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Abstract

The interactions of pharmaceutical peptides, proteins and their formulations with environmental water vapor are reviewed. Particul
attention is paid to the importance of the physical structure and chemical diversity of peptides and proteins, and comparisons are made v
the mechanisms of water vapor sorption by synthetic macromolecular systems. The influences of formulation processes and additives
also considered and suggestions made for future areas of reseat&®@8 Elsevier Science B.V.
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1. Introduction property of amorphous materials is their ability to sorb
water vapor from the atmosphere into their bulk structure,
In recent years therapeutically-active peptides and pro- as compared to the water vapor uptake by crystalline mate-
teins have increasingly been incorporated into solid-state rials that is generally limited to the particle surface (assum-
formulations designed for parenteral and pulmonary drug ing no crystal hydrate formation). Depending on the polarity
delivery. The parenteral and pulmonary routes are usedof the solid, and the surrounding temperature and relative
because of the generally poor overall oral bioavailability humidity, we can expect significant differences in the
of most peptides and proteins. The formulations are usually amount of water vapor absorbed by peptide and protein
produced in solid forms because of the strong tendency of formulations. This sorption of water into the bulk amor-
these materials to chemically degrade and physically dena-phous structure can have profound effects on properties
ture in aqueous solution, leading to a significant loss in (i.e. chemical stability, physical stability, biological activ-
therapeutic potency. Peptides and proteins generally areity) which depend on the structure and dynamics of the
formulated for parenteral products as lyophilized solids amorphous state [7,8]. With these observations in mind it
intended to be reconstituted into a solution at the time of is important to answer certain questions about the relation-
use [1-6]. For products intended for pulmonary administra- ship between absorbed water vapor and peptides and pro-
tion, peptides and proteins are often prepared by lyophiliza- teins in the amorphous state: (1) how much water is taken up
tion or spray drying for use in dry powder inhalers. Itiswell by such a system at any given temperature and relative
recognized that processes that involve the rapid removal of humidity; (2) what is unique and what is similar about
solvents such as lyophilization and spray drying can cause non-crystalline peptides and proteins in the presence of
materials that might ordinarily exist in a crystalline form to absorbed water relative to other amorphous materials such
become partially or fully amorphous [7,8]. One important as synthetic polymers? In the remainder of this paper we
will attempt to answer these questions by critically review-
* Corresponding author. University of Wisconsin-Madison, School of 1Ng Work done in this laboratory and elsewhere that can be
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vapor content and relative humidity in amorphous peptide 1.0
and protein formulations.
0.8
2. Discussion = u
2 A
2.1. Background E; 0.6
8
Peptides and proteins are natural macromolecules that are i =
produced by joining amino acid subunits with amide bonds. 0.4+ L]
Unlike the single regular repeat units of homopolymers, or
the two different monomers of random copolymers, many 02 u A o
different types of amino acids are assembled in proteins and < ] ° ® a
peptides, giving rise to a complex secondary structure (e.g. 1 s A:
loops, chains, turng-sheets, helices) and tertiary structure 0.0 b A
(i.e. varying types of folding). The complexity of protein " 0.0 02 0.4 0.6 0.8 10

structure increases when a protein consists of more than one pip°
chain and thus assumes a specific quaternary structure (i.e.
spatial arrangement of individual chains). Additionally, Fig. 1. Water vapor sorption isotherms for insulin atGQA), for poly(-
every protein molecule whether crystalline, amorphous vinylpyrrolidone) at 30C (H) and fgr gelatin (as gelatin capsulgs) ato
or in solution can be considered to be a disordered array (®): D@ from Kontny and Mulski [71], Oksanen and Zografi [72], Cost-
. antino et al. [22] and Costantino et al. [23].

of structures some of which are more locally ordered than
others. Disordered regions (e.g. random coils, turns, loops) function of the relative humidity (Fig. 1), and qualitatively
and more ordered structures (e.g. lamellar sheets, heliceskimilar to that observed with hydrophilic amorphous poly-
give proteins a character that is analogous to partially-crys- mers [9]. The effect of temperature on the water vapor
talline synthetic macromolecules with respect to having sorption behavior of protein systems is usually small but
regions of order and disorder. significant (Table 2) [12], and large sorption/desorption hys-

