade to liberate highly reactive 
formaldehyde in forced stability studies of peptides (38).

Ionic Strength

The effects of ionic strength appear to be complicated and not open to easy gen-
eralizations. Buffer and ionic strength effects on deamidation are evident in pro-
teins at neutral to alkaline pH (5). In selected peptides and proteins, the catalytic 
activity of phosphate has been shown to be reduced moderately in the presence 
of salts NaCl, LiCl, and Tris HC1 (12,13). Of these salts, NaCl showed the least 
protective effect against deamidation (13).

In the peptide Gly-Arg-Asn-Gly at pH 10, 37°C, the half-life t1/2 of deami-
dation dropped from 60 hours to 20 hours when the ionic strength was increased 
from 0.1 to 1.2 (22). However, in the case of Val-Ser-Asn-Gly-Val at pH 8, 60°C, 
there was no observable difference in the t1/2 of deamidation when solutions with-
out salt were compared to those containing 1 M NaCl or LiCl (12). Interestingly, 
for lysozyme at pH 4 and 100°C, added salt showed a protective effect against 
deamidation, but only in the presence of the phosphate ion (13).

In reviewing the data above, Brennan and Clarke (17) tentatively attributed 
the promotion of deamidation by elevated levels of ions to enhanced stabilization 
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of the ionized peptide-bond nitrogen, promoting attack on the side-chain amide 
carbonyl. Other mechanisms would include disruption of tertiary structure in pro-
teins that may have stabilized Asn residues, in some as-yet unknown fashion. That 
promotion of deamidation is observed in some cases of peptides, and inhibition in 
others does suggest rather complex and competing effects. Clearly, the stabilizing 
effects, when observed at all, are often at levels of salt too concentrated for most 
pharmaceutical formulations.

Solvents

The effect of various organic solvents on the rate of deamidation has not received 
much attention; it would be expected, however, that in the presence of a reduced 
dielectric medium, the peptide-bond nitrogen would be less likely to ionize. Since 
the anionic peptide-bond nitrogen is necessary in the formation of the cyclic 
imide, a low dielectric medium would retard the progress of the reaction and be 
refl ected in the free energy difference for ionization of the peptide-bond nitrogen 
(17). Following this hypothesis, Brennan and Clarke (39) analyzed succinimide 
formation of the peptide Val-Tyr-Pro-Asn-Gly-Ala [the same peptide employed 
by Patel and Borchardt (16) in studies of pH effects in aqueous solution] as a func-
tion of organic cosolvent (ethanol, glycerol, and dioxin) at constant pH and ionic 
strength. The lower dielectric constant media resulted in a signifi cantly lower rate 
of deamidation, in agreement with the hypothesis. It was argued that the similar 
rates of deamidation for different cosolvent systems of the same effective dielec-
tric constant indicated that changes in viscosity and water content of the medium 
did not play a signifi cant role.

The effect of organic cosolvents on deamidation in proteins is even less 
well characterized than that of peptides. Trifl uoroethanol (TFE) inhibits deami-
dation of lysozyme at pH 6 and 100°C (13), and of the dipeptide Asn-Gly, but 
does not inhibit the deamidation of free amino acids. The mechanism of protec-
tion is not clear; direct interaction of the TFE with the peptide bond was postu-
lated, but not demonstrated. An alternative hypothesis is that TFE induces greater 
structural rigidity in the protein, producing a structure somewhat resistant to the 
formation of the cyclic imide intermediate. Other, pharmaceutically acceptable 
solvents, ethanol and glycerin, did not exhibit the same protective effects as TFE 
on lysozyme.

Of course, in dosage form design, organic solvents such as TFE are not use-
ful as pharmaceutical adjuvants. The effects of low dielectric may still supply a 
rationale for the solubilization of peptides in aqueous surfactant systems, where 
the hydrophobic region of a micelle or liposome could potentially enhance the 
stabilization of the Asn residues from deamidation. As pointed out by Brennan and 
Clarke (17), the results of experiments in organic solvents can have implications on 
the prediction of points of deamidation in proteins as well. For Asn residues near 
the surface of the protein, where the dielectric constant is expected to approach that 
of water, the deamidation rate would be expected to be high. For Asn residues bur-
ied in more hydrophobic regions of the protein, where polarities are thought to be 
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more in line with that of ethanol or dioxane (40), reaction rates would be expected 
to be considerably slower.

Computational studies on the effects of solvent on the reaction were carried 
out recently by Catak et al. (41). They report that, in the absence of water, the 
overall activation energy barrier is on the order of 50 kcal/mol, and that this drops 
to a value of about 30 kcal/mol in the presence of water. In all, about three water 
molecules participate directly in the reaction, assisting in hydrogen transfer and in 
the cyclization outlined in Figure 1.

Polymers and Sugars

Considerable interest has developed in the stabilization of proteins and peptides in 
solid matrices, either polymeric or sugar based. In most solid polymer matrices, 
the primary role is to improve pharmacokinetic and pharmcodynamic properties 
of the active by modifying release characteristics and most studies are designed 
with this intention in mind (42). Sugars are usually employed as an aid to lyophi-
lization of proteins, with the intent of maintaining the tertiary structure and pre-
venting aggregation (43).

The state of the polymer and the activity of water appear to be critical factors 
in the stabilization of the peptide against deamidation. In general, the observed 
degradation rate constants exhibit the following rank order: solution > rubbery 
polymer > glassy polymer (38,44–46). However, this observation does not appear 
to be valid in every case (44). It has been proposed that up to 30% of a peptide 
may bind to polyvinylpyrrolidone (PVP) in the solution state, complicating the 
kinetic analysis (47).

Peptide stability in polymer matrices that are themselves also undergoing 
degradation provides a unique challenge. For example, it has been observed that 
PVP may form adducts with the N-terminus of peptides (48). Systematic studies of 
the deamidation of a model peptide in fi lms of the copolymer polylactic– glycolic 
acid (PLGA) have shown that the reaction is the primary route of degradation 
only after longer storage times at higher water content (49). The delay in the 
onset of deamidation of peptide in PLGA may be related to the time necessary to 
establish an “acidic microclimate” that arises from the hydrolysis of the polymer 
(50). In support of this acid-catalyzed deamidation hypothesis in PLGA fi lms, the 
reaction product, isoaspartate was not found.

Computational studies may supply additional insight. Computer simula-
tions of the mobility of peptide, water, NH3, and polymer in PVP matrix have 
been carried out by Xiang and Anderson (51). They observed that the diffusiv-
ity of water, NH3, and peptide were between two and three orders of magnitude 
slower in PVP compared to aqueous solution. Importantly, the conformational 
dynamics of the peptide in the glassy polymer exhibited a higher energy barrier 
between states than seen for the peptide in water. Thus, two of the critical events 
in the process of deamidation, the conformational changes necessary to form the 
cyclic intermediate in the glassy polymer and the diffusion away of the NH3 after 
release, are both slowed considerably in the solid state.



14 Bummer

McNally  PTR  09/24/07  Chapter 02

The effect of sugars on the deamidation of a model peptide has been exam-
ined. At pH = 7, a solution of peptide in a 5% sucrose or mannitol reduced the 
deamidation rate to about 16% of that found in the absence of sugars (52). When 
stored in the solid state, the rate of reaction was even slower, although sucrose 
appeared to stabilize the peptide to a greater extent than did mannitol. It was 
observed that sucrose remained amorphous during the test period while mannitol 
crystallized, complicating the interpretation of the data (53). Cleland et al. (43) 
determined that 360:1 was the optimal sugar–antibody molar ratio necessary to 
inhibit aggregation and deamidation over a three-month period. Sugars sucrose, 
trehalose, and mannitol were able to stabilize the protein so long as less than 8.4% 
moisture was present.

Our understanding of the stabilization of peptides and proteins in polymer 
and sugar matrices is far from complete, and additional insight into the molecular 
mechanism might benefi t from the bounty of studies carried out with small mol-
ecules in similar systems. Experiments must be designed carefully and interpreted 
with caution so as to clearly separate the solvent effects of water and perhaps even 
NH3 on the reaction from the plastisizing effects on the matrix.

Peptide and Protein Structure

The ability to identify which Asn or Gln residues in a therapeutic protein or 
 peptide may be vulnerable to deamidation would have great practical applica-
tion in preformulation and formulation studies. The effects of various levels of 
 structure—primary, secondary, and tertiary—are believed to be complex and 
 varied. At present, only primary structure effects have been characterized in a 
systematic manner.

Primary Sequence

The primary sequence of amino acids in a peptide or protein is often the fi rst 
piece of structural data presented to the formulation scientist. Considerable effort 
has been spent to elucidate the infl uence of fl anking amino acids on the rates of 
deamidation of Asn and Gln residues. The potential effects of fl anking amino 
acids are best elucidated in simple peptides, uncomplicated by side reactions or 
secondary and tertiary structure effects.

Effect of amino acids preceding Asn or Gln: In an extended series of 
early studies, Robinson and Rudd (24) examined the infl uence of primary sequence 
on the deamidation of Asn or Gln in the middle of a variety of pentapeptides. Mild 
physiologic conditions (pH 7.5 phosphate buffer at 37°C) were employed. A few 
general rules can be extracted from this work:

1. In practically every combination tested, Gln residues were less prone 
to deamidation than Asn. For the two residues placed in the middle of 
otherwise identical host peptides, the half-life of the reactions differed 
by a factor ranging from two- to threefold.
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2. In peptides Gly-X-Asn-Ala-Gly, steric hindrance by unionized X side-
chains inhibits deamidation. The rank order of deamidation rate found 
was Gly > Ala > Val > Leu > Ile, with the t1/2 ranging from 87 to 507 
days. It remains unclear why bulky residues inhibit the reaction, but 
reduced fl exibility of the sequence may be a factor. A similar effect was 
noted when Gln replaced Asn. In this case, t1/2 ranged from 418 to 3278 
days, in accordance with the diminished reactivity of Gln.

3. For the same host peptide, when the X side-chain was charged, the deam-
idation rate of Asn followed the rank order of Asp > Glu > Lys > Arg.

Effect of amino acids following Asn or Gln: Early experiments on dipep-
tides under extreme conditions indicated a particular vulnerability of the Asn-Gly 
sequence to deamidation (54). More recent studies of adrenocorticotropic hor-
mone (ACTH)-like sequence hexapeptide Val-Tyr-Pro-Asn-Gly-Ala under physi-
ologic conditions (55) have verifi ed that deamidation is extremely rapid (t1/2 of 1.4 
days at 37°C). The formation of the succinimide intermediate is thought to be the 
basis for the sequence dependence (10) of deamidation. It is generally believed 
that bulky residues following Asn may inhibit sterically the formation of the suc-
cinimide intermediate in the deamidation reaction.

Steric hindrance of the cyclic imide formation is not the only possible 
genesis of sequence-dependent deamidation. The resistance to cyclic imide 
formation in the presence of a carboxyl-fl anking proline peptide may be related 
to the inability of the prolyl amide nitrogen to attack the Asn side-chain (10). 
The computational studies of Radkiewicz et al. (56) suggest that the effect of 
the adjacent residue may largely be attributed to electrostatic/inductive effects 
infl uencing the ability of the peptide nitrogen atom to ionize (as seen in Fig. 1). 
In the case of glycine, the inductive effect is insuffi cient to explain the results, 
and the authors argue that the ability of glycine to sample more conformational 
space compared to other amino acids may help stabilize the nitrogen anion. 
Experimentally, the replacement of the glycyl residue with the more bulky 
leucyl or prolyl residues resulted in a 33- to 50-fold (respectively) decrease in 
the rate of deamidation (10). Owing to the highly fl exible nature of the dipep-
tide, the deamidation rate observed in Asn-Gly is thought to represent a lower 
limit.

In more recent studies, deamidation of Val-Tyr-X-Asn-Y-Ala, a peptide 
sequence derived from ACTH, was examined with different residues in both 
fl anking positions (57). When X was histidine (and Y is glycine), no acceleration 
of deamidation was found relative to a peptide where X is proline. Placing a His 
following the Asn was found to result in similar rates of deamidation when X was 
phenylalanine, leucine, or valine. The rate when X was histidine was slower than 
that of alanine, cysteine, serine, or glycine. These results indicate that histidine 
does not have unique properties in facilitating succinimide formation. Of inter-
est was the observation that histidine on the carboxyl side of the Asn did seem to 
accelerate main-chain cleavage products.
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Some of the general rules for peptides may also show higher levels of 
dependence on primary sequence. Tyler-Cross and Schrich (12) studied the infl u-
ence of different amino acids on the adjacent amino end of the pentapeptide Val-
X-Asn-Ser-Val at pH 7.3. For X = His, Ser, Ala, Arg, and Leu, deamidation rates 
were essentially constant and approximately seven times slower than the Val-
Ser-Asn-Gly-Val standard peptide. Of special interest to the investigators was the 
observation of no difference in deamidation rates between those amino acids with 
and without β-branching (such as valine for glycine). This is in direct contrast to 
the fi ndings of Robinson and Rudd (24) of 10-fold differences in deamidation 
for valine substitution for glycine in Gly-X-Asn-Ala-Gly, shown earlier. Under 
the mild alkaline conditions of Patel and Borchardt (16), Val-Tyr-X-Asn-Y-Ala, 
no difference in the deamidation rate constants was observed when proline was 
substituted for glycine in the X position.

Data mining: Data-mining approaches have been employed to formulate 
a semiquantitative means of predicting the effect of primary structure on rate of 
deamidation. Capasso (58) proposed the extrathermodynamic relationship shown 
in Equation 1:

Log k1 = Xp + ZAsn + Yp (1)

Here k1 is the observed rate constant for deamidation, Xp is the average contribu-
tion of the specifi c amino acid that precedes Asn, Yp is the average contribution 
due to the amino acid that follows Asn, and ZAsn is the value when both the preced-
ing and following amino acids are glycine. Over 60 peptides were included in the 
database. As expected, the greatest infl uence on the deamidation rate in peptides 
was found to arise from the identity of the following amino acid. Some of the 
values for Yp are listed in Table 1. As suggested previously, relative to the effect 
of glycine, bulky hydrophobic amino acids such as valine, leucine, and isoleucine 

Table 1 Rate Constants Reported for the Reactiona of 
OH• with the Side Chains of Selected Amino Acids (101)

Amino acid k (L/mole-s)b

Cysteine 4.7 × 1010

Tyrosine 1.3 × 1010

Tryptophan 1.3 × 1010

Histidine 5 × 109

Methionine 8.3 × 109

Phenylalanine 6.5 × 109

Arginine 3.5 × 109

Cystine 2.1 × 109

Serine 3.2 × 108

Alanine 7.7 × 107

aMost values determined via radiolysis.
bThe pH values of many of these studies have not been listed.
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appear to show the slowest deamidation rate, while the smaller, more polar histi-
dine and serine show a rate closer to that of glycine. There do appear to be some 
discrepancies between these results and those mentioned earlier (12,16,57), in 
particular with respect to the experimentally observed effect of histidine. Clearly, 
different databases may give different results. At best, Equation 1 may be viewed 
as a fi rst approximation for estimating deamidation rates in formulation studies.

Robinson et al. (59–61) have taken a different approach to mining by 
including means to account for the three-dimensional structure of the side-chains 
and by avoiding the use of data gathered in the presence of the known catalyst, 
phosphate buffer. A method has been proposed to estimate the deamidation reac-
tion half-life at 37°C and pH = 7.4 based on the primary sequence (61). The 
extent to which this method may accurately predict the deamidation rate of pep-
tides in pharmaceutical systems has not yet been rigorously tested experimen-
tally, but if proven valid, it would supply a rather useful tool in guiding early 
formulation studies.

Secondary and Tertiary Structure

X-ray or nuclear magnetic resonance (NMR) data can provide a detailed map of 
the three-dimensional structure of the protein or peptide. The role of secondary 
and tertiary structures in intramolecular deamidation of proteins has been dis-
cussed by Chazin and Kossiakoff (62). It is beyond the scope of this work to 
present a comprehensive review of the details of deamidation reactions in spe-
cifi c proteins. Excellent reviews of a variety of specifi c proteins exist (6). For the 
most part, detailed mechanisms relating the secondary and tertiary structures of 
proteins to enhancement of rates of deamidation are not yet available.

Clear differences in the deamidation rates of some proteins are evident when 
native and denatured states are compared (13,63). Denaturation is thought to enhance 
main-chain fl exibility and water accessibility (62). Suffi cient conformational fl ex-
ibility is required for the Asn peptide to assume the dihedral angles of Φ = −120°C 
and Ψ = +120°C necessary for succinimide formation. In as much as such angles 
tend to be energetically unfavorable (64) in native proteins, it may be expected that 
Asn residues in the midst of rigid secondary structures, such as helices, may be 
resistant to deamidation. Other reactions, such as cross-linking might also give rise 
to rigid regions of the protein and enhanced resistance toward deamidation (65).

The direct infl uence of secondary structure on deamidation may be best under-
stood in terms of hydrogen-bonding patterns that give rise to defi ned structures. 
The α-helix is characterized by the hydrogen-bonding of the main-chain carbonyl 
oxygen of each residue to the backbone nitrogen-hydrogen of the fourth residue 
along the chain. The resulting bond is close to the optimal geometry, and therefore 
maximal energy, for such an interaction (464). Hydrogen bonds in β-sheets are not 
of fi xed periodicity as in the helix, but can exhibit comparable bond energies. Citing 
structural data for trypsin (66), Chazin and Kossiakoff (62) argue that strong main-
chain hydrogen-bonding of the peptide nitrogen following Asn is an important fac-
tor in modulating deamidation. Since formation of the succinimide intermediate 
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requires the peptide nitrogen to be free to attack the side-chain carbonyl, participa-
tion in a strong hydrogen bond by that nitrogen would inhibit the reaction. X-ray 
crystallography or NMR data may be helpful in identifying Asn residues in native 
structures likely to be protected by such a mechanism (62). Perhaps studies modeled 
along the lines of guest–host relationships would be helpful in elucidating further 
the infl uence of secondary structure on deamidation (67).

Effects of Deamidation on Secondary and Tertiary Structure

The effects of deamidation on the secondary and tertiary structure of the reaction-
product protein have been diffi cult to generalize (7). In 1994, in an extensive and 
detailed series of studies, Darrington and Anderson showed that deamidation strongly 
infl uences the noncovalent self-association (68) and covalent dimer formation (68,69) 
of human insulin. The noncovalent dimer formation of triosephosphatase (70) is 
inhibited by deamidation, probably by charge repulsion arising from the resulting 
additional anionic charges present in the hydrophobic faces of the monomers.

Deamidation in concentrated solutions of food proteins tends to show increased 
viscosity, possibly due to enhanced charge interactions between formerly uncharged 
portions of the protein molecule (63). The isoelectric point of the deamidated mol-
ecule is shifted toward lower values, possibly resulting in the modifi ed potential for 
adsorption to solid surfaces (71). Foamability of protein solutions subject to deami-
dation is greatly enhanced, probably because of partial unfolding (63).

Deamidation can destabilize a protein, making thermal (70) or chemical 
(13) denaturation more likely. Folding patterns may be infl uenced (72,73), and 
changes in secondary structure can result (70). Other proteins appear to be resis-
tant to structure alterations secondary to deamidation (74,75).

OXIDATION

Introduction

Oxidation has been identifi ed as another of the major degradation pathways in 
proteins and peptides and can occur during all steps of processing, from protein 
isolation to purifi cation and storage (76,77). A change in the biological activity of 
a therapeutic agent potentially can arise from an altered enzymatic activity, inhib-
ited receptor binding properties, enhanced antigenicity, or increased sensitivity to 
in vivo proteases. In some instances, biological activity is completely or partially 
lost upon oxidation, while in other instances, no effect on bioactivity is observed. 
The molecular mechanism of altered bioactivity often comes about either by oxi-
dation of a critical residue at or near the enzyme active site or receptor binding 
site, or by a dramatic change in the structure of the protein upon oxidation. At 
present, no general rules are evident to predict with certainty all the effects of 
oxidation on the biological activity of a particular protein.

The chemistry of autoxidation (i.e., oxidation, not enzyme- or radiation-
catalyzed) in nonprotein drug molecules has been reviewed (78,79). There are 
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three main steps that make up any free radical chain reaction oxidation mecha-
nism, namely: initiation, propagation, and termination. In the initiation step, free 
radical generation is catalyzed by transition metal ions, light energy, or thermal 
energy. Once initiated, oxidation reactions propagate by chain reactions of organic 
substances with reactive oxygen species such as singlet oxygen, hydroxyl, and 
peroxyl radicals. The propagation steps are either hydrogen atom abstraction or 
addition to olefi n. In the termination step, free radicals, both alkyl and reactive 
oxygen, are consumed without producing further radicals among the products. 
For the purposes of pharmaceuticals, it is important to emphasize the role of both 
trace metal ions and dissolved oxygen in accelerating oxidation (76,80).

Oxidation in Pharmaceutical Proteins and Peptides

In living systems, a variety of well-characterized reactive oxygen species are 
produced (81,82). In pharmaceutical formulations, identifying a single oxidation 
initiator is often diffi cult, since a variety of initiation possibilities exist, such as 
photochemical (83,84), metal ion catalyzed (85,86), and high energy γ-radiation 
(85). Even something as seemingly simple as sonication may promote the gen-
eration of reactive oxygen species (87). It has been convincingly shown that the 
extent of protein oxidation, and subsequent loss of biological activity, exhibits 
strong dependence upon the oxidation system employed (84,88–90).

In pharmaceutical proteins, transition metal ion catalysis of oxidation has 
received the lion’s share of attention (89,91,92), while much less attention has 
been devoted to light energy and thermal energy (83,84).

Metal Ion Catalysis of Oxidation

Because of their importance in biological systems, a variety of metal ion–cata-
lyzed oxidation systems have been identifi ed and cataloged (85). Since the metal 
ion–catalyzed systems tend to be amenable to laboratory manipulations, they have 
been employed in stability studies (89,91,92). More importantly, trace levels of 
metal ions known to initiate oxidation are often present as contaminants in phar-
maceutical systems (76), making an understanding of metal ion catalysis highly 
relevant to the job of formulation stabilization.

Iron(II) and copper(II) salts, in the presence of molecular oxygen and water, 
will slowly oxidize to form O•−

2 (superoxide radical) by Equation 2.

Fe(II) + O2 ⇔ Fe(III) + O•−
2  (2)

The superoxide radical is not stable at neutral pH and undergoes dismutation to 
form hydrogen peroxide by Equation 3.

2O•−
2 + 2H + ⇔ H2O2 + O2 (3)

Hydrogen peroxide reacts further to produce hydroxyl radicals (OH•) by 
Equation 4.

H2O2 + Fe(II) ⇔ Fe(III) + OH• + OH− (4)
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Hydroxyl radicals are capable of abstracting hydrogen atoms with bond energies 
less than 89 kcal/mol (93–95), producing a carbon-centered radical by Equation 5.

OH• + RH ⇔ H2O + R• (5)

In the presence of oxygen, the carbon-centered radical forms the organic radical 
ROO•. ROO• is capable of entering a variety of chain-reaction propagation and 
termination reactions (91). Overall, at least four different reactive oxygen species, 
each able to oxidize pharmaceutical proteins, may be produced. In solutions of 
free amino acids, oxidation by OH• shows a strong dependence on bicarbonate 
ion concentration (85,96). It has been suggested that the bicarbonate ion may be 
required to interact with the amino acid and Fe(II) to form a hybrid complex.

Site-Specifi c Metal Ion–Catalyzed Oxidation

Radiolysis studies have shown that all amino acid side-chains are vulnerable to 
oxidation by reactive oxygen species. The same oxygen radicals, when produced 
by metals (Eqs. 2–5), tend to attack preferentially only a few amino acid residues, 
most notably His, Met, Cys, and Trp. In addition, metal ion–catalyzed oxidation 
of proteins can show relative insensitivity to inhibition by free radical scavenger 
agents (91,92). These observations have led to the hypothesis that metal ion–
 catalyzed oxidation reactions are “caged” processes in which amino acid resi-
dues in the immediate vicinity of a metal ion binding site are specifi c targets of 
the locally produced reactive oxygen. Schoneich and Borchardt have discussed 
the following reaction (92):

D–Fe(II) + O2 + H+ → D–Fe(III)–OOH (6)

D is some binding ligand, such as a buffer species, peptide, or protein. By this 
mechanism, any amino acid residues capable of forming a metal ion binding site 
are potential sources of reactive oxygen species. Since reaction of the oxygen 
radical usually occurs in the immediate region of its production before escape 
into the bulk solution by diffusion, free radical scavengers are unlikely to be effi -
cient formulation protective agents (92). It has been suggested that the terminal 
hydroxyl group of serine, the free carboxyl groups of aspartic and glutamic acids, 
the imidazole ring of histidine, and the free amino or free carboxyl groups of 
N-terminal and C-terminal (respectively) residues participate in binding metal 
ions to proteins (96). Further, since a metal ion binding site may be formed by 
appropriate residues upon folding of the protein molecule, these amino acids need 
not be adjacent to each other in the primary sequence.

Oxidation by Hydrogen Peroxide Addition

Addition of hydrogen peroxide has been employed as a means to study oxidation 
of proteins (88,97,98), the advantage being that the concentration and identity of 
the initiating oxidant is known. In some instances, hydrogen peroxide has been 
shown to be an oxidant specifi c for methionine (99), while in other instances, oxi-
dation of cysteine and tryptophan residues also occurs (100). Hydrogen peroxide 
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is thought to oxidize only residues easily accessible on the surface of the folded 
protein, but more recent evidence suggests oxidation of both surface and buried 
residues (99). It has been proposed that t-butyl hydroperoxide may be a highly 
specifi c oxidizer of surface-localized methionine residues (99).

A highly detailed mechanism of the oxidation by hydrogen peroxide of the 
amino acid cysteine to the disulfi de has been recently published (98), showing the 
formation of cysteine sulfenic acid as an intermediate. These authors proposed a two-
step nucleophilic reaction where the thiolate anion attack on the neutral hydrogen 
peroxide is the rate-determining step. Effects of buffer pH, temperature, and ionic 
strength were all included in the model. Well-controlled studies such as this will go 
a long way to elucidating details of the molecular mechanism(s) of oxidation.

Specifi c Amino Acid Side-Chains

Overview of Amino Acid Oxidation

First-order rate constants for the reaction of OH with the side-chains of selected 
amino acids have been listed (101) and representative values are shown in Table 1. 
As a free amino acid, cysteine is the most sensitive to reaction followed closely 
by the aromatic side-chains. Overall, the reaction rate constants vary less than 
three orders of magnitude, with the higher values approaching the diffusion limit. 
Although these values are specifi c for reactions with free amino acids and thus do 
not take into account effects due to accessibility, they may be useful as early esti-
mates of the sensitivity of a peptide to OH. Not listed in Table 1 are the reported 
values for the reaction of OH with selected small peptides (101). In general, the 
value for the reaction rate constant of a peptide appears to be close to that of the 
most reactive individual amino acid (101).

One of the most damaging reactions of oxygen radicals is that of hydrogen 
abstraction from the peptide backbone, in particular at the α-carbon (102,103) 
As shown in Figure 3, in the presence of O2, a peroxyl radical is formed that can 
convert to an imine, followed by hydrolysis of the backbone (102,103).

Methionine

Methionine has been identifi ed as an easily oxidized amino acids in proteins (Table 1), 
and oxidation of this residue has received considerable attention. Oxidation deprives 
methionine of its ability to act as a methyl donor, which will infl uence the bioactiv-
ity of proteins dependent on that function (104). The reaction product of methionine 
oxidation is the corresponding sulfoxide and, under more strenuous oxidation condi-
tions, the sulfone (Fig. 4). These are not the only possible reaction products, but they 
are usually the fi rst to appear.

Not surprisingly, mechanisms of oxidation of methionine appear to be highly 
dependent on the reactive oxygen species under consideration (84). Peroxide (105), 
peroxyl radicals (106), singlet oxygen (105), and hydroxyl radical (91) have all 
been shown to oxidize methionine residues to sulfoxides and other products. The 
identity of major oxidizing species present in these solutions remains a matter of 
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controversy (107,108). The reaction mechanisms for proteins in pharmaceutical 
systems are incomplete, because not all products and intermediates are known.

Oxidation of methionine in recombinant human relaxin: Photocata-
lyzed oxidation. A series of papers spanning the 1990s studied methionine oxida-
tion initiated by light (84), hydrogen peroxide (88), and ascorbic acid–Cu(II) (89) 
in recombinant human relaxin. Upon exposure to light of an intensity of 3600 
candles for 5 to 17 days, both methionine residues, Met-B4 and Met-B25, located 
on the surface region of the B-chain were oxidized to the sulfoxide derivative (84). 
The identity of the reactive oxygen species formed upon exposure to light was not 
reported, but peptide mapping results suggest a wide variety of reaction products.

Figure 3 Involvement of peroxyl radical in the hydrolysis of peptide backbone.
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Hydrogen peroxide. In the presence of added hydrogen peroxide, the methi-
onines (Met-B4 and Met-B25) were the only residues of relaxin to be oxidized 
(88). Three products were isolated, the monosulfoxide for each methionine and 
the corresponding disulfoxide. The reaction rate was independent of pH (range 
3–8), ionic strength (0.007–0.21 M NaCl), or buffer species (lactate, acetate, 
Tris). Interestingly, the rate of reaction of the two methionine groups differed, 
with  oxidation at Met-B25 being more rapid than at Met-B4. The oxidation rate of 
Met-B25 was equivalent to that observed for free methionine and for methionine 
in a model peptide of the relaxin B-chain (B23–B27). The reduced rate of oxi-
dation at the solvent-exposed residue Met-B4 relative to Met-B25 suggests that 
accessibility of the residues to H2O2 may play a role in the reaction.

Pro-oxidant system ascorbic acid–Cu(II). Contrary to the results observed 
in the presence of hydrogen peroxide, in the presence of the pro-oxidant system 
ascorbic acid–Cu(II), a pH-dependent precipitation of relaxin was observed (89). 
Approximately 80% of protein was lost from solution within 25 minutes at pH 7 
to 8. Chromatographic results indicated that the aggregate was not held together 
by covalent forces. In a second signifi cant aspect of the study (88), in the pres-
ence of ascorbic acid–Cu(II), investigators observed oxidation of histidine and 
methionine (89). One fi nal important difference is that Met-B4 was oxidized pref-
erentially over Met-B25. All these differences are consistent with the conclusion 
that the oxidant system employed for in vitro studies can have a major impact 
on the results. Clearly, the issue of identifying the radical species responsible for 
oxidation of methionine, or any other residue, is of primary importance in setting 
down complete reaction mechanisms.

Methionine oxidation studies with model peptides: As has been pointed 
out, development of a molecular-level understanding of oxidation in protein 
drug delivery systems has been hampered by a lack of characterization of the 
reaction mechanism and the products. A trail-blazing work by Li and coworkers 
(91,92,109) has begun for addressing the much-needed mechanistic description 
of the effects of pH and primary sequence on oxidation pathways of methionine 
in simple model peptides. These authors have primarily employed the metal 
ion– catalyzed pro-oxidant system and a series of simple methionine-containing 

Figure 4 Oxidation of methionine fi rst to the sulfoxide and then to sulfone derivatives.
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 peptides. Considerable efforts have been expended with specifi c radical scaven-
gers to identify the reactive oxygen species responsible for oxidation.

Buffers and pH: Using the pro-oxidant systems of dithiothreitol/Fe(III) 
to generate reactive oxygen species, oxidation of methionine in Gly-Gly-Met, 
Gly-Met-Gly, and Met-Gly-Gly was studied as a function of pH. The degradation 
rate followed fi rst-order kinetics with respect to peptide, while mass balance com-
parisons showed that sulfoxide was not the terminal degradation product. The rate 
of loss of the parent peptide did not vary with pH in the range 6 to 8.1. The rate of 
loss was observed to accelerate with pH beyond this range.

Li et al. (109) found that the second-order rate constants for the degradation 
of His-Met in the ascorbic acid–Fe(III) pro-oxidant system show a maximum at pH 
6.4. The appearance of a maximal pH was attributed to competing effects of pH 
on ascorbic acid. Deprotonation of ascorbate at a higher pH (pK1 = 4.1) facilitates 
electron donation to Fe(III) and accelerates the initiation reaction, while at the same 
time, ascorbate becomes a better oxygen radical scavenger, inhibiting the reaction. 
The buffer species also seems to play a role in the kinetics of degradation. In buffers 
of equal ionic strength, methionine oxidation was faster in the presence of phosphate 
than in the presence of Tris or HEPES. Phosphate buffers may facilitate the electron 
transfer from Fe(II) to oxygen, promoting the reaction (109). Buffer species such as 
Tris or HEPES have a weak affi nity for metal ions (110) and result in methionine 
oxidation reaction rates that are somewhat less than that of phosphate. Tris and 
HEPES have also been reported to be scavengers of hydroxyl radicals (111), which 
would be expected to further inhibit reactions in which the hydroxyl radical is the 
primary reactive oxygen species. In temperature studies, the energy of activation 
was found to be 23.9 ± 2 kJ/mol, but it is unknown whether this characterizes the 
formation of the oxidizing species, the oxidation of methionine, or both.

Primary sequence: Li et al. (109) also studied the effect of primary 
structure on methionine oxidation. When in a terminal position, Met-Gly-Gly or 
Gly-Met-Met, the fi rst-order degradation rate constants are greater than that of the 
mid-position Gly-Met-Gly. The inclusion of histidine in His-Met greatly acceler-
ates the degradation of methionine. The greatest degradation rates are observed in 
His-Gly-Met and His-Pro-Met, where methionine is separated by one residue from 
histidine. Even His-Gly-Gly-Gly-Gly-Met shows enhanced degradation rates (by 
a factor of 5) compared to Gly-Gly-Met. Whether this is related to the metal ion 
binding and localized oxidation is not yet known with certainty. The authors do 
note that the degradation products of these reactions have not been characterized, 
and complete reaction mechanisms are not yet available.

Histidine

Histidine is also highly susceptible to oxidation, either by photocatalyzed or by 
metal ion–catalyzed mechanisms. Photooxidation of proteins in vivo has been 
extensively studied (112,113). Photosensitizing agents such as methylene blue 
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(114) or rose bengal (115) are required for photooxidation to take place via the 
production of singlet oxygen (1O2). A cycloperoxide ring is produced by the addi-
tion of 1O2 to the imidazole ring of histidine (116). The kinetics of photoreactions 
are often very complex (117), being further complicated by issues of histidine 
accessibility to solvent and 1O2 (118) as well as simultaneous metal-catalyzed 
oxidation (119). A variety of products are produced, including the amino acids 
aspartic acid and Asn (76,120).

From the standpoint of pharmaceutical formulations, recent evidence sug-
gests that the oxidation products of ascorbic acid (a frequently employed anti-
oxidant) may be potent photosensitizing agents, enhancing histidine oxidation in 
proteins. Ortwerth et al. (119) reported 1O2 concentrations in the millimolar range 
and H2O2 in the micromolar range after one hour of irradiation with ultraviolet 
light in the presence of dehydroascorbate and diketogulonic acid (by-products 
of ascorbic acid oxidation). Complete protection against photooxidation can be 
attained by protection from light or removal of all dissolved oxygen gas (112).

There has been some study of the effect of primary structure on the pho-
tooxidation of histidine. Miskoski and Garcia (112) found little difference in the 
rate of photooxidation of histidine as the free amino acid and in dipeptides His-
Gly and Gly-His. Changing the solvent to acetonitrile/water (1:1) resulted in an 
order-of-magnitude decrease in the rate of oxidation in all three substrates, which 
is suggestive of polarity effects on the rate of reaction.

Histidine appears to be particularly sensitive to transition-metal-catalyzed 
oxidation, presumably because it often forms a metal binding site in proteins 
(121). Fenton chemistry at the bound metal ion (such as that as in Eq. 6) could 
result in high localized concentrations of reactive oxygen species. Histidine resi-
dues at the N-terminus appear to be especially susceptible to site-directed metal 
ion–catalyzed oxidation (122). Metal-catalyzed oxidation of histidine results in 
the production of 2-oxo-imidazoline (Fig. 5) (123). By-products of the proposed 
reaction include aspartic acid. In the metal ion–catalyzed oxidation of polyhisti-
dine, the production of aspartic acid is accompanied by scission of the histidyl 
peptide bond (120), but it remains unclear whether the scission is a part of the 
reaction mechanism or merely refl ects the instability of the 2-oxo-imidazoline 
ring to the conditions of isolation and analysis (120,124). Chain scission is not 
frequently observed in proteins upon histidine oxidation.

Figure 5 The fi rst product of histidine oxidation, 2-oxo-histidine.
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Cysteine

Metal ion–catalyzed oxidation of cysteine residues usually results in the forma-
tion of both intra- and intermolecular disulfi de bonds (125,126). Further oxidation 
of the disulfi de results in sulfenic acid.

The mechanism may be summarized as follows (107):

Formation of thiyl radical:

RS− + M+n ⇒ RS• + M+(n−1) (7)

Formation of disulfi de radical anion:

RS− + RS•  ⇒ RS•−SR (8)

Formation of superoxide:

RS−•SR + O2  ⇒ RSSR + O•−
2 (9)

Generation of peroxide:

RSH + O•−
2  + H+  ⇒ RS• + H2O2 (10)

Regeneration of M+n:

M+(n−1) + O2 ⇒ M+n + O•−
2  (11)

This mechanism can result in the production of reactive oxygen species capable of 
further oxidative damage to the disulfi de as well as to other residues in the vicinity. 
When metal ions are made unavailable by chelation with ethylenediaminetetraace-
tic acid (EDTA), cysteine oxidation is greatly reduced (127). In general, a pH of 6 
appears to be optimal for the oxidation of cysteine in proteins (128). At low pH, the 
protonation of the sulfhydryl (pKa 8.5) inhibits reaction with the metal ion (Eq. 7). 
In the alkaline region, electrostatic repulsion of two ionized cysteines is thought 
to result in an increased separation of the two residues and a reduced reaction rate 
(Eq. 8). Oxidation in the absence of a nearby thiol has also been observed (129).

Tryptophan

Tryptophan is well known to be a target of reactive oxygen species superoxide 
(130), singlet oxygen (131), hydroxyl radical (132), and peroxide (133). The most 
prominent reaction products of tryptophan oxidation appear to be N′-formylkyn-
urenine and 3-hydroxykynurenine (134). Monohydroxyl derivatives of tryptophan 
at the 2, 4, 5, 6, and 7 positions have also been observed (Fig. 6). N′-formylkyn-
urenine may be also formed by photooxidation (135). Metal ion catalysis of 
oxidation appears to play a role in the photolytic mechanism (134).

Very little work has been directed toward an understanding of the infl u-
ence of primary sequence upon tryptophan photooxidation (136,137). It is 
known that inclusion of Trp in a peptide bond signifi cantly reduces photocata-
lyzed radical yield (138). At neutral pH and in the presence of dissolved oxygen, 
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it has been observed that Gly-Trp photooxidizes at a rate approximately 10-fold 
that of Trp-Gly. Similarly, Leu-Trp degrades at a rate approximately threefold 
greater than Trp-Leu. In tripeptides, Gly-Trp-Gly degrades more rapidly than 
Leu-Trp-Leu. The mechanistic basis of these observations is not clear (136), 
and additional work remains to be done (137). Under anaerobic conditions, the 
photolytic degradation rate of tryptophan in peptides is also observed, but it 
is slowed considerably from the rates observed in the presence of oxygen. In 
addition, Leu-Trp-Leu exhibits even greater stability over Gly-Trp-Gly. These 
data indicate that both in the presence and in the absence of oxygen, leucine 
(with its large side-chain) occupying the C-terminal position next to Trp tends 
to decrease the degradation rate. Although these data do not provide a suffi cient 
base for a generalized rule, it can be speculated that steric effects have an infl u-
ence on the rate of photodegradation (137).

Photooxidation of Trp in proteins is known to be directly dependent on the 
accessibility of the residue to oxygen and solvent water (139,140). Trp residues 
buried in the core of the protein are less rapidly oxidized than those located at the 
surface of the molecule (140). Micellar solubilization of hydrophobic peptides 
appears to protect only the Trp residues located in the core of the micelle (139).

Phenylalanine and Tyrosine

In the presence of copper ion, phenylalanine is oxidized to 2-, 3-, or 4- (tyrosine) 
hydroxyphenylalanine (141), as shown in Figure 7. Tyrosine may photo- or radio-
oxidize to 3,4-dihydrophenylalanine (142), or cross-link with another tyrosine to 

Figure 6 Tryptophan oxidation products.
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form diotyrosine (143). The latter product may be protease resistant and stable 
to acid hydrolysis (143). Intermolecular cross-linking would result in increased 
molecular weight of the reaction product.

Proline

Hydroxyl radical oxidation by the hydroxyl radical of proline (144,145), as well 
as glutamic acid and aspartic acid (146), is characterized by site-specifi c cleavage 
of the polypeptide chain on the C-terminal end of the residue.

Formulation Factors and Oxidation

Overview of Excipient Effects

Shown in Table 2 is a list of fi rst-order rate constants for the reaction of OH with 
selected formulation excipients that have proved useful in protein systems (101). 
As with the amino acids shown in Table 1, the rate constants of the excipients 
listed in Table 2 vary by up to three orders of magnitude. Naturally, ascorbate 
appears to be the most sensitive to the presence of OH, but so are the proteins 
(albumin and gelatin) and unsaturated long-chain carboxylate (linoleate). The 
sensitivity of the latter compound may give rise to concern about the reaction of 
OH with surfactants containing unsaturated carbon chains as well as lipid-based 
systems containing triglycerides. A relatively simple iodometric assay suitable for 
the determination of peroxide levels in surfactants has been published (147).

Iron-catalyzed oxidation has been shown to be rather sensitive to pH 
(148,149). Phosphate buffer appears to accelerate the reaction as compared to 
HEPES, but it is possible that trace-metal contamination of the excipients may 

Figure 7 Tyrosine oxidation products.
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be complicating the observations. In addition, pH effects on metal ion chelation, 
such as by EDTA, must also be taken into account.

Some of the methods proposed for addressing oxidative damage in a bio-
logical matrix may prove useful in the study of proteins and peptides in complex 
lipid-based drug delivery systems (150). Although lacking specifi city, carbonyl 
assays are often employed as a convenient and rapid measure of the extent of 
protein damage by reactive oxygen species (151).

Polyethers

Many formulations take advantage of the ability of polyethylene glycol (PEG) and 
PEG-linked surfactants to stabilize proteins against aggregation and thermal dena-
turation. The potential ability of these adjuvants to promote oxidation becomes an 
important consideration. PEG and nonionic polyether surfactants are known to pro-
duce peroxides upon aging (152). These peroxides are responsible for drug degrada-
tion (153,153) in polyether-containing systems. The oxidation of one such polyether 
surfactant, polysorbate 80, has been shown to release formaldehyde, a potent protein 
cross-linking agent (154). Careful purifi cation of PEG-containing adjuvants prior to 
formulation should minimize this potential degradation mechanism.

Sugars and Polyols

Sugars are often employed as lyoprotectants and as part of the vehicle in the for-
mulation and administration of drugs. Literature reports indicate that moderately 

Table 2 Rate Constants Reported for the Reaction of OH• 
with Selected Formulation Excipients

Excipient pH k (L/mole-s)

Ascorbate 7 1.3 × 1010

Tartarate 7 6.8 × 108

EDTA 4 4 × 108

EDTA 9 2 × 109

Citric acid 1 5 × 107

Glucose 6.5 2.3 × 109

Glycerol 7 1.5 × 109

Linoleate 7 1.1 × 1010

Sucrose 7 2.3 × 109

Albumin 7 7.8 × 1010

Carboxymethylcellulose NL 2 × 108

κ-Carrageenan NL 2.2 × 108

Chondroitin-6-SO4 NL 6.8 × 108

Dextran 7 1 × 108

Gelatin NL 9.1 × 1010

Polyethylene oxide NL 3 × 108

Polyvinylpyrrolidone 7 5 × 107

Abbreviations: EDTA, ethylenediaminetetraacetic acid; NL, not listed.
Source: From Ref. 101.
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high concentrations of sugars and polyols seem to inhibit the oxidation of proteins, 
possibly by serving as hydroxyl radical scavengers (155–157). Although the rate 
constants for hydroxyl radical reactions with sugars and polyols are not as large as 
that of ascorbate (Table 2), the high concentrations of the carbohydrate and poly-
mer excipients typically employed in protein/peptide formulations may be respon-
sible for the protective effect.

It was reported in 1996 that various pharmaceutically acceptable sugars and 
polyols (glycerin, mannitol, glucose, and dextran) were successful in inhibiting 
ascorbate-Cu(II)–induced oxidation of the protein relaxin and of model peptides 
Gly-Met-Gly and Gly-His-Gly (158). Results of experiments with glycerin show 
that contrary to expectations, the protective effect is not the result of radical scav-
enging. Rather, these authors concluded that the protective effect of the sugars 
and polyols was due to complexation of transition metal ions. This is in accord 
with reports indicating weak, but stable, complexes of metal ions with sugars 
(159,160). Production of reactive oxygen species can be diminished or eliminated 
by means of competition with the peptide for binding of the metal ion (Eq. 7). 
Dextran also inhibited oxidation, but a detailed mechanism of the protective effect 
was not given. The safety and availability of these inexpensive additives make 
them very attractive as protective agents against oxidation.

The inclusion of glucose in a protein formulation is not without potential risks. 
Glucose has been shown to participate in oxidation reactions catalyzed by metal 
ions (161,162). Methionine oxidation products have been observed (163). Upon 
reaction of glucose with Fe(II), an enediol radical anion intermediate is formed that 
quickly reacts with molecular oxygen to form the ketoaldehyde (which itself can 
react with a free amino group on the protein, forming a keto aminomethylol) and 
the superoxide radical. As a reducing sugar, glucose has been shown to covalently 
modify relaxin by adding to the side-chains of lysine and arginine and by catalyz-
ing the hydrolysis of the C-terminal serine amide bond. Neither nonreducing sugar 
(trehalose) nor polyhydric alcohol (mannitol) participates in these reactions (158).

Antioxidants

Antioxidants are commonly employed to protect both small-molecule and pep-
tide/protein drugs from oxidation in pharmaceutical formulations. These are 
essentially sacrifi cial targets that have a great tendency to oxidize, consuming 
pro-oxidant species. The choice of an antioxidant is complicated in proteins and 
peptides because of the interaction chemistries possible between the antioxidant 
and the different amino acid side-chains (164). Even antioxidants that are them-
selves benign to proteins can become potent pro-oxidants in the presence of trace 
amounts of transition metal ions (e.g., ascorbic acid). In the absence of metal ions, 
cysteine, as a free amino acid, may act as an effective antioxidant (126,156). By 
virtue of its singlet oxygen scavenger activity, α-octocopherol has shown pro-
tective effects against photooxidation of proteins within lipid membranes (165). 
Whether this additive is effective in reducing oxidation of proteins or peptides in 
lipid-based delivery systems, such as liposomes or emulsions, remains unknown.
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Processing and Packaging

Removal of oxygen from solution by degassing processes may be an effective 
means of inhibiting oxidation in protein and peptide solutions (164,166). Even 
very low concentrations of oxygen in the headspace will promote oxidation (145). 
To minimize foaming in protein solutions during degassing, Fransson et al. have 
suggested cyclic treatments of low temperature and low pressure, followed by 
exposure to atmospheric-pressure nitrogen gas (83). Packaging in a light-resistant 
container may be helpful in reducing light-catalyzed oxidation. It should be kept 
in mind that glass may release minute quantities of metal ions suffi cient for metal 
ion–catalyzed oxidation (167).

Lyophilization

The infl uence of moisture content on oxidation and other protein-degradation reac-
tions has been explored by a number of authors (4,168,169). Most often, residual 
moisture enhances the degradation of proteins (4). Hageman has listed both oxi-
dation promotion and oxidation inhibition mechanisms of water (169). The pro-
oxidant activities of moisture are believed to include mobilization of catalysts, 
exposing new reaction sites by swelling, and decreasing viscosity of the sorbed 
phase. The oxidation-promotion activities of water are thought to be initiated at 
or near monolayer coverage, where conformational fl exibility of the protein is 
enhanced (168). The oxidation-inhibition activity of sorbed water is thought to 
arise from retardation of oxygen diffusion, promotion of radical recombination, 
decreased catalytic effectiveness of transition metals, and dilution of catalyst 
(169). Much higher water content is required for the modest oxidation-inhibi-
tory effects to become manifest (169). The existence of both pro- and antioxidant 
effects of moisture would be consistent with the widely varying experimental 
results observed. For example, Fransson et al. (83) have observed no dependence 
on moisture of the second-order rate constants for methionine oxidation in insu-
lin-like growth factor, while Pikal et al. (166) found a strong dependence on mois-
ture for methionine oxidation in human growth factor. Luo and Anderson (170) 
have shown that the mechanism of oxidation of cysteine by hydrogen peroxide in 
a PVP matrix is signifi cantly altered from that observed in solution. In particular, 
mobility effects on the cysteine, but not hydrogen peroxide, may be responsible 
for the observation that cystine is not the only reaction product in the solid state. 
The results of kinetic studies are consistent with a clustering of water in regions 
around the polymer and may be a determining factor for the reaction in the solid 
state.

Clear-cut mechanistic interpretation of these differing oxidation results is 
not yet possible because of the possible masking effects of formulation additives 
and moisture-dependent protein conformational states. Residual moisture values 
in lyophilized proteins of less than 1% tend to be associated with enhanced stabil-
ity of the protein upon storage (168). In production lots, removal of water to attain 
such low levels of residual moisture is quite expensive.
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Proteins and Peptides in Polymers

Care must be exercised when attempting to encapsulate pharmaceutical proteins 
or peptides within a polymer matrix. Cross-linking of methylated dextrans by 
addition of potassium peroxyodisulfate resulted in signifi cant oxidation of methi-
onine residues in interleukin-2 (171). Addition of tetramethylethylenediamine 
minimized, but did not eliminate, the oxidation of sensitive amino acids. Similar 
approaches may be necessary to minimize oxidation of proteins or peptides in 
other polymer-based systems (76).

ACYLATION IN THE SOLID STATE

Considerable efforts in biomedical research have been devoted to an understand-
ing of posttranslational modifi cation of proteins in biological systems. Other 
efforts have been geared to the chemical modifi cation of food proteins as a means 
of controlling processing properties. In pharmaceutical dosage forms, our interest 
is in preventing modifi cations of the active ingredients by formulation excipi-
ents, such as polymers One of the most frequently employed polymers for this 
purpose is PLGA, a Food and Drug Administration–approved biocompatible 
material that releases the incorporated active ingredient by erosion. It has been 
established that drug substances incorporated into PLGA may be exposed to a 
highly acidic microenvironment that arises from the hydrolysis of ester bonds of 
the polymer. Microenvironment pH values as low as 2 have been reported (172). 
Acid-catalyzed denaturation and chain scission have been attributed to this low 
pH value (173). More recently, acylation of proteins by polymer components has 
been observed. Insulin (174), calcitonin (175), octreotide (176), and parathyroid 
hormone (175) all exhibited evidence of acylation to some extent when encapsu-
lated in PLGA.

Houchin et al. (49) have proposed a mechanism of acylation of peptides 
by PLGA (Fig. 8). The backbone terminal amino group or the ε-amino of lysine 
is believed to carry out a nucleophilic attack on the polymer. Water potentiates 
the reaction, probably by enhancing molecular mobility as well as by promot-
ing hydrolysis of polymer chains. It has been suggested that signifi cant mass 
loss from the polymer is necessary before acylation can be observed (176). 
Other studies suggest acylation begins well before signifi cant polymer mass 
loss (174). Results of model studies of peptide in lactic acid solution do sug-
gest that, in addition to primary amines, other amino acids such as tyrosine and 
serine may also be sites of acylation (177). Attempts to prevent acylation by 
PEGylation either of the polymer (178) or of the peptide have been reported. 
In both cases, there appears to be some reduction in acylation compared to the 
peptide in the absence of PEGylation, but complete protection was not afforded. 
In addition, PEGylation of the peptide may result in loss of biological activity. 
Much additional work remains to be done before a clear strategy can be formu-
lated to prevent acylation by PLGA.
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PHYSICAL CONSIDERATIONS

This section considers the physical stability of the peptide or protein including 
conformational changes, aggregation, and adsorption. The physical stability of the 
protein, and thus protein function, can be affected by a number of environmental 
parameters. Relatively small changes in temperature, pressure, pH, or concentra-
tion of denaturing agents (e.g., guanidine hydrochloride, surfactants), or exposure 
of the macromolecule to mechanical disruption can lead to an irreversible loss of 
protein function. The primary mechanism for protein inactivation by these agents 
or processes involves the denaturation or unfolding of the protein macromolecule. 
Protein unfolding refers to the loss of tertiary structure and the formation of a dis-
ordered protein in which the proper intramolecular contacts within the protein no 
longer exist. The intermolecular recognition events necessary for proper protein 
folding are usually cooperative and reversible upon removal of the denaturing 
agent. However, unfolding can be followed by secondary irreversible inactivating 
processes such as the chemical changes described in Chapter 2, or by other physi-
cal processes such as aggregation of the protein to form higher-order oligomers 
or “aggregates” and adsorption to surfaces. Therefore, the preservation of protein 
tertiary structure becomes paramount for preventing losses in protein function. 
Although scientists have made signifi cant progress in understanding and predict-
ing protein folding, the numerous molecular determinants that drive intraprotein 
recognition events make protein stabilization an interesting challenge for the pro-
tein formulator.
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The tertiary structure of proteins is driven by two classes of noncovalent 
interactions, electrostatic and hydrophobic. In this review, electrostatic interac-
tions include ion pairs (1), H bonds, weakly polar interactions, and van der Waals 
forces. “Hydrophobic interactions” refer to actions and hydration effects of non-
polar groups. Protein folding is opposed by conformation entropy. The interplay 
between enthalpy and entropy makes individual changes in a physical parameter 
complex, and the exact causes are still controversial. In this section, we attempt 
to sort out experimentally accessible parameters that may be useful to the protein 
formulator for conducting preformulation studies, formulation of the protein for a 
desired extent of stability, and ways to test for stability.

Protein Folding Thermodynamics and Aggregation Kinetics

Thermodynamics of Protein Folding

Proteins exist in unique conformations under physiological conditions. 
Conformation is driven by intramolecular energy and solvation free energy (2). 
The simplest model used to describe reversible protein folding is a two-state 
model in which an equilibrium exists between the native (N) and denatured states 
(D) as shown in Equation 1.

N EF D (1)

This model provides a useful tool for studying proteins and can provide essential 
initial insight into stability in vitro. The equilibrium constant for unfolding is thus 
given in Equation 2.

K = D

N  
(2)

The change in Gibbs free energy of folding, regardless of any intermediate com-
plexes, can then be deduced from the equilibrium constant for the folding reac-
tion, as given in Equation 3.

∆G = (GD − GN) = −RT ln K (3)

where R is the gas constant and T is the absolute temperature. The free energy 
for the equilibrium under physiological conditions is typically 5 to 20 kcal/mol, 
refl ecting a remarkably low stability of the native protein (3,4). The temperature 
coeffi cient of the equilibrium constant is given by Equation 4.

∂
∂

=ln K

T

H

RT

�
2

 
(4)

which is commonly referred to as the van’t Hoff equation. The change in Gibbs 
energy as a function of temperature is given as in Equation 5.
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∆G = ∆H − T∆S (5)

where ∆H and ∆S are the changes in enthalpy and entropy, respectively, at a 
given temperature. Equation 5 reveals that the free energy is a balance between 
the enthalpy and entropy changes, which are typically large numbers (e.g., 50–
200 kcal). Since the small changes in free energies associated with the transition 
from the native to the denatured state are the difference of large numbers, this 
makes the difference in free energy very sensitive to small perturbations in the 
attractive and repulsive intramolecular interactions. This makes protein stability 
easy to manipulate but makes exact predictions of protein stability diffi cult. The 
dependency of enthalpy and entropy on temperature can be described in terms of 
the heat capacity (∆Cp) at a constant pressure (Eqs. 6 and 7)

∆H = ∆H0 + ∆Cp(T − T0) (6)

∆S = ∆S0 + ∆Cp ln(T / T0) (7)

where ∆H0 and ∆S0 are the enthalpy and entropy at a given reference temperature 
T0. The change in heat capacity, ∆Cp, is the difference in heat capacity between 
the N and D states and, in most cases involving proteins, is large and relatively 
constant within experimental error (5). The large value for ∆Cp is driven by the 
exposure of nonpolar groups to water upon protein unfolding (6,7). Robertson and 
Murphy have summarized the thermodynamic variables for globular proteins of 
known structure (8). Combining Equations 4, 5, and 6, yields Equation 8, which is 
the modifi ed Gibbs–Helmholtz equation (for an excellent review, see Ref. 8).

∆G = ∆H0 − T∆S0 + ∆Cp(T − T0 − T ln (T / T0)) (8)

It is important to remember that Equation 8 holds true only for the two-state 
model, in which no stable folding intermediates exist. This assumption has been 
shown to be valid for many small globular proteins, although exceptions do exist 
(9). In some of these cases, the existence of intermediates that are not signifi cantly 
populated or are short-lived cannot be ruled out.

The value of ∆G is thus the fundamental measure of the stability of the 
protein. In cases that allow the assumption of a two-state model, the ∆G can be 
determined from measurements of K as a function of temperature by means of 
spectroscopic methods (bioassays, chromatography, electrophoresis, etc.) to deter-
mine relative populations of the native and denatured proteins (10). At the melting 
temperature Tm, ∆G is zero and by Equation 5, ∆S is equal to ∆H/Tm. Therefore, 
Equation 8 can be used to fi t the experimental values of data on ln K versus T, 
to extract the values for ∆Hm, Tm, and ∆Cp at Tm. Once these parameters have 
been determined, ∆H and ∆S can be calculated over a wide range of temperatures. 
Typically, a maximum in stability is observed between 0°C and 25°C (11) (to be 
discussed further). However, the range of temperatures in which the protein is sta-
ble will change depending on the presence and concentration of other agents.



46 Koppenol

McNally  PTR  09/24/07  Chapter 03

Reversible versus Irreversible Protein Denaturation

Reversible denaturation or unfolding can be followed by processes that create 
irreversibly inactivated forms of the protein (12). While K is the equilibrium 
constant for reversible denaturation, which correlates to a protein’s thermody-
namic stability as described above, k is the rate constant for the irreversible 
inactivation of the protein, which is a measure of a protein’s long-term stability 
(13). Inactivation is typically observed after unfolding, however, inactivation 
can proceed directly from the native state. Unfolded proteins are more prone to 
proteolysis than tightly packed, globular proteins (14), often tend to aggregate 
into insoluble masses, and are able to become kinetically trapped in improp-
erly folded conformations. Chemical reactivity, i.e., hydrolysis and reduction of 
disulfi de bonds, can also lead to unfolding. Formulation scientists need to under-
stand, when possible, the relationship between chemical and physical instabili-
ties. Stabilization of the native state should be paramount and is discussed in the 
subsections that follow.

Kinetics of Protein Aggregation

Irreversible protein aggregation occurs when nonnative forms of the protein associ-
ate to form higher-order multimers. These higher-order multimers can form insolu-
ble precipitates (15). This can happen during many protein-processing operations 
such as purifi cation, freezing and thawing, and lyophilization. A kinetic model for 
protein aggregation has been described by Lumry and Eyring (16). The model 
(Eq. 9) assumes a reversible change in the native structure (N) followed by an 
irreversible aggregation of aggregate competent species (A).

        N EF A 

A + Am EF Am+1 
(9)

If the association of A to form Am + 1 is rate limiting, then the kinetics are second order 
(or higher) with respect to protein concentration. Thus, lowering the protein concen-
tration should signifi cantly reduce aggregation kinetics (Chapter 7). However, it is 
generally well accepted that aggregation, in many cases, can be controlled by maxi-
mizing the thermodynamic stability as mentioned in the previous section.

Physical Protein Stability in Solution

Pharmaceutical formulations are complex systems, and it is often diffi cult to sepa-
rate the effects of any single variable that can account for a shift in the equilibrium 
to favor the denatured protein state. Losses in protein physical stability most likely 
are due to a mixture of many different stabilizing [e.g., hydrogen bonding and 
the hydrophobic effect (17)] and destabilizing [e.g., confi gurational entropy (18)] 
effects. A large range in each physical parameter exists to which proteins have 
adapted: for temperature, −5°C to 110°C; water activity, 1 to 0.6 [corresponding 
to ≤6 M salt (19)]; pH, 4 to 12. Although alteration of these parameters often leads 
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to a reversible denatured state, it is important to remember that unfolding is usu-
ally the fi rst step in irreversible losses in protein structure, and thus keeping the 
protein folded is paramount in stabilizing protein structure.

Temperature

The stability of proteins to thermal stress is an important variable to the protein 
formulator. Changes in temperature may accompany processing (e.g., lyophiliza-
tion or spray-drying) (20) and serves as a convenient thermodynamic variable to 
probe the stability and shelf life for the protein pharmaceutical through acceler-
ated protein stability testing. Furthermore, calorimetry can be used to obtain accu-
rate measurements of the thermodynamic properties of unfolding as a function of 
temperature.

Thermally induced unfolding is highly cooperative and often reversible 
(21,22). Protein stability curves (23) refer to plots of ∆G versus temperature and 
can be described by the Gibbs–Helmholtz equation (Eq. 8), which can be written 
as follows (Eq. 10):
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where ∆G(T) is the ∆G at temperature T, Tm is the midpoint of the thermal unfold-
ing curve, and ∆Hm is the enthalpy change for unfolding measured at Tm. At Tm, 
∆G = 0 and ∆S has just been replaced by ∆H/Tm. The temperature for maximum 
stability (Ts) occurs at the temperature when ∆S = 0, and is given by Equation 11:
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Typically Ts is between −10°C and 35°C for most proteins. Figure 1  is a plot of 
∆G versus temperature for the protein RNase T1 at pH 7 (24,25). Equation 11 was 
used to calculate the solid line, with the parameters listed in the fi gure legend. The 
plot illustrates that minimal changes in temperature, by heating or cooling, can 
have profound effects on protein stability. Temperature-induced destabilization 
is driven by the gain in conformational entropy of the protein chain and usu-
ally begins with partial unfolding of the protein (26,27). Although the unfolding 
is typically reversible, many proteins will undergo chemical reactions or other 
irreversible denaturation processes such as aggregation, leading to loss of protein 
function. This is especially true at elevated temperatures where reaction kinetics 
and collision rates are increased (28).

Much work in the area of protein stability with respect to temperature has 
been derived from an interest in understanding how psychrophilic (29) and ther-
mophilic organisms survive (for reviews spanning the 1990s, see Refs. 30–33). 
There is a strong effort in the development of thermally stable proteins and under-
standing how subtle changes in the amino acid structure can signifi cantly alter 



48 Koppenol

McNally  PTR  09/24/07  Chapter 03

protein stability. Primary sequence analyses of proteins belonging to thermophylic 
organisms reveal several consistencies.

First, the positively charged residue of choice appears to be arginine over 
lysine. Reasons for such a substitution in heat-stable proteins include arginine’s 
higher pKa, which would prevent this amino acid from losing its charge at higher 
temperatures (pKa decreases with increasing temperature) (34), the increased sur-
face area of arginine, and its shorter hydrocarbon attachment to the polypeptide 
backbone (13). There is a decrease in asparagine content, which is especially sus-
ceptible to deamidation at high temperatures and neutral pH. Finally, an increase 
in proline content appears to correlate with increased thermal stability, likely 
because of the increase in rigidity in protein structure (35). However, enhance-
ment of protein rigidity to increased stability may come at a cost, since protein 
fl exibility is required for protein function. The ease with which protein engineers 
can manipulate primary protein structure makes enhancing protein thermal stabil-
ity with small sequence changes a feasible mechanism.

Many of the proteins belonging to thermophilic organisms have tertiary 
structure (36,37), similar to that of their nonthermophilic counterparts. However, 
it has been observed that thermophilic proteins have additional salt bridges, 
hydrogen bonds (38), and hydrophobic interactions (36). Of these interactions, 

Figure 1 ∆G as a function of temperature for the unfolding of RNase Tl and pH 7.0 
(30 mM MOPS). The points in the 19°C to 30°C temperature range are from urea denatur-
ation experiments, while those above 40°C are from thermal unfolding curves and Equations 
11, 12, and 13. The solid curve was calculated from Equation 19 using Tm = 48.25°C, 
∆Hm = 95.2 kcal/mol, and ∆Cp = 1.72 kcal/mol deg. Source: From Ref. 10.



Physical Considerations in Protein and Peptide Stability 49

McNally  PTR  09/24/07  Chapter 03

the major driving force that serves to enhance protein thermal stability appears 
to come about by an increase in the hydrophobic interactions of the hydrophilic 
core (27,39). Increases in the overall hydrophobic character of the thermophilic 
protein are brought about by loss of surface loops, increase in helix-forming 
amino acids, and restriction of N-terminal residues (19,33). This enhancement of 
stability is believed to come from a large increase in the enthalpy of unfolding, 
which increases with increasing hydrophobicity (40,41). The enthalpic increase 
is attributed to the melting of water cages that surround the exposed nonpolar 
side chains (26).

In addition to optimization of the protein structure, nature protects proteins 
against thermal stress, in particular via cryoprotection, by introducing free amino 
acids (42), organic salts (e.g., trehalose, sucrose), and polymers such as poly-
ethylene glycol (19,43–45). The low-molecular-weight compounds are hypoth-
esized to be excluded from the protein and thus to increase water activity around 
the protein. However, these additives may also operate through a mechanism 
whereby the chemical and physical processes are kinetically hindered by the high 
viscosity of the additives. The reader is referred to Chapter 9. which specifi cally 
addresses stabilization of proteins with osmolytes. Addition of stabilizers should 
be considered carefully, since both reduced and elevated temperatures can cause 
the crystallization and inactivation of added excipients that might hinder their sta-
bilizing properties (46,47). Therefore, independent from the thermal stability of 
the protein, the formulator needs to consider the stability of the entire formulation 
to changes in temperature.

Lastly, the long-term storage temperatures for proteins have been related to 
the glass transition temperature (Tg) or the dynamical transition temperature (Td). 
Tg is defi ned as the temperature where an equilibrium exists between protein in a 
glassy and a rubbery state. Unfortunately, for native globular proteins, this transi-
tion is weak and is therefore not easily measured. The Td defi nes a temperature 
where there is a substantial change in protein dynamics, i.e., large-scale segmental 
motions that lead to unfolding. The Td is typically near 200 K for native protein. 
Additives that raise Tg or Td have been incorporated with some success into for-
mulations to decrease molecular mobility in lyophilized protein products (48–53). 
Spectroscopic methods that measure protein motions have been used to identify 
additives that interact with the protein, i.e., hydrogen bond to limit protein internal 
dynamics. Examples of these additives include sucrose, trehalose, and polyvinyl-
pyrrolidone. The impact of the addition of these additives and their subsequent 
effect on protein hydration must also be considered when developing stable solid 
formulations (54).

pH

Proteins are typically most stable (and often least soluble) at their isoelectric points 
(pI), where opposing charges serve to stabilize the protein structure (1,55,56). 
Figure 2  is a plot of the free energy [denoted as ∆G(H2O) as a function of pH] 
for RNase T1 (24). The maximum in stability occurs at a pH where the net charge 
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on the protein is zero. Acid or base environments can infl uence protein stability 
primarily through changes in the electrostatic free energy of the protein as the 
ionization states of acidic and basic groups of the protein are changed. Through 
the use of site-directed mutagenesis, it was found that acid and base denaturation 
is primarily caused by buried charges rather than by changes in the overall sur-
face charge–charge repulsion (58–61). For example, acid denaturation of a protein 
below its pI is governed by a net increase in positive charges that, as pH is low-
ered, generates repulsive forces that exceed the stabilizing forces and lead to the 
loss of the native state (62). The pH stability of protein mutants also suggested 
that the electrostatic free energy difference between native and denatured states 
can be brought about through changes in the pKa values of a relatively small num-
ber of amino acids (25,57,63,64).

The issue of pH stability is complicated by the fact that the pKa values of 
the ionizable groups in the native and denatured state change (55). For example, 
nuclear magnetic resonance (NMR) studies of RNase T1 have shown that certain 
ionizable groups have higher pKa values in the folded state, so that decreasing pH 
would allow the functional groups in the native state to bind protons more tightly 
(26), shifting the equilibrium to the native state. However, decreasing pH further 

Figure 2 The free energy for unfolding ∆G(H2O) for Rnase Tl plotted as a function of 
pH. An estimate of the net charge is given at each pH based on titration studies. The solid 
line has no theoretical signifi cance. Source: From Ref. 57.
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raises the pKa of aspartic acid residues in an unfolded conformation so that the 
unfolded becomes the most thermodynamically stable state (65).

The pKas of the protein side chains in the 3D structure can be determined 
and can serve as a tool for formulators to optimize solution pH. Various empiri-
cal methods may be employed to determine the pKa of the ionizable groups in 
proteins. Ultraviolet (UV), infrared (IR), NMR, and fl uorescence spectrosco-
pies and capillary electrophoresis (66) have all been used to obtain these values. 
Mathematical models have also been developed to calculate pKa. These models 
rely on electrostatic calculations to determine the pKa of each ionizable group 
on the protein (56,67–69) and require an accurate representation of the protein 
structure in native and denatured states. Knowledge of the pKas allows for the cal-
culation of the titration curve for the unfolding free energies as a function of pH. 
These methods have been found to be accurate enough to provide a useful tool in 
the interpretation of experimental results (56,67).

The pH of the protein solution can also affect aggregation between protein 
molecules. At the pI, the charge on the protein is neutralized and the association 
of neutral protein molecules can occur. Changes in other formulation variables, 
i.e., salt concentration, can lead to subtle protein conformation changes such that 
the protein association becomes irreversible. Solution pH conditions may also 
lead to favorable intermolecular interactions. There are two major driving forces 
for interactions between proteins, electrostatic and van der Waals interactions. A 
more detailed discussion of colloidal stability is given in Ref. (70).

Individual protein folding stability and intermolecular interactions should 
be carefully considered when selecting an optimal pH.

Solvation

Ions can interact with proteins in a variety of ways and can affect protein stability 
dramatically. Many empirical studies exist for solvation-induced perturbation of 
protein structure (for a review, see Ref. 71). In general, protein structural stability 
in the solution is associated with agents that are preferentially excluded from the 
native protein; i.e., in the presence of these agents, proteins in the folded con-
formation are preferentially hydrated. Denaturants, in contrast, are preferentially 
bound to the denatured protein. The stabilizing, destabilizing, precipitating, and 
solubilizing properties of these agents are manifested through affecting the bal-
ance between the affi nities of the proteins for water and the agent (72).

Salting-in/salting-out: Increasing the solubility of a protein with low salt 
concentrations, salting-in, is due to Debye–Hückel screening. At these concentrations, 
the ion interactions with the protein are nonspecifi c and electrostatic. At higher ionic 
strengths (typically >1.0), protein salting-out dominates, which is linearly related with 
increasing ionic strength (72) and is relatively ion specifi c (73). In general, salting-out 
is hypothesized to be due to a preferential exclusion of the solute from the protein 
domain, which results in a change in the hydrogen-binding properties of the water 
(74). However, the exact molecular mechanisms are not understood (75). As a result, 



52 Koppenol

McNally  PTR  09/24/07  Chapter 03

predictions of how molecular interactions affect protein stability tend to be protein 
specifi c and dependent on the system conditions such as temperature and counterion 
identity (i.e., size and charge).

Stabilization/denaturation: Organisms in nature face environmental 
stress (viz., freezing or osmotic stress) by accumulating “compatible” organic 
solutes that stabilize protein structure. These cryoprotectants or osmolytes are 
low-molecular-weight molecules that are produced by the living organisms in 
response to stress (76). Studies of sugars (sucrose, glucose, lactose, trehalose), 
polyhydric alcohols (mannitol, ethylene glycol, sorbitol, xylitol, inositol), and 
glycerol, which are associated with the stressed organisms, showed that such sol-
utes stabilize the native structure of proteins by means of their preferential exclu-
sion from the surface of the proteins (12,71,77–80). This preferential exclusion 
could be due to steric, solvophobic effects and/or increases in surface tension 
(81–83). Baskakov and Bolen have shown the extraordinary stabilization ability 
of some osmolytes that have been illustrated to be able to force thermodynami-
cally unstable proteins to fold (84).

The exclusion of the solutes from immediately outside the domain of the 
protein causes a preferential enrichment of water around the protein (Fig. 3) (85). 
The result is that these additives will increase the chemical potential of the pro-
tein. This increase in the free energy of the system is proportional to surface area 
and is thus more unfavorable for the unfolded state (Fig. 3), which has a greater 
surface area exposed to the solvent. This shifts the equilibrium back to the folded, 
native state (71). Changing protein hydration due to additives is one of the simplest 
approaches to stabilizing proteins (86). Sucrose is the most studied example of this 
type of additive (80,87). However, not all additives that cause preferential hydra-
tion work to stabilize proteins under all conditions (different temperatures, pH, 
etc.); a thorough study of the dependence of the additive being used for stabiliza-
tion on solution conditions must be made (88). A classifi cation has been established 
that attempts to accurately describe which additives can be classifi ed as stabilizers 

Figure 3 Schematic representation of preferential hydration of proteins. The greater 
exposed surface area in the denatured state shifts the equilibrium to the left, favoring the 
native state. Source: From Ref. 72 .
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(77,78,88). The fi rst class includes solutes for which the preferential hydration 
of the protein is independent of the solution conditions (i.e., pH, solute concen-
tration). These are solutes where the predominant interaction is that of cosolvent 
exclusion, and the identity of the protein does not play a role. The second class 
includes solutes that vary with conditions because they bind with the protein and 
are thus infl uenced by the chemical nature of the protein surface. Solutes belonging 
to the fi rst class stabilize proteins, while the others do not always do so. Therefore, 
thorough measurements (89,90) of the preferential hydration of the native state of 
a protein should be performed to verify a molecule’s stabilizing action.

