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ABSTRACT: This research presents storage stability of human growth hormone, hGH,
in lyophilized di-saccharide formulations. Stability via HPLC assay was assessed at
40 and 50°C. Structure of the protein in the solids was assessed by infrared spectroscopy.
Molecular mobility was characterized by structural relaxation times estimated from
DSC data and by measurement of atomic motion on a nanosecond time scale by neutron
scattering. Very large stability differences were observed among the various formula-
tions, with both chemical and aggregation stability showing the same qualitative trends
with formulation. Near the T, T,; appeared to be a relevant stability parameter, but for
storage well below T, stability seems unrelated to T,. Stability (chemical and aggrega-
tion) was weakly correlated with secondary structure of the protein, and there was a
partial quantitative correlation between degradation rate and the structural relaxation
time. However, at equivalent levels of disaccharide relative to protein, sucrose systems
were about a factor of two more stable than trehalose formulations, but yet had greater
mobility as measured by structural relaxation time. Secondary structure was equivalent
in both formulations. Neutron scattering results documented greater suppression of fast
dynamics by sucrose than by trehalose, suggesting that well below Ty, fast dynamics are
important to stability. © 2008 Wiley-Liss, Inc. and the American Pharmacists Association
J Pharm Seci 97:5106-5121, 2008
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INTRODUCTION

Therapeutic proteins and vaccines are important
classes of health care products that often have
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inadequate stability in aqueous solution to allow
distribution and use. Thus, such products are
commonly dried to increase stability, with freeze-
drying being the drying method of choice for most
products.”? However, due to thermodynamic
destabilization during the drying process, in-
process degradation may occur, and even if a
dry product can be produced without significant
degradation, satisfactory stability during storage
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is not assured.>* Sugars and polyols are com-
monly added to formulations to protect proteins
against degradation during processing and
storage.>® Vaccines appear to respond to many
of the formulation and process variations as do
proteins,® but vaccines also have some unique
stability issues. Although the general under-
standing of the key stability variables has
improved significantly over the past 15 years,
and general guidelines for successful formulation
exist,>>? a number of apparent violations of
the general rules have been noted.” ! Moreover,
it should be noted that essentially all protein
products must be stored under refrigeration (.e.,
2-8°C) to maintain product quality, even those
product forms manufactured as freeze-dried
formulations. Clearly, stabilization technology
does not yet meet the requirements for long-
term stability, particularly for third world or
military applications where ambient temperature
storage is often critical. It should be noted
that ambient temperature (e.g., in a warehouse)
in tropical and subtropical regions far exceed
so-called “controlled room temperature” (ca. 15—
30°C).

Both the “water substitute hypothesis” and
the “vitrification hypothesis” are commonly used
to rationalize stabilization of a solid by added
formulation components, and the salient features
and limitations of these concepts have been
reviewed.>”® The key difference between the
two mechanisms is that the “water substitute
hypothesis” argues for stabilization by thermo-
dynamics; that is, addition of the stabilizer
increases a key free energy change associated
with the degradation process to a point where the
key process (i.e., partial unfolding) is no longer
spontaneous (i.e., AG is no longer negative) and
does not occur, regardless of the time scale. On the
other hand, the vitrification hypothesis would
apply whenever the free energy change for the
process of interest is negative and therefore,
spontaneous, but the kinetics are so slow that
the process cannot occur on the time scale of
relevance.

Briefly, the water substitute hypothesis states
that an additive, such as sucrose or trehalose,
operates by replacing water lost during secondary
drying, thereby stabilizing the native conforma-
tion of the protein during drying. That is, the
thermodynamic destabilization of the protein
caused by water removal is ameliorated by the
“water substitute,” which hydrogen bonds to
the protein and thermodynamically stabilizes
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the native conformation as did the water. This
hypothesis qualitatively accounts for increased
storage stability in that the rate for any degrada-
tion process facilitated by a non-native structure
(e.g., oxidation of a methionine residue that
becomes exposed to environment upon protein
unfolding) will be reduced for proteins in a native
or near-native conformation. The water replace-
ment hypothesis also provides a rational explana-
tion for the fact that protein aggregation,
which is often noted upon rehydration of unpro-
tected lyophilized proteins, can be inhibited if
a hydrogen bonding excipient is added to the
formulation.