Water vapor sorption isotherms have been reported for teresis has been reported in several instances [9,13,14].
over 20 peptides, proteins and structurally related materials The interaction of water vapor with peptides and proteins
(Table 1) [9], as well as for several pharmaceutical protein is expected to be (1) complex, (2) extensive and (3) fairly
formulations [10,11]. It is generally observed that these strong, given the physical and chemical properties of most
materials sorb considerable quantities of water under ambi- proteins. Water—protein interactions are expected to be
ent conditions, and that the extent of sorption is a sigmoidal complex because of the heterogeneous chemical structure

Table 1

Water vapor sorption studies reported for some poly(amino acids), pep-

tides, proteins and related compounds

of such compounds. Their large molecular weight and polar
groups encourage numerous interactions, and a large num-
ber of potential hydrogen bonding sites dictates that many of
the interactions will be quite strong. Specific residue—water
interactions have been reported and some of these are

Material Temperature°C) Reference thought to be important for maintaining the integrity of
Polyglycine 315 [36] certaln.przotem.s [15]. Natlvg protems typlpglly th|st in a
Poly-.-alanine 315 [36] water-rich environment, so it is not surprising that water
Poly-L-glutamic acid 17, 27, 37, 57 [63] is critical for protein structure and function. It is probable
Poly-L-lysine HBr/HCI 5, 25, 35, 40, 45 [45] that changes in the degree of hydration of proteins are
'”SUI“b“ 25, 50 {22} responsible for significant changes in physical structure

Ovalbumin - 26 o

Bovine serum albumin _ [56] and molecular cooperativity [16].

Lysozyme 25; 17, 27, 37, 47; 35 [27,44,63] o

Methemoglobin - [18] 2.2. Traditional approaches

Somatotrophin salts 24 [48]

ghy”?‘)“ypsmoge” 235 [227]] There have been several extensive reviews of the histor-
asein 5 7 ; ; :

Sodium caseinate 25, 40, 60, 80: 5, 15, 25 [12.55] |c?l atctjempts to rr:jodel vc\j/a:]er vapé)r s.orpt|on by pr(()jtelns ?nd

Whey protein 25, 40, 60, 80; 5, 15, 25 [12,55] related compounds, and the reader is encouraged to refer to

Soy protein 25, 40, 60, 80; 35; 5, 15, 25 [12,21,55] these for a complete perspective [9,17—-19]. As a conse-

Peanut proteins 35 [21] guence of the complexity of the interactions between pro-

\(’:Vh“eat proteins 235? 25625' 45 [£2166‘]‘1 teins and environmental water vapor, it would not be
ollagens 5; 5,65 : :

Woollkeratin 229 [26.66] expected that conventional theories and models of water

vapor sorption behavior which apply to inorganic and



Table 2

Glass transition temperature data reported for some poly(amino acids),

peptides, proteins and related compounds
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Material Transition temperature data  Reference
Poly1.-serine Single point [35]
Poly1.-methionine Single point [35]
Poly1-asparagine As a function of water [37,67]
content
Single amino acids For solutions see [43]
Bovine serum albumin For solutions see [43]
a-Casein For solutions see [43]
Ovalbumin As a function of water see [18]
content
a-Lactalbumin As a function of water see [18]
content
For solutions see [43]
Lysozyme Single point [34,41]
As a function of water see [18]
content
Chymotrypsinogen Single point [34,41]
As a function of water see [18]
content
Globulin Single point [34]
Elastin Single point [41]
As a function of water [68]
content
Collagen Single point [41]
As a function of water [69]
content
For solutions see [43]
Gelatin As a function of water see [43]
content
Wheat glutens As a function of water [42,70]

content
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based on the assumption that certain groups (e.g. amide
groups) bind a specific number of water molecules. In the
more complex models different functional groups are
assigned different interaction or binding capacities which
are determined by correlations drawn from a series of struc-
turally similar compounds. These ‘group contribution’
approaches provide reasonable estimates of the experimen-
tal water vapor sorption isotherms in several instances (e.g.
see Fig. 2) including several block copolymers [28], but
they do not appear to have general applicability [13,29,
30]. This is not surprising, since it is clearly an over-sim-
plification to assume that all protein—water interactions are
controlled by the number of each type of amino acid present
and are insensitive to the effects of molecular size, second-
ary, ternary and quaternary structure, and the degree of
ordering of the system. Models which invoke the existence
of water in different states (e.g. bound and unbound) at
different relative humidities have also been proposed
[9,31,32].