Conformational stability can also be increased by preferential binding of 
ions to a folded molecule (12,27). In the case of RNase T1 (91), there exists a 
cation and anion binding site on the surface of the protein. As might be expected, 
this can be used to advantage by protein engineers, who can engineer into the 
native protein binding sites to favor the folded protein. Furthermore, advances in 
performing theoretical calculations are allowing accurate predictions of changes 
in protein stability after mutation (92).

Denaturation of proteins by chaotropic agents such as guanidine hydrochlo-
ride and urea are brought about by direct specifi c interaction of the small molecule 
with the protein. Experimental evidence from thermodynamic equilibrium and 
calorimetric titration techniques has shown that unfolding is favored because a 
favorable free energy gain is produced upon interaction of the denaturants with 
residues in the protein that become exposed on denaturation (11,23,72,93,94). In 
some cases, the denaturing solute can be repelled by charges (95) of the protein 
in the folded state, but, as the protein unfolds, the charges are dispersed and the 
solute interacts with the newly exposed nonpolar residues (96). As mentioned 
above, salting-out sometimes can be followed by denaturation. In these cases, 
increases in ionic strength most likely induce denaturation by decreasing attrac-
tive charge–charge interactions (56).

Surfactants

The interaction of sodium dodecyl sulfate (SDS) with proteins is well known to 
cause the unfolding of proteins. Furthermore, SDS can cause unfolding at rela-
tively low concentrations (<0.1%). This disruption of structural order occurs after 
the binding of SDS to the protein (97,98). Experiments with soybean trypsin 
inhibitor (99) have shown that only a few SDS molecules are needed to perturb 
the protein’s structure and that the loss of structure gradually increases as SDS is 
added. After binding 7 to 10 molecules of SDS, the protein displays only a lim-
ited amount of α-helical order. SDS’s long aliphatic tail is believed to penetrate 
hydrophobic pores, while shorter alkyl sulfates cannot. Charge–charge interac-
tions between the negatively charged SDS and positively charged sites are also 
presumed to play a role in this interaction, as no destabilizing effects on proteins 
with large negative charge densities have been observed with SDS (100).

In contrast to the SDS–protein interactions, surfactants are commonly being 
exploited for their solubilizing and stabilizing properties (e.g., to increase refolding 
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yields in protein purifi cation) (101). Protein formulations commonly contain non-
ionic (polysorbates and polyethers) or anionic surfactants as stabilizing agents. The 
bulk of protein–surfactant interactions are not well understood. Some mechanisms 
that may prevent losses in protein stability include prevention of surface-induced 
deactivation of proteins (102,103) and inhibition of aggregation and precipitation 
(101,104–106). Thus, preferential binding of surfactants to the native, intermedi-
ate or denatured states can infl uence conformational stability (107). In all of these 
cases, it is believed that the surfactant binds the protein and reduces the protein’s 
available hydrophobic surface area, thus reducing the protein’s self- association 
and any deleterious interactions with nonspecifi c hydrophobic surfaces.

Empirical methods can be used to determine the extent of surfactant sta-
bilization and binding. Prevention of denaturation at interfaces by surfactants is 
typically studied in shaking studies. Test formulations are mechanically agitated 
and examined for aggregation/precipitation. Protein stabilization can be studied 
by monitoring phase transition temperatures with differential scanning calo-
rimetry. Techniques used to determine surfactant–protein stoichiometry include 
surface tension (108), viscosity (109), dye solubilization (98), dialysis (110), 
ion-selective electrodes (111–113), electron paramagnetic resonance spectros-
copy (114), and analytical ultracentrifugation (115). These measurements have 
shown that  protein–surfactant aggregates form well below the critical micelle 
concentration for the surfactant and that the aggregates are typically smaller than 
micelles, although some evidence suggests that micelles do form in some systems 
(116,117).

Processing

Shear: Protein formulation and manufacturing often employ processes 
in which the molecule is subject to shear forces. These processes include mixing, 
fl ow both in solution and in powder form, fi ltration, and passage through pumps 
(118,119). Empirical modeling of data obtained on shearing proteins shows that 
for many proteins, there is a logarithmic relationship between loss in activity and 
shearing time (120–122). Conformational changes and accelerated aggregation 
(118) have been attributed to high shear rates. Burgess et al. have developed a 
method to determine protein stability to shear by measuring the interfacial shear 
rheology of adsorbed protein layers and the effects of additives (123).

Dehydration and lyophilization: Destabilization of protein structure by 
lyophilization may be brought about by several mechanisms. There may be effects 
due to cold denaturation, concentration/crystallization of salts, changes in pH, and 
the creation of solid–liquid interfaces if ice forms in the solution. All these top-
ics have been or will be addressed in this section. Protein dehydration through 
lyophilization (43,124–126) or spray-drying (127,128) can also lead to irreversible 
denaturation and aggregation upon rehydration. This has been measured using IR, 
Raman, and NMR spectroscopies (129,130). Whether the changes are solely due to 
dehydration remains somewhat controversial, although overwhelming data  suggest 
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that dehydration alone is responsible. All proteins appear to have water associated 
with the native form. Removal of all water disrupts intramolecular hydrogen bond-
ing and hydrophobic interactions responsible for the native structure. This may 
promote intermolecular interactions. Loss of structure and aggregation due to dry-
ing is often irreversible, making avoidance of this process or discovering ways of 
stabilizing proteins to dehydration matters of serious concern in the manufacture of 
protein pharmaceuticals (125). When considering a formulation that is going to be 
lyophilized, the formulator should take precautions for preserving protein structure 
due to dehydration (i.e., sucrose or mannitol) as well as cryoprotection (43). The 
problem of dehydration may be thought to be solved by lyophilizing with residual 
moisture. However, reports of moisture-induced aggregation document several 
case studies in which residual moisture had suffi cient mobility for noncovalent 
aggregation as well as for chemical reactions (12,54,131–135). A more thorough 
evaluation of the effects of lyophilization and the use of excipients is given in later 
chapters.

Surface-Associated Mechanisms

Liquid–Air Interface

Many proteins have been found to denature at the air–water interface (136–139). 
This property can have an impact during shipment of protein solutions, reconstitu-
tion of lyophilized protein products, administration through intravenous tubing, 
or any processing that could result in foaming of the protein solution (102,138). 
Once at the interface, the protein can unfold and the chains can become entangled 
as the interface is further perturbed. It has been suggested that primary aggrega-
tion can occur at an interface, which can seed the bulk formation of larger insol-
uble aggregates (140,141). Thus, surface-induced denaturation will often lead to 
precipitation (136,138).

The driving force responsible for surface accumulation of proteins is the 
reduction in the interfacial surface energy, which reduces the overall free energy 
of the entire system. It has been observed that the less stable proteins tend to 
be more surface active, presumably owing to exposure of nonpolar groups upon 
denaturation. Changes in the surface tension of a protein solution with time are 
a direct measure of the affi nity of the molecule for the interface and have been 
shown to be a useful indicator for predicting the stability of proteins in aqueous 
solutions and in designing formulations that may prevent surface denaturation 
(138). A systematic study by Wang and McGuire (139) on T4 phage lysozyme 
showed that among mutants with decreased free energies of unfolding, less-stable 
variants decreased surface tension to a greater extent and occupied more surface 
area. Levine et al. (138) were also able to correlate the surface tension decrease 
with the ease of denaturation and precipitation. Surfactants can often aid in stabi-
lization against such denaturation, presumably via preferential adsorption at the 
denaturing interfaces. Surfactants that have been used include polysorbate 80 and 
SDS (142).
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Solid–Liquid Interface

Nonspecifi c protein adsorption or fouling of surfaces can lead to denaturation of 
the protein and inactivation of the protein due to irreversible binding (143) and/or 
subsequent aggregation events (105,119,144). Surfaces for potential inactivation of 
proteins that are important for consideration in protein formulation include deliv-
ery pumps (e.g., infusion sets) (119,145–147), silicone rubber tubing (105,148), 
glass and plastic containers (e.g., intravenous bags) (102,104,105,118,149–151), 
and polymeric surfaces in protein drug delivery devices (148). Undesirable 
adsorption of protein can also lead to the failure of devices.

The interaction of a protein with a solid surface depends on the electro-
static and hydrophobic character of both the surface and the protein (143,148). 
Matsuno et al. (152), in a study done with γ-crystalline water-soluble proteins, 
found that hydrophobic surfaces tend to interact with the internal apolar regions 
of this protein, thus favoring denaturation. The degree of unfolding was observed 
to increase with surface hydrophobicity: see also Ref. (144). Protein adsorption to 
solid surfaces may also be facilitated by specifi c functional groups on the protein. 
Andrade and Hlady (153) show that the carbohydrate moiety of plasma proteins 
is responsible for the surface-induced structural instabilities that dominate the 
adsorption process for these proteins.

The best way to prevent surface-induced denaturation requires a knowl-
edge of the protein adsorption process and a characterization of the solid sur-
face, including hydrophobicity, fl exibility, and porosity (151,153). Polyethylene 
oxide (PEO) has been shown to resist nonspecifi c protein adsorption. Possible 
mechanisms for PEO’s inertness are its low interfacial free energy, its water 
solubility due to a unique hydrogen-bonding network, and its steric stabilizing 
effects (154). Coatings containing PEO have been employed as a treatment in 
rendering hydrophobic surfaces protein resistant. Surfactants containing PEO 
functional groups have been used to treat a variety of commonly used commer-
cial polyethylenes. The treated surfaces were found to be resistant to protein 
adsorption as studied by X-ray photoelectron spectroscopy and through the use 
of radiolabeled proteins (154). Copolymers of alkyl methacrylates with methoxy 
(PEO) also have been studied for use as coatings or as cleaners for the removal 
of proteins already adsorbed (155). Protein adsorption onto plastic bags can be 
reduced by depositing a thin layer of triethylene glycol monoallyl ether. Beyer 
et al. (156) deposited this layer by means of a plasma-aided manufacturing tech-
nique that involves plasma polymerization of the monomer during the deposition 
process onto solid substrates. Radio-labeled bovine serum albumin adsorption 
studies with these stable, modifi ed surfaces showed that there was signifi cantly 
less protein adsorbed to the modifi ed substrate. Saturation of adsorption is often 
observed, so preadsorption of a protein layer may also prevent adsorption of the 
protein therapeutic of interest (143,147). Finally, the use of long-chain surfac-
tants has also been shown to interfere with insulin inactivation due to surface-
induced instabilities (105).



Physical Considerations in Protein and Peptide Stability 57

McNally  PTR  09/24/07  Chapter 03

Another solid–liquid interface frequently encountered by the protein 
formulator is the ice–water interface that is generated during the freezing of 
protein solutions. Ice can be formed during routine storage conditions for the 
protein or through lyophilization protocols. This type of surface-induced dena-
turation has been reported to correlate with the amount of ice surface area 
present during the freezing process (157). In this report, the authors report 
that denaturation induced by the ice–liquid interface can be reduced by the use 
of surfactants.

Immobilization onto a Solid Surface

Immobilization can be used as a protein-stabilizing strategy. Much of the 
research in this area comes from the study of enzyme immobilization (158,159). 
Immobilization on poly(lactic-co-glycolic acid) microspheres has also been used 
for controlled protein delivery (160). A number of options can be used to immobi-
lize proteins including covalent chemical linkage (161), lipid-mediated immobi-
lization via ligand binding, metal chelation, or electrostatic interaction (162), and 
physical immobilization. In addition, proteins that do not readily adsorb nonco-
valently to surfaces can be fused with proteins that do (158), without interfering 
with either protein’s activity.

The exact mechanisms for enhancement of protein stability upon immo-
bilization are not well understood. Stabilization may be due to altered protein 
conformation. A protein that is rigidly fi xed on a support may be more diffi cult to 
unfold (163). Ribonuclease A covalently immobilized on silica beads was found 
to have a greater stability to thermal denaturation, which was hypothesized to 
occur through a decoupling of structural domains that, before being immobilized, 
underwent cooperative unfolding (159). Alterations in protein microenvironment 
may also aid in stabilizing the protein (163).

STABILITY TESTING

Measuring and Predicting Thermodynamic Protein Stability

The change in free energy ∆G between the native and denatured states is the 
fundamental measure of protein stability. Using calorimetric techniques such 
as differential scanning calorimetry (164–166), protein folding stability can 
be measured directly and is therefore model independent. Typically in these 
experiments, the protein is heated until it undergoes denaturation (although 
cold denaturation can also be used). The observable parameters are the enthalpy 
of the unfolding transition, ∆Hm, which is obtained from the area under the 
curve of the measured excess heat capacity as a function of temperature, and 
the change in heat capacity between the states, ∆Cp, which is obtained from a 
shift in the baseline from the native to the denatured states (Fig. 4). Heat capac-
ity is slightly temperature dependent but is usually assumed to be constant, a 
practice that does not introduce signifi cant amounts of error (17). An advantage 
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in using calorimetric methods is that the measured ∆Hm can be compared with 
that determined from a fi t to the van’t Hoff equation (Eq. 4), which assumes a 
two-state model; discrepancies indicate the presence of intermediates. Finally, 
using the calorimetry data, the Gibbs–Helmholtz equation (Eq. 8), can be used 
to calculate ∆G. The melt temperature Tm, the temperature at which the native 
and denatured states are in equilibrium, is also used as a measure of protein 
stability (Fig. 4). This can be especially useful in comparisons to clarify the 
factors that may affect protein stability in the presence of additives (47) but are 
not always predictive (167).

Potential problems with this analysis arise in determining the ∆Cp. It 
is diffi cult to get accurate measurements of ∆Cp from shifts in the baseline. 
Typically, careful measurements of the unfolding need to be done and should 
be performed at several values of Tm, which requires a perturbation of Tm. This 
is commonly done using pH to shift Tm and then measuring the corresponding 
∆H (168). A plot of ∆H as a function of Tm will yield a slope that is the ∆Cp. 
This assumes that there is no change in ∆H as a function of pH: that is, all the 
effects are due to changes in ∆Sm. Care also needs to be taken to be sure that the 
temperature-induced denaturation is reversible, which is necessary to apply this 
thermodynamic analysis. Reversibility can be checked by multiple scans of the 
same sample and by checks to be sure that the change in the measured excess 
heat is independent of scan rate (8). Other limitations of this technique include 
the high concentrations (i.e., >1 mg/mL) and large sample volumes (>1–2 mL) 
required for each experiment. With some proteins, these concentrations enter 

Figure 4 Simulated differential scanning calorimetry experiment for the two-state 
unfolding of a globular protein. The simulation assumed the following values: Tm = 60°C, 
∆Hm = 418 kJ/mol, and ∆Cp = 8.4 kJ/K/mol. Source: From Ref. 8.
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into the range where aggregation is a problem. Additional sources of uncertainty 
come from the determination of the protein concentration. Typically, the repro-
ducibility is on the order of 5%, given a 2% variability in the determination 
of the extinction coeffi cient for the protein (169). Experimentally determined 
standard deviation in ∆Cp and ∆Hm are 4% to 10% (10,170) and 2% to 10% 
(171,172), respectively.

The equilibrium constant and thus free energies for unfolding can also be 
measured by means of a variety of indirect methods as long as the unfolding for 
the protein follows a two-state model (8,27,173) (some complex cases may also 
be considered, although analysis is more diffi cult). Two-state denaturation does 
not always exist, as has been demonstrated with staphylococcal nuclease mutants 
(171). However, it has been suggested that multiple unfolded states may be con-
sidered as a single “macrostate” (174,175).

Indirect methods of measuring protein unfolding stability involve using 
optical techniques of various types [e.g., fl uorescence and UV spectroscopies, 
circular dichroism (CD), light scattering, bioassay, immunoassay, enzyme 
assay, chromatography, sedimentation, electrophoresis] to monitor the effects of 
a  perturbant on protein structure. All of these methods are sensitive to three-
dimensional protein structure, and since it is common for the unfolding transition 
to be cooperative, the transition measured by these techniques is sharp, occur-
ring over a narrow temperature or denaturant-concentration range. The ∆G for 
unfolding can be obtained from thermal or urea-guanidine hydrochloride dena-
turation curves. As can be seen in Figure 5, the curves have linear portions at the 
extremes (i.e., the lowest and highest temperature or denaturant concentrations) 
and a sharp transition. The potential for error in experiments of these types is 
brought about by collection of too few points at the extremes used to extrapo-
late into the transition region. The extrapolated points are used to calculate the 

(A) (B)

Figure 5 (A) Urea denaturation curve for Rnase A in 30 mM formate buffer, pH 3.55, 
25°C based on fl uorescence measurements at 305 nm. The lines and equations are least-
square fi ts to the pre- and post-transition baseline. (B) ∆G calculated using Equations 3, 12, 
and 13 as a function of urea concentration. Source: From Ref. 27.
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fraction of denatured (Fd) and native (Fn) protein at each point. This is given by 
Equation 12:

F
y y

y yd
n observed

n d

= −
−  

(12)

where yobserved is the point from the experimental curve, and yn and yd are the values 
for the native and denatured states, respectively, which have been extrapolated into 
the transition region (Fig. 5). The equilibrium constant can be determined from 
Equation 13

K
F

F
=

−
n

n1  
(13)

and ∆G from Equation 3. The problem with this determination is that the ∆G 
obtained is in the presence of perturbant, while the desirable value is that in the 
absence of perturbant. The ∆G values can be extrapolated to zero perturbant con-
centration, but this often involves a long extrapolation and assumes that ∆G is lin-
ear with perturbant concentration. Mathematical methods for extrapolating data 
rely on sorting out individual amino acid contributions to the energy to transfer an 
amino acid from an aqueous solvent to a denaturant solvent (176).

The advantage of these indirect techniques for determining the value of ∆G 
is that often much less protein is needed to perform the experiment, especially 
in measurements that involve the use of spectroscopy. Sample concentrations 
are typically 0.01 mg/mL, and a range of concentrations can be used to detect 
self-association. Also, solvent denaturation experiments are fast and simple. 
Commercially available instruments carry out automated chemical and thermal 
denaturation using fl uorescence, CD, and ultraviolet–visible spectroscopy as a 
probe of protein structure (177). The disadvantage of indirect methods is that a 
two-state model must be followed. These techniques do not allow for the direct 
measure of an intermediate state. Finally, as mentioned above, a lack of data 
points or inaccuracies of data points in determining the baselines can signifi cantly 
affect the thermodynamic parameters that are extracted.

A model-independent approach to analyze denaturant-induced unfolding 
has been developed. Native protein is titrated with a perturbant, and denaturation 
is monitored with an optical technique. However, rather than assuming that ∆G 
has a linear dependence with perturbant concentration, a nonlinear extrapolation 
is used. The method involves measurement of denaturant profi les at several tem-
peratures. All parameters can be obtained from the experimental solvent dena-
turation data (41). This technique appears to show promise, but its validity needs 
to be further established before it can necessarily replace the linear extrapolation 
method described earlier.

Statistical mechanical theory has also been used to predict a protein’s Tm 
as a function of pH (178). From physical properties of the constitutive amino 
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acids, values for apomyoglobin were generated that were in agreement with 
experimental data from the literature. The calculations are based on the number 
of nonpolar groups, the protein chain length, the temperature-dependent free 
energy of transfer of each amino acid, and the values of pKa as a function of 
temperature.

Predicting Long-Term Protein Stability

Accelerated stability testing is a common method for the prediction of the 
long-term storage conditions for pharmaceutical products (173,179). This test 
typically involves storing the product at elevated temperatures, above normal 
storage conditions, and monitoring the product’s structural and/or functional 
integrity with time (13,180). Often, the denaturation is a fi rst-order process, 
that is,

At = A0e−kt (14)

where At and A0 are the activities or concentrations at time t and time zero. From 
these data, the rate of degradation can be calculated at each of the different tem-
peratures. The rates may then be fi t to the Arrhenius equation:

ln lnk
E

RT
a− −�

�

 
(15)

which can be used to predict rates at any temperature, most importantly, normal 
storage conditions (179). Arrhenius kinetics have been observed for a number 
of reactions involving peptides and proteins (181–187), including protein fold-
ing stability (19). For example, Arrhenius kinetics have been applied to protein 
hydrolysis and deamidation pathways. When Arrhenius kinetics apply, accelerated 
testing provides an accurate method for the determination of product shelf life. 
More recently, evaluation of accelerated aggregation kinetics (high temperature) 
using the Lumry–Eyring model (Eq. 10) have also been used to predict real-time 
protein stability (187–189).

However, protein degradation may involve inactivation by several processes 
(4), and their complexity cannot be described by Arrhenius kinetics (181,190). 
Accelerated testing cannot be used to accurately predict shelf lives for protein 
formulations in which the loss of protein activity involves two or more consecu-
tive simultaneous reactions that have different activation energies. In this reaction 
scheme, the rate of disappearance of the parent compound will not be identical to 
the rate of accumulation of the fi nal product, making the plots of activity versus 
time complex (173). In this case, measurements of the parent compound, inter-
mediate species, and fi nal product must be made. Arrhenius kinetics also cannot 
be applied to protein formulations that degrade by different mechanisms based on 
temperature. In this case, formulations optimized for elevated temperatures may 
not be optimized for storage temperature.
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Potential errors can also arise in products that have inhomogeneous com-
positions, i.e., lyophilized formulations created by poor process design (173). For 
example, a nonuniform distribution of phases, i.e., crystalline amorphous phases, 
can be set up in the freeze-dried cake, leading to a biphasic stability profi le. This 
can lead to a product appearing to have a fast rate of degradation followed by a 
slower one at longer times (or vice versa).

Finally, accelerated stability testing can be misleading when the protein’s 
glass transition temperature Tg falls within the range over which the testing is 
being performed (173). During lyophilization, many components of the formu-
lation are rendered amorphous. When these products are subject to accelerated 
stability testing, some of the samples may be stored at temperatures above their 
Tg while other temperatures are below. The kinetics of reactions would not be 
expected to be the same in the glassy and the rubbery (i.e., viscoelastic) states. 
Rather, the kinetics at temperatures above Tg may follow empirical relationships 
such as Vogel–Tamman–Fulcher (VTF) equation or Williams–Landel–Ferry 
(WLF) kinetics (191). WLF kinetics are described using Equation 16:

log
g

g

k
C T T

C T T
( ) = −

−( )
+ −( )

1

2  

(16)

where C1 and C2 are constants related to the free volume (which would naturally 
play a bigger role above Tg). Thus the reaction rate correlates with T − Tg rather 
than T (192,193). Likewise, any other phase transition (i.e., crystallization of an 
amorphous component) within a protein formulation that occurs in the temperature 
range of the stability tests would require care in applying appropriate rate equa-
tions for the prediction of product shelf life. Stability testing should be performed 
over a wide range in temperature to be sure that the kinetic behavior is well under-
stood. Linear fi ts to Equation 15 can be obtained even if non-Arrhenius kinetics are 
followed in cases of an experimental temperature range that is too small.

Accelerated stability testing can be a useful technique; however, there are 
many pitfalls. One should acquire a thorough understanding and characterization 
of the degradative mechanism(s) before attempting to interpret degradation pro-
fi les and the prediction of activity under different conditions. The Food and Drug 
Administration reminds the biologics community that accelerated testing can be 
used as supportive data but cannot be substituted for real-time data for product 
approval and labeling (180).
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INTRODUCTION

Proteins and monoclonal antibodies (mABs) derived from recombinant DNA 
are of increasing economic importance for the pharmaceutical industry. More 
than 165 biopharmaceuticals are presently on the market, with an estimated 
market size of US$33 billion in 2004 (1). The projection for the end of the 
decade is ranging around US$70 billion (2). Presently about 2500 biotech drugs 
are in discovery, 900 in preclinical trials, and 1600 are under clinical investiga-
tion (1). Biopharmaceuticals are developed and applied for a broad spectrum 
of applications, such as tumor therapy and diagnostics, AIDS and other immu-
nological disorders, infectious diseases, neurology, cardiovascular diseases, 
hematology, wound healing, ophthalmics, skin disorders, diabetes, and respira-
tory diseases. Besides therapeutic applications, protein-based biopharmaceuti-
cals are applied as vaccines, as drug carriers, and as diagnostic tools (in vivo 
and in vitro).

A large variety of protein classes are currently being investigated for use as 
drugs or devices including (recombinant humanized) mABs, hormones, growth 
factors, interleukins (ILs), immune modulators, blood factors, enzymes, and sol-
uble receptors. With respect to product categories, an interesting trend for biotech 
drug approvals during the last three years was the fact that no interferon, IL, 
thrombolytic, or anticoagulant-based biopharmaceutical was approved, and pro-
portionally larger numbers of growth factors, mAB-based products and enzymes 
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came on the market, with a parallel shift in the therapeutic area and with cancer 
being a prominent target (1).

The potential for biogenerics has been widely discussed in recent years, and 
the fi rst product Omnitrope (Sandoz, Holzkirchen, Germany) is now approved 
both in the United states and in Europe.

The appropriate production system for such protein drugs depends on the 
nature of the desired protein. Bacteria as host cells for recombinant DNA are suit-
able for nonglycosylated proteins with low molecular weight and a small num-
ber of disulfi de bridges. Especially, mammalian cell culture systems are more 
appropriate and will continue to constitute the major production cell line for the 
production of complex glycoproteins with high molecular weight and numerous 
disulfi de bridges (3), and signifi cant advances in cell culture technology have 
led to protein levels approaching 5 g/L, which is a 10-fold increase compared to 
some years ago (4). Alternatively, yeast, insect, and plant production cell lines are 
capable of producing glycosylated proteins, with the major drawback being that 
the glycosylation reactions of these systems yield a glycosylation pattern which 
signifi cantly differs from the human glycosylation profi le (5–7). However, con-
siderable advancement has been made in humanizing the glycosylation profi le as 
reported for glycoengineered yeast (8).

Proteins as drug substances differ from conventional chemical drugs with 
respect to many properties such as size, shape, and conformation, multiplicity 
of functional groups, amphotericity, physical form of bulk drug, and hetero-
geneity of structure. Therefore, proteins represent complexity that is an order 
of magnitude greater than that of traditional drugs. This complexity of protein 
drugs has an impact on the number of analytical methods that must be applied 
for protein characterization and for the development of stability-indicating 
assays. In spite of these differences, the general principles of chemical drug 
stability testing are also applicable to protein drugs. The requirements and the 
goals are the same: the drugs must be designed to withstand long periods of 
transport and storage. The full effectiveness and safety of industrially manu-
factured drugs must be guaranteed until the end of the declared shelf life. This 
can be achieved and ensured only by development of a stable formulation, 
supported by extensive product characterization and an appropriate stability 
testing program.

This chapter describes the methods used to characterize protein drugs and to 
support formulation development and stability testing. This presentation of meth-
ods also focuses on the criteria an analytical method must meet to be  stability indi-
cating and to be useful in screening formulations and in formal stability programs. 
Because the process used to produce a biopharmaceutical often has a strong infl u-
ence on the resulting characteristics and stability of the protein, we begin with 
a brief discussion of the manufacturing process. The discussion focuses on the 
importance of producing a consistent product, which is achieved by strict control 
of the cell culture and purifi cation processes.
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THE IMPORTANCE OF A WELL-CONTROLLED 
MANUFACTURING PROCESS

The basis for protein stability testing is a comprehensive product characteriza-
tion, with emphasis on homogeneity of preparation and demonstration of lot-to-
lot consistency. All possible aspects of protein heterogeneity (protein variants) 
and possible infl uence of the manufacturing process on the physicochemical and 
biological properties in relation to the biological activity should be characterized. 
Characterization of the variants (e.g., glycoforms, deamidation) comprises iden-
tifi cation of the modifi cation including the respective site(s) and the mechanism 
of accumulation (9).

During development changes in the manufacturing process (active substance 
and/or fi nished product) are likely to occur in most cases scale-up of the process 
may be required. This necessitates an assessment of comparability to ensure that 
these manufacturing changes do not affect the identity, purity, safety, or effi cacy, 
including immunogenicity of the product.

An underlying principle of comparability is that under certain conditions, 
protein products may be considered comparable on the basis of analytical testing 
results alone. The confi rmation of comparability does not essentially require the 
prechange and postchange biological product to be identical. To conclude, com-
parability, high similarity, and an accumulated expertise that is adequately prog-
nostic to demonstrate that any differences in the quality profi le have no adverse 
effect upon safety and/or effi cacy is imperative (10,11).

Lot-to-lot consistency of biopharmaceuticals can be ensured by validated 
and well-controlled biotechnical production processes (12). Adequate design 
of a process and knowledge of its capabilities are part of the strategy used to 
develop a manufacturing process that is controlled and reproducible, yielding a 
drug substance/drug product that meets specifi cations. The manufacturing of the 
active ingredient comprises a large number of different steps during cell culture, 
scale-up, fermentation, and protein recovery (13–15). Because there are so many 
different process steps that can infl uence the product quality and because protein 
products are so complex, the quality of a biopharmaceutical is always linked to 
the process by which it is produced. Therefore, the manufacturing process must 
be tightly controlled by defi ning standard procedures for all operations and setting 
limits for all critical process parameters.

The ultimate stability of a protein can often be a function of the physical 
and chemical conditions to which it was exposed during processing (Chapters 2 
and 3). A number of critical components of the cell culture process may infl u-
ence product quality and stability: media conditions, the producing organism, 
the type of fermentation technology employed, and the techniques used for cell 
separation and harvesting to isolate the protein prior to the start of purifi ca-
tion. To minimize the effects of the cell culture process on product quality and 
stability, the cells used for production are grown under defi ned conditions in a 
fi xed and validated fermentation process. After separation from the producing 
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organisms, the  protein is subjected to a series of fi ltration and chromatography 
steps to remove other protein contaminants. The aim of the fi rst steps in puri-
fi cation is to transfer the desired protein to a high-purity, stable form within 
a short period of time, to avoid potential degradation due to proteolysis. The 
stability of product intermediates needs to be demonstrated throughout down-
stream processing to rule out potential degradation that can be caused by such 
steps as the ultrafi ltration, microfi ltration, and concentration steps, and by elu-
tion conditions during chromatography. Later stages of the purifi cation process 
serve to remove trace protein impurities and DNA in addition to removing/
inactivating potential viral contaminants. For most biologics, fi nal bulk formu-
lation is the last step in the protein recovery scheme, and at this point, the puri-
fi ed protein is exchanged into the desired buffer with all appropriate excipients 
that have been chosen based on the formulation development program. Drug 
product manufacturing usually encompasses the fi lling of the formulated bulk 
protein into fi nal product containers, with subsequent lyophilization if required 
(e.g., for reasons of stability, drug delivery).

During the development phase of the production process, analytical meth-
ods are developed, optimized, and applied on a routine basis to detect deviations 
of a given protein structure. In many cases, the results of these methods refl ect the 
heterogeneity of the protein, for example, in the profi le of a chromatogram or in 
the banding pattern of an electrophoretic gel. A reference standard is established, 
which is representative of the product that has been tested in preclinical and clini-
cal trials. This reference material is used in many of the analytical techniques as a 
basis for comparison, to demonstrate product consistency during process develop-
ment and scale-up.

After scale-up to the commercial scale, three to fi ve consistency runs are 
performed, including process validation, to demonstrate the reliability and repro-
ducibility of the process. The product from these consistency runs is used in clini-
cal Phase III studies, and the reference standard is established with material from 
these lots. An extensive analytical characterization of reference material from 
these consistency runs is performed, and a consistent product quality must be 
demonstrated for material from these runs. The fi nal product from the consistency 
runs is put on real-time stability, and the results are used to defi ne the shelf life 
of the product. All the data obtained from the consistency runs form the basis for 
approval of the process and product by regulatory authorities.

The concept of lot-to-Iot consistency is based on the goal of obtaining mate-
rial from each production cycle that meet the specifi ed heterogeneity profi le, to 
ensure that the commercial lots possess the same safety, effi cacy, and stability 
profi le as the lots that were used in the clinical trials. This goal can be achieved 
by the establishment of a controlled and validated manufacturing process and by 
an extensive characterization of the protein drug during quality control and lot-
release testing. Thus, the existing regulatory concept of a “specifi ed biological” 
is considered, requiring that the product is produced on a consistent basis and 
that the natural molecular heterogeneity, impurity profi le, identity, and potency is 
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assessed by suitable state-of-the-art bioanalytical methodology with a high degree 
of confi dence.

In addition, extensive stability testing is performed to establish the expira-
tion date and guarantee full effectiveness and safety throughout the declared shelf 
life of the biopharmaceutical product.

ANALYTICAL METHODS FOR PROTEIN CHARACTERIZATION 
OF THE DRUG SUBSTANCE

The characterization of a protein drug is a complex undertaking, requiring the use 
of a wide range of methods to establish such properties of the drug substance as 
structural integrity, consistency, activity, purity, and safety (Fig. 1). The complexity 
of protein molecules means that there are many potential degradation pathways, 
each with its individual dependencies on such parameters as pH, ionic strength, and 
temperature. Each protein may represent a unique combination of such pathways 
and dependencies. It is therefore critical that a broad spectrum of methods be used 
to evaluate the effects of processing and storage to assure optimal maintenance of 
safety and effi cacy of the drug (16–18). The characterization of a protein drug sub-
stance, formulation experiments, and stability testing of a given biopharmaceuti-
cal starts when suffi cient quantities of highly purifi ed protein are available. The 
analytical methods applied should have the capability to detect and quantitate dif-
ferent forms of the active ingredient from each other and from their degradation 
products. Frequently, the protein preparation can be purifi ed to the point of showing 
only one component by many analytical techniques. However, large and complex 
proteins often exhibit “micro heterogeneity,” which in the case of glycoprotein due 
to a number of very similar molecules that possess the same amino acid sequence 
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but differ in the details of their glycan structures. The larger and more complex a 
protein molecule is, the more diffi cult it is to separate the major product from minor 
degradation forms by large-scale purifi cation. It is therefore crucial to optimize the 
analytical methods for maximum resolution; this requires a thorough understanding 
of the principles of each method and the infl uence of the operating parameters on 
method performance (19). In case of product heterogeneity, the different product 
forms must be characterized, and batch-to-batch consistency of this heterogeneity 
needs to be demonstrated for production batches (20).

We now turn to a detailed description of the wide range of analytical meth-
ods typically used to characterize protein drug substances. The application of ana-
lytical methods to formulation development and stability testing is discussed later 
in the chapter.

Primary Structure and Sequence

The amino acid sequence of a given recombinant protein can be derived from the 
nucleic acid sequence of the gene in the expression vector. The verifi cation of 
the amino acid sequence on the protein level is most often achieved by peptide 
mapping and characterization (sequencing) of the isolated peptides by mass spec-
troscopic analysis. Peptide mapping is a very powerful and widely applicable tool 
for protein characterization. The high specifi city of certain proteolytic enzymes in 
cleaving polypeptide chains only at certain residues results in a very characteris-
tic set of peptides (21). Trypsin, for example, cleaves proteins only at lysine and 
arginine residues, resulting in peptides that end either with lysine or with arginine 
(except the C-terminal peptide), and the same pattern will be obtained for each 
digest of a given protein. These peptides are then resolved by reverse-phase high-
performance liquid chromatography (RP-HPLC). The HPLC pattern, therefore, 
results in a “fi ngerprint” that is characteristic for a given protein.

Enzymatic cleavage, e.g., by trypsin, as described above in combination 
with mass spectrometry (MS) is performed for a detailed characterization of the 
primary structure. Molecular mass differences of 1 Da as introduced by deamida-
tion (22,23) can be resolved.

For modifi cations that give rise to higher differences in molecular mass 
compared to the native sequence, or for proteins with a less-complex microhet-
erogeneity profi le application of, e.g., electrospray ionization, time-of-fl ight MS 
(ESI-TOF-MS) techniques without enzymatic digestion are also feasible (24).

This method has the capability to detect changes in the primary structure 
at a 5% to 10% level for large proteins such as tissue plasminogen activator (t-
PA) (25), and below 5% for smaller proteins such as bovine growth hormone 
(bGH) or peptides (26). Compared to earlier methods for peptide identifi cation 
and sequencing, such as amino acid analysis and sequencing (see below), peptide 
identifi cation by MS techniques is much faster and more generally applicable.

Peptide sequencing is a complementary tool to identify the site of a chemi-
cal degradation or enzymatic cleavage in degradation products generated during 
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processing or storage of the biopharmaceutical product. Direct N-terminal sequenc-
ing has long been used as a chemical procedure known as Edman degradation, 
which derivatizes the amino-terminal amino acid in such a way as to release and 
identify the amino acid and expose the amino terminal to the next cycle of degrada-
tion (27). This method has been applied to the intact protein for a limited number 
of residues, primarily to confi rm the integrity of the N-terminus of the protein. In a 
similar way, carboxy-terminal sequencing has been applied for confi rmation of the 
identity/integrity of the carboxy terminus for fi nal products. The identity/integrity 
of the N-terminal and C-terminal ends of proteins is often confi rmed by identifying 
and tracking the corresponding peptides in the peptide maps, which are routinely 
applied for release testing of the products (28).

MS is now playing the major role in peptide sequencing; however, Edman 
degradation is still used as an alternative to address specifi c questions (29,30).

Secondary and Tertiary Structure

The secondary and tertiary structure of proteins must be considered to be equally 
important in the maintenance of the overall native status of the protein, and 
changes in the conformation of proteins may lead to aggregation, decrease in 
biological activity, and, in some cases, immunogenicity. Therefore, the design 
of a formulation for optimal stability of proteins must consider all aspects of the 
structure of a biopharmaceutical. Methods for evaluating secondary structure are 
primarily physical, spectroscopic methods, and their application to bGH has been 
published (31).

The secondary structure can be evaluated by a technique known as circular 
dichroism (CD) (32). Amino acids (except glycine) are asymmetric owing to the 
presence of the chiral carbon. The optical properties of polypeptides are due to the 
asymmetric centers of their constituent amino acids. Polypeptides, thus, interact 
differently with right- and left-circularly polarized light. CD is a technique that 
measures the unequal absorption of left- and right-circularly polarized light. In 
the far-ultraviolet (UV) region (<250 nm), CD spectroscopy can be used for the 
prediction of secondary structures in a protein that are expressed as percentages of 
a-helix, β-pleated sheet, and random structures (33,34). Because of the sensitivity 
of signals to detect changes in the environment of the aromatic amino acids (Trp, 
Tyr, Phe), changes in the tertiary structure of proteins are observed in the near-UV 
CD region (240–320 nm) (35). Disulfi de bonds are also chromophores, which can 
give rise to CD bands in this near-UV region, while free thiol (SH–) groups do not 
(32,36). The near-UV CD spectrum is commonly used as a “fi ngerprint” of the 
tertiary structure to provide confi rmation that the correct structure is present (37) 
or that refolding efforts were successful when the product was isolated from an 
insoluble starting material (38).

Fourier transform infrared spectroscopy (FT-IR) has also provided an 
estimate of secondary structure composition (39–41). This method uses special 
deconvolution methods to separate and integrate overlapping amide I infrared 
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absorption bands associated with a-helix, β-pleated sheet, and random structures. 
In this method, the spectrum is related to the subtle effects of the regular second-
ary structure on the energetics (i.e., vibrational frequency) of amide groups in the 
peptide linkage. FT-IR also has the advantage of being able to evaluate the aspects 
of protein structure in the solid state (42). Both this method (43) and calorimetry 
(44) have been used to study protein conformation at various stages of the freeze-
drying process. This information has been used to optimize formulations and pro-
cesses by maintaining the native structure of the protein.

Many proteins exhibit fl uorescence in the 300 to 400 nm range when excited 
at 250 to 300 nm, as a result of the presence of aromatic amino acids (Trp, Tyr, 
Phe). Fluorescence spectroscopy can yield information regarding the microenvi-
ronments of these aromatic amino acids (45). Thus a buried tryptophan is usually 
in a hydrophobic environment and will fl uoresce with a wavelength maximum in 
the 325 to 330 nm range, while an exposed residue (or free amino acid) fl uoresces 
at around 350 to 355 nm (46). Unfolding of a given protein may result in a shift 
of the fl uorescence spectrum due to conformational changes that induce modifi ed 
emission patterns of the aromatic amino acids in their modifi ed environment.

Protein Glycosylation

Glycosylation of proteins is one of the most common and important posttransla-
tional modifi cations found in eukaryotic secretory proteins. The type and extent of 
N-glycosylation contributes to the physicochemical and recognition properties of 
glycoproteins (47,48). The biological activity of glycoprotein hormones frequently 
depends on the attached N-linked oligosaccharides (49,50). In recent years, the 
role of N-glycosylation in human proteins expressed in Chinese Hamster Ovary 
cells (the most commonly used eukaryotic cells for expression of human recom-
binant proteins) has been studied extensively (51,52). In many glycoproteins, the 
oligosaccharides contribute to solubility (53) and infl uence the in vivo circulatory 
lifetime of the product (54,55). Other possible functions of the oligosaccharides, 
such as facilitating secretion, affecting biological activity, or increasing stability, 
must be investigated for each individual protein. For most mABs, the effi cacy 
arises from their target-binding activity and their effector functionality. A variety 
of parameters infl uence effector functionality, including glycosylation (56–58). 
Although the type of host cell and the primary structure of the expressed gly-
coprotein mainly govern N-glycosylation, environmental factors also infl uence 
glycosylation (59–63). Alterations in oligosaccharide structures occur either by 
affecting intracellular synthesis or by changing glycosidase activity after secre-
tion (64,65). Because changes in the glycosylation pattern may have important 
consequences in glycoprotein pharmaceuticals, carbohydrate analysis is of great 
importance in product characterization and batch analysis to ensure consistency 
in product quality.

The microheterogeneity of glycoproteins frequently complicates the inter-
pretation of results from analytical methods for product characterization. Complex 
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carbohydrate structures often contain a varying number of sialic acid residues, 
which result in a heterogeneity of charge distribution that is manifested by sev-
eral bands on an isoelectric focusing (IEF) gel or multiple peaks in ion exchange 
chromatography (IEC). The charge heterogeneity of glycopeptides that have been 
isolated by RP-HPLC after enzymatic cleavage of the protein (peptide mapping) 
can be separated into individual peaks by capillary electrophoresis (CE).

Substantial progress in the analysis of the oligosaccharide structures of 
recombinant proteins was made with the introduction by Townsend and Hardy 
(66,67) of high pH anion exchange chromatography with pulsed amperometric 
detection. This technology was superior to refractive index detection or radioactive 
labeling of carbohydrates and was for a long time a valuable tool in many labora-
tories for the characterization of carbohydrate structures of biopharmaceuticals.

Currently, glycosylation heterogeneity is assessed by a combination of sev-
eral chromatographical and mass spectrometrical techniques (68,69). The chro-
matographical techniques include enzymatic or chemical release of the N-linked 
oligosaccharides followed by fl uorescence derivatization (e.g., 2-aminobenzamide 
labeling) and a subsequent chromatographic or capillary electrophoretic separa-
tion. The released oligosaccharides can be characterized by comparison to known 
standards. Their structural composition can be confi rmed by exoglycosidase diges-
tion studies, and molecular masses are easily determined by matrix-assisted laser 
desorption ionization (MALDI)-TOF-MS. To identify the site occupancy of the 
oligosaccharides and determine their composition, ESI-TOF-MS is performed on 
the enzymatically digested protein. Several proteases are available; typically used 
enzymes are trypsin, lys-C, AspN, Papain (to generate Fab and Fc fragments), or 
a combination thereof.

The glycan structures on a protein are generally quite stable and usually do 
not change under conditions used for formulation and storage of protein pharma-
ceuticals. Therefore, glycosylation analysis usually does not belong to a standard 
set of stability-indicating methods. To analyze for underlying degradation pro-
cesses, however, it may occasionally be benefi cial or necessary to remove the 
carbohydrates and the associated analytical heterogeneity.

Protein Concentration

One of the most fundamental measurements made on a protein is the determi-
nation of concentration. Peptides and proteins that do not absorb visible light 
can react with reagents to form colored compounds. The widely used reagent 
ninhydrin reacts with amino groups of amino acids and peptides to produce an 
intensely colored product that has a maximum absorbance at 570 nm. A relatively 
more specifi c, but less sensitive, method of quantitatively determining proteins is 
the biuret reaction of copper in a basic solution in the Lowry assay. The resulting 
blue product is quantitated in the visible region at 540 to 560 nm, and the assay is 
linear at microgram protein levels (70). The Bradford colorimetric assay depends 
on the binding to the product in an acid environment of the dye Coomassie  brilliant 
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blue (71). The reaction can take place in just two minutes, with good color stabil-
ity for one hour, to allow measurement at 595 nm. These colorimetric methods 
can provide relative protein concentrations, when compared with defi ned stan-
dards such as bovine serum albumin, that can be compared between different labs. 
The binding of the reagents may be different for individual proteins, however, and 
it also can be infl uenced by buffer conditions.

UV absorption spectroscopy is considered to be the most convenient and 
accurate measure of the protein concentration (72,73). The absorption spectrum 
of a protein in the UV wavelength range is the net result of absorption of light by 
the carbonyl group of the peptide bond (190–210 nm), the aromatic amino acids 
(250–320 nm), and the disulfi de bonds (250–300 nm). Protein concentration can 
be determined from the absorption spectrum for a purifi ed protein on the basis 
of its specifi c absorption coeffi cient (74). This absorption coeffi cient is derived 
from a known protein concentration, usually measured on a 1 mg/mL solution at 
the wavelength maximum near 280 nm. An accurate independent measurement of 
the protein concentration (for the sample whose spectrum is recorded) is a critical 
part of the determination of the extinction coeffi cient and is often performed by 
quantitative amino acid analysis, nitrogen assay (Kjeldahl), or dry weight mea-
surements. Since, however, the amino acid sequence is known for most protein 
pharmaceuticals, the theoretical extinction coeffi cient may also be calculated from 
the content of the aromatic acid components (75). The effects of the protein struc-
ture on the UV spectrum are not considered by this theoretical calculation. The 
magnitude of these effects can be measured by recording the spectrum when the 
protein is digested with enzymes until the spectrum stabilizes to that of free aro-
matic amino acids in the resulting peptides, and their concentration can be deter-
mined from their known extinction coeffi cients (76). This spectroscopic method 
avoids the errors associated with dry weight analysis and amino acid analysis and 
is very simple with computer-assisted spectrophotometers.

Surface Charge

The acidic and basic groups of proteins make them polyelectrolytes, and they can 
therefore be separated in an applied electric fi eld. The use of this phenomenon, 
known as electrophoresis, is one of the most common methods of separating mix-
tures of proteins on an analytical scale. Many different forms of electrophoresis 
are applied, and details on the theoretical principles behind these electromigration 
techniques have been published (77,78).

In native electrophoresis, performed in the absence of denaturing agents, 
the major factors controlling the electrophoretic mobility of a macromolecule are 
its net charge (at the pH of separation) and its Stokes radius, a hydrodynamic 
parameter determined primarily by the size and, to a lesser extent, the shape of the 
molecule. The basis for separation is therefore determined mainly by differences 
in mass-to-charge ratio. The use of an anticonvective matrix, such as a gel, can 
enhance the resolving power of this method. If the pores of the gel are comparable 
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to the dimensions of the protein, they will present resistance to the movement 
of the molecules in a size-dependent fashion. Since native gel electrophoresis 
provides information on both size and charge, independent data are required to 
resolve these two factors.

The charge of a native protein is dependent on the pH of the solution. At the 
isoelectric point (pl), the protein’s net charge will be zero, and the mobility in the 
electric fi eld will be zero. Thus, if the electric fi eld is also a pH gradient, the pro-
tein will migrate to the point at which the pH is the same as the pl and the migra-
tion will stop. This phenomenon is known as “isoelectric focusing” (79). Stable 
pH gradients are established by means of carrier ampholytes with appropriate pl 
and buffering capacity, which are included in large-pored agarose or acrylamide 
gels (80,81). Such IEF systems can separate protein species that differ in pl by as 
little as 0.02 pH units (82). This method has been applied to separate different gly-
coforms of proteins that differ in the degree of sialylation of the complex carbohy-
drates (83,84). The method is also widely used as a stability-indicating method to 
assess deamidation during stability studies by quantitative densitometry (85).

IEF was successfully established in the capillary format with the improve-
ments made in CE. Two separation modes are available for the resolution of 
charge variants, capillary zone electrophoresis (CZE) and capillary IEF (cIEF) 
(86,87). Both modes are now widely used techniques in protein characterization 
and quality control. In most CE applications, UV or UV–visible absorbance is 
employed as the primary mode of detection with on-tube detection. In cIEF, a 
stable pH gradient is formed in the capillary using carrier ampholytes, and pro-
teins become focused in the gradient at their pls. Diffusion cIEF gives a resolution 
comparable to the slab gel IEF but may result in a more complex pattern because 
smaller peptides that diffuse out of the gel or peptides that do not stain well are 
also detected. In CZE, the inlet and outlet reservoir are fi lled with the same buffer 
and components injected at the inlet migrate towards the detection point accord-
ing to their mass-to-charge ratio.

IEC is a powerful separation technique at the preparative scale and it is also 
an analytical tool for assessment of charge heterogeneities in protein preparations 
(88). A protein with a net positive charge tends to bind to a matrix with a net nega-
tive charge by ionic interactions, and vice versa, provided the ionic strength of the 
buffer is suffi ciently low. The passage of a salt gradient over a column to which 
a mixture of proteins has bound will cause the elution of each protein at its own 
critical salt concentration, where the protein binds less tightly than the salts. Thus, 
the proteins, or differently charged variants of a protein, are separated from each 
other, and the components of the mixture can be individually quantitated. The 
charge distribution on the surface of a given protein is dependent on the solution 
pH, which dictates the binding and elution conditions of the IEC method. If two 
forms of the same protein, which differ by one charged amino acid, are analyzed 
at a pH where that group is uncharged, this difference may not be detected by IEC. 
Therefore, a single homogeneous peak on ion exchange is not a guarantee that the 
sample is homogeneous.
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Chromatofocusing, as the name implies, combines aspects of IEF and IEC. 
It is performed under low salt conditions and can use the same ampholytes used 
in IEF (89,90). The sample is loaded onto an ion exchange column at a pH where 
it binds. The column is then eluted with an ampholyte or buffer mixture selected 
to generate a pH gradient that gradually fl ows down the column. When the pl of a 
bound protein is reached, that protein is released from the resin. The method has 
a high resolving power, and the proteins are eluted in highly focused peaks from 
the column. This method has one signifi cant disadvantage: because most proteins 
exhibit minimum solubility at low ionic strength around their pl, this means that 
neutral surfactants or urea may be required to keep the protein in solution.

Protein Size

The most common form of protein electrophoresis is polyacrylamide gel electro-
phoresis with the denaturing agent sodium dodecyl sulfate (SDS-PAGE). Reduced 
proteins tend to bind a relatively constant amount of SDS on weight basis: approx-
imately 1.4 of SDS per gram of protein (91). The SDS molecule carries a negative 
charge, and complexes of proteins with SDS have very similar mass-to-charge 
ratios and therefore free electrophoretic mobility (92). When a mixture of SDS-
saturated proteins is electrophoresed in a gel matrix with the correct pore size, the 
major factor determining their migration rate is their effective size. SDS-PAGE 
is commonly used for assessing purity and as a tool for determining the apparent 
molecular weight of a protein (93,94). The most reliable estimate of molecular 
weight is obtained from analyses in which the disulfi de bonds have been reduced 
and the polypeptide chains are truly random (95). A widely used system is the 
discontinuous buffer system with SDS, published by Laemmli (95). This system 
may be used for proteins ranging in molecular weight from 10,000 to 300,000 Da 
by varying the concentrations of the acrylamide gel and the cross-linker, bisacryl-
amide, to vary the pore size of the gel (95,96).

The resolving power of SDS-PAGE can be further increased by using gradi-
ents of acrylamide to vary the pore sizes in the gel. Determination of the apparent 
molecular weight of a protein can be infl uenced by sample treatment (e.g., heating 
of samples and use of reducing agents, such as mercaptoethanol or dithiothreitol 
or carboxymethylation with iodoacetic acid), which then makes the results dif-
fi cult to interpret. It is also common to fi nd that proteins with signifi cant car-
bohydrate content running as diffuse bands, probably because of a combination 
of heterogeneity of molecular weight, charge (as a result of variable extents of 
sialylation), and SDS binding (97). Protein quantitation by SDS-PAGE can be 
complicated by the variable dye-binding properties of individual proteins (98,99) 
and the denaturing effects of SDS.

The apparent molecular weight of a protein can also be determined by gel 
fi ltration or size exclusion chromatography (SEC) on a column that has been cali-
brated with molecular weight standards (100). This method is of relatively low 
resolution primarily because it is based on the hydrodynamic properties of the 
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protein and consequently gives accurate estimates only for spherical proteins. 
Since separation by gel fi ltration is based on apparent molecular weight, this 
method is frequently used to assess the aggregation state of the protein and to 
quantitate dimers, oligomers, and aggregates in a protein preparation (101,102). 
While yielding lower resolution than SDS-PAGE, this method does allow the 
quantitation of concentration.

The incorporation of specialized ionization methods has extended the appli-
cations of MS to protein characterization and accurate determination of molecular 
weight: ESI-MS and MALDI-MS (103). ESI-MS has extremely high precision 
because it generates multiple-charged ions through the abstraction or association 
of protons or via association of anions or cations from solution. Because the ion-
ization process generates multiple charged ions, even very large proteins can be 
analyzed, since quadrupole and magnetic mass detectors measure the mass-to-
charge ratio. Even for large proteins, the molecular weight can be determined with 
high precision (104). This precision arises by transforming the mass/charge scale 
of the obtained ESI spectra to the real mass scale and by using a simple algorithm 
averaging all the signals of one series of multiply charged ions.

This approach was used to characterize recombinant γ-interferon and its 
C-terminal degradation products simultaneously, yielding an estimate of the 
molecular weight of 16908.4 ± 1.2 while the theoretical mass is 16907.3 (105). 
MALDI-MS was pioneered by Hillenkamp and Karas (106,107), who showed 
that if a high concentration of a chromophore is added to the sample, a high-
intensity laser pulse will be absorbed by the matrix and the energy absorbed will 
volatize a portion of the matrix, carrying the protein sample with it into the vapor 
phase essentially intact. The resulting ions are then analyzed in a TOF-MS. The 
“gentle” nature of the ionization may be responsible for the ability of the method 
to provide information on quaternary structure. A major extension of the TOF-MS 
method was developed by Beavis and Chait (106), who showed that the method is 
relatively insensitive to large amounts of buffer salts and inorganic contaminants. 
This type of methodology may have a wide utility for several reasons: it requires 
only picomole amounts of sample; it is very fast (<15 minutes from start to fi nish) 
and does not fragment the molecules; the sample can be a crude mixture of pro-
teins; and the result is in principle as easy to interpret as (and indeed resembles) a 
densitometric scan of an SDS-PAGE gel, with a mass range well above 100 kDa.

Bioassay, Potency Assays

All the methods described thus far are universally applicable to different pro-
teins, although the selection and focus of the analytical methods applied will be 
infl uenced by the specifi c properties of the protein. Potency assays, however, are 
required to mimic the specifi c biological activity of the biopharmaceutical and 
hence are usually protein specifi c. For many proteins, in vivo bioassays in ani-
mals have been developed to measure the “true” biological activity including the 
pharmacodynamics of the product. For example, the bioassay for human growth 
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hormone (hGH) measures the daily weight gain in hypophysectomized (hypoxed) 
rats given daily injections of hGH (109). The rats respond to exogenous growth 
hormone (even from different species). Usually 10 rats are used per group, and 
two doses are compared for the sample, with inclusion of a reference standard 
and a blank as controls. The dosing and the recording phase of the study take 
10 days. As can be seen from the design of this bioassay, the analysis of a single 
sample requires a tremendous effort. Therefore, such a bioassay is not suitable 
for analyzing large numbers of samples derived from formulation screening or 
from stability studies. In addition, such in vivo bioassays have the drawback of 
animal use and additionally suffer from poor reproducibility. In many cases, cell-
culture–based in vitro bioassays that mimic the biological activity of the protein 
have replaced in vivo bioassays. The murine thymocyte proliferation assay that 
is widely used for routine analysis of human IL-1 (hIL-1) activity is an example 
of such a surrogate assay (110). The proliferation by hIL-1 is mediated via IL-2 
release of hIL-1–stimulated T-cells, since antibodies specifi c for hIL-2 can block 
this response (111). The assay, which is performed in microtiter plates, is sensitive 
to 10 to 50 pg/mL IL-1. Proliferation is assessed by [3H] thymidine incorporation 
after 72 hours of culture. A major problem with this assay is its lack of specifi c-
ity: it can be stimulated by hIL-2 and compounds used to induce hIL-1 produc-
tion (e.g., lipopolysaccharide and phorbol myristate acetate). Similar proliferation 
assays were developed for hIL-1 on the basis of different cell lines. Three differ-
ent amino-terminal variants of recombinant hIL-1β were demonstrated to differ in 
their activity by 3- to 10-fold in these cell-based bioassays (112).

The biological activity of interferons is measured by their dose-dependent 
inhibition of the cytopathic effect due to virus infection of cell cultures in microti-
ter plates (113). The activity is measured in comparison to international standards 
and is expressed in international units (114). Although cell-based in vitro assays 
have a much higher sample throughput and reproducibility than in vivo assays in 
animals, the assay variability of the former is still comparatively high, with coef-
fi cients of variation in the range of 20% to 50%.

For some proteins, especially for enzymes, biomimetic in vitro test systems 
with good reproducibility have been developed. An example is recombinant t-PA 
(rt-PA), a serine protease that cleaves plasminogen to plasmin and thereby initi-
ates the lysis of fi brin clots and blood coagulates. This biopharmaceutical is used 
for several indications, such as myocardial infarction, stroke, lung embolism, and 
deep venous thrombosis. The enzyme activity of rt-PA can be measured in a chro-
mogenic assay using a synthetic substrate, a tripeptide linked to p-nitroanilide (S-
2288). The rate of cleavage is monitored following the formation of p-nitroaniline 
spectrophotometrically at 405 nm. The one- and two-chain forms of rt-PA have 
different affi nities for the substrate and therefore differ in their specifi c enzymatic 
activity in this assay (80). The concentrations of one- and two-chain rt-PA can 
be determined based on the difference in amidolytic activity between the two 
forms toward S-2288 substrate. For this purpose, the assay is performed with the 
mixture of one- and two-chain rt-PA and also after all the rt-PA in the mixture has 
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been transformed to the two-chain form (with higher specifi c enzymatic activity) 
by adding a trace amount of plasmin to the mixture.

A more specifi c and relevant enzyme assay is an indirect chromogenic assay 
for rt-PA in which a synthetic substrate (S-2251) specifi c for plasmin is used to 
measure the plasmin generated upon incubation of rt-PA and plasminogen. The 
amount of plasmin generated in this test correlates with the plasminogen- activating 
potency of t-PA (115). The most biologically relevant in vitro potency assay for 
rt-PA is the in vitro clot lysis assay, which is based on measuring the time taken 
for a fi xed amount of rt-PA to dissolve a fi brin clot. Typically, a fi brin clot is pro-
duced by combining fi brinogen and thrombin in the presence of plasminogen.

Then rt-PA is introduced to initiate the lytic reaction. If rt-PA is present in lim-
iting amounts, the time for clot lysis is directly proportional to its concentration. The 
accuracy of the assay is dependent on the ability of the analyst to reproducibly mea-
sure the reaction endpoint. Several methods have been used, which include releas-
ing entrapped air bubbles from the clot and dropping glass beads through the fi brin 
clot (116,117). In an automated version of the in vitro clot lysis assay, endpoint 
detection is based on turbidometric measurement performed by means of a com-
mercially available microcentrifugal analyzer (118). Lysis of the clot is followed 
by measuring the decrease in absorbance at 340 nm. This automated version of the 
in vitro clot lysis assay is reliable and reproducible, with an accuracy of 99.5% and 
a precision of 5% (in the concentration range of 40–1200 ng/mL rt-PA) and can be 
performed at high throughput with minimal sample handling. The in vitro clot lysis 
assay has also been adapted to a microtiter plate format (119).

Another fi brinolytic assay system measures the lysis of clots prepared from 
human blood, then incubated in plasma in the presence of small amounts of added 
rt-PA (120). In this system, the fi brinolytic activity of rt-PA is determined by plot-
ting the loss in blood clot weight against the concentration of rt-PA in the plasma 
sample. Since this so-called hanging-clot assay is very time consuming and not 
suited to automation, its application is limited to very specifi c investigations; it is 
not useful for routine quality control purposes.

General requirements for a stability test are high capacity and throughput 
of samples, as well as high accuracy and precision. Both criteria are fulfi lled by 
the automated in vitro clot lysis assay for rt-PA. This assay is one of the stability-
indicating assays for rt-PA and has been used to assign the expiration date (shelf 
life) of drug product lots.

In general, a functional, stability-indicating bioassay is required, with 
 “functional” meaning relevant to the mechanism of action of the therapeutic protein. 
For example, for mABs, common cell-based potency assays include proliferation, 
inhibition of proliferation, and apoptosis. In cases where the cell-based bioassay is 
not sensitive, accurate, or precise enough, a choice for an in vitro potency assay can 
be a competitive specifi c binding assay. This competition assay can be designed 
as a sandwich assay, with the soluble antigen fi xed to a microtiter plate. The dis-
placement of a conjugated form of the mAB is measured for the nonconjugated test 
sample of the same mAB and for a defi ned reference material of the antibody on the 
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same microtiter plate. From the displacement calibration curve for reference mate-
rial, a relative binding potency for the sample can be determined. This assay format 
can be performed with high accuracy, precision, and capacity in sample throughput. 
However, a specifi c binding assay does not necessarily refl ect the “true potency” 
of a protein drug. Therefore, care must be taken to correlate the data from in vitro 
binding assays with more relevant biological test systems. Most importantly, the 
stability-indicating properties of such an in vitro assay need to be established.

Product Purity

The determination of absolute as well as relative purity presents considerable 
analytical challenges, and the results are highly method dependent. Historically, 
the relative purity of a biological product has been expressed in terms of spe-
cifi c activity (units of biological activity per milligram of product), which is also 
highly method dependent. Consequently, both drug substance and drug products 
are assessed for purity by a combination of methods.

There is an inherent degree of structural heterogeneity in proteins, a result 
of the biosynthetic processes used by living organisms producing the protein. 
Therefore, the desired product can be a mixture of posttranslationally modifi ed 
forms (e.g., glycoforms, as described above). These forms may be active, and 
their presence may have no deleterious effect on the safety and effi cacy of the 
product. When variants of the desired product are formed during the manufac-
turing process and have properties comparable to the desired product, they are 
considered to be product-related substances, not impurities.

Biopharmaceuticals, composed of the desired product and multiple prod-
uct-related substances, need to be tested for impurities, which may be either 
process related or product related.

Process-related impurities encompass those that are derived from the manu-
facturing process, classifi ed in three major categories: cell-substrate derived, cul-
ture derived, and downstream derived. Impurities derived from cell substrates 
include host cell proteins, nucleic acid (host cell generic, vector, total DNA), lip-
ids, polysaccharides, and viruses. For host cell proteins, a sensitive immunoassay 
capable of detecting a wide range of protein impurities is generally utilized. The 
polyclonal antibodies utilized in the test are generated from a crude preparation 
of a mock production organism (i.e., a production cell minus the product coding 
gene). Another common strategy in many companies is to develop a multiproduct 
enzyme-linked immunosorbent assay (ELISA) for all products derived from a par-
ticular cell type (proprietary assay), or to use a commercially available “generic” 
ELISA. The level of DNA from host cells can be detected by direct analysis of 
the product using DNA hybridization techniques or a threshold total DNA assay 
(121). DNA spiking experiments may be performed at laboratory scale in order 
to validate effi cient removal of DNA. Internationally accepted specifi cations for 
impurities are not established, except for DNA, which has a WHO specifi cation 
(122).
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Safety Testing

Most biopharmaceutical drugs are delivered parenterally, which requires fi nal 
products to be tested for mycoplasma, sterility, and pyrogenicity. Pyrogenicity 
testing may be replaced by limulus amoebocyte lysate testing for endotoxin 
according to the U.S. Pharmacopoeia (USP) or European Pharmacopoeia. The 
General Safety test is another safety test specifi c to biologics and is intended to 
detect any unexpected or unwanted biological reactivity with a product. The assay 
encompasses inoculation of guinea pigs and mice with the fi nal formulated prod-
uct. The fi nal product lot will pass the test if no unforeseen reactions occur and no 
weight loss takes place during the test (123).

In addition to fi nal product testing, good manufacturing practices are 
applied during processing to avoid any contamination with adventitiously intro-
duced materials, not intended to be part of the manufacturing process, such as 
biochemical/chemical materials and/or microbial species (124). Special require-
ments are applied to products derived from mammalian cell cultures to avoid any 
contamination by viruses. These include a combination of testing and validation 
of the downstream purifi cation process for removal and inactivation of adventi-
tious viruses and viruses intrinsic to the cell line (125,126). Specifi c guidelines 
address these virus safety aspects for cell culture–derived products (127,128).

ESTABLISHING STABILITY-INDICATING ANALYTICAL METHODS 
FOR FORMULATION DEVELOPMENT AND STABILITY TESTING 
OF BIOPHARMACEUTICAL PRODUCTS

An extensive physicochemical characterization of the protein, as described above, 
forms the basis for the development of a stable formulation (129). The physi-
cochemical properties of the protein and its behavior in different solutions, as 
well as the purpose and application of its in vivo use, will guide the choice of 
formulation. The strategy for development of protein formulations is discussed in 
more detail in Chapter 6. Analytical results from product characterization and fi rst 
experiences concerning product stability obtained during process development 
provide a good basis for the selection of stability-indicating test methods. In many 
cases, these tests are product-specifi c assays such as those measuring potency or 
activity, or cover specifi c features unique to an individual protein. In addition, 
some general tests are performed and some general requirements for the scope of 
stability-indicating test methods for biopharmaceuticals can be defi ned.

Stability-indicating test methods should detect the most common degradation 
forms of biopharmaceuticals: inactive or denatured protein, soluble and insoluble 
aggregates, proteolytically truncated forms, and chemical modifi cations such as 
hydrolysis, deamidation, oxidation, disulfi de exchange, β-elimination, and racemi-
zation. A more detailed discussion of degradation pathways of proteins is given in 
Chapters 2 and 3 (130). A summary of the most common degradation pathways and 
examples of methods used to detect degradation products is given in Table 1.
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Table 1 Common Degradation Routesa and Methodsb Applied to Detect 
Degradation Products

Degradation  Region affected/ 
rule  results Major factors Method

Aggregation Whole protein;   Shear, surface area, Size exclusion
  reversible or   surfactants, pH, T,  chromatography, light
  irreversible  buff strength  scattering, analytical
  self-association   ultracentrifugation, 
    fi eld-fl ow fractionation
Deamidation Asn or GIn; acidic  pH, T, buffers,  Isoelectric focusing, IEC,
  product, isoform,   ionic strength  native electrophoresis, 
  or hydrolysis   capillary 
    electrophoresis, 
    reversed-phase HPLC, 
    mass spectrometry 
    (following chemical 
    cleavage or enzymatic 
    digestion)
Cleavage Asp-X; fragments  pH, T, buffers N- and C-terminal
  (proteolysis also    sequencing, size
  possible from    exclusion
  trace proteases)   chromatography, 
    reversed-phase  HPLC
    (peptide map), 
    SDS-polyacrylamide 
    gel electrophoresis, 
   Isoelectric focusing, 
    mass spectrometry
Oxidation Met, Cys, Hid, Trp,  Oxygen (ions,  Reversed-phase HPLC
  Tyr; oxidized   radicals, peroxide),  (peptide map),
  forms   light, pH, T,   hydrophobic
   buffers, metals,   interaction
   (surfactants), free   chromatography, amino
   radical scavengers   acid analysis, mass 
    spectrometry 
    (following chemical 
    cleavage or enzymatic 
    digestion)

(Continued)
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We now discuss these common degradation pathways, emphasizing the analyti-
cal techniques useful for monitoring changes in proteins during stability testing. These 
methods will be integral to the design and optimization of stable formulations.

Protein denaturation refers to a disruption of the higher-order structure, 
such as secondary and tertiary structure of a protein. Denaturation, which may be 
reversible or irreversible, can be caused by thermal stress, extremes of pH, and 
exposure to interfaces or denaturing chemicals. Denaturation typically involves 
unfolding of the protein. In some cases, the unfolded protein can be transformed 
back to its native state by using denaturants such as guanidine hydrochloride or 
urea, followed by dialysis (131). If the protein cannot easily recover its native 
state by refolding, denaturation is considered to be irreversible. In many cases, 
this leads to aggregation and precipitation phenomena.

Table 1 Common Degradation Routesa and Methodsb Applied to Detect 
Degradation Products (Continued)

Degradation  Region affected/ 
rule  results Major factors Method

Thiol  Cys; mixed pH, T, buffers, Reversed-phase HPLC
 disulfi de  disulfi des;  metal, thiol  (±reduction),
 exchange  intermolecular   scavengers  reversed-phase HPLC
  or intramolecular   (peptide map), SDS-
    polyacrylaminade gel 
    electrophoresis, mass 
    spectrometry 
    (following chemical 
    cleavage or enzymatic 
    digestion) 
Altered  Whole protein Shear, surface area, Far-UV circular
 secondary    surfactants, pH, T,  dichroism, Fourier
 structure   buffers, ionic   transform infrared
   strength  spectroscopy, Raman 
    spectroscopy
Altered  Whole protein Shear, surface area, Near-UV circular
 tertiary    surfactants, pH, T,  dichroism, UV
 structure   buffers, ionic   absorption
   strength  spectroscopy, 
    fl uorescence 
    spectroscopy

aThis table lists degradation pathways commonly observed for proteins and peptides. The listing is 
not comprehensive, however, and many of these degradation routes may occur independently or in 
combination with another.
bMethods that are frequently used for analysis of alteration.
Abbreviations: HPLC, high performance liquid chromatography; SDS, sodium dodecyl sulfate; UV, 
ultraviolet.
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Changes in the secondary and tertiary structure of proteins can be moni-
tored by spectroscopic methods, such as UV-CD and FT-IR, as described ear-
lier in this chapter. In some cases, unfolded proteins can be separated from their 
native forms based on differences in chromatographic behavior [e.g., separation 
by hydrophobic interaction chromatography (HIC) due to an altered hydropho-
bicity pattern of the protein]. Another useful technique for investigating changes 
in protein conformation as on exposure to specifi c environments is differential 
scanning calorimetry (DSC). As a protein is heated, the transition from the native 
state to the unfolded state is accompanied by the appearance of an endothermic 
peak on DSC.

The transition temperature, Tm, is analogous to the melting of a crystal and 
is affected by the environmental conditions (e.g., pH) and the presence of phar-
maceutical excipients. Sugars such as glucose and sucrose and polyols such as 
sorbitol and glycerol have been found to increase the denaturation temperature 
of proteins (132,133). A pH dependency of the endothermic peaks in DSC has 
been shown for several proteins (83,134). For rt-PA, the melting temperature in 
phosphate buffer was found to be about 66°C. In the presence of arginine, which 
stabilized the protein in solution, the Tm shifted to 71°C (135). Figure 2 contrasts a 
DSC thermogram for rt-PA with a melting temperature of 69.87°C, with a scan for 
an rt-PA variant having a signifi cantly lower Tm (64.20°C). The thermogram for 
the humanized mAB shown in Figure 3 exhibits multiple transition temperatures 
for the heavy and light chains in the antibody.

Aggregate formation is one of the most common forms of protein insta-
bility (136). Insoluble and soluble aggregates must be distinguished. Soluble 
aggregates can be detected and quantitated by gel fi ltration chromatography. 
They do not necessarily lead to opalescence or turbidity of the protein solution. 
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In contrast, insoluble aggregates consist of large protein particles that do not 
enter gel fi ltration columns and manifest themselves in the form of haziness or 
opalescence in a solution that is intended to be clear. Turbidity or opalescence 
in protein solutions can be caused by small amounts of insoluble aggregates, 
often less than 1%. All fi nal product lots of biopharmaceuticals that are used 
as parenterals are inspected for appearance and clarity. A spectrophotometric 
determination of the opalescence of a protein solution in comparison with ref-
erence preparations as defi ned by the European Pharmacopoeia serves as an 
objective standard of evaluation for the presence of insoluble aggregates. To 
obtain accurate values when one is quantitating the concentration of a protein 
solution in the presence of opalescence, protein content measurements made by 
UV-absorption spectroscopy need to be corrected for increased absorbance, due 
to light scattering (137).

