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Abstract

Immunogenicity of aggregated or otherwise degraded protein delivered from depots or other
biopharmaceutical products is an increasing concern, and the ability to deliver stable, active
protein is of central importance. We review characterization approaches for solid protein dosage
forms with respect to metrics that are intended to be predictive of protein stability against
aggregation and other degradation processes. Each of these approaches is ultimately motivated by
hypothetical connections between protein stability and the material property being measured. We
critically evaluate correlations between these properties and stability outcomes, and use these
evaluations to revise the currently standing hypotheses. Based on this we provide simple physical
principles that are necessary (and possibly sufficient) for generating solid delivery vehicles with
stable protein loads. Essentially, proteins should be strongly coupled (typically through H-bonds)
to the bulk regions of a phase-homogeneous matrix with suppressed 3 relaxation. We also provide
a framework for reliable characterization of solid protein forms with respect to stability.
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1. Introduction

While there are many potential applications for targeted drug delivery of therapeutic
proteins, protein instability [1,2] associated with process, storage, and delivery-related
stresses remains the primary roadblock for most of these applications. However, nature has
found ways to ameliorate stresses similar to many of those encountered in preparation of
drug delivery depots. In nature, some organisms protect proteins under desiccation [3] and
freezing stress [4] through elevated local concentrations of sugars or sugar-alcohols. Crowe
and Carpenter found they could apply this strategy by lyophilizing proteins or lipids [5] in
the presence of disaccharides with nearly 100% recovery of protein function or membrane
integrity. This approach is now commonly used in the biopharmaceutical industry, and has
facilitated formulation development of many dried therapeutic protein products for human
use. The use of disaccharides as stabilizers in drug delivery applications has been relatively
limited, but has shown promise [6-10].

Since the work of Crowe and Carpenter, scores of biopharmaceutical products have been
administered from a lyophilized state to millions of patients with very few obvious adverse
health effects. However, it now appears that it is not uncommon for patients to develop
antibodies to the therapeutic proteins over time [11], reducing their efficacy [11,12] or
occasionally inducing dangerous immunogenic responses [11]. The appearance of anti-drug
antibodies has been associated with the presence of protein aggregates [13], which occur at
low levels even for these minimally processed biopharmaceutical products lyophilized in the
presence of disaccharides [14].

Recent reviews have pointed out potential immunogenicity of various components of
delivery vehicles themselves [15] and the enhanced likelihood of finding immunogenic
protein aggregates associated with injectable protein delivery systems [16]. Stresses that
could lead to protein aggregation or other protein degradation products can occur at many
stages of producing a drug delivery product, including encapsulation-related processing,
storage, and delivery or release. As with conventional biopharmaceutics, efforts have been
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made in drug delivery applications to reduce process-related degradation and improve
stability of the protein to be delivered. Among these are the use of systems that are amenable
to all-aqueous processing such as chitosan [17] and gels [18]. Proteins and nucleic acids
have also been pre-encapsulated in sugars, preventing their direct exposure to solvents
[10,19,20], and this has also been effective in preventing burst release [10]. Damage at time
of release associated with low pH from degrading polymer has been addressed by
Schwendeman and colleagues [21]. These improved approaches will no doubt be helpful in
efforts to deliver active, stable protein. However, in addition to employment of a protein-
friendly delivery platform, an appropriate level of stabilization generally requires significant
formulation effort for each payload protein, involving characterization of intended
biopharmaceutical payload as well as degradation products that may accumulate [12,16].
Here we focus on characterizing key properties of dry protein formulations and explore the
potential of these properties as reliable metrics for predicting protein stability.

Regulatory and other pressures have driven development of methods for detailed
characterization of biopharmaceutical products in order to minimize adverse effects on
patients, reduce product loss, ensure reproducibility, and predict stability. Thus, even though
the connection between degraded protein and immunogenicity is just emerging, there is an
established analytical infrastructure in place for characterizing products with respect to
stability. Within this infrastructure, a range of analytical methods is in common use, but the
field is still developing as a quantitative science. The utility of most analytical methods used
in this context is judged on correlation between metrics and functional outcomes. As we will
see below, many of these correlations are not completely reliable, demonstrating at least that
additional variables are important. The various characterization methods are inspired by
decades-old hypotheses regarding causal factors in protein degradation. These hypotheses
are reasonable, and probably each holds some validity, but further careful exploration and
critical evaluation will likely lead to analytical approaches that are more reliable and
possibly quantitatively predictive of protein stability in dried form.

1.1. Potential Mechanisms of Stabilization

Two hypotheses for how a solid matrix (sugars in particular) can stabilize dry-state proteins
were articulated soon after the discovery that sugar-glass can stabilize proteins. One idea is
that sugars substitute for water at the protein surface, conferring thermodynamic stability
[22]. Another idea is that, upon vitrification, sugars simply impede degradation processes
[23]. It has also been suggested that water trapped by sugars at the surface of the proteins
mediates either the proposed dynamic [24,25] or thermodynamic [26,27] stabilization. It has
been difficult to cleanly discriminate among these hypotheses, for practical and fundamental
reasons. Among these reasons is the fact that the hypotheses are not mutually exclusive. It is
possible that both could play important roles. Also, it is practically impossible to try to
disprove the thermodynamic stabilization hypothesis by performing thermodynamic studies
on these vitrified systems since the required system ergodicity may not be obtained on a
practical timescale. Adding further difficulty is that these questions have been addressed in
several different fields, from biophysics to pharmaceutics, and the notion of what “protein
stability” means can differ significantly from one report to another. In spite of these
difficulties, sufficient data now exist to allow (a somewhat overdue) refinement of the
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hypotheses. Here we will focus on work that addresses stability against aggregation and
chemical degradation.