More recent approaches have considered the water—pro-
tein system to be analogous to a simple aqueous solution [9].
Early workers tested concordance with the simplest of solu-
tion models (e.g. Raoult’s law, Henry’s law) and concluded
(not surprisingly) that protein—water systems were not
behaving as ideal or regular solutions [9]. Following these
reports, several investigators used solution models that had
been developed for synthetic amorphous polymeric systems
to describe their data. Perhaps the simplest and most widely
used of these solution models is the Flory—Huggins model
[33]

P/Po=d16xp {(1 - (1/X)2 + x93}

@)

organic solids would be very useful for describing the beha- where p/p is the partial vapor pressure, is the volume
vior of proteins and peptides in the amorphous state. Most fraction of penetrant (1) or matrix (2)x is the relative
early workers attempted to use water vapor sorption modelsmolecular size of 1 and 2, angd is a matrix—penetrant

where the mechanisms were very simple despite the obvious
inadequacies of these models in accounting for the behavior
of proteins. The most popular approach was to use models
that describe the physical adsorption of water vapor on the
surface of solid particles, such as the Langmuir, BET and

GAB equations [20]. Apparent monolayer capacities

obtained from these equations have been widely used to

L
g
R
o

estimate specific surface areas, and it has been noted that>

unusually large surface area estimates are obtained [9,21]
which do not agree with those from well proven nitrogen
sorption methods [22,23]. This is not surprising, since a
scenario of water molecules physically adsorbing only
onto the surface of protein particles and not interacting in
any other way is clearly incorrect. Several other common
modes of water—solid interaction such as capillary conden-
sation and deliquescence can be considered to be equally
unlikely [24], although the formation of crystal hydrates
with proteins is possible under some circumstances.
Models of stoichiometric binding between water mole-
cules and specific functional groups in protein materials

£
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Fig. 2. Predicted (dotted line) and experimenfl) (vater vapor sorption
isotherms at 3% for lysozyme using the group contribution method of

have been proposed by several authors [25-27]. These areeeder and Watt [27].
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1.0 thetic amorphous macromolecules and help to distinguish
them from conventional crystalline and liquid organic sys-
tems. Considering these similarities in dynamic processes in
proteins and amorphous (or semi-amorphous) synthetic
polymers, it may be possible to gain some insight into
relaxation processes of proteins and their relationship to
0.6 / N water vapor sorption by considering some model amor-
S phous macromolecular systems [35-37].
/ / Amorphous materials are highly energetic, disordered
0.4- systems whose physicochemical properties depend strongly
. on temperature. They are formed when the crystallization of
‘ a material below its melting temperature is prevented. This
i ’ process is termed ‘supercooling’ and it can result from (1) a
large molecular size and high degree of molecular connec-
tivity, (2) extensive random intra- and intermolecular bond-
ing, or (3) exposure to very rapid changes in environmental
08 10 conditions (e.g. temperature, solvent). Typically an amor-
phous supercooled macromolecule displays only short-
range molecular order and is sufficiently viscous to be con-
Fig. 3. Theoretical water vapor sorption isotherms predicted using the Sidered a solid. At some temperature well below its theore-
Flory—Huggins polymer solution model, showing the influences of mole- tical liquid-to-crystal transition the amorphous material falls
cular size X) and the solid-liquid interaction parametey.(x = 1, x =0 out of thermodynamic equilibrium and becomes an amor-
(solidline);x = 1, x = 0.5 (dashed line)s = e, x = 0 (dotted line)x = e, phous ‘glass’. This is the glass transition temperatdg (
x = 0 (dash-dotted line). . . . .
and its exact location depends upon the formation condi-
interaction parameter. This model has the ability to account tions/processing history, the chemical structure and mole-
for molecular size effects and the strength of the solid— cular size of the material, and the time scale of inspection.
liguid molecular interactions which are particularly impor- Below Ty molecular motions in an amorphous material are
tant in protein—water systems (Fig. 3). A much better suc- limited to lower order motions. Excluded from this tempera-
cess rate has been achieved using this approach and théure regime are large, diffusion-related motions which are
shape and magnitude of the isotherms predicted are similarresponsible for main chain fluctuations in synthetic macro-
to those depicted by most experimental data (Fig. 1). The molecules. The glass transition temperature is usually deter-
physical picture of the water molecules and the protein mined experimentally by measuring either the heat capacity
molecules mixing at a molecular level and experiencing (DSC), volume (dilatometry) or mechanical properties of
both specific interactions and bulk structural effects is
much more reasonable than those of the models used pre- 1.7,
viously [9]. Whilst the agreement between theory and
experiment is good at moderate relative humidities there