Insoluble protein aggregates can also be detected and quantitated as particles 
by light-scattering techniques. Particulates in injectables are assessed according 
to the USP Particulate Matter test and need to meet the acceptance criteria (<600 
particles >25 µm and <6000 particles >10 µm). Photon correlation spectroscopy 
(PCS) is the most useful technique for particle size analysis of submicrometer 
particulates, having a range of application from a few nanometers (corresponding 
to the size of proteins in solution) to a few micrometers (138). PCS is a light-
 scattering technique for the measurement of the statistical intensity fl uctuations 
in light scattered from the particles. These fl uctuations are due to the random 
Brownian motion of the particles, which are size dependent. The diffusion coeffi -
cients of a protein can be determined from an autocorrelation function of the PCS, 
allowing particle size assignments. As with other light-scattering techniques, the 
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analysis of PCS data becomes more complex when the sample particles are not 
monodisperse. However, PCS has been used to study the hydrodynamic size of 
proteins and their dependence on pH (139). The method is suitable for the quan-
titation of monomers and dimers and has been used to elucidate the refolding 
process of proteins (140). The measurement of monomers and dimers of proteins 
is disturbed by small amounts of aggregates, which can be detected at a very high 
sensitivity by PCS.

In addition to considering aggregation of the protein-active ingredient in 
a formulation, it is important to keep in mind that excipients in a formulation 
are also capable of aggregation. Proteins formulated at low concentrations may 
interact with container/closure systems, resulting in losses by absorption (141). 
In some cases, stabilizers such as human serum albumin (HSA) or surfactants are 
added to prevent such absorption effects. In one case described for an unstable 
HSA/dextrose solid formulation at elevated temperatures, however, a broadening 
and shift of the HSA peak together with a decrease in retention time in RP-HPLC 
was observed (Fig. 4). This was accompanied by a loss in mobility on SDS-PAGE 
gels (not shown) and an increase in the molecular weight of HSA as determined by 
MS analysis (Fig. 5). MS analysis of tryptic peptides of the HSA revealed a modi-
fi cation of lysine residues by a glycosylation of the ε amino group (142). These 
results strongly suggest an interaction between the HSA and dextrose excipients 
in the formulation at temperatures above 25°C. The development of HSA-free 
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formulations is recommended even for low-dose biopharmaceuticals, however, 
because HSA is less well defi ned and less pure compared to recombinant proteins 
and additionally bears the potential risk of virus contamination due to the source 
of multidonor blood pools. Such protein excipients may also undergo the same 
degradation pathways as the therapeutic protein, introducing the need for stability 
testing here as well.

Another degradation pathway for proteins is hydrolysis through enzymatic 
and nonenzymatic routes, resulting in the cleavage of a peptide bond. Cleavage 
products can be visualized by SDS-PAGE using sensitive silver-staining tech-
niques (143–145). Silver-staining techniques are mainly used when sensitivity 
is a major issue, such as in the detection of impurities in pharmaceutical protein 
preparations. However, the band intensities are not linearly proportional to the 
amount of protein loaded and the silver-binding properties of proteins (146). Thus, 
quantitation of silver-stained gels is problematic. When silver staining is used, the 
detection limit for proteolytic degradation products of proteins is in the range of 
200 to 1000 parts per million for individual bands on a gel. Staining of SDS gels 
with Coomassie blue is 10 times less sensitive, but more suitable for quantitative 
measurement of degradation products by densitometric scanning of the gels.

Figures 6 and 7 illustrate the results of the quantitative measurement of deg-
radation products during stability testing of an mAB by densitometric scanning of 
SDS gels. In Figure 6, the densitometric scan profi les from SDS-PAGE gels and 
main peaks of the heavy and light chains of a reduced antibody are shown, as well 
as peaks from degradation bands that increase during storage time. Figure 7 is the 

0
0

20

40

60

80

100

120

140

160

180

200[mV]

20000 40000 60000 80000 100000

[m/z]

M + 2H+

M + H+

Stability Sample
40 ˚C, 6 Months

Final Product
0 Months

Figure 5 MALDI TOF mass spectroscopy of HSA in a dextrose formulation, before and 
after storage for 6 months at 40oC.



96 Hoffmann and Pisch-Heberle

McNally  PTR  09/24/07  Chapter 04

graphic representation of the combined peak areas for the heavy and light chains 
and their changes as a function of storage time and temperature.

Proteolytic processing of proteins can also be measured by chromatographic 
techniques such as gel fi ltration chromatography. Rt-PA has a predominant pro-
teolytic cleavage site at amino acid position 275–276 and is readily cleaved by 
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plasmin into two-chain rt-PA. The ratio of single-chain to two-chain t-PA can be 
determined by HPLC–gel permeation chromatography performed under reduc-
ing conditions. Rt-PA produced under serum-free conditions by mammalian cell 
culture exists predominantly in the single-chain form.

During long-term storage in liquid formulation, this molecule will be 
cleaved into the two-chain form, depending on the storage temperature and pH 
of the formulation buffer. Gel permeation chromatography is applied for stabil-
ity testing of rt-PA for both quantitation of aggregates and for quantitation of the 
truncated two-chain form of the protein (Fig. 8).

In addition to proteolytic cleavage due to the presence of trace amounts 
of proteases, the peptide bond can undergo nonenzymatic hydrolysis, resulting 
in protein degradation. The Asp-Pro peptide bond is known to be the most sus-
ceptible to hydrolytic breakdown. The preferential hydrolysis of certain Asp-
Pro bonds in a protein structure may be due to greater accessibility of the group 
(147) or to the location of these bonds adjacent to other amino acids that may 
infl uence the hydrolytic reaction (148). Degradation products or truncated forms 
of proteins generated by hydrolysis are analyzed by the same set of methods 
applied to truncated forms generated by proteolysis.

Oxidation is another of the major chemical degradation pathways of pep-
tides and proteins, both in solution and in lyophilized formulations. Amino acids 
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that may undergo oxidation include methionine, cysteine, histidine, tryptophan, 
and tyrosine. Most oxidation reactions commonly encountered in therapeutic pro-
teins under normal storage conditions involve methionine and/or cysteine resi-
dues. Methionine is easily oxidized, even by atmospheric oxygen, to methionine 
sulfoxide. The oxidation of methionine is catalyzed by trace amounts of peroxide 
or metal ions, which may be present as contaminants from the manufacturing 
process or in trace amounts in excipients (54,131,149). The oxidation of methio-
nine and cysteine is infl uenced by the three-dimensional structure of the protein. 
Residues that are buried in the interior of the protein are inaccessible to oxidation 
but can become reactive upon unfolding of the protein (113). Oxidized variants of 
proteins can be detected and characterized by liquid chromatographic techniques, 
such as RP-HPLC and HIC or by peptide mapping, followed by MS analysis. An 
example of an RP-HPLC separation of product variants including oxidized forms 
is shown in Figure 9.

Cysteine amino acid groups are also easily oxidized to yield cysteine disul-
fi des. During long-term storage, free sulfhydryl groups may be oxidized to form 
intrachain or interchain disulfi de linkages. Such interchain bonds between mul-
tiple protein molecules lead to protein aggregation (150). Under thermal stress, a 
protein will often undergo a destruction of the disulfi de bonds by β-elimination 
from cysteine residues, resulting in free thiols that may contribute to other deg-
radation pathways (131). The generation of free thiols by β-elimination may, in 
turn, catalyze disulfi de interchange. Disulfi de interchange may also result from 
the presence of unpaired cysteine residues. These cysteine residues can react at 
different sites to form new disulfi de bridges, resulting in proteins with incorrect 
disulfi de linkages and nonnative conformation (64,73). Confi rmation of the correct 
linkage of disulfi de bridges in a protein is a monumental analytical undertaking 
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and requires cleavage of the protein under reducing and nonreducing conditions 
and characterization of the isolated peptides by LC-MS to assign the cysteines 
involved in the disulfi de bonds. Improperly folded proteins derived from disulfi de 
interchange may be separated by high-resolution chromatographic techniques, 
such as RP-HPLC, HIC, size-exclusion chromatography (SEC), or IEC.

Nonenzymatic deamidation is a very common hydrolytic reaction respon-
sible for degradation of peptides and proteins involving the amide group of aspa-
raginyl or glutaminyl (Asn and GIn) residues. Asn and GIn residues are labile at 
extremes of pH and may be hydrolyzed easily to free carboxylic acids (Asp and 
Glu, respectively). Deamidation may have signifi cant effects on protein bioactiv-
ity, half-life, conformation, aggregation, and/or immunogenicity. These effects 
must be evaluated on a case-by-case basis, since deamidation does not always 
affect bioactivity or the half-life of the product. However, deamidation results in 
a change in the original primary amino acid sequence of the protein, which may 
then be more susceptible to irreversible aggregation and more rapid clearance 
(136). Deamidated variants of proteins can be detected and quantitated by IEF 
followed by densitometric scanning or by IEC. Figure 10 illustrates the changes 
observed by IEF for an mAB stored for several months at 25°C. With increased 
storage time, there is a shift in the IEF pattern toward lower pH values, which 
would be consistent with a deamidation mechanism. IEC is also an especially 
simple and powerful technique to resolve and quantitate charge variants intro-
duced by deamidation.
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Once methods capable of detecting these common forms of protein degra-
dation have been identifi ed, they must be validated according to current guide-
lines for specifi city, linearity, accuracy, recovery rate, sensitivity, precision, and 
limit of detection (151). The stability-indicating nature of each individual test 
method must be established for each individual protein. This process yields a spe-
cifi c stability profi le for a given biopharmaceutical. We often determine whether 
a method is stability indicating by accelerating the degradation of a protein by 
exposure to elevated temperatures. Figure 11, for example, illustrates the temper-
ature-dependent decrease in binding potency of an mAB in a competitive specifi c 
binding assay compared to binding of the reference standard.

One of the fi rst goals of early formulation studies is to establish the degra-
dation profi le for a protein by accelerated stability testing, employing high tem-
peratures, pH extremes, shear forces due to agitation, aeration, and other stresses. 
Based on the knowledge of all degradation pathways for a protein, strategies for 
optimization of the formulation can be applied. Figure 12 illustrates the results of 
accelerated stability testing for an mAB at 65°C and 70°C. At both temperatures, 
aggregation is fi rst indicated by the occurrence of opalescence in the solution, 
followed by other parameters such as a decrease in monomer content (increase of 
soluble aggregates), decrease in binding activity and, only much later, decrease 
in protein content due to signifi cant precipitation. This pattern is consistent with 
the observation that the most common degradation product for many proteins at 
elevated temperatures is the formation of aggregates. In a study of rt-PA, stability 
was assessed at 25°C for about one month in a 0.2 M arginine phosphate buffer 
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system at various pH values. The stability-indicating test methods employed were 
HPLC-SEC for monomer content, HPLC-SEC with detergent in the running buf-
fer for quantitation of two-chain rt-PA, and the clot lysis assay to measure potency. 
The pH optimum for rt-PA in this formulation was at pH of 6.0; a decrease in 
monomer content and in single-chain rt-PA occurred at higher pH values, whereas 
a decrease in clot lysis activity occurred at lower pH values (152).

Analytical methods are applied in the initial screening of formulation 
candidates that have been identifi ed as indicative for the stability profi le of a 
given protein pharmaceutical, refl ecting the major degradation pathways dis-
cussed earlier. Based on screening studies with several formulation candidates 
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at  accelerated temperatures and on further optimization of formulation composi-
tions, one or two candidates are chosen for long-term real-time stability studies. 
The overall design and scope of such a stability study as well as parameters to be 
tested are described in the tripartite guideline of the International Conference on 
Harmonization (153); an annex to this document deals with the specifi c require-
ments for  biotechnological/biological products (154).

SUMMARY

This chapter describes the analytical methods used to characterize protein drugs 
and support formulation development and stability testing. The presentation of 
methods focuses on the criteria an analytical method must meet to be stability 
indicating and useful in screening formulations and in formal stability programs. 
A brief discussion of the manufacturing process is provided because the process 
for production of a biopharmaceutical can have a strong infl uence on the resulting 
characteristics and stability profi le of the protein. The importance of producing a 
consistent product by strict control and validation of fermentation and purifi cation 
processes is discussed. An extensive physicochemical characterization of the pro-
teins forms the basis for choosing specifi c methods for formulation development, 
as well as for product release and stability testing. The stability-indicating meth-
ods should detect the most common degradation forms of protein products. The 
selection of methods used for an individual protein will be determined, at least 
in part, by the properties of the protein and the design criteria for the formula-
tion. The common degradation pathways of proteins are discussed, with emphasis 
on analytical techniques useful for monitoring these changes in proteins during 
stability testing. The understanding of the principles of these analytical methods, 
the determination of factors controlling the major degradation pathways, and the 
selection of appropriate strategies for minimizing such degradation are prerequi-
sites for the development of stable formulations.
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Preformulation Development 
of Protein Drugs

Frank K. Bedu-Addo
Integritas Drug Development Consulting, LLC, Cincinnati, Ohio, U.S.A.

INTRODUCTION

Preformulation is typically the fi rst step in characterizing and developing a drug 
product. Very often, a protein identifi ed through genomics or proteomics may go 
into preclinical development prior to having a full understanding of its mecha-
nism of action. Due to the various potential degradation pathways of proteins, 
understanding and overcoming their inherent physical and chemical instabilities 
becomes one of the major challenges faced by the formulation scientist. The vari-
ous studies and drug development activities performed with the goal of overcom-
ing the protein’s inherent instabilities constitute the formulation development 
process. Developing a product that is stable, safe, effi cacious, and marketable will 
be the focus of the formulation scientist’s efforts.

A successful formulation process typically begins with the preformulation 
step. In preformulation development, the main goal is to perform the basic studies 
that provide a good understanding of the physico–chemical characteristics of the 
protein molecule. Such a study will also involve understanding the effects of vari-
ous pH conditions and excipients on both the physical and the chemical stability 
of the molecule, as well as their effects on solubility. The goal of the formulation 
scientist at this stage of the development process should be to gain a good feel 
of what formulation conditions would be most suitable to maintain the stability 
and biological activity of the protein, and what conditions should be avoided. 
This study upon completion should also provide a good feel for what excipients 
and stabilizers might require further evaluation in the next stage of development, 
which is the actual formulation study.
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Many proteins are only biologically active in their native conformations. 
Change in conformation can lead not only to changes in biological activity, but 
also to changes in the stability of the molecule. A protein that undergoes unfolding 
could expose previously hidden hydrophobic residues, thereby leading to hydro-
phobic interactions with other molecules or surfaces, resulting in both aggregation 
and surface adsorption respectively. It therefore becomes important for the formu-
lation scientist to also obtain an understanding of the impact of various conditions 
on the biophysical characteristics of the protein and the resulting potential impact 
on both stability and biological activity. The use of biophysical characterization 
tools in preformulation development will be discussed further.

One of the key decisions to be made in a drug development program is 
very often the timing of preformulation studies. For the formulation devel-
opment scientist, initiation of formal preformulation studies will typically 
begin upon the availability of purifi ed material typical of that to be used in 
biodistribution, toxicology, and early-stage clinical studies. Very often, even 
earlier-stage preformulation studies can be very useful in developing the cell 
culture and purifi cation processes. This early preformulation will typically be 
performed using protein obtained from an experimental process, and the data 
then fed back to the process development groups for use in developing a more 
robust process.

Separation and purifi cation of recombinant proteins is a critical element of 
modern bioprocessing, and currently represents the major manufacturing costs 
(1). Advances and cost reduction in recombinant proteins will depend on several 
factors including advances in molecular biology and proteomics. Such advances 
will also depend heavily on innovations in the optimization of purifi cation pro-
cesses, and the participation of the preformulation scientist in determining and 
understanding basic protein behavior. pH–solubility and pH–stability relation-
ships and the specifi c effects of these factors on protein conformation, stability, 
and even adsorption behavior should be well understood prior to developing the 
process. In addition to separation processes, material handling and transfer as 
well as in-process hold steps can signifi cantly impact product quality and yield. 
Selection of the right process conditions therefore becomes very important. 
The need for deterministic models that combine the chromatographic behavior 
of proteins with their biophysical and structural behavior is very important in 
designing effi cient purifi cation processes (1). An example of how preformula-
tion studies utilizing biophysical characterization were applied to effi cient puri-
fi cation process development will be presented in the case studies section of the 
chapter.

During the preformulation stage, it is important for the formulation scientist 
to anticipate the intended mode of delivery of the protein as well as the intended 
dosage form, concentration, and administration dose. For example, is the protein 
being encapsulated in a delivery system? In such a case, it may have to be exposed 
to organic solvents, and the effects on stability should be evaluated. Is it going to 
be lyophilized? In such a case, the effects of freeze–thaw, various stabilizers, and 
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concentration should be evaluated. For products that have to be formulated and 
administered at high concentrations, e.g., some antibodies, understanding the solu-
bility profi le and other characteristics of the molecule that could impact the quality 
attributes of the formulation, such as the tendency towards self-association, become 
critical at the early preformulation stage.

Statistical design is a very useful tool that is underutilized in the formula-
tion of biopharmaceutical products. Utilizing statistical design tools during the 
preformulation stage provides the formulation scientist with the ability to eluci-
date interactions that may occur between the parameters being evaluated. Very 
often, understanding these interactions between factors under investigation, for 
example, pH and ionic strength, may be the key to identifying the true effect of 
the various parameters on the stability, conformation, and biological activity of 
a protein. The statistical design approach, as opposed to the typical one-factor-
at-a-time (OFAT) approach provides contrast of averages and therefore provides 
statistical power towards estimating the effects of factors being investigated (2). 
OFAT methods require replicating tests or studies to provide equivalent statis-
tical power. As the number of factors under investigation increases, the num-
ber of replicates required with the typical approach increases signifi cantly, thus 
impacting drug development time. OFAT approaches are not suitable for under-
standing interactions. The statistical design approach also provides a larger area 
or volume of space from which inferences regarding the product can be made. 
An example of how statistical design was used in preformulation studies of a 
Pegylated recombinant protein will be discussed in the case studies section of 
the chapter.

It is important to remember that the essential goal of the preformulation 
study is to determine the inherent characteristics of the protein molecule, and 
therefore enable the development of a rational strategy for formulating a safe, 
biologically active, and stable product, coupled with an effi cient and economi-
cal manufacturing process. For this to be achieved, the formulation scientist, the 
analytical chemist, and the process engineer should begin to collaborate at a very 
early stage in product development.

UNDERSTANDING THE CRITICAL QUALITY ATTRIBUTES 
OF THE PROTEIN

Proteins are susceptible to degradation by several potential degradation pathways, 
e.g., oxidation, deamidation, deglycosylation, aggregation, disulfi de scrambling, 
cleavage, adsorption, and denaturation. As a result, a number of analytical meth-
ods are usually required to obtain a full understanding of protein stability behav-
ior. At the beginning of the preformulation study, the following characteristics 
of the protein should be known: molecular weight, primary structure or primary 
amino acid sequence, and protein charge. It is also important to understand at this 
stage, the native aggregation and biologically active state of the protein, which 
could be monomeric, dimeric, or oligomeric. Protein primary structure will also 
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provide some insight into the protein’s susceptibility to chemical changes such as 
oxidation and deamidation, and disulfi de bond formation (3).

The complex nature of protein structure and behavior also requires that any 
changes in the secondary and tertiary structure of the protein under the various condi-
tions be well understood. The secondary structure of a protein refers to the arrange-
ment of the individual amino acids along the protein backbone, often resulting in 
very specifi c and well-defi ned structures such as α-helices and β-sheets. Tertiary 
structure is the three-dimensional arrangement of the protein molecule. The tertiary 
structure is formed as a result of the manner in which the specifi c secondary struc-
tural elements interact with each other and side chains to form stable domains.

ANALYTICAL AND BIOPHYSICAL METHODS IN PREFORMULATION

In order for the preformulation study to be adequately performed, it is critical that 
the right analytical tools be in place to enable physical and chemical changes in the 
molecule to be detected and characterized. At this early preclinical development 
stage, it is, however, not necessary for the analytical methods to be fully validated 
according to the International Conference Harmonization guidelines. However, 
tests should be performed to ensure that the analytical and preformulation scien-
tists are confi dent in the data being generated by the particular method. For exam-
ple, a chromatographic method being developed to quantify the protein should be 
evaluated to determine the suitable linearity range. A method being developed to 
separate and identify a particular degradation product should be evaluated to deter-
mine the specifi city of the particular method, and the ability to effi ciently separate 
the intact from the degraded product. This is often referred to as a qualifi cation of 
the method.

Protein Charge and Isoelectric pH

Protein surface charge may be altered as a result of chemical modifi cations occur-
ring during storage or processing. The tendency of the molecule to undergo 
changes in surface charge should be evaluated as a part of the preformulation 
study. Causes of such changes may be chemical degradation or changes in protein 
glycosylation patterns, for example.

Electrophoretic Method

Isoelectric focusing (IEF) is a very useful electrophoretic technique that separates 
proteins by differences in surface charge under a pH gradient (4). In IEF, by apply-
ing a voltage, a pH gradient is established across a gel matrix by using a mixture 
of amphoteric substances dissolved in the gel (5). Low-pH values migrate towards 
the anode and high-pH values to the cathode. When proteins are subjected to the 
IEF system, they will migrate until a state of charge neutrality is attained. This is 
the isoelectric pH (pI) of the protein (4–6). The pH values across the gel are usu-
ally determined by running pI markers as standards in one lane of the gel.
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Chromatographic Methods

The most common chromatographic methods for detecting changes in protein sur-
face charge are reverse phase chromatography and ion exchange chromatography, 
both of which are discussed below.

Protein Size and Aggregation

Electrophoretic Method

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) is a rapid 
method for the estimation of molecular weight, and for characterization of aggrega-
tion as well as cleavage or clipped products (6,7). After denaturing the protein with 
SDS by heating, the electrophoretic separation is carried out on polyacrylamide gel 
in a buffer containing SDS. The mobility of the protein is dependent on its molecu-
lar weight. The molecular weight of the protein is estimated by calibrating the gel 
with a standard, containing proteins of known size. Often, a reducing agent such 
as β-mercaptoethanol or dithiothreitol can be added to cleave disulfi de bonds. The 
protein, once separated, can be visualized by various staining methods. Coomassie 
blue and silver staining are the most common (8–11). Within a set concentration 
range, Coomassie blue binds to proteins in a stoichiometric manner (4). As a result, 
laser densitometry can often be utilized to estimate the amount of protein in each 
band, thereby providing a quantitative analysis of protein aggregation or breakdown. 
By running both reduced and nonreduced gels, the formulator is able to determine 
whether or not observed aggregates are due to covalent bond formation.

Chromatographic Method

High-performance size exclusion chromatography (SEC), sometimes referred to 
as gel fi ltration or gel permeation chromatography, separates molecules in an aque-
ous solution based on size. This method allows for the characterization of both 
aggregates and breakdown products in the formulation. The principle of macro-
molecular separation in SEC is based on the fact that different-sized molecules 
diffuse into the column matrix to differing extents during their migration through 
the column (12,13). Smaller molecules enter the pores of the stationary phase 
or matrix more readily, and as a result, elute more slowly from the column than 
larger molecules. Various stationary phases utilized in such columns permit the 
diffusion of molecules into the matrix up to a specifi ed molecular weight cutoff. In 
liquid chromatography, proteins eluting from the column are typically monitored 
using ultraviolet (UV) spectroscopy at two or more wavelengths. This practice of 
utilizing multiple wavelengths is useful in ensuring that the eluting peak is due to 
protein absorption rather than light scattering by insoluble aggregates.

Deamidation

Deamidation of proteins is a common chemical change that can lead to changes 
in the biological activity of the protein as well as its physical parameters (3,14). 
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The biological half-lives of proteins in certain instances have been correlated with 
their deamidation rates (14). In deamidation, the amide side chains of glutamine 
and asparagines deamidate to glutamate and aspartate residues. The rate of protein 
deamidation is known to be very dependent on the amino acid sequence next to 
the asparagines and glutamine side chains (3).

It is important, as part of the preformulation study, that the formulation sci-
entist evaluates the effect of various potential formulation conditions such as pH, 
ionic strength, excipients, temperature, etc., on the susceptibility of the molecule 
towards deamidation. To do so, analytical methods that are capable of detecting 
the chemical change in the molecule must be applied.

Ion Exchange Chromatography

Deamidation of proteins is accompanied by a change in charge and increase of one 
unit in mass. A number of chromatographic and electrophoretic techniques can 
therefore be exploited in order to separate the deamidated fraction from the intact 
protein for characterization and quantifi cation. Ion exchange chromatography is 
the most widely applied chromatographic technique for the isolation of deami-
dated proteins. Ion exchange chromatography separates molecules on the basis of 
charge. Hydrophobic and polar interactions may also contribute to the resulting 
retention or separation behavior. In ion exchange chromatography, the molecules 
to be separated are reversibly bound to the stationary phase of the column or ion 
exchanger by means of electrostatic interactions. The column is then eluted with 
buffers of varying pH or ionic strength. Elution of the bound molecule then occurs 
as a result of preferential binding of the buffer ions to the molecular binding sites 
of the ion exchanger. The ion exchange method, being selective for changes in net 
charge, is therefore optimal for the resolution of asparagine and deamidated prod-
ucts (aspartate and isoaspartate) (15,16), as well as for distinguishing aspartate 
from succinimide. (17). In ion exchange, separation is performed under nondena-
turing conditions. The protein’s native conformation can therefore be preserved, 
allowing for the evaluation of bioactivity and antigenic properties of the eluting 
proteins. A disadvantage of ion exchange in detecting deamidation is the fact that 
the formation of either a succinimide from an asparagine or an isoaspartate from 
aspartate does not result in a change in net charge and therefore resolution by ion 
exchange will not be possible.

Reverse-Phase Chromatography

Reverse-phase high-performance liquid chromatography (RP-HPLC) has been 
used successfully in certain cases to separate and resolve the deamidated protein 
from the intact molecule. Reverse phase chromatography discriminates among mol-
ecules mainly on the basis of their hydrophobic character (18,19). Hydrophobicity 
of the component amino acids is the key factor determining retention and separation 
behavior. In the presence of a polar mobile phase, protein retention on the reverse 
phase column is based on the strength of interactions occurring between the hydro-
phobic portion of the molecule, the surface of the hydrophobic stationary phase, 
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and components of the eluting phase. With asparagine deamidation for example, 
it is possible in several cases to distinguish asparagine from succinimide as well 
as aspartate from isoaspartate by exploiting their subtle differences in hydropho-
bicity, leading to differences in retention behavior associated with the structural 
differences. In reverse phase chromatography, the “contact region,” i.e., the amino 
acid residues interacting with the stationary phase, can be manipulated by varying 
the mobile phase conditions, usually the buffer pH as well as type and amount of 
organic modifi er. Typical RP-HPLC conditions will normally result in partial to 
complete protein denaturation.

Hydrophobic Interaction Chromatography

Hydrophobic interaction chromatography (HIC) can be used to resolve deamidated 
and nondeamidated proteins. HIC is based on the adsorption of proteins onto a 
hydrophobic stationary phase in the presence of high concentrations of antichao-
tropic salts such as ammonium sulfate and sodium sulfate. Such salts tend to order 
the structure of water (20,21). As result of decreasing the interactions between the 
water and protein, these salts cause an increased interaction between the hydropho-
bic residues of the protein and the stationary phase. Protein elution is achieved by 
utilizing a gradient of decreasing salt concentration. HIC is carried out under fully 
aqueous conditions in contrast to RP-HPLC. Strongly hydrophobic proteins will 
sometimes require the addition of small amounts of organic solvent to the mobile 
phase. Fausnaugh et al. compared HIC with RP-HPLC of proteins (22). In HIC, 
the conditions are therefore much less denaturing compared to RP-HPLC, due to 
the lack of organic modifi ers in the mobile phase and the use of lower density, less 
nonpolar stationary phases. Sample loading capacity is also relatively high.

Protein Oxidation

Proteins that contain free cysteine are very susceptible to oxidation. The thiol 
(SH) group of the cysteine is extremely reactive at neutral pH. These thiol groups 
can also undergo spontaneous oxidation to form disulfi des (–S–S–) (3,23). The 
resultant oxidation product of two cysteine residues is known as cystine. Proteins 
containing both cysteine and cystine may undergo disulfi de scrambling, resulting 
in a number of covalent isomers. The sulfur atom of methionine is also very sus-
ceptible to alkylation or reversible oxidation to a sulfoxide, which can be further 
oxidized irreversibly to a sulfone. Other less susceptible groups are the carboxyl 
groups of aspartic acid, glutamic acid, and the indole ring of tryptophan. Covalent 
aggregates resulting from intermolecular disulfi de bonds can be observed and 
distinguished by using simple techniques such as a combination of reduced and 
nonreduced SDS-PAGE. Intramolecular disulfi des that do not result in aggregates 
or conformational changes resulting in lack of altered surface charge are more 
effi ciently characterized using sophisticated methods such as peptide mapping 
and mass spectrometry. Oxidation of methionine and other residues is most com-
monly characterized by means of reverse phase chromatography.



116 Bedu-Addo

McNally  PTR  09/24/07  Chapter 05

Hydrolysis and Proteolysis

Hydrolysis of peptide bonds within a protein may occur when the protein is sub-
jected to harsh conditions such as extremes of pH or temperature (24). Hydrolysis 
can clearly result in reduced biological activity. Hydrolysis typically results 
in the formation of clipped or cleaved species with reduced molecular weight. 
Hydrolytic products can therefore be detected by the use of techniques that sepa-
rate compounds based on molecular weight, such as SDS-PAGE and SEC. The 
identifi cation of conditions that promote hydrolysis should be evaluated as part of 
the preformulation study.

The presence of proteolytic enzymes in the formulation may also lead to 
hydrolysis. Such enzymes could be introduced via bacterial contamination or 
during the recovery of recombinant proteins through the copurifi cation from cell 
extracts. Manipulation of the purifi cation conditions or the addition of protease 
inhibitors will be necessary to minimize such a problem.

Protein Concentration

UV spectroscopy is a rapid and convenient means of determining protein con-
centration during preformulation studies (25). The near-UV absorption spectrum 
of proteins has a maximum around 280 nm, with tyrosine and tryptophan being 
the major contributors to the spectrum. Tyrosine and tryptophan have absorptivi-
ties of 5700 and 1300/M/ cm respectively. Therefore the absorptivity of the pro-
tein can be calculated from the number of these residues in the protein sequence 
(26). Absorbance at 280 nm (A280) = molar absorptivity (ε) × molar concentration 
(c) × light path length in centimeters. Beer’s Law states that molar absorptivity is 
constant for a given substance dissolved in a given solute and measured at a given 
wavelength (27). As a result, molar absorptivities are known as molar absorption 
coeffi cients or molar extinction coeffi cients. Standard laboratory spectrophotom-
eters are typically fi tted for use with 1 cm path length cuvettes; hence the path 
length is usually assumed to be equal to 1. Therefore c = A/ε.

Protein concentration can also be evaluated using any of the quantitative 
liquid chromatography methods described above.

Biophysical Characterization Techniques

Biophysical characterization tools that can be used very effectively in the prefor-
mulation study will be discussed in this section, and further in the case studies. 
Light scattering, circular dichroism (CD), fl uorescence spectroscopy, and micro-
calorimetry [high-sensitivity differential scanning calorimetry (DSC)] are very 
useful tools that can aid the formulation scientist in understanding the effect of 
potential formulation conditions on protein conformation and also on the confor-
mational stability of the protein. The conformational stability refers to the pro-
pensity of the protein to undergo structural changes such as unfolding. Protein 
unfolding is usually the fi rst step in the protein denaturation process  leading to 
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aggregation. Other methods that can also be used effectively are Fourier trans-
form infrared spectroscopy (FT-IR) (28), to evaluate secondary structure, and 
ultracentrifugation, to determine the protein’s aggregation state in solution. 
Ultracentrifugation is especially useful for high-concentration formulations in 
which reversible self-association could occur at high concentrations, but which 
can, however, not be detected under the low-concentration conditions that may be 
required for chromatographic analysis (29,30).

Dynamic Light Scattering

Most folded proteins assume a compact globular conformation. When a solution 
of such molecules is illuminated with a light source, the amount of light scattered 
by the molecule can be measured (31). This is done at a light wavelength at which 
the protein does not absorb. In dynamic light scattering, the dependence of the 
average intensity of the scattered light on solute concentration and the scattering 
angle is exploited to determine the molecular weight and dimensions of the solute. 
Powerful laser light sources currently available allow small changes in molecular 
size of a few nanometers to be accurately recorded.

Spectroscopy is a quick and useful tool that can be easily used by the for-
mulation scientist during preformulation to evaluate the formation of insoluble 
aggregates in the formulation. Scattering of light by particulate matter in the vis-
ible range where the protein does not absorb will result in an absorbance reading 
and therefore signify the presence of particulate matter.

Circular Dichroism

CD measured in the far-UV region refl ects protein secondary structure (protein back-
bone), while the spectrum in the near-UV region is related to the tertiary structure or 
the environment around the aromatic side chains. CD is a very useful tool in monitor-
ing the properties of both the aromatic and the peptide chromophores of a protein dur-
ing folding and unfolding events (32–34). The resulting circular dichroic absorbance 
or ellipticity is refl ective of the extent of folding or unfolding of the protein. Folding 
or unfolding can therefore be monitored by observing changes in the ellipticity of 
the spectrum at specifi c wavelengths. A typical α-helical spectrum is characterized 
by two pronounced minima at 209 and 222 nm, and a maximum around 190 nm. In 
the case of β-sheet proteins, a peak is observed at 194 nm and a minimum at 217 nm. 
A typical random coil conformation exhibits a broad positive band at 218 nm and a 
negative band with a minimum at 197 nm.

Fluorescence Spectroscopy

Fluorescence spectroscopy is a rapid and useful tool for detecting conformational 
changes occurring within a protein (35). The aromatic side chains of tryptophan 
and tyrosine are strong fl uorophores when exposed to UV-light wavelength in 
the vicinity of their absorption maxima, which exist between 280 and 290 nm. 
The emission spectra of tryptophan and tyrosine exhibit maxima around 250 and 
303 nm respectively. Changes in the environment immediately surrounding these 
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amino acids lead to signifi cant shifts in both the spectra and the emitted radiation. 
In general, increasing the polarity of the environment surrounding the tryptophan 
and tyrosine, as will typically occur during unfolding, results in a decrease in 
fl uorescence intensity. This increase in polarity will also typically result in a shift 
toward radiation of higher wavelengths.

High-Sensitivity DSC

High-sensitivity DSC (HSDSC) or microcalorimetry can be used to measure the 
energy changes that occur during protein unfolding under controlled increase in tem-
perature (36–38). Proteins in solution exist in equilibrium between their native folded 
state and the denatured or unfolded state. Conditions resulting in a higher unfolding 
transition midpoint (Tm) when 50% of the biomolecules are unfolded, indicate a more 
conformationally stable molecule, and thus a more stable formulation. Therefore, a 
buffer or pH condition that results in a higher Tm could be said to impart greater 
conformational stability to the protein, suggesting that under those conditions, the 
protein would be more resistant to unfolding and hence denaturation. Comparison 
of Tm values under different conditions therefore provides a useful screening tool for 
the preformulation study. DSC is also used to determine the enthalpy (∆H) of dena-
turation. In a DSC experiment, the protein solutions are typically heated from about 
10°C to approximately 100°C. Parameters such as the peak widths of the unfolding 
transitions and also the peak shapes provide very useful information relating to the 
overall conformation of the protein (39). Heating the protein above the unfolding 
transition, cooling, and rescanning provides useful information on the reversibility of 
the unfolding transition under the particular formulation conditions.

Biological Activity

Biological activity is the most important property of a protein drug product. 
The method of measuring biological activity will depend on the protein and its 
intended therapeutic activity. These may be enzymatic assays, immunological 
assays, or actual in vivo tests.

At the preformulation stage, biological activity screening will not typically 
be performed on all samples screened. However, the formulation scientist should 
select a very limited number of representative samples (e.g., signifi cantly differ-
ent conformations, specifi c degradation product) in order to start generating some 
useful information on the relationship between protein conformation and stability 
and also between conformation and biological activity if possible.

FORCED DEGRADATION STUDIES: UNDERSTANDING POTENTIAL 
DEGRADATION MECHANISMS AND KEY DEGRADATION PRODUCTS

Forced degradation studies are typically performed as a part of the overall pre-
formulation strategy to achieve two important goals. The fi rst goal is to ensure 
that the analytical methods being used in the preformulation study can actually 
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detect the various specifi c degradation products. The second goal is to obtain 
additional information on the potential degradation pathways of the particular 
protein. 

The stress tests that are often utilized in the forced degradation studies and 
the conditions applied to achieve the specifi c physical or chemical changes are 
shown in Table 1.

At this stage, the various stressed samples should be tested using the devel-
oped chromatographic and spectroscopic methods, in order to ensure that the 
intended changes are actually observed. Identifying the chromatographic reten-
tion times and characteristics of the intact protein and the degradation products 
formed under the different stress conditions will allow for effective identifi cation 
of degradation products that may be formed during the preformulation studies 
or early processing and storage. The analytical chemist should be very closely 
involved at this stage, and mass spectrometric/peptide map analysis of the sam-
ples should also be performed to ensure that the intended physical and chemical 
changes do actually occur. It is important for the developed or selected analytical 
methods to be effective in detecting the specifi c degradation products. Such meth-
ods, which effectively detect the various degradation products, can be described 
as being “stability indicating.”

Peptide Mapping

Most proteins of biological interest, due to their large size, are enzymatically 
digested in order to cleave the polypeptide chains into smaller peptide fragments, 
which can then be separated chromatographically and effi ciently analyzed by 
mass spectrometry (39,43–45). In order to facilitate digestion, the molecule is 
typically denatured by the addition of urea or guanidine hydrochloride. By evalu-
ating the digests under both reduced and nonreduced conditions, the presence 
of covalent bonds such as disulfi des and the exact location within the primary 
structure of the protein can be elucidated. The resulting peptides are then sepa-
rated chromatographically. Trypsin and Lys C are probably the more specifi c of 
the most commonly used enzymes. Trypsin catalyzes the hydrolysis of lysl and 
arginyl peptide bonds except for lys-pro or arg-pro. Lys C breaks down the pro-
tein at the C terminus of Lys residues. The most common separation methods are 

Table 1 Typical Stress Conditions Utilized in Preformulation Development

Physical/chemical change Stress conditions applied to protein

Oxidation 3–4% hydrogen peroxide for 4 hr at room temperature (40)
Deamidation pH 9–11 at room temperature for 24–48 hr (41,42)
Acid hydrolysis pH 2.5 for 1–12 hr at room temperature (24)
Aggregation/denaturation Expose to fi ve freeze–thaw cycles
 Agitation for 72 hr
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reverse phase and ion exchange chromatography. Peptide mapping will result in 
a “fi ngerprint” pattern of peptides unique to the particular protein. Tandem HPLC 
utilizing both reverse phase and ion exchange HPLC has proven to be a very 
effi cient separation method for large proteins, which result in a large number of 
peptides upon digestion (46). The individual peptide peaks can then be effi ciently 
identifi ed using mass spectrometry.

PERFORMING THE PREFORMULATION STUDY

Once the formulation scientist has some representative protein material and 
analytical methods in place, the preformulation study can be performed. An 
important goal during this stage of the study is often to utilize as little material 
as possible.

Solubility Studies

The typical pH range over which protein solubility is usually evaluated is the 
physiologically relevant pH of 4 to 9. Understanding protein solubility behav-
ior under various pH and ionic strength conditions is critical for both the for-
mulator and the process development engineer. Most proteins have the lowest 
solubility at the pI, with solubility increasing both above and below the pI. This 
profi le can however be altered in the presence of certain salts, due to interac-
tions with the salt ions leading to a masking of protein charge (39). Protein 
conformational changes resulting in the exposure of previously hidden residues 
could also impact protein solubility. Ultrafi ltration is a quick method for esti-
mating protein solubility under various buffer and excipient conditions. With 
this approach, a membrane having the appropriate molecular weight cutoff is 
used to concentrate the formulation until some precipitation begins to occur. 
The formulation is then fi ltered and the protein concentration rapidly deter-
mined by means of UV spectroscopy at 280 nm if the extinction coeffi cient is 
known, or by chromatography. The disadvantage of ultrafi ltration is the fact that 
in certain instances, super saturation may occur, resulting in an overestimation 
of protein solubility. Another commonly used approach is to concentrate the 
protein to the solubility limit under a known high-solubility condition, followed 
by dialysis into the desired buffer and excipients. The resulting formulation is 
then fi ltered and analyzed for concentration.

Stability Screening Studies

At the preformulation stage, the goal of the study is not to determine the exact 
degradation mechanisms, but rather to evaluate whether or not the drug will 
exhibit certain instabilities under selected formulation, storage, and potential pro-
cessing conditions. The use of selected stability-indicating assays in this study 
as described above will provide useful information on the types of degradation 
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 products that are observed and could therefore potentially be observed during 
normal processing and handling of the product.

Protein supply may be severely limited at this stage. If so, the formulation 
scientist should perform a rational selection of the pH, ionic strength, and excipient 
conditions to be evaluated in this screening study. Selection of the conditions will 
be based on solubility of the protein, information from forced degradation, poten-
tial processing conditions, and additional information on the properties of the pro-
tein such as charge and pI. The concentration of protein selected should be based 
on the desired dosage if known, and also the detection limits of the analytical and 
biophysical methods to be used. Again, protein supply may be low, requiring these 
studies to be performed at very low protein concentration. Should suffi cient material 
be available, more detailed studies including a statistical design approach may be 
utilized to gain further insight into the effects of various parameters on stability of 
the formulation.

Once the conditions to be analyzed have been determined, the selected for-
mulations can be screened to evaluate their effects on the biophysical and struc-
tural characteristics of the protein, by means of DSC, CD, or fl uorimetry.

The selected formulations will usually be screened by placing on acceler-
ated stability for two to four weeks, and analyzed by analytical methods. The 
accelerated temperature condition should be carefully selected. DSC studies 
provide very useful information on the unfolding transition temperatures of the 
protein. Studies should normally be conducted at temperatures below the unfold-
ing transition of the protein, preferably below even the onset of the unfolding 
transition. Higher temperatures will lead to changes in the overall conformation 
of the protein, which could signifi cantly alter the degradation mechanisms. It is 
usually a good idea to select two to three temperature conditions under which to 
perform these studies. This approach enables an effi cient screening process to be 
utilized. Formulations that do not show any difference in degradation at the low 
temperature may undergo further but differing extents of degradation at the higher 
temperature. Conversely, formulations that undergo excessive degradation at the 
higher temperatures may prevent effective discrimination between the formula-
tions. Degradation may be less extensive at the lower temperatures, thus facilitat-
ing discrimination between the formulations.

The above-described studies will shed some light on the relationship 
between conformation and stability of the protein. If a quick biological activity 
assay is available, additional information on how these changes and conditions 
impact biological activity can also be evaluated.

Additional compatibility studies may be desirable, depending on the 
intended use or type of formulation. For example, it may be necessary to evalu-
ate both the stability and the solubility behavior of the protein in the presence of 
various mixtures of aqueous and organic solvents if the protein will be exposed to 
similar conditions during processing. It may also be necessary to evaluate com-
patibility of the protein with potential intravenous solutions.
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CASE STUDIES

Case Study 1

Preformulation Development of a Heavy Chain Fragment of Botulinum 
Serotype B: Identifi cation of Suitable Purifi cation Conditions

Purpose: The purpose of this preformulation study was to investigate 
the physico–chemical and structural characteristics of recombinant Botulinum 
serotype B under various conditions, and to utilize the information in developing 
robust purifi cation process conditions (39).

Preformulation studies: The solubility of the protein was evaluated at 
pH 4, 5, 6, 7.5, 8, and 9 in the presence and absence of 150 mM NaCl (effect of 
ionic strength). This was done in order to understand the impact of protein expo-
sure to various pH and ionic strength conditions. This information would then be 
utilized to select separation processes and conditions that would maximize protein 
integrity and stability, resulting in optimal protein yield and biological activity. 
Secondary structure of the protein under the above-stated pH and ionic strength 
conditions were evaluated using CD. Conformational stability of the protein was 
monitored using HSDSC. HIC, SEC-HPLC, SDS-PAGE, peptide mapping, and 
UV spectroscopy were used to monitor protein stability under the various pH and 
excipient conditions. Protein concentration was evaluated by UV spectroscopy at 
280 nm, and the formation of insoluble aggregates was monitored by light scat-
tering at 360 nm wavelength.

Results:
Solubility. Ionic strength was observed to have a signifi cant impact on 

solubility. At high-pH conditions, the pH of minimum solubility was shifted to 
higher pH values. This phenomenon suggested a possible interaction between 
cations and the negatively charged protein (above the pI), possibly resulting in 
a masking of the surface electrostatic charges. In the absence of NaCl, solubility 
was as expected, having the lowest solubility at the pI of about 7.5. UV360 also 
indicated the presence of signifi cant amounts of insoluble particulate matter in the 
high-pH, high-salt formulations upon storing at 30°C for one week. Negligible 
insoluble aggregate matter was observed in non–NaCl containing formulations.

Differential scanning calorimetry. The effect of pH and NaCl on the 
unfolding transition temperature Tm is shown (Fig. 1). The effect of pH and NaCl 
on the enthalpy (∆H) of the unfolding transition was similar to the effect on Tm. 
Tm and ∆H both decreased steadily as pH increased, suggesting that the protein 
conformation became less stable as pH increased. This implied that the protein 
would therefore be more susceptible to unfolding and physical degradation. At a 
pH of 7.5 and greater, 150 mM NaCl led to a decrease in Tm, with the decrease 
being very signifi cant at pH 9. Above pH 7.5, a similar distinct decrease in ∆H 
was observed (Fig. 2). This observed decrease in both the unfolding transition 
temperature and the energy associated with the unfolding transition suggested that 
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at high-pH conditions, the presence of NaCl signifi cantly destabilized the protein. 
The broadened peak widths at high pH also signifi ed a more loosely packed (more 
unfolded) protein structure.

Circular dichroism. CD studies (Fig. 3) indicated that the protein consisted 
predominantly of β-sheets. The classical pattern typical of β-sheet structures with 
a single minimum at 216 to 218 nm wavelength (32–34) was observed. Spectral 
analysis by CD revealed identical secondary structures between formulations at 
pH 4 to 7.5. At pH 8 and 9, a reduction in the positive peak at 230 nm (aromatic 
side chains) and the negative peak at 216 nm (peptide bonds) was observed, sig-
nifying some unfolding of the protein backbone structure at high pH. By evalu-
ating the secondary structure over a period of one week, protein conformation 
when stored under high-pH conditions was shown to change with time (unfolding 
occurred), contrary to the effect observed at low pH.

SDS-PAGE. The results of SDS-PAGE after one week at 30°C are shown 
(Fig. 4). A single band, indicating a homogenous population of the monomeric 
protein, was observed at pH 4 to 6 (not shown). At pH 7.5 and higher, several 
higher molecular weight bands were observed in the nonreduced gels. These high-
molecular-weight bands were converted to monomer bands in the reduced gels, 
signifying that these aggregates were formed as a result of intermolecular disul-
fi de bonds.

Size exclusion chromatography. SEC was performed only on the pH 4 
and pH 9 formulations to complement the SDS-PAGE studies. The protein eluted 
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Figure 1 Plot of unfolding transition temperature Tm of the heavy chain fragment of the 
Botulinum serotype B protein versus pH.
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Figure 2 (A) Unfolding transition below the pI. (B) Unfolding transition above the pI with 
150 mM NaCl. The solid lines represent the overall unfolding transitions obtained from the 
DSC scan, whereas the dotted lines are results of the deconvolution representing separate 
theoretical unfolding domains. Abbreviations: DSC, differential scanning calorimetry; pI, iso-
electric pH.
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Figure 3 Effect of pH on secondary structure of the heavy chain fragment of the botuli-
num serotype B protein.
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Figure 4 Reduced and nonreduced SDS-PAGE gels of the heavy chain fragment of the 
Botulinum serotype B protein at high pH. Abbreviation: SDS-PAGE, sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis.
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from the SEC column with an apparent molecular weight of 16 kDa. However, 
calculation of molecular weight using light scattering confi rmed an eluting prod-
uct of molecular weight 50 kDa. After storage at 30°C for one week, a single peak 
with a retention time of 18.8 minutes was maintained for the pH 4 formulation, 
confi rming that degradation had not occurred. The pH 9 condition, however, pro-
vided evidence of a higher molecular weight fraction eluting at approximately 10 
minutes.

Peptide mapping. The reverse phase chromatogram obtained by peptide 
mapping analysis of the protein is shown (Fig. 5). Lys C was used to digest the 
protein, resulting in 43 peptides. The four cysteine-containing peptides were 
identifi ed. By utilizing mass spectrometry, peaks corresponding to three deami-
dated peptides, which showed a 1 Da mass increase, were also identifi ed. In high-
pH formulations, peptides L35 and L9 containing free cysteines showed slight 
decrease in intensity while new peaks corresponding to disulfi de bonded peptides 
L35 to 42 (S2, 56.4 minutes), L9 to 38 (S4, 58.9 minutes) and L9 to 35 (S3, 57.9 
minutes) appeared.

Conclusions: The preformulation study provided a very good understand-
ing of the effect of pH on the solubility, as well as on the physical and chemical 
stability of the protein. Chemical and physical stability were found to be opti-
mal at low pH. The preformulation studies suggested that long-term exposure to  
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high-pH conditions during processing would lead to a decrease in product yields 
due to potential losses from covalent and noncovalent aggregation. Increased 
deamidation would also be favored above pH 7.5. Conformational changes at 
high pH could also potentially negatively impact biological activity of the prod-
uct, and it was also important to avoid high-pH, high-salt conditions. Biological 
activity of the protein was shown to be dependent on conformation. Any hold step 
during the process required the protein to be stored under low-pH conditions.

This approach of utilizing biophysical studies in addition to the traditionally 
utilized analytical methods was very useful in understanding how various condi-
tions could affect the protein during the purifi cation process. This preformulation 
study would subsequently help in the development of a robust purifi cation process.

Case Study 2

Preformulation Development of Recombinant Pegylated 
Staphylokinase SY161 using Statistical Design

Purpose: The purpose of the study was to perform preformulation devel-
opment of SY161 in order to understand the effects of three basic formulation 
factors infl uencing protein stability using a statistical design approach: pH (5–9), 
buffer strength (10–100 mM), and ionic strength (0–250 mM) (37). NaCl, which 
was used to evaluate ionic strength, also acts as a protein stabilizer by the mech-
anism of preferential hydration (47,48) of the solution. The pH range selected 
focused on the physiologically relevant pH. A wide enough range for buffer and 
salt concentrations was selected, such that the statistical design would provide an 
understanding of protein behavior within the entire selected range.

Preformulation studies: A central composite two-level factorial design 
was performed. Protein secondary structure was evaluated using CD. Stability 
towards protein unfolding was evaluated by means of HSDSC. Depegylation, 
aggregation (most signifi cant forms of observed degradation), and protein loss were 
evaluated by storing the various formulations at 40°C for two weeks and evaluat-
ing by SEC with online light scattering. A central composite statistical design was 
utilized. The center point conditions were replicated six times in order to get an 
estimate of experimental or pure error. The design resulted in 20 formulations/runs 
with the various combinations of pH, buffer strength, and NaCl concentration. The 
statistical design and data analysis were performed using Stat-Ease software (2).

Results: The resulting CD spectra showed small differences in ellipticity, 
suggesting some differences in the extents of protein backbone folding. Evaluation 
of a single formulation (pH 7, 150 mM NaCl, 20 mM phosphate buffer) by FT-IR 
indicated that the protein secondary structure contains 0% α-helix, 50% β-sheet, 
12% bend, 12% turns, and 21% random coil.

pH was observed to have the most signifi cant impact on SY161 confor-
mational and solution stability. The SEC chromatogram (Fig. 6) shows effective 
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separation of SY161, aggregates, and the depegylated monomer for SY161 stored at 
pH 8 in 77.5 mM Tris buffer and 187.5 mM NaCl for two weeks at 40°C. Molecular 
weights of the various separated fractions were confi rmed by online light scattering. 
A signifi cant interaction between pH and ionic strength on Tm was observed (Fig. 
7). Negligible effect of ionic strength on Tm was observed at low pH in contrast to 

Aggregates

Depegylatedmonomer

min0 10 20 30 40 50

mAU

0

10

20

30

40

50

60

Figure 6 SEC chromatogram showing the Pegylated monomer separated from aggre-
gates and depegylated monomer. Abbreviation: SEC, size exclusion chromatography.
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Figure 7 Interaction plot showing the interaction between pH and NaCl concentration on 
the conformational stability of SY161.
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Figure 8 Three-dimensional response surface plot showing the effects of pH and NaCl 
concentration on conformational stability of SY161.

the effect of ionic strength on Tm at high pH. A response surface plot (Fig. 8) shows 
how Tm changes as a function of both pH and NaCl concentration. The statistical 
model obtained for the percentage of SY161 remaining in solution by SEC (solution 
stability) was virtually identical to that obtained for Tm (conformational stability). 
Under the conditions of the study, the conformational stability of SY161 was there-
fore seen to accurately predict the solution stability of the protein.

Conclusions: The statistical design approach enabled a full understand-
ing of the effects of pH, NaCl, and buffer strength on SY161. Accurate mod-
els describing the effects of the various formulation factors on SY161 were also 
obtained. This study approach provided a wider inductive basis from which 
inferences regarding the effects of the various factors on SY161 could be drawn. 
SY161 was observed to be most stable at a pI of 7. At this pH, both buffer and 
NaCl concentration effects were signifi cant. Stability towards unfolding increased 
as both NaCl and buffer concentrations were increased, resulting in optimal solu-
tion stability at pH 7.
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Solution Formulation of 
Proteins/Peptides

Paul McGoff
ZymoGenetics, Seattle, Washington, U.S.A.

David S. Scher
Alkermes, Inc., Cambridge, Massachusetts, U.S.A.

INTRODUCTION

The simplest and most economical way to formulate a protein and/or peptide is to 
develop a solution formulation. Lack of adequate protein stability in solution may 
ultimately require development of an alternative, more complex formulation such as 
a lyophilizate. A well-designed formulation study will allow the formulation scientist 
to determine whether a solution formulation will be acceptable for a given protein.

The fi rst requirement for a formulation study is the availability of signifi cant 
quantities of purifi ed protein and/or peptide. Along with this protein or peptide 
should come a vast amount of practical knowledge obtained during various stages 
of process development. This knowledge will not only be anecdotal in nature but 
will also provide some specifi c physicochemical characteristics of the molecule.

Purifi cation in-process analytical tests should be available to assess basic param-
eters such as purity, concentration, and some measure of activity. Experiences during 
early stages of process development can contribute to this initial knowledge base. 
For example, problems such as poor solubility or aggregation that may occur dur-
ing fermentation, harvesting, and purifi cation of the molecule can result in a reduced 
recovery yield. Knowledge of the conditions and circumstances under which these 
problems occurred can aid in focusing and prioritizing the initial formulation studies. 
For example, a particular pH or mix of buffer components used during processing may 
reduce solubility, induce aggregation, or promote specifi c degradation pathways.
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Even physical processing steps like diafi ltration can expose the protein to 
shear and denaturing liquid–solid or liquid–air interfaces, which can ultimately 
cause protein aggregation as well. Alternatively, investigating the effect of freez-
ing might be advisable, since freezing is often used as a convenient process-hold 
step. Feedback from these experiences can be used to design formulation experi-
ments to gain insight into tactics to avoid, minimize, or explain process problems. 
Conversely, the results from these formulation experiments can aid in refi ning 
the purifi cation process as well as in guiding future formulation development to 
address specifi c potential stability problems.

The second prerequisite for starting protein solution formulation studies is 
availability of analytical test procedures for characterizing the physicochemical 
properties of the protein. Methodologies for the characterization, beyond the basic 
ones used to assess purity during stages of purifi cation, are necessary. As part of 
preformulation studies, specifi c stability indicating analytical methods will need 
to be developed. These methods must be capable of detecting changes in protein 
samples that have been altered by physical or chemical stress.

Typical properties monitored include changes in charge [studied by means 
of isoelectric focusing (IEF), native-polyacrylamide gel electrophoresis (native-
PAGE), and ion exchange chromatography], conformation [size exclusion chroma-
tography (SEC), circular dichroism, fl uorescence spectroscopy, native-PAGE, and 
capillary zone electrophoresis], size [SEC, sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), laser light scattering, matrix-assisted laser desorp-
tion ionization time-of-fl ight mass spectrometry, native-PAGE, and capillary elec-
trophoresis], hydrophobicity (hydrophobic interaction chromatography, reversed 
phase chromatography, and micellar electrokinetic chromatography), and biologi-
cal activity (cell-based assay, enzymatic assay, and enzyme-linked immunosorbent 
assays).

Additionally, knowledge of a protein’s unique structural and functional 
characteristics can often indicate which analytical tests will be most useful in 
assessing stability. For example, when one is probing for changes that effect 
hydrophobicity, such as denaturation or methionine oxidation, hydrophobic inter-
action chromatography is generally more useful for large proteins (immunoglobu-
lins), whereas reversed phase techniques are more appropriate for small proteins 
(molecular weight < 40 kDa) and peptides.

Many glycosylated proteins contain negatively charged sialic acid residues, 
which create surface charge heterogeneity and the potential for complicated IEF 
gel patterns and poorly resolved native-PAGE gels. Such complexity might mask 
charge changes that one might expect due to deamidation, for example. Extensive 
glycosylation can also result in size heterogeneity that may contribute to zone 
broadening in SDS-PAGE or SEC. Calculations based on amino acid composition 
or sequence can be used to estimate charge as a function of pH (including isoelec-
tric point) for a particular protein (1). This is useful in choosing electrophoretic or 
ion exchange conditions and may predict solubility behavior, since solubility can 
be strongly infl uenced by charge.
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Coupling specifi c structural knowledge of a protein with general knowledge 
of protein degradation will help in choosing the most appropriate analytical meth-
ods for a particular protein. In addition, it will give one an idea of what results to 
expect when a particular analytical method is applied.

Consideration of all the aforementioned prerequisites will allow for some 
prioritization and fl exibility in designing solution formulation studies. In the end, 
formulation studies should address solubility as a function of pH and salt and 
the infl uence of increased temperature, solution pH, buffer ion, salt, protein con-
centration, and other excipients and preservatives (when necessary) on stability. 
Other studies to include are photostability, cavitation/shaking, and freeze–thaw 
cycling. Finally, material compatibility studies should be performed with any 
storage containers or medical device the molecule/formulation may contact.

SOLUTION FORMULATION

Solubility Studies

Typically, the relevant pH range over which solubility needs to be determined, for 
protein formulation studies, is 4 to 9. Although processing may expose the protein 
or peptide to pH values varying from 2.5 to 11, extremes in pH are avoided in 
formulations, since many degradative processes become more prevalent below 
pH 5 (acid hydrolysis) and above pH 7 (deamidation).

To assess the minimum solubility required to formulate and deliver a pro-
tein drug, it is useful to consider the maximum dosing limit. A survey of the 
Physician’s Desk Reference (PDR) reveals that for direct injection intravenous 
(IV) formulations, the upper limits on the volume and dose for currently marketed 
protein therapeutics, are 10 to 20 mL and 10 µg to 100 mg of protein, respectively. 
Therefore, this means that one may need to achieve a minimum solubility in the 
range of 0.1 to 5 mg/mL. If the solubility is less than 0.1 mg/mL in this pH 4 to 
9 range, additional excipients or sodium chloride may need to be examined as a 
means of increasing solubility.

If lyophilized, excipient-free protein is not readily available or obtain-
able owing to specifi c protein chemistry considerations, an alternative (and 
more laborious) way to perform solubility studies is to diafi lter a protein stock 
solution into the desired buffer and then concentrate it as high as is practi-
cally possible. A variety of small-volume, centrifuge-driven, pressure-driven, 
and vacuum-driven devices are commercially available for this purpose. The 
concentrated stock solution can then be diluted with the appropriate series of 
buffers to be used in the solubility studies. An example of a solubility study 
protocol is as follows:

1. A ready supply of either lyophilized, excipient-free protein or diafi ltra-
tion equipment is needed.

2. Start with protein in dry form and incrementally add weighed amounts 
to a small volume (typically ≤1 mL) of test buffer.



136 McGoff and Scher

McNally  PTR  09/24/07  Chapter 06

3. When the solubility limit is exceeded (i.e., when precipitation occurs), 
the undissolved protein pellet is centrifuged and the supernatant is ana-
lyzed for concentration.

4. Limitations on the amount of protein to add are discretionary as long as 
acceptable solubility is achieved.

Typically, if protein solubility exceeds 50 mg/mL at the pH of interest, no further 
solubility studies are necessary. The solubility desired should be minimally two-
fold and maximally 10-fold higher than the maximum conceivable dose.

If protein solubility is limited at relevant formulation pH values, additional 
measures will need to be taken to increase solubility. Some of the ways in which sol-
ubility can be increased include increasing/decreasing sodium chloride, adding other 
salts, varying the buffer species at a given pH, or including glycerol, lipids, polymers, 
cyclodextrins, or surfactants. Generally, one or the other of these approaches has suc-
cessfully been applied to increasing solubility in protein solution formulations (2,3).

Isotonicity Considerations

Since isotonicity alone may have a tremendous infl uence on solubility, the basic 
approach should be to adjust the sodium chloride concentration before other excip-
ients are added to the formulation. From a physicochemical standpoint, it is best 
to have as simple a formulation as possible, with fewer opportunities for potential 
complications due to undesired excipient-protein interactions. Furthermore, when 
problems do arise, sorting out what is happening is much easier.

When considering salt concentration, our recommendation is to formulate 
at or near isotonic conditions. Although hypotonicity is not typically a problem 
for injectables, nasals, and topical products, hypertonic solutions may cause unde-
sirable local tissue irritation or a burning sensation upon administration.

Solution Stability Studies

Generally, a formulation pH stability study should be limited to the physiologi-
cally relevant pH range of 4 to 9. Preformulation studies will typically address 
conditions and degradation pathways outside this pH range. The choice of buffer 
species should be physiologically compatible and listed as generally regarded as 
safe (GRAS) by the U.S. Food and Drug Administration (FDA). A useful source 
of excipients used in formulations is the FDA guide to inactive ingredients (4). 
Often at a given target pH, where multiple buffer choices are available, there will 
be differences between specifi c buffer ions with respect to effect on certain degra-
dative pathways or rates of degradation.

Specifi c Buffer Ion Effects

To illustrate the importance of considering the specifi c ion effects of the buffer 
chosen, we discuss an example for a nine amino acid peptide (RMP-7). One clini-
cal formulation for RMP-7 drug product consisted of a pH 4.0 unbuffered solution 
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in normal saline (0.9% sodium chloride, pH adjusted with acid/base). This product 
was reformulated into a buffered system at the same pH to minimize pH drift due to 
leaching of hydroxyl ions from the surface of the glass vials of the drug product.

The two choices for buffer species were citrate (pK 2.5, 4.5, 6.0) and acetate 
(pK 4.5), both of which possess good buffering capacity near the target pH of 4.0. 
The study consisted of formulating RMP-7 drug substance in a series of citrate 
buffers ranging in pH from 2.5 to 6.0 and in acetate buffers at pH 4.0,4.5, and 5.0. 
Solutions were stored for up to one month at 60°C in a well-controlled tempera-
ture stability cabinet.

Potency and purity of RMP-7 solution formulations were assessed as a function 
of time using a validated reversed-phase high-performance liquid chromatography 
(HPLC) assay. Figure 1 graphically illustrates the effect of the two buffer species 
on the stability of RMP-7, as measured by drug purity as a function of solution pH 
verses the unbuffered formulation. In this case, the use of citrate ion caused more rapid 
peptide degradation than the acetate formulations over the pH range of 4.0 to 5.0. The 
acetate formulations were equivalent to the unbuffered formulation at pH 4.0.

This was an important fi nding in the formulation development of RMP-7 and 
illustrates the importance of choosing the appropriate buffer species for a formula-
tion. This choice will always be dependent on the characteristics of the individual 
drug substance and cannot easily be predicted in advance nor generalized to other 
drugs. Once the likely pH of the fi nal product formulation has been determined 
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Figure 1 Degradation of the peptide RMP-7 as a function of pH in two types of equiva-
lent molarity buffer. The control solution was unbuffered with pH adjusted to 4 by addi-
tion of NaOH and HCl. All solutions were adjusted with NaCl to isotonicity and stored for 
one month at 60°C in molded glass vials. The difference in degradation rate demonstrates 
the buffer ion effect on RMP-7 stability.
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(from earlier preformulation studies), testing more than one buffer species at mul-
tiple concentrations at the chosen pH is advisable.

To measure the buffer ion effect on a degradative pathway, the buffer ion 
concentration in a formulation is varied and the tonicity is kept constant by addi-
tion of sodium chloride. A plot of the observed degradative rate constant ver-
sus buffer concentration will have a slope proportional to the buffer ion activity. 
Extremes in temperature and pH will accelerate degradation. Study design will 
require frequent sampling (i.e., hourly).

Once the pH range has been narrowed to where major degradation pro-
cesses are slowed, if degradation is still unacceptable (projected shelf life at 4°C 
<2 years), the effects of adding other potentially stabilizing excipients should be 
studied. However, if projected degradation rate is acceptable within this narrowed 
range, formulation choice becomes more discretionary and can be based upon 
experience and other dosing or delivery considerations.

With proteins, one should be cautious about projecting 5°C (2–8°C) stability 
from accelerated temperature studies. At elevated temperatures, other pathways/
mechanisms can become more prevalent, often confusing analytical results and 
resulting in erroneous shelf-life predictions. Some degradation processes have 
nonlinear plots of rate as a function temperature or may have plateaus, complicat-
ing projection (5–9).

Excipients

The inclusion of stabilizing excipients leads to the most interesting phase of formula-
tion development studies. Here exists a vast sea of folklore and anecdotal informa-
tion alongside excellent case history literature (3). Personal preferences often dictate 
excipient choices based on past experiences with different proteins (not always with 
positive results). Every protein has unique physicochemical characteristics and the 
potential to behave differently stability wise in the presence of a particular excipient.

For example, the common usage of surfactants to stabilize small recombi-
nant proteins does not automatically warrant this inclusion in monoclonal anti-
bodies formulations. Excipients, if necessary, should be chosen for their known 
functionality in slowing or arresting specifi c degradative pathways. Various 
amino acids have been employed as specifi c stabilizers of proteins. Another 
example of specifi c excipient choice based on known functionality is the use of 
hydroxypropyl-β-cyclodextrin in stabilizing interleukin-2 aggregation (2,10).

Another important consideration is the quality of the excipient chosen for 
early formulation studies. In some instances, even very low levels of impurities 
(<100 ppm) in excipients can cause degradation of the protein in the fi nal drug-
product formulation

In some protein drug product formulations, it is necessary to include chelat-
ing agents, e.g., ethylenediamine tetraacetic acid (EDTA) to stabilize the protein 
and/or to prevent protease clipping. Unfortunately, there are potential clinical 
consequences to the usage of chelating agents.
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Temperature Stability

Normally, proteins in solution are formulated for storage at 5°C (2–8°C) with a 
minimum target shelf-life of two years. As stated in the International Conference 
Harmonization (ICH) stability guideline (11),

Since most biotechnological/biological products need precisely defi ned 
storage temperatures, the storage conditions for the real-time/real 
temperature stability studies may be confi ned to the proposed storage 
 temperature. However, it is strongly suggested that studies are conducted 
on the drug substance and drug product under accelerated and stressed 
conditions. Studies under stress conditions may be useful in determin-
ing whether accidental exposure to conditions other than those proposed 
(e.g. during transportation) are deleterious to the product. Conditions 
should be carefully selected on a case-by-case basis.

Most solutions of proteins are not thermally stable above room temperature for 
prolonged periods of time; therefore, accelerated studies are typically conducted 
at 25°C, 30°C, and/or 40°C, and generally no higher. However, in the case of 
peptides, accelerated studies at higher temperatures are often permissible because 
their inherent temperature stability is greater. Conducting a temperature rate study 
of degradation may allow not only a projection of stability at 5°C (2–8°C) but also 
an estimation of the activation energy of a particular process (12).

Protein Concentration

Another important formulation parameter that needs to be studied is the effect of 
protein concentration on stability. Of course, early on in development, availability 
of suffi cient amounts of protein active may limit the extent to which high con-
centration studies can be conducted. However, such studies should be performed 
because rates of degradation typically vary as a function of protein concentration. 
Based on overall clinical experience with protein drugs and their maximum inher-
ent solubilities, we recommend starting in the 1 to 10 mg/mL protein concentra-
tion range. This assumes that the fi nal drug product will be administered by IV 
injection in a volume of 1 to 10 mL.

Photostability

Another ICH guideline states, “The intrinsic photostability of new drug substances 
and drug products should be evaluated to demonstrate that, as appropriate, light 
exposure does not result in unacceptable change. Normally, photostability testing 
is carried out on a single batch of material” (13). This particular test will be most 
relevant for products formulated as solutions where there is potential for storage 
underlighted conditions.

Since most biologicals are stored refrigerated (the light goes out when you 
close the door), the assessment of photodegradation is a minor consideration, but 
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nonetheless, a regulatory requirement. After controlled light exposure of RMP-7 
drug product, the nine amino acid peptide discussed earlier, an increase in one 
impurity was observed, but the product still met acceptance criteria of impurity 
of 1% or below. This is in contrast to RMP-7 drug substance, which exhibited no 
photodegradation when exposed to the same conditions.

Preservatives

General Considerations

If the protein formulation is intended for multidose use, a preservative will need 
to be included to prevent microbial growth. However, preservatives are toxic, and 
there are maximum limits described for injectables (14). Table 1, assembled from 

Table 1 Currently Used Preservatives for Proteins and Peptides from the PDR

Product, 
manufacturer;  Route of   Buffer Preservative
drug administration Container pH system concentration

Proteins

Alferon N,  IL 1 mL vial 7.4 Sodium and Phenol:
 Hemispher X      potassium  3.3 mg/mL
 Biopharma, Inc.;      phosphate 
 interferon alfa-n3     
Epogen, Amgen;  IV or SC 1 and 6.1 Sodium Benzyl
 recombinant    2 mL    citrate  alcohol: 1%
 erythropoietin    vials   
 (epoetin alfa)     
Follistim AQ  SC 0.21, 0.42,  7 Sodium Benzyl
 Cartridge,    and   citrate  alcohol: 1%
 Organon;    0.78 mL   
 follitropin beta    cartridges   
 (hFSH)     
Gonal-f RFF PEN,  SC 0.5, 0.75,  Sodium 3.0 mg/mL
 Serono; follitropin   and   phosphate  m-cresol
 alpha   1.5 mL   
Intron A, Schering; IM, SC, IV, or Multidose  Sodium 1.5 mg/mL
 recombinant   IL  pens and   phosphate  m-cresol,
 interferon alfa-2b   vials    0.1 mg/mL
       EDTA
Nutropin AQ,  SC 2 mL vial 6.0 Sodium 2.5 mg/mL
 Genentech;    and 2 mL   citrate  phenol
 somatropin   pen    
   cartridge   

(Continued)
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Table 1 Currently Used Preservatives for Proteins and Peptides from the PDR (Continued)

Product, 
manufacturer;  Route of   Buffer Preservative
drug administration Container pH system concentration

Procrit, Ortho  IV or SC 1 and 2 mL 6.1 Sodium Benzyl
 Biotech;    vials   citrate  alcohol: 1%
 recombinant      
 erythropoietin      
 (epoetin alfa)
Roferon-A,  SC or IM 0.5 mL NA ammonium Benzyl
 Roche;    prefi lled   acetate  alcohol: 1%
 recombinant    syringes   
 interferon      
 alfa-2a     

Peptides
Byetta, Amylin;  SC Pen- 4.5 Sodium Metacresol:
 exenatide   injector   acetate  2.2 mg/mL
Calcimar,  SC or IM 2 mL vial NA Sodium Phenol:
 Rhone      acetate  5 mg/mL
 Poulenc      
 Rorer;      
 calcitonin     
Miacalcin, Novartis; SC or IM 2 mL vial NA Sodium Phenol:
 calcitonin     acetate  2.25 mg/mL
 (salmon)    
Miacalcin,  IN 3.7 mL NA No Benzalkonium
 Novartis;    glass   additional  chloride:
 calcitonin   bottle    0.1 mg/mL
Pitocin, King;  IV 1 mL vials NA Acetic Chlorbutanol:
 oxytocin   and   acid  0.5%
    ampoules   
Sandostatin,  SC or IV 5 mL vials 4.2 Lactic Phenol:
 Novartis;      acid,  5 mg/mL
 octreotide      sodium 
 acetate     bicarbonate 
Stimate nasal spray,  IN Nasal NA Citric Chlorbutanol;
 ZLB Berhing;   pump   acid,  5 mg/mL
 desmopressin     sodium 
 acetate     phosphate 
Synarel, Searle;  IN 8 mL NA Acetic Benzalkonium
 nafarelin    bottle   acid  chloride:
 acetate      0.1%

Abbreviations: PDR, Physician’s Desk Reference; IN, intranasal; IV, intravenous; IL, intralesional; 
SC, subcutaneous. NA, not available.
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a search of the PDR, lists preservatives used in some approved protein and pep-
tide pharmaceuticals. Selection of an appropriate preservative is not trivial and 
requires the consideration of many factors, which complicates formulation.

Focus initially will be to choose several potential preservative candidates 
based on current use and route of drug delivery, ideal solution pH of formulation, 
and compatibility with other formulation components. Once a selection has been 
made, accelerated and real-time stability testing of the protein in the presence of 
these selected preservative candidates should be performed.