2. Thermodynamic Considerations

It has been hypothesized that a good matrix material can provide stability against
degradation by substituting the thermodynamic role typically played by water and stabilizing
the native protein conformation [22]. It is difficult to directly test this hypothesis because it
is not feasible to perform thermodynamic conformational studies for proteins in anhydrous
sugars, due to the very slow dynamics of these glassy systems. However, we can glean
useful information from studies performed for proteins in anhydrous solvents. It has been
known for decades that small proteins can perform enzymatic functions in anhydrous media
when introduced as a suspension of lyophilized powder [28]. However, when dissolved in
anhydrous hydrophilic solvents, protein conformation [29] and often substrate specificity
[29,30] change dramatically, indicating that these solvents really cannot be said to replace
water. There has been one example of a protein retaining native conformation in anhydrous
solvent, and that is lysozyme in glycerol [31]. However, lysozyme is denatured in other
hydrophilic solvents [29], and glycerol is known to induce conformational changes in other
small proteins such as alcohol dehydrogenase [32]. Thus, it appears that in almost all cases,
anhydrous hydrophilic solvents do not replace water by stabilizing the native conformation
of even small proteins, although glycerol may do better than most solvents. We can
tentatively extend the results of these solvent studies to sugars since enthalpic interactions
between sugars and proteins are comparable to those between glycerol and protein, both
being weaker than enthalpic interactions between water and proteins.[33,34]. While it is
unclear whether stabilization of the native state per se is required for achieving good
functional stabilization, or is even generally possible, it is clear that the thermodynamic
interactions between the solid matrix and the protein play a critical role in functional
stabilization. Crowe and Carpenter [22] first showed that that dehydration-induced shifts in
the positions of amide | and amide Il infrared absorption bands for lysozyme could be
partially or fully reversed if the protein was dried in the presence of sugars. They suggested
that sugars formed hydrogen bonds with the native surface groups of the protein, helping to
stabilizing the protein in a near-native state. Later, Allison et al. [35] demonstrated that the
dehydration-induced spectral shifts could not be completely accounted for by water trapped
at the protein surface, indicating that the sugars directly formed hydrogen bonds with the
protein surface. It was later noted that proteins dried in presence of disaccharides showed
significantly smaller dehydration-induced shifts in the IR spectra than those dried in
polymeric sugars [35], demonstrating that polymers do not hydrogen-bond as well with
proteins as do disaccharides, presumably due to topological constraints.

Stability studies have mirrored the spectroscopy trends, showing that polymers do not
stabilize proteins as well as disaccharides [36,37], and that increasing amounts of
disaccharides in lyophilized formulations lead to increasing stability [38—41]. The important
role of hydrogen bonding between matrix and protein surface is particularly evidenced by
concomitant amelioration of dehydration-induced IR shifts and improvement in stabilization
with increasing sugar-to-protein ratio, with most of the improvement occurring up to the
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point that enough sugar is in the formulation to titrate the H-bonding sites on the protein
surface [38,40,41].

2.1. Secondary Structure

Maintenance of native-like secondary protein structure has been the primary surrogate for
evaluating the quality of hydrogen bonding between the matrix and protein for lyophilized
biopharmaceuticals. As we will see below, the correlation between native-like secondary
structure and storage stability is tenuous. It seems to hold for poorly stabilized systems, but
not for formulations that are fairly stable. It has been suggested that measures of tertiary
structure may provide a more robust correlation [42—-46], but it has not yet been possible to
access tertiary structure information for dried proteins.

In principle, any spectroscopy sensitive to vibrations in the fingerprint region (600 to 1800
cm™1) can be used to obtain secondary structure information. Raman spectroscopy is
beginning to be used in aqueous media processing studies [47-49], but is used only
infrequently to characterize protein structure in dry solid formulations [26,50-52]. The dry
formulation studies are more challenging since laser power and dwell times required for
Raman scattering can locally heat samples [52]. By contrast, FTIR is routinely used to
characterize protein structure in the dry state. It is sensitive to secondary structure through
spectral features arising from a-helix and B-sheet. Protein-containing powders are analyzed
using FTIR by dispersing the powder in pellets of KBr. Once spectra are obtained, either 2"
derivative analysis or deconvolution of the raw spectra is used to enable interpretation of
sometimes-subtle spectral differences [42—-45] between solution-state spectra and those
obtained from solid forms. An early example of such analysis is provided in Figure 1a
[42,43] Here, the top trace in each of the four panels is the solution 2" derivative spectrum,
and the bottom trace is the corresponding 2" derivative spectrum of the protein freeze-dried
without excipient. The value of the spectral correlation coefficient, r, denotes the degree of
correspondence between the solid and solution spectra. Note that these data show a range in
magnitude of spectral changes on freeze-drying, from subtle to quite pronounced.