The vitrification hypothesis essentially states
that since all degradation processes require
some level of molecular mobility, a system that
transforms into the glassy state will be much more
stable since the glassy state is characterized by
very limited molecular mobility. Below the glass
transition, the system will behave essentially as a
solid, with a much reduced degradation rate.
Thus, under the assumption that “T'—T,” is a
reliable metric of molecular mobility, it becomes a
critical stability parameter.'>1® The function of
the excipient is to form a glass at a reasonably
high temperature in which the protein is mole-
cularly dispersed in the host glass and adopts the
rigid dynamics of the glassy host system. Here,
it is implicitly assumed that the dynamics of
the protein molecule effectively couples with the
dynamics of the host, at least to the point
where large-scale motion, such as whole molecule
diffusion of the protein molecules, is nearly
eliminated. It is argued that coupling internal
motion of the protein to the rigid glassy matrix is
also likely important to stability.'®

Empirically, it is found that low molecular
weight nonreducing saccharides stabilize effec-
tively, and largely because of prior use in market-
ed products, sucrose and trehalose are obvious
choices for commercial products.?? Both sucrose
and trehalose easily form glasses with relatively
high glass transition temperatures; 75°C for
sucrose and 118°C for trehalose in the absence
of residual water,? as well as effectively hydrogen
bond to proteins, thus satisfying the minimum
necessary criteria for stabilization as required
by both the water substitute and vitrification
mechanistic concepts. Consistent with a physical
chemical analysis'’ and based upon a series of
stability experiments and general observations,'®
trehalose has been promoted as the superior
stabilizer.'® Although this view was challenged,®
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there remain periodic references to the superior
stabilization potential for trehalose. Certainly,
if “T'—T,” were a critical stability indicating
parameter, a trehalose formulation would be
superior to sucrose since Ty for trehalose is
much higher than T, for sucrose. However,
results are mixed, with sucrose and trehalose
formulations often showing very similar storage
stability.®20:21

Human growth hormone shows little or no
degradation during freeze drying, even when
stabilizers are not added, but storage stability
is problematic.* Thus, the present work is an
investigation of the storage stability of human
growth hormone, hGH, in a variety of formula-
tions, including sucrose and trehalose. This study
is an extension of previous work with hGH*?2-24
to include a direct comparison between sucrose
and trehalose with a focus on analysis of stability
trends in terms of both structure and molecular
mobility. Further, both aggregation and chemical
degradation (methionine oxidation and aspara-
gine deamidation) are evaluated. We also investi-
gate the effects of variation in stabilizer level,
water content and presence of oxygen in the vial
headspace.

The presentation of results begins with an
analysis of the time dependence of degradation,
which while consistent with previous studies
on glassy systems, is not typical of what is found
in equilibrium systems. A phenomenological
comparison of stability trends with formulation
follows, where it is demonstrated that formulation
variations may produce stability variations of
more than an order of magnitude. Next, the effects
of moisture content and headspace on stability
are presented where the effects of moisture are
interpreted in terms of the impact of water content
on the glass transition temperature. The balance
of the manuscript is focused on attempts to
understand the underlying mechanisms respon-
sible for the stability variations observed in the
dry formulations. Infrared spectroscopy is used
to show a qualitative, but imperfect, correlation
between secondary structure and stability. Com-
parisons of stability with glass transition tem-
peratures (T;) show that well below T, T, is a poor
indicator of stability. Structural relaxation time is
shown to be a far better predictor of stability, but
the only property measured that is consistent with
the superior stability of sucrose systems is the
amplitude of fast dynamics as measured by
neutron scattering. The implications of this
observation are discussed.
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MATERIALS AND METHODS