Chapter 4 on preformulation contains a discussion on the use of differential 
scanning calorimetry to screen preservatives with respect to protein interactions. 
In addition, an article on the effect of benzyl alcohol on the stability of γ-interferon 
is available (15). These authors do not identify the mechanism of interaction but 
do show that by choosing the correct buffer salt and minimizing the amount of 
preservative, a stable formulation can be developed.

Timing for Inclusion in a Formulation

Performing extensive stability testing of the protein without a preservative will 
provide one with an idea of the buffer system and pH on which to focus stability 
testing. If the objective of the initial phase I clinical trial is proof of concept, the 
simplest approach is formulation without a preservative. However, this approach 
will mean repeating the phase I trial with a second preserved formulation, and 
additional stability studies will be required. If it is known that the fi nal drug prod-
uct will be used in a multidose form, a preserved formulation must be developed 
at some point. The timing of the decision to develop and test the preserved formu-
lation will depend heavily on a cost-risk benefi t assessment.

A decision to develop a preserved formulation will require developing meth-
ods to assay both protein and preservative. Processing equipment and container 
compatibility with the preservative, as with the protein, will need to be addressed. 
Finally, preservative effi cacy in the protein formulation will need to be performed 
on the preservative candidates.

Quick elimination of a particular candidate formulation due to stability 
problems will reduce the amount of samples that need to be tested by preservative 
effi cacy.

Choosing a Preservative

There are a number of prerequisites for selecting a potential preservative candi-
date. Is it GRAS and pharmaceutically acceptable (GRAS-listed)?

The intended route of administration is also an important consideration. A 
preservative appropriate for IV administration may not be appropriate for nasal 
administration. Some preservatives that are acceptable for IV administration may 
have a strong odor or taste (phenolics); others may dry nasal mucosa or be cilia 
static or toxic (16). Sensitivity of target patient population also may be an impor-
tant consideration. For example, asthmatics have been shown to be more sensitive 
to certain types of preservative. Benzalkonium chloride and EDTA from nebulized 
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solutions have both been reported to induce dose-related bronchoconstriction in 
asthmatics (17).

Formulation pH is another important consideration in choosing a preserva-
tive. Preservatives are most effective against microbes within specifi c pH ranges. 
When formulated outside these ranges, many preservatives change ionization 
state and lose effi cacy. The candidate should have a wide spectrum of activity, 
preventing the growth of fungi, as well as exhibiting cidal activity against various 
types of gram-positive and -negative bacteria. Preservatives can often be used in 
combination to achieve synergistic effects (18,19).

Compatibility with other formulation components is another important con-
sideration. Certain preservatives (e.g., mercurial preservatives are incompatible 
with metals; others, e.g., phenolics, quaternary ammonium, paraben preserva-
tives), are incompatible with surfactants. Choice of preservative concentration 
to use can initially be based upon current use in the industry (PDR) and specifi c 
literature references for preservative safety and effi cacy against various types of 
microbe (19). Eventually, preservative effi cacy studies performed with the protein 
will determine the optimum preservative concentration.

Analytical Methods

Many preservatives have characteristics that interfere with analytical methods 
that work extremely well for the protein in their absence. For example, many 
preservatives exhibit high ultraviolet adsorption, making it necessary to have ana-
lytical techniques capable of separating the protein active from the preservative. 
Often the preservative needs to be removed before cell-based activity assays are 
performed, since the preservatives are toxic to the cells.

Ideally, it would be nice to have quantitative separation methods capable 
of resolving the preservative(s) from the protein with no interfering interactions 
from any of the components. We have seen that paraben preservatives interact 
with hydrophilic SEC media, complicating results. In contrast, a reversed-phase 
method that worked well to separate and quantitate parabens irreversibly adsorbed 
the protein and thus modifi ed column performance. Developing analytical tech-
niques to get around these problems can be a challenge.

Compatibility

In addition, container considerations may change when a preservative is added to 
a protein formulation. Some preservatives are sensitive to light and/or air and may 
require storage in brown glass containers and/or airtight or purged containers. 
Phenolics, benzyl alcohol, chlorobutanol, parabens, and mercurial preservatives 
are examples.

Container-preservative compatibility can be a problem. Parabens and ben-
zalkonium chloride adsorb to and chlorobutanol diffuses through plastic contain-
ers and delivery devices, reducing preservative strength (20,21). Furthermore, 
rubber stoppers adsorb many preservatives. Additionally, adsorption/interaction 
with processing equipment that contacts preservative, such as vessels, tubing, and 
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fi lters, can be potentially problematic. Adsorption studies should be performed to 
address these potential pitfalls.

Preservative Effi cacy

Preservative effi cacy studies are performed on preserved formulations as described 
under the following general test chapter of the U.S. Pharmacopeia: Antimicrobial 
Preservatives—Effectiveness 51® (USP 30, p. 79–81) and are useful in identi-
fying the most appropriate preservative for a particular protein at the optimum 
preservative concentration to maintain a growth-free solution. The assay involves 
challenging the formulation with bacteria of three types (Staphylococcus aureus, 
Escherichia coli, and Pseudomonas aeruginosa) and fungi of two types (Candida 
albicans and Aspergillus niger). The effective concentration range of the preser-
vative is determined by adding various levels to the formulation and performing 
USP <51>. For example, if the intended formulated preservative concentration of 
phenol is 0.3% w/v, the effectiveness of this concentration is tested at this level 
and several lower levels (e.g., 0.2%, 0.15%, 0.1% w/v). The lower concentration 
levels are tested to ensure a margin of safety, since preservatives can become less 
effective owing to either degradation or adsorption over time.

Once preservative effi cacy has been demonstrated over the lifetime of the 
drug product, it is possible and highly recommended to submit an application to 
the regulatory agency to replace the accelarated exposure test, USP <51> testing 
with a chemical analysis method.

Cavitation/Shaking

Proteins in solution denature at air–liquid interfaces. Under signifi cant stress—for 
example, during fi ltration or physical shaking—a portion of the soluble protein 
will often denature and irreversibly aggregate. A typical result of this denaturation 
process is a turbid, cloudy solution, or a solution containing insoluble protein 
particles. Therefore, it is a good idea to test the ruggedness of a formulation to 
withstand shaking or agitation that might occur during handling.

To test a formulation’s ruggedness, ultimately, the fi nal dosage form (in 
its fi nal container) should be shaken or cavitated. A mechanical shaker is used 
to cavitate the protein solution for days and up to a week at room temperature. 
If the solution becomes cloudy or SEC reveals soluble aggregates, adding vol-
ume to fi ll container often reduces the problem. Another approach would be 
to supplement the formulation by adding glycerol, polymer, or a surfactant, 
but this ultimately depends on the sensitivity of the protein. If the solution 
does become cloudy, consider adding the instruction “Do Not Shake” to the 
container label.

Freezing Studies

Freezing is another handling consideration. At various stages in processing, it may 
be necessary to freeze bulk protein solutions. Although the storage condition of fi nal 
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drug product is generally 2°C to 8°C, there is always the possibility of inadvertent 
exposure to freezing temperatures during shipping and storage. Freezing might occur 
during air shipments of protein solutions, since packages may end up in uncontrolled-
temperature cargo bays or in refrigerated storage units having colder areas that are 
below freezing. Thus, it is important to do freeze–thaw cycling studies to determine 
the ruggedness of the protein solution. In the processing of proteins, the availability 
of containers of many types and sizes makes it a challenge to the design a relevant 
scalable freeze–thaw simulation at the small scale.

Variations in the process of freezing can radically affect the rate of freez-
ing and ultimately the integrity of the protein. The temperature of the freezer 
(−20°C or −80°C), the type of freezer, the method of freezing (contact of shelf, 
liquid, or air), the location within the freezer, the volume of solution, and the 
container geometry all affect the way in which the solution freezes. Details of 
how these parameters affect protein integrity should be carefully considered 
in freeze–thaw cycling experimental design. One approach is the use of mini-
tanks to assess the potential damage caused by repeated freeze–thaw cycles in 
a scaled-down version of process tanks. Studies of these types have been used 
to support the freezing and subsequent thawing of bulk drag substances stored 
in large-scale tanks. Protein solutions are analyzed both visually and by SEC 
for aggregation.

For fi nal drug product, such studies are somewhat easier, because the con-
tainer is a limiting constraint. Freeze–thaw studies using the fi nal drug product are 
considered relevant because product may encounter hostile environmental condi-
tions en route to its destination or accidentally in the hands of health care workers 
(doctors, nurses, and pharmacists).

Excipient choice can also impact stability to freezing. For example, freezing 
sodium phosphate buffered solutions can induce acidic pH shifts, which impact 
protein integrity (22–24).

Materials Adsorption

Materials adsorption is mainly a consideration for low-concentration protein/ 
peptide formulations, generally at concentrations less than 1 mg/mL. Increasing 
surface area, contact time, and temperature all can enhance adsorption. Adsorption 
has the potential to occur during processing and during storage in fi nal drug prod-
uct container. Materials that contact the protein solution during processing stages 
and in the fi nal container will determine what compatibility testing needs to be 
done. Table 2 shows what types of material may need to be tested and at the stage 
during processing at which contact occurs.

If the active drug is formulated at a low concentration and adsorbs to the 
container of choice, there are several options. One option is to fi ll the container to 
maximum volume. Filling a container to near capacity can reduce surface area con-
tact between protein/peptide solution and the container, thus minimizing potential 
adsorption. The second and more diffi cult option is to change container material 
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type. As a last resort, one may consider the addition of another excipient (e.g., 
human serum albumin, polymers, or surfactants) to the formulation, to inhibit 
absorption.

Placebo Considerations

In developing placebos for protein-solution formulations, one must consider that 
the properties of the placebo solution will differ slightly from those of the active 
substance. There will be a difference in the solution viscosity, and a shaken pro-
tein solution will exhibit a certain degree of foaming, which may allow a clever 
clinician the opportunity to unblind a trial. As far as stability is concerned, there 
should be no difference between the placebo and active solutions. To demonstrate 
this, it is prudent to manufacture and monitor the stability of the placebo product 
prior to initiating clinical trials. This will ensure that placebo of an acceptable 
quality and adequate blinding properties is available.

MANUFACTURING OF DRUG PRODUCT: ASEPTIC 
PROCESS CONSIDERATIONS

Terminal Sterilization versus Aseptic Processing

Drugs administered parenterally must be either terminally sterilized or sub-
jected to aseptic processing. Terminal sterilization by heat or radiation expo-
sure is generally simpler and cheaper to validate and implement. Unfortunately, 
most proteins and peptides will not tolerate terminal sterilization; therefore, 
they are processed aseptically. The FDA has provided aseptic processing guid-
ance for the industry (25). In the case of RMP-7 drug product, several vials 
of product were subjected to normal autoclave cycles to determine whether 
aseptic processing could be supported. The results of this study indicated that 
an unacceptable level of degradation occurred during even reduced autoclave 
cycle times (1, 3, 10, 15, 20, and 30 minutes). This study demonstrated that 
aseptic processing was the only acceptable means of sterilizing RMP-7 fi nal 
drug product.

Table 2 Material Contact at Various Processing Stages

Surface material Drug substances Formulated bulk Final drug product

Plastics/glass √ √ √
Membranes/fi lters √ √ √
Tubing √ √ 
IV bags/catheters   √
Syringes   √
Stoppers   √

Abbreviation: IV, intravenous.
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Process Equipment Leachates

In fi lling low-concentration (2 µg/mL) products, highly sensitive HPLC meth-
ods are capable of detecting and quantitating very-low-level process/formulation 
contaminants. Guidelines for impurities in peptide drug products allow for 1% or 
less of single impurities (ICH guideline). There is the potential during processing 
and formulation stages to leach into fi nal drug-product formulations low-level 
contaminants that can be detected in fi nal fi lled drug product as impurities. One 
should take care in testing all potential product contact equipment/containers for 
potential leachates.

It is not always obvious which individual pieces of process/formulation 
equipment come in contact with drug product during fi lling operations. Caution 
should be exercised in determining which pieces of process equipment will con-
tact drug formulations. One should thoroughly investigate this potential problem 
area before embarking on the formulation of low-concentration drug products. 
All process and formulation equipment should be thoroughly cleaned and rinsed, 
and the rinsate solutions analyzed for leachates, before active drug product is pro-
cessed. This precaution could save a great deal of time, money, and lost product, 
in addition to avoiding a lengthy investigation.

Incompatibilities Between Process and Product

In addition to monitoring the product during the autoclaving process, it is impor-
tant to bear in mind that the container closure system can be adversely affected by 
the terminal sterilization process. Several publications have addressed the issue 
of extractables from container closure systems and the associated problems. In 
one example, leachates in a fi nal product were implicated in inducing an immune 
response to the therapeutic protein in patients (26). In another example, leaching 
of zinc salts from various rubber closures has been reported to result in precipita-
tion, discoloration, and contamination of products (27). Such leaching processes 
can be accelerated at elevated temperature, as would be encountered during the 
sterilization process.

An example of this was encountered during the aseptic fi lling and terminal 
sterilization of a phosphate buffered saline solution that was being manufactured 
for use as a placebo. During visual inspection of the autoclaved product vials, 
insoluble particulates were observed in the solution and on the gray butyl rubber 
vial closure. Upon isolation and examination of the particulates by X-ray micro-
analysis, the insoluble particulates were identifi ed as zinc phosphate.

A series of experimental compatibility studies was performed and the source 
of the particulates was identifi ed as the gray butyl rubber stoppers encountered 
during autoclaving. These stoppers contained zinc in the form of zinc oxide, and 
the hypothesis was that zinc was leaching out of the stopper and in the presence 
of the phosphate buffer yielded water-insoluble zinc phosphate crystals. When 
Tefl on-coated gray butyl rubber stoppers were used in the manufacture and auto-
claving of the phosphate buffer, no particulates were generated.
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LINK OF FORMULATION BACK TO MANUFACTURING

Well-designed formulation studies yield much knowledge of the inherent degra-
dation pathways to which a particular protein (or peptide) molecule is susceptible. 
They also reveal under which conditions these degradation processes proceed 
most rapidly. This in-depth understanding of the molecule’s physicochemical sta-
bility can aid in explaining problems that might have occurred during purifi cation 
or how subtle changes in pH or storage and handling conditions might affect the 
fi nal recovery and integrity of the protein.

For example, knowledge of how freeze–thaw cycling affects the protein 
might aid in making decisions on storage of bulk drug substance at various in-
process stages. A protein molecule known (from formulation cavitation studies) 
to be susceptible to air–water interface denaturation may need to be treated more 
gently, or a protective excipient may need to be added to the formulation during 
fi ltration. A change in the process that reduces air–water interface exposure might 
be another option in handling the sensitive molecule.

In our experience, changes in the large-scale cell culture process have 
resulted in changes in the IEF pattern of the purifi ed and formulated protein. 
Knowledge of deamidation rates under cell culture conditions and exposure times 
to the media components in the cell culture process allowed prediction of the IEF 
banding pattern when the process was changed. Such projections are analogous to 
shelf-life projections performed for fi nal products. Modeling of this deamidation 
process based on solution formulation studies allowed extension of this model 
to the actual cell-culture process conditions. Ultimately, the model was used to 
explain that the changes seen in the purifi ed molecule were only minor charge 
changes resulting from the extended exposure time of the protein in the modifi ed 
cell culture process.

Another concern with highly glycosylated protein is the change in glyco (or 
sialo-glyco) form distribution with changes in cell-culture parameters. Process 
scale up, changes in fermentation media components, changes in cell-culture pro-
cess conditions (times, temperatures, DO2, etc.) all have the potential to produce 
major changes in the glyco-form distribution of the drug product. Glyco-forms 
(or sialo-glyco forms) generally do not impart major physicochemical changes to 
the drug product that affect solubility, pH stability, or temperature stability but do 
create interesting analytical challenges.

CONCLUSION

The following step-by-step, how-to protocol should enable the formulation sci-
entist to proceed through a protein solution formulation development study. 
Although it is important to address all aspects of protein solution formulation, 
there is a natural sequence to the order in which individual parameters are inves-
tigated. Ideally, the protein concentration and solubility are determined fi rst to 
establish a working range for the initial pH stability study. It is also advisable 
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to assess freeze–thaw stability early in the plan. Once these parameters have been 
investigated, the initiation of a simple range-fi nding stability study, as outlined 
below, is recommended.

Step 1 Protocol

1. Protein concentration: 1 and 10 mg/mL
2. pH range in 1° increments from 4.0 to 9.0
3. Temperature: 2°C to 8°C only
4. Additional excipients: NaCl to near isotonic
5. Time frame: maximum three months
6. Sampling interval: weekly at pH extremes; monthly at remainder

Step 2 Protocol

The results of the initial range-fi nding studies will enable one to refi ne and narrow 
the scope of future experiments. The next phase of experiments should focus on a 
narrower pH and concentration range and should study higher temperatures, pos-
sibly adding stabilizing excipients and extending the timeframe of the study to at 
least one year, sampling at monthly intervals. Specifi c buffer ion effects could be 
investigated during this phase.

The fi nal phase, step 3, would involve a series of individual studies to 
address the remainder of the solution formulation parameters.

Step 3 Protocol

1. Autoclave study
2. Photostability study
3. Preservative study (if multidose product)
4. Cavitation/shaking
5. Materials adsorption
6. More in-depth freeze–thaw studies
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Formulation of Leuprolide at High 
Concentration for Delivery from 

a One-Year Duration Implant

Cynthia L. Stevenson
Nektar Therapeutics, San Carlos, California, U.S.A.

INTRODUCTION

A primary driving force for the creation and development of novel delivery sys-
tems was the advent of biotechnologically derived pharmaceuticals. Most protein 
and peptide pharmaceuticals are formulated for intravenous or subcutaneous injec-
tion; however, many patients have an adverse reaction to needles, and the desire 
for alternate dosage forms sets new expectations for the industry. Furthermore, 
these biomolecules often have limited solubility and/or aggregate with loss of 
activity. In many cases, aggregation, gelation, and precipitation occur, resulting 
in irreversible denaturation, precipitation, and stability issues. Reversible aggre-
gation, usually marked by increased viscosity, may be acceptable if manufactur-
ing fi ltration steps and syringability issues are alleviated (1). These formulation 
challenges are further accentuated by the need for an effi cacious dose in a small 
volume, and thus, formulation strategies at relatively high protein concentra-
tions, where aggregation is a bimolecular degradation pathway and concentration 
dependent, become increasingly diffi cult.

However, examples of formulation and manufacturing success are present 
in the literature. Biopharmaceuticals are routinely purifi ed, precipitated, and crys-
tallized under conditions requiring high protein concentrations (60 mg/mL) (2,3). 
Furthermore, individual formulation processing steps for parenteral injections 
and controlled release depot injections require protein concentrations in excess of 
100 mg/mL (1,4–6). For example, bovine serum albumin has been spray-freeze-dried 
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at 20 to 100 mg/mL with little loss of monomer (5). Human growth hormone (hGH) 
was formulated with trehalose or mannitol, lyophilized, and reconstituted at 200 and 
400 mg/mL hGH prior to encapsulation in polylactic-coglycolic acid (PLGA) (4). 
Similarly, γ-interferon (γ-INF) was formulated at 137 mg/mL prior to encapsulation 
with good results (4).

Parenteral injections and ambulatory external pumps offer improved 
stability and controlled delivery (insulin); however, patient compliance and 
convenience are not optimal. Implantable drug delivery systems offer benefi ts 
over the repetitive administration of conventional drug therapy by providing 
unattended continuous delivery within the therapeutic window. Controlled 
implantable drug delivery avoids the highly variable peak and trough drug con-
centrations often seen after immediate release dosing (tablets and injections). 
Alleviation of this peak and trough serum profi le by maintaining a continu-
ous drug concentration can result in enhanced drug effi cacy, minimized side 
effects, and increased patient compliance. Osmotic delivery systems are usu-
ally unaffected by in vivo variables and exhibit excellent correlation between 
in vivo and in vitro release (7–11). They offer precise delivery rates and are 
not dependent on the chemical or physical properties of the drug formulation. 
Therefore, these systems can be designed to provide a variety of release pro-
fi les for targeted or systemic delivery (12,13).

The Duros implant was designed after positive feedback from pharmaceuti-
cal researchers using the Alzet osmotic pumps in laboratory animals (preclinical 
studies) and veterinary applications (breeding endangered species and somatotro-
pin delivery in pigs and cows) (1,2). The Viadur leuprolide acetate implant was 
designed to provide an alternative to periodic depot injections of leuprolide for the 
palliative treatment of prostate cancer. The implant delivers a highly concentrated 
solution formulation of leuprolide (~400 mg/mL) continuously over one year at 
~120 µg/day (0.4 µL/day) from a 150 µL drug reservoir. Continuous administra-
tion of leuprolide results in the saturation and downregulation of pituitary recep-
tors, resulting in decreased serum testosterone to castrate levels and retardation of 
tumor growth (14–16). The progress of prostate cancer is dependent on circulat-
ing androgen levels.

SOLUTION FORMULATION

Drug Substance

Leuprolide (pGlu-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NHEt) is a potent, lutein-
izing hormone–releasing hormone agonist. The N-terminal residues, pGlu-His-Trp, 
appear to be responsible for activity (17). The active conformer has been proposed 
to consist of two β-turns: a Type II′ β-turn centered at Tyr5-Arg8, and a Type III 
β-turn perpendicular to the fi rst, centered at pGlu1-Ser4 (18,19). Leuprolide was 
supplied as an acetate salt (pH 5.0) and is highly soluble in a variety of solvents, 
making high concentration formulation more achievable.
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Solubility

The solubility of pharmaceutically active proteins under nonaqueous conditions 
has been well characterized (4,20–23). Most of the solvents utilized in the lit-
erature are not pharmaceutically acceptable; however, the rationale for select-
ing a solvent is applicable, where the physical characteristics of organic solvents 
that are useful in selecting a solvent include hydrophobicity (log P), dielectric 
constant (ε), dipole moment (µ), and the Hildebrand solubility parameter (δ). 
The solubility of lysozyme in 34 solvent systems was determined to correlate 
well with hydrophobicity, but little to no correlation was observed with dielectric 
constant, the solubility parameter, or dipole moment (24). However, others have 
observed enhanced dissolution in solvents with a high dielectric constant (20,24). 
Formulation screens in organic solutions have also been used to correlate success-
ful stability of PLGA-encapsulated hGH and γ-INF (4).

One should keep in mind that little theoretical meaning can be attributed to 
a nonaqueous pH reading, and the defi nition of pH in cosolvent solutions may be 
better described as an apparent pH. Under aqueous conditions, the concentration 
of hydrogen ions in solution is usually expressed in terms of the hydrogen ion 
concentration or activity, or in terms of pH units. The pH of a nonaqueous solution 
or cosolvent solution is more diffi cult to measure, since pH only relates to purely 
aqueous conditions. The pH of a water-miscible solution can be measured with an 
electrode; however, interpretation of the pH value must be done with care.

A parameter affected by the solvent is the liquid junction error, where the 
glass electrode may be off by as much as a pH unit due to liquid junction poten-
tial (25). For example, a 52% solution of ethanol (EtOH) has a liquid junction 
potential error of −0.46 pH units (25). Furthermore, the addition of a cosolvent 
with varying polarity will affect the solubility of the solute. Addition of EtOH 
increases the solubility of the unionized species, by decreasing the polarity of the 
solvent. The alcohol also decreases the dissociation of the solute, where solubil-
ity decreases as the pKa increases and the dissociation constant decreases (26). 
Additionally, the dissociation constants of many organic solvents are not the same 
as that of water. For example, an aqueous solution is neutral at pH 7.0, but metha-
nol (MeOH) and EtOH are neutral at 8.42 and 9.55, respectively (25). This means 
that alcohols are less dissociated than water at a pH reading of 7.0. Finally, the 
pH scales for solvents are of different range and breadth. The pH scale for water 
ranges from 0 to 14, while the pH scale for EtOH ranges from −4.2 to 14.9. In 
addition to the dissociation constants and the range of the pH scales, the effect 
shielding of the solvent will vary. For example, MeOH has a dielectric constant 
of 32.7 compared with 78.3 for water at 25°C, indicating that MeOH will not 
shield separated charges as well as water. Many cosolvent mixtures will have 
a combination of characteristics; however, these effects may not be linear with 
the titration of organic content. Small ratios of MeOH in water will not affect 
the pH dramatically, but small ratios of water in MeOH will signifi cantly change 
the pH (27). For EtOH, the required adjustment in the pH value is approximately 
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0.25 units at 70% EtOH. Some tables for adjusting pH readings are published, but 
are not comprehensive (25,27). The pH measurements in the literature include a 
range of appropriately adjusted pH measurements, uncorrected pH readings, and 
pH values pertaining to the “pH memory” of the lyophilized material prior to 
dissolution.

Solubility is a function of pH, where more charge on the protein surface 
correlates to increased solubility. The isoelectric point (pI) of the protein should 
be used to determine if the pH of the solution will have a large or small effect on 
the overall charge on the molecule. If the pH of the solution is far from the pI, the 
difference in the apparent pH and the actual pH may not have a large effect on the 
stability or conformation of the protein. Furthermore, solubility may be enhanced 
by lyophilizing the protein at a pH away from its pI (21,24,28) prior to dissolu-
tion in a relatively polar organic vehicle. Lysozyme (pI 11.0) showed a 1000-fold 
decrease in solubility in 56% acetonitrile/44% dimethyl sulfoxide (DMSO) when 
reconstituted from pH 10.0, as compared with pH 2.0 (24). Similarly, insulin (pI 
5.3) solubility increased from 160 to 1100 µg/mL as the pH decreased from 7.4 
to 3.0 (29). These fi ndings suggest that pH values equidistantly above and below 
the pI should not be assumed to afford equivalent and/or linear increases in solu-
bility, as the distribution of amino acid pKas exposed to the surface will dictate 
these characteristics. The resultant increase in solubility can be generally attrib-
uted to increased charge repulsion, decreased aggregation, and water retention on 
the protein (20).

Preliminary leuprolide formulations were characterized in aqueous and 
nonaqueous conditions, where the criteria for success were high solution solubil-
ity and good physical (lack of gelation or precipitation) and chemical stability. 
Leuprolide solubility was determined to be in excess of 400 mg/mL in water, pro-
pylene glycol (PG), and DMSO at 25°C. Specifi cally, leuprolide was most readily 
soluble in DMSO, where the saturation solubility in DMSO was determined to 
be 580 mg/mL (30). Leuprolide solubility in DMSO, at 400 mg/mL, was deter-
mined to be relatively consistent over a wide temperature range (−20°C to 50°C), 
and only decreased slightly (10–15%) with increasing moisture (0–15% water) 
and with increasing acetate (10–70 mg/mL ammonium acetate).

Aggregation and Gelation

Three leuprolide formulations (solubilized in water, DMSO, and PG) were placed 
on stability at 25°C and 37°C, where both the water and PG formulations were 
observed to gel over time (31). The gelled formulations were assessed by Fourier 
transform infrared (FTIR). The ungelled water formulation showed two distinct 
bands at 1615/cm and 1630/cm, corresponding to aggregate and β-sheet structure, 
respectively (31). The lack of β-turn bands was attributed to the extremely high 
peptide concentration, where it was hypothesized that increasing peptide concen-
tration would transition the intramolecular hydrogen bonds stabilizing the two β-
turn structures to intermolecular hydrogen bonds stabilizing the β-sheet structure. 
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The 1630/cm band has been characterized in the literature as an extended inter-
molecular antiparallel β-sheet structure (32–34). Furthermore, FTIR analysis of 
the gelled water formulation revealed that the aggregate band at 1615/cm grew in 
intensity, and could be correlated to the onset of gelation.

Similar FTIR results were obtained for the PG formulation. The ungelled 
PG formulation FTIR spectra exhibited a β-turn band at 1690/cm and β-sheet 
bands at 1642/cm and 1630/cm. The FTIR band shift between water and PG was 
attributed to the solvent being less polar. Upon gelation of the PG formulation, 
the bands at 1690/cm and 1642/cm were observed to increase, suggesting aggre-
gation of leuprolide molecules in an antiparallel conformation. Other researchers 
concluded that a combination of 1630/cm and 1680/cm were indicative of an anti-
parallel β-sheet structure for melittin (35).

A common approach to enhancing the solubility in aqueous and in nonpolar 
organic solvents can be achieved by the addition of salts (36,37). An increase in 
protein solubility with the addition of salt can be explained by the Debye–Huckel 
theory. Binding between protein and weakly hydrated ions results in decreased 
protein electrostatic free energy, increased solvent activity, and increased solubil-
ity. Conversely, the addition of salts can also result in gelation and/or precipita-
tion. Interfacial effects between the protein and strongly hydrated ions essentially 
remove water molecules and desolvate the surface (38,39). For example, the 
solubility of human insulin–like growth factor in 140 mM benzyl alcohol and 
145 mM NaCl increased aggregation and decreased solubility (38). In organic 
solutions, increasing ionic strength can mask charged groups on the protein with 
salt ions, increasing protein solubility in less polar or nonpolar solvents.

The addition of CaCl2 to aqueous leuprolide solutions resulted in faster 
onset of gelation and the production of fi rmer gels, and therefore in no improve-
ment of solubility. Increasing salt concentration increased gelation. Furthermore, 
the addition of divalent anions instead of monovalent anions produced fi rmer gels 
(SO4

−2 > H2PO4
− > HCO3 > Cl−), consistent with the Hofmeister series (31,40). 

The Hofmeister lyotropic series has been used to select an anionic or cationic 
species, where the precipitation ability is related to the hydration of the ion and 
its ability to separate water molecules from the hydrophilic regions of the mol-
ecule. These fi ndings were similar to previous work on dilute aqueous solutions 
of detirelix (41,42).

Both the aqueous and PG gelled formulations were observed to be birefrin-
gent under a polarized light microscope. The appearance of birefringence was 
consistent with those observed for nafarelin and detirelix, indicative of lyotropic 
liquid crystal formation (41–44). Detirelix and nafarelin (4–8 mg/mL) formed 
birefringent nematic liquid crystals at much lower concentrations than leupro-
lide (42). Aqueous solutions of detirelix (4 mg/mL) rapidly formed nematic liquid 
crystals of undulose extinction that birefringe less than 0.001 where the onset of 
liquid crystal formation and critical melting temperature for detirelix were deter-
mined (41). Liquid crystals are defi ned as lyotropic and thermotropic (45,46). 
Thermotropic liquid crystals are induced by a change in temperature and are 
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 substantially solvent free. Lyotropic liquid crystals are induced by the presence of 
solvent, and are usually formed by amphophilic molecules.

A structure for the leuprolide liquid crystal has been proposed (31). For 
aqueous leuprolide gels prepared at pH 5, both His2 and Arg8 are protonated. The 
charged residues appear on the same face of the leuprolide β-sheet structure and 
can be rotated to the solvent-exposed interface, allowing dimers to form along the 
hydrophobic faces. Association of the dimers to allow ring stacking for the hydro-
phobic interiors was proposed as a feasible two-dimensional liquid crystal struc-
ture (Fig. 1). Addition of salts allows anions to form weak salt bridges between 
the charged residues in the β-sheet–rich dimers to further stabilize the structure. 
If ionic interactions between anions and protonated His and Arg residues occur, 
then divalent anions would be more effective than monovalent anions, consistent 
with the studies on detirelix.

Finally, the leuprolide formulation dissolved in DMSO did not gel over 
time and revealed a radically different FTIR spectra. The bands were wide, 
indicative of a rapidly changing structure, and comprised α-helix at 1658/cm, 
random coil at 1648/cm, and minor β-sheet and aggregate bands at 1632/cm 
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Figure 1 Proposed structure of leuprolide liquid crystal in the presence of divalent anions.
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and 1615/cm, respectively. Therefore, this formulation in DMSO became the 
lead candidate.

Solution Stability

Leuprolide formulations in water, PG, and DMSO were placed on stability for three 
years at 37°C, and assayed by reversed phase-high performance liquid chromatog-
raphy (RP-HPLC) and size exclusion chromatography (SEC) (Fig. 2) (8,47,48). The 
DMSO formulation provided the best chemical stability, where leuprolide stored for 
two years at 37°C showed that 75%, 82%, and 93% leuprolide remaining in water 
(pH 5.0), PG, and DMSO, respectively (30,48). Therefore, the DMSO formulation 
was utilized in clinical studies because it was gelation free and provided the best sta-
bility. However, for the purposes of this chapter, the DMSO and water formulations 
were analyzed in order to compare and contrast their chemical stability.

The stability data was fi t to pseudo-fi rst-order kinetics and revealed a linear 
Arrhenius plot, where an Ea = 20.5 + 2.0 kcal/mol was calculated for the aqueous 
formulation (48). A pseudo-fi rst-order fi t was linear and utilized, even though 
several of the degradation pathways may be second order. The major degrada-
tion products were identifi ed by liquid chromatography/mass spectrometry (LC/
MS) and grouped into four major degradation pathways (48). The proportion of 
leuprolide degradation products in water, at 37°C, were hydrolysis > aggrega-
tion > isomerization > oxidation, where the prevalence of the pathway was not 
observed to change with increasing temperature.

Similarly, the DMSO formulation also revealed a linear Arrhenius plot, 
where Ea = 22.6 + 1.2 kcal/mol (48). However, the proportions of leuprolide 
degradation products were different in DMSO, at 37°C, and were aggrega-
tion > oxidation > hydrolysis > isomerization. Hence, one of the major benefi ts 
of formulating under nonaqueous conditions is that hydrolytic and isomerization 
degradation pathways can be minimized. Furthermore, the use of an aprotic sol-
vent limits the hydrogen source for initiation of degradation.

Figure 2 Leuprolide stability in implants at 37°C (n = 3) for three years.
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The majority of degradation products in DMSO were similar to the water 
formulation, where the hydrolysis pathway was primarily backbone cleavage C-
terminal to Trp3, Ser4, Tyr5, Leu6, and Leu7 (30,49). Isomers of leuprolide were 
attributed to His2, Trp3, and Ser4 (49–51), and three oxidation products of Trp3 
were identifi ed (30,48,52–57). A few degradation products were more prevalent 
in a specifi c formulation. For example, N-terminal acetylation and cyclo(His-Trp) 
were most abundant in the water formulation (48). Conversely, β-elimination at 
Ser4, followed by hydrolytic cleavage between the α-carbon and amide nitrogen 
of the resulting dehydroalanine residue, resulting in the C-terminal fragment HO-
Dha-Tyr-Leu-Leu-Arg-Pro-NHEt, was observed in DMSO (30,48,58–60).

Leuprolide in DMSO showed increased stability with increasing peptide 
concentration (50–400 mg/mL), where 73% and 80% leuprolide remained in 50 
and 400 mg/mL formulations stored at 80°C for two months (30). This suggests 
that leuprolide may be self stabilizing at high concentrations. Overall, the propor-
tion of degradation products at 80°C did not change between high and low leup-
rolide concentration. Some individual hydrolytic and isomerization degradation 
products were observed to decrease with increasing leuprolide concentration, but 
this effect was minor (30).

The effect of temperature on leuprolide stability in DMSO was examined 
at 37°C, 50°C, 65°C, and 80°C for up to three years (30). Leuprolide degradation 
at 50°C, 65°C, and 80°C showed accelerated exponential decay with time; how-
ever, the rate of degradation at 37°C appeared to plateau after six months. This 
may be attributed to the consumption of residual water, other reactive impurities, 
the kinetics relating to the specifi c degradation pathway, and changes to the major 
degradation pathway with temperature. For example, the proportion of leuprolide 
degradation products changed from aggregation > oxidation > hydrolysis > isom-
erization at 37°C to aggregation > isomerization > hydrolysis > oxidation at 
80°C (30). Therefore, the relative importance of oxidation from temperature-
accelerated conditions would have been underestimated.

The effect of residual moisture on leuprolide stability in DMSO was also 
characterized (48). A lyophilized leuprolide acetate drug substance containing 
5% to 8% moisture results in a leuprolide formulation containing 2% to 3% 
moisture. Residual water in an aprotic solvent may remain preferentially bound 
to charged peptide side chains or it may become equilibrated in the highly 
polar DMSO (µ = 4.0 D). Either way, the leuprolide molecules are effectively 
exposed to equivalent or less moisture than the lyophilized drug substance. 
Leuprolide solutions in DMSO were spiked to obtain 2% to 15% water and 
placed on stability for six months at 50°C (48). As expected, increased moisture 
content resulted in accelerated leuprolide degradation by 4% with 15% water. 
Therefore, moisture content in the formulation was minimized through manu-
facturing and process steps including a dry nitrogen headspace (61). It should 
also be mentioned that under these “dry” conditions (four to six water molecules 
per leuprolide molecule), hydrolytic degradation pathways may no longer fi t 
fi rst-order criteria.
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The effects of leuprolide concentration, temperature, and moisture may 
be further accentuated by solvent issues such as dielectric constant, dissocia-
tion constant, and oxygen solubility. First, as the dielectric constant decreases 
(εwater = 80.0, εDMSO = 47.2 at 20°C) the degradation rate decreases, consistent with 
studies on the rate of deamidation in organic cosolvents (62–64). Specifi cally, the 
rate of asparagine deamidation for Val-Tyr-Pro-Asn-Gly-Ala (pH 7.4) in water, 
glycerol, EtOH, and dioxane decreased with decreasing dielectric constant (63). 
Theoretically, the decrease in the rate of deamidation may be due to destabili-
zation of the deprotonated nitrogen anion in the peptide backbone responsible 
for attack on the asparagine side chain and formation of the succinimide inter-
mediate. Furthermore, a lower dielectric constant for leuprolide in DMSO was 
consistent with a shift in proportion of degradation products, resulting in less 
hydrolytic/isomerization.

Second, as the temperature increases, the dissociation constant of residual 
water increases from 2.57 × 10−14 at 37°C to 23.4 × 10−14 at 80°C (26). The dielec-
tric constant of DMSO will also affect the dissociation of residual water, where 
it may be dissociated to a lesser extent in DMSO. An increase in the dissociation 
of water with increasing temperature would accelerate hydrolytic degradation, 
consistent with the data. The limited source of residual water would also be con-
sumed faster.

Third, oxygen solubility decreases with increasing temperature, and will 
therefore result in less-apparent temperature sensitivity (52,65). As temperature 
decreases, oxygen solubility and the concentration of reactive species increase, 
resulting in increased oxidation products.

Sterilization

Early process and scale-up studies explored the terminal sterilization of the Viadur 
leuprolide acetate implant (61). When the formulation was subjected to γ-irradiation 
(25–35 kGy), the formulation stability resulted in a 2% loss of leuprolide, followed 
by a slightly increased rate of degradation on stability. Therefore, the leuprolide 
formulation in DMSO exhibited no appreciable change in viscosity or gelation and 
was sterile fi ltered prior to aseptic fi ll.

SYSTEM DESIGN

The Duros implant releases a therapeutic agent at a predetermined, typically zero-
order, delivery rate based on the principles of osmosis (8,47,66,67). Osmosis is 
the natural movement of a solvent through a semipermeable membrane into a 
solution of higher solute concentration, leading to equal concentrations of solute 
on both sides of the membrane.

The implant is a miniature (4 mm diameter by 45 mm length), osmotically 
driven, drug delivery system designed for the long-term, parenteral, zero-order 
delivery of potent therapeutic agents in humans. These single-use implants are 
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sterile, nonpyogenic, and nonbiodegradable. The implant consists of an imperme-
able titanium alloy cylinder capped on one end by a rate-controlling, semiperme-
able membrane and on the other end by an orifi ce (diffusion moderator) for drug 
delivery (Fig. 3). The titanium alloy reservoir can withstand impact at the implant 
site and was designed to contain the semipermeable membrane when pressure is 
exerted by a swelling engine compartment. The titanium reservoir is impermeable 
to water, ensuring drug stability and continual zero-order release.

The semipermeable membrane is permeable to water, but impermeable to 
ionic or higher molecular weight compounds. Therefore, the membrane is not 
infl uenced by extracellular fl uid and remains chemically stable under physiological 
conditions. The membrane can be constructed of cellulosic esters, polyamides, or 
polyurethanes, and can be modifi ed by varying the polymer chemistry and process 
variables (8). For example, water content varies linearly, and hydraulic permeabil-
ity varies exponentially with acetyl content in cellulosic ester membranes. Typical 
membrane permeabilities range from 10−7 to 10−6 g/cm/sec (7,8). The Viadur leu-
prolide acetate implant utilizes a polyurethane membrane. In the implant, the sur-
face area and thickness of the membrane are controlled by design specifi cation 
tolerances and the manufacturing process. The permeability of the polyurethane 
membrane has been shown to be constant over time, both in vitro and in vivo.

The orifi ce was designed with a small inner diameter and a suitable length 
so that the diffusional contribution to the release rate is minimized at low delivery 
rates. For example, the orifi ce design is small enough to minimize diffusional 
fl uxes and large enough to prevent pressure buildup. If the effective cross- sectional 
area of the orifi ce is too large and the orifi ce length is too short, then the diffu-
sional fl uxes can be on the same order of magnitude as the osmotic delivery rate 
(66). The orifi ce is designed to prevent back diffusion of extracellular components 
when the system is implanted, preventing exposure of the drug formulation to the 
surrounding tissue prior to delivery. The orifi ce can be constructed of biocompat-
ible polymers or titanium.

The interior of the implant contains a polymeric piston that separates the 
osmotic engine from the drug reservoir (Fig. 3). Therefore, the osmotic system 

Figure 3 Cross-sectional diagram of the Viadur leuprolide acetate implant.
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imbibes water from the body through a semipermeable membrane into the osmotic 
engine, which swells, resulting in slow and even delivery of drug formulation. For 
most applications, the osmotic agent in the engine is sodium chloride. This specifi c 
salt was chosen after safety considerations and the ubiquitous presence of sodium 
chloride in the body. In addition, an implant can safely carry excess sodium chlo-
ride to maintain a saturated solution throughout the duration of the delivery period. 
The osmotic engine usually contains gelling polymers [poly(vinylpyrrolidone) or 
sodium carboxymethylcellulose] in addition to >50 wt% sodium chloride. The 
elastomeric piston seals the drug formulation from the osmotic engine, is compat-
ible with the drug formulation and osmotic engine, and moves with relatively little 
resistance.

In operation, water is drawn through the semipermeable membrane in 
response to an osmotic gradient between the osmotic engine (π = 356 atm) and 
moisture in the surrounding interstitial fl uid (π ~ 7 atm) (7,8). The rate of water 
infl ux is governed by the permeation characteristics of the semipermeable mem-
brane. As water fl ows into the implant, the osmotic engine expands as it imbibes 
water and exerts pressure on the piston. The resulting movement of the piston 
delivers drug formulation from the orifi ce at a rate corresponding to the rate of 
water permeation.

The governing equation for the rate of drug delivery, dm/dt, is given by

dm/dt = (A/h)k∆πC

where A is the membrane cross-sectional surface area, h is the membrane thick-
ness, k is the effective permeability of the membrane, ∆π is the osmotic pressure 
gradient between the engine and the surrounding tissue, and C is the drug concen-
tration in the formulation. The implant is designed for constant drug delivery. If A, 
h, k, and ∆π are held constant and the drug formulation is stable, so that a constant 
concentration is maintained, then a constant drug delivery rate is obtained.

DELIVERY

Implantation

The Viadur leuprolide acetate implant is implanted subcutaneously on the inside 
of the upper portion of the nondominant arm. The implantation is an outpatient 
procedure requiring a local anesthetic. A 4 to 5 mm incision is made with a scalpel 
at one end of the anesthetized area. The implant is inserted through the incision, 
subcutaneously, with the aid of a specifi cally designed implanter (trocar/cannula). 
The incision site is closed with a Steristrip and a sterile bandage.

Removal of the implant at the end of the delivery period is also performed in 
an outpatient procedure. After application of local anesthetic, a 4 to 5 mm incision 
is made perpendicular to one end of the implant. Finger pressure is applied to the 
other end of the implant to elevate the removal end. A small slit is made through 
any surrounding fi brotic tissue to expose the end of the implant. The formation 
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of any fi brotic tissue is not vascularized and does not impact bioavailability. The 
implant is then expelled with fi nger pressure on the opposite end, and the incision 
site is closed with a Steristrip and a sterile bandage.

In Vitro Performance

Leuprolide in vitro release rate studies were performed in test tubes containing 
phosphate buffered saline (PBS) and 2% sodium azide held at 37°C. The PBS was 
tested weekly, by RP-HPLC, for leuprolide content (68). Release rate data from the 
Viadur leuprolide acetate implant demonstrated zero-order delivery for up to one 
year (Fig. 4). Initially (day 1), a high release of drug was observed due to thermal 
effects (equilibration to 37°C) during system start up. By day 14, systems deliver at 
steady state rates, and continue for the remainder of the one-year delivery period.

Implants placed in storage at 25°C for 18 months prior to in vitro release 
rate testing at 37°C also exhibit the same release rate profi le. Similarly, the deliv-
ery rates from multiple lots of implants manufactured with varying lots of poly-
urethane and drug substance were reproducible (68).

Leuprolide release rate was also investigated at more frequent time points. 
Four implants previously at steady state release, in vitro, for several months were 
pulled and monitored for a 24-hour period at six minute intervals to investigate 
the continuity of leuprolide delivery (68). The continuously increasing ultravio-
let absorbances demonstrated steady leuprolide delivery from implants. Average 

Figure 4 In vitro release rate and formulation stability (37°C) of the Viadur leuprolide 
acetate implant for one year (n = 24).
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leuprolide release rates were calculated using the slopes of the absorbance versus 
time plots determined by linear regression analysis and subtracted against blanks. 
The average release rate of implants during the 24 hour period was 122.7 + 2.9 µg/
day, which agreed well with the average release rate of 129.5 + 7.3 µg/day using 
the weekly RP-HPLC method (68).

In Vivo Performance

The progress of prostate cancer is dependent on circulating androgen levels. 
Testicular androgen ablation, or decreasing serum testosterone levels to castrate 
level, has been the standard for primary therapy for advanced prostate cancer 
for more than 50 years (69). Gonadotropin-releasing hormone (GnRH) analogs 
have been approved for the treatment of prostate cancer, and have become the 
preferred choice to orchiectomy or treatment with diethylstilbestrol (70). GnRH 
analogs, like leuprolide, stimulate the pituitary testicular axis, resulting in a tem-
porary increase in serum testosterone levels. This is followed by downregulation 
of the pituitary GnRH receptors, resulting in decreased secretion of luteinizing 
hormone, and suppression of serum testosterone levels to below the castrate level 
(50 ng/dL) (71–74).

Subsequently, in vivo studies were performed in rats, dogs, and humans. 
Leuprolide implants were placed into the dorsal subcutaneous space of 120 
male Fischer 344 rats. Systems were explanted at 3, 6, 9, and 12 months, and 
implants were assayed for residual drug content. Linear cumulative delivery 
was shown to be reproducible in multiple lots of systems implanted into rats 
(data not shown) (68).

Systems were also implanted into the dorsal subcutaneous space of six sexu-
ally mature male beagle dogs (68,75). Serum testosterone and leuprolide levels were 
monitored, and showed steady release rates for 12 months (Fig. 5). Measurable leu-
prolide serum levels were observed in the fi rst sample taking, refl ecting the rapid 
onset of leuprolide delivery, consistent with the in vitro delivery profi le. Serum 
testosterone levels exhibited a classical pattern of response to a GnRH analog (68). 
Prior to implantation, daily testosterone levels were 13 to 630 ng/dL; upon implan-
tation, the average testosterone levels rose and then declined to 50 ng/dL (below 
castrate level) by day 28 and remained below the castrate level for the duration of 
treatment.

Similarly, steady serum leuprolide levels were observed in Phase I/II 
clinical trial patients (n = 27) treated with a single implant for one year (Fig. 6) 
(73,74). Patients were implanted subcutaneously, under local anesthesia, using a 
specifi cally designed implanter (trocar). Serum testosterone and leuprolide levels 
were measured by radioimmunoassay and LC/MS/MS, respectively. Serum tes-
tosterone levels exhibited the classical response to continuous administration of a 
GnRH analog, initially rising above baseline during the fi rst week of therapy and 
declining to below the castrate level by week 2 to 4, and remained suppressed for 
the duration of the one-year implant life (73,74).
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In Vivo/In Vitro Performance Comparison

Finally, a comparison of in vivo and in vitro performance was conducted using 
two methods: cumulative system leuprolide release rate (amount delivered as cal-
culated from residual drug and initial drug content in systems) and stability of 
the drug formulation remaining in the explanted system (76). When the in vivo 
systems were explanted from animals, the corresponding lot of in vitro systems 
were also terminated and assayed by RP-HPLC.

In rat studies, good in vivo/in vitro correlation was obtained from cumula-
tive drug delivery at explantation times of 3, 6, 9, and 12 months (68). The aver-
age ratio of cumulative amount delivered at 12 months in vitro to cumulative 

(A)

(B)

Figure 5 Serum leuprolide and testosterone levels in canines (n = 6) with (A) serum leu-
prolide levels and (B) serum testosterone levels (castrate threshold level of 50 ng/dL).
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amount delivered in vitro was 1.04 + 0.03. Leuprolide stability remaining in the 
explanted systems at 3, 6, 9, and 12 months showed no appreciable degradation 
(68). The observed in vivo/in vitro comparison would not have occurred if the 
membrane had fouled or was altered in its permeability characteristics.

In dog studies, the in vivo/in vitro comparison results were very similar. 
Good agreement was observed between the amount of drug delivered in vitro 
and in vivo: the ratio of cumulative amount delivered in vitro to in vivo was 
1.05 + 0.06. Drug stability in systems explanted at 12 months showed essentially 
no degradation.

In Phase I/II clinical trials, the cumulative drug release for systems explanted 
at 12 months showed similar results. The ratio of cumulative amount delivered in 

(A)

(B)

Figure 6 Serum leuprolide and serum testosterone levels in patients receiving on Viadur 
leuprolide acetate implant in Phase I/II human clinical trials (n = 27) with (A) serum leup-
rolide levels and (B) serum testosterone levels (castrate threshold level of 50 ng/dL).
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vitro to cumulative amount delivered in vivo was 1.03 + 0.08. Leuprolide stability 
was unchanged.

OTHER APPLICATIONS

The release rate and duration of the Duros implant depend on the implant size, 
drug concentration, semipermeable membrane, and osmotic engine design. For 
example, increasing the membrane permeability can increase the release rate and 
decrease system duration. Similarly, the implant size and drug reservoir can be 
increased to accommodate higher therapeutic doses and less potent molecules. 
For example, by increasing the diameter slightly, but maintaining the same length, 
a 500 µL drug reservoir system can be obtained.

Continuous zero-order release provides a relatively smooth pharmacoki-
netic profi le, when compared to bolus dosing, and results in the constant delivery 
of drugs with short half lives. The osmotic technology allows for the delivery 
of highly concentrated formulations of proteins and peptides stabilized in sus-
pension or nonaqueous conditions. The Duros implant is most often implanted 
subcutaneously; however, the implant can be adapted to other routes of targeted 
administration with the attachment of a catheter (8). A variety of pharmaceutically 
active molecules have been formulated for the implant, and these are discussed 
below.

Salmon Calcitonin

Salmon calcitonin (sCT) has been used for the treatment of osteoporosis and 
Paget’s disease, with doses ranging from 12 to 25 µg/day (77,78). Assuming a 
12-month implant (150 µL implant), a peptide concentration of 30 to 60 mg/mL 
would be required (8).

Aqueous solution formulations gelled, forming fi brils (79,80). However, 
when calcitonin was dissolved in DMSO at 50 mg/mL, no gelation was observed, 
and it resulted in good stability, by RP-HPLC and SEC, after one year at 37°C. 
Furthermore, in vitro delivery from the Duros implant at 18 µg/day for four 
months was reported (81).

Glucagon-Like Peptide

Glucagon-like peptide (GLP) has been shown to be useful in the treatment of Type 
II diabetes at doses of approximately 750 mg/day. Assuming a six-month dura-
tion (500 µL implant), a formulation concentration of 270 mg/mL was required. 
Both solution and suspension formulations were tested. Solution formulations in 
DMSO gelled above 100 mg/mL; therefore, a suspension formulation was pur-
sued (82). The suspension demonstrated adequate stability for six months at 37°C, 
as tested by RP-HPLC and SEC (82).

Suspensions present additional challenges for controlled delivery from an 
implantable pump. Suspension formulations may appear to be stable under static 
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conditions, but can exhibit instabilities under fl ow conditions. For example, siev-
ing of excipients under extremely low fl ow rates and preferential delivery of the 
formulation vehicle must be avoided. Suspension formulation also requires the 
excipient vehicle to have suffi cient viscosity to keep the particles homogenously 
suspended over the shelf life and implanted delivery period. Since protein suspen-
sions are subject to denaturation, aggregation, and sedimentation, these formula-
tions require characterization of particle charge, size distribution, surface area, 
wetting, electrostatic double-layer formation, zeta potential, and fl occulation pro-
fi le (27). The GLP suspension formulations effectively resisted settling or sieving 
over time and resulted in a constant in vitro delivery rate of 480 µg/day for one 
month (82,83).

α-Interferon

α-Interferon (α-INF) has been utilized for the treatment of hepatitis C, hairy 
cell leukemia, and Kaposi’s sarcoma when dosed at approximately 3 mL U/day 
(78,84). Assuming a three-month duration (150 µL implant) and 5 to 10 µg/day, a 
formulation concentration of 5 to 10 mg/mL α-INF would be required. A suspen-
sion formulation was pursued since α-INF showed poor solution stability (85,86). 
Lyophilized α-INF was suspended at 5 mg/mL in perfl uorodecalin and showed 
similar stability to dry powder stored at −80°C after one year at 37°C.

ω-Interferon

ω-interferon (ω-INF)is currently in Phase II clinical trials for the treatment of 
hepatitis C (87). Patients receive daily injections of ω-INF for up to 48 weeks in 
order to approximate the blood levels anticipated for a Duros implant. A three-
month duration implant (150 µL implant) is targeted.

Factor IX

Factor IX is a serine protease used for the treatment of hemophilia B, and is dosed at 
10 to 20 IU/kg/day (78,88,89). Assuming a three-month duration (500 µL implant) 
and 500 IU/day, a formulation would require a Factor IX concentration of 360 mg/
mL. A suspension formulation was pursued for several reasons: Factor IX solubil-
ity was limited, and a high drug loading and stability at 37°C were required. To 
achieve the required stability and drug loading, Factor IX (pH 6.8) was suspended 
in perfl uorodecalin and perfl uorotributylamine for six months at 37°C with little 
loss of chemical stability (85). The stability profi le was similar to lyophilized pow-
der stored at −80°C. Similar suspensions were prepared in methoxyfl urane, octanol, 
and PEG 400 with less promising stability. These results indicated that halogenated 
systems might give the least interaction between the particulate and the solvent, 
resulting in chemical and conformation stability similar to lyophilized powders.

Other proteins have also been successfully stabilized by suspending in 
organic solvents (21). This suspension strategy allows the control of moisture 
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content, increased resistance to thermal denaturation and chemical degradation, 
and solid state stabilization of the protein structure in the particulate, likely due to 
minimized protein fl exibility (22,90–92). Preservation of this “molecular memory” 
or “molecular imprint” of the protein can also be used to stabilize structure and 
activity (93,94). Studies have shown that the presence of the organic solvent has 
little effect on the protein particulate or its residual bound water (95). However, 
nonpolar solvents can increase the amount of water bound to the protein, while 
polar solvents can reduce the amount of bound water, possibly by replacing water 
with secondary hydration layers (95).

CONCLUSION

Very little work is available in the literature on high-concentration protein formu-
lations; however, this is an emerging area. Classical challenges such as solubility, 
aggregation, and stability limitations are more familiar. New considerations for 
high-viscosity delivery, scale-up of novel manufacturing methods, and the cost of 
goods (fi ll overage issues) provide additional development challenges. Achieving 
a successful and scaleable high-concentration formulation requires an integrated 
approach between formulation, analysis, process, and packaging/device design. 
The effectiveness of the therapeutic agent can be enhanced by effective drug 
delivery that activity controls the delivery rate and the site of drug action.
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INTRODUCTION

The most important question to ask about freeze-drying is not “what is freeze-dry-
ing?” but “why do we freeze-dry?” The answer is simple: “stability.” Water is an 
extremely reactive compound, and many biological and pharmaceutical prepara-
tions have only limited stability in aqueous solution. Long-term storage, therefore, 
needs an alternative, and removing the water does seem to be a reasonable one. If a 
product is to be dried, then there are two readily available routes: (i) evaporation of 
liquid water by, e.g., vacuum drying (1) or spray drying (2), and (ii) sublimation of 
solid water (ice) following freezing of the solution, i.e., freeze-drying.

Despite the disadvantages of cost and process time over ready-to-use and 
frozen products, the sublimation route, freeze-drying, has become established in 
the pharmaceutical industry. There are several very good reasons for this: (i) the 
shelf-life for both chemical and biological entities can be enhanced signifi cantly; 
(ii) it is a proven and trusted aseptic processing operation that meets fi nished 
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product sterility assurance requirements (as compared with, e.g., spray drying); 
(iii) the product is readily reconstituted at time of use.

The freeze-drying, or lyophilization, process can be broken down into three 
stages: (i) freezing, the crystallization of water; (ii) primary drying, the removal 
of ice by sublimation; and (iii) secondary drying, the desorption of residual water 
from the product. This chapter considers these stages, along with two critical post-
lyophilization stages in a freeze-dried product life span, i.e., (iv) storage of the 
freeze-dried product, and (v) reconstitution at the point of use, in some detail.

For this process to be successful, particularly at a commercial scale, signifi -
cant attention must be paid to the practical aspects of engineering a freeze-dried 
product. This includes selection of excipients, packaging, sterilization, fi lling, load-
ing of the dryer, process control and operation of the drier, unloading etc., topics that 
are dealt with in greater detail in other chapters of this book and elsewhere (3–5).

The process itself is characterized by having only three variables, i.e., shelf 
temperature, chamber pressure, and time. It is one of the few processes where the 
measurement of a single physical property of a formulation (e.g., collapse temper-
ature) facilitates the design of a process that will operate at all scales of operation. 
In the next section, we examine each of the fi ve steps to introduce the principles of 
operation and the process design space that is available for lyophilization devel-
opment. Scale-up principles are discussed in the latter section of this chapter.

FREEZING

There are two important facts to remember about the freezing operation: (i) when 
a solution freezes it does not completely solidify; (ii) when your product is fro-
zen, its fate is usually sealed.a From that point, all you can do is remove water. 
Formulation work, therefore, must take into account the properties of a frozen 
solution and the behavior of the product at low temperatures.

Although we often talk about the “freezing point” of water being 0°C, in fact, 
we mean the melting point of water is 0°C. Freezing of pure water at atmospheric 
pressure may occur anywhere between 0°C and −38°C, with the latter temperature 
being the homogeneous nucleation temperature of water. If you cool a 1000 vials in 
a freeze dryer, they freeze randomly, at different times and temperatures.

This is explained by the crystallization process that starts with nucleation 
followed by crystal growth. The nucleation can be either homogenous or hetero-
geneous, but in real systems, heterogeneous nucleation predominates. Thus, the 
random freezing of vials relates to several factors including temperature, number, 
and nature of foreign particles, imperfections of the contact surface, and vibration. 
Several of these variables can be diffi cult to control.

When water freezes, the crystalline ice phase does not include any other 
molecules within the crystal lattice. Therefore, in a solution, ice forms as a pure 

a Exceptions do exist. For example, crystallization of a solute may occur during warming as discussed 
in this section and in Chapter 9 of this book in some detail.
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water phase and all the solutes remain in any unfrozen liquid. If you lower the 
temperature, then more ice forms and the solutes become even more concentrated. 
This behavior is conveniently described by the freezing curve in a phase diagram 
(see curve AC on diagram, Fig. 1). In a simple solution 100% A = pure water, 
100% B = pure solute, the dilution of the initial solution will affect the amount of 
ice formed, which can be calculated from the phase diagram, but the concentra-
tion of the unfrozen solution depends only upon the temperature. Any point along 
AC has the coordinates “x,y” and selecting a temperature (y) allows us to read off 
the x-axis value and obtain the composition of the unfrozen solution.

We are all familiar with the concept that, for most solutes at least, solubil-
ity increases with solution temperature (this is the curve CB below). As tem-
perature is lowered, however, at some point, the freezing curve and the solubility 
curve meet. At this point, if you cool the solution further, the solute simply is no 
longer soluble in the amount of solvent present and it precipitates (crystallizes). 
This of course leads to a dilution of the unfrozen solution, and since its composi-
tion depends only on the temperature, more ice forms, returning us to point C. 
The point where all this happens is known as the “eutectic” temperature (Te) and 
below this temperature, only crystalline solvent (ice) and crystalline solute exist, 
provided that we are dealing with a system under thermodynamic equilibrium—
which is usually not the case in real systems as discussed below. Above the Te, the 
ice will melt (“eutectic” is derived from the Greek for “easily melted”)—this is an 
important concept that is further discussed under primary drying below.

In reality, the crystallization of solute is just as fi ckle as the crystallization of 
water. It also depends upon a nucleation event, followed by crystal growth, which 

A

B

C

Figure 1 Schematic phase diagram of a binary system with a simple eutectic.
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of course at subambient temperatures will be quite slow. Despite the attention that 
eutectic solidifi cation has attracted in the literature and the considerations given 
to it in this text, it is not seen with most formulations. In simple solutions (e.g., 
sodium chloride/water), it does occur but freeze-dried formulations are generally 
more complex and it is rarely seen. One notable exception is the case of mannitol- 
containing formulations, where the crystallization behavior of mannitol can be a 
source of many problems, as described in some detail in Chapter 9. Most solu-
tions simply carry on during cooling below the eutectic temperature producing 
more ice, increasing the concentration of the unfrozen solution until eventually 
the residual solution is so viscous that no more ice can form. It has turned into a 
glass (an amorphous solid solution). The temperature at which any formulation 
vitrifi es (turns to glass) is the glass transition temperature (Tg′).

Figure 2 represents a diagram that describes solid–liquid relationships in 
such a system. Note as this shows both equilibrium, crystal, and nonequilibrium, 
glass states, it is referred to as a state diagram rather than a phase diagram. The 

Figure 2 Solid–liquid state diagram of water-sucrose system.
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Tg′ temperature corresponds to the onset of ice melting (more exactly, ice dis-
solution into the freeze-concentrated solution), which occurs at either the Tg of 
the maximally freeze-concentrated solution (6) or several degrees above the glass 
transition temperature of the maximally freeze-concentrated solution (7). The 
Tg′ can be conveniently measured by differential scanning calorimetry or freeze-
 drying microscopy. The Tg′ corresponds closely to the collapse temperature, the 
collapse temperature normally being higher by 1°C to 3°C (8).

Tg′ values may be found in the literature for many binary water-solute sys-
tems [e.g., (3)]. In multicomponent systems, when a frozen solution does vitrify, 
only one glass, a solid solution of all the solutes together with some residual 
solvent, is usually formed. A glass has two interesting properties of value for the 
freeze-drying process; it is mechanically stable and has a superior chemical stabil-
ity in relation to that in solution.

To summarize the discussion on the freezing behavior, at the end of the 
freezing process, the product will consist of either (9) (i) grains of ice surrounded 
by a glassy matrix of the residual solution, (ii) grains of ice, as well as grains 
(crystals) of solute, surrounded by a glassy matrix of the residual solution, or 
(iii) grains of ice in an admixture with crystals of solute. By far the most com-
mon behavior leads to grains of ice surrounded by a glassy matrix of the residual 
solution. Mechanical stability means that the glassy network is self-supporting 
and does not collapse when the ice is removed. This leaves an open network of 
glassy product that is easily rehydrated. Of course, to the purist, the freezing pro-
cess, which typically has separated 98% of the original water as ice, may itself be 
regarded as drying!

PRIMARY DRYING

Primary drying is the removal of ice by the process of sublimation, i.e., transfer 
directly from the solid to the gas phase. There are two reasons why it is important 
to avoid the liquid phase: (i) The product will lose its mechanical strength and 
collapse. This will lead to loss of the porous structure of the fi nal product, with 
subsequent diffi culty of rehydration. (ii) The product might lose its chemical or 
physical (e.g., protein aggregation) stability.

The loss of chemical stability can be of particular importance to biologics 
products. Although we are accustomed to thinking that low temperature results in 
lower rates of chemical reaction (Arrhenius temperature dependence of kinetics), 
in a freeze concentrate solution, the rules are different. The kinetics of chemistry in 
these very concentrated solutions is poorly understood, but it might be controlled 
by concentration as well as temperature. Literature reports show rate enhance-
ments of up to two orders of magnitude caused by freeze concentration (10,11), 
and there is evidence that activity loss of enzymes may be increased 3- to 3000-
fold (12). Collapse and potential chemical degradation are easily avoided. Whilst 
ice is present, the product should be kept below the collapse temperature. For an 
amorphous glass, this conservatively translates to keeping the product temperature 
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below the Tg′. If the product is a eutectic mixture, then it must be kept below Te. It 
is as simple as that.

It is important to stress the difference between product temperature, which 
should be kept below the collapse or eutectic temperature, and shelf temperature. 
In an idealized process, the shelf temperature would be kept below Tg′ whilst 
ice is present. However, sublimation at such low shelf temperatures would take 
signifi cantly longer; therefore, this is usually not a practical option. Commercial 
pressure often encourages us to increase shelf temperature above Tg′ in order to 
increase the heat fl ux. In such cases, we rely on sublimation to keep the product 
cold. It would be good practice in such cases to lower the shelf temperature again 
as the rate of sublimation, or cooling, decreases toward the end of primary drying 
(see below).

The basic process simply requires that suffi cient heat is supplied to the 
product to exactly balance the heat required to sublime the ice, i.e.,

Heat supplied to the product = Heat used for sublimation

Kv(Ts − Tp) = ∆H(dm/dt)

where Kv is a heat transfer coeffi cient, Ts is the shelf temperature, and Tp is the 
product temperature. ∆H is the heat of sublimation and dm/dt is the rate of mass 
transfer of ice to water vapor.

The driving force for the sublimation process is the temperature difference 
between the product and the condenser, which results in a water vapor pressure 
difference. Even without a vacuum, the product would dry, although it would 
take a longer time and it is customary to use a vacuum to speed the process.

Heat is supplied to the product by three mechanisms, conduction, convec-
tion, and radiation. Even though a vacuum is used in the primary drying process, 
signifi cant heat is supplied by convection, i.e., by gas phase collisions. Reducing 
the pressure too much, therefore, will slow the rate of heat transfer and of ice subli-
mation (13). Typically, freeze-drying is carried out at 30% to 50% of the saturation 
vapor pressure of water over ice at the temperature of the ice–product interface.

Although caution must be applied in setting the shelf temperature, to avoid 
collapse, the product temperature has a signifi cant effect on the process. The rate 
of ice sublimation decreases by approximately 13%/°C, or 300%/10°C change in 
temperature (14). Formulating for a high glass transition temperature can have a 
signifi cant impact upon the primary drying time.

Ice sublimation is directional, it starts at the top of the vial, and with careful 
observation, the ice front can be seen to migrate down through the product during 
the process. As a result, a layer of dried cake builds up above the ice front and it is 
this cake that provides most of the resistance that limits the rate of sublimation. The 
rate of sublimation, therefore, gets lower as the process nears completion. At this 
point, if the cycle uses a shelf temperature greater than Tg′, and relies upon the rate 
of sublimation to cool the product, there is a consequential increase in the risk of 
the product temperature exceeding Tg′. If this happens before sublimation is com-
plete, ice will melt back in accordance with the freezing curve, and the product will 
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collapse. Such cycles, which rely on a balanced heat fl ux to cool the product, may 
need further development on scale-up or transfer to different equipment. Therefore, 
it is important to understand resistance of the dry layer; such measurements can be 
performed using a modifi cation of a pressure rise method (15).

An effi cient way to optimize the shelf temperature during primary drying 
is through the use of a so called “Smart Freeze Dryer.” This system is intended 
to develop a freeze-drying cycle with a single laboratory scale run (15,16). The 
basis of the Smart Freeze-Drying technology is a manometric temperature mea-
surement, which measures the product temperature on the ice/vapor interface 
during primary drying by quickly isolating the freeze-drying chamber from the 
condenser and analyzing the pressure rise during this period.

SECONDARY DRYING

As can be seen in the state diagram for sucrose (Fig. 2), the freeze-concentrated 
glass contains a signifi cant amount of residual unfrozen water (it is incorrect to 
call this bound water; see Ref. 17). Typically, a frozen glass may contain as much 
as 20% to 50% by weight of water (18). If we warmed this composition above Tg, 
it would lose its mechanical strength and collapse. The secondary drying phase of 
the process is concerned with removal of this residual water. (Note: We have used 
the term Tg here to refer to the general case of heating a glassy product. All points 
on the glass curve may be designated Tg. The term Tg′ refers exclusively to that 
point where the glass curve is intersected by the freezing curve, i.e., it is the glass 
temperature of the maximally freeze-concentrated solution. Warming a solution to 
Tg′ in the presence of ice leads to melt back. In the absence of ice, warming above 
Tg results in softening and collapse.)

If the product has formed a eutectic mixture, then when all the ice is sub-
limed, there is no residual water and the product may be quickly warmed before 
unloading. It should be borne in mind, however, that eutectic solids may precipi-
tate as hydrates (NaCl and mannitol are familiar examples). Such forms may not 
be stable at ambient temperatures and care should be exercised in dehydrating the 
crystals.

Most products, however, will be amorphous and the residual water may be 
removed by desorption. It is customary to carry out this process at a low pressure, 
although what evidence there is in the literature suggests that pressure is not a 
signifi cant factor in controlling the rate of desorption (19).

If we remove water from the glass, its composition changes and as the state 
diagram shows, as the water content is lowered, the glass temperature, Tg, of the 
product increases in value. Even though, in almost all cases, the position and 
shape of the glass curve will not be known, in practice, at the end of primary 
drying, the product Tg will be slightly higher than Tg′. This leads to a practical 
method for conducting secondary drying as we may now increase the product 
temperature. This, in turn, leads to further desorption, and a higher Tg, which in 
turn allows for another increase in temperature and further desorption.
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If we gradually ramp the temperature and balance the rate of drying (desorp-
tion) with the increase in product temperature, we can desorb the residual water 
without signifi cantly exceeding Tg at any time. In practice, the rate of collapse in 
the immediate region of Tg is quite low (20) and as long as the rate of temperature 
ramp is not excessive (<5°C/hr), problems are rarely encountered in secondary 
drying.

The kinetics of water desorption are controlled by diffusion of water within 
the glass and at any given temperature, the loss of water will slow with time 
(plateau). In many cases, the plateau is achieved after 6 to 12 hours at common 
secondary drying temperatures (25–40°C). The temperature dependence of the 
extent of desorption also suggest, with a properly dried product, if the temperature 
is decreased for unloading, there is nothing to be gained by an extended hold at 
the fi nal temperature.

STORAGE

The product must be stored below Tg to avoid mechanical collapse, to meet the 
appearance and reconstitution specifi cations. Also, despite well publicized excep-
tions [e.g., indomethacin (21)], the crystallization of components, with subse-
quent changes to composition and stability of the remaining amorphous product, 
can generally be avoided by storage below Tg. It is not possible to predict the 
fi nal glass temperature nor the water content, of the product, though both are 
easily measured. Water acts as a plasticizer and will decrease the Tg of the dried 
product.

Factors that control the chemical stability of the product are poorly under-
stood. It is clear that despite being essentially isoviscous, all glasses are not 
equivalent in their ability to prevent chemical degradation. The glass transition 
temperature is an important reference point for stability of amorphous materials, 
and determination of the Tg in formulations would be a necessary step in formula-
tion development. Formulations with low Tg (e.g., formulations having a Tg lower 
than 40°C) are expected to have low chemical and physical stability. However, the 
Tg alone cannot predict chemical stability of freeze-dried  formulations—indeed, 
higher Tg does not necessary mean better stability. There are cases when for-
mulations with lower Tg had higher chemical stability (22,23). Other properties 
sometime provide better correlations with chemical stability, such as enthalpy 
relaxation, which is another measure of molecular mobility (24), and Hammett 
acidity function, which refl ects acid–base relationships in lyophilized state 
(22,25,26). The current state of the art does not, therefore, allow the ab initio 
formulation of a stable product.

It is, therefore, generally necessary to conduct stability trials. Although it 
is reasonable to apply Arrhenius temperature kinetics for storage below Tg, care 
must be shown when interpreting data obtained at T > Tg. On reversion to a mobile 
and highly concentrated solution, chemical kinetics do deviate from the Arrhenius 
model of temperature dependence. Unfortunately, the temperature dependence 
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of chemical reactions within Tg is poorly understood and there is no generally 
accepted model.

RECONSTITUTION

Reconstitution is often considered to be a routine item that does not deserve sepa-
rate consideration in discussion of such a sophisticated process as freeze-drying. 
As a result, reconstitution is often omitted from freeze-drying texts. However, 
there are several important points to consider at this last stage in the life of an 
injectable protein formulation, which are as follows:

• Reconstitution time should be reasonable from a user’s perspectives, 
i.e., usually less than one minute.

• Although “off-the-shelf” diluents (e.g., saline) are usually preferred, use 
of a specially designed diluent may be warranted in certain cases. For 
example, protein recovery can be signifi cantly improved when reconsti-
tuted with a diluent containing the surfactant Tween 20 (27). Also, certain 
types of excipients such as antimicrobial preservatives or tonicity modi-
fi ers are commonly included in a diluent rather than in a lyophile cake.