A number of studies have demonstrated a correlation between FTIR spectra and storage
stability [42—-46]. An example is given in Figure 1b for formulations of human growth
hormone, hGH, freeze-dried in the presence of a variety of stabilizers [44]. The 1658 cm™1
band, associated with a-helix, is taken as a marker to indicate degree of native structure, and
the aggregation rate constants at a storage temperature of 40°C associated with each
spectrum are given. Increased amplitude of the a-helix band (thus higher r values) correlates
qualitatively with a lower aggregation rate. A similar correlation exists for chemical
degradation in these systems [44]. While correlations like this are often observed, it has also
been observed for many proteins that secondary structure metrics improve with added sugar
(or other stabilizer) only until sufficient stabilizer has been added to interact with all H-
bonding cites on the surface of the protein. Further increases in stabilizer: protein ratio lead
to increases in stability with no discernable change in markers of secondary structure
[38,39].

In part to address this lack of correlation between changes in stability and secondary
structure, it was recently suggested that the width of spectral bands may be a more reliable
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metric than their peak height [46]; however, this seems not to be the case. Figure 2 shows
data sets for aggregation of two 1Gg proteins [39,53] and hGH [44,46], plotted against
spectral widths of the 1058 cm™1 or 1040 cm™1 band for a helix in hGH or f sheet in I1Gg,
respectively. When the data are plotted with a linear ordinate axis, as in Figure 2a, they
appear to support a nearly linear relationship between aggregation rate and spectral marker
width. However, such a presentation underemphasizes the data in the very range where lack
of correlation has been observed for peak heights. Plotting the data on a logarithmic
ordinate, as in Figure 2b, shows clearly that spectral width is not indicative of aggregation
rate if the secondary structure is fairly native-like. Thus, the peak width metric provides the
same result as seen using peak heights; changes in spectroscopic measures of secondary
structure correlate with changes in stability, but once a nearly native secondary structure has
been recovered, there can be significant improvements to stability with no changes in these
spectroscopic markers.

Annealing studies provide results consistent with our analysis of the data in Figure 2, but
without the complication of changes in matrix or protein:matrix ratio between formulations.
Chieng et al. [54] found stability improvements in hGH after performing sub-Tg annealing
on lyophilized trehalose, sucrose, and hydroxyl-ethyl starch (HES) products that contained
the protein. While stability improvements were obtained for all formulations on annealing,
improvements in spectral markers were observed only for trehalose and HES formulations;
hGH spectra in sucrose resembled that of native hGH before annealing. Similarly aging a
sucrose formulation of an IgG1 protein showed no change in spectral markers but did show
an improvement in stability [55].

Given the ubiquity in observations of stability change without apparent change in
conformation, we can thus conclude that thermodynamic stabilization of the native
secondary structure is either not the only causal factor for functional stabilization, or is not a
causal factor at all. In absence of more highly detailed conformation information, we are left
to consider dynamics information to provide the missing causal factors for protein
stabilization in the dry state.

3. Dynamic Considerations

3.1. Materials Dynamics

Matrix materials used to sequester therapeutic proteins, disaccharides such as trehalose or
sucrose, polymeric sugars such as HES or dextran, and synthetic polymers such as poly-L-
glycolic acid (PLGA), are typically employed in an amorphous state [56]. Amorphous solids
have two characteristics that are likely important for stabilizing biological molecules. One is
that, compared to the crystalline state, matrix molecule positions are less constrained, so
they can interact more strongly with proteins (e.g., through H-bonding). The other is that
they are dynamically slow, and have potential to slow degradation processes within them
[57,58].

Amorphous solids (i.e., glasses) uniformly exhibit three characteristic dynamic processes
covering a wide range of timescales [59]. The fastest motion (.4t relaxation) occurs on a
temperature-independent timescale of picoseconds, and corresponds to molecules jostling
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against one another, either moving independently or collectively [60], where the collective
motion comprises the fundamental steps of the diffusion process [61]. The intermediate
timescale motion, referred to as Johari-Goldstein § (3;g) relaxation [62] occurs on
microsecond to millisecond timescales in the glassy state, and apparently corresponds to
transitions between collective and non-collective B¢,gt motion [61]. The slowest motion (a
relaxation) is strongly temperature dependent and occurs on (seconds to months) timescales
or longer in the glassy state. This terminal relaxation process is sometimes referred to as
global or structural relaxation. While it is typically characterized by a single average
relaxation time (z,,), it is more correctly characterized as having a distribution of timescales
that can be as broad as several decades [63]. The average a relaxation time is closely related
to viscosity (7) through the relation 7, o 7J/T.

3.1.1. Alpha Relaxation—For the purpose of predicting stability in solid dosage forms,
formulators have historically looked to the slowest dynamic process in the material (o
relaxation) to correlate with the very slow chemical and physical degradation rates of
proteins sequestered in the material [57,64,65]. This is qualitatively supported by
observation of changes in characteristics of degradation rates near Tg, where there is a rapid
change in a dynamics and rate of degradation processes with temperature [45,53,65-70].