0.8 /

D

volume-fraction solvent

are often significant discrepancies, particularly at lower 1.5
humidities, where the system is least like a true solution "
and where the sorbed water has a significant effect on solid
state structure and dynamics. gu 131
B2 T . ; T T T T )
2.3. Protein structure and dynamics © gqsll MO 10160170 180190 200 210

At this point, before further discussing models for water 2507 [

vapor sorption by proteins, we would like to briefly discuss 2251
the relationship between the structure and dynamics of pep-  2.00-
tides and proteins and water vapor that is absorbed by pep-

tides and proteins. Given sufficient time and exposure to Lsod

certain environmental conditions (e.g. high temperature),

proteins can experience molecular relaxation processes S % 4 % % 0 s s 1%
that have important effects on chemical reactivity, affinity Temperature (°C)

for water, and biological function [34]. Two important char- Fia 4. DSC t howi tepwise ch i heat v for tw

. . . ) Fig. 4. race showing a step-wise change in heat capacity for two
aCte'.’IStl(?S of these relaxation procgsses are t.h(.EII’ no,n pro proteins, collagen (dashed line) and elastin (dotted line) compared with
n_en“al “me. dependence and their cpopera’uwty within @ pyp (solid line). Data taken from Tsereteli and Smirnova [41] and Oksa-
single protein molecule. These properties are shared by synmen and Zografi [72].
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the material as a function of temperature. It has been of amorphous peptide and protein materials in mind, it is
reported that when subjected to these methods amorphousppropriate to consider two theories that have been devel-
proteins do not always demonstratel@ even when they  oped to describe the sorption of vapors by macromolecules
have been prepared by methods that typically yield a highly when sorption concurrently causes changes in the physical
amorphous state (e.g. lyophilization [38]). This is not totally structure of the sorbent, one of which was specifically devel-
unexpected since the dynamics of molecular motions in oped to describe the sorption of water vapor by a protein.
proteins are likely to be extremely heterogeneous, evenThese theories each build upon the concept of the water—
over a small temperature range, due to their high internal solid system being analogous to a solution, but they incor-
structural diversity. Fan et al. [39] have suggested that pro- porate additional terms to account for the structural changes
teins do not always show a classidglbecause of a ‘smear-  occurring in the macromolecule as its water content changes
ing’ of lower temperature relaxations that consequently [45]. In each case there is an implicit assumption of pseudo-
overlap with the primary relaxations that are responsible equilibrium conditions and a thermodynamic driving force.
for Ty. There are proteins, however, that do show a secondThe approach of Vrentas and Vrentas [46,47] was originally
order transition that is characteristic oT@[40]; elastin and developed to describe the sorption of organic vapors by non-
collagen are two classical examples (Fig. 4). Both of these polar polymers, and was then applied to water sorption by
proteins are ‘structural proteins’ and are quite ‘polymeric’in more hydrophilic pharmaceutical polymers [48]. The theory
nature since they are typically richer in one or two amino considers the changes in the free volume of the polymer as it
acids arranged in a regular, repeating sequence. Other prois hydrated to be critical and the magnitude of those changes
teins have been shown to demonstrate a step-wise change iare estimated from the plasticizing efficiency of the sorbed
heat capacity upon heating [18,41,42], and whether or not water vapor. This leads to an equation that appears as a
these changes represents a stiigt they do appear to  modified version of the Flory—Huggins polymer solution
depend on physical and chemical structure, thermal history equation (Eq. (1)):

and the measurement timescale/technique. For most pep- _ 2
tides and proteins it is likely that thereqwill be a criticgl pp/p0—¢>1exp {(1-@/X)o2 o7 exp 1 2)
temperature that is associated with a sudden increase inwhere¢, X , andx have the same meaning as in the Flory—
the number of configurational states and this may be man-Huggins equation (Eq. (1)). The final exponential term in
ifested as an apparent second-order transition [6,13,18].this equation (ex|) incorporates all the terms which quan-
This transition, if experimentally detectable, can be a useful tify the effect of the sorbed vapor on the structural proper-
indicator of important phenomena such as increased chemi-ties of the amorphous matrix:

cal reactivity, denaturation, or aggregation [38]. _

In addition to a changing temperature, the sorption of f_{Mlmé(cpg_Cp)(dTg/dwl)((T/Tg)_1)} /RT (3)
water vapor can significantly alter the physical structure whereM; is the molecular mass of the penetrantis the
and molecular dynamics of amorphous materials. Sorbedweight fraction of penetrant (1) or matrix (24 — C,) is
water increases the overall free volume of amorphous mate-the difference in heat capacity above and below the transi-
rials and consequently promotes molecular mobility. Such
changes are particularly pronounced when the amorphous
material is in the thermodynamically metastable glassy 1m
state, that is, below its characteristic glass transition tem- 4509
perature. Under these circumstances the ‘plasticizing’ effect
of a small level of sorbed water can be quite profound and
may be enough to cause major changes in the physical or
chemical integrity of the material. The effects of sorbed
water are usually accompanied by a depressioiyoin 3501 ™ e
those materials where this transition can be detected [42], ] .
and by a shift to lower temperatures of processes that occur 5, | L a
aboveT,. The effects of water on thg, of poly(vinylpyrro- .,
lidone), elastin and poly(asparagine) are shown in Fig. 5. a
Proteins that have been rapidly dried (e.g. lyophilized, spray ~ 230 a
dried) absorb significant amounts of water vapor and the %
increase in their water content also appears to facilitate 200 . . . . , .
molecular motions that are otherwise only accessible at 0.0 0.1 0.2 0.3 0.4 0.5
high temperatures [13,43,44]. weight-fraction water

500~

400 3
| ]

Tg (K)
.
.

Fig. 5. Glass transition temperature as a function of water content for
poly(vinylpyrrolidone) @), elastin @) and polyi-asparagine £). Data
from Oksanen and Zografi [72], Kakivaya and Hoeve [68] and Green et al.
With the effects of absorbed water vapor on the structure [37).

2.4. Water vapor sorption and structural changes
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1.0 tion, and by incorporating this description into a Flory—
- Huggins type isotherm equation:
Q
g 0.8 Inp/po =INgsy + ¢ +x03 - (1/2BRT)V 4)
§ 0.6 whereg is the compressibilityV is the differential change
g in volume with water content, and the other terms are as
f 0.4+ before. The generation of additional experimental data for
jg‘fo o other well-defined protein systems will be necessary to test
2 0.2 ° ° this theory rigorously and to determine its general applic-
0.0 ability. In this instance the experimental parameters
0.0 02 05 0.8 1.0 required to test the theory can be determined from mechan-

ol ical property measurements and thus may be more easily

determined for proteinaceous materials [44,51].
Fig. 6. Predicted (solid line) and experiment®)(water vapor sorption In spite of a sound theoretical basis and some practical
isotherms at 2%C for poly(vinylpyrrolidone) using the method of Vrentas success in predicting water sorption isotherms in systems
and Vrentas [46]. . . .

that experience changes in physical structure, ‘structural
tion region, dy/dw; is the change in the transition tempera- modification’ theories will have to be further developed
ture with penetrant weight fractiof, is the operating tem-  before they can account for all of the structural changes
perature,Ty is the glass transition temperature for the pure that occur in proteins and peptides as they become hydrated,
solid, andR is the ideal gas constant. The agreement primarily because of the complex and diverse physical
between the a priori prediction and the experimental data structure of these materials. It is probable that in most pro-
for a high molecular weight grade of poly(vinylpyrroli- tein materials several different modes of protein—water
done), a synthetic homopolymer which has been used asinteraction are operating during the water vapor sorption
a model protein by previous workers, is extremely good process, and to a different extent for each different humidity
over the entire range of humidities (Fig. 6). The predictions and each material. More sophisticated models which can
are also very good for other more hydrophobic synthetic probe the contributions of surface adsorption, specific
polymers (e.g. poly(methylmethacrylate)) and macromole- group interactions, bulk solubilization mechanisms, and
cular sugar derivatives (e.g. polysucrose). Since several ofstructural rearrangements in each different type of protein
the key assumptions of this theory are the same as thosesystem are required, but are currently a long way from being
used to develop the Flory—Huggins’ theory, the model realized. Part of the reason for this is the fact that the modes
would not be expected to work a priori with polar aqueous of water vapor sorption vary considerably according to the
systems which experience significant hydrogen bonding. chemical composition of the protein, and the structural his-
The reason for the agreement between the theory andtory of the system. The former of these influences is an
experimental data is most likely due to a cancelling out inevitable consequence of studying a diverse, heteroge-
of various non-idealities. A similar explanation has been neous series of macromolecules which are assembled
proposed for the unexpected agreement between glass tranfrom a relatively large number of different repeat units,
sition temperature data for water—solid systems and glassleading to a much more complex chemical composition
transition behavior predicted by ideal mixing theories [49]. than is encountered with conventional organic or polymeric
The experimental data required to use this model to predict systems. An additional complication of this feature is that
the sorption of water vapor by proteins are not yet widely
available but could be generated for some well defined
model systems without too much difficulty. As with syn-
thetic polymers, the major experimental challenges are
likely to be encountered in determining the critical tem-
perature for structural change as a function of water con-
tent, and in independently determining the penetrant— 0.2F
matrix interaction parameter. W1