• In-use stability of the reconstituted solution should be evaluated as a 
part of formulation development. It is advised to perform in-use stabil-
ity testing on aged formulations, to avoid unforeseen reconstitution and 
in-use stability (e.g., particulate formation) problems.

• The reconstituted solution should be suitable for the intended use, for 
example, solution viscosity should be appropriate to allow injection of 
the intended dose with the needle gauge selected. Guidance on relation-
ships between solution viscosity and syringeability for any particular 
needle size can be found in (28).

Overall, lyophilization process development on laboratory scale is becoming a 
predictable and routine exercise if one uses state-of-the art knowledge and equip-
ment. Scale-up of a freeze-drying process from the laboratory to production scale, 
on the other hand, is less predictable. In addition, the laboratory-to-production 
scale transfer may require more extensive documentation as such projects are 
usually closer to regulatory fi ling. In the next section, we will consider scale-up 
of freeze-drying cycles in more detail.

SCALE-UP AND TECHNOLOGY TRANSFER OF LYOPHILIZED 
DRUG PRODUCTS

Scale-up and technology transfer involve all activities dealing with modifi cation 
of a laboratory manufacturing process to accommodate the larger scales of pilot/
clinical and International Conference on Harmonisation stability manufacturing 
and eventually commercial production. These activities include experimental stud-
ies and trial engineering or scale-up batches that must be well defi ned and care-
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fully executed. Although delivery of the process is the ultimate goal of technology 
transfer, complete and accurate documentation of the scale-up activities and their 
transfer to the commercial manufacturing site is extremely important. This will not 
only ensure a robust process but also will aid in the regulatory review process since 
documentation is an intense focus of regulatory scrutiny from government agencies. 
Effective communication between research and production groups is the cornerstone 
of effi cient and successful process scale-up and technology transfer. Information 
exchange and gap analysis exercises should be executed early and reviewed often 
within the research/production team to ensure complete and thorough identifi cation 
and evaluation of all critical issues.

Basic Understanding of Freeze-Dry Equipment

It is important to have a fundamental knowledge of the design and operation of 
the freeze-dry equipment that is being utilized for development and production of 
freeze-dried products. Nail and Gatlin (29) provide an extensive discussion on the 
design and operating components of most pharmaceutical freeze-dryers. These 
systems consist of a chamber containing shelves through which a heat transfer 
fl uid can be circulated; a system for pumping, heating, and cooling the fl uid; a 
vacuum pumping system; a condenser for trapping water vapor; and a refrigera-
tion system for cooling the condenser. Additionally, most new freeze-dryers con-
tain a system for sterilization of the chamber and condenser.

The vacuum system employed in most freeze-dryers is typically a rotary 
oil pump. These pumps are capable of attaining vacuum as low as 1 µm of Hg. 
However, for these pumps to operate properly, the condenser must remove water 
vapor to prevent oil contamination of the pump oil by moisture and hence reduce 
pumping effi ciency. An additional redundant pump such as a Roots-type pump 
is frequently utilized in many commercial freeze-dryers in order to increase the 
speed of the pumping system and to achieve the lowest attainable vacuum.

A refrigeration system is needed to cool the shelves during freezing and 
the condenser during drying. The condenser is cooled by direct expansion of a 
refrigerant such as a fl uorocarbon in the condenser coils. Cooling of the heat 
transfer fl uid (typically silicone oil) in the shelves is achieved by heat exchangers. 
Typically, the refrigeration can be switched from the shelves during freezing to 
the condensers during drying.

The condensers are either the internal type (i.e., inside the drying cham-
ber along the walls) or external type with a separate chamber. Most production 
scale dryers have an external condenser design, whereas some small-scale freeze-
 dryers (e.g., Virtis bench freeze-dryer) utilize internal condensers. The use of 
internal versus external condensers can have a signifi cant impact on the warm 
versus cool zones typically present during drying and hence infl uence the drying 
rates throughout the dryer. It should be noted that use of an external condenser 
design is required for use of pressure rise tests should this method be used to 
monitor the drying process.
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The main drying chamber and external condensers are constructed of type 
304 or 316 stainless steel. The smaller freeze-dryers that have Plexiglas-type 
doors may experience different drying rates near this door due to additional radi-
ant heat. The internal surfaces are polished to facilitate cleaning. Most freeze-
 dryers have the capability to move their shelves within the dryer to enable internal 
stoppering.

Characterization of a freeze-dryer should include determination of the con-
denser capacity and the maximal sustainable sublimation rate. Such tests are com-
monly performed using pure water. In addition, shelf mapping, for both product 
temperature and sublimation rate, is essential in order to be able to develop effi -
cient and robust lyophilization cycles and to ensure high quality product. It should 
be mentioned that temperature mapping is often performed with empty freeze-
dryers. Although this is an important step in the equipment characterization, one 
should not stop there. It is recommended that the temperature mapping should 
also be performed with a loaded freeze-dryer using, e.g., water.

Scaling Up and Technology Transfer of the Freeze-Dry Cycle

Usually, some modifi cation of a laboratory-scale freeze-dry cycle is needed to 
properly run the cycle on a production size freeze-dryer. It is critical to recog-
nize the differences in equipment design for the various size dryers used as the 
scale-up process evolves. Potential differences include the following: variable 
dryer size/architecture, control of pressure (e.g., absolute vs. comparative or 
nitrogen bleed vs. valve, etc.), use of trays or trayless systems, tray material if 
utilized (e.g., stainless steel or aluminum), variable package types (e.g., standard 
glass vials, two-chamber vials/syringes, trays, etc.), internal stoppering capabil-
ity, and process monitoring capability (thermocouples, Pirani gauge, dew point 
sensor, etc.). These differences infl uence the resulting product temperatures that 
are attained for each size freeze-dryer as a function of corresponding shelf tem-
peratures and chamber pressure set points. It must be emphasized that the goal of 
scale-up is that the product should experience the same conditions (e.g., product 
temperature) as process scale increases. This does not mean that the cycle param-
eters (shelf temperature, chamber pressure, or drying time) are the same between 
scales. Cycle parameters are a means to an end to achieve the desired product tem-
perature profi le and it is highly likely that these parameters can and will change 
as scale increases. For example, Figure 3 shows average product temperature pro-
fi les obtained on the laboratory and pilot scale at the same shelf temperatures and 
chamber pressure.

It should be noted that in each freeze-dryer there will be heterogeneity of 
product temperatures during the drying process. Typically the perimeter samples 
(i.e., near the walls and door) are warmer due to radiant heat than the internal insu-
lated samples. As a result, the drying times between different vials of the same 
batch can vary signifi cantly. For example, Figure 4 illustrates the higher product 
temperatures (i.e., higher drying rates) for the perimeter samples as compared to 
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Figure 3 Average product temperature and the shelf temperature from two freeze-drying 
cycles for the same product on the laboratory and pilot scales.

Figure 4 Product temperature data comparison of edge versus center of shelf load.
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the lower product temperatures (i.e., lower drying rates) for the insulated inside 
samples. This heterogeneity in product temperature can differ signifi cantly with 
dryer design and scale. Properly designed development experiments are the key 
for guidance during this scale-up process. Historical data including temperature/
pressure set points and profi les for actual process feedback should be analyzed as 
a part of transferring the process from lab scale to pilot scale to production scale. 
Additionally, sublimation and secondary drying endpoint determinants should be 
implemented to detect critical quality attributes (CQAs) of any particular freeze-
dried product, e.g., moisture content, appearance (both cake and reconstituted 
product), reconstitution time, particles upon reconstitution, potency, and purity.

Efforts to maintain analogous processing dynamics (e.g., shelf temperature-
time profi le) between similarly sized lyophilizers should be performed to the extent 
they are experimentally practical or included in other aspects of the development 
work. Acceptable range/limit (and/or edges of failure) for the product temperature 
profi le should be established in development.

Basic requirements for a robust freeze-dried product depend upon the 
chemical and physical characteristics of the lyophilized drug product. Key in the 
determination of an appropriate lyophilization cycle is “at-scale” parameters that 
affect these characteristics. Successful pilot lot planning and manufacture evalu-
ates the relationship between critical cycle parameters and product characteristics. 
Available development data for lyophilized products from the lab scale should 
be inclusive of analyses of critical process parameters (CPP) that affect CQA. 
CPP may include shelf-loading temperature, shelf-cooling rate, freeze-hold and 
annealing time/temperature, shelf temperature, and chamber pressure during pri-
mary and secondary drying, primary and secondary drying endpoints, and stop-
pering pressure at the end of the cycle. Targets and ranges for process parameters 
should be justifi ed with development data, and their relationship to product qual-
ity at release and upon stability should be established for key process parameters. 
Parameters that are important in this context should be preliminarily identifi able 
from research data. It is recommended to perform a risk assessment to defi ne 
which parameters are critical and which parameters should be explored during 
development studies. Identifi cation of CQA and CPP should be an explicit process 
with defi ned outcomes.

Correlation between scales should be performed for products being scaled 
from lab to pilot and fi nal manufacturing scale. A direct relationship should not be 
assumed. According to Kuu et al. (30), when developing a strategy of correlation, 
it is important to consider the characteristics of the following three areas: (i) the 
dryer, (ii) the container, and (iii) the formulation. The characteristics of the dryer 
include shelf-temperature control, the chamber vacuum level, and the effi ciency 
of the condenser. The dryer capability can be quantitatively determined by the 
shelf temperature heat transfer coeffi cient, radiation emissivity, shelf temperature 
and heat transfer mapping, and condenser effi ciency. The characteristics of the 
container include the heat transfer coeffi cients of the container itself. The charac-
teristics of the formulation include the critical product temperature (e.g., collapse 
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temperature for amorphous formulations) during primary drying and the dry layer 
mass transfer resistance.

Tsinontides et al. (31) concluded that scale-up of a freeze-drying process 
can be achieved in a cost effective and effi cient manner provided one employs 
smart use of experimental tools to monitor the drying process of product in lim-
ited experiments at manufacturing conditions. Use of appropriate modeling can 
enhance the success rate of scale-up by evaluation of the robustness of freeze-dry 
cycle around target set points. Several modeling techniques have been developed 
that may help to optimize cycle parameters and to validate parameters for robust-
ness and edge of failure. One example is the Passage® FreezeDrying software 
developed by Technalysis (32). This computer program uses fi nite-element analy-
sis for the simulation of freeze-drying processes in vials and pans. It is intended 
for modeling of containers with asymmetric boundary conditions, as in the case of 
vials placed in corners or near the walls of freeze-drying ovens, with both primary 
and secondary drying simulation capabilities. Other examples of freeze- drying 
models are described in (33,34). Despite the recent success in freeze-drying mod-
eling, real lyophilizer behavior at scale under full load should be determined to 
refi ne the fi nal dynamics of the process. Lyophilizer type, size, age, and other 
factors can all affect performance of the equipment and thereby impact the fi nal 
product quality. Therefore, it is important to support the modeling results by 
 performing experimental tests using real manufacturing equipment.

Regardless of development efforts to alleviate issues of scale, one should 
be prepared for scale-up issues to be encountered. One should note that if it is 
necessary to use a surrogate formulation to bulk out the dryer during scale-up 
(due to lack of available raw materials or due to high cost of the active ingredi-
ent), careful selection of the surrogate is critical because it may signifi cantly infl u-
ence the product temperature and drying rates of active ingredient– containing 
vials in close proximity. It is also important to remember that lyophilization is 
a process inherently dependent on and infl uenced by the unit in which the pro-
cess is run and the scale of that unit. The total shelf area, refrigeration/compres-
sor capacity, condenser area, chamber wall thickness, etc., have a tremendous 
infl uence on the product temperatures encountered. As a lyophilization process 
is transferred to a larger scale unit (whether from a development lyophilizer to 
a pilot or clinical dryer, or from a lab or pilot dryer to production), one should 
expect to see differences and plan engineering and qualifi cation runs in advance 
to address these concerns. The issue that will most commonly be encountered is 
that product temperature as a function of shelf temperature and chamber pressure 
may be different (usually lower) in a production unit. Therefore, as a result of 
the lower-than-expected product temperatures, the total time required for primary 
drying might be longer than expected. The implication of this is that, if a scale-up 
study is planned, implementing a cycle designed and optimized in a small scale 
lyophilizer into a commercial scale unit may be a problem since it is possible 
that secondary drying may be initiated before the end of sublimation and thus 
resulting in signifi cant melt back of ice that was not removed from the product. 
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Although differences in product temperature between manufacturing and labora-
tory scale may be predicted with a reasonable level of confi dence by measuring 
the heat transfer coeffi cients in different freeze-dryers and using an appropriate 
freeze-drying model, direct experiments on a real manufacturing freeze-dryer are 
still needed in the majority of cases. Engineering run(s) should be performed in 
order to evaluate the scale issues between the units before process qualifi cation 
is initiated. Generally, although engineering runs are recommended and useful, 
commercial engineering runs can be minimized and/or avoided by the effective 
use of pilot scale experiments.

Scale-up issues are less signifi cant during secondary drying, primarily due 
to the fact that secondary drying temperatures are almost universally higher than 
ambient temperatures. As a result, the factors that introduce differences between 
units such as radiation effects, convective heat from the chamber atmosphere, etc. 
are less critical factors due to the higher operating temperatures. One important 
issue to bear in mind is the fi nal stoppering conditions in cases when internal 
stoppering cannot be employed. This is often the case with new delivery systems, 
such as dual-chambered vials and syringes that may require external stoppering. 
In such cases, the additional moisture uptake between lyophilizer unloading and 
stoppering must be considered when determining the total secondary drying time 
(i.e., target moisture content at end of secondary drying).

Number, size, and conditions of lyophilization scale-up lots will be deter-
mined by the type and complexity of the lyophilized product. A gap analysis between 
desired and available development data should be performed. Studies needed should 
cover gaps and address issues related to the product and process as necessary. A risk 
assessment approach should aid in the screening of key issues and allow for only 
the necessary studies to be conducted. Bracketing can be used as an approach to 
perform best and worst case scenarios for the process and determine the edge of 
failure. Additionally, it is necessary to be aware of the regulatory fi ling implications 
of the additional data that is generated and ensure that studies are done in a manner 
that could facilitate answers to questions/issues that may arise during regulatory 
review or inspection.

Process Qualifi cation and Validation

Process qualifi cation is not only a requirement by all regulatory agencies but is 
also an important part in the understanding of the manufacturing process and its 
limitations. Qualifi cation and validation of a process is used to set acceptable pro-
cessing limits for the product. Deviations from these limits require an investiga-
tion and review by the technical support and quality assurance departments.

Because of the complexity of the processing steps in freeze-drying, vali-
dation can be diffi cult. In the freeze-drying process, there are many factors that 
are critical to an acceptable product. Examples of critical factors include shelf 
temperature, chamber pressure, processing time (freezing, primary and second-
ary drying), stoppering pressure (both chamber pressure and shelf ram pressure), 
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and condenser temperature. Deviations from any one of these factors could result 
in product collapse, melt back, high moisture content, and potentially lead to an 
adverse effect on stability of the product. The validation of any transfers should 
be based on a process dependent parameter such as product temperature (35). The 
fi nal step in development of the freeze-dry cycle is the confi rmation of an accept-
able freeze-drying process via validation. Several authors adequately describe in 
detail how to properly perform validation of the freeze-dry process (36,37).

Terminal Sterilization of Freeze-Dried Products

Traditionally, freeze-dried products are processed using established sterilizing 
fi ltration and aseptic fi lling methods. Recently, however, European regulatory 
guidance requires the evaluation of terminal sterilization for freeze-dried prod-
ucts (38). Although it is not clear at this point if this requirement is extended to 
protein products, it would be appropriate to discuss this in some detail in this 
chapter. Undoubtedly, terminal sterilization is a reasonable request from a micro-
biological safety standpoint. However, there are major technical and scientifi c 
challenges associated with the application of terminal sterilization to freeze-dried 
products. For example, dry powder heat sterilization, which is the fi rst technique 
required for evaluation, is not expected to work for freeze-dried protein prod-
ucts because of the high temperatures involved (usually 160°C). Sterilization by 
ionizing irradiation may be more feasible from a technical standpoint, although 
there are major challenges associated with this route as well. Proteins are known 
to be sensitive to ionizing radiation (39,40) although the extent of degradation 
might be lower than that associated with the high temperature treatment during 
dry-heat sterilization. Additionally, lyophilization stoppers are often incompat-
ible with irradiation whereas radiation-resistant stoppers may not be compatible 
with lyophilized products that require special rubber formulations with low water 
retention (41). At this point, we are not aware of any marketed freeze-dried prod-
ucts (proteins or small molecules) that are terminally sterilized.

CONCLUSIONS

The current level of understanding of physical, chemical, and engineering 
aspects of freeze-drying allows a formulator to design an acceptable labora-
tory-scale freeze-drying process with minimal experimental work. Scaling-up a 
freeze- drying process from laboratory to manufacturing scale, however, is still 
a challenging, risky, and expensive process that may require extensive experi-
mentation at production scale. Recent advancements in modeling of freeze-drying 
processes may reduce the need to do large-scale experiments but not eliminate 
them. Additionally, there is a signifi cant challenge remaining which is associated 
with the considerable heterogeneity in product drying rates and temperatures dur-
ing the cycle across the freeze-dryer. This heterogeneity, as well as unit-to-unit 
differences between lyophilizers is especially important with lyophilization of 
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less traditional (“novel”) delivery systems, e.g., lyophilization in syringes. Such 
variations create signifi cant uncertainty in determination of sublimation endpoint 
and secondary drying endpoint. One way to deal with this problem is detailed 
mapping of any particular freeze-dryer with respect to both product temperature 
and drying rates. Also, 100% nondestructive tests of fi nished product, e.g., water 
content by near infrared, may help to confi rm if vial-to-vial variations represent a 
potential issue for any particular product and lyophilization cycle.
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INTRODUCTION

The majority of protein drugs are delivered by the injection route, although there 
is an increasing interest in alternative delivery routes, e.g., pulmonary. Ready-to-
use liquid formulations are preferred injectable dosage forms because they are 
considered easier to manufacture and administer. However, the majority of pro-
teins are not suffi ciently stable in aqueous media to provide adequate commercial 
shelf-life and this limits the development of protein pharmaceuticals as ready-
to-use injectables. Freeze-drying is an established process to increase long-term 
stability of proteins and achieve an acceptable shelf-life (1). In some cases, as 
with proteins intended for administration by inhalation, spray-drying is used (2). 
It is also possible to simply dry protein solutions slowly at ambient temperatures 
under vacuum (3). This chapter deals with freeze-dried protein formulations as 
they are the most common commercial dosage forms. However, general prin-
ciples can be applied to other dehydration processes such as spray-drying and 
vacuum-drying.
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Essentially all protein formulations contain one or more inactive ingredi-
ents (excipients). Excipients are used to facilitate the formulation manufactur-
ing process, ensure stability of the active ingredient during processing, storage, 
and administration, minimize adverse effects upon administration (e.g., mini-
mize pain upon injection), and ensure desirable bioavailability and (for sustained 
release dosage forms) release profi les. Each excipient in the formulation requires 
justifi cation for its use and an appropriate rationale for the level selected. Only 
excipients that are essential for performance and/or stability of a dosage form and 
suitable for injectable products are allowed to be included.

The majority of lyophile protein dosage forms contain buffer and a bulk-
ing agent, the latter often playing a dual role for both pharmaceutical elegancy 
and cryo- and lyoprotection, to achieve stability during processing and the shelf-
life. In addition, many protein formulations contain additional stabilizers, e.g., a 
surfactant, and occasionally an antioxidant or a chelating agent. In some cases, 
a tonicity modifi er, a solubilizer, a processing aid, or an antimicrobial agent may 
be used. It is notable that the active ingredient level in the formulation can range 
from as high as close to 100% to as low as a few parts per million. Therefore, it 
is also possible to have a large range of excipient levels in the fi nal formulation. 
It should be mentioned also that excipients, which are important for the recon-
stituted solution, e.g., antimicrobial agents or tonicity modifi ers, can be added 
with the diluent rather than being incorporated into the lyophile cake. Generally, 
selection of a proper excipient should take into account (i) the type of product, 
(ii) the delivery route, dose, and administration frequency, (iii) the chemical and 
physical properties of the excipient, (iv) potential interactions with other product 
components, and (v) the container/closure system.

It is typically advantageous to choose formulation excipients that will not 
only enable the product to meet its critical quality parameters but also facili-
tate the freeze-drying process because of the high cost/long processing times 
for this unit operation. This is especially critical when developing formulations 
for unique package systems such as dual chamber syringes, because of the dif-
fi culties encountered in uniform drying in these packages. Therefore, selection of 
excipients that can potentially increase the collapse or eutectic temperatures of the 
frozen solution can greatly facilitate the drying process, thereby reducing cost and 
processing times. It is also important to select excipients whose vapor pressure is 
suffi ciently low so as not to permit its removal during the lyophilization process.

There are a number of reviews available on different aspects of protein 
freeze-drying (1,4–10). In particular, it has been recognized that understand-
ing phase behavior is a key for lyophile formulation and process development. 
Therefore, we start with a discussion of phase behavior of excipients during 
manufacturing and storage. Phase transitions have a major impact on stability 
and performance of protein dosage forms. For example, crystallization of a lyo-
protector may result in protein destabilization during freeze-drying and storage. 
Description of excipients based on their functional role in protein formulations is 
given in the section titled Role and Properties of Excipients, followed by  practical 
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advice on rationale excipient choice (based on both functional and physical chem-
ical properties of excipients).

PHASE BEHAVIOR OF EXCIPIENTS DURING LYOPHILIZATION 
AND STORAGE: GENERAL CONSIDERATIONS

Phase Transitions During Lyophilization and Storage

During initial cooling of protein formulation solutions, water is normally the fi rst 
component to crystallize. At this stage, a biphasic system is formed, consisting of 
ice and residual freeze-concentrated solution (FCS), which contains protein drug, 
excipients, and remaining water. The composition of the FCS after initial (also 
known as primary) water crystallization depends on the ratio of solutes and the 
temperature, but is independent of total solid content (11). As cooling (and water 
crystallization) proceeds further, the FCS may either remain in the amorphous 
state or partially crystallize, depending on the composition of the system and the 
cooling rate (11) as described below:

1. The FCS may form a kinetically stable (but thermodynamically unsta-
ble) amorphous phase. A typical example of such behavior is sucrose-
rich formulations. In this case, solutes do not usually crystallize during 
freezing, drying, and storage, provided that the freeze-dried cake is 
protected from water uptake and the storage temperature is well below 
the glass transition temperature.

2. The FCS may form a “doubly unstable” (i.e., both thermodynamically 
and kinetically unstable) state. Mannitol- and glycine-based formula-
tions are typical examples of such behavior. In these systems, second-
ary excipient + ice crystallizationa would occur either during cooling (if 
the cooling rate is slower than the critical cooling rate) or subsequent 
heating/annealing of the frozen solution (if the cooling rate was higher 
than the critical cooling rate). The critical cooling rate depends on the 
composition of the solution (e.g., glycine/sucrose ratio) and increases 
with an increase in the fraction of a crystallizable component (12). It 
should be noted that crystallization of an excipient is often incomplete, 
i.e., the maximal FCS contains usually all the components (water and 
all the solutes including protein and the excipients), although the rela-
tive fraction of the partially crystallized excipient remaining in the FCS 
is signifi cantly reduced.

In addition to the common cases described above, it was proposed that a liquid–
liquid (amorphous–amorphous) phase separation might take place, resulting in 
two amorphous phases of different chemical composition (3,9,13). For example, 

a Note also that the secondary solute+water crystallization is referred in the pharmaceutical literature 
as “eutectic” crystallization, although this is not a strictly correct term to apply to a multicomponent 
system.
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 protein–excipient amorphous–amorphous phase separation would result in pro-
tein-rich and excipient-rich amorphous phases. Such phase separation is expected 
to compromise the stabilizing activity of excipients. It should be stressed, however, 
that there is a lack of experimental reports on such demixing behavior between 
protein and amorphous excipient during lyophilization, and it is not clear if this is 
a common behavior for protein formulations.

Although the phase state of excipients is usually “fi xed” during freezing 
and annealing, further phase transformations may take place during primary and 
secondary drying as well as during shelf storage, depending on the properties and 
the concentration of excipients as well as the storage temperature. For example, 
if an excipient crystallizes as a crystallohydrate (i.e., a crystal with water in the 
crystal lattice) during freezing, the water of hydration might be removed dur-
ing either primary or secondary drying. Such removal of water of hydration can 
result in either amorphous [e.g., sodium phosphate (14)], or crystalline anhydrous 
(e.g., mannitol) excipient. In addition, an amorphous excipient [e.g., inositol (15)] 
may crystallize during the shelf-life, especially if the water content in the lyocake 
increased because of water transfer either from the stopper or (if the stopper was 
not properly sealed) from the environment.

Signifi cance of Excipient Crystallization

Phase transitions of excipients during manufacturing and storage have a major 
impact on both stability and performance of protein dosage forms. In particular, 
crystallization of either a buffer or lyo- and a cryoprotector is usually undesir-
able because of the negative impact on protein stability. Indeed, crystallization of 
buffer components is often accompanied by signifi cant changes in the pH of the 
FCS (16), which often causes destabilization of a protein. Also, crystallization 
of a lyoprotector can compromise its protective function. For example, it was 
shown that inositol stabilized a protein when it existed as an amorphous form, 
whereas loss of protein activity was observed when inositol crystallized during 
storage (15). Another example is crystallization of a lyoprotector, raffi nose, dur-
ing freezing, causing destabilization of lactate dehydrogenase (LDH) (17). The 
negative impact of a lyoprotector (e.g., sugar) crystallization on protein stability 
can be attributed to two different factors: (i) Crystallization results in a physi-
cal separation of sugar molecules from protein molecules, i.e., an increase in 
intermolecular sugar/protein distance, from several angstroms [which is a typical 
hydrogen-bond length (18)] in molecular mixtures to micrometers in physical 
mixtures of crystalline sugar and amorphous protein; such separation would be 
expected to eliminate any protection imparted by sugars irrespective of the exact 
mechanism (e.g., water substitution vs. the glass transition hypothesis, or ther-
modynamics vs. kinetics mechanism). (ii) Crystallization of a sugar in an anhy-
drous form would result in a redistribution of water and in a signifi cant increase 
in the local water content of the remaining amorphous protein-containing phase, 
which could be detrimental to long-term stability. It should be noted, however, 
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that a sugar crystallohydrate (e.g., a pentahydrate as with raffi nose) might serve 
as a water “scavenger” during crystallization, thus preventing an increase in local 
water content (19,20).

From the manufacturing process point of view, however, crystallization 
of an excipient may be benefi cial because it allows primary drying at a higher 
temperature without visible collapse, which results in a shorter and more robust 
freeze-drying cycle. In addition, partially crystalline formulations have higher 
drying rates (i.e., shorter cycle) than amorphous formulations of a similar compo-
sition, possibly because a higher fraction of water is isolated as ice, with ice easier 
to remove than nonfrozen water associated with the amorphous phase (11).

A compromise between a desire to improve freeze-drying cycle effi ciency 
and robustness (which is achieved by using a crystalline bulking agent) and 
sustaining protein protection (which needs an amorphous lyoprotector) can be 
achieved by using partially crystalline–partially amorphous formulations (21). It 
has been proposed that the crystalline portion provides a physical support even 
at relatively high product temperatures (i.e., higher than the collapse temperature 
of the amorphous phase) whereas the amorphous portion provides lyoprotection 
for protein, allowing aggressive primary drying conditions (21). Feasibility of 
such crystalline–amorphous formulations was demonstrated using glycine–sugar 
formulations with a lyophilization-sensitive enzyme, LDH (22). In this system, 
freeze-drying at a product temperature more than 10°C above the Tg′ resulted 
in a freeze-dried cake without any evidence of macroscopic collapse and with a 
retained enzymatic activity, when the crystalline/amorphous ratio was higher than 
1.2/1 (raffi nose) or 1.6/1 (trehalose) (22). One should be aware, however, that 
timing of crystallization of a crystalline bulking agent, i.e., whether the crystalli-
zation takes place during cooling or annealing, may infl uence protein stability. An 
example of the signifi cance of crystallization conditions was given in Ref. (11), 
where the stability of a freeze-dried conjugate of immunoglobulin G and horse-
radish peroxidase in a partially crystalline glycine/sucrose matrix was reported. 
In this case, the activity recovered was signifi cantly higher in the material that 
crystallized during annealing as compared with material in which crystallization 
occurred during cooling. Therefore, although crystalline–amorphous formula-
tions may be benefi cial, the phase behavior and protein stability need to be inves-
tigated in each particular case in order to ensure a stable and robust freeze-dried 
product.

Amorphous–amorphous (liquid–liquid) phase separation of excipients also 
may cause protein destabilization, probably because of creation of an interface 
(1). In addition, it is also possible that a similar amorphous– amorphous demixing 
may occur between protein and lyoprotectant, with expected loss of protection 
(4,9), although there is a lack of experimental data on such  protein–excipient 
amorphous–amorphous phase separation. Note that excipient– excipient demix-
ing in FCS can be studied by differential scanning calorimetry DSC (23), whereas 
no reliable methods to detect such transitions exist for protein–lyoprotectant 
 amorphous–amorphous demixing.
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Phase State of Excipients: Analytical Aspects

Excipients can undergo phase transitions during different stages of freeze-drying 
and over the shelf-life of the freeze-dried product. To develop a robust and stable 
formulation, it is essential to understand and monitor such changes. The most 
common methods to detect crystalline–amorphous changes are DSC and X-ray 
diffraction (XRD), whereas other methods such as polarized light microscopy 
(PLM) and different spectroscopic techniques can also be used, depending on the 
formulation properties and stage in the formulation “life” when such transitions 
may occur.

Excipient crystallization may usually be expected to occur during the freez-
ing and annealing stages of freeze-drying. Such events are commonly and con-
veniently studied by DSC. On a DSC curve, crystallization can be detected as a 
second exotherm during cooling (with a fi rst exotherm being water crystalliza-
tion), an exotherm during heating, and/or an additional endotherm during heating 
preceding the main ice melting peak. If either of these events is observed on DSC 
cooling–heating curves, one may conclude that a component(s) of the formulation 
would likely crystallize during freeze-drying. The reverse statement, however, 
is not always correct, i.e., lack of a crystallization event in a DSC experiment does 
not necessarily mean that crystallization would not occur in vials during freeze-
drying. Indeed, relatively high scanning rates and small sample volume in a DSC 
study would provide less favorable crystallization conditions as compared with a 
larger sample volume and slower temperature ramping during a real freeze-drying 
run. Low-temperature XRD is another main method used to study crystalliza-
tion in aqueous solutions (12,24), and is especially well suited both to distinguish 
between crystalline and amorphous structures and to identify the nature of any 
crystalline phase(s) present.

X-ray powder diffraction (XRPD) is probably the most common and conve-
nient method to detect crystalline structures in a freeze-dried cake. PLM can also 
be used to confi rm the amorphous nature of a freeze-dried cake. If birefringence is 
observed, it usually means that the cake is at least partially crystalline. However, 
PLM does not usually allow for the identifi cation of the specifi c crystalline phase. 
Note that a sample is often exposed to an ambient atmosphere during both XRPD 
and PLM experiments, which may result in water uptake followed by crystalliza-
tion. Therefore, precautions should be taken to minimize sample exposure to ambi-
ent relative humidity (RH) during measurements, to prevent erroneous conclusions. 
As indicated previously, DSC is another common tool to distinguish between 
crystalline and amorphous formulations. Spectroscopic methods such as Fourier 
transform infrared (FTIR) and Raman, and solid state nuclear magnetic resonance 
(NMR) may also be used for structure characterization of lyophile cakes.

Confi rmation of the amorphous nature of a formulation is essential during the 
formulation development process, e.g., when a formulator needs to choose a buffer 
and/or lyoprotector. For both buffer and lyoprotector, retention of the excipient in 
an amorphous state is desirable, and can serve as a key criterion for the selection 
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of an excipient. Usually, a combination of evaluation of the pre-lyo solution using 
DSC and evaluation of the fi nished cake using XRPD is suffi cient to conclude if 
any crystallization would occur during freeze-drying. For example, if no crystal-
lization is observed by DSC and a freeze-dried cake is amorphous by X-ray, one 
could conclude that no crystallization of either buffer or lyoprotector occurred dur-
ing lyophilization. However, although the solution–DSC/freeze-dried-cake–XRPD 
combination is usually suffi cient to make a reliable conclusion about excipient(s) 
crystallization, it is not always the case. In particular, an erroneous conclusion 
might be made in cases when the following conditions are met: (i) an excipient 
crystallizes as a hydrate; (ii) water of hydration is removed during drying (e.g., 
secondary drying); (iii) loss of water of hydration causes crystal-to-amorphous 
conversion. Although it might appear that such a combination of events is unlikely, 
it was shown by in situ freeze-drying XRD that this scenario can take place in real 
systems, such as phosphate buffer (14) and the lyoprotectant raffi nose (17). As 
a result of such fi ndings, use of the in situ XRPD method is attracting increased 
attention in the fi eld. In addition, it is important to note a recent improvement 
in XRPD through the use of a high-intensity synchrotron radiation source, which 
provides an excellent signal-to-noise ratio and superior sensitivity as compared to 
the traditional XRPD method. Use of synchrotron XRPD (sXRPD) is especially 
important when one needs to detect crystallization of a low-concentration excipi-
ent, e.g., buffer, where sensitivity is a major issue. Application of sXRPD in the 
analysis of both freeze-dried cakes and phase transitions in frozen solutions and 
during freeze-drying can be found elsewhere (25,26).

ROLE AND PROPERTIES OF EXCIPIENTS

Buffers

Control of pH is often needed to ensure optimal solubility and stability of a prod-
uct during manufacturing, storage, and upon reconstitution. In most cases, an 
appropriate amount of buffer is needed to provide adequate buffering capacity. 
Buffer type and concentration, as well as solution pH before lyophilization, are 
important formulation variables. Buffering capacity and the possibility of buffer 
catalysis are the major buffer properties to be considered in the development of 
liquid pharmaceutical formulations (27). There are additional requirements for 
buffers for freeze-drying, i.e., they should be nonvolatile, have a high collapse 
temperature (Tc or Tg′) in the FCS, remain amorphous during freeze-drying, and 
have a high glass transition temperature in the solid state (28). Several buffers 
that are common for parenteral formulations have unfavorable freeze-drying 
properties. For example, acetate—a common buffer—is not a preferred buffer for 
lyophilization because it is volatile and can be partially lost during freeze-drying, 
resulting in a signifi cant pH change. Hydrochloric acid is another example of a 
pH modifi er that is volatile and should be used with caution. In addition, sev-
eral common buffers have a high tendency to crystallize during freezing. Buffer 



204 Shalaev et al.

McNally  PTR  09/24/07  Chapter 09

crystallization is usually undesirable because it can lead to substantial pH shifts 
during freezing and therefore could destabilize the protein. In particular, sodium 
phosphate buffer demonstrated signifi cant pH changes (several pH units) during 
freezing, as a result of freeze concentration and crystallization of the buffer com-
ponents (16). Similarly, tartrate and succinate buffers crystallize readily whereas 
citrate, glycolate, and malate are more resistant to crystallization (29). It should 
be noted that both crystallization and collapse behavior depend on solution pH. 
For example, collapse temperatures of several common buffers are presented in 
Figure 1 as a function of solution pH. The fi gure illustrates two interesting fea-
tures of the collapse behavior of buffers, i.e., signifi cant changes in the collapse 
temperature with solution pH, and an infl uence of a counter ion (e.g., sodium 
citrate vs. potassium citrate).

Overall, buffers with a higher collapse temperature (Tc or Tg′) and a lower 
crystallization potential are preferred for lyophilized formulations. However, it 
should be stressed that buffers with a relatively low collapse temperature and 
relatively high crystallization potential (e.g., phosphate buffer) can still be used 
in lyophilized formulations. Both collapse temperature and crystallization  ability 
can be modifi ed using other excipients. For example, if a formulation contains a 

Figure 1 Collapse temperature (Tg′) as a function of pH. n: sodium citrate; ®: potassium 
citrate; ∆: sodium tartrate; ́ : L-histidine. Error bars represent standard deviation. Lines are 
given as a visual help. Source: From Refs. 29, 30.
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signifi cant amount of a solute with a high Tc (e.g., a protein), the collapse tem-
perature of the formulation would increase and buffer crystallization may be sup-
pressed. However, the amount of an amorphous component required to suppress 
crystallization and/or to provide an acceptable Tc would be lower in the case of 
a buffer with a higher Tc or with a lower crystallization potential. Citrate buf-
fer appears to be a good choice for lyophilized formulations that are prepared at 
acidic or near neutral pH. Frozen solutions of citrate buffer have a low crystal-
lization potential, relatively high collapse temperature, and minimal pH changes 
during freezing. In addition, citrate has a reasonably high Tg′ especially when 
prepared from solutions at higher pH values. Glycine may be a reasonable choice 
for the alkaline pH region based on a relatively low crystallization potential of 
sodium glycinate. Other details on freeze-drying properties of different buffers 
can be found in Ref. (28).

Bulking Agents/Lyoprotectors

In many cases, the dose of a drug is quite small, and a bulking agent (or fi ller) is 
needed to provide a matrix to carry the active ingredient. Common bulking agents 
include mannitol, lactose, sucrose, dextran, trehalose, and glycine. In protein for-
mulations, bulking agents often play a dual role as both bulking agent and lyopro-
tector. These bulking agents range both in their ability to crystallize (mannitol and 
glycine) or remain amorphous (e.g., sucrose) and in their impact on the formula-
tion collapse or eutectic temperature. An appropriate choice of a bulking agent 
results in optimal product quality (e.g., physical and chemical stability, reconstitu-
tion time, moisture levels) and facilitates freeze-drying and scale-up to production 
size. The level of bulking agent utilized will vary depending on the rationale for 
use, e.g., as a matrix-forming agent, as the collapse temperature modifi er, or stabi-
lizer. As a “rule of thumb,” use of a bulking agent can be considered if the active 
concentration in the fi ll solution is less than 2 wt%.

Mannitol is the most common bulking agent used in protein freeze-dried 
formulations. Usually, mannitol crystallizes during cooling or annealing of fro-
zen solutions, which, combined with a high mannitol–ice eutectic temperate 
of −1.5°C (31), allows one to freeze-dry such formulations at a relatively high 
primary drying temperature, without a macroscopic collapse. Therefore, manni-
tol-based formulations are known to be easy to lyophilize, with a shorter and 
robust lyophilization cycle. There are two potential complications associated with 
 mannitol-based formulations. Mannitol forms a crystallohydrate during freeze-
drying (32,33) that hinders removal of water of hydration and requires elevated 
secondary drying temperature. Vial breakage is another potential problem a for-
mulator might encounter while working with mannitol-rich formulations (34,35). 
It has been shown that vial breakage is likely associated with volume expansion 
that occurs during warming of a frozen solution at approximately −25°C to −20°C 
(36) probably because of secondary mannitol + water crystallization. Vial break-
age is affected by mannitol concentration, cooling rate, and fi lling volume (34), 
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as well as presence of amorphous solutes and vial confi guration (35). Glycine is 
another common crystalline bulking agent. Because of ionizable groups of gly-
cine, it may also serve as a buffer. At neutral pH, glycine crystallizes as anhydrous 
beta polymorph, and its eutectic with ice has a relatively high eutectic temperature 
of −3.6°C (37). Both solution pH and counter ions have a signifi cant impact on 
glycine crystallization behavior (38), by infl uencing both ionization of glycine 
in solution and a precipitating solid form. Usually, the presence of other solutes 
(such as a lyoprotector or the protein itself) hinders crystallization of both glycine 
and mannitol. For example, sucrose inhibited the crystallization of mannitol at a 
sucrose/mannitol ratio of 2:1 (39). Inhibition of glycine crystallization by sugars 
(sucrose, trehalose, and raffi nose) was reported in Refs. (12,40,41). For example, 
a critical sucrose/(glycine + sucrose) ratio above which glycine does not crystal-
lize during either cooling or annealing was reported to be 0.8 (12).

Sucrose is probably the most popular lyoprotector used in lyophile pro-
tein formulations. Because of its low collapse temperature, however, lyophilizing 
sucrose-rich formulations can be a challenge. In addition, the presence of other 
components with low collapse temperatures (e.g., buffers) may lower the Tc even 
further. Possible ways to overcome this challenge are reducing the concentration 
of components with low Tc, addition of an excipient with a high collapse tempera-
ture (e.g., dextran), or addition of a crystalline bulking agent. A critical factor for 
the selection of a lyoprotector is its impact on physical and chemical stability of 
proteins, both during freeze-drying and the product shelf-life. Sucrose is known to 
substantially increase the stability of proteins both during freeze-drying and dur-
ing subsequent storage. Lactose is another popular bulking agent although there 
is a potential for chemical interaction with amino groups of a protein forming a 
Schiff base, known as the Maillard reaction, or nonenzymatic browning. Recently, 
another disaccharide lyoprotector was introduced with claims of superior stabili-
zation properties, i.e., trehalose (42). The most obvious advantage of trehalose is 
its higher glass transition temperature as compared to sucrose (120°C vs. 74°C). 
However, side-by-side comparison of stabilization of proteins by sucrose and tre-
halose revealed that sucrose might provide a comparative or, in some cases, better 
protection than trehalose. For example, sucrose appeared to be more effective in 
stabilizing the native structure of lysozyme during spray-drying (43), and a com-
parable level of protection to lysozyme and catalase during freeze-drying (44). An 
example of better stabilization of a protein by sucrose relative to trehalose during 
freeze-drying was reported in Ref. (45). To explain the difference in the protec-
tive action between different sugars, it was suggested that trehalose might have 
a greater tendency for protein–sugar phase separation as compared to sucrose 
(9). Amorphous/amorphous phase separation between a sugar and a protein (i.e., 
when a sugar forms a separate sugar-dominant phase thus leaving protein unpro-
tected in a protein-rich phase) is considered to be undesirable because it would 
result in a physical separation of protein molecules from a lyoprotectant. Such a 
separation would have a detrimental impact on both reconstitution recovery and 
the shelf-life.
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Polymeric bulking agents such as dextran have good manufacturing prop-
erties (i.e., high Tg′), and can protect proteins. For example, dextran, carboxy 
methylcellulose (CMC), DEAE-dextran, and polyethyleneglycol (PEG) have 
been shown to reduce aggregation of lyophilized bovine serum albumin (BSA) 
signifi cantly during storage at 37°C (46). Hydroxypropyl-ß-cyclodextrin was 
found to minimize inactivation of LDH during freeze-drying (47), stabilize a 
mouse monoclonal antibody (MN12) during storage at 56°C (48), inhibit mois-
ture-induced aggregation of solid insulin (49), stabilize interleukin (IL)-2 against 
aggregation during storage at 5°C (50), and inhibit the dimerization of tumor 
necrosis factor (TNF) during storage at 37°C (51). Dextran 40 increased the activ-
ity of lyophilized elastase (10% dextran in solution of 10 mM sodium acetate at 
pH 5.0 at protein concentration of 20 mg/mL) from 33% to 82% during storage 
for two weeks at 40°C and 79% RH (52). Dextran (162 kDa) at 3.5% and 5% 
(w/v) improved the storage stability of lyophilized rFXIII and Humicola lanugi-
nosa lipase, respectively, at 40°C and 60°C (53,54). Both poly(vinylpyrrolidone) 
(PVP) and maltodextrin stabilized lyophilized invertase during incubation at 90°C 
(55). Polyethyleneimine was shown to increase the storage stability of lyophilized 
LDH in a concentration-dependent manner at 36°C (56). However, polymers may 
not provide the same level of protection as disaccharides and, in certain cases, 
they may have an adverse effect. For example, dextran had a lower extent of 
protection than either trehalose or sucrose to lysozyme and catalase during freeze-
drying (44). Inclusion of dextran 40 in a lyophilized IL-6 formulation contain-
ing sucrose signifi cantly increased protein aggregation during storage at 40°C for 
nine months (57). The destabilization can be attributed to a failure of infl exible 
dextran molecules to interact with the protein effectively by hydrogen bonding. 
Apparently for the same reason, the activity of lyophilized bilirubin oxidase in a 
dextran formulation decreased faster than that in a polyvinyl alcohol formulation 
during storage at 70°C (58). Finally, while PVP, dextran, and other sugar poly-
mers form an amorphous state, PEG readily crystallizes during freezing, although 
one may speculate that the extent of PEG crystallization could depend on the 
molecular weight and presence of other solutes (59).

Other Excipients

Surfactants

Surfactants are often used in liquid protein formulations to inhibit protein aggre-
gation during shipping and storage. For lyophilized protein formulations, shipping 
is not considered a signifi cant stress factor to cause protein denaturation and/or 
aggregation. However, both the lyophilization process and long-term storage 
can still cause protein denaturation and/or aggregation. Between the two factors, 
lyophilization seems to be the major destabilizing stress for lyophilized protein 
formulations. The lyophilization process consists of two major steps— freezing 
and drying. Both steps may cause protein denaturation and/or aggregation. The 
formation of ice–water interfaces during freezing may cause surface protein 
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adsorption, leading to denaturation and/or aggregation of proteins. Surfactants 
may decrease the driving force of protein adsorption, reducing denaturation and/
or aggregation of proteins at these interfaces. Tween 80 is one of the commonly 
used surfactants for protein stabilization during freezing. For example, Tween 80 
protected several proteins from freezing denaturation including LDH and gluta-
mate dehydrogenase (60), TNF-binding protein, interleukin-1 receptor antagonist 
(IL-1ra), bFGF, malate dehydrogenase, aldolase, and phosphofructokinase (61). 
Other nonionic and ionic surfactants have also been reported in cryoprotection 
of proteins, such as Brij-35, Brij-30 (polyoxyethylene lauryl ether), Lubrol-px, 
Triton X-10, Pluoronic F127 (polyoxyethylene-polyoxypropylene copolymer), 
and sodium dodecyl sulfate (60,62).

The sole effect of drying stress on protein denaturation and/or aggrega-
tion during lyophilization is scarcely reported, partly because the drying step is 
coupled to the freezing step. Nevertheless, proteins in an aqueous solution are 
fully hydrated and removal of the hydration shell may disrupt the native state of 
a protein and cause denaturation and/or aggregation. Nonionic surfactants have 
been shown to bind weakly to proteins, and the binding can potentially block 
the aggregation-prone hydrophobic sites on the protein surface (63). It is reason-
able to expect that replacement of water molecules by surfactant molecules on the 
protein surface during drying could potentially inhibit protein denaturation and/or 
aggregation. Since the common nonionic surfactants have low glass transition 
temperatures [e.g., below −60°C for Tween 80 (64)] and make the lyophilization 
process diffi cult, it is generally not recommended to use a large amount of surfac-
tants in the protein formulation.

Although surfactants can effectively protect protein denaturation and/or 
aggregation during lyophilization, they do not seem to stabilize proteins effec-
tively during long-term storage based on a limited number of studies. Bush et 
al. demonstrated that Tween 80 could not provide signifi cant protection for the 
lyophilized factor IX during storage (64). Inclusion of 0.002% Tween 20 in a 
lyophilized rFXIII formulation did not improve its storage stability at 40°C and 
60°C (53). Tween 80 at 0.05% or 0.1% actually destabilized the spray-dried LDH 
during storage at 25°C, 40°C, and 60°C (65). Therefore, the role of surfactants in 
the formulation of lyophilized products is not straightforward. Long-term stabil-
ity studies are usually needed to decide whether surfactants should be included 
in the product.

Antimicrobial Preservatives

Antimicrobial preservatives are often needed for multidose presentations, to 
ensure microbiological safety of reconstituted solution during in-use storage. 
They can be added with a diluent rather than being incorporated into the lyophile 
cake. If a preservative has to be included into the lyophile cake, a formulator 
should be aware of potential compatibility issues between proteins and antimicro-
bial preservatives (1). For example, an increase in the amount of IL-1R aggregates 
correlates roughly with a gradual decrease in the protein unfolding temperature 
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in the presence of one of the three preservatives, phenol, m-cresol, and benzyl 
alcohol (66). In addition, proteins may inhibit antimicrobial activity of preserva-
tives. Therefore, antimicrobial effectiveness of preservatives needs to be tested in 
a market-image formulation.

Salts

Physical stability of proteins in solution may require presence of salt to achieve 
an optimal ionic strength. In addition, salts have been shown to stabilize proteins 
in a lyophilized cake. Liu et al. (46) found that NaCl or sodium phosphate could 
signifi cantly inhibit aggregation of lyophilized BSA on incubation at 37°C. rHA 
co-lyophilized with NaCl at a NaCl:protein weight ratio of 1:6 did not aggregate 
upon incubation at 37°C and 96% RH for four days, while the protein without 
NaCl lost over 80% solubility in just one day under the same conditions (67). 
Sodium chloride at an excipient:protein weight ratio of 1:5 was also able to reduce 
aggregation of lyophilized proteins during storage at 37°C and 86% RH for six 
days (68). Calcium ions have been shown to protect solid recombinant human 
deoxyribonuclease signifi cantly against aggregation during storage at 40°C (69).

Miscellaneous Compounds

In some cases, stability of proteins may be improved by using other, less com-
mon, types of excipients. A combination of 2.0% arginine and 2.3% carnitine 
signifi cantly decreased aggregation of lyophilized IL-2 during storage at 37°C for 
four weeks (70). The combined use of phenylalanine, arginine, and a  mineral acid 
inhibited aggregation of vacuum-dried rhG-CSF or LDH during storage at 40°C 
(71). Several excipients, such as D-glucaric acid and D-gluconic acid, have been 
shown to inhibit aggregation of lyophilized albumin during storage (67).

Antioxidants are added to a product to minimize or slow down the oxida-
tive processes that may occur with some drugs or other excipients. The oxidative 
process may be catalyzed by light, temperature, metal ions, or peroxides and the 
formulator should consider that metal ions or peroxides might be contained in 
the active pharmaceutical ingredient or excipients. Antioxidants should be used 
at the lowest effective concentration and are typically used at low concentrations 
from 0.001% to 0.2%. In many cases, an antioxidant is used in concert with a 
chelating agent to sequester metal ions. The selection of an antioxidant system 
is generally a trial-and-error process; however, commonly used antioxidants and 
chelating agents (72) may provide a starting point. One should keep in mind that 
certain antioxidants that are used to stabilize proteins in the liquid state or during 
lyophilization might destabilize proteins in the solid state. For example, ascorbic 
acid is a frequently used antioxidant, but at 5 mM, it reduced the storage stability 
of lyophilized elastase (20 mg/mL in 10 mM sodium acetate, pH 5.0) signifi cantly 
at 40°C and 79% RH (52).

An interesting approach to stabilization of proteins by a plasticizer was sug-
gested recently. Cicerone et al. (73,74) and Pikal’s group (75) demonstrated that a 
small amount of a plasticizer, e.g., glycerol and sorbitol, could increase the storage 
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stability of protein formulations. These fi ndings contradict a “common wisdom” 
that plasticizers are expected to compromise stability by enhancing molecular 
mobility, i.e., large-scale cooperative α-like motions associated with the glass 
transition. However, a more detailed analysis of complex molecular mobility pro-
cesses suggest that plasticizers, when present in a relatively low amount, might 
inhibit local motions (also known as the high-frequency relaxations and β-like 
motions), and therefore certain degradation processes.

PRACTICAL ADVICE

“The simpler, the better.” An ideal pharmaceutical injectable formulation would 
contain only two ingredients, i.e., the active ingredient and water. However, in 
almost all cases, excipients are needed in order to achieve appropriate stability, 
manufacturability, injectability, effi cacy, and safety. For freeze-dried proteins, 
a formulator’s task starts usually with determining if a bulking agent and a 
buffer are needed. As a “rule of thumb,” a bulking agent may be needed if the 
total solute content in prelyophilization solution is below 2%w/w. In this case, a 
formulator has to choose between crystalline bulking agents such as mannitol 
and glycine, amorphous low-molecular-weight bulking agents such as sucrose 
and trehalose, and polymers such as dextran and PVP. While either a crystal-
line or a polymeric amorphous bulking agent is benefi cial from the processing 
standpoint because of a high eutectic or collapse temperature, they might not 
provide suffi cient protein protection against lyophilization stresses and/or dur-
ing the long-term storage. An amorphous low-molecular-weight bulking agent 
(e.g., disaccharide), on the other hand, is usually expected to improve the stabil-
ity of proteins; however freeze-drying such formulations may be more diffi cult 
because of relatively low collapse temperatures. A compromise between ease of 
lyophilization and protein stabilization may be achieved by using amorphous/
crystalline formulations as described earlier.

In parallel with the bulking agent decision, a target solution pH should be 
determined, and the need for a buffer should be evaluated. Selection of a solu-
tion pH should be based on both solution and lyophile cake stability require-
ments. Optimal pH for lyophile stability can be similar to the optimal solution 
pH, although in some cases, a signifi cant difference (one or more pH units) is 
observed. For example, signifi cant differences in the “pH-stability” profi les 
between solution and lyophiles was reported for two model hexapeptides (76). 
Therefore, the impact of solution pH on stability of the lyophile cake should 
be evaluated over a relatively wide pH range. In some cases, the protein itself 
may provide suffi cient buffering capacity, and inclusion of a buffer may not be 
needed. However, in the majority of formulations, this is not the case, and a buf-
fer is required.

When there is a need for a bulking agent and/or a buffer, a formulator 
needs to choose which bulking agent and buffer to use and at what concentration. 
Selection of specifi c excipients is commonly based on stability considerations, 
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i.e., by identifying a formulation providing better stability during both manufac-
turing (compounding and freeze-drying), shelf-life as a lyo cake, and upon recon-
stitution. While solution and freeze-drying stability can be explored under real 
time and temperature conditions, lyophile cake stability evaluation may require 
accelerated aging to shorten the drug development process. Often, a more sta-
ble formulation can be identifi ed by accelerated stability evaluation of different 
formulations, sometimes with the help of an experimental design (77,78), even 
though temperature dependency of protein stability may not follow Arrhenius 
behavior. Recent success in understanding mechanisms governing chemical pro-
cesses in protein formulations [e.g. Refs. (6,9,10)] may provide additional tools to 
predict relative stability of different formulations (i.e., stability rank-order) based 
on a series of relatively simple tests performed on freeze-dried formulations. Such 
tests include the following:

1. Crystallinity of excipients, e.g., by either XRPD or PLM. Crystallization 
of a cryoprotector and a buffer is usually associated with protein desta-
bilization; therefore formulations in which either lyoprotector or buffer 
crystallize can be expected to be less stable compared with formula-
tions with amorphous lyoprotector and buffer. Note, however, that this 
consideration should not be applied to crystalline–amorphous formu-
lations (e.g., mannitol–sucrose), where an amorphous lyoprotector 
(sucrose) may provide adequate protection despite the use of a bulking 
agent (e.g., mannitol) that crystallizes.

2. Protein secondary structure by FTIR. Formulations with a signifi -
cant disturbance of a protein secondary structure are expected to have 
compromised long-term stability (79). For example, it was reported 
that lyophilized antibodies with more “native-like” structure had a 
better storage stability in respect to both aggregation and chemical 
degradation (75).

3. Residual water content. The statement “the drier, the better” generally 
does not apply to protein formulations, although high moisture content 
is often associated with poor protein stability. It is essential to know the 
effect of different water contents in formulations on protein stability. 
In some cases, there is a “threshold” water content, which is associ-
ated with a signifi cant change in stability (10). Water content should be 
measured through a stability study to check if there is any change with 
time because of potential water transfer from or to a stopper. Such stop-
per-related change in water content during storage would complicate 
interpretation of long-term stability data, and may lead to signifi cant 
vial-to-vial variations.

4. Glass transition temperature (e.g., by DSC). Although formulations 
with higher Tg do not necessarily have better stability, development 
of a formulation with a high Tg is more desirable. Knowing the Tg is 
essential to choosing the appropriate accelerated storage conditions, 
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in particular, to ensure that the storage temperature is well below (at 
least 10°C) the Tg. Note that DSC does not have a suffi cient sensitivity 
to detect the Tg in pure proteins and protein-rich formulations (80). In 
such cases, alternative tools could be used such as the thermally stimu-
lated current method (81).

5. Advanced measurements of molecular mobility. For example, enthalpy 
relaxation (82) and NMR spin-lattice relaxation times correlate with 
rates of chemical degradation in some systems (83).

6. Solid state acidity, e.g., expressed as the Hammett acidity function. This 
is a relatively new concept in the freeze-drying community, although 
the Hammett acidity function is widely used in other fi elds, e.g., physi-
cal organic chemistry and heterophase catalysis. The Hammett acidity 
function is determined through the ionization of a probe molecule that is 
colyophilized with a formulation (84). Correlations between Hammett 
acidity function and chemical stability of lyophiles were studied using 
a model acid-catalyzed reaction of sucrose inversion (85), although 
such relationships with protein physical or chemical stability are yet to 
be established.

CONCLUSIONS

Use of excipients allows a formulator to design a protein dosage form with 
 desirable properties such as protection of biological activity, manufacturability, 
stability, safety, and injection site toleration. The current knowledge allows a for-
mulator to “engineer” a formulation with processing-favorable properties based 
primarily on understanding the phase behavior of excipients and formulations dur-
ing the lyophilization process. The choice of excipients to achieve optimal solid-
state chemical and physical stability over the shelf-life of the product, on the other 
hand, is a semiempirical enterprise. Although there has been signifi cant progress 
in understanding the main factors that govern solid-state reactivity, it is still dif-
fi cult to predict the stability of different formulations based on their properties; 
therefore, accelerated stability studies are essential to evaluate and choose more 
stable formulations. Since the stability of proteins often exhibit non-Arrhenius-
like behavior, real-time stability studies are needed to select the ultimate com-
mercializable formulation. One parameter that is particularly diffi cult to predict 
is the impact of excipient-related impurities on product stability. Because of this, 
it is benefi cial to use excipients of the same grade and from the same vendor in 
formulation development, clinical manufacture, and International Conference on 
harmonization (ICH) stability studies, to ensure consistency.
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INTRODUCTION

Formulation of proteins and peptides often is more challenging than formula-
tion of small molecules, because of the important role of protein conformation 
as well as the potential for numerous chemical degradation pathways (1,2). This 
fact, coupled with the necessity of using a device to generate an aerosol, aug-
ments the challenge considerably. A developed formulation must provide one to 
two years of stability on storage (preferably room temperature), and it also must 
meet additional requirements that are unique to its delivery as an aerosol. First, 
the formulation must not cause adverse pulmonary reactions such as cough or 
bronchoconstriction; it must be safe for delivery to the lungs; and any excipients 
used should preferably be generally-regarded-as-safe (GRAS). Second, the for-
mulation may also have to be designed to minimize interactions with the inhaler 
component materials, where the drug-contacting materials should be of medical 
grade with acceptable leachable profi les. Finally, the formulation must stabilize 
the protein suffi ciently to ensure that the protein survives the rigors of the aerosol-
generation process. In addition to these challenges, the development and ultimate 
approval of an aerosol formulation often goes hand in hand with the development 
and/or use of a particular device, often requiring approval as, and product release 
as, a drug/device combination.
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EVALUATION OF DEVICES AND FORMULATION 
COMPATIBILITY

Aerosol Parameters and Device Performance That Impact 
Drug Delivery

The delivery effi ciency of a device/formulation system relies essentially on two 
key performance parameters: the effi ciency of delivering the dose to the patient 
and the generation of an aerosol containing suitable particles or droplets for depo-
sition in the airways. The effi ciency of a delivery system is usually expressed in 
terms of the emitted dose (ED). This is defi ned as the quantity of drug delivered 
from the mouthpiece of the device, and it is a measure of how much of the drug 
product would actually reach the patient. ED can be expressed as a dose (mg or 
µg) or as an effi ciency E in Equation 1:

E = ED

Nominal (or loaded) dose  
(1)

While there is no expected minimum value for E, particular values being 
a function of formulation and device design, higher efficiencies obviously 
mean lower nominal drug per dose is needed with the concomitant decrease in 
cost of goods. However, for metered dose and dry powder inhalers (DPIs), the 
Food and Drug Administration (FDA), in its 1998 guidance (3), set expecta-
tions for variability in ED in terms of dose content uniformity (DCU).

The deposition of aerosol particles, or droplets, in the airways is a func-
tion of airway geometry, breathing pattern, and aerosol characteristics. As 
aerosol particles penetrate into the airways, they encounter branching passage-
ways of smaller and smaller diameters. An aerosol particle’s ability to traverse 
these structures is dependent upon its inertial characteristics. The probability 
of inertial impaction is dependent upon aerodynamic drag (a function of size 
and shape) and the particle’s inertia (mass). Thus, the relevant parameter gov-
erning aerosol deposition is not physical size but rather aerodynamic diam-
eter daer, which is related to the particle diameter d and particle density ρ by 
Equation 2 (4):

daer = dρ1/2. (2)

Aerodynamic diameter is defi ned as the diameter of a unit-density spherical 
particle having the same settling velocity in air as the particle under consider-
ation. It is generally accepted that particles with aerodynamic diameters larger 
than 5 to 6 µm deposit in the oropharyngeal region during normal breathing, 
whereas particles smaller than 0.5 to 1.0 µm tend to penetrate into the lower 
airways but are exhaled without signifi cant deposition (5,6). Although it is 
somewhat arbitrary, the portion of the size spectrum between 1 and 5 µm is gen-
erally considered to contain the bulk of the particles with the potential to pen-
etrate and deposit in the lungs, and this is referred to as the fi ne particle  fraction 
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(FPF)<5 µm.a (7) This is an obvious oversimplifi cation, since particles within this 
size range will be deposited with varying effi ciencies dependent upon their par-
ticular aerodynamic characteristics. If the target is the alveolar region, it would 
be more appropriate to generate a size distribution on the lower end of the 1 to 
5 µm region, say fi ne particle dose (FPD)<3 µm. An FPD can be defi ned from 
FPF and ED, and this FPD can be used as an indicator of the potential dose that 
will be deposited in the lung (Eq. 3):

FPD = FPF × ED (3)

However, it should be noted that FPD is usually proportional to, but not necessar-
ily equal to, the amount of drug actually deposited in the lungs.

Clearly, as noted above, the actual deposition of aerosol will depend on 
additional factors in individual patients (breathing pattern, lung anatomy, pulmo-
nary obstruction, etc.). However, in vitro comparisons of devices/formulations in 
terms of ED, FPF, and FPD can guide the development of a formulation and the 
choice and/or design of a device.

Characterization of Aerosols

There are then clearly four key questions that need to be answered in regard to 
delivery performance:

1. ED: How much of the drug is converted to an aerosol that ultimately 
exits from the mouthpiece?

2. FPF: What is the size distribution of particles or droplets in the 
aerosol?

3. DCU: What is the reproducibility of the aerosol-generation process? 
(Note. DCU is usually a measure of ED reproducibility not FPF or 
FPD).

4. Stability and integrity of the ED: What effect does the device and/or 
aerosolization process have on the protein drug quality?

The fi rst three questions require methods to analyze the ED and the size dis-
tribution of the aerosol. Although a variety of methods have been developed to 
characterize aerosol size distributions, including laser diffraction (8), holography 
(9), static (10) and dynamic light scattering (11), and time-of-fl ight aerosol beam 
spectrometry (12), with the exception of the use of laser diffraction for the assess-
ment of the size distribution of nebulizer clouds (13), cascade impaction (14) 
and impinger methods (15) are considered to be the most reliable methods for 
the assessment of aerosol particle size distribution and device performance (16). 

a The fraction of the aerosol with this size range has been referred to in the past as the “respirable frac-
tion”; however, during in recent years, the general convention has been to refer to it as the “fi ne par-
ticle fraction” (7). Often the range of sizes chosen for FPF or FPD is operational in nature and will typically 
be chosen so as to match the cutoff values for the stages of the impactor or liquid impinger used by a particular 
investigator.
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Indeed, a number of apparatus are described in the European and U.S. pharma-
copeias (17,18). The advantages of the alternate methods include their speed and 
ease of analysis in comparison to impactor and impinger technologies. Generally, 
they can be used as part of a research and design program, provided their limi-
tations are understood. However, the world’s regulatory agencies expect to see 
drug-specifi c impactor data as part of an aerosol product’s fi ling documentation 
and as part of any product-release specifi cations.

A great advantage of the impinger and impactor technology is that it read-
ily allows for a determination of aerosol mass balance. This is particularly criti-
cal when one is addressing device effi ciency and size distribution. Clearly, if a 
majority of the aerosol is made up of large particles that are not collected because 
of impaction onto surfaces prior to entry into the measuring device, then the 
distribution will be skewed to lower sizes. Similarly, small particles that are not 
collected or recorded by the measuring device will lead to a distribution skewed 
to larger sizes. The Pharmaceutical Quality Research Institute and the FDA are 
currently working on defi ning criteria for mass balance when impaction methods 
are being used as part of quality control release (19). As a representation of the 
human airways, cascade impactors have their limitations and, since the target is 
the human airways, it is usual to add an artifi cial throat or bend at the impactor 
inlet to collect the larger-size particles that would normally be deposited in the 
oropharyngeal region. In recent years, these bends have developed from simple 
right angles as detailed in the pharmacopeias (18) to complex oropharyngeal 
models obtained by magnetic resonance imaging of human volunteers (20). 
Similarly, a fi lter is placed after the fi nal stage of the size detector to trap the 
smallest particles/droplets.

The determination of the reproducibility of the ED delivered can be 
a challenging exercise, especially in the case of devices that deliver small 
amounts of drug. The limitations of such an analysis will depend on the sensi-
tivity of the assays used to detect the protein as well as the ability to recover 
the aerosol reproducibly. Again the pharmacopeias recommend an apparatus 
that can be used for ED collection (17,18). However, care should be taken with 
these fi lter-type collection devices when nebulized proteins are being tested, as 
drying on the fi lter may cause aggregation, denaturation, and potentially low 
recoveries.

The chemical characterization of protein that has been aerosolized also 
requires the collection of most of the protein exiting the aerosol-generation 
device. Often, this is done by impaction, but small particles/droplets are diffi cult 
to collect by impaction. A successful characterization of the protein drug will, of 
course, require an orthogonal set of stability-indicating assays, but the full recov-
ery of protein for analysis is critical to ensure that protein contained in the small 
particles/droplets (<1 µm diameter) has not undergone any chemical or physical 
degradation. A device and technique for increasing the size of nebulized droplets 
for impaction has been developed and was successful in collecting ~96% of the 
aerosol (21).
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PROTEIN FORMULATIONS FOR AEROSOL DELIVERY

Basic formulations of proteins for aerosol delivery can be developed as either 
liquid or solids, as in the case of formulations for parenteral administration. 
However, subsequent inclusion of the formulation into a delivery system such as 
a nebulizer, DPI, or propellant-driven metered dose inhalers (MDIs) has its own 
unique set of challenges. The following sections discuss the development issues 
for both liquid and solid dosage forms for aerosol administration.

PROTEIN LIQUID FORMULATIONS FOR AEROSOL DELIVERY

Choice of Device

As already mentioned, the approval of a pulmonary formulation often is linked 
to the device used for generation of the aerosol. In the case of nebulizer products, 
the solution formulation is linked to performance via the clinical trails conducted 
with specifi c nebulizers and subsequent documentation in the package insert. In 
the case of DPIs or MDIs, the clinical data are linked to the specifi c device/drug 
by the combination product-release criteria. From a formulation perspective, the 
device, and hence method used to generate the aerosol, will dictate what compo-
nents are required to ensure protein stability.

A common device for generation of aerosols is the so-called jet nebulizer 
(Fig. lA). A portable air compressor generates a high-velocity air stream through 
a jet nozzle, and liquid is drawn up from the reservoir as a result of the par-
tial pressure drop at the orifi ce. A droplet spray is generated upon contact with 
the air stream. The larger droplets impact on an appropriately placed baffl e and 
are returned to the liquid reservoir, whereas suffi ciently small droplets remain in 
the air stream and exit from the inhalation port of the nebulizer. The result is that 
during the course of nebulization, more than 99% of the solution is essentially 
refl uxed and undergoes repeated stress and exposure to air–water interfaces, an 
experience that may promote protein denaturation (22,23).

Another device for nebulization is the ultrasonic generator. Ultrasonic 
nebulizers essentially come in two forms (Fig. lB and C). Those that transmit 
high- frequency sound waves through a reservoir of solution to generate aerosol 
droplets and those that use vibrating screens. In the former type, the transfer of 
high energy, as well as the potential build-up of heat in the solution, may lead 
to degradation of a protein drug via thermal rather than surface exposure (24). 
However, attempts have been made to directly generate small droplets by ultra-
sonic nebulization in single inhalations in devices such as the original Respimat®,b 
which generated respirable aerosols from a small volume of solution, typically 25 
to 50 µL in one atomization cycle lasting about one second (25). This circumvents 
the potential degradation that may occur upon recirculation of the solution within 

b The original Respimat® was discontinued, and a mechanical device formerly known as the BINEB® is now 
referred to as Respimat.
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a nebulizer or heating, but it would necessitate the development of formulations 
that support a high concentration of protein. As an example, assume that 2.5 mL 
of Pulmozyme® at 1 mg/mL is delivered by jet nebulizer with an estimated deliv-
ery effi ciency of 10% (26). Pulmozyme is a recombinant human deoxyribonucle-
ase (rhDNase) used in the treatment of cystic fi brosis. To deliver a similar amount 
of drug to the lung by means of a small-volume ultrasonic nebulizer would require 
a Pulmozyme concentration of approximately 50 mg/mL.

In the latter type of system, a solution is atomized as it is forced to fl ow 
through tiny holes in a vibrating mesh or plate. While typically droplet sizes 
are approximately twice the “hole” diameter, recent developments have shown 
that it is possible to produce droplets that are approximately half the diameter 
of the mesh hole size (27). This method is currently used in a number of com-
mercial nebulizer devices, for example the Nektar Aeroneb, the Pari E-fl ow, and 
the Omron NEU05, but it is yet to be incorporated into a “single breath” inhaler. 
However, a number of prototype devices, such as the Aerodose (28), have been 
tested in humans.

A. Pari LC jet (Pneumatic)
nebulizer

C. Mesh type ultrasonic nebulizer with
illustration of mesh atomizer

B. Ultrasonic nebulizer with
illustrative transducer

Figure 1 Nebulizer designs: (A) conventional pneumatic (jet); (B) ultrasonic; 
(C) ultrasonic mesh.
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One alternate strategy for greater delivery effi ciency while avoiding the rig-
ors of a continuous nebulization or potential degradation due to high-energy input 
by ultrasonics is to generate the aerosol mechanically. Such a strategy is used with 
the AERX™ (Fig. 2) (29) and the new Respimat (30). In the AERX device, a blister 
pack containing 25 to 100 µL of drug is rapidly compressed with a mechanical 
piston, forcing the solution through a series of laser-drilled holes (1–3 µm in diam-
eter). Novo-Nordisk currently have this device in Phase III clinical testing with 
inhaled insulin. An advantage of such a system is the unit dose packaging. Other 
systems, such as the Respimat, that use a reservoir to supply small volumes to 
an aerosol generator require development of a multidose formulation. Multidose 
formulations of proteins, in turn, call for the use of preservatives that may interact 
with the protein, either reducing the effectiveness of the preservative or affecting 
the proteins activity. The Respimat also uses a mechanical piston to generate the 
aerosols but is actually designed as an MDI (31). The drug is stored in a collaps-
ible plastic bag, and metered quantities are delivered to the atomization chamber. 
Nonreturn valves prevent back-fl ow and control the fl ow of liquid through the 
device. However, as with most devices of the multidose liquid reservoir type, it is 
probably essential that the formulations be preserved. To date, this type of “single 
inhalation” liquid system has not been successfully applied to protein delivery 
and has been restricted to the delivery of small molecules.

Choice of Excipients

The osmolality and the pH of solutions are critical variables that affect tolerability 
of inhaled aqueous solution and may contribute to adverse reactions during pul-
monary delivery of drugs, such as bronchoconstriction (22–37). It has been rec-
ommended that, whenever possible, solutions for pulmonary delivery, especially 

Figure 2 The AERX™ iDMS insulin inhaler.
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those delivered in large volumes by nebulizer, be formulated as isotonic solutions 
at pH values exceeding 5.0 (34). Recent studies have shown that if the formulation 
is not isotonic, then the droplet size distribution of an aerosol may be altered dur-
ing delivery as the result of a loss of or uptake of water vapor from the airways, 
leading to changes in deposition patterns (38,39). It is also not uncommon to fi nd 
that buffer components cause adverse reactions such as cough (40,41), and, there-
fore, many inhalation products have been formulated without buffer components. 
The control of the pH in an unbuffered formulation is a major concern, especially 
since many protein degradation pathways are highly pH dependent (2). However, 
at high-enough protein concentrations, the titratable amino acid residues of the 
protein may provide suffi cient buffering capacity to stabilize the pH of the formu-
lation (42).