Sample Preparation

Origin of materials, freeze-drying procedures and
residual water content measurement were as
previously described.?® Briefly, all lots formulated
with sugars were prepared from the same lot of
bulk hGH obtained from Eli Lilly. Sucrose was
Analytical Reagent grade obtained from Baker,
and sodium phosphate was Analytical Reagent
grade obtained from Mallinckrodt. Trehalose was
obtained from Sigma and was “reduced metal ion
content” material. Nominal 5 mL tubing vials
were used along with 13 mm finish West gray
butyl rubber stoppers (#1816 rubber stock) for
most of the samples. The samples used for the
residual water variation study used Daikyo
FluroTec stoppers (low moisture release stoppers).
Freeze dried samples for the residual water
study were prepared from the corresponding
“dry” samples by equilibrating overnight with
11%, 22%, and 33% relative humidity in vacuum
desiccators. All samples were confirmed 100%
amorphous by noting the absence of birefringence
by polarized light microscopy. Note that all
samples contained ~6 mM sodium phosphate
buffer (15 mass % of the protein content), which
remained amorphous. Each sample contained
5 mg hGH in 1 mL fill volume. All formulations
were freeze-dried at least 3°C below their collapse
temperatures, and visual inspection confirmed
the absence of collapse. Water content varied from
1.0% to 0.4%, depending upon formulation. All
samples were stored at —20°C until use. Water
contents were determined by Coulometric Karl
Fischer procedures and sample handling proce-
dures that avoided exposure of the samples to
ambient humidity.

Assay for Chemical Degradation
and Protein Aggregation

Assay protocols were essentially the same as
previously described.* Assay for chemical degra-
dation (i.e., methionine oxidation and asparagine
deamidation) was by reversed phase HPLC,
and assay for aggregation used size exclusion
HPLC under non-denaturing conditions. All assay
values represent the mean of assays made on two
independent vials. Agreement between the two
independent (nominally equivalent) samples was
usually in the range of 0.05-0.1% for aggregation
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results and within the range 0.1-0.2% for
chemical degradation results.

Infrared Spectroscopy

Infrared spectra were obtained wusing a
Nicolet Magna 560 spectrometer (thermoNicolet,
Madison, WI) and conventional techniques.?%2” A
total of 256 scans and a resolution of 4 cm ' were
used for each spectrum. Spectra of solids were
obtained using KBr pellets (0.3 mass % hGH in
KBr). The spectrum for native, aqueous hGH
(used as a control) was obtained by placing a
15 mg/mL solution between 2 CaF; windows
separated by a 6 wm Mylar spacer. The spectrum
of hGH in solution was corrected by subtracting
the spectra of liquid water and water vapor as
described elsewhere.?® Effects of water vapor and
carbon dioxide in the chamber were eliminated by
subtracting the background spectrum. All spectra
are presented in the conformationally sensitive
amide I region, as second derivatives that have
been smoothed, baseline corrected and area
normalized.?®%7

Characterization of Glass Dynamics

Structural relaxation time, t, characterizing
“global” long time scale and long length scale
mobility, was estimated by calculation using
the relationship between structural relaxation
time, glass transition temperature, and glass
transition temperature width, AT, established
previously,?®

In7f 2 (In rﬁ)Tg

Aarm 07 7))

-3

where 1 is the structural relaxation time, g is the
“stretch constant”, 0 <8< 1, of the Kohlrausch—
Williams—Watts expression describing the kine-
tics of the relaxation process. The quantity in
brackets, {}, is the value of the temperature
dependence of the relaxation time constant,
dIn(?)/dT, which is directly related to glass
fragility, and is evaluated here from the width
of the glass transition region, AT, and the values
of C, y, and B. The quantity, C, represents a

1)
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constant®® dependent on the DSC protocol used

to generate the Ty data. With modest variations
in B, the corresponding variation in calculated
relaxation time constant from Eq. (1) is minimal.?®
Normally, g is found to be in the range (0.3-0.5)
for pharmaceutical systems, and the value of
In(z#)T,~ —1.6, with 7 in hours; here, we used
B=0.3.2® The symbol, y, represents the thermal
history of the glass and is calculated from the
heat capacity of the amorphous system above
Ty, defined by Eq. (2),

CL - C§ AC,

p
J/ = =
Cé _ Cﬁstal Cé _ C)Sstal

2)

The use of Eq. (2), however, requires accurate
values of the heat capacity of the liquid, Ci), heat
capacity of the glass, C§, and heat capacity of the
crystal, C’I‘,Stal. Approximate values of y may be
evaluated from the empirical relationship,?®

AC,

=AC, 1000831 exp(6.638C,)

14

where AC,, is the heat capacity change at the glass
transition, which is much easier to obtain. Here,
values of y were obtained from Eq. (3). While
relaxation times evaluated from Eqgs. (1 to 3)
are certainly not exact, they seem to provide
results with semi-quantitative accuracy, at least
for the systems studied.?®