The value of the a relaxation time (z,) can be obtained in a number of ways. The most
common in the pharmaceutical field is to assume that log(,,) scales approximately with (Tg
—T), as suggested by the Williams-Landel-Ferry (WLF) relationship [71]. One early study
[64] demonstrated that for a single matrix, a monoclonal antibody-vinca alkaloid conjugate
formulation at temperatures slightly above T, degradation rates were proportional to (Tg -
T) for all three degradation pathways studied (aggregation, hydrolysis of the antibody-vinca
linker, and vinca degradation) as expected from the WLF relation. However, while it is true
that log(t.) may scale almost linearly with (T — T) over small temperature intervals, it is
important to recognize that the scaling will be very different for different materials. In
particular, the scaling will depend on the fragility [72] of the glass, its Kauzmann [73]
temperature, as well as its thermal history [74]. Neglecting these factors, it was long held
that materials with higher T would have slower dynamics, more strongly suppressing
protein dynamics and degradation processes [53,65,67—70,75]. However, it was recently
shown for a collection of more than 100 formulations that using (Tg - T) to predict relative
degradation rates could lead to 1000-fold errors [76].

While (Tg - T) is experimentally the easiest metric to access, there are a number of other
ways to determine 1, for a material. Positron annihilation spectroscopy (PALS) [77]
provides a measure of nanometer-sized void volume in materials. Within free volume
paradigms [78], such voids are thought to influence a relaxation. However, PALS-derived
parameters seem not to provide robust correlations with degradation processes [36,54], but
this is perhaps not too surprising given the complicated relationship between PALS outputs
and relaxation processes [79]. Dielectric relaxation is a more direct and widely used
approach to characterize a relaxation dynamics of glassy, small-molecule pharmaceutical
systems [80]; however this technique is very challenging in lyophilized solids due to effects
of moisture and their porous nature. In one of the very few demonstrations of its use for
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protein formulations, Duddu et al. [81] showed that aggregation rates of a MAb correlated
with <, but differently for different formulations.

Structural relaxation times (<) may also be measured by enthalpy relaxation techniques
involving either a kinetic analysis of enthalpy recovery data accumulated at a given
temperature and selected times, or by analysis of the rate of heat production by a sample
undergoing enthalpy relaxation in a thermal activity monitor (TAM) (i.e, an isothermal
micro-calorimeter), at a temperature of interest [82]. The Kohlrausch-Williams-Watts
(KWW) model is frequently used for analysis of the kinetic enthalpy recovery data:

t Brww
p(r)=eap —(;) &)

where t is time, T is the relaxation time, By 1S the so-called stretching parameter (Bxww
< 1), and 1- ¢(t) is the extent of enthalpy relaxation at time t, given by

AH,(¢)
p(t)=1— AH, (t=o0) @)
where AH,(t) is the enthalpy relaxation (or enthalpy recovery) after time, t [82]. Note that
for isothermal calorimetry experiments, it is power (the time derivative of the enthalpy
change) that is obtained experimentally. The KWW form predicts infinite heat flow at zero
annealing time, so a more complex three-parameter “Modified Stretched Exponential
(MSE)” [82] function is preferred for analysis of isothermal micro-calorimetry data. The
MSE equation provides better fits at short aging times. The value of © obtained from either
the KWW or MSE analysis is variously reported as the 1/e point, the mode, or the first
moment average over the distribution of a relaxation times within the glassy system [74,82].

A problem of using either the KWW or MSE equation with enthalpy relaxation experiments
is that © is considered independent of time. In reality, © increases during the experiment as
the glass ages, so t values determined from data at the start of the experiment [83] are
smaller than those obtained from later data. Simulation studies [83] indicate also that Bxww
values found by fitting are too small. However, it is found that the parameter _s,,,,,, is
essentially invariant to aging, and thus is normally reported and compared with rate
constants for stability. Note that the rate constants are almost always evaluated based on
square root of time, which is consistent with comparisons with _g,.,,.,When Byyww ~ 0.5
[83]. When plotted this way, a linear relationship is found between log(k), where Kk is the
degradation rate, and log(t,), but with a slope of less than unity, i.e., k oc T, 7Y, with y < 1,
and y varying between formulations [44].

Even though correlations of stability with _s,.,,,are better than with (Tq — T), the use of this
metric can also be problematic for comparing formulations [39,44,46,53]. An example is
provided in Figure 3. Here, the logarithm of the rate constant for aggregation, log(kagg), is
plotted against Tg and log(mPxww ) at 40 °C in a series of IgG1-sucrose formulations [53]. At
low to moderate sucrose content, the relation between kagg and 5., has the expected sign,
but the sign flips at higher sucrose content. Note also that the relationship between (Tq - T)
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and stability has the opposite sign to that expected; using this metric would lead to the
erroneous prediction that stability should decrease with increasing sucrose. The
inconsistency in the relationship between s, or other measures of a relaxation and
stability when compared across multiple formulations can be traced back to the fact that v in
the relationship k o< t,”¥ can be different for each formulation [44,81].

The fact that the relationship between k and t,, can change between formulations is
underscored by results of antiplasticization studies [76,84,85] where small molecule glass-
forming liquids are added to formulations before lyophilization, decreasing Tg and v, but
increasing stability. For example, Chang et al. [84] reported that adding small amounts of an
antiplasticizer (sorbitol or water) to sucrose-antibody formulations resulted in a monotonic
decrease in Tg and v, but optimal stabilization was obtained at intermediate levels of added
sorbitol or water. In these experiments, 7 . changed with antiplastizer [86] in the same non-
monotonic way as did stability, suggesting that these faster dynamic processes may be
coupled directly to degradation rates.