One of the biggest challenges in developing a liquid formulation for aerosol 
delivery is the exposure of the protein to an air–water interface. As described ear-
lier, the generation of respirable droplets greatly increases the protein exposure to 
this interface. Solvent–protein interactions are critical for maintaining the native 
conformation of a protein, and removal of the aqueous phase can have profound 
effects on protein structure. In particular, the unique properties of water, such 
as its ability to form an extensive hydrogen bond network, are believed to be 
essential for the entropically driven hydrophobic forces that play a major role in 
folding of proteins (43). Hydrophobic amino acid residues tend to organize water 
structure by forming cavities in the bulk solvent, leading to a large decrease in 
the entropy of the system. Removal of the hydrophobic residues from the solvent 
phase and coalescence into an interior hydrophobic phase result in a decrease of 
the protein surface area, as well as an increase in the entropy of the solvent phase 
large enough to exceed the confi gurational entropic decrease due to folding of the 
protein into a more compact form.

A protein exposed to an air–water interface during nebulization may 
become denatured, forming both soluble and insoluble aggregates (44). Often, 
the inclusion of an acceptable surfactant such as polysorbate 20 can minimize 
this degradation (Fig. 3). The grade of polysorbate may be critical in this appli-
cation. In particular, polysorbates have been shown to contain trace quantities of 
peroxide (45). The protein is stressed by the aerosol-generation process, espe-
cially in the case of jet and large-volume ultrasonic nebulization, and expo-
sure to large quantities of oxygen may lead to oxidation of susceptible amino 
acid residues such as cysteine, methionine, tryptophan, and histidine (2,23). 
Contamination with peroxides may increase the rate of oxidation, which may 
destabilize the protein and lead to an increase in aggregation during aerosoliza-
tion. The increased potential for oxidation is not necessarily a problem. Whereas 
many proteins have altered conformation or altered activity, or undergo aggre-
gation, there are also many examples of oxidation having no perceptible effect 
on the protein (2).

If oxidation does pose a problem, excipients such as antioxidants or amino 
acids such as methionine can be added as oxygen scavengers. However, the 
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addition of these excipients may cause adverse events in clinical situations, 
depending on the sensitivity of the patient population. This, in fact, is gener-
ally the major limitation on formulation development of proteins for pulmonary 
delivery. The problem is particularly diffi cult if the targeted population involves 
pulmonary diseases such as cystic fi brosis or asthma. The potential sensitivity 
of asthmatics to excipients makes the development of a multiuse formulation 
even more problematic than in the development of parenteral formulations.

The potential use of an aerosol delivery system, such as the Respimat 
described above which uses an “open system”, will require the addition of a pre-
servative to the formulation. Interaction of the preservatives with the protein is a 
major concern. If the interactions are substantial, protein denaturation and possibly 
soluble aggregate formation of precipitation may result (46). The interactions of 
protein with preservatives may also result in a decrease in the effectiveness of the 
preservative. This presents signifi cant challenges, especially if the protein drug is 
being developed for world markets, since the preservative challenge requirements 
in Europe are signifi cantly more stringent than in the United States. A variety of 
preservatives delivered as aerosols have been tested in people. Among these pre-
servatives are benzalkonium chloride, chlorbutol, benzyl alcohol, sodium metabi-
sulphite, chlorocresol, and phenol, and some of them have been implicated in 
adverse effects such as bronchoconstriction (47–51).

100

%
 T

O
TA

L
 M

O
N

O
M

E
R

80

60

40
Control No Surf Surf 1

FORMULATION

Surf 2 Surf 3

Collected Sample Reservoir

Figure 3 Effect of surfactant on hGH aggregation following 18 minute nebulization 
of 25 mg/mL hGH. Unaerosolized control (left), collected sample by impaction into test 
tube (n), sample remaining in reservoir (®). Abbreviation: hGH, human growth hormone. 
Source: From Ref. 44.
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Manufacturing Issues

As already discussed, the development of a formulation for aerosol administra-
tion of a protein drug depends highly on the type of device that will be used. The 
concern regarding adverse events from excipients or preservatives in patients with 
compromised lung function may be minimized by the use of devices that adminis-
ter small volumes. The trade-off, of course, is that the protein may need to be for-
mulated at higher concentrations. The ease of accomplishing this will be related 
to the solubility and tendency of the protein to aggregate. In addition, although the 
target concentrations, perhaps as high as 50 mg/mL, may be attainable, the long-
term stability of the product may be compromised at the higher concentrations. In 
particular, the bulk product will need to be stored prior to loading (into cartridges, 
blister packs, etc.), for use with the device. If long-term storage is required, it 
may be necessary to freeze formulated bulk. If, however, the developed liquid 
formulation lacks the necessary stability to undergo repeated freeze/thaw cycles, 
the formulation may have to be stored at controlled temperatures of 2°C to 8°C. 
Generally, bulk formulations in large quantities are stored in stainless steel tanks, 
and this practice poses several additional challenges. In particular, a useful phar-
maceutical tonicifi er such as sodium chloride may cause problems in long-term 
storage because the well-known interactions of stainless steel with halides can 
result in metal catalyzed oxidation of proteins (52). In such a case, alternate tonic-
ifi ers may have to be explored. Sugars such as mannitol are generally acceptable 
and have been used in commercially approved products (53). There have been no 
published toxicology data that suggest that there is a long-term safety concern on 
the use of mannitol or other sugars in respirable products. Indeed, lactose has been 
used for many years in pulmonary products with no reported problems. Moreover, 
any concerns may be less problematic for formulations for small- volume aerosol 
delivery devices, since the total amount of excipients delivered is quite low in the 
small volumes (<50 µL) used.

Additional complications may occur if the formulation is designed for mul-
tiple uses, and hence it requires preservatives. This has been demonstrated in stud-
ies of the effect of metals and the preservative phenol on human growth hormone 
degradation (54). Although a single-use formulation does not require preserva-
tives, compliance with recent FDA proposals, nevertheless, requires sterility for 
liquid formulations intended for inhalation (55).

If the pharmaceutical company possesses the technology to make and fi ll 
the devices or drug closures, the required storage time from formulation to fi nal 
packaging may be minimized. Unfortunately, if the pharmaceutical company 
developing a product for inhalation therapy often does not possess this capabil-
ity, it is compelled to form an alliance with the company that has the technology. 
Such an arrangement usually necessitates the development of appropriate manu-
facturing steps for long-term storage and shipment of the product to the fi lling site 
for loading into drug reservoirs, cartridges, blister packs, or other delivery-ready 
closures. The shipment of formulated bulk places additional stresses on the prod-
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uct and may require the allocation of resources and improvements to allow for 
the additional manipulations of the protein drug. Any alterations in formulation 
will still need to be compatible with the airways and should not interfere with the 
aerosol-generation process.

Examples

Novo Nordisk, using a technology originally developed by the Aradigm 
Corporation (29), are developing the only inhaled liquid insulin formulation 
(AERx iDMS); it is in later-stage Phase III clinical trials. The system utilizes a 
sterile solution packaged in disposable strips that provide dose adjustability. Each 
disposable strip contains insulin in a cold-formed blister that is heat-sealed to a 
lid-nozzle laminate structure (56).

At a much earlier stage of development, Phase I clinical trials, Coremed, 
Inc. is developing a liquid polymer/bioadhesive aqueous insulin formulation with 
GRAS excipients (57). The product uses a generic handheld device that purports 
to generate an aerosol with a mass median aerodynamic diameter of approxi-
mately 2 µm.

PROTEIN POWDER FORMULATIONS FOR AEROSOL DELIVERY

Choice of Device

As described above for liquid systems, the registration and approval of a protein 
aerosol product is intimately linked to the aerosol-generation system chosen for 
its delivery. Hence the choice of a delivery system is crucial to the success of the 
product.

For the purposes of protein applications, DPIs may be placed into two major 
categories: multidose devices, where drug powder is stored in bulk and metered 
inside the device before inhalation, and unit dose devices, where the drug powder 
is stored as a premetered dose in an individual storage unit. These two categories 
can be further subdivided into patient-driven devices, where a patient’s inspi-
ratory effort provides the energy to disperse the powder, and powered systems, 
where an external source provides the energy.

The fi rst category, multidose devices, presents some major diffi culties 
with protein powders. Multidose powder reservoirs with their associated meter-
ing valves are notoriously diffi cult to seal effectively during use. Thus moisture 
ingress can be a major problem. As described below, one of the general techniques 
for stabilizing proteins in the solid state is the use of amorphous glasses. The 
Achilles’ heel of amorphous glasses, however, is moisture. The excipients used as 
solid-state stabilizers, when stored in the amorphous state, have the potential to 
crystallize; and as the moisture content of the powder increases and plasticizes the 
solid, the probability of crystallization, and hence the probability of destabiliza-
tion of the formulation, increases. Although it is possible to develop formulations 
that are reasonably stable at ambient humidities, the general physical instability 
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of amorphous solids severely limits the application of multidose-type DPIs. In 
general, the choice for protein powders is therefore the unit dose approach.

Figure 4 presents a schematic illustration of the various approaches to DPI 
design, indicating some proprietary devices and some manufacturers. The unit dose 
approach in terms of device design can come in many forms. These range from the 
original DPI designs such as the Spinhaler and Rotahaler, where the drug is stored 
in hard gelatin capsules, to the more complex foil blister devices, where the drug is 
stored as individual doses either singly or on multidose disks or tapes. Essentially, 
the latter devices offer unit dose drug storage with multidose convenience for the 
patient. In essence, because of the humidity instabilities described above, the foil 
systems become the packaging of choice for protein inhalation powders. Even if 
the primary packaging is not foil, the products should be overwrapped with foil to 
maintain the moisture content necessary to keep the powder stable.

Again, it is possible to develop formulations with ambient humidity stability 
that probably would allow the use of systems based on conventional gelatin cap-
sules or other simple capsule technologies such as hydroxy methyl propyl cellulose 
(HPMC), but the extra security guaranteed by the foil blister technology, or a foil 
overwrap, will usually be necessary. It should be noted that for satisfactory  operation, 

Patient Driven
(Passive)

Powered
(Passive)

Unit DoseMultidose
Unit packaged

Multidose

Factory dosing
Device metering

Turbuhaler – Astra
Pulvinal – Chiesi 
Easyhaler – Orion 
Clickhaler – ML labs
Taifun – Leiras
Maghaler – GGU

Ultrhalre –Aventis
mDPI - Skypharma

Bulkhaler – Asta Medica
Mikrohaler Miat
Swisshaler - Createchnic

Diskhaler – GSK
Accuhaler – GSK

Disc – Dey Labs

Prohaler – Valois
Airboost – 3M
Kholer Inhaler- IB
Tenax/Bespak

Spiros – Dura 
Tape – Astra 
Pfeiffer

Spinhaler – Aventis
Eclipse – Aventis 
Cyclohaler – Plastiope
Inhaltor – BI
Handyhaler – BI

Flowcaps – Hovione
Turbocpsin – PH & T
Monohaler - Pfizer
Monhaler – AStra 

PDS -Inhale

Marketed product
Under development
Has or may have been abandoned

Figure 4 Current and future dry powder inhalers grouped by dosing method, packaging, 
and dispersion power source.
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capsule technologies, gelatin or HPMC, require the capsules to be maintained within 
a relatively narrow range of water content in order to retain the mechanical properties 
necessary for piercing; if a capsule becomes too dry, it may shatter instead of open-
ing, and if it becomes too wet, it may not be possible to open at all.

The other packaging issue, which is not directly related to powder stability, 
is microbial contamination and growth. However, to date, there have been no pub-
lished reports to suggest that protein powders are any more or less susceptible to 
microbial growth than are the small-molecule powders currently used in commer-
cial inhalation formulations. Both the U.S. and European pharmacopoeias impose 
microbial limits for inhalation powders but do not require sterility (55). Table 1 
presents the current proposed microbial limits for powder inhalation products. 
In general, powders maintained below 50% to 55% relative humidity will not 
sustain the growth of organisms; organisms already present may survive in stasis, 
however.

The remaining choice is then between a patient-driven system (passive) 
and a powered device (active). While the majority of the products on the market 
are patient-driven, recently Pfi zer Inc. obtained approval for Exubera®, which 

Table 1 Assignment of Microbial Limit Tests for Nonsterile Finished Dosage Forms 
According to Route of Administration

  Combined
 Total aerobic  yeasts and
Route of microbial count molds count Examples of objectionable
administration (cfu/g or mL) (cfu/g or mL) microorganismsa

Inhalation ≤10b ≤10 Escherichia coli 
    Pseudomonas aeruginosa 
   Salmonella species
Vaginal ≤100 ≤10 E. coli 
   Staphylococcus aureus 
   P. aeruginosa 
   Candida albicans
Nasal/optic/ ≤100 ≤10 E. coli
Rectal/topical   S. aureus
   P. aeruginosa
Oral liquids ≤100 ≤10 E. coli
   Salmonella species
Oral solid ≤1000 ≤100 E. coli
   Salmonella species

aIt is virtually impossible to list every microorganism that may be objectionable for a specifi c prod-
uct class. The microorganisms listed are merely examples of those microorganisms usually found to 
be objectionable in the respective product class.
bExcept for nonpressurized powders for oral inhalation for which the total aerobic mircrobial count 
does not exceed 100 colony-forming units per gram.
Source: Pharmacopoeial Forum, 1996.
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uses a pneumatically driven powder inhaler developed by Nektar Therapeutics 
of San Carlos (Fig. 5) (58). The choice between patient-driven and powered sys-
tems for protein delivery depends less on the physicochemical stability of the 
formulation and more on its dispersibility and the delivery requirements (large 
vs. small doses, reproducibility of deposited dose, etc.). With conventional type 
formulations, patient-driven DPIs have traditionally exhibited lung delivery that 
is both fl ow-rate dependent and less effi cient than that obtainable from a powered 
system. For example, for typical asthma systems, lung delivery may vary by a 
factor of three or more depending on the fl ow rate achieved by the patient dur-
ing any particular inhalation, and lung deposition is only of the order of 10% to 
20% of the nominal dose. Whereas this set of conditions may not be problematic 
with some protein therapeutics, where raw material cost and dose consistency 
are not of concern, it could be disastrous for an expensive protein with a narrow 
therapeutic window.

With proteins, effi ciency, E, and FPD are important because of their 
impact on the cost of goods. Bioavailability of proteins from the gastrointes-
tinal tract is very poor (59,60). Therefore, while avoidance of oropharyngeal 
deposition is obviously desirable, it is not as important as it is for some small 
molecules, where oral deposition might cause unwanted side effects, for exam-
ple, candidiasis, or thrush, and/or serious increases in total unwanted systemic 
load due to systemic availability from the gut. Avoiding oropharyngeal deposi-

Figure 5 Exubera® inhaler.
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tion, by generating a high FPF, with proteins results in an overall increase in 
delivery effi ciency to the lung and reduces the nominal dose required for an 
effective lung dose.

In contrast to the patient-driven passive systems, powered active systems 
decouple aerosol generation from the patient’s inspiratory effort. Hence, they are 
in principle more robust and they reduce the fl ow-rate dependence of the dose 
delivered to the lung. However, it should be realized that such dependence is not 
completely eliminated. Since the capture effi ciency of the mouth and oropharynx 
is dependent on the inhaled fl ow rate, even if aerosol generation is independent 
of inspiratory fl ow, the deposition pattern in the body, and hence the lung dose, is 
not. However, this depositional dependency is far less dramatic than the variations 
that can be brought about by the variations in particle size and fl ow rate that can 
be produced by patient-driven DPIs. A number of authors have used the following 
function (Eq. 4), reported by Rudolph et al. (61), to estimate the oropharyngeal 
fi ltering term ηoral, for mono-disperse aerosols:

�oral t aer= − × ( ) +⎡
⎣

⎤
⎦

− −
−

1 1 1 10 14 0 2 2 0 6 1 4
. . . .

V d Q
11

 (4)

where Vt is tidal volume, daer is the aerodynamic diameter of the inhaled par-
ticle, and Q is the inspiratory fl ow rate. Examination of Equation 4 shows that as 
either dm or Q decreases, the probability of penetration beyond the oropharynx 
and deposition in the lung increases. It should be noted that at a suffi ciently small 
daer, Q becomes unimportant and ηoral, tends to zero.

From a protein delivery perspective then, the most desirable design attri-
butes of stability, delivery effi ciency, and reproducibility lead in general to unit 
dose packaging with a device featuring either powered aerosol generation or a 
patient-driven device incorporating particles engineered to a have high levels of 
dispersibility and fl ow-rate independence. However, in an imperfect world, it may 
be that all these attributes will not be present in one particular technological com-
bination and a number of compromises between delivery performance and stabil-
ity may be necessary. It may also be that for certain molecules, where expense 
and therapeutic window are not important, simpler, less-effi cient devices may 
be acceptable. Indeed, from a patient compliance perspective, they may be even 
more desirable.

Choice of Excipients

As described above, aerosol particles intended to penetrate and deposit in the 
lungs must be suffi ciently fi ne to pass through the oropharynx and upper airways. 
In general, this requirement leads to the need for a high FPF in the delivered 
aerosol. This, in turn, leads to the requirement for fi ne powders of the active drug 
moiety. In general, fi ne powders are cohesive and do not fl ow or disperse easily. 
The major objective and challenge of powder inhalation formulation is therefore 
to manufacture formulations that both fl ow, for ease of fi lling and dispensing, and 
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disperse, to form aerosols fi ne enough to penetrate and deposit in the lungs. (The 
term “fi ne” generally refers to particles having aerodynamic diameters in the size 
range 1–5 or 1–3 µm.)

Early solutions to this problem resulted in two basic approaches to meet these 
almost mutually exclusive requirements. The fi rst, developed in the late 1950s, by 
the then Fisons Pharmaceuticals, is to blend the active drug with a carrier consist-
ing of large particles. This approach produces powders that fl ow and dispense well 
and, when a suitable shear force is applied, disperse to produce respirable aerosols 
of reasonable quality. The coarse carrier used in these systems, typically 30 to 
100 µm in diameter, is usually such that a large fraction of it deposits in the mouth 
and oropharynx and only a small amount reaches the lung. The second approach, 
developed in the early 1960s, is to palletize the drug particle to make loose agglom-
erates, which fl ow for fi lling and dispensing, but which break up when an aerody-
namic shear force is applied to produce a respirable aerosol. These two approaches 
currently account for most of the inhalation products on the market.

Another approach developed more recently is to engineer particles so that 
they intrinsically possess the characteristics necessary for inhalation products. 
While this has been accomplished in a variety of ways, from volume exclusion 
precipitation (62) to coprecipitation with novel excipients (63), spray drying is by 
far the most popular technique. For example, spray drying has been used to produce 
particles of large physical size and low absolute density (64). This approach results 
in particles that behave as if they have large physical diameter as far as powder 
fl ow and dispersion are concerned, but because of their low absolute density, pos-
sess a suitably small aerodynamic diameter when dispersed [Eq. 2]. This type of 
formulation, in combination with a simple patient-driven inhaler, is currently being 
used by Eli Lilly in Phase III clinical trials with inhaled insulin (64). Small porous 
particles have also been investigated (65). In both of these cases, the formulations 
are based on the use of lipids, and besides their aerodynamic characteristics, the 
lipids produce particles with hydrophobic surfaces, which appear to enhance dis-
persibility. Work has also been reported on the use of hydrophobic amino acids in 
spray dried particles. Although these molecules do not necessarily produce a porous 
structure, they do enhance surface hydrophobicity and hence produce highly dis-
persible  powders (66).

The ability of a protein powder to produce a respirable aerosol, whether 
blended with a coarse carrier or in its “raw” engineered state, is controlled by 
numerous infl uences. As described above, the diameter of the primary powder 
particles and their absolute density is of obvious importance. However, the cohe-
sive forces that hold the powder particles together and prevent dispersal of the 
powder, and the numerous environmental infl uences that affect these cohesive 
forces, also play a major role. As an example of how formulation and particle 
size can infl uence aerosol performance, Figure 6 shows data from a study report 
by Chan et al. (67) detailing the effects of sodium chloride content and powder 
particle size [expressed as mass median diameter (MMD) of the raw powder] on 
the aerosol properties of rhDnase powder blends delivered via a Rotahaler. It can 
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be seen that as the sodium chloride content is increased, the FPF increases. That 
is, the powder disperses more easily and generates a fi ner aerosol cloud. It can 
also be seen that the FPF is a function of powder particle size: for the powders 
that disperse easily, the FPF appears to decrease as MMD increases, whereas for 
poorly dispersing powders, FPF appears to go through a maximum. The effect of 
particle size is related to cohesion, which is a measure of the force needed to sepa-
rate a unit mass of particles from their stable agglomerated state. Although the 
contributions of the various forces to the cohesion of the powder in this study are 
uncertain, as they are in most studies of this type, if it is generally assumed that 
van der Waals forces are dominant, then the cohesive force would be expected 
to be proportional to the square of the particle diameter (68). Thus the powders 
with smaller MMD are more diffi cult to disperse, and as the MMD increases, the 
powder disperses more easily. However, as the MMD increases the amount of fi ne 
particles avialable in the power decreases. Hence, these two competing phenom-
ena result in an optimum powder size for any given formulation, the particular 
 optimum size being dependent on the relative cohesiveness of the powder. Figure 7 
presents data for FPF with a constant powder MMD and varying degrees of 
crystallinity. For this particular formulation–device combination, an increase 
in crystallinity results in an increase in the fi ne particle mass generated from the 
powder blend. This increase presumably occurs because the interparticulate forces 
have been modifi ed by the change in physical state of the solid and the external 
morphology of the powder particles.

As an example of reducing the interparticulate forces by the addition of an 
excipient, data on the effects of the addition of trileucine to cromolyn sodium and 
albuterol powders are presented in Fig. 8 (69). It can be seen that the addition of 
trileucine at levels of around 15% by weight increases ED by 33% and FPF by 

Figure 6 Summary of the dispersion properties (as FPF) versus particle size for powders 
containing co-spray-dried NaCl and rhDNase (67). Abbreviations: FPF, fi ne particle frac-
tion; rhDNase, recombinant human deoxyribonuclease.



236 Clark et al.

McNally  PTR  09/24/07  Chapter 10

45%. The mechanism for this effect is postulated to be preferential coating of the 
surface of the particles with the hydrophobic amino acid: 15% by weight trileu-
cine achieves 60% surface coverage.

In addition to the overall requirements for an inhalation powder formula-
tion, proteins require stabilization in the solid state. The task of manufactur-
ing powders containing proteins that have both the required protein-stabilizing 
properties and the physical characteristics necessary for generation of fi ne aero-
sols can be particularly daunting. The formulation approaches involve the tech-
nical challenges of fi rst manufacturing “engineered” fi ne powder containing the 
protein and then either working with the powder and overcoming any fi lling and 

Figure 7 Relationship between NaCl content, the corresponding crystallinity (pure rhD-
Nase powder is amorphous), and the dispersing properties (as FPF) of rhDNase powders. 
All powders have similar primary size distributions before aerosolization, with median 
diameters of 2.7 to 3.3 µm (span 1.04–1.63 mm) (67). Abbreviations: FPF, fi ne particle 
fraction; rhDNase, recombinant human deoxyribonuclease.

Figure 8 Relationship between the addition of triluecine, surface coverage, and powder 
performance for cromolyn sodium and albuterol powders. Source: From Ref. 69.
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dispensing problems via mechanical means or, as described above, blending the 
protein-containing powder with a coarse carrier. The former approach is the one 
that has been adopted for most protein powder products, resulting in particles 
engineered to have the required combination of stability and dispersibility for 
particle device platforms. From a stability perspective, solid state stabilizers 
used thus far in the development of powder inhalation formulations are those 
used in stabilization during the lyophilization process. The use of mannitol, lac-
tose, trehalose, and various other excipients such as citrate have been reported 
(67,69,70). However, the exact mechanism by which protein  stabilization is 
achieved with these excipients is still debatable. Theories range from water 
replacement (73), where the sugar substitutes for the water hydrogen bonds 
and thus keeps the protein in its native conformation, to mere physical hin-
drance (74), where the protein molecules are simply immobilized in the glassy 
matrix and are prevented from unfolding and being spatially separated, to pre-
vent aggregation. In these solids, it is important to achieve both chemical and 
physical stability.

As described above, amorphous powders, which are desirable from a pro-
tein stability point of view, possess the thermodynamic desire to crystallize. 
Crystallization can lead to the physical degradation of the powder, in terms of 
fl ow and dispersibility, as well as to aggregation of the protein (67). Thus, in 
general, if the physical explanation of stability is to be accepted, the approach 
is to produce powders with the highest glass transition temperature (Tg) pos-
sible (73). An alternative approach to glass stabilization is to produce powders 
that contain only small quantities of stabilizing material and are predominantly 
protein. High protein content appears to prevent crystallization (74). However, 
reducing the excipient content with some molecules can increase physical sta-
bility, but it may lead to increasing damage to the protein, with aggregation as 
a result. Another approach is to stabilize the protein as a thermotropic liquid 
crystal (75,76). Liquid crystals are characterized by having order in two dimen-
sions, as compared with a three-dimensional crystal structure. A delicate bal-
ance between physical stability, aerosol performance, and protein stability may 
have to be struck (70).

Table 2 presents the effect of lactose on the biochemical stability of spray 
dried powders of rhDNase over a 40-week storage period. It can clearly be seen 
that as lactose content is increased, aggregation decreases. However, Figure 9 
presents FPF as a function of lactose content and humidity over four weeks: 
clearly, as lactose content is increased, the powder performance decreases. It 
was demonstrated that this decrease in performance is due to crystallization of 
the lactose (70). From a stability perspective, then, designing a protein powder 
for inhalation may entail the art of choosing a particular compromise between 
physical and biochemical stability. In general, the use of lactose as an excipi-
ent for protein powders can be contraindicated because of the propensity of 
this sugar to react with lysine residues, producing lactosylated protein mol-
ecules (77).
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A further complication is added when a combination of excipients that sta-
bilize the protein and enhance dispersion is considered. Here the aim would be to 
stabilize protein within the bulk of the particle and then “surface coat” the particle 
with a hydrophobic material that enhances dispersion. This approach relies on a 
complex interplay between solution droplet drying rates, molecule diffusivity, and 
surface activity. Although not yet used in a product, this has been exemplifi ed by 
Lechuga et al. (69).

Table 2 Biochemical Stability Data for Spray-Dried Powders Containing rhDNase and 
Lactose After Storage for 40 Weeks at 38% Relative Humidity

Formulation Temperature Monomer ∆ Deamidation  Relative
(rhDNase: lactose) (°C)  (%)a (%)b activityc

100:00 4 97.1 0.3 0.91
 25 93.1 0.6 0.89
84:16 4 99.4 0.5 0.99
 25 97.4 2.0 0.85
66:34 4 99.6 0.1 1.00
 25 98.6 1.5 0.94
50:50 4 99.7 0.1 1.01
 25 99.2 1.6 0.96
aDetermined by size exclusion chromatography using TSK2000SWXL column. Immediately after 
spray drying, samples contained 100% monomer. All values are mean of duplicate determination.
bDetermined by tentacle cation exchange chromatography using a LiChronsphere 1000 SO5 column. 
All values are mean of duplicate determinations.
cDetermined by rhDNase methyl green assay. Immediately after spray drying, samples were fully 
active (i.e., relative activity of 1).
Abbreviation: rhDNase, recombinant human deoxyribonuclease.
Source: From Ref. 70.

Figure 9 Fine particle fraction as a function of protein/lactose content and storage rela-
tive humidity after one month at 25°C. Source: From Ref. 70.
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Careful assessment of the physical and toxicological acceptability of excipi-
ents must also be made. Only a few excipients have GRAS status from the FDA for 
use in the lung, and toxicology studies may be required to demonstrate the accept-
ability of a chosen excipient. Fortunately pulmonary delivery of proteins in general 
appears to be reasonably safe (78). Also, as with the liquid solution formulations 
described above, the effects of pH on reconstitution and induced tonicity changes on 
dissolution of the powder on the airway walls must all be considered. For example, 
Anderson et al. (79) recently showed that delivering large quantities of sodium chlo-
ride, lactose, or mannitol to the airways can induce a bronchoconstrictor response 
in asthmatic patients, presumably due to a hypertonic challenge. Although even in 
severe asthmatics, lung doses on the order of 5 to 10 mg had to be delivered before 
a signifi cant clinical response was seen, the ever-wary formulator should keep these 
issues in mind when developing protein inhalation formulations.

Manufacturing Issues

A number of approaches have been taken in the manufacture of fi ne protein pow-
ders. These involve lyophilization followed by micronization (80), and copre-
cipitation followed by lyophilization (71) or spray drying. Although in general, 
lyophilization of proteins is a well-established process (82), micronization is not, 
and thus the fi rst approach can be problematic. Conventional jet mills produce 
local heating due to the particle–particle collisions necessary for comminution 
and can introduce metallic contamination, which can affect product stability. 
Although not excluded, this process has had limited success.

The second approach is the basis for the Technospheres® formulation that 
is being developed by MannKind (63). Insulin is coprecipitated with diketopi-
perazine to produce spherical particles that are then extracted from suspension by 
fi ltration and lyophilization.

The third approach, spray drying aqueous solutions, has been very suc-
cessful and has been used for many years to prepare dry protein powders (67,69,
82–87). Similar to liquid formulation stabilization issues, where proteins exposed to an 
air–water interface during nebulization may denature and aggregate, the atomization 
step of the protein solution during spray drying can also cause interfacial denaturation 
(82,83,85). Trileucine has been used as a surface active agent to protect proteins from 
interfacial denaturation (69). Spray drying from aqueous/organic solvents, such as 
ethanol, has also been demonstrated for poorly soluble peptides (75,76). As described 
above, the spray drying process is the basis for a number of different formulation 
approaches, ranging from porous particle to “M&M” type particles containing protein 
stabilizers inside and surface energy reducing agents as a coating.

Examples

Eli Lilly and Alkermes AIR® are in Phase III trials with inhaled insulin (64). 
The Alkermes AIR technology consists of large, porous, insulin particles of low 
 density, containing dipalmitoyl phosphatidylcholine (DPPC) (86). The insulin 
formulation is spray dried from an ethanol solution. The particles (insulin, DPPC, 
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lactose, albumin) have a mass median aerodynamic diameter (MMAD) of 1 to 
5 µm, with a mass density of 0.05 to 0.3 g/cm3 and an ED of 45% to 96% (86). 
The high ED values are related to low particle mass densities, suggesting that the 
large, porous particles are useful for inhalation applications.

MannKind Pharmaceuticals (Technospheres) is currently in Phase III trials 
with inhaled insulin. Technospheres uses a diketopiperazine derivative (3,6-bis(N-
funaryl-N-(n-butyl) amino-2,5-diketopiperazine)) formulation that self-assembles 
into an ordered lattice at low pH and encapsulates the insulin (89–91). Following 
lyophilization, the particles have an MMAD of 2 to 4 µm. The powder is delivered 
with a Medtone DPI and dissolves at physiologic pH. Technospheres have also been 
applied for pulmonary delivery of parathyroid  hormone as well as insulin (91).

A large number of protein powders have been investigated. Researchers 
have also spray dried formulations of cyclosporine, a highly water-insoluble 
molecule from an ethanol solution (77). The feasibility of delivering inhalation 
powders of granulocyte colony stimulating factor produced by spray drying and 
combined with coarse carrier lactose has been demonstrated (92). Spray dried 
powders containing sodium chloride and rhDNase have been described by Chan 
et al. (67) . Spray dried liposomes of leuprolide have also been utilized in a DPI 
(94). Human growth hormone has also been spray dried from a DPPC formula-
tion (94). Growth hormone, tissue plasminogen activator, and interferons have all 
been characterized for surface-induced aggregation during spray drying (82–86). 
Furthermore, the crystalline content, water content, secondary structure, and ag-
gregation rates of salmon calcitonin spray dried with ratios of mannitol were 
characterized (87). The effect of mannitol on recombinant humanized anti-IgE 
monoclonal antibodies has also been investigated (95), and fi nally, both human-
ized anti-IgE monoclonal antibodies and rhDNase powders have been prepared 
by spray drying and spray freeze-drying techniques (95,96).

PROTEIN MDI FORMULATIONS

Choice of Device

In general, the MDI has not been the delivery system of choice for proteins and 
peptides. This is presumably because of poor effi ciency and reproducibility of 
delivery, coupled with the relatively harsh propellant environment. However, 
issues concerning the phase-out of chlorofl uorocarbon (CFC) propellants and 
their replacement with hydrofl uoroalkanes (HFAs) may be involved as well. The 
pharmaceutical industry has experienced diffi culties in reformulating existing 
small molecules, and one can only suspect that the formulation of proteins and 
peptides in HFAs could be even more diffi cult.

Choice of Excipients

Despite these diffi culties, a number of early feasibility studies have been reported, 
and recently KOS Pharmaceuticals have presented clinical data on an insulin MDI 
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(97). Indeed, a technically successful, although not commercially viable, formula-
tion has been developed for leuprolide, a potent agonist of luteinizing hormone–
releasing hormone (LHRH) (leuprolide is discussed as a case study in the section 
titled Formulation Development and Characterization of Inhaled Insulin Exubera). 
Brown et al. (98,99) have reported a number of MDI preparations involving an 
antigenic protein, an enzyme, and an antibody. In their fi rst series of experiments, 
they reported two MDI formulations based on dimethyl ether (DME). The fi rst 
contained either alkaline–phosphatase or an IgG1 κ murine monoclonal antibody. 
In both cases, the proteins were lyophilized with either Laureth-9, Tween 40, or 
Tween 80 before being added to the DME. In the case of alkaline–phosphatase, 
the lyophilization process alone reduced enzymatic activity fi vefold. In case of the 
antibody, the use of the surfactant appeared to offer protection against denaturation. 
The MDIs were shown to produce FPFs of the order of 10% to 25%. Alkaline–phos-
phatase appeared to be stable for up to 10 days regardless of the surfactant used, 
whereas the IgG denatured quite rapidly with Tween-40 or Laureth-9. Their second 
report (99) describes formulations involving bovine γ-globulin suspended in CFC 
11/12 (trichlorofl uoromethane/dichlorodifl uoromethane), DME or propane. A vari-
ety of surfactants were investigated, and FPFs from the MDIs were again around 
25%. However, in all cases except Tween 80 and DME, denaturation and a loss of 
antigenicity occurred rapidly. These early studies were aimed at utilizing surfactant 
micelle formation to produce solution aerosols of the protein.

The KOS product utilizes insulin suspended in HFA propellant. To deal 
with stability issues, the formulation’s water content is  controlled, and to 
deal with delivery efficiency, a breath actuation and spacer mechanism is 
employed (97).

Examples

To date, there have been no successful products delivering large proteins by 
means of the powder suspension type of MDIs. This may be because of the 
issues of solid state powder stability described above, or it may be due simply to 
lack of interest in this dosage form for protein delivery. However, as described 
above, KOS Pharmaceuticals is currently in Phase II clinical trials with a meal-
time inhaled insulin delivered from an MDI incorporating breath actuation and 
a spacer (97).

PROTEINS FORMULATED FOR PULMONARY DELIVERY AND SPECIFIC 
CASE HISTORIES

In this section, we discuss some case studies in which proteins were formulated 
for aerosol delivery. The fi rst involves the development of a protein for topi-
cal delivery to the lung using liquid formulations with nebulizers; the second 
describes development of a protein powder as a DPI for systemic delivery; and 
the third involves the formulation of a peptide as an MDI for systemic delivery. 
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Unfortunately, the third product has had a rather checkered development history 
and, as a result of the phase-out of CFC propellants, was abandoned as a commer-
cial product. However, because of its unique place in protein/peptide formulation 
development, it is cited as a case study.

Formulation Development and Characterization of rhDNase 
[Pulmozyme® (Dornase Alpha)]

Cystic fi brosis patients, as a result of persistent bacterial infections, have large 
concentrations of host-neutrophil–derived DNA in their airway sections. This 
increased concentration contributes to an increased viscosity of the mucosal secre-
tions in these patients. rhDNase can alter the viscoelastic properties of human 
sputum and was, therefore, developed for delivery targeted to the human airways. 
Pulmozyme was developed as a liquid inhalation product to be delivered by jet 
nebulizers. Details on the clinical use of DNase (bovine and human), formulation, 
and characterization of the aerosols are available in a recent review (100). The 
salient features of that review are presented here.

Formulation Development

As discussed earlier, osmolality, pH, and buffering agents can promote adverse 
reactions in the lungs, especially in patients with compromised pulmonary 
function. Thus, an isotonic liquid formulation was developed without any buf-
fer components or preservatives. Although buffering agents were not used in 
Pulmozyme formulations, it was demonstrated that at 1 mg/mL, the protein itself 
provides suffi cient buffering capacity to control the pH of the solution. It was 
shown that calcium is required for stability of this protein, and thus suffi cient 
CaCl2 was added to maintain activity during storage. Since this formulation did 
not contain any preservative, it was designed for single-use administration in 
nebulizers.

Many inhalation products are manufactured for single use, using blow-fi lled 
seal technology such as that employed by Automatic Liquid Packaging Inc. The 
plastic vials manufactured by this process are made from low-density polyethyl-
ene, which is permeable to water vapor and gases. Thus suitable foil packaging 
also had to be developed for this product. This type of packaging provides great 
convenience to patients besides allowing increased throughput for the manufac-
ture of the product. In addition, the plastic surface resulted in a lower pH of stor-
age for the product than is obtainable upon storage in glass vials. This actually 
resulted in longer shelf life for the product, since the major degradation route for 
Pulmozyme is deamidation of an asparagine residue that results in lower potency 
of the product.

Aerosol Characterization

As already mentioned, the distribution of the size of droplets in an aerosol is 
critical in determining deposition in the airways. An ideal combination of device 
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and formulation will convert most of the solution into an aerosol that contains a 
majority of the droplets within the FPF. Since most cystic fi brosis patients are 
familiar with the use of jet nebulizers, these devices were used to deliver aerosol, 
and the in vitro behavior of these systems was characterized by techniques already 
discussed and reviewed (21,26,100). Initially, a cascade impactor was used to 
characterize four different nebulizers; the results are summarized in Table 3. The 
essential fi ndings were that there were no signifi cant differences in the perfor-
mance of the four jet nebulizers (FPF or effi ciency, E) and that the overall effi -
ciency of delivery was ~25% [Eq. 4]. This type of performance is similar to that 
observed for other drugs delivered by jet nebulization. The more rapid analysis 
via laser light diffraction was later used and gave results comparable to those 
determined by the more labor-intensive analysis using cascade impactors.

The quality of rhDNase before and after nebulization was determined. It was 
shown that there was no reduction in activity, no generation of aggregates, and 
no signifi cant alteration in rhDNase tertiary and secondary structures. Altogether, 
the four jet nebulizers that were tested were essentially equivalent in their abil-
ity to deliver respirable doses of intact, fully active, nonaggregated rhDNase 
(21,26,42).

Formulation Development and Characterization of Inhaled 
Insulin (Exubera®)

Insulin is the primary treatment for Type I diabetes and an important part of the 
therapy for Type 2 patients. Furthermore, physicians are using insulin earlier in 
the treatment of the disease state. Insulin is currently delivered with multiple 
(short and long acting) daily subcutaneous injections. However, patients usually 
still suffer from poor glucose control, due to needle phobia, lack of dosing fl ex-
ibility, and poor compliance. Therefore, pulmonary delivery of insulin would 
provide a potential improvement of a suboptimal dosing regimen for a lifelong 
therapy (101).

Table 3 1 mg/mL rhDNase Delivery by Jet Nebulizers

   Nebulizer  
Nebulizer na FPF (%) effi ciency (%) Delivery (%)

Marquest customized 8 51 ± 3 48 ± 6 24 ± 4
Respirigard II    
Marquest Acorn II 8 50 ± 4 55 ± 6 27 ± 3
Hudson T Up-Draft II 8 51 ± 4 49 ± 5 25 ± 2
BaxterAirlife Misty 7 46 ± 3 44 ± 2 21 ± 1

aTable values are a result of n independent measurements using n individual nebulizers, given as the 
mean value and standard deviation.
Abbreviations: rhDNase, recombinant human deoxyribonuclease; FPF, fi ne particle fraction.
Source: Adapted from Ref. 21.
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Formulation Development

Insulin was formulated as an amorphous powder containing 60% insulin in a 
buffered matrix of mannitol, glycine, and citrate (101,102). Amorphous solids, 
termed glasses, do not melt but exhibit a Tg that depends on the chemical compo-
sition, processing history, and time scale of observation (103,104). Furthermore, 
when the formulation was exposed to various temperatures, no crystallization was 
observed. The Tg is a temperature at which a transition begins from a mechanical 
solid phase to a viscoelastic supercooled rubber phase. The Tg for the spray dried 
insulin formulation was determined to be between 78°C and 95°C at the specifi ed 
moisture content (101). Water acts as a plasticizer and lowers the Tg of amorphous 
solids (105). Increasing the moisture content decreases the Tg and increases the 
rate of insulin degradation. When the Tg remains above pharmaceutically accept-
able storage conditions, adequate stability is obtained. In order to maintain an 
appropriate distance between the Tg and the storage temperature, a moisture con-
tent of less than 5% was required. Spray dried insulin powders with ~2% water 
content result in a Tg of ~80ºC (101).

In general, labile proteins exhibit kinetic stability and acceptable shelf 
life when stabilized in an amorphous glass stored below their Tg (104). When 
amorphous solids are stored well below their Tg, molecular motions and chemi-
cal reactivity are slowed (103). A strong glass exhibits mobility that obeys an 
Arrhenius relationship over a wide temperature range and has a weaker tempera-
ture dependence relative to fragile glasses of molecular mobility above the onset 
of the glass transition. In contrast, fragile glasses deviate from Arrhenius behavior 
and exhibit rapid increases in molecular mobility above the Tg (101,104). The 
spray dried insulin formulation is specifi cally termed a strong glass, with a tem-
perature range of 20°C between the extrapolated onset and end point of the glass 
transition (106).

Spray dried insulin powders were characterized for chemical and physical 
stability. The rate of insulin degradation was determined to fi t Arrhenius kinetics, 
confi rming the presence of a strong glass (101,107). The structural stability was 
determined to be α-helical, and unchanged by processing conditions (101).

Spray drying was selected for its ability to produce homogenous powders 
within the desired particle size range (<5 µm), low moisture content, and high 
drug purity. The insulin solution is fi rst atomized to form droplets. As the droplets 
cool, moisture is removed from the system, creating a particle skin, and shrinkage 
occurs to form raisin-shaped particles (5% wt/vol solids) (101,108). The true and 
bulk densities are 1.46 and 0.2 g/cm3, respectively (101).

Aerosol Characterization

The pulmonary delivery system is a reusable DPI that was designed to deliver 
insulin to the small airways and alveoli for systemic absorption (101). Particle 
size distribution, from the inhaler, was predicted by the properties of the pow-
der, specifi cally primary particle size (101). Product performance was character-
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ized by ED, particle size distribution, and FPD. Aerosol delivery across a range 
of fl ow rates (5–60 L/min) and fl ow volumes (400–1400 mL) did not affect the 
aerosol performance (101). Furthermore, device priming and orientation (0–270º) 
showed little dependence.

Formulation Development and Characterization of LHRH MDI

Leuprolide is a 1 kDa nanopeptide possessing potent LHRH agonist properties. 
It is indicated in diseases such as endometriosis and prostate cancer. The molecule 
is hydrophilic, and it is not absorbed from the gastrointestinal tract. Leuprolide is 
currently administered by subcutaneous injection.

Formulation Development

Adjei and coworkers (109,110) showed that systemic delivery of leuprolide ace-
tate was possible via the lung, and a series of papers document various aspects of 
their MDI formulations. Additionally, taste-masking studies with aspartame and 
menthol were performed (110). The solution MDI was formulated using ethanol 
as the solvent and CFC 12 as the propellant. The suspension aerosol utilized a 
blend of CFC 11 and CFC 12, the leuprolide acetate being suspended as a micron-
ized powder. All the MDI formulations showed acceptable stability over three 
months. No literature is available to confi rm a longer shelf life.

Proof of concept was demonstrated in beagle dogs using intratracheal admin-
istration of 1 mg/mL saline solutions of leuprolide acetate (111). Volumes of solu-
tion, based on body weight, were instilled at fi xed distances from the epiglottis, 
and bioavailability was measured as dose-corrected areas under the curve rela-
tive either to subcutaneous or to intravenous injection. The results of these experi-
ments clearly showed that as the drug was deposited more distally, bioavailability 
increased: at a distance of 25 cm, corresponding to the bifurcation at the base of the 
trachea, the drug was essentially 100% bioavailable. (Note: Leuprolide has both 
C- and N-terminals blocked, and hence is not easily metabolized in the lung.)

Aerosol Characterization

Following proof of concept, human studies were carried out using MDI formula-
tions (111). Solution- and suspension-metered dose aerosols were compared in 23 
normal volunteers (109). The human data confi rmed the high bioavailability deter-
mined in dogs and demonstrated a correlation between FPF, determined by means 
of cascade impaction methods (112), and bioavailability. The FPF for the suspen-
sion aerosol was four times higher than for the cosolvent, presumably because 
of the poor evaporation kinetics of the spray (114). Relative bioavailabilities of 
6.6% for the solution aerosol and 27.9% for the suspension aerosol were obtained. 
When corrected for the difference in FPFs, the bioavailabilities were similar: that 
is, 66% for the solution aerosol and 73% for the suspension.

These data, coupled with the inferred stability, demonstrate the technical 
feasibility of the MDI approach for leuprolide. However, all the formulations 
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described above used CFC propellants and, as a result of the CFC phase-out, can-
not be commercialized. Issues relating to the formulation of leuprolide in HFA 
propellants are yet to be discussed in the literature.

CHOOSING BETWEEN DRY POWDER AND LIQUID AEROSOL 
DELIVERY APPROACHES

This chapter has tried to summarize the merits and problems encountered in devel-
oping solid state and liquid formulations of proteins for pulmonary delivery. As 
already discussed, the diffi culties of developing both liquid and powder formula-
tions can be numerous and varied. In the case of powder preparations, formulation 
development is complicated by the need for biochemical stability of the macro-
molecule, physical stability of the powder, and a powder that readily lends itself 
to dispersion and aerosolization. In the case of liquids, the constraints are a little 
more relaxed, with the major issues being solution stability and survival during 
a nebulization process. However, the price paid for a solution’s early versatility 
can be a less convenient product, which requires refrigeration during storage and 
a more cumbersome delivery system.

So where does a formulator begin? As with all development projects, the for-
mulator must begin with the timelines and end product requirements in mind. If the 
delivery system needs to be readily available for administration when symptoms 
develop, or if dosing frequency is high, a handheld device coupled with a formula-
tion that is stable at room temperature is highly desirable. Generally, liquid formula-
tions of proteins will not be room-temperature stable and will not have the stability 
of a dry powder. Hence, when there is a need for maximum patient convenience, 
a dry powder product is more desirable. However, powders can sometimes require 
more “up-front” formulation development, and there is the major issue of device 
specifi city in formulation development. In fact, device availability can be one of 
the main obstacles to carrying out early clinical work with powder formulations. 
Currently, devices that deliver liquid aerosols (i.e., nebulizers) are readily available, 
whereas “generic” dry powder devices are not. Also, nebulizer performance is, in 
general, formulation independent, whereas powder formulations, again, tend to be 
device specifi c. It can therefore be advantageous to begin clinical development and 
carry out “proof of concept”-type studies with early solution formulations and nebu-
lizer devices with the intention of utilizing the dry powder approach for later studies 
and as the commercial product form. With this approach, however, two formula-
tions must be developed, and after “proof of concept,” the quickest time to market 
may sometimes be obtained by continuing development of the solution form. This 
can lead to an inferior product, but earlier commercial returns.

Although the development of a liquid formulation can often be less chal-
lenging, and hence quicker than work involving a dry powder, the requirements 
for the inclusion of a preservative to produce a multiuse formulation may compli-
cate both the development and the approval processes. The number of preserva-
tives used in inhalation products is limited, and the potential for direct interaction 
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between protein and preservative is always present. It may be possible to limit 
these problems by selecting appropriate excipients, but this tactic may add con-
siderable time to the formulation development process. The obvious way around 
these issues is to use a device capable of administering individually packed unit 
doses. Another approach could be to use multidose systems with nonventing clo-
sures. However, even these systems may have to employ preservatives in order to 
ensure an acceptably low risk of microbial contamination.

It should be clear that there is no single approach to the development of a 
protein pulmonary delivery product. In general, formulation and device must be 
coupled early in the development cycle and must be developed as an integrated 
system. If there is no, or limited, access to a dry powder device, the develop-
ment of a liquid formulation and the use of nebulizer devices may facilitate early 
clinical work. However, the ultimate choice between dry powder and liquid must 
be dictated by the disease, the patient population, the dosing regimen required, 
the market competition, and the formulation and device possibilities. Finally, and 
sometimes above all, timelines and the need to be fi rst to market may be important 
factors that guide a formulator on this diffi cult decision.

SUMMARY AND CONCLUSIONS

The challenges for the successful delivery of protein pharmaceuticals by aerosol 
delivery to the lung is augmented by the need to couple a delivery device with 
the formulation. Thus, as in the case of liquid formulation, it is necessary not only 
to assure the typical two-year pharmaceutical shelf life, but also to prevent pro-
tein degradation due to the stresses that result from aerosolization. Development 
of dry powders adds complexity because of the need to have both biochemical 
and physical stability. The latter is required for ease of manufacture, fi lling into 
devices, and the requirement to attain a high FPF on delivery. This chapter has 
summarized some of the available devices and strategies for producing formula-
tions that result in pharmaceutical shelf life and effi cient delivery to the lung.
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NEEDLE-FREE INJECTION TECHNOLOGIES: OVERVIEW AND 
CURRENT APPROACHES

Why Needle-Free Injectors? The Patient Perspective

Needle-free injectors deliver drugs through the skin without the use of a needle. 
The market drivers for NFI are improved patient sentiment, enhanced compli-
ance, improved safety, and marketing advantages. In addition, some devices pres-
ent signifi cant ease-of-use benefi ts.

In November 2000, the U.S. Congress passed the Needlestick Safety and 
Prevention Act that subsequently resulted in Occupational Safety and Health 
Administration regulations requiring health-care facilities to select safer deliv-
ery devices as they become available (among other requirements). Therefore, the 
safety argument for needle-free delivery for the patient and care-worker are easily 
understood and well documented (1,2).

Some clinical data suggest reduced sensation from needle-free devices; 
however, it should be noted that patient sentiment is not solely associated with 
pain scores: the benefi t of needle-free technology is more signifi cant than the pain 
scores suggest, and is likely to be much more associated with reduced fear of (and 
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the elimination of) the needle-stick itself. Needle-free injection (NFI) is therefore 
particularly attractive to patients who dislike needles, particularly those not used 
to self-inject, those who require multiple injections over time, those at risk of 
needle-stick injuries, and children.

Prefi lled and disposable NFI designs, particularly, have the ability to 
enhance patient compliance by making self-administration quicker and easier. 
The current trend in improving existing needle-based pen technology includes 
increased use of disposable pen systems, improved safety and handling, and 
smaller needles plus the arrival of more sophisticated devices with automatic 
needle insertion and injection. If a scale of device type versus patient conve-
nience existed, then needle- and syringe–based lyophilized formulations would 
be at the low end of the scale and disposable prefi lled autoinjectors would be at 
the upper end (3). The progression toward the upper end suggests continuous 
improvements in patient convenience, where single-use disposable needle-free 
devices could offer the ultimate in convenience for transcutaneous administration 
whilst also mitigating needle phobia or fear that can lead to signifi cant  problems 
with compliance (4).

Historical Development, Successes, and Failures

The general principle of the NFI system is to accelerate the drug formulation in 
order to penetrate the skin and deliver it to the subcutaneous (SC), intradermal, or 
potentially even the intramuscular space.

First patented in the 1930s, early generation NFIs developed in the 1940s 
were bulky and primarily practitioner-used for insulin delivery and mass vacci-
nation in the military. These early devices were not designed with low sensation 
and patient reassurance in mind, sometimes causing more bruising and bleeding 
than a needle and syringe and were often impractical, requiring disinfection 
after use.

Later, more refi ned and portable NFI technology was developed, for exam-
ple the Biojector® 2000 (B2000) by Bioject in the late 1990s. However, this 
 technology has not been associated with any great success.

Some companies, such as Valeritas and Zogenics, have been developing 
more user friendly and convenient, prefi lled, disposable capable NFI systems 
such as the Mini-Ject and Intraject®.

Like NFI devices, pen injectors have also been developed that are either 
reusable or disposable. The majority of pen injectors use prefi lled containers 
such as cartridges or prefi lled syringes. One big benefi t of prefi lled pens is that 
the exact dose required is contained within the device (vs. up to 25% overage 
in a vial), which is particularly important for delivering expensive biotechno-
logically derived therapeutics. This benefi t is no different for a prefi lled NFI 
technology.

The downside of developing such convenient NFI drug delivery systems is 
that the device itself, together with the often dedicated manufacturing equipment, 
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tends to be more complicated than that for the typical autoinjector. Some of the 
challenges include the following:

• The power source required for jet injection, its manufacture, storage, 
and reliability thereof. Power sources are typically chemical, gas, or 
spring.

• Related to the above is the energy during the delivery event itself. The 
forces exerted on components can result in customized triggering mech-
anisms and drug reservoirs.

• As a result of the novel components and energy source, the result-
ing manufacturing and assembly processes are also often customized, 
potentially requiring more development time than is typical for an 
autoinjector.

At the same time as tackling an often lengthy development process, companies 
developing needle-free devices need to offer patented, leading-edge  technologies 
in order to avoid the risk of external super cession by competitors (5).

So why has needle-free delivery not been a signifi cant success so far? This 
can be partly attributed to the “bad press” of the earlier, bulky systems that could 
be more painful than injection with a needle. Another signifi cant reason is likely 
to be that at one time, the technology developers promised to meet many drug-
delivery, patient compliance issues with devices that were really no more con-
venient to use than existing reusable autoinjectors. NFI development companies 
clearly expected pharmaceutical companies to actively pursue the “no-needle” 
benefi ts of NFI; however, being needle-free by itself is clearly not enough. The 
poor market performance of the less convenient, “reusable” NFI is perhaps a 
demonstration of this. More likely are the signifi cant cost and time hurdles to 
developing the technology, including intellectual property management, R&D, 
and manufacturing, as well as quality and regulatory considerations. Perhaps the 
largest “mental” barrier is present with combination products, where the chal-
lenges of customized primary containers must also be overcome in partnership 
with the pharmaceutical client.

The combination of overpromising on what the technology could achieve 
and then sometimes underdelivering on execution of those promises has under-
mined the position of needle-free in the minds of pharmaceutical and biotech 
companies.

NFI products need to be designed and engineered to ensure they are 
easy and convenient for patients to use. Only when these factors are present 
will the advantage of the absence of a needle be realized by both patients 
and their doctors. Reusable NFI devices have categorically failed to improve 
patient convenience. In fact, it could be argued that many such devices on 
the market have made drug injections more cumbersome and complicated 
than using a needle and syringe or an autoinjector. Prefi lled, disposable NFI 
 systems should be able to meet these requirements, but what is needed is a 
change in the mindset of the developers of NFI devices in order to embrace 
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the  regulatory and clinical challenges in the development of successful drug–
device combination products.

NFI General Theory of Operation

Most NFI devices pressurize the drug container in order to force the aqueous 
 formulation to exit an orifi ce at high velocity.

The key physical requirements to a successful NFI are (i) being able to 
penetrate the skin and (ii) maintaining a jet velocity suffi cient to deliver the drug 
 formulation into the intended space without unintended tissue damage or pain. 
For this reason, some injectors employ a specifi c delivery profi le design to modu-
late the fl ow rate over time, usually starting with a peak jet velocity to pierce the 
skin, then slowing in order to deliver the drug formulation through the hole with-
out damaging tissue whilst maintaining enough pressure to deliver all of the fl uid 
drug formulation successfully.

Recent research has revealed that the fundamental mechanism of skin pen-
etration with an NFI is similar to that of a needle: In this case, it is a liquid jet that 
forms and opens a hole in the skin. Experiments have demonstrated that a sharp-
tipped punch model can be used to determine the pressure required to penetrate 
the skin with a liquid jet (6).

Most devices complete delivery in a fraction of a second. The short time is 
partly determined by the mechanics of maintaining enough container pressure and 
subsequent jet velocity in order to deliver a successful injection across all patient 
skin types. The short time also mitigates the opportunity for the patient to dis-
turb the delivery process. The exception to this is (i) the Avant technology, which 
delivers most of the dose at a rate similar to that of a traditional needle-based 
autoinjector, utilizing a vacuum to maintain the nozzle position against the skin 
and (ii) the Anesiva (formerly Corgentech and AlgoRx) and PowderMed (Pfi zer, 
New York, U.S.A.) technologies, which are not liquid based: They accelerate tiny 
solid particles to a suffi cient velocity to deliver them through the dermis, and 
these devices are only capable of delivering to the intradermal space.

For liquid delivery, the different NFI energy sources have their own advantages 
and disadvantages, with varying associated costs of development, often dependent 
on whether the device needs to be either reusable or light weight and disposable.

Current NFI Technological and Regulatory Approaches

An increased force required to inject with a needle and syringe is usually attrib-
utable to higher protein concentrations, with concomitant increases in viscosity 
and hydrodynamic fl ow resistance (7). As a result, patient comfort and therefore 
compliance has previously had to be compromised to practically deliver higher-
concentration protein formulations. This is one area where some NFI devices 
can offer a clear benefi t. Due to (i) the large injection forces already generated 
to successfully deliver under the skin and (ii) the generally much shorter fl uidic 
path length, even the most viscous biologic drugs can potentially be delivered via 
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existing NFI technology in a very short period of time as described below in the 
section titled Effect of Viscosity on Injection.

The complexity of design, development, and manufacture of NFI means 
that the cost per unit dose delivered is more expensive than that delivered by tradi-
tional routes, and that will be the case at least until the manufacturing technology 
is established at large volumes. One of the challenges is reducing the cost of the 
manufacture of the devices’ energy source. For these reasons, the fi rst therapeutics 
to be delivered, particularly via prefi lled NFI, are likely to be more expensive and 
therefore in the more specialist therapeutic areas.

In the future, it would appear that the most successful NFI devices will be 
(i) those developed to accept prefi lled drug containers and (ii) those that are the 
most simple and intuitive to use. This will address some key reasons for slow 
adoption so far: The constant need to tailor the technology to each therapeutic 
area and the complexity of those fi rst (mainly reusable) devices on the market.

A comprehensive list of NFI products on the market or in development 
pipelines is shown in Table 1. All of the devices listed in Table 1 have been used 
in a publicized clinical trial. The table includes information on the technology and 
formulations, as well as the approach to regulatory approval, if known. Additional 
information on the delivery systems as it applies to a specifi c therapeutic protein 
is also described in the section titled Clinical Experience with NFI of Proteins.

NFI for Intradermal or Intramuscular Delivery

PowderMed, Bioject, and Valeritas all claim capability in delivering to either or 
both intradermal and intramuscular space. It should be noted that most clinical 
data to date have been generated with NFI delivery to the SC space.

FORMULATION CONSIDERATIONS FOR NFI DELIVERY

The principles of protein formulation for NFIs are the same as for other delivery 
methods. The formulation must be compatible with the container-closure materials 
of the delivery system (8,9). As for conventional needle-syringe systems, the injec-
tion system must function reliably and maintain a protective barrier between the 
formulation and the environment. For needle-free systems, however, the functional 
considerations are arguably more rigorous due to the high pressures and velocities 
involved in penetrating the skin without using a needle (6). Shearing may occur 
during delivery and its effect on the integrity of the protein and formulation should 
also be considered, although data to date suggest that this is not an issue (4,10).

Lyophilized, Aqueous, and Powder Formulations

Formulations for needle-free delivery are generally either aqueous solutions or 
made into aqueous solutions just prior to delivery. Most proteins have traditionally 
been formulated as a lyophilized powder contained in a glass vial for reconstitution 
at the time of injection. This has changed in recent years as more aqueous protein 
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formulations have entered the market either as prefi lled syringes, in glass vials, or in 
ampoules. There are now many marketed products in which a protein is formulated 
as a liquid (e.g., rhIFN-α-2a, rhIFN-α-2b, rhG-CSF, rhGH, rhInsulin) as well as a 
large number of aqueous protein formulations currently in development (11). The 
manufacture of lyophilized formulations for reconstitution, the associated device 
design requirements, and associated operational steps for patient or clinician admin-
istration are considerably more complicated, expensive, and time consuming than 
for aqueous formulations.

All of the approved needle-free systems currently on the market were 
approved as 510K or premarket approval devices that are used with existing for-
mulations (Table 1). While these can be used with either reconstituted, lyophilized 
powder, or liquid formulations, the liquifi ed formulation must be loaded into the 
device prior to injection. These 510K-approved devices have not gained wide 
acceptability, likely because they are more inconvenient to use than a needle and 
syringe or a pen-injector.

Liquid formulations offer the simplest solution from the perspective of a 
patient, for NFI formulation. A liquid formulation eliminates the need for recon-
stitution, thus making the product more convenient. A prefi lled liquid formulation 
is even better. Although in many cases, liquid formulations can offer additional 
formulation stability challenges, the effort is worthwhile, and required, to com-
pete with other autoinjectors in the market place.

The formulation of powders for needle-free delivery can be signifi cantly 
more challenging than for liquid delivery owing to the fact that solid particles must 
be robust enough to penetrate the skin yet still be stable for the life of the prod-
uct. Anesiva has developed a powder formulation and delivery system currently 
pending regulatory approval called Zingo™ for topical anesthesia for cannulation 
procedures (12). They produce small solid particles of lidocaine that are acceler-
ated towards the skin at a rate that will enable penetration after which the lidocaine 
will dissolve to provide analgesia. Although this topical delivery method has been 
investigated for proteins, the SC delivery, formulation, and stability challenges are 
substantial. There are not any protein formulations currently being developed for 
this technology.

PowderMed is developing the particle-mediated epidermal delivery 
(PMED®) technology for vaccine delivery. The formulation consists of elemental 
gold particles of 1 to 3 µm in diameter onto which a DNA vaccine is precipitated. 
There are similar delivery, formulation, and stability challenges for this technol-
ogy as for Zingo.

Effect of Shear on Macromolecular Integrity

Proteins are widely believed to be susceptible to shear forces. Under certain 
 process conditions, extensive or extreme shear forces can be detrimental to pro-
tein integrity. In a drug delivery setting, shear forces are normally transient, and 
proteins have generally been stabilized by formulation excipients, making shear 
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less problematic, e.g., as described in Ref. (13). A much greater problem is the 
generation of a large amount of air–liquid interfacial area at which proteins can 
unfold. The creation of an interfacial area is often associated with shear. The kinet-
ics of protein diffusion to the surface and subsequent unfolding are proportional 
to the time the interface exists, the extent of the interfacial area, and the relative 
distance between the bulk formulation and the interfacial area.

NFI is generally achieved by forcing liquid through a small orifi ce, which 
produces a high-velocity liquid jet. During the bulk solution’s formation into a jet, 
it sustains transient shear forces as a result of its acceleration. The effect, however, 
is generally very limited in duration (<1 second or, in some cases, <0.1 seconds). 
Because the needle-free device is, of necessity, held in close proximity to the skin 
and a high jet velocity is created in order to penetrate the skin, there is a minimal 
surface area created before the liquid jet penetrates the skin, and it is created for a 
very short duration. During skin penetration itself, the shear forces can generally 
be expected to be equal to or less than those created during jet formation and of 
a similar duration.

One example of a prefi lled, single-use, disposable, needle-free delivery 
 system, Intraject, has been tested using a variety of protein formulations, and 
there has been little or no adverse effect on protein integrity during delivery 
(rhGH, erythropoietin (EPO), G-CSF, rIFN-α-2b, and a monoclonal antibody 
(mAb)) (4,10). For this system, delivery is achieved in <0.1 seconds. The lack of 
damage to proteins is also evident from pharmacokinetic (PK) data as shown, for 
example, in Figures 1 and 2 in which NFI has nearly identical PKs to needle and 
syringe injection.
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Effect of Viscosity on Injection

Because only a fi xed volume, usually less than 1.5 mL, can be administered in 
a single injection, it is often necessary to deliver viscous formulations. This is 
because a protein solution can be highly concentrated to achieve the desired dose 
in a single injection, as in the case of mAbs, or a controlled release vehicle is used, 
which will provide a sustained effect as in the case of a viscous polymer solution. 
In these instances, NFI can provide a distinct advantage over needle and syringe 
or pen injectors by delivering viscous formulations over signifi cantly shorter 
time (Fig. 3). The data in Figure 3 were generated using a 23-gauge needle. For 
smaller-diameter needles (higher gauge), the rate of delivery through the needle 
will be even slower. To date, there has not been a signifi cant amount of informa-
tion published on the delivery of viscous formulations by NFI; however, this is an 
area in which needle-free delivery can offer a distinct advantage.

Materials of Construction and Compatibility

Protein formulation for NFIs is determined in part by the materials used in the 
delivery device container-closure system. This is true both for prefi lled dispos-
able systems in which long-term storage of the formulation is required and for 
patient-fi lled reusable systems in which the formulation is in contact with device 
materials for a relatively short period of time. In either case, extensive charac-
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needle and syringe (healthy subjects).
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terization of the formulation-contact materials is required with similar, or identi-
cal, requirements to conventional needle-syringe or pen-injector systems. From 
a  formulation perspective, this is generally assessed initially using stressed or 
accelerated studies and, as development progresses, as part of long-term stability 
studies. In the United States, the requirements for assessing material interaction 
with the formulation is generally determined by delivery route and formulation 
type (Table 2). As for any injectable, the container-closure system must be com-
patible with the formulation; it must also provide a sterile seal against the  outside 
environment. As required by the formulation, it must also provide an oxygen 
barrier and light protection. For a needle-free delivery system, as for a prefi lled 
syringe, the container-closure must also be compatible with the functionality of 
the injection system. This includes accommodating moving parts, high pressures 
during delivery, and the generation of a liquid jet, typically through an orifi ce.

Prefi lled Disposable Systems

Among prefi lled, single-use, disposable systems, Intraject is furthest advanced in 
development. The primary formulation contact material used in Intraject is U.S. 
Pharmacopoeia Type I borosilicate glass, an industry standard. By using this type 
of glass and other similarly standard materials, there are few limitations on the 
type of formulation that may be used in the system as compared with conventional 
prefi lled systems. The challenging part of delivery system design then becomes 
ensuring that the formulation container is compatible with device function.
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For Intraject, this meant improving the strength of the glass to make it capa-
ble of withstanding the pressures necessary to create a liquid jet that can reliably 
penetrate the skin and produce NFI.

Other systems have used different approaches. For example, the Crossject 
system (Crossject Medical Technology, Paris, France) has a glass container in which 
the protein formulation is stored and a plastic chamber into which the formulation 
is dispensed prior to delivery. This separates the performance requirements from 
the container-closure requirements of long-term storage, simplifying the engineer-
ing design problem (at least from a materials selection standpoint). The delivery 
system, however, is less convenient for end users because of the additional steps 
required to move the liquid from one container to another prior to delivery.

Table 2 Container-Closure Assessment by Delivery Route and Formulation Type

 Likelihood of packaging component-dosage form interaction

Degree of High  Medium Low
concern (Solutions/Suspensions) (Powders) (Tablets/capsules)

Highest

Pulmonary Inhalation aerosols  Sterile powders
  and solutions and powders 
   for injection 
Parenteral Injections and  Inhalation
  injectable   powders
  suspensions

High

Ophthalmic Ophthalmic 
  solutions and 
  suspensions  
Transdermal Transdermal 
  ointments and 
  patches  
Nasal Nasal aerosols 
  and sprays  

Low

Topical Topical solutions  Topical powders;
  and suspensions;   oral powders
  topical and lingual  
  aerosols
Oral Oral solutions   Oral tablets and
  and suspensions   oral (hard and 
    soft gelatin) 
    capsules

Source: From Ref. 8.
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As often occurs in drug delivery technology, the delivery system is devel-
oped independently of the formulation, and the protein formulation must be made 
compatible with the system. This is frequently true for needle-free delivery sys-
tems because of the extensive amount of engineering work that goes into creating 
a reliable and easy-to-use, needle-free delivery system. As a result, it is clearly 
advantageous to design the system using materials that are of standard construc-
tion to minimize the amount of compatibility work required from the formulation 
perspective.

Patient-Filled Durable Systems

These systems have much shorter contact times with the injected formulation but 
require a complicated (sometimes a highly complicated) series of steps by the 
patient for use. They are often approved by regulatory agencies as durable devices 
not associated with a specifi c drug or formulation for delivery (i.e., a 510K fi ling). 
From a consumer perspective, the fi lling requirements combined with the fact that 
NFI generally has similar pain and tolerability to needle injection means that these 
systems have not gained wide acceptance.

CLINICAL EXPERIENCE WITH NFI OF PROTEINS

Clinical Considerations for Needle-Free Delivery of Proteins

Despite its well-known drawbacks, injection remains a highly appealing route of 
delivery of therapeutics from a clinical perspective, especially for proteins, for a 
variety of compelling reasons. These include: (i) bypass of the degradative effects 
of enterohepatic cycling fi rst-pass metabolism of susceptible molecules, (ii) partial 
or complete avoidance of gastrointestinal sequelae, (iii) ease, speed, and conve-
nience of delivery, and (iv) the favorable absorption and distribution kinetics asso-
ciated with SC capillary tissue uptake. The great majority of therapeutic  proteins 
are delivered subcutaneously, intravenously, or intramuscularly, with current port-
folios and pipelines dominated by the product classes of cytokines [e.g., EPOs, 
interferons (IFNs), CSF, interleukins], hormones (e.g., insulin, growth hormone, 
fertility hormones), and other therapeutic proteins including mAbs and vaccines. 
Table 3 includes representatives of each of these classes, some of which have 
already been developed into NFI products or are strong candidates for this tech-
nology. Many of these indications—e.g., anemia, rheumatoid arthritis, multiple 
sclerosis (MS), chronic hepatitis, and diabetes—require a chronic injection-dosing 
regimen, a prospect highly unpleasant for most patients.

The challenge of offering solutions for patients apprehensive of needles 
while at the same time optimizing treatment administration for chronic conditions 
that require this route of delivery, coupled with the alarming worldwide incidence 
of sharps-associated blood-borne pathogen transmission, has long prompted the 
development of NFI methods. Because prospective needle-free products are fre-
quently developed on the back of legacy needle and syringe products (insulin and 
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growth hormone are good examples), an additional challenge frequently encoun-
tered in NFI development is to ensure that bioequivalence or biosimilarity to a 
predicate product is achieved.a

Regardless, though, of whether a prospective NFI product is an innovator 
or is being developed along a 510K pathway, the safety and effi cacy of an NFI 
product depends to a large extent on how well it mimics the reliability and perfor-
mance of benchmark needle and syringe injection; underdosing or not achieving 
comparable PKs (e.g., in Tmax, Cmax) may lead to an altered or unacceptable safety 
or effi cacy profi le. Achieving this benchmark, however, can pose challenges on 
numerous fronts.

Clinical Validation of NFI Technology

Early clinical validation of an NFI technology, whether in developing a protein 
therapeutic or other drug class, comes primarily from standard PK/pharmacody-
namic (PD) studies, typically to benchmark key PK parameters and assess bio-
availability and dosimetry relative to other routes of delivery [e.g., a dosage form 
expansion from IV to SC], assess bioequivalence or biosimilarity relative to nee-
dle and syringe, and to evaluate adequacy of biomarker response. Imaging studies 
also provide a highly useful tool to show precise tissue deposition of the injectate 
and to determine if the intended SC, intramuscular, or intradermal injection has 
been achieved. Device design parameters can be confi gured during early devel-
opment to produce the desired depth of injection, primarily by varying injection 
force (the pressure of compressed gas or spring compression) and nozzle size or 
other parameters to achieve an optimal combination suffi cient to penetrate the epi-
dermis and dermis, drill into fatty tissue, and deposit injectate into the SC space, 
but with the injectate stopping short of muscle if an SC injection is indicated.

Figure 4 shows data from a preclinical model dosed with a therapeutic mAb 
using the Intraject NFI system. In this study, there were no signifi cant differences 
in performance between Intraject and conventional SC injection with respect to 
PKs and bioavailability. Furthermore, it was demonstrated in a separate study that 
the mAb structure was not altered during injection. Figure 5 shows an Intraject 
injection to the SC space of the thigh (human subject).

Data from both pharmacologic and imaging studies are combined to enable 
an assessment of product feasibility and can also be used to determine if any addi-
tional refi ning to the device confi guration is needed.

Liquid NFI Performance and the Patient–Device Interface

How subject variables such as skin type, body mass index (BMI), or ethnicity 
interact with device design to potentially infl uence the performance of a device 

a In the case of vaccines specifi cally, seroconversion rates of an NFI product is an appropriate end-
point for demonstrating equivalence. For other biologics, demonstrating biosimilarity is appropri-
ate for products manufactured by recombinant DNA technology to show clinical similarity to a 
reference product (such products are also referred to as biogenerics, similar biological products, or 
follow-ons).
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should also be considered, since safety and effi cacy are increasingly being recog-
nized by regulatory authorities as being inextricably linked to device performance 
(14). For liquid formulations, NFI performance may be measured in terms of the 
observed frequency of incomplete or “wet” injections, i.e., an injection that dis-
perses a portion or all of the injectate outside of the injection site (disregarding the 
normal “ooze” of injectate from the injection hole). Injection performance should 
be assessed across a broad array of individuals of varying body types, ethnici-
ties, skin types, and ages. These factors are of potential importance, since varying 
 tissue composition of SC fat, collagen, elastin, sebum, or other skin constituents 
may interact at the biology–device interface to potentially infl uence injection 
performance.