Fast dynamics were characterized by neutron
scattering, which measures the mean square
amplitude of hydrogen motion occurring over a
nanosecond time scale. Data were accumulated
over a wide temperature range from above T, to
roughly 50 K. Samples were quenched from
room temperature quickly to 50 K and warmed
at 0.5 K/min to 350 K during the scattering
experiment. The techniques used were described
in detail previously.'®

Stability Protocols and Definition of
Empirical Rate Constant

Samples were stored in a temperature controlled
(£1°C) room and samples taken at pre-determined
times for assay. We represent the chemical
stability and aggregation data as a percentage
purity (P), where P=100 x (mass of the non-
degraded protein/total mass of protein), and mass
of degraded and non-degraded protein are
deduced from HPLC or reverse-phase chromato-
grams. Purity values were determined at 0, 1, 3,
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and 6 months storage at 40°C and at 1 month at
50°C. In most cases, the amount of degradation
was very small, and P was >90. Because of
this fact, and our level of precision in determining
P, we cannot distinguish between zero, first, or
second-order reaction kinetics directly. The degra-
dation rate, dP/d¢ should be essentially constant,
and P should appear as linear in time. Thus, under
these conditions, one would expect to obtain a
pseudo zero order rate constant. For a unim-
olecular reaction, the rate constant would be a
true constant, independent of both time and initial
concentration, but for a bimolecular reaction, this
pseudo first order rate constant would be propor-
tional to the initial concentration of reactant.

As demonstrated below, and contrary to expec-
tations based on classical kinetics, the degrada-
tion rates we observe in this study often decreased
significantly as time progressed, even though the
total level of degradation was very small and
concentration of the reactant (hGH) remained
essentially constant. Although four time points
are not sufficient to uniquely determine the
reaction kinetics, even from a phenomenological
viewpoint, the data do suggest that that ap-
pearance of degradation product or loss of
“parent” followed “square root of time” kinetics
as a good first approximation. That is, P varies
with square root of time according to the simple
expression,

P =Pt =0) -k, )

where P(t=0) is the percentage purity at time
zero (i.e., initial value) and “k” is an empirical
rate constant. The implication of Eq. (4) is that
the formal pseudo zero order rate constant is
inversely proportional to the square root of time
for £ > 0. The kinetic behavior is discussed in the
next section in more detail.

RESULTS AND DISCUSSION

Kinetics and Time Dependence of Degradation

Figure 1 shows representative chemical degrada-
tion and aggregation profiles for hGH in trehalose
glass under “dry” conditions, and equilibrated at
22% relative humidity. We note that the plots use
alog P versus ¢ or \/ t plotting format, mostly since
a “first order” plot is linear with logP plotted
versus ¢. However, with only a small amount of
degradation, as for the data in Figure 1, plots of
P versus t or P versus ./t would appear

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 12, DECEMBER 2008
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Figure 1. Examples of the kinetics of degradation of
hGH in solid formulations at 40°C: comparison of
square root of time with zero order kinetics. Open
symbols are plots versus time, and filled symbols are
plots versus square root of time. Squares are aggrega-
tion in “dry” 1:1 hGH/Trehalose, circles are chemi-
cal decomposition in “dry” 1:3 hGH/Trehalose, and
triangles are chemical degradation in 22% relative
humidity exposed 1:6 hGH/Trehalose.

qualitatively the same as shown in Figure 1 for
the log P format. As previously noted,?*-3! degra-
dation in glassy systems often follow “stretched
time kinetics” with degradation level increasing
linearly with square root of time. Such kinetics are
also characteristic of all “dry” saccharide formula-
tions studied in this research, as illustrated
by Figure 1. Note that the data shown as filled
symbols (vs. \/time) exhibit better linearity than
the corresponding data shown as open symbols
(vs. time) for the two “dry” samples, but better
linearity is found with log(P) vs. time for the
sample equilibrated with 22% relative humidity.
These results are typical of the data obtained in
this research in that samples of low moisture
content that are being studied well below their Ty
fit a square root of time degradation model better
than a first order degradation model. On the other
hand, samples of high moisture content typically
fit a first order degradation model better.