3.1.2. Beta Relaxation Processes—Evidence for a relationship between 3 relaxation
dynamics and protein degradation rates in lyophilized products was first observed through
correlation across a series of formulations between protein stability and mean squared
displacement (<u?>) measurements from neutron scattering, where <u?>  amplitude of the
Brast Process [85]. It was later found that log(k) oc <u?>~1 for aggregation or chemical
degradation rates over a range of formulations and proteins [39], and that the proportionality
constant seems not to vary significantly with changes in protein or formulation [76]. This is
shown in Figure 4a where the log of relative aggregation, deamidation or oxidation rates for
a large number of proteins and formulations is plotted against <u?>~1. It was also found that
k o< tp36 7", With y=1 for > 100 enzyme-stabilizing formulations [76], and this data is
displayed in Figure 4b. These relationships between measures of  relaxation and
degradation rates have been subsequently confirmed for more than a dozen formulations and
proteins [39,44,76,87-90], with no evidence for significant formulation-dependent changes
iny. Thus, it seems that the relationship between k and 75, , or the amplitude of Bfa; is
material invariant.

While most of the work on 3 relaxation has been performed with neutron back scattering,
this is not an approach that can be used for routine formulation analysis. Solid state NMR
can also provide characterization of dried protein formulations on relevant timescales for 3
relaxation through spin-lattice relaxation times (T1) on a picosecond-nanosecond timescale,
and spin-lattice relaxation times in the rotating frame (T1,) on a microsecond-millisecond
timescale. Several studies have found good correlations between these relaxation times and
pharmaceutical stability in solid formulations [57,90,91].

Recently it has been shown that a surrogate for <u2> from neutron scattering could be found
in signatures of time-dependent fluorescence from a probe molecule located within the
formulation of interest [92]. However, technical challenges prevented this method from
being used for powder samples. An experimentally simpler approach, based on a steady-
state fluorescence red edge effect, which is amenable to powder samples has recently been
developed. Qian et al. showed that the <u?> surrogate extracted using this method matched
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with <u?> data from neutron scattering for lyophilized powders of trehalose and sucrose at
temperatures of interest for formulation development [93].

3.1.3. Degradation Rates and Transport—It is recently becoming clear that the faster
relaxation processes observed in glasses, the strength of the Pt process, and the timescale
of the ;g process are directly coupled to diffusive motions [61,94]. This provides insight as
to why these dynamic parameters should provide a robust metric for predicting protein
stability in solid formulations, since essentially all of the degradation processes of concern
can be modeled as reactions, and such reactions are often transport limited at viscosity
ranges typical for solid protein formulations [95]. In some cases, such as at slightly elevated
water content, degradation processes involving water have been found to not be diffusion
limited [96-98]. In such cases, one would not expect P¢,st relaxation metrics to track protein
stability. On the other hand, degradation processes involving water often appear to be
transport limited at lower water content, and water transport is found explicitly to be coupled
to secondary relaxation in sugar glass. [76,94]

Furthermore, the fact that degradation reactions are transport limited provides clarification
as to the physical origin of the variable relationship between o relaxation and degradation
rates. Through the Stokes-Einstein relation (Dt=kg T/67 n ry) and the prediction of
Kramers’ theory in the high-friction limit (keen™), one can write a series of generalized
relationships between reaction rate, diffusion coefficient, viscosity, and t:

kxD,xTn ¥ x71,? (3

where y=1 at low and intermediate viscosity values where one expects reaction rates to be
proportional to n or 7. As has been hinted at above, for viscosities that obtain in glasses, y
values are observed over the range 0.7<y<1 [99], and the relationship between k or Dy and
T, €an be dramatically material dependent [100].

There are perhaps two purposes for engineering dynamics and thermodynamics of a protein
preservation matrix. One is to slow transport processes within the matrix. The other is to
retard the dynamic processes of the protein itself.

3.2. Protein/Matrix Coupling

From dynamics studies of proteins in a trehalose glass, Hagen et al. [101] first showed that
protein internal dynamics could be coupled to dynamic properties of a host matrix. In that
work the authors suggested that protein dynamics were coupled with matrix viscosity, i.e.,
the longest timescale motions of the matrix. The generality of this conclusion was later
questioned when it was shown that internal protein dynamics were suppressed more in
glycerol at low temperatures than in trehalose [102,103], even at temperatures where
glycerol is liquid and trehalose is a glass [102]. Using light scattering, Caliskan et al. [104]
subsequently resolved this question by demonstrating that protein dynamics were coupled to
high-frequency atomic motions of the solvent rather than the slower motions associated with
viscosity. From molecular dynamics simulations, Dirama et al. [105] also found that protein
and matrix were most strongly coupled at high frequency. They also found that the timescale
and temperature dependence of atomic motions vary from the surface to the core of the
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protein, with the surface motions being much more sensitive to the solvent dynamics. These
results were consistent with experiments of Gottfried et al. [106] who showed that trehalose
glass did not completely suppress local dynamic processes deep within the protein, but did
prevent conformational changes that involve relatively large-scale motion of surface
residues.