There are currently little published data clarifying the relationship between 
subject variables and skin properties and injection performance, but several 
mechanical and biophysical properties of human skin relevant to transcutaneous 
drug delivery have been studied, including the physics of forces applied to the 
skin surface (15–17), the stress, strain, and stiffness characteristics of varying skin 
composition (proportion of collagen and elastin) (18), the effects of varying phys-
icochemical environments on stress–strain variables (19), and racial differences 
in how the skin is affected by chemical insult (20). From our own early multivari-
ate analyses of several dozen Intraject prototypes of varying confi gurations (14), 

Muscle

Subcutaneous
layer

Injectate

Skin

Figure 4 MR image of Intraject subcutaneous delivery of a mAb (animal model). 
Abbreviations: MR, magnetic resonance; mAb, monoclonal antibody.
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it was apparent that two key device design features, orifi ce size and injection pres-
sure, and two subject variables, subject BMI and site of injection (skin thickness), 
interact to mediate injection performance with this device. Up to specifi c limits, 
greater pressure (gas mass) and a larger orifi ce size lead to improved injection per-
formance, while a BMI greater than an extreme minimum threshold and injection 
sites having relatively thinner skin lead to optimal performance (i.e., individuals 
having more than just minimal SC fat and injection sites where there is relatively 
thin skin, such as the lateral abdomen). Device optimization of Intraject has led 
to injection performance of >98%. No relationship was found between injection 
performance and subjects’ Fitzpatrick skin type, sex, or age (14).

Immunogenicity

Immunogenic response, i.e., antibody production, is almost certain to occur to 
some extent when using any parenteral protein, and the skin is a particularly 
effective immunologic barrier organ that has evolved to be highly responsive 
to frequent environmental insults as it has a rich concentration of dendritic 
and other antigen-presenting cells (APCs)—so it is perhaps not surprising that 
SC delivery of proteins generally provokes a greater response compared to IV 
delivery. Immunogenic response, however, varies dramatically both across and 
within parenteral protein products in terms of the observed incidence between 

Figure 5 MR image of Intraject subcutaneous delivery (human thigh). Abbreviation: 
MR, magnetic resonance.
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individuals, resulting antibody titer levels, and clinical signifi cance (21). Further, 
immunogenic potential is generally less for proteins structurally closer to self-
proteins (e.g., insulin, growth hormone) as opposed to novel proteins, and greater 
for proteins of increasing size and complexity, when they become aggregatedb, 
or are repetitively administered (21). Antibody production can affect both safety 
and effi cacy of the product. Antibodies may be neutralizing or nonneutralizing 
and cross-reactive or non-cross-reactive to corresponding endogenous proteins. 
Cross-reactive neutralizing proteins probably present the most signifi cant threat 
to safety and effi cacy (21). Although the great majority of protein therapeutic 
products delivered parenterally are associated with antibody response, it should 
be emphasized that serious adverse events, such as life-threatening hypersensitiv-
ity reactions, remain rare.

The evidence is mixed regarding immunogenic response differences 
between NFI delivery versus needle and syringe for the same treatment; occasion-
ally, NFI is associated with greater immunogenic response compared to needles 
(22–25), perhaps due to the more diffuse pattern of injectate deposition among 
APCs with NFI, but often there is less antibody production or no apparent differ-
ence compared to needle and syringe (26,27).

NFI Therapeutic Protein Products and the Development Pipeline

The therapeutic protein market has been dominated by recombinant DNA prod-
ucts, most notably the EPOs, IFNs, and insulin, and to a lesser extent growth 
hormone, blood factors, and interleukins. Recombinant DNA products will con-
tinue to dominate in the long term in terms of total sales, but are regarded as 
maturing markets owing to their level of market saturation and consequent slow-
ing forward growth. The area of greatest near- to intermediate-term accelerating 
growth is expected to be for fusion inhibitors, a class of antiretroviral agents used 
to treat viral infections, such as HIV, by blocking the virus from fusing with and 
entering a cell, and CSFs (28) to treat neutropenia following chemotherapy or for 
other reasons. Examples in this class include Neupogen (fi lgrastim) and Neulasta 
(pegfi lgrastim). Rapid growth is also expected for mAbs, which are poised to at 
least double and perhaps triple in market value over the next fi ve to six years, led 
by treatments for oncology indications as well as for arthritis and immune and 
infl ammatory disorders.

Monoclonal antibodies are also being developed for other indications 
including respiratory, cardiovascular, and ophthalmology indications.

As already mentioned, the great majority of therapeutic proteins, whether 
in rapidly growing product classes or in moderating or maturing product classes, 
require chronic dosing regimens using SC or IV delivery. From the patient per-
spective, as awareness of the availability of currently marketed NFI products and 
technology grows, demand for application of this technology to the burgeoning 

b As previously noted, needle-free delivery of various proteins does not result in aggregation which 
could render them immunogenic.
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therapeutic proteins arena is likely to grow as well. Following is a brief survey of 
currently marketed NFI therapeutic protein products as well as products that are 
currently under development. Additional comparative information for NFI tech-
nologies is provided in Table 1.

Insulin

NFI of insulin has a long history and probably dates back to as early as 1947 when 
its originator (an engineer) stumbled on the idea when an accidental explosion 
embedded oil droplets in a victim’s skin without marking his skin (29). The idea 
was eventually developed, and “Hypospray” (30) for administering insulin was 
introduced into the market in the early 1960s (31) but was discontinued in 1971. 
The vital need to offer a needle-free option to the many diabetics and for other 
important patient populations remained and was one of the key factors driving the 
evolution of NFI technology. Another benefi t may lie in evidence that jet injection 
of insulin has been associated with lower antibody production and less PK vari-
ability than when delivered by needle and syringe (26).

Bioject’s Vitajet® 3 NFI system (also licensed by The Medical House under 
the name “mhi-500”) is designed for SC self-injection of insulin. Like Bioject’s 
B2000, the Vitajet has a reusable injector and a disposable nozzle and uses a 
spring-based power source. The Vitajet 3 received Food and Drug Administration 
(FDA) marketing approval for SC injections of insulin in 1996.

Antares Pharma (Antares Pharma, Inc., New Jersey, U.S.A.) is the devel-
oper and manufacturer of the Medi-Jector VISION® needle-free insulin delivery 
system. Antares, formerly known as Medi-Ject Corporation, was founded in 1979 
and changed its name to Antares Pharma, Inc. in 2001. Medi-Jector devices were 
introduced for insulin injections in 1979 and are powered by metal springs.

The J-Tip Injector was developed and manufactured by National Medical 
Products, Inc. (California, U.S.A.) It is a single use, presterilized, disposable 
syringe incorporating a carbon dioxide power source and is fi lled in a similar 
manner to needle and syringe. A J-Tip Transporter allows insulin to be taken from 
the bottle and fi lled into J-Tip Injectors using a J-Tip Adapter, which is attached 
to an insulin bottle, allowing the transporter to be fi lled with the patient’s daily-
anticipated insulin dosage requirements. It is provided as a sterile disposable, and 
is discarded when the medication bottle is emptied. A J-Tip Cartridge Transfer 
System is an accessory incorporating the prepackaged Novo insulin cartridge, 
allowing the patient to easily fi ll the injector from the Novo insulin vials. This 
unique product accessory is designed to enhance use of the Squibb Novo insulin 
cartridge design used in the Squibb Novo pen.

Visionary Medical Products Corporation (VMPC) (California, U.S.A.) estab-
lished PenJet® Corporation to manufacture its patented PenJet needle-free drug 
delivery systems. VMPC was founded in 1993. Among the devices that VMPC has 
licensed to some of the world’s largest medical product manufacturers are its insulin 
pens, insulin pens with memory, and pocket-size insulin pens combined with a blood 
glucose meter. PenJet is a small, inexpensive, needle-free, disposable jet injector 
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that is prefi lled with a single dose of medication and powered by self- contained 
compressed inert gas. PenJets are available for SC, intradermal, and some intra-
muscular injections. Dosage sizes range from 1.0 to 0.1 mL. Standard-size PenJet 
ampoules hold 0.5 mL. Prefi lled PenJet ampoules are inserted into a sterile PenJet 
housing immediately after fi lling. If desired, the self-contained PenJet gas canister 
can be inserted into the device just prior to its use.

Growth Hormone

There are now at least six NFI human growth hormone (hGH) products marketed 
globally, a few of which come from the same manufacturer and use essentially the 
same underlying NFI technology platform, but are branded under different names 
for different indications or for distribution in different regions worldwide. Growth 
hormone is produced by recombinant DNA technology and is referred to as som-
atropin, or rhGH, to distinguish it from endogenous hormone. It is administered 
by daily SC injection to children and adults diagnosed with growth hormone defi -
ciency (GHD/AGHD) small for gestational age, Prader-Willi syndrome, chronic 
wasting syndrome associated with advanced HIV disease, Turner’s syndrome, or 
short-bowel syndrome (although not all of these indications have NFI products 
currently available).

Cool.clickTM is an NFI system designed for delivery of Serono’s Saizen® 
rhGH and is a customized version of Bioject’s Vitajet 3 NFI system for chil-
dren with GHD. It uses an internal spring to power injections. Cool.click was 
the fi rst needle-free delivery system for hGH injection approved by FDA in June 
2000. The system includes customized dosage features to deliver variable doses 
of Saizen and was designed to make the injector attractive and nonthreatening to 
children. Pediatric patients indicate an overall preference for the Cool.click sys-
tem over syringes and it creates less discomfort (32).

Bioject’s SeroJetTM NFI system is designed for delivery of Serostim®, 
Serono’s high-dose rhGH formulation and is indicated for wasting syndrome 
associated with HIV disease. Serostim was approved by FDA in 2001.

Antares Pharma, Inc. has partnered with specialty biopharmaceutical 
companies to use its Medi-Jector NFIs as the platform, branded under various 
trade names, for the delivery of growth hormone as well as insulin. Ferring 
Pharmaceuticals BV currently markets the ZOMAJET® 2 VISION in Europe, 
Ferring’s trade name for the Medi-Jector VISION device loaded with Ferring’s 
hGH product ZOMACTON®. The Twin-Jector® EZ II with hGH is marketed by 
JCR Pharmaceuticals Co. Ltd. for distribution in Japan, and the SciTojet2™ injec-
tor is marketed by SciGen Ltd. (Gateway East, Singapore) in Asia.

BioPartners GmbH (Baar, Switzerland), a privately owned biopharmaceu-
ticals company, and the Medical House PLC (Attercliffe, Sheffi eld, U.K.) have 
established a long-term relationship for use of The Medical House’s GH1 reus-
able, spring-powered, needle-free delivery system for delivery of BioPartners’ 
rhGH product, Valtropin® (codeveloped with LG Life Sciences of Korea) for 
Turner’s syndrome and GHD in children. Marketing approval for the European 
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Union (EU) from the European Commission for Valtropin has been granted; it 
is only the second biosimilar product to receive EU marketing approval from 
the European Commission. Biopartners has in-licensed Valtropin from LG Life 
Sciences and has commercialization rights for Valtropin in Europe, Japan, and 
other parts of Asia.

Single-dose administration of rhGH was studied in the Intraject injector in 
13 healthy males for PK, safety, and tolerability comparison to conventional nee-
dle and syringe (3.84 mg somatropin in 0.48 mL in both injectors) (33). Injections 
from both devices were found to be safe and well tolerated, and Intraject achieved 
bioequivalence relative to the same dose delivered by conventional needle and 
syringe (Fig. 1).

Fuzeon

Fuzeon (enfuvirtide), currently under development by Roche Pharmaceuticals and 
Trimeris, Inc., is a linear 36-amino acid synthetic peptide inhibitor of the fusion 
of HIV with CD4+ cells. Unlike other HIV drugs that work after HIV has entered 
human immune cells, Fuzeon works outside the CD4+ cell, blocking HIV from 
entry. It is intended for patients who have developed resistance to other HIV treat-
ments, though it is acknowledged that resistance to Fuzeon could also develop. It 
is given twice daily, subcutaneously. Roche and Trimeris, Inc., are developing the 
drug for use with the B2000. The FDA recently acknowledged that similar blood 
levels had been achieved compared to standard needle–syringe. However, FDA 
indicated that a small number of certain adverse events related to administration 
with the B2000 device (hematomas and nerve pain) warrant review of additional 
information in order to better characterize the incidence of events. Some of these 
events were associated with use of B2000 to deliver Fuzeon either in close prox-
imity to bone joints or into scar tissue.

Erythropoietin

There are currently no marketed NFI-EPO products, although daily SC EPO injec-
tions via NFI in dialysis patients have been reported (34). Single-dose administra-
tion of recombinant epoetin alpha given by the Intraject NFI versus conventional 
needle and syringe was studied in an open-label, crossover study in 14 healthy 
males subjects to compare PK profi les, relative bioavailability, PDs (reticulocyte 
count), and safety and tolerability between the two types of injectors (35). The 
PKs of EPO administered by Intraject were found to be similar to that of EPO 
administered by conventional needle and syringe (Fig. 2). Injections from both 
systems were safe and well tolerated, and a transient increase in the average abso-
lute reticulocyte count was observed with both injection systems.

Interferons

There are currently no marketed IFN-containing NFI products. IFN-α has been 
studied in jet injection for treatment of Palmar and plantar warts (36,37), and IFN-
γ has been studied for use in lepromatous leprosy (38). IFN-β-1b is an approved 
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treatment for use in MS, but promising NFI product development efforts for this 
indication have at least been temporarily thwarted by various regulatory and clinical 
hurdles. IFN-β-1b is self-administered every other day by SC injection for MS.

An additional therapeutic area that is promising for NFI product develop-
ment which requires chronic SC or intramuscular dosing with IFNs is treatment 
of chronic viral hepatitis. IFN-α-2a (Roferon-A), IFN-α-2b (Intron-A), and IFN 
alfacon-1 (Infergen) are approved for the treatment of adults with chronic hepa-
titis C and treatment is administered for six months to two years. Less-frequent 
weekly dosing is available with pegylated versions of IFN, pegylated IFN-α-2b 
(PEG-Intron), and pegylated IFN-α-2a (Pegasys). IFN-α-2b is effective in the 
treatment of adults with chronic hepatitis B virus infection and treatment is for 16 
weeks or longer.

Vaccines

Perhaps NFI is best recognized for its long history of association with vaccina-
tion. Gun-type jet injectors were ideally suited to providing quick and effi cient 
mass immunization from bulk multidose vials to the military and civilian popula-
tions, but the practice was generally abandoned after several decades of use due 
to concerns over rare instances of cross-contamination (39,40).c The need to pro-
vide safe, large-scale immunization capabilities is greater now than ever before 
as acutely heightened concerns over bioterrorism, pandemic disease, and disease 
eradication are forefront in the consciousness of the health offi cials, the media, 
and the public. Also, the minimum number of immunizations recommended for 
children and adolescents in the United States has risen from 8 in 1989 (41) to now 
14 in 2006 (42).

Most vaccines are currently delivered using needle and syringe, are in the 
1 mg or less dosage range, and do not require precision in dose titration. As previ-
ously discussed, the skin is a good immunologic organ having a rich concentration 
of dendritic and other APCs. Some reports have shown that NFI produces equal 
or greater seroconversion rates for some vaccines compared to needle and syringe 
(22–25), perhaps because of a more diffuse distribution of formulation achieved 
in the SC tissue with NFI. Other reports, however, suggest no difference in immu-
nogenicity between injection methods when delivering plasmid DNA vaccines in 
nonhuman primates (27).

There is considerable ongoing developmental activity in NFI vaccines, espe-
cially in the areas of infl uenza, chronic viral infections, and oncology. PowderMed’s 
immunotherapy program uses their proprietary DNA-PMED technology as previ-
ously described. DNA vaccine is delivered directly to the immunologically rich 
area of active APCs in the epidermis. Data would suggest that signifi cantly lower 

c The latest generation of high-speed jet injectors currently under development and designed for large-
scale vaccination initiatives now eliminate the potential for cross-contamination. Examples include 
the Lectraject® (DCI, Syracuse, New York, U.S.A.), which uses a disposable nozzle and an injection 
technology developed by Felton International (Kansas City, Kansas, U.S.A), which uses a shield to 
prevent backfl ow of blood into the injector, should bleeding occur.
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doses of vaccine are required using their technology when compared with intra-
muscular injection for an equivalent immune response (43,44).

PowderMed is developing therapeutic vaccines (a new type of vaccine that 
uses the individual’s immune system to mount an immunogenic response and 
thereby produce the therapeutic effect) in the areas of annual and pandemic infl u-
enza, chronic viral diseases, and cancer. The infl uenza vaccines are in clinical 
development for prophylaxis of seasonal and avian fl u. In addition, PowderMed 
has several other development programs, some in partnership, to test vaccines 
against genital herpes (herpes simplex type 2), hepatitis B, genital warts (human 
papilloma virus), HIV/AIDS, and lung cancer (non–small cell lung cancer).

The B2000 is being used in clinical investigations of melanoma vaccines 
being developed by Memorial Sloan-Kettering and in AIDS. Completed preclini-
cal work has shown that the B2000 showed improved immunogenicity in mela-
noma. In another study recently presented by the Karolinska Institute of Sweden 
at the AIDS Vaccine 2006 International Conference, the use of the B2000 showed 
promise in an initial HIV vaccine clinical study, which included intramuscular 
and intradermal injections in 40 patients. The B2000 is also being utilized by the 
National Institutes of Health in human trials of plasmid vaccines for HIV and 
the Ebola virus (45).

Tolerability, Patient Acceptance, and Reliability

Tolerability and Patient Acceptance

Tolerability of injection is generally measured along the dimensions of pain 
(Visual Analog Scale) and soreness, and local injection site reactions (“reactoge-
nicity”) such as swelling, erythema, bleeding, and bruising, while patient accep-
tance is generally measured in terms of preference versus needle and syringe. NFI 
should not imply pain free, and some sensation will be perceived by most patients. 
NFI has similar levels of discomfort compared to needle systems in children and 
young adults (46), although in general, injection into SC tissues is not usually a 
highly painful experience (47). As pain and local injection site reaction can be 
expected to vary with the type of needle or pen injector used, based primarily on 
the size of the needle, similarly, they can be expected to vary with the NFI device 
used, based primarily on the size of the orifi ce as well as the velocity of the liquid 
jet during injection.

Pain and local site reactions can derive from the immediate tissue trauma 
and nociception caused by injection as well as by any subsequent immunogenic or 
infl ammatory response to the formulation. There is some evidence that NFI deliv-
ery of proteins or other formulations, having greater tissue diffusion, is associated 
with a somewhat greater local injection site reaction compared with needle and 
syringe (24,48–50).

In one moderately large immunization study (22), the pain, safety, and immu-
nogenicity of an infl uenza virus vaccine administered by NFI (Bioject) compared to 
needle and syringe was studied in 304 healthy young adults. Three different doses 
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were administered via either of two Bioject needle-free devices or by needle and 
syringe. Higher pain levels at the time of vaccination were associated with female 
subjects and with NFI, and these factors were also associated with local injection 
site reactions following vaccination. Immune response did not vary signifi cantly 
by dosage, but administration by one NFI device was associated with higher post-
vaccination H1N1 antibody titers. Other studies have found no differences in pain 
ratings (or immunogenicity) between NFI and needle and syringe (51).

Needle-phobia is, not surprisingly, a particular concern in most children 
requiring parenteral treatment, and studies that have investigated children’s atti-
tudes for a needle-free option show their consistent preference for the needle-free 
mode of administration (49,52,53). Similarly, patients who use insulin jet injec-
tors show that despite reported problems with the injectors, 70% still preferred 
taking insulin by jet injector (54). Pooled clinical study data on Intraject suggests 
an overwhelming preference for the NFI versus needle and syringe even though 
pain ratings between the two are equivocal (55).

Ultimately, patient acceptance (preference) for NFI does not appear to be 
primarily related to reduction in pain experienced, but rather, NFI is preferred 
over needle and syringe primarily for psychological reasons pertaining to needle-
phobia or needle-aversion. None of the current devices are pain free, but tech-
nology that reduces pain or reduces the perception of pain is likely to increase 
compliance and product acceptance (56).

Clinical Reliability

The reliability of NFI delivery has evolved considerably from early injectors, 
which had as much as a 10% to 20% unsuccessful injection rate (57). There is lit-
tle published data reporting specifi cally on the reliability of modern NFI systems, 
but this mode of delivery has been in gradually increasing clinical use for over 
50 years, beginning with multiuse jet injectors and later with the development of 
single-use injectors or those using disposable cartridges, with no reports of major 
complications. Incomplete injection, i.e., delivery of less than the intended dose 
of injectate, can occur with jet injectors (47) but can also occur with standard 
needle and syringe. In one small study of 19 diabetic children using needle and 
syringe insulin administration, insulin loss at the delivery site was observed in 
23% of all the injections (58).

The injection performance of Intraject has been studied during development 
to evaluate the relationship between frequency of wet or incomplete injections, 
device-related factors, and subject (physiological) variables (14). In all, 26 differ-
ent device confi gurations, varying by nozzle size, gas mass, and other parameters, 
were used to deliver a total of 3211 SC injections into the abdomen of 302 healthy 
volunteers, and two complementary validated methods were used to determine 
completeness of each injection (defi ned as ≥90% dose delivery). The reliability 
of complete injections ranged from 59% to 98% among the various combinations 
of device confi gurations, with the two device parameters (nozzle size and gas mass) 
and two subject variables (BMI and skin thickness) showing a strong association 
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with injection reliability. It appears that, at least with Intraject, while both device 
design and subject variables interact to ultimately determine the reliability of the 
NFI, the device can be designed in such a way as to overcome the subject variables, 
as the best performing confi guration in the study had 98% complete injections.

CONCLUSIONS

Although NFI technology has a long history and can be traced back as far as 
the mid-1800s, until now, there have been few catalysts to establish this tech-
nology more fi rmly in the drug delivery landscape. There are several reasons to 
believe that the pipeline of NFI products will expand rapidly, the primary areas 
being the continued intense development in the recombinant, monoclonal, and 
other therapeutic protein technology areas for a wide array of oncologic, immune, 
infl ammatory, endocrine, and infectious diseases that generally require chronic 
parenteral administration regimens. Patient convenience, improved compliance, 
and the critical need to sharply reduce the global hazard of infection from needle-
stick injuries are also likely to play key roles in moving more formulations from 
needle and syringe into NFI platforms in the years ahead.

There are now a number of different NFI technologies under development. 
Concerns over the possible degradative effects of shearing forces generated by 
jet injection of liquid formulations containing macromolecules have not mate-
rialized. The amount of pain associated with NFI is consistent with that in a 
needle and syringe. NFI technology has solved the critical problems of needle-
based injury and risk of cross-contamination, and offers those patients who are 
highly averse to needles, a less distressing option. The risk of cross-contamina-
tion that eventually halted widespread use of early generation gun-type multiuse 
jet injectors for mass immunization campaigns, although small, has now been 
overcome.

The reliability of NFI has greatly improved over early generation systems 
as well, with injection performance generally equivalent or superior to needle-
based injection. Patient surveys across the various NFI technologies show that 
the great majority of individuals prefer NFI compared to conventional needle and 
syringe, despite the slightly higher rate of injection site sequelae associated with 
NFIs. As patients with chronic disease become increasingly aware of the avail-
ability and advantages of NFI products, and as the pipeline of therapeutic proteins 
continues to expand, there appears to be substantial opportunity for needle-free 
technologies to contribute to patients’ quality of life as well as to help shape the 
future of the biopharmaceutical industry.
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Oral Delivery of Biopharmaceuticals 
Using the Eligen® Technology
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INTRODUCTION

Today, most biopharmaceuticals are administered parenterally. Their oral bio-
availability is negligible, due to poor absorption and rapid and extensive degrada-
tion in the gastrointestinal tract. Limited absorption stems mostly from their large 
molecular size (typically >1000 Da) and, in most cases, also from their low lipo-
philicity, which limits permeability across the gastrointestinal epithelium (1,2). 
In spite of these inherent diffi culties, the development of oral biopharmaceuticals 
has been pursued for decades, since the discovery of the fi rst biopharmaceuticals, 
insulin and heparin, nearly a century ago. Efforts were abandoned after initial 
limited success; however, the advent of biotechnology and the proliferation of 
biopharmaceuticals over the past two decades have led to a renewed interest in 
developing oral forms of peptides and proteins. A number of approaches have 
been explored, including coadministration with enzyme inhibitors, use of per-
meation enhancers, and encapsulation in nano- and microparticles (3–7). Some 
approaches have been abandoned and, to date, only few have shown commercial 
viability and progressed to clinical studies (8). Success factors in developing via-
ble oral biopharmaceuticals vary from drug to drug but overall include reasonable 
bioavailability and variability, stability of fi nal product, acceptable cost of goods 
and manufacturing, and limited side effects and toxicity.

The benefi ts of oral administration extend beyond patient convenience and 
facilitated compliance. Oral delivery offers other potential advantages such as 
availability to larger patient populations, improved therapies, and the possibility 
for expansion to additional therapeutic indications. This is the case, for instance, 
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for oral calcitonin, which has been found to be a potential disease-modifying agent 
to treat osteoarthritis in addition to its known osteoporosis indications (9–11). In 
addition, oral delivery offers more possibilities than other forms of administration 
for achieving desired pharmacokinetic profi les and for combination therapies. 
For example, with the same drug, oral forms can be designed to generate rapid 
onsets with pulse-type pharmacokinetic profi les as well as sustained-release ones. 
The rapid onset and pulsatile pharmacokinetics that has been obtained with some 
oral delivery forms mimics the physiological release of hormones and can ben-
efi t treatments based on drugs such as parathyroid hormone, growth hormone, or 
insulin. Lastly, oral administration can be particularly advantageous for drugs that 
target the liver or benefi t from entering the bloodstream via the portal circulation, 
as it appears to be the case for insulin, incretins, and the so-called “gut hormones” 
(12). On the other hand, oral administration may not be a suitable approach for 
drugs with adverse high fi rst-pass metabolism. In these cases, administration in 
sublingual tablets or using fast-dissolve technologies that avoid portal delivery by 
targeting absorption from the buccal cavity may be a plausible alternative.

FACTORS INFLUENCING ORAL BIOAVAILABILITY

Rapid and extensive degradation in the gastrointestinal tract is one of the key factors 
determining the low oral bioavailability of proteins and peptides. Early studies indi-
cated that insulin could be absorbed to some extent through the gastrointestinal tract 
if protected from enzymatic degradation (13–16). In addition, it has been shown 
that pegylated proteins that have improved resistance to proteolytic degradation also 
have higher oral bioavailability than unconjugated proteins (17,18). This observa-
tion is somehow puzzling given the large molecular size and hydrodynamic radius 
of pegylated proteins and has raised speculations about possible specifi c mecha-
nisms involved in their absorption process. Nevertheless, the oral bioavailability of 
pegylated proteins is extremely low, typically less than 0.5%, and peglylation alone 
does not appear to be a viable approach to enable oral absorption.

Peptides and proteins with low susceptibility to gastrointestinal degrada-
tion, such as cyclic peptides and peptides containing D amino acids, have some 
oral bioavailability. For example, apolipoprotein A1 mimetics, D-4F and reversed-
D4F, which are made mostly of D amino acids, have a reported oral bioavailabil-
ity of approximately 4% (19,20). Desmopressin and cyclosporine, two relatively 
small peptides with low gastrointestinal degradation, have been available in oral 
forms for over a decade. Their low degradation greatly facilitated the develop-
ment of oral forms using microemulsion-based formulations. Unfortunately, this 
formulation approach has not met with much success when applied to other pro-
teins and peptide drugs that have larger molecular size and are more susceptible 
to presystemic metabolism.

Overall, these examples indicate that proteins and peptides may cross 
the gastrointestinal epithelium naturally, on their own if protected from degra-
dation, although the extent of this absorption is extremely low. Thus, although 
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 gastrointestinal degradation is a major challenge for the oral delivery of biophar-
maceuticals, low permeability across the intestinal epithelium has proven to be just 
as challenging, if not more. Interestingly, most efforts and successful strategies in 
oral protein delivery have aimed at improving absorption rather than focusing on 
minimizing degradation. Perhaps this success is due to the fact that the methods 
used to improve absorption may indirectly contribute to reduce degradation; for 
example, some absorption enhancers have been shown to inhibit enzymatic deg-
radation. In addition, approaches that improve the rate and extent of absorption 
also contribute to reduce residence time in the gastrointestinal tract and, conse-
quently, losses through degradation.

There are three main absorption pathways for oral drugs (i) passive dif-
fusion, which can be transcellular, through the cell membrane or paracellular, 
through the intercellular spaces, (ii) transcytosis and (iii) facilitated transport, 
which requires the presence of endogenous transporter molecules and, typically, 
takes place either transcellularly or via transporter-mediated endocytosis. Most 
drugs of molecular weight lower than 500 to 700 are readily absorbed by passive 
diffusion, either transcellularly or paracellularly. Transcellular passive diffusion 
is arguably the most common mechanism of drug absorption. It requires that the 
drug be suffi ciently hydrophobic or lipophilic to partition spontaneously into the 
cell membrane of the epithelial cells. Transcellular absorption via passive diffu-
sion can be improved by modifying the characteristics of the drug, making it more 
lipophilic or by modifying the cell membrane with surfactants and/or absorption 
enhancers capable of increasing membrane permeability. Hydrophilic molecules 
that cannot partition into cell membranes may be absorbed paracellularly; how-
ever, their bioavailability is often low, mainly because the overall surface area of 
the paracellular pathway is rather limited. Efforts to increase paracellular absorp-
tion have typically focused on identifying agents that can open the tight junctions 
between adjacent cells. This not only increases the overall surface area but also 
enables the absorption of larger molecules.

Facilitated transport requires drugs to have a chemical moiety that acts as 
a recognition site for endogenous transporter molecules that can shuttle the drug 
across the intestinal epithelium. Some transporter-mediated mechanisms have 
broad specifi city with regard to the characteristics of the molecules that they 
shuttle and can transport relatively large molecules of various physicochemical 
characteristics. The main challenges of this approach include possible limited or 
variable distribution of the transporter in the gastrointestinal epithelium and the 
need to modify the drug molecule to attach the chemical moiety that enables rec-
ognition by the transporter.

STRATEGIES TO DEVELOP ORAL BIOPHARMACEUTICALS

The strategies developed over the years to enable oral absorption of biopharma-
ceuticals have aimed both at circumventing the challenges and at utilizing the 
different natural mechanisms of drug and nutrient absorption. The main strategies 
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explored to date can be grouped in four categories (i) drug conjugates, (ii) use of 
permeation enhancers, (iii) micro- and nanoparticles, and (iv) coadministration 
with delivery agents. These strategies are not mutually exclusive; on the contrary, 
they are often used in combination. In addition, they may be combined with other 
approaches, primarily coadministration with enzyme inhibitors capable of reduc-
ing presystemic degradation and/or formulation with mucoadhesive polymers that 
can improve absorption by increasing residence time and proximity to the intes-
tinal epithelium.

Drug conjugates aim at improving oral bioavailability through the attach-
ment of a chemical moiety that either increases the lipophilicity and permeability 
of the macromolecule (21–23) or enables its absorption via a transporter protein 
or receptor-mediated endocytosis (24). Conjugates must retain biological activ-
ity or release the attached molecule after absorption. So far, this approach has 
met with limited success, in part due to the low oral bioavailability achieved and 
the manufacturing challenges and cost. Examples of drug conjugates include fatty 
acid conjugates of insulin, deoxycholic acid conjugates of heparin, and hexyl–
insulin monoconjugate 2, a modifi ed insulin conjugated to an amphililic polymer 
that has shown effi cacy in type I and type II diabetic patients (25–28). A similar 
approach has been applied to the oral delivery of calcitonin (29).

In other cases, drug conjugates have been designed to take advantage of 
transporter-mediated absorption by attaching to the biopharmaceutical a chemi-
cal moiety that is recognized by an endogenous transport system. The glucose 
transporter, the di- and tripeptide transporters, the bile acid transporter, the vita-
min B12 receptor, and the Fc receptor are examples of cellular transport systems 
that have been explored to enhance the oral absorption of biopharmaceuticals. 
Some transporters have limitations with regard to the size and characteristics of 
the molecules that they are able to carry. However, others appear to have broad 
specifi city. For example, it has been reported that the vitamin B12 transporter is 
able to transport a molecule as large as erythropoietin (30–32).

Permeation enhancers are typically surfactants, bile salts, or medium-chain 
fatty acids capable of altering the permeability of cell membranes and/or open-
ing tight junctions between adjacent cells, thus increasing absorption across the 
intestinal epithelium (33–38). Examples of this approach are oral formulations 
of calcitonin and parathyroid hormone consisting of a combination of absorp-
tion enhancers and enzyme inhibitors that are currently being evaluated in clini-
cal trials (39). Absorption enhancers have been applied also to the development 
of oral forms of an antisense therapeutic (40,41) and heparin (42). In addition, 
an oral spray that targets absorption from the buccal cavity has been applied to 
deliver insulin. This product has been approved in Ecuador and is now advancing 
through clinical studies in other countries (43,44). Many absorption enhancers 
increase both paracellular and transcellular absorption and often cause permanent 
opening of tight junctions, which can cause irritation and increase the risk of 
potential toxicities. Identifying agents that can open tight junctions in a reversible 
manner, without causing permanent damage to the intestinal epithelium has been 
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 challenging (45–50). In addition, recent fi ndings indicating that leaky tight junc-
tions might be linked to the development of type 1 diabetes and other autoimmune 
diseases have raised concerns about this approach (51–53). Natural polymers such 
as chitosans have drawn interest as potential agents to enhance the oral absorption 
of biopharmaceuticals, mainly because of their mucoadhesive properties, abil-
ity to increase paracellular absorption, and possibilities for drug encapsulation 
in micro- and nanoparticles (36,54,55). Results from their application to develop 
oral calcitonin and oral insulin are encouraging (56,57). Micro- and nanoparticle 
formulations offer the advantage of protection from degradation in the gastrointes-
tinal tract and possibilities for sustained release in the bloodstream. Nanoparticles 
may be absorbed paracellularly or through the gut-associated lymphoid tissue. 
This approach has been investigated primarily for the development of oral vac-
cines (58–61). Loading capacity, material compatibility, and manufacturing chal-
lenges are important aspects to evaluate when considering this approach.

Specifi c drug delivery agents that interact weakly and reversibly with 
macromolecules, increasing their lipophilicity and enabling transcellular absorp-
tion, were introduced in the mid-1990s (62–66). This approach forms the basis 
of the Eligen® technology, which has been successfully applied to the develop-
ment of oral forms of several protein and peptide drugs and has advanced into 
clinical trials of more biopharmaceuticals than any other approach to date. These 
include insulin, calcitonin, parathyroid hormone, growth hormone, unfractionated 
heparin, and low-molecular-weight heparin (3,10,11,67–75). The success stems 
in part from the versatility of this technology (it has been applied to drugs as 
diverse as calcitonin and heparin), its scalability, relatively low cost of goods, and 
uncomplicated formulation and manufacturing. The safety of this technology has 
been demonstrated in over 100,000 human doses, including studies lasting up to 
three months. No serious adverse events related to the delivery agents have been 
reported to date.

CASE STUDY: ORAL INSULIN

Therapeutic Advantages Conferred by Route of Administration

The oral route of administration is regarded as the most convenient, safe, and 
economical for drug administration. A drug given by this route is absorbed into 
the mesenteric veins of the gastrointestinal tract to drain into the portal-hepatic 
venous system bound for the liver. Depending on the drug metabolic pathway or 
site of action, the effects of the oral-portal route of absorption may vary. Systemic 
bioavailability of a drug may be signifi cantly reduced if the drug undergoes exten-
sive fi rst-pass metabolism in the liver. Alternatively, for drugs that exert a desir-
able effect on the liver, the initial exposure of the liver to the drug may confer 
considerable advantages, a case in point being insulin. In healthy individuals, 
insulin is secreted by the pancreatic β cells directly into the hepatoportal circula-
tion in response to a glucose load or meal ingestion. Up to 80% of the insulin 
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secreted is cleared by the liver on fi rst pass and directly binds to hepatic insulin 
receptors to activate signaling pathways (76). The liver, situated in a strategic 
junction between the stomach, the pancreas, and the peripheral circulation plays 
an important role in carbohydrate metabolism. It buffers the entry of ingested 
glucose from the portal vein into the systemic circulation, minimizing plasma 
glucose excursions and concurrently functioning as a storage depot for glucose 
in the form of glycogen. In response to a glucose load and subsequent insulin 
secretion, the liver responds by simultaneous suppressing glucose production and 
increasing hepatic glucose uptake. The insulin that has not been utilized by the 
liver (20–50%) is shunted to the systemic circulation where it stimulates glucose 
utilization by peripheral tissues, predominantly muscle (77–80). The signals that 
activate the liver to stop glucose output and increase glucose uptake include (i) 
the “portal–peripheral insulin gradient” created when insulin is secreted into the 
portal vein to reach two- to threefold higher insulin concentrations than in the 
peripheral circulation; (ii) the “portal signal,” i.e., the signal induced by the pres-
ence of high glucose concentration in the portal vein as compared to the periphery, 
following meal ingestion, and (iii) the distinctive biphasic pattern of insulin secre-
tion consisting of an early phase (5–10 minutes) and a late phase (two to three 
hours) response (81–85). In variance, subcutaneous insulin, as well as the recently 
approved inhaled insulin, is delivered into the peripheral circulation resulting in a 
reversed portal–peripheral gradient, with muscle and fat tissue exposure to higher 
insulin levels than the liver. As a consequence, the liver is deprived of appropriate 
activation signals. In addition, peripheral hyperinsulinemia predisposes to hypo-
glycemia, is thought to be linked to weight gain, and is implicated in increased 
insulin resistance. Support for the importance of direct insulinization of the liver 
for attaining a better glycemic and overall metabolic control (e.g., lipids, cortisol) 
with low risk of hypoglycemia is available but scarce. Studies in humans where 
insulin was administered directly into the portal vein or into the peritoneal cavity 
(from which ~ 50% of insulin is absorbed through the portal vein) and from fol-
low-up studies of islet cell transplant recipients support this hypothesis (86).

Oral Insulin Developed Using the Eligen® Technology

The Eligen drug delivery technology relies on the coadministration of biophar-
maceuticals with low molecular weight compounds termed delivery agents or 
carriers. These delivery agents interact weakly and reversibly with the coadmin-
istered drug, increasing its lipophilicity and enabling transcellular absorption 
(65). Versatility and low manufacturing cost are among the main strengths of this 
approach.

The oral insulin developed using the Eligen technology was viewed from 
the beginning not only as an opportunity to improve patient convenience and 
quality of life but also as a possibility for developing improved treatments for 
diabetes that would benefi t from the delivery of insulin into the portal circula-
tion, restoring physiological portal/systemic concentration ratios. Early studies in 



Oral Delivery of Biopharmaceuticals Using the Eligen® Technology 291

McNally  PTR  09/24/07  Chapter 12

rodents and nonhuman primates showed that the pharmacokinetic profi le obtained 
with liquid and solid oral insulin formulations mimicked the physiological profi le 
of the early phase of insulin secretion. This raised interest in developing an oral 
insulin form to treat primarily type 2 diabetes in which the early insulin secretion 
phase is inhibited but there is still some degree of β-cell function and various lev-
els of insulin secretion in the second phase. The potential of oral insulin to slow 
down the progression of type 2 diabetes by restoring the early phase of insulin 
secretion has been speculated and this certainly warrants further studies. The fi rst 
studies in healthy volunteers were done using hard gelatin capsules fi lled with 
a physical blend of insulin and delivery agent. The results confi rmed the ability 
of this oral form to mimic the early phase of insulin secretion and demonstrated 
concomitant decrease of blood glucose and c-peptide levels, confi rming that the 
exogenous insulin that was administered orally was bioactive and capable of low-
ering blood glucose and suppressing endogenous insulin secretion (Fig. 1) (3,71). 
Similar results were observed in subsequent studies in type 2 diabetic patients. 
Tablet formulations were developed and tested for their ability to control post-
meal blood glucose excursions in diabetic patients. These studies demonstrated 
the effectiveness of oral insulin tablets when taken with meal or 10 minutes ear-
lier. A multidose, 14-day study in which patients received oral insulin four times 
a day, 10 minutes before meals and at bedtime, evaluated the safety, effi cacy, and 
tolerability of oral insulin compared to placebo in type 2 diabetics treated with 
diet alone. Oral insulin was well tolerated and led to improvements in postpran-
dial glucose excursions, both under oral glucose tolerance test and standardized 
meal (Fig. 2). Improvements in fasting glucose levels and insulin sensitivity were 
observed as well. No hypoglycemic events were observed. Additional studies are 
ongoing, including a 90-day study in type 2 diabetic patients treated with oral 
agents to evaluate the effect of oral insulin on hemoglobin A1C levels—a marker 
of long-term stability of glucose levels—as well as weight gain.

The results from clinical and preclinical studies indicate that the oral insulin 
developed using the Eligen technology rectifi es two important features lacking 
in parenteral insulin administration: (i) It restores the physiological pathway of 
endogenous insulin secretion into the portal venous system to facilitate the liv-
er’s priming and engagement in the process of glycemic control and (ii) With its 
unique pharmacokinetic profi le of rapid onset and nondepot effects, it simulates 
the early phase of insulin secretion. The latter may be particularly benefi cial for 
patients with type 2 diabetes, which typically have a blunted early-phase response 
and a progressive loss of secondary-phase response. The loss of the early-phase 
insulin response is normally the fi rst step in the development of the disease and 
has signifi cant metabolic implications. Its correction may actually normalize 
hepatic response to insulin and possibly slow down the progression of the dis-
ease. These fi ndings led to focus efforts on developing oral insulin formulations 
capable of generating pharmacokinetic profi les similar to the early insulin phase. 
Nevertheless, the Eligen technology is not limited to this type of pharmacoki-
netic profi les and efforts are under way to develop oral formulations capable of 
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Figure 1 Effect of Eligen® oral insulin on fasting plasma glucose (A), insulin (B), and 
c-peptide (C) levels in a clinical study in healthy volunteers (n = 8 per group). Subjects in 
the subcutaneous insulin group and in the high oral insulin group had to be rescued with 
oral carbohydrates (dotted lines) because their glucose levels dropped by more than 30%, 
which was the safety level established by the study protocol. No changes in insulin, glu-
cose, or c-peptide levels were observed on the placebo groups that received oral doses of 
insulin alone or vehicle alone.
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Figure 2 Impact on blood glucose excursions of a two-week treatment with oral insulin 
in type 2 diabetic patients controlled with dietary treatment only. The study included 13 
patients, 7 treated and 6 placebo. Each subject in the treatment group received 300 IU insu-
lin and 160 mg of delivery agent four times a day (administered as two tablets 10 minutes 
before the main meals and before bedtime) over 14 days. Subjects in the placebo groups 
followed the same dosing regimen but their tablets contained only the vehicle, 200 mg of 
delivery agent. The graphs show the blood glucose profi les during an OGTT (A) at day 0, 
before the treatment and (B) at day 14, end of the two-week study. A signifi cant reduction 
of glucose levels were observed after the study in the treated group, whereas no signifi cant 
changes were observed in the placebo. Abbreviation: OGTT, oral glucose tolerance test.
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 generating sustained insulin levels similar to those of the second phase of secre-
tion. These examples illustrate the advantages of oral delivery with regard to the 
possibilities for a variety of pharmacokinetic profi les using the same delivery 
technology.

FORMULATION CONSIDERATIONS

As mentioned earlier, the success of oral delivery approaches depends not only on 
their ability to enable or increase oral drug bioavailability but also on their ability 
to generate a commercially viable product. This depends in part on the technology, 
or approach itself, and part on manufacturing- and formulation-related aspects, 
such as scalability, manufacturing costs, and stability and tolerability of fi nal for-
mulations. The Eligen drug delivery technology has been shown to be amenable 
to formulation in a variety of dosage forms, including liquid formulations, tablets, 
and capsules (73,87). Formulation development, scale-up, and commercial manu-
facturing can be done without investment in manufacturing equipment unique 
to the technology. In this regard, formulation development with the Eligen tech-
nology involves preformulation characterization, excipient compatibility testing, 
formulation development, stability studies, and scale-up.

Preformulation

As indicated in the Chapter 5 an understanding of the physical and chemical prop-
erties of the biopharmaceutical and the appropriate delivery agent is necessary 
for the development of an adequate formulation and ultimately a robust com-
mercial product. In the absence of this information, formulation development can 
become an exercise in trial and error. In the case of the Eligen technology, pre-
formulation is the process of optimizing the combination biopharmaceutical and 
delivery agent through the determination of those physical and chemical proper-
ties that are important to the development of a stable, effective, and safe dosage 
form. Preformulation studies are conducted on the drug and the delivery agent 
separately and in combination. Special studies are conducted depending on the 
type of dosage form, the drug molecule, and the delivery agent selected. These 
studies yield valuable information for formulation development and optimization. 
Additionally, the solubility of the drug and delivery agent in liquid formulation 
vehicles needs to be determined as well. These studies form the basis of dissolu-
tion media development for the dosage form.

Solid-State Characterizations Studies

The solid-state properties of the biopharmaceutical and the delivery agent are 
important for the development of scalable formulations. The properties evalu-
ated include thermal properties, crystallinity, morphology, moisture sorption–
 desorption, moisture content, particle size, and fl ow properties. Thermal properties 
are usually determined using thermogravimetric analysis (TGA) and differential 
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scanning calorimetry (DSC). The crystallinity of the material is determined using 
a powder X-ray diffractometer and the morphology is determined using a scan-
ning electron microscope. Evaluation of moisture sorption–desorption involves 
equilibrating the material at a given relative humidity created using saturated salt 
solutions as described by Greenspan (88) and weighing the material to obtain its 
water uptake.

The particle size and fl ow properties of the drug and delivery agent are 
relevant to ensuring the fi nal product quality in pharmaceutical solid dosage form 
production and, as such, are determined at the preformulation stage of develop-
ment. It has been adequately demonstrated that poor fl ow can result in dosage 
forms possessing unacceptably high weight variation. When good fl owing for-
mulations are tableted, compression and ejection force levels are more uniform 
and weight variations decrease. In tableting applications, powders with a high 
degree of fl owability offer several advantages including minimizing air-pocket 
formation, increase in weight uniformity, and increase in reproducibility and feed 
parameters resulting in consistent tablet hardness, friability, and dissolution rate 
(89). A variety of techniques including angle of repose, compressibility, and fl ow 
through an orifi ce are used to estimate the fl ow potential of powders. Particle 
size can be determined using sieve analysis or laser light scattering equipment. 
Particle size is relevant to dosage form content uniformity and powder fl ow. It is 
important to note that the preformulation studies conducted to support formula-
tion development using the Eligen technology are the same as typically conducted 
to support formulation development for other solid dosage forms that do not use 
this technology. This is a signifi cant advantage of this oral drug delivery technol-
ogy because no additional equipment and expertise unique to the technology is 
required for preformulation characterization.

Excipient Compatibility

Drug stability is important for successful development and commercialization of 
a dosage form; as such; studies to understand drug stability are necessary early 
in the development process. The acceleration of drug development and optimiza-
tion of drug stability are some of the major goals of drug development programs. 
Since excipients are an integral part of pharmaceutical dosage forms, an early pro-
gram to explore drug-excipient reactions (drug-excipient compatibility) is critical 
to avoid unexpected formulation stability problems in Phase II and III clinical 
trials. Several methods are used for the evaluation of drug-excipient compatibility 
since there is no one single generally accepted method. Studies can be performed 
using mixtures or prototype formulations. The amount of excipient added should 
be at least what is anticipated to be in the formulation. Studies are typically per-
formed at elevated temperatures and the addition of water to powder mixtures is 
used to accelerate any reactions. To support compatibility studies, samples are 
analyzed by a variety of techniques including DSC, TGA, high-performance liq-
uid chromatography, X-ray diffraction, and scanning electron microscope while 
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nuclear magnetic resonance and liquid chromatography–mass spectrometry can 
be used for the identifi cation of degradation products. The extent of excipient 
compatibility testing to support development activities with Eligen technology is 
similar to that performed to support development of formulations that do not use 
the technology and more details can be found in Chapter 5.

Polymorph Mapping

The development of formulations using Eligen technology involves using a car-
rier proprietary carrier molecule (delivery agent) in the formulation. The delivery 
agent is a single entity small organic molecule and for successful formulation 
development it needs to be well characterized and its polymorphic form needs to 
be controlled. Polymorphism in material science is the ability of a solid material 
to exist in more than one form or crystal structure. Together with polymorphism, 
the complete morphology of a material is described by other variables such as 
crystal habit, amorphous fraction, or crystallographic defects. For pharmaceutical 
solids, the criteria for identifi cation of different polymorphs of a material are non-
identical powder X-ray diffraction patterns. Other techniques used for polymorph 
identifi cation include thermal analysis, Fourier transform infrared, and scanning 
electron microscopy. Different polymorphs of the same drug or delivery agent can 
have different dissolution rates that could lead to differences in bioavailability. In 
preformulation studies, the goal is the identifi cation of potential polymorphs and 
to determine the most stable form that is suitable for development. The effect of 
processing such as wet granulation, milling, drying temperature, and compression 
is also evaluated during the preformulation stage.

Formulation Development

Once preformulation work has been completed, formulation development activities 
begin. Early formulation attempts using Eligen technology with heparin were con-
strained by the large amount of delivery agent required per dose and thus focused on 
an oral solution as the dosage form. Formulation improvements concentrated mainly 
on taste enhancement. A taste masked oral heparin formulation with a delivery agent 
was developed and used in clinical studies as previously reported (67,68).

Solid dosage formulation strategies that are compatible with the Eligen 
technology include solid dosage formulations fi lled into hard gelatin capsules, 
simple blends of drug and delivery agent fi lled into hard gelatin capsules, liquid 
or semisolid formulations fi lled into hard or soft gelatin capsules, and granulation 
using standard techniques followed by blending with standard excipients and then 
compressing in to tablets. These techniques have been successfully applied to the 
development of oral solid dosage forms of several biopharmaceuticals, including 
heparin, low-molecular-weight heparin, insulin, parathyroid hormone, calcitonin, 
and growth hormone, using the Eligen drug delivery technology (90). In the case 
of heparin for example, formulation techniques have yielded a solid dosage form 
that delivers heparin to an extent comparable to the liquid formulation used in the 



Oral Delivery of Biopharmaceuticals Using the Eligen® Technology 297

McNally  PTR  09/24/07  Chapter 12

early Phase III study, yet utilizing less delivery agent and heparin. In the case of 
insulin and other peptides, formulation development efforts have led to improved 
bioavailability and have yielded tablets that are stable for more than 12 months 
at room temperature (RH) packaged in high density polyethylene (HDPE) bot-
tles with induction seal or other packaging that provide protection from moisture 
(Fig. 3). For formulations based on Eligen technology stability studies need to 
be conducted in the container closure system as per International Committee for 
Harmonization stability guidelines for drug product. Typical storage conditions 
stability conditions will be based on the stability of the protein or macromolecular 
drug and may include −20°C, 2°C to 8°C, and 25°C/60% RH. For products that 
have to be stored at 20°C or 2°C to 8°C, the RH stability data will provide infor-
mation on storage of the drug after dispensing to the patient; as such, stability of 
one to three months at RH will be adequate. If the product is stable at RH, then 
the typical stability storage conditions will be 25°C/60% RH, 30°C/65% RH, and 
40°C/75% RH. Since stability is not always linear with temperature, the shelf-life 
of the drug product will be based on real time stability at the storage condition.

CONCLUSIONS

Oral administration is regarded as the preferred form of drug intake, mainly 
because of its convenience—particularly in chronic indications—potential for 
availability to large patient populations, and cost effectiveness. In addition, oral 
delivery can offer added advantages and lead to improved therapeutics in the case 
of drugs that target the liver or benefi t from entering the bloodstream via the 
portal circulation, as is the case of insulin, incretins, and the so-called gut hor-
mones. Although interest in developing oral proteins and peptides dates back to 
almost a century ago, the advent of biotechnology and proliferation of biophar-
maceuticals have brought about a renewed interest in oral biopharmaceuticals in 
recent years. Several oral proteins and peptides are currently in clinical trials and, 

Figure 3 Example of an insulin tablet developed using the Eligen® drug delivery 
technology.
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 hopefully, they will be available to patients in a not too distant future. The success 
of oral delivery approaches and technologies will depend not only on their abil-
ity to enable or increase oral bioavailability but also on their ability to generate 
commercially viable products of reasonable manufacturing costs and appropriate 
stability and tolerability.
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INTRODUCTION

A specifi cation is defi ned as a list of tests, references to analytical procedures, 
and appropriate acceptance criteria that are numerical limits, ranges, or other 
criteria for the tests described (1). As such, a specifi cation defi nes a quality stan-
dard to confi rm the quality of products and establishes the set of criteria to which 
a drug substance, drug product, or materials at other stages of its manufacture 
should conform in order to be considered acceptable for its intended use (2). 
“Conformance to specifi cation” means that the drug substance and drug product, 
when tested according to the listed analytical procedures, will meet the accep-
tance criteria. Specifi cations are critical quality “standards” that are proposed 
and justifi ed by the manufacturer and approved by regulatory authorities as con-
ditions of approval. Specifi cations not only apply at the release of drug sub-
stances and drug products, but are also required as part of stability studies that 
occur during product development (to assure material used in the clinic remains 
safe and effi cacious for the lifetime of the studies) as well as ongoing annual 
stability studies that are required post-approval.
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Specifi cations are not the only controls used to assure product quality. 
Product quality is assured through a range of programs during product develop-
ment, quality systems, and controls. Examples include thorough product charac-
terization during development, upon which many of the specifi cations are based, 
adherence to Good Manufacturing Practices, a validated manufacturing process, 
raw materials testing, in-process testing, stability testing, etc. In-process controls 
(IPCs) that are associated with rejection limits are similar to lot-release specifi -
cations, except that they are tests that are carried out during the manufacturing 
process. Many IPCs are associated with action or alert limits and differ from spec-
ifi cations regarding the action required should limits be exceeded. Specifi cations 
also apply to the raw materials used in the manufacturing process and must be 
considered if assurance of product quality is to be maintained.

Since specifi cations are only one aspect of the quality assurance process even 
if specifi cations are met, if other quality assurance activities fail to be met then 
investigations have to be carried out to assure the product is safe and effective.

The setting of specifi cations is an activity that occurs throughout the life-
cycle of a product, from early development, licensure, and postapproval. The set-
ting of specifi cations for biotechnology products is not straightforward, and many 
data services need to be taken into account in order to ensure that appropriate 
specifi cations are developed. These include, although not exclusively, analytical, 
preclinical, and clinical data, data derived from previous experience with similar 
molecules, and published data.

The selection of which tests to include in a specifi cation from the wide range 
available to characterize biological products is dependent on the level of under-
standing of the criticality of a specifi c quality attribute, i.e., does a product char-
acteristic have an impact on safety or effi cacy? The establishment of criticality 
through nonclinical studies and clinical trials is essential for meaningful specifi ca-
tions. In addition to nonclinical and clinical considerations, additional factors in 
selecting which quality parameters to specify include process development and 
validation data, physicochemical and biological product characterization data, phar-
maceutical development studies including product stability data, and manufactur-
ing experience along with cGMP regulatory requirements. Acceptance criteria for 
specifi cations should also be established and justifi ed based on data obtained from 
lots used in nonclinical and/or clinical studies, in addition to data from lots used 
for demonstration of manufacturing consistency and data from stability studies, 
and relevant process development data. The use of proper statistical approaches 
applied to the historical data should be considered a key contributing factor in 
setting the acceptable ranges or limits, but this is not the sole factor, as the poten-
tial nonclinical and clinical implications or lack thereof of any quality parameter 
should be considered the predominant factor in any decision-making process.

Stability studies not only support product characterization and setting of speci-
fi cations, but are also required to defi ne the expiration dating or shelf-life for the 
product. An appropriate expiration date is one that assures product safety and effi -
cacy through expiry. Setting an appropriate expiry date relies on a comprehensive 
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understanding of the degradation pathways of the product and how degradation 
impacts product quality, safety, and effi cacy.

SPECIFICATIONS—TESTS AND ACCEPTANCE CRITERIA

Product characterization is the foundation of setting specifi cations. In order to 
set appropriate specifi cations, a comprehensive understanding of the physico-
chemical and biological characteristics of a product is required, from which a 
subset are selected that most appropriately refl ect the critical quality attributes 
of that product. Selecting which characteristics to specify should also take into 
account the capability of the assays to detect protein variants.

Advances in analytical sciences now allow most protein products to be 
characterized extensively in terms of their identity, heterogeneity, and impurity 
profi le (3). Current analytical methods (both physicochemical and biological) can 
characterize the primary, secondary, and, to some extent, higher-order structure of 
proteins. These methods allow for the identifi cation and characterization not only 
of the desired protein component, but also of many product-related substances. 
In addition, techniques are powered suffi ciently to detect product-related impuri-
ties and process-related impurities present in the drug product. An appropriate 
selection of analytical and biological tools allows for the evaluation of both the 
physicochemical and functional characteristics of a product.

Only after the characteristic profi le of a product is thoroughly understood 
can the analysis of material that has been studied in nonclinical and clinical stud-
ies, as well as material manufactured throughout product development, allow for 
the criticality of specifi c product quality characteristics to be established.

The recent focus of the concept of Quality by Design (QbD) by regulatory 
authorities also has direct impact on the setting of specifi cations (4). The use of 
QbD in protein design can reduce specifi c, undesired product quality attributes 
(e.g., a deamidation site) that would have required control through a specifi ca-
tion test. In addition, the knowledge gained through the studies described in the 
following sections can provide a “design space” around which specifi cation tests 
and acceptance criteria can be built. This involves the understanding of which 
product variants are critical quality attributes that could affect safety and/or effi -
cacy. The greater this knowledge of your product, the wider acceptance limits can 
become (i.e., no longer tied simply to clinical exposure and process variability) 
and the number of tests can be reduced accordingly.

Product Characterization to Defi ne Product Quality Attributes and 
Their Criticality

Demonstrating the Physicochemical Attributes of a Product

Proteins exhibit primary, secondary, tertiary, and, dependent on the product, qua-
ternary structure. In addition, most protein products undergo some degree of post-
translational modifi cation, such as N- and C-terminal amino acid heterogeneity, 
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oxidation, deamidation, acetylation, N-formylation, proteolytic processing, glyco-
sylation, and glutamic acid γ-carboxylation. Such modifi cations can occur through 
intracellular activities during fermentation/bioreaction or be caused by the manu-
facturing process. The combinatorial heterogeneity from posttranslational modi-
fi cation as well as protein degradation results in a wide range of protein species 
whose complexity can challenge the limits of analytical technology. Even when 
an extensive physicochemical characterization is undertaken, it is rare to have a 
complete understanding of the relationship between protein structure and function. 
In order to understand whether any particular physicochemical property is impor-
tant for safety, effi cacy, or consistency, it is necessary to thoroughly characterize, 
and thus identify, as many relevant characteristics of a product as is practically 
possible (3).

In general, primary and secondary structure can be adequately assessed 
with peptide mapping coupled with mass spectrometric technology in addi-
tion to other orthogonal tests such as sequencing and sodium dodecyl sulfate 
polyacrylamide gel electrophoresis. Tertiary structure (and in some cases, 
quaternary structure) is often diffi cult to adequately defi ne using current 
physicochemical analytical technology. Techniques such as analytical ultra-
centrifugation are available for characterization studies but do not readily lend 
themselves to routine lot release. Techniques such as X-ray crystallography and 
multidimensional nuclear magnetic resonance spectroscopy can defi ne tertiary 
protein structure and, to varying extents, quaternary structure; these technolo-
gies, however, require considerable effort and expertise, and not all proteins 
are amenable to these techniques. Therefore, a biological assay is likely to be 
required to characterize the functionality of protein products and may confi rm 
the presence of a necessary higher-order structure.

The desired product can also be a mixture of post-translationally modifi ed 
forms (e.g., glycoforms). It is necessary, depending on the quantity of any particu-
lar modifi cation, to gain an understanding of its biological activity to obtain an 
understanding of the potential impact on safety and/or effi cacy of the product by 
the variant. The pattern of heterogeneity of the desired product should be devel-
oped, and consistency of lots used in preclinical and clinical studies should be 
demonstrated. Even if the impact on safety or effi cacy cannot be demonstrated 
for each and every product variant, a consistent level of heterogeneity reduces the 
burden placed on illustrating the criticality of a product attribute.

The tests required to detect and characterize where on the protein these mod-
ifi cations occur are specifi c to the effect that the modifi cation has on the physi-
cochemical properties of the protein. Most of the described modifi cations can be 
identifi ed through mass spectrometry, when changes in mass occur, either of the 
whole protein or from peptide maps. Other techniques can be used for modifi cations 
that result in changes in charge, size, hydrodynamic radius, or hydrophobicity (see 
Methods in Table 1). However, it must be taken into account that some modifi ca-
tions may be buried within the protein and not readily accessible to nondisruptive 
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Table 1 Physicochemical Characterization Tests

Quality parameter Analytical tests

Identity

Primary structure Amino acid composition analysis
  Primary amino acid sequence (e.g., N-terminal 

  sequencing, C-terminal sequencing, peptide 
mapping and sequencing after enzymatic or chemical 
cleavage)

 Disulfi de linkage
Higher-order structure Secondary and tertiary structure evaluation
 Circular dichroism
 X-ray crystallography
  Magnetic resonance spectroscopy immunoreactivity 

 with conformation-dependent antibodies
 Biological assay
Size, size distribution Mass spectrometry
  Hydrodynamic methods (e.g., size exclusion 

  chromatography equilibrium density gradient 
centrifugation)

 Light scattering
 SDS-PAGE, CE-SDS
Charge properties IEF gel electrophoresis or capillary IEF
 CE
 Ion-exchange chromatography
Hydrophobic characteristics Hydrophobic interaction HPLC
 Reverse phase HPLC
Immuno-reactivity  Immunoblotting
 ELISA
For glycosylated  Monosaccharide analysis
 products: glycosylation Mass spectrometry
 Spectrometry
 HPAEC-PAD
 Reverse phase HPLC
 CE
 Oligosaccharide analysis
 Residue-specifi c enzymatic degradation
 HPAEC-PAD
 Reverse phase HPLC
 CE
 Identifi cation of glycosylation sites
 Peptide mapping followed by mass spectrometry
 Glycosylation occupancy analysis
 Peptide mapping
 CE-SDS

(Continued)
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tests, or may only exist on a proportion of the test material and could be masked 
within a mixture.

Assessing Biological Activities and Potency

The complex nature of the biological products produced by the biotechnology 
industry has required the use of a variety of physicochemical and biological tests 
to adequately characterize them. However, only a biological assay can estimate the 
biological activity or potency of the product. A bioassay is defi ned as a functional 
assay where the product induces some form of biological response in a test sys-
tem (5). For some products, binding assays can suffi ce as a potency assay, but this 
requires validation and thorough comparison to a suitable bioassay (6). It has been 
generally accepted that bioassays are a quality issue and that they should not neces-
sarily need to be designed to predict or refl ect any clinical effi cacy per se, as this is 
the purpose of clinical trials and “mimicking the biological activity in the clinical 
situation is not always necessary” (1). A correlation between the expected clinical 
response and the activity in the biological assay should be established in pharmaco-
dynamic or clinical studies (5).

If data do suggest that the structure of biologically active proteins may con-
tain different areas devoted to exercising different biological activities, it would be 

Table 1 Physicochemical Characterization Tests (Continued)

Quality parameter Analytical tests

Determination of purity 
(product-related substances 
or impurities)
Hydrophobic characteristics Hydrophobic interaction HPLC
 Reverse phase HPLC
Charge characteristics Ion exchange chromatography
 Capillary zone electrophoresis
 IEF (gel or capillary formats)
Size, size distribution Size exclusion HPLC
 Analytical ultracentrifugation
 Light scattering Field fl ow fractionation
 SDS-PAGE or CE-SDS
Protein content
Protein content Reference methods
 Gravimetric analysis
 Total nitrogen (Kjeldahl)
  Quantitative amino acid analysis (other methods such as

  UV absorption, HPLC, or dye-binding may be 
validated against a reference method)

Abbreviations: SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; CE-SDS, 
capillary electrophoresis-sodium dodecyl sulfate; IEF, isoelectric focusing; HPLC, high performance 
liquid chromatography; ELISA, enzyme-linked immunosorbent assay; HPAEC-PAD; UV, ultraviolet.
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valid to have more than one test for bioactivity characterization studies, depending 
on the intended use of the molecule. For example, a monoclonal antibody can have 
both ligand-binding activity of the Fab portion of the molecule and functionality of 
the Fc portion of the molecule (e.g., complement binding).

However, since a bioassay used for lot-release specifi cations is required to 
demonstrate batch-to-batch consistency, unless data is available to prove otherwise, 
typically a single assay format is suitable, as long as the assay selected is relevant, 
precise, and robust. Whilst a biological reaction may be used in order to compare 
the strength of two preparations, one with respect to the other, it cannot be used 
by itself to defi ne the potency of one preparation alone. Assays vary in response 
between assay types and from day to day, and therefore, it is not appropriate to use 
some characteristic of the assay itself (e.g., ED50) to establish potency.

In order to defi ne the potency of a biological material, the assay must be 
calibrated using a suitable reference standard. This is most often carried out by 
comparing the biological response of a series of dilutions made from a reference 
standard to those of test samples.

The potency of any biological product should be expressed relative to a well-
defi ned reference preparation. This is the concept of “relative potency.” Therefore, 
the selection and validation of a suitable (well-characterized, stable, etc.) refer-
ence preparation is vital both for assay validation and for specifi cation setting. 
Careful consideration must be given to validate the comparison of reference to 
sample. Some aspects of validity can be assessed statistically, and assays should be 
designed so that this can be achieved to as high a degree as is appropriate.

Following appropriate assay development and monitoring of clinical 
batches, specifi cation limits must be applied to both the potency of the product 
(limits around the mean stated potency) and the assay [fi ducial limits of the assay 
(see discussion below)]. Although guidelines exist [European pharmacopoeia (EP) 
and United States pharmacopoeia (USP)] on how to set such limits, it is the data 
that dictate what is sensible. Often, multiples of standard deviations are quoted, 
such as the use of the static 3SD approach or the dynamic tolerance intervals at 
the 95/99% confi dence limits that are adjusted using a life-cycle management 
approach to specifi cations.

Since potency assays for lot release primarily control for batch-to-batch 
consistency, specifi cation limits are designed to restrict the differences in potency 
between batches to a level that refl ects the consistency of the manufacturing pro-
cess and the “quality” of the product.

The major difference between setting limits for physicochemical assays 
and bioassays is the perceived variability of bioassays. Therefore, some mea-
sure of control of assay variability is required and has led to the requirement 
of setting fi ducial limits of the bioassay in addition to those for the potency 
value. In general, fi ducial limits equal confi dence intervals and are usually set 
at 95%. 

There are no hard and fast rules when choosing at what time to set limits 
on potency assays, although this usually occurs during the latter stages of Phase 
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III trials, where qualifi cation lots of material are being produced and the bioassay 
validation has been completed.

Data used for setting bioassay specifi cations should only be derived from 
assays that are well controlled and found to be consistent. It is sensible to look at 
the data of a number of clinical production lots to check for trends and variability 
over time. It is often best to follow the principles of the pharmacopoeias unless 
the data suggest otherwise.

Characterization of Immunochemical Properties

When binding to a ligand is part of the activity of the product, the manufacturer 
should use analytical tests to characterize the product in terms of this specifi c prop-
erty (e.g., if binding to a receptor is inherent in protein function, then this property 
needs to be measured). Various methods such as surface plasmon resonance, micro-
calorimetry, or classical Scatchard analysis can provide information on the kinetics 
and thermodynamics of binding, which can be related to biological activity and 
higher-order structure characterization.

When the product is an antibody, its immunological properties should 
be fully characterized. Binding assays of the antibody to purifi ed antigens and 
defi ned regions of antigens should be performed, as feasible, to determine affi nity, 
avidity, and immunoreactivity (including cross-reactivity). In addition, the target 
molecule bearing the relevant epitope should be biochemically defi ned and the 
epitope itself defi ned, when feasible.

Protein molecules are often examined using immunochemical procedures 
(e.g., enzyme-linked immunosorbent assay, Western blot) utilizing antibodies that 
recognize different epitopes of the protein molecule. The binding of antibodies, 
especially those recognizing tertiary or quaternary structure, can be a valuable 
tool in assessing the correct folding of the product. Immunochemical properties 
of a protein may serve to establish its identity, homogeneity, or purity, or serve to 
quantify it.

Defi ning the “Desired Product” Through Product Characterization

Analytical characterization of the product allows for the defi nition of the “desired 
product” and identifi es variants of the product that are either biologically similar 
in activity, defi ned as product-related substances, or have altered activity, defi ned 
as product-related impurities. Differences in other nonclinical or clinical attri-
butes [e.g., pharmacokinetic (PK) or bioavailability] can also defi ne whether a 
particular variant is a related substance or an impurity (1).

The fact that most biological products are heterogeneous in nature results 
in the inability to defi ne purity as an absolute measure from a single assay, i.e., 
purity is demonstrated through a variety of orthogonal tests (e.g., size exclu-
sion to show molecular weight variants, isoelectric focusing to show charge 
variants).

Process-related impurities are often present in medicinal products and encom-
pass those that are derived from the manufacturing process, i.e., cell substrates 
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(e.g., host cell proteins, host cell DNA), cell culture (e.g., antibiotics, enzymes, 
or media components), or from downstream purifi cation (e.g., chemicals used in 
refolding, column purifi cation).

Since product-related impurities and process-related impurities can impact 
safety and effi cacy, it is necessary to develop specifi cations for those that either 
are known to have such impact or are at a level that may have an impact. For 
certain process-related impurities (such as DNA, host cell impurities, protein A) 
specifi cations may not be required if process-validation studies along with manu-
facturing consistency data can demonstrate consistent removal of these impuri-
ties to appropriate levels. For product-related substances, the use of action limits 
rather than specifi cations should be considered as an alternative means to assure 
product consistency from lot to lot.

Lastly, biological products can contain contaminants that include all adven-
titiously introduced materials not intended to be part of the manufacturing pro-
cess, such as chemical and biochemical materials (e.g., microbial proteases, raw 
material contaminants), and/or microbial species. Specifi cations are required to 
control such contaminants (e.g., sterility or bioburden), unless otherwise justifi ed 
(e.g., through process validation).

Stability Studies

Stability studies form a vital component of the understanding of product char-
acteristics. Protein products degrade over time, the extent of which is product 
dependent. The nature of the degradation pathways must be well characterized 
to identify if the pathways involve either an increase in existing product vari-
ants identifi ed in newly manufactured material or the creation of additional 
variants (such as truncations, chemical modifi cations, higher molecular weight 
species, etc.). An understanding of the exposure to such variants during non-
clinical and clinical studies as well as an assessment of their impact on safety 
and effi cacy becomes part of the specifi cation-setting process—not only for lot 
release, but during stability studies, where specifi cations also have to be met to 
assure continued product quality throughout the expiry of the product. Therefore, 
it is valuable to gain an understanding of the age of material to which patients 
have been exposed during clinical studies.

Nonclinical and Clinical Characterization

The “gold standard” of product characterization occurs in the clinical setting, 
where patient exposure provides the most holistic data on the safety and effi -
cacy of a product. However, it is rare that direct links between product quality 
attributes and safety or effi cacy are made unless they are specifi cally designed 
into the clinical program. This is due to relatively few lots of material being 
placed into clinical studies and that often safety signals of biological products 
are associated with the active component themselves rather than product or pro-
cess impurities. Tracking of which patients receive a given lot can be carried 
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out to provide some relationship of differing levels of quality attributes between 
lots to clinical effi cacy and/or safety. However, it is often the case that a single 
patient receives more than one lot through the course of treatment, making the 
assessment complicated. However, even with the above limitations, clinical trials 
can detect gross differences that may be associated with a given product variant 
such as those related to pharmacodynamic properties (e.g., glycosylation, charge 
variants).

It is extremely valuable to gain an understanding of the impact on the 
physicochemical and biological properties of the product when injected into 
humans or animals. One can maximize nonclinical and clinical studies by taking 
blood samples at various times postinjection and monitoring the effect on the 
product. There have been cases where the glycosylation of a product have been 
shown to be irrelevant to potency, PK, or bioavailability—effectively removing 
the need for a specifi cation on a lot-to-lot basis. In addition, it has been found 
that some products get immediately processed or chemically modifi ed (e.g., 
reduced or deamidated), thus making the control of such a product variant at 
lot release less critical. Nonclinical studies can be further enhanced by studying 
purifi ed variants in vivo to gain an understanding of the impact on potency, PK, 
or bioavailability.

Development of Lot-Release Specifi cations

Selecting Product Quality Attributes and Tests for Specifi cations

The development of specifi cations is a life-cycle process, starting from the initial 
application to requesting regulatory permission to enter clinical trials, through 
product development, and the regulatory licensing application review and post-
approval changes. The focus of setting specifi cations is different at each stage 
of development, as more process data become available, methods improve, and 
the ability to correlate analytical data to clinical exposure increases. Specifi cally, 
lot-release specifi cations are a set of test and acceptance criteria used to disposi-
tion (release) lots of material after they have been produced—they are required 
for release of both drug substance and drug product (Tables 2 and 3).