If we naively calculate a reaction order as the
slope of log[dP/dt] versus log(P) from the time
course of the degradation data plotted in Figure 1,
we obtain a reaction order of 236 for aggregation
in 1:1 hGH/Trehalose. We arrive at similar large
values for all formulations that follow square root
of time kinetics. In our view, such an observation
is not surprising and might even be expected.
Classical concepts of reaction order apply to
solution systems, either gas or condensed state,
that are in thermal and structural equilibrium. In
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an equilibrium system, as a “high energy mole-
cule” reacts, the distribution of energies and
configurations in the system is immediately re-
established. Amorphous solids are not in con-
figurational equilibrium. With reactions in the
amorphous solid state (i.e., glass), the “stretched
time kinetics” likely arises from the fact that a
glassy system is composed of a number of sub-
systems, of different local structure and dynamics,
and thus of different reactivity, which are not
in internal equilibrium.?®?! As the degradation
study begins, the more reactive configurations
degrade quickly, leaving the more stable con-
figurations, and since the system does not
instantly shift the distribution of configurations
to again populate the more reactive states, the
reaction rate now is characteristic of the more
stable states, and the degradation rate slows.
Thus, the overall kinetics is a superposition of
reactions from a number of sub-states, each with
its own rate constant, which leads to stretched
time kinetics as described by Eq. (4),2%3! with the
value of the exponent being smaller the larger the
spread of component system rate constants. Such
a mechanism could lead to powers other than
0.5 in the time dependence of purity, but 0.5 seems
to typically be a good approximation for degrada-
tion in most glassy systems used for protein
preservation. Thus, a degradation rate, which in
an equilibrium system (i.e., a solution) would
be effectively constant (i.e., zero order in time
dependence) at the low levels of degradation we
typically study, now becomes highly time depen-
dent. While such “stretched time” kinetics does
indicate a complex overall degradation pathway,
rate constants between different samples are
directly comparable as least as long as the stretch
powers are the same.

Although the time dependence of degradation
is clearly not well described by the concept of
reaction order, a dilution effect should be still be
observed, as classically expected, for second order
reactions, such as a bimolecular aggregation. As
an inert component is added (i.e., disaccharide
stabilizer), the probability of protein—protein
contact decreases roughly in proportion to the
protein volume fraction,® and the observed degra-
dation rate will depend on the initial concentra-
tion. Thus, one might expect the empirical
rate constant, k, as defined by Eq. (4), might be
proportional to the volume fraction of protein (or
mass fraction since densities do not differ greatly).
Such a dilution effect would not, of course, apply
for degradation processes that are likely to be
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unimolecular in the rate determining step, such as
chemical degradation.

Stability Trends with Formulation

Table 1 summarizes the thermal properties and
degradation rate constants, £ (i.e., see Eq. 4) of
the nominally dry formulations studied. Since the
widths of the glass transition regions are typically
about 10°C (Tab. 1), onset T, values are about 5°C
lower than the mid-point values given in Table 1.
We note that chemical degradation in the pure
hGH formulation actually obeyed first order
degradation kinetics as well as or better than
square root of time kinetics.* However, to allow a
systematic comparison of stability via rate con-
stants that includes the pure hGH system, it was
necessary to use square root of time kinetics for
the pure hGH system as well. The rate constants
for 40°C were, in general, evaluated from an
initial and three time points, but the rate
constants for 50°C were evaluated from only the
initial assay and the 1 month time point. Thus,
linearity of degradation on a square root of time
plot was assumed for the 50°C data. The water
content and T, reported are the means of the
initial and final 40°C time point materials to
better represent average values during the study.
Due to sorption of water from the stopper, the
moisture content increases during the stability
study, and therefore, the T, decreases during the
stability study. As will be discussed later, this
modest variation in water content appears not to
have a significant impact on stability.