The simulations of Dirama et al. [105] also showed that the protein-matrix dynamic
coupling could be traced to the hydrogen bonds formed at the protein-matrix interface. Thus,
the strength and number of these interactions will determine how well the vitrified matrix
can slow the protein’s dynamics. This result provides an important connection between
spectroscopic FTIR hydration signatures or secondary structure and protein stability in the
glass. Better H-bonding seems to provide for more native-like secondary structure, but we
hereby understand that it will also tie host and protein dynamics more tightly, slowing the
dynamics of the protein, and more effectively stabilizing it.

FTIR has been the traditional method used to obtain information about the interactions
between protein and matrix; however, the strength of these crucial enthalpic interactions
may also be obtained through partial volume of mixing [107]. Extraction of interaction
energies requires some assumptions, but in qualitatively comparing various mixtures with
similar compositions, larger negative volumes of mixing indicate stronger enthalpic
interactions. Using high-precision density measurements of lyophilized materials, Chieng et
al. [54] found larger negative volume of mixing for hGH and sucrose than for hGH:trehalose
systems. Correspondingly, they found that sucrose was a better stabilizer for hGH than
trehalose [44,54], even though no difference was found between FTIR spectra of hGH in the
sucrose of trehalose formulations. Similar correlation has been found between volumes of
mixing and protein stability in formulations containing hydroxyethylstarch, disaccharide,
and small amounts of either sorbitol or glycerol [53,108].

3.3. Protein Dynamics

Proteins are known to have a dynamical transition temperature (Tp) below which internal
motion is severely restricted. In low and moderate hydration conditions, this transition is
usually seen in the range (200 to 230) K, and corresponds to onset of function [109,110]. In
anhydrous conditions, and in the presence of a host material, Tp can be significantly higher
[111]. This dynamic transition has been likened to a glass transition temperature (Tg)
[112,113], and seems to have phenomenological similarities. For example, differential
scanning calorimetry (DSC) data on several formulations of protein dried in a disaccharide
matrix showed a broad non-reversible endotherm near 60 °C with features characteristic of
an enthalpy recovery peak found near the T of the matrix material (> 100 °C). To
investigate whether this corresponded to a protein Tp, Kinetics of hydrogen-deuterium
exchange (HDX) in freeze-dried BSA was used to evaluate the temperature dependence of
the number of slowly exchanging protons, and it was found that there was a significant
change in the temperature dependence of this value near 60 °C, consistent with the location
of the DSC endotherm [111], confirming a dynamical transition within the protein. Similar
experiments in our laboratory with crystalline insulin powder and freeze dried hGH gave
similar results (unpublished data). This Tp observed for dried proteins does seem to be an
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onset temperature for internal protein motion, and its value may reflect the level of
stabilization of the protein. However, this measure of dynamics is rather new to the
pharmaceutical field and thus far there have been no attempts to correlate functional stability
with TD-

HDX has long been employed to study structure and mobility within proteins and recently
has been adapted to studies of proteins in the solid state [64,114]. The methodology involves
exposing the protein-containing solid at a given temperature to vapor from an aqueous
solution of D,O/salt solution with a low water activity [114]. The extent of HDX is
measured at various time points by FTIR [64], or by LC-Mass Spectroscopy [114].
Conditions are chosen so that equilibration with regard to water transfer from the solution to
the solid protein system is sufficiently fast that a kinetic analysis can be used to separate the
relative amounts of fast exchanging protons from slow exchanging protons. We point out
that the introduction of small amounts of water (through the low D,O vapor pressure) may
alter dynamics of different matrix materials in very different ways [75], so this must be
taken into account when comparing results across multiple matrix materials.

Each protein will have some native-state characteristic ratio of fast to slow exchanging
residues. An increase in that ratio is taken to indicate loss of native structure stability, and
greater access of protein residues to reactive species in the matrix. Figure 5 compares the
extent of aggregation after 360 days for various myoglobin formulations during stability
studies at 25 °C and 40 °C with the fraction of fast exchanging protons, determined at time
zero [114]. The aggregation data is also plotted against a-helix band intensity by FTIR for
comparison. While there is some correlation between stability and FTIR structure, the
correlation is far better with the HDX data.

The ratio of fast and slow exchanging residues, averaged over the entire protein, can be
determined through the ratio of infrared absorption bands associated with hydrogenated and
deuterated vibrational oscillators as was done in Figure 5. However, dynamical information
structurally resolved at the residue fragment level can be obtained through a mass
spectroscopy based analysis procedure (HDX-MS) [37].