The approach of Rosenbaum [50] for predicting water

vapor sorption by a protein pre-dates the work of Vrentas 0.1}
and Vrentas by over 20 years and is based on very similar
concepts. To the best of our knowledge this theory has only
been used to describe one system, the keratin—water system 0 . .
(Fig. 7), and thus its general applicability is not yet proven. 0 0.5 1.0
This author described the structural changes taking place p/p°

upon hydrf”‘tion of the prptein by Usling a compressibility Fig. 7. predicted (solid line) and experimental) (water vapor sorption
term to estimate volumetric changes induced by water sorp- isotherms at 28 for keratin using the method of Rosenbaum [50].

(e}

0.3
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the higher level organization of proteins (e.g. secondary and phenomenon is often quite striking in sorption kinetic data
tertiary structure) is strongly influenced by their unique pri- [45,54]. For proteins there is evidence for irreversible bind-
mary amino acid sequence. One way forward may be to ing of water vapor, slow equilibration between protein and
study simple peptides and poly(amino acids) in order to sorbed water, and structural relaxation accompanying water
achieve an understanding of the importance of the position- vapor sorption [9,53,55]. Hence it comes as no surprise that
ing of amino acids in the protein. hysteresis during the measurement of water vapor sorption
The structural history of protein materials is a key para- isotherms for proteins is often very pronounced [56]. The
meter in determining water vapor sorption behavior becausedirection of the hysteresis will be the same whichever of
it has a profound effect upon the protein’s structural these processes is responsible, but the exact magnitude of
response to exposure to water vapor (e.g. relaxation, crystal-the hysteresis may not be easily predicted due to multiple
lization, denaturation, collapse). Heat, cold, extremes of causative mechanisms. It is certainly expected to vary with
humidity, and various processing stresses can cause signifidifferent proteins and under different conditions because the
cant changes in the structure of the material which can alterunique structure and history of each protein will alter the
its response when encountering water vapor in the environ-balance of those factors which cause the hysteresis. Such
ment. One means of illustrating the profound effects of hysteresis can have significant impact in situations where
structural history on the water vapor sorption behavior of the amorphous protein encounters varying and cyclical rela-
peptide and protein systems is to consider the effects oftive humidities upon storage.
experimental temperature and sample history on the form
of the sorption isotherms. Considerable experimental data2.5. Multicomponent formulations
have been reported which indicate that in the temperature
range from 5 to 78C the effects on water sorption are small The sorption of water vapor by formulations of proteins
but significant (Table 1) [12]. In almost all cases there is an and peptides which contain a significant proportion of addi-
increase in the amount of water sorbed at all humidities astives (or excipients) is considerably more complex than that
the temperature decreases indicative of an exothermic sorp-of proteins and peptides alone [11,57]. The most common
tion process [9,17,45]. This is consistent with calorimetric adjuvants are sugars, buffers and polymers which are added
data for protein hydration [9] and with many of the mechan- to protect the protein during processing, to improve the
isms of water sorption that have been proposed including stability of the protein in the final formulation, and in the
surface adsorption, solution formation, structural relaxation, case of lyophilized injectable preparations to ensure a
and specific interactions (e.g. hydrogen bonding). Without stable, biocompatible solution upon reconstitution [5,6].
knowing the exact mechanism of the sorption process it is These excipients are often in the amorphous state after the
not possible to accurately predict the magnitude of the shift preparation of the peptide and protein formulations, usually
in the isotherm, and the use of the Clausius—Clapeyron by lyophilization or spray drying. A molecular level amor-
equation to estimate thermodynamic parameters, whichphous mixture (or solid solution) may be formed whose
has been attempted by some workers [25,52], is not appro-water vapor sorption behavior will depend upon the identity
priate. A decrease in temperature might intuitively be ex- and proportion of each formulation component and the nat-
pected to discourage water vapor sorption by amorphousure of any interactions between them [58]. In some instances
materials by decreasing their free volume. The opposite phase separation may occur upon preparation of the formu-
direction of the reported isotherm shifts with temperature lation, or one component may crystallize within an amor-
indicates a significant influence from either specific water— phous matrix, leading to even more complex water vapor
substrate interactions or through the modification of the sorption behavior. Sugars are often added for their supposed
structure of the amorphous matrix by the sorbed water ‘water replacement’ properties when the protein or peptide
according to the theories described earlier. is dried below its native water content [1-6]. The use of
Water vapor sorption/desorption hysteresis is often sugars to stabilize proteins during freezing and drying stages
reported to be particularly pronounced for peptides and pro- of processing thus presupposes a strong protein—sugar inter-
teins [9]. The reasons for this hysteresis in conventional action. This interaction may alter the affinity of these com-
materials have been studied in some detail [47,53] and areponents for water vapor upon subsequent exposure to
generally quite well understood. Hysteresis appears to haveelevated humidities. It has also been suggested that amor-
four main origins: (1) irreversible covalent binding of the phous additives with a higliy can be added to protein for-
sorbent, (2) capillary condensation in pores, (3) slow equi- mulations to decrease the molecular mobility of the
libration, and (4) relaxation of the sorbate structure. In sur- amorphous matrix and thus to stabilize the protein or pep-
face adsorption processes the major causes of hysteresis aride against any chemical or physical instabilities [1-6,59].
capillary condensation and the irreversible binding of the This may be appropriate whilst the formulation is protected
sorbent. For absorption processes (‘dissolution’ into amor- from environmental water vapor; however, a very hydro-
phous solids) the major hysteresis effects come from slow philic amorphous additive may actually promote water
equilibration and structural relaxation of the sorbate upon vapor sorption upon exposure to higher humidities and
exposure to the sorbent [47]. The manifestation of this latter thus actually permit a greater degree of molecular mobility
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in the protein. Furthermore, exposure of the formulation to sors of the Purdue/Wisconsin Joint Program on Molecular
high relative humidities may lead to phase separation and/or Mobility in Solids. S.L.S. is the recipient of a United States
crystallization of additives and subsequent loss of their pro- Pharmacopeia Research Fellowship.