Except for pure protein and stachyose, the
values of ATy/Ty; and AC;, are values for the dry
samples taken from Table 1 in Ref. 25 which
have been corrected to the water content given in
Table 1 of the present work, using the
water content dependence as determined experi-
mentally, d(AT./Tg)/d(mass % Hy0)=-0.0012;
d(ACp)/d(mass % Hy0)=—-0.015. The stachyose
AT, and AC,, data were taken as the mean of the
experimental values for the initial and 40°C end
point materials. For pure protein, the value of
AT,/T, in the dry state was determined as the
mean of data for sucrose and trehalose contain-
ing systems linearly extrapolated to zero sugar
content.?® The quantity, y, representing some
aspects of the thermal history of the initial
system, was evaluated from Eq. (1), except for
the pure protein. For pure protein, an accurate
value of AC,, could not be obtained, so the value of
y was taken as unity.
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Q;mi <o % Aggregation rate data for trehalose foginula-
oo | ] et tions of hGH were previously reported,”* and
= SOD Teemee £ although the compositions of formulations studied
© § were not identical, the qualitative trend of de-
2 creasing degradation rate with increasing treha-
oy g lose content is the same, and when the sensitivity
%g | enene k| of the assay®® permitted a quantitative com-
=g yRmeme) g parison, the results are roughly comparable. For
o < example, we find 1.4 +0.1% increase in aggrega-
g tion after one month at 50°C for the 1:1 hGH
O £ trehalose formulation while the literature study?*
<3 1610 & & ~ '§ gives 1.24+0.6% aggregation for a system of
zd SR2ITRZS § essentially the same composition.
Dg E Rate constants for degradation, from Table 1,
& are compared in Figure 2, where rate constants
§ are given on a log scale. Error bars refer to
& g standard errors in the rate constants as given by
§O" S Rk = the regression analysis. Light shading represents
Ry |PPRN—Ao Ao § chemical degradation, which is the sum of me-
2 ¥ > thionine oxidation and asparagine deamidation,
3 En while the dark bars represent aggregation, which
% ~ 223388383 § is p'r?marly non-covalent dimer forrpation.4 In
£ HoSossosS | addition to data from Table 1, we provide data for
= B a common commercial formulation of 1:1:5 weight
@ _ g ratio of hGH/glycine/mannitol,* and a 1:1 hGH/
g D“ﬁ, | 5;3] § § § § %% aé'; HES formulation, where HES refers to hydro-
8| 9= SococoSoSS| 4 xyethylstarch. These formulations are not repre-
E % sented in Table 1; we could not detect a glass
t E transition for these formulations, presumably
§ ‘c@w C/D\ BB DR L I, g because the S}.fs.tems behaved as strong glasse§.25
| & = BLABNIRIAN 5 ) A glass transition for the hGH-only formulation
g V| S SssSssS o ag could not be observed with DSC for the same
ms < % § reason, but here glass transition information was
& EQ obtained indirectly by extrapolation from hGH/
P B ST disaccharide mixtures.?”
E © & Si 2 S g g g = : B g Note that there is an enormous range of
0| o | NS S~~~ © | 28 . . .
£ | == o o2 stability, with the rate constants for chemical
% g 3 degradation and aggregation varying by (roughly)
A 28 factors of 20 and 50, respectively. Calculations
E AR < .g using the data in Table 1 suggests less degrada-
2 Qrlernyn e g = tion at the end of 2 years at 25°C for the more
) Ev: g aaame e ?% stable disaccharide formulations than in 2 years
g e S b at 5°C for the common commercial formulation
s ® & (glycine/mannitol). The stability trends are not
a2 aw g 2 correlated with residual moisture in the moisture
I o s § content range represented (Tab. 1); variation
S < —2 . . L ’
< H| e " mo—Ano Eg with moisture is discussed later. Rate constants
g ;:; £4 for both aggregation and chemical degradation
g 23 generally decrease from left to right from pure
= § © hGH (stabilizer =none) to 6:1 Trehalose (6:1
= 229209 g é‘ trehalose/hGH). Comparison of the trehalose
© oo 57‘3 a2 83 3 E S systems with the sucrose systems of the same
% §° £°% *q:) @ § ‘g § ‘g &2 disaccharide level indicate superior stabilization
3] RIZHhEEERR®R S5 is obtained with sucrose. At 40°C, the rate
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Stability of hGH Formulations at 40°C
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Stabilizer System

Figure 2. Comparison of stability of freeze dried hGH formulations at 40°C. The light
shaded bars are rate constants, based on square root of time kinetics, for chemical
degradation as measured by reverse phase HPLC assay, and the dark shaded bars
represent rate constants, based upon square root of time kinetics, for aggregation as
measured by size exclusion HPLC assay. All formulations are nominally “dry.” Error
bars are standard errors as given by the regression analysis.

constants for sucrose systems are about a factor
of two less than for the corresponding trehalose
systems.