The tests selected for lot release are dependent on the characterization 
of the product and the understanding of the biochemical and biological profi le 
of the product in relation to safety, effi cacy, and consistency. It is not surpris-
ing that any quality attribute that directly links to safety and effi cacy should be 
controlled with a specifi cation test (e.g., potency, quantity). However, not all 
quality attributes are critical to safety or effi cacy, and where such attributes have 
been shown not to impact potency or PK/bioavailability, it may not be necessary 
to set a specifi cation. Yet, there may be attributes that do not impact safety or 
effi cacy, but are markers for consistency of product lot-to-lot and may be consid-
ered a refl ection for other variations not easily detectable by specifi cation test-
ing alone (e.g., certain glycosylation parameters); therefore, these require either 
inclusion in specifi cation testing or control through internal action limits that, 
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Table 2 Test Procedures and Acceptance Criteria for Biotechnological/Biological Drug 
Substance Specifi cations

Appearance and description A qualitative statement describing the physical state (e.g.,
   solid, liquid) and color of a drug substance should be 

provided.
Identity The identity test(s) should be highly specifi c for the drug
   substance and should be based on the unique aspects of 

its molecular structure and/or other specifi c properties. 
More than one test (physicochemical, biological, and/or 
immunochemical) may be necessary to establish identity. 
The identity test(s) can be qualitative in nature.

Purity and impurities The absolute purity of biotechnological and biological 
   products is diffi cult to determine and the results are 

method dependent. Consequently, the purity of the drug 
substance is usually estimated by a combination of meth-
ods. The choice and optimization of analytical procedures 
should focus on the separation of the desired product from 
product-related substances and from impurities.

Process-related impurities Process-related impurities in the drug substance may 
   include cell culture media, host cell proteins, DNA, 

monoclonal antibodies, or chromatographic media used 
in purifi cation, solvents, and buffer components. These 
impurities should be minimized by the use of appropri-
ate, well-controlled manufacturing processes.

Product-related impurities Product-related impurities in the drug substance are 
   molecular variants with properties different from those 

of the desired product formed during manufacture and/or 
storage. For the impurities, the choice and optimization 
of analytical procedures should focus on the separation of 
the desired product and product-related substances from 
impurities. Individual and/or collective acceptance criteria 
for impurities should be set, as appropriate. Under certain 
circumstances (e.g., through process validation), accep-
tance criteria for selected impurities may not be required.

Potency A relevant, validated potency assay should be part of the 
   specifi cations for a biotechnological or biological drug 

substance and/or drug product. When an appropriate 
potency assay is used for the drug product, an alternative 
method (physicochemical and/or biological) may suffi ce 
for quantitative assessment at the drug substance stage. 
In some cases, the measurement of specifi c activity may 
provide additional useful information.

Quantity The quantity of the drug substance, usually based on 
   protein content (mass), should be determined using an 

appropriate assay. The quantity determination may be 
independent of a reference standard or material. In cases 
where product manufacture is based upon potency, there 
may be no need for an alternate determination of quantity.

Source: From Ref. 1.
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Table 3 Test Procedures and Acceptance Criteria for Biotechnological/Biological Drug 
Product Specifi cations

Pharmacopeial requirements apply to the relevant dosage forms. Typical tests found in 
the pharmacopoeia include, but are not limited to, sterility, endotoxin, microbial limits, 
volume in container, particulate matter, uniformity of dosage units, and moisture content 
for lyophilized drug products. If appropriate, testing for uniformity of dosage units may 
be performed as in-process controls and corresponding acceptance criteria set

Appearance and A qualitative statement describing the physical state (e.g., solid, 
 description   liquid), color, and clarity of the drug product should be 

provided.
Identity  The identity test(s) should be highly specifi c for the drug product 

  and should be based on the unique aspects of its molecular 
structure and for other specifi c properties. The identity test(s) 
can be qualitative in nature. While it is recognized that in most 
cases, a single test is adequate, more than one test (physico-
chemical, biological, and/or immunochemical) may be neces-
sary to establish the identity for some products.

Purity and impurities  Impurities may be generated or increased during manufacture 
  and/or storage of the drug product. These may be either the 

same as those occurring in the drug substance itself, process-
related, or degradation products that form specifi cally in the 
drug product during formulation or during storage. If impuri-
ties are qualitatively and quantitatively (i.e., relative amounts 
and/or concentrations) the same as in the drug substance, test-
ing is not necessary. If impurities are known to be introduced 
or formed during the production and/or storage of the drug 
product, the levels of these impurities should be determined 
and acceptance criteria established.

Potency  A relevant, validated potency assay should be part of the 
  specifi cations for a biotechnological or biological drug sub-

stance and/or drug product. When an appropriate potency 
assay is used for the drug product, an alternative method 
(physicochemical and/or biological) may suffi ce for quantita-
tive assessment at the drug substance stage. In some cases, the 
measurement of specifi c activity may provide additional useful 
information.

Quantity  The quantity of the drug substance in the drug product, usually 
  based on protein content (mass), should be determined using 

an appropriate assay. In cases where product manufacture is 
based upon potency, there may be no need for an alternate 
determination of quantity.

General tests  Physical description and the measurement of other quality 
  attributes is often important for the evaluation of the drug 

product functions. Examples of such tests include pH and 
osmolarity.

Source: From Ref. 1.
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when exceeded, would trigger proper quality investigations prior to disposition 
of the material.

As discussed previously, the correlation between a product attribute and 
safety/effi cacy is not an easy one to make. During product development, it is rare 
that multiple lots are tested in the clinic that cover the range of product variability 
within manufacturing capability. In addition, the earliest nonclinical and clinical 
studies where most safety testing occurs happen at a time when most analytical 
techniques are at the early stage of development, if present at all. Therefore, there 
is a need to keep retains of all batches of material manufactured during develop-
ment to maximize data using the fi nal, validated (or most highly product specifi c) 
assays.

For biological products in particular, the most diffi cult assessment that can 
be made regarding product quality attributes and the link to safety or effi cacy 
is one of the impact on immunogenicity (7,8). There is little understanding of 
exactly how immunogenicity of marketed products was induced, although there 
is limited evidence that aggregation, some posttranslational modifi cations (such 
as deamidation), and the presence of specifi c B- or T-cell epitopes may impact 
immunogenicity rates. Therefore, in the absence of direct data correlations, per-
forming a risk-based assessment when considering the immunogenicity implica-
tions in setting specifi cations should be undertaken. This involves the assessment 
of factors such as the patient population, disease type, dosing regimen, and the 
consequences of mounting an immune response, etc.

Setting Acceptance Criteria for Specifi cation Tests

It is clear from previous sections that setting acceptance criteria for a specifi ca-
tion test is a multivariate process that occurs once appropriate tests have been 
selected. Statistical analysis may not always be able to assist in the setting of 
specifi cation-acceptance criteria, especially if only a few lots of material went 
into clinical studies. Statistical approaches such as using tolerance intervals can 
provide some detail for the prediction of variation due to process capability, but 
cannot provide the assurance that levels of variants falling outside that exposed 
to patients in the clinic do not impact safety or effi cacy. Therefore, the accep-
tance criteria are often based on a combination of all the information available 
about product characterization, especially the effect of product variants on safety 
or effi cacy, how the product is affected in vivo, the variability in the manufactur-
ing process, exposure levels in patients, and some level of standard deviation 
around these ranges.

The failure to meet a specifi cation results in an out of specifi cation (OOS) 
test result, leading to rejection of the lot if the OOS is confi rmed. It is possible in 
the United States to provide a Prior Approval Supplement to the Food and Drug 
Administration (FDA), requesting release of the lot if a previously nonapproved 
reprocessing step is required or if an investigation proves that the OOS does not 
impact product safety and effi cacy for some reason (which may lead to redevelop-
ment of either the specifi cation test or its acceptance criteria).
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IPCs versus Specifi cations

Assessing product quality is not just required at drug-substance or drug-product 
release. Testing the quality of the product in this way is not deemed appropriate 
in the absence of a well-characterized and controlled manufacturing process. An 
understanding of critical process parameters (i.e., those process parameters that 
can affect product quality or the effi ciency of the process) is as crucial to assuring 
product quality as is an understanding of the product itself.

Therefore, following process characterization, a set of tests and associated 
criteria in the form of alerts, actions, and, more rarely, rejection limits are created 
for each step in the manufacturing process—namely in-process communication. 
The role of limits versus specifi cations is described in the section titled Limits 
versus Specifi cations.

If the process has been characterized and validated to a stage where clear-
ance of product variants or process-related substances has been assured, the need 
for tests for these materials at lot release may no longer be necessary (e.g., host 
cell proteins or DNA).

Raw Material and Pharmacopeial Specifi cations

The assurance of product quality relies not only on a well-characterized and controlled 
manufacturing and lot-release process, but also on the control of the raw materials 
that are used in the manufacturing process itself. This includes materials used in fer-
mentation (e.g., sera, medium, antifoam), purifi cation (e.g., buffers, column resins, 
fi lters), and formulation/fi lling (e.g., buffers, excipients, container closures).

A thorough characterization of the critical quality attributes of each raw mate-
rial is required; i.e., what characteristics of the raw material are important for the 
assurance of product quality. Methods required to characterize raw materials may 
well be different from those required for product, and therefore raw material–specifi c 
methods may have to be developed. As for the product itself, the design of stability 
studies on raw materials is critical as an understanding of the degradation pathways 
of raw materials and their impact on product quality is important. A specifi cation for 
each raw material should be developed from the data derived from characterization, 
stability, and small-scale studies as well as from large-scale manufacturing runs.

When setting specifi cations for raw materials or products, consideration 
must also be given to the requirements contained in regional pharmacopoeias. 
Pharmacopoeias contain monographs defi ning requirements (which are often 
legally required depending on the regulations of a region) for analytical proce-
dures and acceptance criteria (e.g., sterility, endotoxins, microbial limits, volume 
in container, uniformity of dosage units, and particulate matter) or quality stan-
dards for raw materials (e.g., chemicals such as sodium chloride) or even the 
product itself (e.g., erythropoietin in the EP). When such a monograph exists, it is 
likely that the tests must be included in the specifi cation, and acceptance require-
ments must, at a minimum, be met within the specifi cation.
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Limits versus Specifi cations

Following product and process characterization, both product quality attributes 
and process parameters can be classifi ed as critical, key, or non-key. As discussed, 
any quality attribute that impacts safety or effi cacy, is a direct measure of prod-
uct consistency, or is a process parameter that affects product quality, requires 
a specifi cation test and acceptance criteria. However, there may be attributes or 
process parameters that are not directly critical to product quality, yet may be an 
indicator of the control over either the process or the product.

Such attributes and parameters should be controlled via limits, whereby 
excursion from those limits causes either an “alert,” requiring further monitoring 
but no investigation, or an “action,” whereby an investigation is automatically 
triggered. Alerts are not often linked to lot disposition, but actions (and the sub-
sequent investigations) are usually tied to a lot via a nonconformance—the inves-
tigation of which has to result in the assessment of no impact on product quality 
before a lot can be released. The criteria for an alert versus an action are usually 
dictated by the limits set around an expected median, with alerts being triggered 
by excursions from limits tighter than those that then trigger an action. The pro-
cess for setting limits is similar to that for specifi cations, with analysis of data 
derived from the various sources already discussed.

Acceptance criteria for specifi cations can also have alert and action limits 
associated within them. It is encouraged that a company derive such limits within 
a specifi cation. It is generally the case that specifi cation acceptance criteria are 
often set wider than the clinical experience at the time of licensure, to allow for 
future process variability, so tighter alert and action limits, more refl ective of clin-
ical exposure, encourage process monitoring to ensure no drift or unusual outliers 
occur in the manufacturing process. There is a distinct advantage to setting alert 
and action limits within specifi cation acceptance criteria. Moving limits within 
the specifi cation allows for a change to either the product or the process can be 
detected and investigated before product quality is adversely affected and/or a lot 
requires rejection by failing a test with an OOS.

EXPIRATION DATING AND STABILITY ASSESSMENT

Common elements guide the development of specifi cations and the estimation of 
expiration dating periods. Requirements for both of these activities are linked through 
method development, product characterization, product understanding (i.e., impurity 
and stability profi les of clinical batches), and the capabilities of the manufacturing 
process. Information is gathered for both specifi cation and expiration dating devel-
opment throughout the product development life cycle, starting with toxicology test-
ing and continuing throughout product commercialization and marketing.

In an ideal world, specifi cation and expiration dating development would 
rely on information gathered from a large dataset of batches, simple and pre-
cise test methods, straightforward manufacturing processes, and homogeneous, 
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well-defi ned products. Unfortunately, none of these favorable attributes describe 
biotechnological products and processes. Those working in biotechnological prod-
uct development and commercialization must instead deal with small numbers of 
batches available for statistical analysis, complex and multicomponent products 
(and the more diffi cult, less precise analytical methods that measure attributes of 
these products), and manufacturing processes so complex that they must be con-
sidered as part of product defi nition.

Stability programs and associated product testing provide evidence on how 
the quality of a product varies with time under the infl uence of environmental fac-
tors such as temperature, humidity, and light. As described above, data collected 
from stability studies are included in product evaluations for specifi cation develop-
ment and also permit the establishment of recommended storage conditions (RSCs), 
retest periods, and shelf lives. A wealth of information is available through regula-
tory guidance for implementation and management of stability programs. General 
guidance is applicable to all types of product programs and is quite prescriptive (9). 
Specifi c guidance for biotechnological products is of necessity more general (10), due 
to the complex nature of proteins and peptides, whose integrity may be maintained by 
noncovalent as well as covalent interactions and whose sensitivity to environmental 
factors necessitates maintenance of well-defi ned storage conditions. Because of the 
complex nature of proteins and peptides, even guidance for  biological/biotechnological 
products only applies to well-characterized molecules (10).

Stability Assessment is Phase Specifi c

Any stability program must provide suffi cient information to ensure identity, 
strength, quality, purity, and potency of the product. However, the amount of 
information available for product evaluation will naturally vary with the product 
developmental phase; therefore, regulatory expectations increase as product com-
mercialization progresses.

Throughout product development, an understanding of comparability 
between the stability of the preclinical and clinical batches and all subsequent 
batches must be maintained as the manufacturing process and analytical meth-
ods evolve. Results from stability studies, especially stress or accelerated studies, 
often can elucidate subtle changes in the product during development that are 
not apparent with release and characterization testing (11). Of course, adequate 
documentation of the product history during development and consequent testing 
results is a requirement for success.

Preclinical Stability Program

The purpose of stability studies during preclinical development is to ensure 
the stability of representative batches of drug substance and drug product for the 
duration of the preclinical program. Because of the lack of well-defi ned analytical 
methods, limited characterization of product, and small-scale manufacturing of 
batches whose formulation may not represent that of the product at later devel-
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opmental stages, it is acceptable at this stage to use a limited, templated stability 
protocol, utilizing general assays that have not yet been tailored to the attributes 
of the particular molecule under study (12).

Early Clinical Phase Stability Program

The main concern at this phase of development is safety. As with the preclinical 
product, product formulation may not represent the fi nal, commercial formula-
tion. However, it is expected that studies are performed on drug substance and 
drug product with assays that are able to confi rm that the product remains within 
established safety parameters for the duration of the clinical studies and that a 
defi ned, appropriate stability protocol is used (12).

Late-Stage Clinical Phase Stability Program

Patient safety is still a primary concern, so evaluation of the representative drug 
substance and drug product for acceptability of material throughout the clinical 
study duration is a key driver for stability studies. However, at this stage, it is 
important as well to understand product degradation pathways, have analytical 
methods in hand that are shown to be stability indicating, and follow a defi ned 
stability protocol utilizing these methods. A stability protocol, listing test meth-
ods, sampling timepoints, expected duration of study, and container interaction 
assessment should be developed at this time. By Phase III trials, complete, formal 
stability protocols should be used for drug substance and drug product in the fi nal 
formulation and primary packaging material (13).

Commercial Stability Program

A protocol must be defi ned that meets regulatory expectations for assays, time-
points, and storage conditions. At least one lot must be added to the stability pro-
gram during each year in which product is manufactured.

Postapproval Changes

Batches representing any changes to process, methods, containers, etc., that have 
the potential to impact product stability must be added to the commercial stability 
program.

Development of Stability-Indicating Methods

From the above, it is clear that requirements for stability programs (i.e., batch 
selection, study duration) are well defi ned in regulatory guidance for all stages 
of product development. The value of these stability programs, however, is com-
pletely dependent on the development of appropriate stability-indicating assays.

It is expected that methods used in stability programs cover features sus-
ceptible to change during storage that could affect quality, safety, or effi cacy (10). 
Methods shown to be stability indicating are used in stability programs to assess 
the quality of product batches over time under specifi ed conditions of storage 
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and to establish the retest or expiration dating of products. Stability-indicating 
assays are defi ned as procedures that are used “to assess the presence/absence of 
degradants in a product…capable of accurately measuring changes in the product 
that can occur under conditions of physical or chemical stress” (14).

The complex nature of proteins and peptides requires multiple, complex 
analytical methods to monitor the appropriate physicochemical, biochemical, 
and immunochemical properties of the product. These methods should provide 
quantitative detection of degradation whenever possible to allow for development 
of specifi cations and analysis of product trends. Good documentation of prod-
uct characterization studies and method history is essential both for establishing 
product comparability and for demonstrating the utility of the chosen analytical 
methods included in the stability program. The existence of development reports, 
documenting product characterization and method development progress, is not 
only best practice but is becoming a regulatory expectation.

Documentation should also be available to demonstrate that analytical 
methods used in stability studies are stability indicating, and methods should be 
qualifi ed or validated for stability-indicating capability as appropriate to the prod-
uct phase of development. There is little regulatory guidance elucidating the dif-
ferent expectations for method qualifi cation and validation; however, the reader is 
directed to a review of FDA and industry perspectives on the differences between 
method qualifi cation and validation (15).

Characterizing Degradation Pathways

For the purposes of stability testing, process-related impurities seldom demon-
strate increases in concentration over time and are not typically monitored in sta-
bility programs. Assays are generally developed to monitor those product-related 
substances and impurities that do increase over time. Product characterization 
provides information on types of product-related substances and impurities that 
should be monitored in a stability program. Product characterization require-
ments, in alignment with requirements for development of stability programs and 
stability-indicating assays, are phase dependent. Forced degradation studies on 
drug substance and formulation-screening studies on drug product are typically 
conducted during Phase II to determine potential degradants that may increase 
over shelf-life. By Phase III, such product-related substances and impurities 
should be characterized and quantifi ed, when possible, in clinical batches. The 
importance of monitoring product changes is highlighted by the possible adverse 
consequences of protein degradation, which include such concerns as changes in 
biological activity and increases in immunogenicity.

Developing appropriate stability-indicating assays, however, requires an 
understanding of the molecule’s potential modes of degradation. Stress test-
ing is typically performed on the drug substance and includes studies of effects 
of increasing and decreasing temperature (and cycling between temperatures), 
humidity (when applicable), photolysis, oxidation, pH variation, and agitation.
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Such studies provide material for product characterization and method vali-
dation, may guide development, and demonstrate suitability of analytical methods. 
However, for proteins and peptides, such studies may produce degradants not seen 
when the product is held at RSCs. In such cases, it may not be necessary to character-
ize such degradants or provide assays for their detection in stability protocols (9).

The information from stress studies, while perhaps not useful for determi-
nation of degradation at the RSC, should be used as appropriate to support the 
validation of analytical procedures.

Expiration Dating Requirements

Expiration dating of clinical trial materials. Accelerated-temperature stability 
studies may generally be used to support tentative expiration dates for small-
 molecule products (CFR Sec. 211.166), as long as RSC studies are conducted 
until the tentative expiration date is verifi ed.

However, protein degradation pathways, unlike those of small-molecule 
products, are complex and must generally be monitored using multiple assays. 
Because of this complexity, associated with reliance on assay results that are not 
as well defi ned as those for small-molecule analyses, and the intrinsic heterogene-
ity of biological products, it is generally necessary to use data derived from RSC 
studies to support expiration dating for proteins. Unlike small-molecule products, 
extrapolation of dating period estimates beyond the observed stability timepoints 
or reliance on results from accelerated conditions are not considered acceptable 
for protein products.

This constraint creates a dilemma for stability dating for biotechnological 
clinical trial materials. In all jurisdictions, RSC studies may be performed in par-
allel with clinical trials. For clinical trials conducted in the United States, expira-
tion dating is not required on labeling of clinical trial materials. It is expected that 
products will be stored at RSCs, under strict control, at clinical sites. If a batch 
should fail a timepoint at its RSC, clinical trial material is removed and supplies 
are restocked.

The situation in the European Union (EU), however, has changed with 
implementation of the EU Clinical Trial Directive (2002/20/EC), which requires 
that each product unit be labeled with an expiration date, which again, can only 
be obtained from RSC stability data.

Manufacturers of clinical trial materials for trials in the EU have two options: 
(i) manufacture a batch to be used only for expiration dating prior to manufacture 
of clinical lots, allowing stability data to be collected to support expiration date 
labeling of product; or (ii) label product at risk. The second option, when used, 
relies on International Conference on Harmonisation (ICH) guidance on exten-
sion of expiration dating (16) to statistically extend stability data beyond that col-
lected at RSCs.a

a Note: International Committee for Harmonisation guidances are available on www.ich.org. FDA 
guidances are available on www.fda.gov.
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Both options have drawbacks. The fi rst option generally requires frequent 
product relabeling at the clinical sites as expiration dating is extended; the second 
option requires the assumption of risk that the product will meet its acceptance 
criteria when tested at RSC until the labeled expiration date.

No matter which option is followed, expiration dating of clinical trial materi-
als is subject to the phase-dependent issues previously cited: product characteriza-
tion, development of process and analytical methods, and qualifi cation/validation 
of stability-indicating methods concurrent with collection of stability data and 
conduction of clinical trials. Ensuring that work being done in parallel contributes 
to overall product commercialization requires teamwork across functions with 
respect to timing and prioritization of each aspect of development.

Extrapolation of Data

Extrapolation is defi ned as the practice of using a known set of data to infer infor-
mation about future datasets. For stability data, the underlying assumption of 
this practice is that observed change and rate of change in product attributes will 
continue to apply as future data is collected. Extrapolation therefore relies on 
a comprehensive understanding of the product through characterization studies 
and the manufacturing process as well as reliable, specifi c stability-indicating test 
methods. These are all in short supply in early product development.

As stated above, extrapolation of dating period estimates beyond the 
observed stability timepoints is not generally acceptable for biotechnology 
products. However, manufacturers can utilize regulatory guidance [ICH Q1E: 
Extrapolation of Data (16)] to justify this approach when requirements are met. 
Even if extrapolation is used, estimated shelf-life must be limited to the shortest 
of the extrapolated variables.

Considerations for extrapolation of data as described in ICH Q1E include 
data variability, for both the product and the test method, as well as product stabil-
ity. For processes/products with low variability and high stability, it is considered 
appropriate to extrapolate data. For processes/products with high variability and 
low stability (most protein products), extrapolation is less useful as a predictive 
tool, even when much product, process, and analytical knowledge is at hand.

Stability Requirements to Support License Applications

Regulatory requirements for drug substance and drug product stability pro-
grams to support license applications are well described in regulatory guidance 
(9,10). The purpose of primary stability studies is to establish, based on testing 
of a limited number of batches of drug substance and drug product, appropriate 
retest or expiration dating periods and label storage conditions applicable to all 
future batches of the drug substance or drug product manufactured and packaged 
under similar circumstances. This approach assumes that inferences drawn from 
this small group of tested batches extend to all future batches. Therefore, tested 
batches should be representative in all respects (e.g., formulation, batch size, 
container closure system, and manufacturing process) of the population of all 
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batches and conform to all quality test attributes of the drug substance or drug 
product.

Expiration dating for drug substance to support license application: 
The number of batches required to support licensure is dictated by relevant guid-
ances—“An adequate number of batches of each drug product shall be tested to 
determine an appropriate expiration date and a record of such data shall be main-
tained.” (17). “The purpose of a stability study is to establish, based on a minimum 
of three batches of drug substance or drug product, a retest period or shelf-life and 
label storage instructions applicable to all future batches manufactured and pack-
aged under similar circumstances.” (9).

A proposed expiration dating period is derived by the applicant from results 
on three batches of drug substance, manufactured to a minimum of pilot scale and 
using a method of manufacture and with quality attributes representative of the 
process to be used for commercial batches. For protein products a minimum of 
six months of RSC stability data should be available at the time of fi ling. If data 
from pilot scale batches are used in the submission, a commitment must be made 
to place the fi rst three commercial-scale batches into the stability program.

Expiration dating for drug product to support license application: A 
proposed expiration dating period is derived from analyses of stability results on 
at least three batches of drug product, of the same formulation and packaged in the 
same container-closure system as proposed for marketing. As with drug substance, 
the method of manufacture and the product quality attributes should be representa-
tive of the process to be used for commercial batches. For proteins, a minimum of 
six months of stability data should be provided at the time of fi ling, with a commit-
ment to place the fi rst three manufacturing-scale batches into the stability program 
if data from pilot-scale or bench-scale batches were fi led in the application. In 
addition to the real-time and accelerated-stability studies to support expiration dat-
ing for drug product, special studies should be performed to determine the impact 
of handling, shipping, and distribution of the product worldwide. These studies 
should be initiated prior to license submission and should typically include cycling 
studies at different temperatures and physical agitation conditions on a representa-
tive drug product followed by real-time monitoring under the established stability 
protocol.

Expiration dating for in-process materials: Stability data should be 
provided to support hold times and RSC for in-process materials when needed. 
In-process materials held long-term (generally greater than 30 days) are generally 
assigned an expiration date on the basis of stability studies. For hold times of less 
than 30 days, process-validation studies are often used to determine the suitability 
of held material.

For both drug substance and drug product, stability study results other than 
those described above, such as data on small-scale batches, can be fi led to support 
expiration dating.
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Proposing Alternatives for Commercial Expiration Dating

It is sometimes appropriate, when the drug substance shows little change with 
time, to propose a retest date rather than an expiration date. Both are defi ned 
with respect to the period of time during which the drug substance is expected 
to remain within acceptable limits. The difference is that drug substance with a 
retest date can be retested and, on meeting acceptance criteria, can be immediately 
used. In order to use drug substance with an expiration date for further processing 
after that date, an expiration extension must fi rst be granted by the appropriate 
regulatory authorities. Because most protein products are labile, expiration dates 
rather than retest dates are generally employed (9).

When a product attribute shows marked degradation over time, it may be 
advantageous to propose release as well as shelf-life acceptance criteria. Requiring 
tighter control of product at release may prevent a need to shorten expiration 
dating of batches after product is released. This concept is defi ned in regulatory 
guidances (1):

The concept of release limits versus shelf-life limits may be applied 
where justifi ed. This concept pertains to the establishment of limits 
which are tighter for release than for the shelf-life of the drug substance 
or drug product. Examples where this may be applicable include potency 
and degradation products.

However, it is considered that a comprehensive understanding of product charac-
teristics coupled with a robust and well-defi ned manufacturing process can gener-
ally provide adequate assurance that a product acceptable at release will remain 
within specifi cation throughout shelf-life, obviating the need for separate limits.

Extending Commercial Expiry Dating

Requirements for extension of expiration periods include stability data to sup-
port the proposed extension from a minimum of three production lots, using the 
approved stability protocol (18).

Statistical analysis of stability data is not always warranted or possible. 
When statistical analysis is planned or used, the method should be described and 
results of the analysis should be provided in the application.

CONCLUSIONS

Development of biotechnology product specifi cations and expiration periods 
depends on several parallel product development activities and requires a well-
coordinated product commercialization plan. Of great importance is timely devel-
opment of appropriate product characterization and stability-indicating assays. 
Tests must be based on known product characteristics and have the ability to 
detect and measure, if appropriate, all possible product variants, including degra-
dation products.
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A thorough product understanding is essential to allow defi nition of 
the appropriate tests required to set specifi cations and defi ne stability studies. 
Therefore product characterization information must be collected and available 
as assays are developed, qualifi ed, and validated. A well-defi ned and well-con-
trolled manufacturing process must be in place to allow representative material 
to be included into the product characterization studies as well as the stability 
program to monitor the effects of time, temperature, and other variables on the 
product quality attributes.

In all commercialization activities, more information is obtained as  product 
development progresses. For this reason, early phase requirements for prod-
uct and process understanding are less stringent; however, patient safety requires 
that product quality, including shelf-life, be justifi ed to the greatest extent pos-
sible with the limited data available. For commercialization, it is expected that 
methods are validated for both lot-release and stability-indicating capability and 
that they are shown to be capable of measuring the true product variant profi le, 
including degradation pathways of the product to allow for lot-release and expi-
ration periods to be set, which refl ect the time at which product remains safe and 
effi cacious.
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INTRODUCTION

The breakthrough in recombinant DNA techniques in the 1970s that allowed for the 
overexpression of proteins in cell lines and the creation of the fi rst stable hybrid-
oma for producing monoclonal antibodies by Kohler and Milstein in 1975, have 
collectively brought about entire new classes of therapeutic entities that have begun 
to enter the market as approved drugs. The fi rst monoclonal antibody to appear 
on the market occurred 20 years ago with the launch of Johnson and Johnson’s 
Orthoclone product for treating kidney transplant rejection episodes. This was fol-
lowed by multiple classes of protein therapeutic agents: enzymes, interleukins, 
cytokines, hormones, etc., via three major pathways for the production of biolog-
ics, recombinant expression in cell lines, hybridomas, and transgenic animals. It is 
estimated that there are more than 400 biologics currently in various stages of drug 
development; approximately 40% of these are monoclonal antibodies (1).

This is in contrast to the production and sale of small-molecule drugs, which 
has been occurring for hundreds of years. However, the rational development of 
small-molecule drugs in the United States is a more recent occurrence that can be 
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traced back approximately 60 years to the passage of several key Food and Drug 
Administration regulations. The fi rst of these regulations required that all drugs be 
stable throughout their shelf-life, which forced manufacturers to take a different 
approach to formulation development to maintain the stability of their products (2). 
At about the same time, the Guidance on Current Good Manufacturing Practices 
was published, requiring that manufacturers document their stability programs and 
perform statistical analysis on the results. This followed from the introduction of 
mass-produced spectrophotometers and high-performance liquid chromatographs, 
analytical tools that were capable of detecting and quantitating small amounts of 
impurities and degradents in drug products (2). This expectation for stability along 
with the more recent regulatory requirements to justify a chosen formulation has 
driven the drug product formulation process, on the part of many fi rms, into a sys-
tematic, rational approach to design and optimization. The regulatory expectations 
for a rational development approach are outlined in the International Conference 
on Harmonization guidance on pharmaceutical development (3).

Although the differences in the physical and chemical properties between 
synthetic (small) molecules and protein biologics (peptides, antibodies, and recom-
binant proteins) are signifi cant, the basic approach taken by the pharmaceutical 
scientist in formulating and delivery has become remarkably similar. The major 
differences between small-molecule synthetic drugs and biologics are their degree 
of heterogeneity and complexity and the higher-order structure of biologics, which 
gives rise to their functional activity that must be preserved throughout the produc-
tion, formulation, and delivery process. This higher-order structure, in addition to 
large molecular size, has dictated specifi c delivery pathways for proteins. Another 
mark of time is the recent debate over the production of biologic generics. Patents 
protecting some of the early protein biological products are expiring and much 
attention and debate is occurring on the pathway for approving “generic” versions 
of these drugs and whether the concept of a generic biologic is even possible. The 
distinction between small-molecule drugs and protein biologics is at the core of 
this debate. This chapter will provide an overview of the similarities and differ-
ences between small and large molecules to provide an introduction to those for-
mulators already skilled in the art of small-molecule formulation and also to give 
some background to those interested in the debate surrounding biogenerics.

INHERENT DIFFERENCES OF SMALL VERSUS LARGE MOLECULE 
COMPLEXITY AND SITE OF ACTION

It is interesting to consider the differences between the mechanism and the site of 
action of small-molecule drugs and their protein counterparts in eliciting a biolog-
ical response. A recent comparison of the size and complexity of a small-molecule 
drug versus a large biologic, such as an antibody, used the analogy of comparing 
a 20-pound bicycle with a 25,000-pound F16 jet fi ghter airplane (4). Many of 
the protein biologics being developed as therapeutics are naturally occurring or 
are at least nearly identical to their human analogs and are being developed as 
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replacement or supplemental therapies. These naturally occurring proteins pos-
sess  complex structures and often act within the blood stream or on the surfaces 
of cells to cause their therapeutic effect. In contrast, the vast majority of small-
molecule drugs are produced synthetically and possess a small-enough molecular 
size to be capable of passing through cell membranes to exert their therapeutic 
benefi t by interacting with receptors located inside the cell.

EFFECT OF PROCESSING CONDITIONS ON API PROPERTIES

For both classes of drugs, the processing conditions that the active pharmacentical 
ingredient is exposed to can have signifi cant effects on the ultimate stability of a 
batch of drugs. For small molecules, the end stages of synthesis where the molecule 
is isolated as a solid, often a crystallization process, can have dramatic consequences 
on the physical properties of the drug, such as solubility, stability, etc. Product devel-
opment scientists have become accustomed to monitoring and tracking the changes 
in the crystallization process and monitoring their effects on the formulation and 
processing of a small molecule. Likewise, for the biologics, a similar exercise must 
be performed. The conditions under which a protein drug is grown in culture and 
isolated during downstream processing can have signifi cant effects on the chemical 
and physical profi le of the product. Changes in these conditions can cause a shift 
in the heterogeneity profi le of the biomolecule. Again, little initial thought is given 
to these changes early in the development process, so they are often poorly under-
stood. Unlike small molecules, the biological API is often isolated in the liquid state. 
Although little thought is given to the ultimate route of delivery, an initial formula-
tion often emerges during early purifi cation recovery efforts as the bulk API needs to 
be stored and held, often in a buffered salt solution. This is often the starting point of 
stability assessment, and by default becomes the beginning of formulation develop-
ment, often without recognition. The starting point for drug product formulation is 
the same for small molecules and biologics; it is at the point of synthesis where the 
chemical entity is isolated, or during fermentation/purifi cation, where the growth 
and isolation conditions affect the heterogeneity of the isolated protein respectively. 
The point is that regardless of the class of drug, the formulation group needs to be 
cognizant of the effects made by changes on the part of the API group on their for-
mulation/delivery efforts.

ANALYSIS

For small synthetic molecules, the complete elucidation of chemical structure is a 
regulatory expectation for drug approval. This is in stark contrast to many biolog-
ics, where a complete proof of structure exercise is not possible due to the com-
plex heterogeneity of the protein. This lack of ability to completely demonstrate 
the structure of the protein is what complicates the notion of producing a generic 
version of a biological drug. The premise under which small-molecule drugs are 
granted abbreviated approval as generics is that by demonstrating that the chemical 
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entity is identical in structure to the innovator product, repeating safety and clinical 
effi cacy studies is not necessary. The concept of a “biogeneric” for the less-com-
plicated  protein products that are nonglycosylated—molecules such as insulin and 
growth hormones—has become a realization. The debate on how to approve those 
compounds that possess large degrees of heterogeneity is ongoing and will continue 
for some time, as these molecules are diffi cult to characterize. The recognition that 
complete characterization of the highly glycosylated, large proteins is likely to be 
extremely diffi cult has given rise to the concept of “biosimilars,” where the debate 
has shifted to one of how much similarity to the innovator must be demonstrated 
and how much safety and effi cacy testing must be undertaken to receive product 
approval. Another striking difference between the two classes of compounds is the 
number of analytical methods that need to be deployed. For synthetic molecules, 
only a few methods are necessary to characterize the drug in the dosage form, while 
proteins require several complementary methods to provide a profi le of the mole-
cule to characterize its heterogeneity, and the result is often a qualitative assessment 
versus a quantitative one that is often standard with synthetic drugs. In addition to 
process impurities, consideration also needs to be given to those impurities that are 
related to the cell line itself and also adventitious impurities that can be introduced 
during processing. Analytical methods quantitating the amount of host cell proteins, 
cellular DNA, and other viral and bacterial contaminants need to be incorporated 
into the fi nal analysis of a biologic product. Another introduction on the biologics 
front is the recent call for more detailed analyses of extractables and leachables in 
biological products, similar to the expectations for small molecules delivered via the 
parenteral and pulmonary routes. One important note is the report of extractables 
being linked to immunogenicity events, which emphasizes the profound safety 
implications for this type of testing in biological products (5).

FORMULATION AND DELIVERY

Many of the formulation and product development strategies used for biolog-
ics and small molecules are similar. Often, what differs are the development and 
business strategies companies use to progress them through clinical trials. These 
strategies often dictate the amount of work and effort expended at a particular 
point in the development cycle. Phase I formulation and delivery approaches are 
similar for small molecules and biologics in that many companies do not want to 
expend signifi cant efforts developing and testing formulations for early fi rst in 
human clinical trials intended as single dose or limited multidose studies. Instead, 
small-molecule developers will choose a “powder in bottle” or “drug in a  capsule” 
approach using neat API for support of these quick fi rst human exposure stud-
ies. Biologics producers will provide bulk drug in a refrigerated or frozen state 
directly to the clinical setting for delivery by injection or nebulization for the 
pulmonary route. These are considered proof of concept studies where the intent 
is to get some human pharmacokinetic or surrogate endpoint information before 
investing in full drug development.
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Many biologics have been and continue to be delivered by injection versus 
the large majority of small molecules that are delivered orally. Sixty-four percent 
of small-molecule prescription drugs are delivered orally (1); while there are no 
approved protein products delivered orally in the United States, there are a number 
of companies pursuing this delivery route for proteins, one of which is discussed in 
Chapter 13. Over the last fi ve years, there has started to be a shift in the delivery of 
proteins from solely an intravenous injection mode to one that is more compatible 
with outpatient therapy such as intramuscular and subcutaneous injection and inha-
lation. In addition to a change in delivery modes, there has also been a slow shift 
toward formulating proteins under conditions that minimize the requirements for 
cold storage shipment toward the gold standard for small-molecule storage, which 
is room temperature stability. All of these changes in formulation and delivery are 
being driven by the expanding world marketplace, which is demanding greater 
consumer convenience and room temperature storage products to treat infectious 
diseases regardless of global location. For the pharmaceutical industry, the evolv-
ing product requirements translate into less-invasive means of delivery in outpa-
tient settings and products that will withstand higher temperature fl uctuations at 
low consumer risk and costs while maintaining high benefi t to the patient.

When the time comes to formulate either a biologic or a small molecule, 
the age-old rule of developing the simplest formulation possible should prevail. 
Excipients used should be justifi ed with a reason for their inclusion. Excipient 
usage and function vary widely between small molecules and biologics, and it 
is diffi cult to make generalizations on the purpose and use of excipients between 
these two classes of compounds. For many small-molecule formulations, a num-
ber of excipients are included as processing aids to ensure adequate fl ow and 
ultimate disintegration of the tablet. Some stabilizers for minimizing oxidation 
can be included but should be done rationally, after studying the degradation pro-
cess. In protein formulations, excipients are used to buffer a formulation to an 
optimal pH for delivery or for stabilization purposes. Excipients are added to the 
lyophilization process to yield pharmaceutically elegant fi nished products and to 
stabilize the protein during the freezing process; these have all been discussed 
in detail in Chapter 9. In addition, for biologics, one has to consider the need for 
protecting the protein during processing with respect to temperature, agitation, 
and adsorption to surfaces, and from exposure to oxidative environments, shear 
forces, pressure, etc. When either a small molecule or a biologic is formulated to 
provide a solid dosage form, one of the prerequisites is that the bulk drug have 
good fl ow properties. The aim of much of small-molecule formulation efforts is 
to improve on a material’s bulk density and hence fl ow by techniques such as wet 
or dry granulation. For biologics, it is a signifi cant challenge to isolate the protein 
in a freely fl owing state from a lyophilization or spray drying process; in fact this 
has been the subject of much development effort in the production of dry powder 
delivery systems for the pulmonary insulin products (Chapter 10). New process-
ing equipment may need to be developed for isolating biologics in the solid state 
due to the diffi culty in designing both stability and fl ow properties into the manu-
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facturing process. For formulations that are marketed as liquids, there is often 
the need to incorporate some means of preservation, and this requirement holds 
for both small molecules and biologics. The requirement for microbial preserva-
tion is universal and is dictated by the route of delivery. For biologics, an addi-
tional consideration is that regardless of the route of delivery, preservation must 
be addressed, as protein systems serve as excellent growth media for bacteria 
and, when left unprotected, are often degraded by microbial contaminants. One 
such example is a protein intended for oral delivery. Processing will be conducted 
under aseptic conditions, even though the oral route of delivery does not require 
production of a sterile dosage form.

New delivery methods that are more convenient and less invasive to the 
patient are needed for biologics. Several companies are pursuing new means of 
needleless injection, which are applicable to both small molecules and biolog-
ics. One needleless system of delivery was discussed in Chapter 11. At the time 
of the writing of this chapter, several versions of inhaled insulin are being either 
marketed or developed. One means of delivery is via pulmonary deposition and 
absorption. Another means is by delivery to the back of the pharynx via a simple 
delivery device (6). Some biologics producers are developing new means for sta-
bilizing protein drugs so that they can then be incorporated into conventional dos-
age forms using conventional delivery devices. One such approach discussed in 
a previous chapter using unique stabilizer molecules to enhance stability and the 
ability to transport the protein across biological membranes (Chapter 13).

THE PRODUCT

One last point that is true for both classes of compounds is that the route of drug 
delivery and the need for a delivery device must be considered prior to undertak-
ing any formulation development activities. If a delivery device will be used with 
a product, the physicochemical form of the drug, the product contact material 
construction, compatibility, and physical effects on the drug must be considered 
at the onset of formulation development, or else much time and effort can be 
wasted in having to repeat studies once it is realized that a delivery device must 
be incorporated into the drug product. While the need for drug delivery is present 
for small synthetic molecules, it is particularly critical for biologics due to their 
large complex nature, which often requires parenteral administration.

STABILITY AND EXPIRATION DATING

Stability requirements for biologics are more restrictive than for small molecules. 
A large majority of proteins require refrigeration, while the large majority of small-
molecule drugs are stable at room temperature. These storage requirements for 
biologics become important clinically when considering shipment of materials, 
the need for home preparation by the patient, and the consequences of inadvertent 
freezing and thawing/heating cycles. So there are remarkable differences between 
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the storage requirements for biologics and small molecules. The same can be said 
for the assessment of stability. When considering small-molecule stability, the abil-
ity to perform a mass balance assessment is often possible and serves as a valu-
able exercise in aiding the understanding of chemical degradation mechanisms. 
For large molecules, the stability of a single amino acid can be dependent on the 
fl anking order of amino acids in the primary amino acid sequence, and thus not all 
amino acids of the same chemical structure are of equal stability. This stability is 
also dependent on the proximity to other amino acids in the tertiary structure, and it 
can prove extremely challenging to identify which particular amino acid in the pri-
mary sequence is degrading. This unique nuance of protein molecules makes their 
stability assessment and prediction challenging. While expiration dating for small 
molecules lies heavily on accelerated testing at elevated temperature and humidity, 
such extrapolations for proteins are diffi cult to make as some of the higher-order 
physical structural changes are not accurately predicted by Arrhenius kinetics. This 
pushes much of the stability assessment into real-time storage conditions, which 
often limits the shelf-life assigned due to the long waiting periods necessary to 
collect this data. However, regardless of how complicated the stability assessment 
might seem, much can still be done to determine protein degradation kinetics and 
isolate decomposition products. In contrast to the unwritten lore in the literature 
about protein pharmaceuticals, Arrhenius kinetics can be applied selectively, and 
formulations containing stabilizing excipients can have a major impact on produc-
ing biological drug products with acceptable shelf-lives (7).

CONCLUSIONS

The similarities between formulation of drugs for small molecules and for bio-
logics are many. While the technical intricacies of the chemistry and analysis are 
vastly different, the considerations for producing a stable dosage form capable 
of being accurately delivered are remarkably similar. The history of the devel-
opment of biologics closely follows that of the small synthetic molecules. One 
such similarity is the emergence of technologies that allow the oral dosing of 
proteins to mimic the most favored route of delivery enjoyed by the large major-
ity of small molecules. In fact, the two fi elds are converging in terms of how 
consumers and regulators think of biologics simply as another category of drugs. 
The most recent example of this is the attempt to demonstrate that approval of 
“generic” or “biosimilar” versions of these complicated molecules is possible. 
In just 20 years, beginning with the approval of the fi rst biological drug, OKT3, 
markets around the world have begun to see the introduction of “generic” ver-
sions of some of these highly successful and important therapeutic products.
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Hammett acidity function, 184, 212
Hanging-clot assay, 87
Harmonization, 102
Heat transfer 

coeffi cient, 182, 191
fl uid, 186

HFAs. See Hydrofl uoroalkanes
HIC. See Hydrophobic interaction 

chromatography
High-performance liquid chromatography 

(HPLC), 97, 120
gel permeation chromatography, 97
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Histidine oxidation, 24–25
photooxidation, 25
metal ion-catalyzed oxidation, 25

High-performance size exclusion chroma-
tography (HP-SEC), 101, 122
analysis, 97

High-sensitivity DSC (HSDSC), 118, 
122, 127

Hildebrand solubility parameter, 155
HIV, 275

drugs, 276
Hofmeister lyotropic series, 157
Horseradish peroxidase, 201
HPMC. See Hydroxy methyl propyl 

cellulose
HSA/dextrose solid formulation, 94
HSA. See Human serum albumin
HSDSC. See High-sensitivity DSC
Human growth hormone (hGH), 86, 240, 

275–276
aggregation

effect of surfactant, 227
PLGA-encapsulated, 155

Human insulin–like growth factor, 157
Human serum albumin (HSA), 94

MALDI TOF mass spectroscopy 
of, 95

stability profi le, 94 
Hydrodynamic fl ow resistance, 258 
Hydrofl uoroalkanes (HFAs), 240, 246
Hydrogen peroxide addition, 20–21
Hydrophobic interaction chromatography 

(HIC), 92, 97, 99, 115, 122
Hydrophobicity, 114
Hydroxy methyl propyl cellulose 

(HPMC), 230, 231
Hydroxyl radicals, 20

oxidation, 28
Hydroxypropyl-β-cyclodextrin, 

138, 207
Hydrophobic interactions, 44
Hydrophobicity, 155
Hypospray, 274

Ice sublimation, 182
Ice–water interface, 57
IEC. See Ion exchange chromatography
IEF. See Isoelectric focusing

Immobilization
enzyme, 57
lipid-mediated, 57
poly(lactic-co-glycolic acid) 

microspheres, 57
solid surface, 57

Immunochemical properties, 310
Immunogenicity, 1, 2, 75, 272–273
Immunogenic response, 272
Immunoglobulin G, 201
α-INF. See α-Interferon 
γ-INF. See γ-Interferon
ω-INF. See ω-Interferon 
Injectable proteins, 

routes of delivery, 268–269
In-process controls (IPCs), 304

versus specifi cations, 314
Inspiratory fl ow rate, 233 
Insulin, 274–275

aerosol characterization, 244–245
formulation development, 244

Interfacial surface energy, 55
α-Interferon (α-INF), 169, 276–277

lyophilized, 169
γ-Interferon (γ-INF), 85, 276–277

biological activity, 86
C-terminal degradation products, 85

ω-Interferon (ω-INF), 169, 276–277
Interleukins (ILs), 73

human IL-1 (hIL-1) 
activity, 86
proliferation, 86

International conference on harmonization 
(ICH), 139, 320

Intraject subcutaneous delivery
MR image of , 271,  272

In-use stability testing, 185
Ion exchange chromatography (IEC), 81, 

83, 90, 99, 114
method, 83

Ionic strength, 11
IPCs. See In-process controls
Iron-catalyzed oxidation, 28
Isoaspartic acid, 8
Isoelectric focusing (IEF), 83, 90, 112, 134

banding pattern, 148
capillary IEF (cIEF), 83
gel, 81
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[Isoelectric focusing (IEF)]
profi les, 99
systems, 83

Isoelectric pH, 112–113
Isoelectric points (pI), 49, 50, 83, 156

unfolding transition, 124
Isomerization degradation products, 160
Isotonic liquid formulation, 242
Isotonicity, 136, 137

Jet nebulizer, 223, 243
J-tip injector, 274

Kaposi’s sarcoma, 169
KOS pharmaceuticals, 240, 241

Lactate dehydrogenase (LDH), 200, 201, 
207

Leaching processes, 147
LDH. See lactate dehydrogenase
Leuprolide, 154, 245 

degradation, 159, 160
formulations, 156, 159
in vitro performance, 164–165
preliminary formulations, 156
release rate, 165
serum levels, 165
solubility, 156
stability, 134, 160, 167

Leuprolide liquid crystal
proposed structure, 158

LHRH MDI
formulation development and 

characterization of, 245–246
formulation development, 245

LHRH. See Luteinizing hormone–
releasing hormone

Linear cumulative delivery, 165
Lipopolysaccharide, 86
Liquid–air interface, 55
Lipid-based drug delivery systems, 29
Liquid chromatography/mass spectrometry 

(LC/MS), 159
Liquid junction potential error, 155
Liquid protein formulations, 207
Lot-release specifi cations, 309

development, 312–313 
Lot to lot consistence, 75, 76

Lotulinum serotype B protein, 125
Lowry assay, 81
Lubrol-px, 208
Lumry–Eyring model, 61
Luteinizing hormone, 154
Luteinizing hormone–releasing hormone 

(LHRH), 241
formulation development and 

characterization, 245–246
Lyophile cake stability, 210

evaluation, 211
Lyophile protein dosage, 198
Lyophilization, 31, 54–55, 185, 198, 

208, 239
cycle, 189
FIX, 208
process, 207
rFXIII formulation, 208
sensitive enzyme, 201
stresses, 210

Lyophilization and storage
phase behavior of excipients, 

199–203
phase state of excipients, 202–203 
phase transitions during, 199–200
signifi cance of excipient crystallization, 

200–201
Lyophilized 

elastase, 207
protein formulations, 207
rFXIII, 207

Lyophilized drug products
freeze-dry cycle, 187–191
freeze-dry equipment, 186–187
process qualifi cation and validation, 

191–192
scale-up and technology transfer of, 

185–192
terminal sterilization of freeze-dried 

products, 192
Lyophilized formulation, 10, 62, 207

rational choice of excipients, 199–212
Lyophilizing sucrose-rich formulations, 

206
Lyoprotector, 200, 205, 211
Lyotropic liquid crystal, 158

formation, 157
Lysozyme, 155, 156
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mABs. See Monoclonal antibodies
Maillard reaction, 206
Main-chain cleavage, 10
MALDI. See Matrix-assisted laser 

desorption ionization
Mannitol, 14, 205

crystallization, 206
rich formulations, 205

Mannitol–ice eutectic temperate, 205
MannKind Pharmaceuticals, 239, 240
Mass median diameter (MMD), 234, 235
Mass spectrometric/peptide map 

analysis, 119
Mass spectrometry (MS), 78, 98
Mass-to-charge ratio, 82 
Materials adsorption, 145–146
Matrix-assisted laser desorption ionization 

(MALDI), 81, 85
MDIs. See Metered dose inhalers
Melt temperature, 58
β-Mercaptoethanol, 113
Mercaptoethanol, 84
Met-B4, 22, 23 
Met-B25, 22, 23
Metal ion binding site, 20
Metal ion–catalyzed oxidation systems, 

19–20, 
site-specifi c, 20

Metal ion–catalyzed mechanisms, 24 
Metal ion– catalyzed pro-oxidant system, 

23
Metered dose inhalers (MDIs), 223, 225

formulations, 241, 246
preparations, 241

Methionine oxidation, 21–24
in recombinant human relaxin, 22–23

hydrogen peroxide, 23 
primary sequence, 23 
products, 30
studies with model peptides, 23–24
sulfoxide, 23

Microbial limit tests, 231
Micro heterogeneity, 77
MMD. See Mass median diameter
Molecular mobility, 212 
Monoclonal antibodies (mABs), 73, 273

accelerated stability testing, 100–101
intraject subcutaneous delivery, 271

[Monoclonal antibodies (mABs)]
preparation, 99
stability testing, 96

by SDS-PAGE, 96
Mouse monoclonal antibody (MN12), 207
MS. See Mass spectrometry
Multidose powder reservoirs, 229

Nafarelin, 157
Native-like structure, 211
Native-polyacrylamide gel electrophoresis 

(native-PAGE), 134
Nebulization, 223
Nebulizer designs, 224

conventional pneumatic (jet), 224
ultrasonic, 224
ultrasonic mesh, 224 

Nebulizer devices
Nektar Aeroneb, 224
Omron NEU05, 224
Pari E-fl ow, 224

Nebulizer effi ciency, 243
Needle-free delivery, 257

of proteins, 267–273
clinical validation, 270
immunogenicity, 272–273
patient–device interface, 270–272

Needle-free injection technologies, 
255–259
Avant Guardian 101, 260
Biojector®, 261
GentleJet/Activa, 260
HIS 500, 261
Injex 30, 50, 261
Intraject®, 261
J-Tip, 261
Medi-Jector VISION®, 260
Mini-Ject, 261
PMED®, 261
Vitaject, 261
Zingo™, 260

Needle-free injectors (NFI)
clinical reliability, 279–280
devices, 257
drug delivery systems, 256
erythropoietin, 276
fuzeon, 276
general theory of operation, 258
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[Needle-free injectors (NFI)]
hGH, 275–276
IFN, 276–277
liquid, 270–272
of insulin, 274–275
of proteins, 267–280
parenteral delivery of proteins, 255–280
performance, 270–272
products, 260–261, 270, 273, 275
protein formulation, 264,  
system, 256, 273, 275, 279
therapeutic protein products, 273
tolerability and patient acceptance, 

278–279
visual analog scale, 278 

vaccines, 277–278
Needle phobia, 279
Nektar therapeutics, 232
Neulasta (pegfi lgrastim), 273
Neupogen (fi lgrastim), 273
NFI delivery

construction and compatibility, 264–267
delivery route and formulation type, 266
effect of shear on macromolecular integ-

rity, 262–263
effect of viscosity on injection, 264
formulation considerations, 259–267
lyophilized, aqueous, and powder for-

mulations, 259–262
 patient-fi lled durable systems, 267
prefi lled disposable systems, 265–267

NFI. See Needle-free injectors
NFI system

Bioject’s SeroJetTM , 275
Bioject’s Vitajet 3, 274, 275
Medi-Jector VISION, 274, 275
Twin-Jector® EZ II, 275
ZOMACTON®, 275
ZOMAJET® 2 VISION, 275

NFI technology
clinical validation, 270

N ′-Formylkynurenine and 3-hydroxykyn-
urenine, 26

Nine amino acid peptide (RMP-7), 
136–137, 140, 146
formulation development, 137
peptide, 137
potency and purity, 137

p-Nitroanilide, 86
N-linked oligosaccharides, 81
NMR. See Nuclear magnetic resonance
Nonenzymatic browning, 206
Nonsterile fi nished dosage forms, 231
Novo-Nordisk, 225
N-terminal acetylation, 160
N-terminal sequencing, 79

identity/integrity, 79
Nuclear magnetic resonance (NMR), 202

α-Octocopherol, 30
OFAT. See One-factor-at-a-time
Off-the-shelf diluents, 185
OGTT. See Oral glucose tolerance test
Omnitrope, 74
One-factor-at-a-time (OFAT) 

approach, 111
methods, 111

OOS. See Out of specifi cation
Oral bioavailability

factors infl uencing, 286–287
systemic  bioavailability, 289

Oral biopharmaceuticals
strategies to develop, 287–289

Oral drugs
absorption pathways, 287

Oral glucose tolerance test 
(OGTT), 293

Oral insulin
case study, 289–294

therapeutic advantages, 289–290 
Oral insulin development

using Eligen® technology, 290–294
Oropharyngeal  fi ltering term, 233
Osmolality, 225
Osmosis, 161
Osmotic agent, 163
Osmotic delivery systems, 154
Osteoporosis, 168
Out of specifi cation (OOS), 313
Oxidation, 2, 3, 18–32

biological activity, 18
formulation factors, 28–32

antioxidants, 30
lyophilization, 31
polyethers, 29
processing and packaging, 31
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[Oxidation]
proteins and peptides in polymers, 32
sugars and polyols, 29–30

in pharmaceutical proteins and peptides, 
19–21
hydrogen peroxide addition, 20–21
metal ion catalysis, 19–20
site-specifi c metal ion–catalyzed, 20

specifi c amino acid side-chains, 21–28
cysteine, 26
histidine, 24–25
methionine, 21–24
phenylalanine and tyrosine, 27–28
proline, 28
tryptophan, 26–27

Oxidation-promotion activities, 31
2-Oxo-histidine, 25
2-Oxo-imidazoline ring, 25

Paget’s disease, 168
Parabens, 143
Parenteral delivery of proteins, 255–280
Particle-mediated epidermal delivery 

(PMED®) technology, 262
Particle–particle collisions, 239
Particulate matter test, 93
Passage® FreezeDrying software, 190
Patient–device interface, 270
Patient-driven system, 231
PCS. See Photon correlation spectroscopy
PDR. See Physician’s desk reference 
Pegfi lgrastim, 273
PEG. See polyethylene glycol, 29
Pegylated proteins, 287
PEGylation, 32
PenJets, 274, 275
PEO. See Polyethylene oxide
Peptide and protein structure, 14–18

primary sequence, 14–17
secondary and tertiary structure, 17–18

effects of deamidation, 18
Peptide backbone, 22 
Peptide bond

hydrolysis, 116
Peptide-bond nitrogen, 12

deprotonation, 9
Peptide concentration, 168
Peptide mapping, 119–120, 122, 306

Peptide mapping and characterization, 
78, 81
C-terminal peptide, 78

Peptide sequencing, 78
Perfl uorodecalin, 169
Perfl uorotributylamine, 169 
Permeation enhancers, 288
Peroxyl radical, 22
PG. See Propylene glycol
pH 

measurements, 156
reading, 155–156
stability profi les, 210
units, 155

pH anion exchange chromatography, 81
Pharmaceutical quality research institute, 

222
Pharmacopeial specifi cations, 315
Phenylalanine and tyrosine, 27–28
Phorbol myristate acetate, 86
Phosphate buffered saline (PBS), 165
Photocatalyzed oxidation, 22
Photon correlation spectroscopy (PCS), 

93, 94
Photooxidation, 24–25
Photosensitizing agents, 24
Photostability, 139–140
Physician’s desk reference (PDR), 135, 

140, 142, 143
Physicochemical characterization tests, 

307–308
analytical tests, 307–308
determination of purity, 308
identity, 307
protein content, 308

Placebo considerations, 145
Plasma polymerization, 56
Plasminogen, 87
Plasminogen-activating potency, 87
Plasticizer, 210
Plexiglas-type doors, 187
PLGA. See Polylactic–glycolic acid
PLM. See Polarized light microscopy
Pluoronic F127, 208
Polarized light microscopy (PLM), 202, 211
Polyethers, 29
Polyethylene glycol (PEG), 29, 207

crystallization, 207
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Polyethylene oxide (PEO), 56
Polylactic–glycolic acid (PLGA), 13, 32

acid-catalyzed deamidation 
hypothesis, 13

microspheres, 57
Polymorph mapping, 296
Polyoxyethylene lauryl ether, 208
Polyoxyethylene-polyoxypropylene 

copolymer, 208
Polyurethane membrane

permeability, 162
Polyvinylpyrrolidone (PVP), 13, 163, 

207, 210
matrix, 13, 31

Portal–peripheral insulin gradient, 290
reversed, 290

Portal signal, 290
Potency assays, 85
Potential degradation, 76, 77, 109, 223

pathways, 111, 119
Potential degradation mechanism, 29, 

118–120
key degradation products, 118–120
peptide mapping, 119–120

Powder formulations, 259
PowderMed, 277, 278
Prader-Willi syndrome, 275
Precipitation ability, 157 
Preformulation, 294 

analytical and biophysical methods, 
112–118

biological activity, 118
biophysical characterization 

techniques, 116–118
circular dichroism, 117
dynamic light scattering, 117
fl uorescence spectroscopy, 117–118
high-sensitivity DSC, 118

deamidation, 113–115
hydrophobic interaction 

chro matography, 115
ion exchange chromatography, 114
reverse-phase chromatography, 

114–115
hydrolysis and proteolysis, 116
in protein drugs, 112–118
protein charge and isoelectric pH, 112

electrophoretic method, 112–113

[Preformulation]
protein concentration, 116
protein oxidation, 115
protein size and aggregation, 113

chromatographic method, 113 
electrophoretic method, 113

stress conditions, 119
Preformulation development

Botulinum Serotype B
heavy chain fragment, 122–127

Staphylokinase SY161
recombinant pegylated, 127–129

Preformulation studies
solubility studies, 120
stability screening studies, 120–121 

Prelyophilization solution, 210
Preservatives, 140–144, 227

analytical methods, 143
antimicrobial, 208–209
benzyl alcohol, 209
choosing, 142–143
compatibility, 143–144

container-preservative, 143
effi cacy, 144
inclusion in formulation, 142
m-cresol, 209
phenol, 209

Primary drying, 181–183
Process equipment leachates, 147
Proline, 28
Pro-oxidant system ascorbic acid–Cu(II), 

23
Propylene glycol (PG), 156

formulations, 156
Protein

adsorption, 56
 potential, 3

aggregation, 113, 181, 208
bioavailability, 232
biological activity, 109
biophysical characteristics, 110
chemical characterization, 222
common degradation pathways, 90
conformational stability, 2, 53
critical quality attributes, 111–112
cryoprotection, 208
deamidation rate, 10, 17
degradation reactions, 31
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[Protein]
dehydration, 54
denaturation, 53, 207, 208
denaturation temperature, 92
destabilization, 201
folding, 44
freeze-dried, 210
in polymer, 32
lyophilizing, 156
metal ion–catalyzed oxidation, 20
opalescence, 93
parenteral delivery, 255–280
PEGylated recombinant, 111
pharmaceutically active, 155
physicochemical properties, 89, 109
preferential hydration, 52, 53
proteolytic processing, 96
pulmonary delivery, 4, 239
purifi cation, 54
recombinant, 110
salting-out, 51
separation and purifi cation, 110
size, 84, 113
solubility, 155
stabilization, 54, 208
surface-induced deactivation, 54
susceptibility, 112
turbidity, 93
two-state unfolding, 58
unfolding temperature, 209

Protein aggregation
irreversible, 46
kinetics, 46

Protein and peptide 
preservatives, 140–141

concentration, 140–141
reactions, 1–2

Protein and peptide stability
deamidation, 7–18, 114

effect of temperature, 10–14
peptide and protein structure, 

14–18
pH dependence, 9–10
reaction mechanism, 7–9

in solution, 46–55
pH, 49–51
processing, 54–55
solvation, 51–53

[Protein and peptide stability]
surfactants, 53–54
temperature, 47–49

IR studies, 51
NMR studies, 50, 51
physical considerations, 43–61
UV studies, 51

Protein characterization
analytical methods, 77–89
bioassay, 85–88
broad spectrum of methods, 77
fi ngerprint, 79
of drug substance, 77–89
potency assays, 88
primary structure and sequence, 78–79
protein concentration, 81–82
protein glycosylation, 80–81
protein size, 84–85
safety testing, 89
secondary and tertiary structure, 79–80

by FTIR, 211 
surface charge, 82–84

Protein concentration, 81–82, 116, 139
Protein degradation processes, 2
Protein delivery, 4
Protein denaturation, 91
Protein drugs

preformulation development, 109–129
analytical and biophysical methods, 

112–118
case studies, 122–129

Protein–excipient amorphous–amorphous 
phase separation, 200, 201

Protein folding, 44–46
thermodynamics, 44–45

Protein folding stability, 51, 57
Protein formulation

for aerosol delivery, 223
pulmonary delivery, 219–247

and specifi c case histories, 241–247
Protein formulation and delivery

degradation pathways, 1, 18, 89, 
90, 100

overview, 1 –5
preformulation and analytical 

development, 2–3
stability-indicating analytical 

 methods, 2, 89–102
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Protein glycosylation, 80–81
Protein heterogeneity, 75
Protein liquid formulations

choice of device, 223–225
for aerosol delivery, 223–229

Protein MDI formulations
choice of device, 240
choice of excipients, 240–241
examples, 241

Protein net charge, 83
Protein/peptide 

formulations, 30, 54, 145
solution formulations, 135–148

Protein powder formulations
examples, 239–240
for aerosol delivery, 229–240

choice of device, 229–233
choice of excipients, 233–239
manufacturing issues, 239

Protein quantitation, 84
Protein solution formulation studies, 

134
Protein stability

crystallization, 200
Protein stability testing, 57–62, 75

differential scanning calorimetry 
experiment, 58

long-term, 61–62
measuring and predicting, 57–62
ultraviolet–visible spectroscopy, 60

Protein–sugar phase separation, 206
Protein surface charge, 112–113
Protein–surfactant 

aggregates, 54
interactions, 54

Protein thermal stability, 49, 57
Proteolysis, 76, 116
Proteolytic cleavage, 96, 97
Protonation

side-chain–leaving group, 10
Pseudo-fi rst-order 

fi t, 159
kinetics, 8

Pulmonary delivery 
proteins formulation, 219–247

Pulmozyme®, 224, 242
concentration, 224
formulations, 242

PVP. See Polyvinylpyrrolidone
Pyrogenicity testing, 89

Quality by Design (QbD), 305

Rate-limiting step, 10
Recombinant human deoxyribonuclease 

(rhDNase), 224
biochemical stability of spray dried 

powders, 237
delivery by jet nebulizers, 243
formulation development and character-

ization, 242
aerosol characterization, 242–243
formulation development, 242

powder blends, 234, 236
spray-dried powders, 238

biochemical stability data, 238
Recombinant t-PA (rt-PA), 86–87, 92, 

96, 97
HPLC-SEC analysis, 97
quantitation of two-chain, 101
single-chain, 101

Recommended storage conditions (RSCs), 
316, 319–320

Red-cell aplasia, 1
Refrigeration system, 186
Relative potency, 309
Releasing hormone agonist, 154 
Respimat®, 223, 225, 227
Reversed-phase high-performance liquid 

chromatography (RP-HPLC), 3, 78, 81, 
90–91, 94, 98, 99, 114–115, 126, 137, 
159, 165, 166, 168
separation, 98

rhEPO
single dose, 264

rhGH
single dose, 263

RMP-7. See Nine amino acid peptide
Robust freeze-dried product, 189
Roots-type pump, 186
Rotahaler, 235
RP-HPLC. See Reversed-phase high-per-

formance liquid chromatography
RSCs. See Recommended storage 

conditions
rt-PA. See Recombinant t-PA 
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Salmon calcitonin (sCT), 168
Salting-in/salting-out, 51–52
Sample loading capacity, 115
Scale-up and technology transfer, 185–192
sCT. See Salmon calcitonin
SDS. See Sodium dodecyl sulfate
SDS-PAGE. See Sodium dodecyl 

sulfate-polyacrylamide gel 
electrophoresis

SEC. See Size exclusion chromatography
Secondary drying, 183–184
Semipermeable membrane, 
Sensitive immunoassay, 88
Serono’s Saizen® rhGH, 275
Serum leuprolide and testosterone levels, 

166, 167
Serum leuprolide levels, 166, 167
Serum testosterone levels, 165, 167
β-Sheet structure, 156

extended intermolecular antiparallel, 
157

Shelf mapping, 187 
Shelf temperature, 182, 188

time profi le, 189
Short-bowel syndrome, 275
Sialylation, 83
Silver-staining techniques, 95
Single breath inhaler, 224
Site-directed metal ion–catalyzed 

oxidation, 25
Site-directed mutagenesis, 50
Size exclusion chromatography (SEC), 3, 

84, 99, 113, 116, 122–123, 134, 159
chromatogram, 128
macromolecular separation, 113

Smart freeze dryer, 183
technology, 183

Sodium carboxymethylcellulose, 163
Sodium dodecyl sulfate (SDS), 53, 55, 

113, 123, 134, 208
charge–charge interactions, 53
molecule carries, 84
protein interactions, 53

Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), 3, 84, 
85, 94, 95, 113, 115, 116, 122, 123, 134
densitometric scan evaluation, 96
gel, 85, 95, 125

[Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE)]
heavy chain fragment, 125
protein quantitation, 84
reduced and nonreduced, 125
resolving power, 84

Solid dextrose formulation, 94
by RP-HPLC, 94

Solid–liquid interface, 56–57
Solid–liquid state diagram, 180
Solid-state characterizations, 294–295
Solid-state formulation stability, 3–4
Solubility curve meet, 179
Solubility studies, 120
Solution–DSC/freeze-dried-cake–XRPD 

combination, 203
Solution formulation

aggregation and gelation, 156–159
cavitation/shaking, 144
drug substance, 154
excipients, 138
freezing studies, 144–145 
isotonicity considerations, 136
materials adsorption, 145–146
of proteins/peptides, 135–148
photostability, 139–140
placebo considerations, 146
preservatives, 140–144
protein concentration, 139
solubility, 155–156
solubility studies, 135–136
solution stability, 159–161
solution stability studies, 136
specifi c buffer ion effects, 136–138
stability, 3
sterilization, 161
temperature stability, 139

Solution stability studies, 136, 159
Solvation, 51–53

free energy, 44
induced perturbation, 51

Solvent–protein interactions, 226
Solvophobic effects, 52
Specifi c buffer ion effects, 136–137
Specifi c enzymatic activity, 87
Spray dried insulin powders, 244
Stability and expiration dating, 

332–333
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Stability-indicating 
analytical methods, 2
bioassay, 87, 11, 120
analytical methods, 89–102

development, 317–318
Stability program

commercial, 317
early clinical phase, 317
late-stage clinical phase, 317
preclinical, 316–317

Stability screening studies, 120–121
Stabilization/denaturation, 52–53
Staphylokinase SY161

conformational stability, 128–129 
depegylated monomer, 128
recombinant pegylated, 127–129

Sterilization, 161
Steristrip and sterile bandage, 164
Stokes radius, 82
Succinimide ring intermediate, 8
Sucrose, 52
Sugars and polyols, 29–30
Sulfhydryl, 26 
Surface-associated mechanisms, 55

liquid–air interface, 55
solid–liquid interface, 56–57
solid surface immobilization, 57

Surface charge, 82–84
Surfactant–protein stoichiometry, 54
Surfactants, 53–54
Suspension formulation, 169
Synchrotron XRPD (sXRPD), 203 
System design, 161–163

Target patient population, 143
T-cell epitopes, 313
Technospheres® formulation, 239, 240
Temperature coeffi cient, 44
Temperature-induced destabilization, 47
Temperature mapping, 187
Terminal sterilization process, 146, 

147, 192
Testicular androgen ablation, 165
TFE. See Trifl uoroethanol
TGA. See Thermogravimetric analysis
Theoretical extinction coeffi cient, 82 
Thermal unfolding curve, 47, 48
Thermodynamic equilibrium, 179

Thermodynamic protein stability, 57–61
Thermogravimetric analysis (TGA), 294
Thermotropic liquid crystals, 157
Thiyl radical, 26 
Threshold water content, 211
Time-of-fl ight (TOF), 78, 85 
Tissue plasminogen activator (t-PA), 78

recombinant t-PA (rt-PA), 86–87
t-PA. See Tissue plasminogen activator
T4 phage lysozyme, 55
Transition-metal-catalyzed oxidation, 25
Transition temperature, 92, 123
Trifl uoroethanol (TFE), 12
Triluecine, 236
Triton X-10, 208
True potency, 88
Trypsin, 119
Tryptophan, 80, 116
Tryptophan oxidation, 26–27

photolytic degradation rate, 27
photooxidation, 26, 27
products, 27

Tumor necrosis factor (TNF), 207
binding protein, 208

β-Turn bands, 156
Turner’s syndrome, 275
Tyrosine oxidation, 27–28, 116

products, 28
Tween 20, 185
Tween 80, 208

Ultracentrifugation, 117
Ultrasonic generator, 223
Ultrasonic nebulizers, 223, 226
Unfolding transition, 57
Unit-density spherical particle, 220
Up-front formulation development, 246
Urea concentration, 59 
Urea denaturation curve, 59
U.S. Pharmacopoeia (USP), 89, 222, 

231, 309
particulate matter test, 93

UV absorption spectroscopy, 82, 93, 
115, 122

UV wavelength range, 82

Vaccines, 277–278
Vacuum-dried rhG-CSF, 209
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van der Waals interactions, 51
van’t Hoff equation, 44, 58
Viadur leuprolide acetate implant, 162, 

163, 165, 167
formulation stability, 164
in vitro release rate, 164

Vial breakage, 205
Vibrational frequency, 80
Virtis bench freeze-dryer, 186
Visionary medical products corporation 

(VMPC), 274
Visual analog scale, 278
VMPC. See Visionary medical products 

corporation
Vogel–Tamman–Fulcher equation, 62
Volume exclusion precipitation, 234

Water-sucrose system, 180 
Williams–Landel–Ferry (WLF) 

kinetics, 62

X-ray diffraction (XRD), 202,  296
in situ freeze-drying, 203
low-temperature, 202

X-ray powder diffraction (XRPD), 202, 
211, 295
in situ, 203
synchrotron XRPD (sXRPD), 203

XRD. See X-ray diffraction
XRPD. See X-ray powder diffraction

Zero-order delivery, 165
Zingo™, 262
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