tective antiplasticizing effects [60]. The question of how the
components of such formulations interact with each other

and environmental water vapor is currently being explored References

in our laboratories, with particular attention being given to
predicting the behavior of a formulation from the properties
of its individual components [58,61]. Other groups are
actively investigating the mechanism of action of sugars
and other additives, stabilizers and protectants for proteins
and peptides [11,57,59,62] and while the current level of
understanding is quite poor, it is anticipated that over the
next few years the influence of formulation additives on the
water vapor sorption behavior of protein and peptide for-
mulations will become much more completely understood.

3. Conclusions

Biological macromolecules and peptides in the amor-
phous state sorb significant amounts of water under condi-
tions of ambient temperature and moderate relative humid-
ity in a manner that is qualitatively similar to synthetic
amorphous polymers. In this paper we have provided a his-
torical overview of the attempts to predict the water vapor
sorption behavior of biological macromolecules using sorp-
tion models that are currently available in the literature.
These models can be placed into one of three categories:
(1) those derived from physical surface adsorption models;
(2) models based on stoichiometric relationships between
the sorbate and water; and (3) solution models. In general,
these models fail to absolutely predict the sorption behavior
of proteins and peptides because they lack the needed
sophistication to account for the heterogeneous chemical
structure of biological macromolecules and the complexity
of the interactions of these molecules with sorbed water.

Although the extreme diversity of interactions with water
and also the complexity of structural changes that accom-
pany hydration of processed proteins are likely to limit the
success of any one model to predict water sorption of pro-
teins and peptides, progress in this area could by made by
choosing simpler systems, i.e. peptides, polypeptides, and
oligomers, to tailor existing theories to proteins and pep-
tides. Of the three types of models available, a solution
model is likely to be the best starting point for predicting
sorption behavior of biomolecules. Clearly, a successful
model must incorporate terms that account for the specific
interactions with water and the accompanying structural
changes that occur with varying degrees of hydration.
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