4. Other Factors

4.1. Phase separation

Phase separation can be deleterious to stability when the stabilizer phase separates from the
protein, negating the intended benefit of the stabilizer [48,115,116]. Although studies are
limited, solid state NMR appears ideal for investigation of phase separation in glassy protein
formulations. The classical method for detecting phase separation is observation of multiple
Tgs with differential scanning calorimetry (DSC). However, dry solid phases rich in protein
normally do not show a Ty, so DSC is of limited utility for protein formulations [117].
Raman line mapping can also be used to detect phase separation in protein formulations, as
long as the phase-separation domain size is larger than optical resolution limits of
approximately 1 pm. Solid state NMR does not have this domain size limitation, and sSNMR
can be extremely useful in demonstrating phase separation even with very small domain
sizes well under the Raman line mapping capability [118].
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4.2. Specific Surface Area

Dried protein products in common use, such as micrometer- or nanometer-sized [119] drug
depots, freeze-dried cakes or spray-dried powders [120] can have very high specific surface
areas (SSA). Surface regions tend to be enhanced in surface-active species, such as proteins,
and depleted in other species, such as stabilizers. Consequently, significant fractions of the
total protein load may be associated with interfaces, as frequently manifested in burst
release. These effects could be particularly pronounced for formulations containing very low
levels of protein or vaccine and high SSA.

Interfacial regions are also dynamically distinct from the bulk. Dynamics are typically
enhanced (sped up) by many orders of magnitude [121] in these regions, which can extend
on the order of 10 nm towards the bulk from the surface. Given the very different dynamic
environment, and the potential lack of stabilizers, one might expect that protein at the
surface would be less stable than that in the bulk, and this is observed [46,89].

Total protein load at the surface can be evaluated using electron spectroscopy for chemical
analysis (ESCA) [46,89], and SSA can evaluated by Brunauer—-Emmett— Teller (BET)
analysis of nitrogen or krypton adsorption isotherm data [89]. The fraction of protein at the
surface then follows directly from an estimate of the thickness of the surface region sensed
by ESCA, which is typically (50 to 100) nm [46,89]. Using ESCA and BET, Abdul-Fattah et
al. [89] evaluated a series of dried protein products containing an 1gG(1) with SSA covering
a 30-fold range, made by lyophilization, foam drying, and spray drying. They observed
strong correlation between aggregation rate and fraction of protein at surface.

In a study on a model protein, BSA, Costantino et al. found a linear relationship between
spray-dried powder surface area and monomer loss [20]. Subsequently, Xu et al. [46]
published a study of the impact of formulation and processing on stability of freeze-dried
hGH, where the stability results were compared with estimated percentage of protein at the
surface. Figure 6 summarizes some of the results of that study. They found that aggregation
after 16 weeks at 50 °C is correlated with fraction of surface protein. The trend of
accumulated aggregation is linearly proportional to the fraction of total protein at the
interface, and has a slope of nearly 1, suggesting that protein degradation at the interface is
responsible for a significant fraction of the overall degradation. Similar results were found
for sucrose and trehalose formulations, but with correlation lines of smaller slope than for
HES. Low protein levels were used in this study (2% of the dried product), and efforts were
made to generate products with high SSA, so that over 30% of the protein was in the
interfacial region for some samples. Given the dominant effects that surface degradation can
have, it seems prudent to seriously consider fraction of protein at the surface when
interpreting stability trends for freeze dried or spray dried protein products.

4.3. pH Effects

Changes in pH can have dramatic effects on conformational stability of proteins in solution,
and pH considerations should figure prominently in preparing formulations for
lyophilization. It is important to note that the product does not necessarily retain its initial
solution pH during the entire lyophilization process, and this can lead to product instability.
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Differences in temperature-dependence of solubility for various members of a buffer salt
family can lead to large swings in pH at low temperatures. Phosphate and succinate buffer
systems are known to have these issues, with the latter exhibiting swings of up to 6 pH units
during the freezing process [122]. Even if such large changes in pH are avoided during
processing, effective pH can change in unexpected ways upon dehydration of the product.

Early studies indicated that molecular ionization states in the dried powders were similar to
those in the original aqueous solution [123,124]. This was interpreted as the dried powder
having the same effective pH as the solution, and termed “pH memory”, but it was later
shown that, in many cases, the degree of ionization in the solid had more to do with the ionic
strength of the solution than the pH [125]. Taking ionic strength into account, Li et al [126],
showed that H* activity may in fact change substantially upon drying from aqueous solution.
The effective pH of lyophilized materials can be characterized through the Hammett acidity
function [127], where the state of an acid-sensitive dye is used to determine the activity of
H* in the solid. Hammett acidity was shown as a good predictor of relative rates of acid-
catalyzed chemical reactions in the solid state [127-129], and has been suggested as
characterization tool to rank-order formulation stability for acid-sensitive molecules in dry
formats [130].

5. Revised and Alternate Hypotheses

Historically the “water replacement” hypothesis has included the idea that the solid matrix
(e.g., sugars) can recapitulate the function of water in thermodynamically stabilizing the
native state of the protein. While the idea is pleasing and one can make arguments why it
may be valid, we have several critiques of the hypothesis as formulated: 1) There is, at
present, no convenient way to measure tertiary structure in dried form, making the
hypothesis essentially untestable. 2) There is no evidence that anhydrous media can
generally stabilize protein structure, with the apparently sole exception of lysozyme in
glycerol [31]. 3) Changes in secondary structure and protein stability correlate well only
under specific circumstances. There are numerous accounts of changes in protein stability
with no change in spectroscopic markers of secondary structure. We can conclude that either
stabilization of tertiary (not just secondary) structure is the causal factor in stabilizing
proteins, or that there is at least one other causal factor, and native state stabilization may or
may not be causal at all.

Given these critiques, we propose a modified hypothesis and several alternate hypotheses.
The basis of a modified hypothesis could be that stabilization of secondary structure is
necessary but not sufficient for pharmaceutical stabilization. An alternate hypothesis is that
observed secondary structure changes are a coincidental side effect of changes in enthalpic
coupling between matrix and protein, and it is the coupling that is the key factor visa vis
imposing the slow matrix dynamics on the protein. In this scenario, one would expect
significant changes to stability when the fraction of the protein surface H-bonded to the
matrix changes. Another alternate hypothesis, stated earlier in this work is that spectroscopic
structure markers are simply snapshots of dynamics or degradation in process. In this
scenario, one can view results of in situ conformational characterization at a given time as
an indicator of how much the protein has unfolded or aggregated up to that point. There
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seems to be a basis for the idea that dynamic factors figure in results of secondary structure
measurements, since time-dependent conformational changes in the solid from have been
observed [88].

Modification of the dynamic hypothesis is straightforward. It is clear from fundamental
transport theory, decades of experimentation on model systems, and results of many
pharmaceutical stability studies that a relaxation does not, and should not, correlate reliably
with degradation-related reactions in vitreous media. Rather, measures of transport should
scale linearly with reaction rates in these systems. We now know that 3 relaxation processes
are fundamentally connected with these transport processes, and we observe apparently
universal relationships between appropriate measures of § relaxation and stablity. We
modify the dynamic hypothesis to propose that, in the glassy state, suppressed f relaxation
processes in the matrix slow transport of reactive species, and thus slow degradation.
Further, suppressed [ relaxation processes slow the dynamics of the guest protein further
slowing its degradation processes, provided there is good dynamic coupling between the
matrix and the protein, which is provided by strong enthalpic interactions — usually H-bonds.

6. Conclusions

It is crucial that proteins be encapsulated, stored, and released from biopharmaceutical
formulations or drug delivery vehicles with minimal degradation. Even a few percent of the
original protein load being degraded may be unacceptable, and acceptable limits may drop
as more becomes known about immunogenicity of degraded protein. Platforms are being
developed for drug delivery that shield proteins from harsh environments during processing
and delivery. However, even with such measures, careful characterization of the dried
protein-containing product is an imperative. Reduction of degraded protein to an acceptable
level will undoubtedly involve careful formulation tailoring for each protein, and reliable,
predictive metrics for protein stability are a key part of the formulation feedback process.

Based on data and discussion presented above, it appears that appropriate analytic
capabilities for characterizing dried protein-containing products with respect to stability
against degradation should include techniques for characterizing matrix-protein interaction
strength, such as spectroscopic analysis of secondary structure, analysis of matrix
relaxation or transport properties, analysis of matrix phase homogeneity, analysis of protein
fraction at the surface of the material, and measurement of protein dynamics in the solid
form. Each of these metrics provides key information needed to ensure that the protein is
well stabilized. We believe that as advanced approaches are used to formulate and
characterize proteins in drug delivery appliations, the instability barrier that impedes most
applications [1] can be overcome.
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2"d Derivative FTIR data in the Amide | region: top) Solution spectra at top, spectra from
freeze-dried proteins without stabilizers at bottom. PFK = phosphofructokinase; y-IFN =
gamma interferon; G-CSF = granulocyte-colony-stimulating factor. “r” is a spectral
correlation coefficient [42,43]. bottom) Freeze-dried hGH spectra and rate constants for
aggregation at 40 °C. The 1658 cm~ band indicates a helix content. Curve 1: 50% heat-
denatured then freeze-dried. Curve 2: no excipient; 3: HES (1:1 protein: excipient); 4:
stachyose (1:1); 5: trehalose (1:1); 6: trehalose (1:6) [44].

Reproduced with permission
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Correlation between spectral width and degradation rates: a) Linear ordinate and best linear
fits to data. hGH data plotted against Aw;, of 1658 cm™! a helix marker band [44,46], and
IgG data plotted against Aw;, of 1640 cm™1 B sheet marker band [39,53]. b) Same data as in
a), but plotted against logarithmic ordinate. Dashed lines are guides to the eye.
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Fig. 3.
Correlations between T, structural relaxation time (r“xww ), and stability: Aggregation in
sucrose formulations of an IgG1 antibody. Data from reference [84].
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Cgrrelation between stability and  relaxation processes: a) Enzyme degradation rates at 23
°C in >100 plasticized and antiplasticized sugar-glasses. The solid lines are best fits to the
data and yield a slope near 1. Inset: T-Tg for most of the glasses shown in the main figure.
b) Aggregation and chemical degradation rates of proteins freeze-dried in sucrose or
trehalose-based glasses plotted as a function of <u?>~1, Each symbol represents a distinct
temperature — protein — disaccharide combination. See reference [76] for details.
Reproduced with permission.
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Myoglobin aggregation after storage for 360 days at 25 °C and 40 °C a) Correlation with
fraction of rapidly exchanging protons by HDX. b) Correlation with FTIR spectral signature
of a helix content [114]. Reproduced with permission
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Fig. 6.

Correlation of hGH aggregation after 16 weeks at 50°C with fraction of protein in the
interfacial region. Formulations are in stabilizer indicated, at 2% of total solids. Data points
represent different freeze drying methods. Data taken from reference [46].
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