The log of the rate constant is approximately
linear in weight fraction protein for both
trehalose and sucrose systems, with the slopes
for aggregation at 40°C being 0.046 (sucrose)
and 0.036 (trehalose) and slopes for chemical
degradation at 40°C being 0.033 (sucrose) and
0.024 (trehalose). In short, stabilization does
not saturate, although as disaccharide levels
increase stability improves to the point where
high assay sensitivity is needed to detect degrada-
tion. Assuming a temperature dependence of
rate constant according to absolute reaction rate
theory, a plot of In(k) versus composition at
constant temperature is equivalent to a plot of
activation free energy versus composition. Thus,
the implication of this log-linear trend is that the
activation free energy increases linearly with
weight fraction of sugar, but more so with sucrose
than with trehalose. Also, it is significant to note
that although the formulation variations are
larger for aggregation, the qualitative stability
trends with formulation are the same for both
chemical decomposition and aggregation. Since
the “transition state” for non-covalent aggrega-
tion is most likely different than for either
methionine oxidation or asparagine deamidation,
this similarity in trend suggest the controlling
factor(s) are not specific to the chemistry of the

DOI 10.1002/jps

process but rather is more likely related to the
dynamics of the systems.

Variation of Stability with Water Content and
Headspace Oxygen

Table 2 summarizes the stability variations with
water content and gas composition (i.e., oxygen) in
the vial headspace. Since linearity on a plot of
degradation versus time or square root of time
was not consistent for this entire series of samples
(i.e., sometimes linear in square root of time and
sometimes linear in time), we report changes in
aggregation and chemical purity (via Reverse
Phase assay) at selected time points. Note
that low moisture release stoppers were used
in this particular study, so water content
increases during the stability studies were
minimal. Actually, the highest moisture samples
lost 1-2 mass % water by the end of the stability
study; that is, moisture transferred from the
product to the stopper. As discussed in more
detail later, these large increases in degradation
between “intermediate” and “high” water content
are believed directly related to the proximity of
the glass transition temperature to the storage
temperature.

As expected, oxygen (i.e., air) in the vial headspace
has no impact on aggregation, but contrary to obser-
vations with the glycine/mannitol formulation,??
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Table 2. Degradation of 6:1 Saccharide/hGH Systems as a Function of Water Content and Vial Headspace

Decrease
Initial A% Initial in % RP  Decrease in

Sample Mass %  Initial Initial %  A%Agg lm Agg 6m Chemical Purity Im % RP Purity
Condition H,O Ty (°C) Aggregation at 50°C at 40°C  (RP) Purity (%) at 50°C 6m at 40°C
Sucrose

Dry/N, 0.5 80.7 1.05 0.04 0.26 97.4 0.9 0.7

Dry/Air 0.5 80.7 1.05 0.07 0.21 97.4 0.9 0.9

11% RH/N, 3.1 49.0 1.12 0.21 0.35 97.4 3.1 2.3

22% RH/Ny 4.9 36.4 1.16 3.37 1.11 97.4 17.3 12.2
Trehalose

Dry/N, 0.3 121.1 1.05 0.21 0.50 97.4 1.7 1.9

Dry/air 0.3 121.1 1.05 0.21 0.39 97.4 1.6 2.2

11%RH/N, 3.3 69.2 1.15 0.17 0.28 97.4 1.7 1.7

22%RH/N, 7.0 49.9 1.18 0.50 0.54 97.2 5.7 5.8

% aggregation is mass % of soluble aggregate by size exclusion HPLC assay and chemical purity is % purity by reverse phase (RP)
HPLC. For nominally “dry” samples, headspace was either nitrogen (Ny) or air. Stoppers are Daikyo Fluro Tec.

chemical degradation is insensitive to oxygen in the
vial headspace for the disaccharide formulations
(Table 2). Whether the difference in oxygen sensi-
tivity between the glycine/mannitol formulation and
the disaccharide formulations is due to some catalytic
effect from formulation components, or has its
origin in differences in diffusion coefficient of reactive
oxygen species in the different formulations, is
unknown. However, it is clear that the disaccharide
formulations provide excellent stabilization regard-
less of the presence of oxygen in the vial headspace or
presence of moderate levels of residual water.

Correlation of Stability with Protein Secondary
Structure in the Solid State

The 2nd derivative infrared band at 1658 cm*
represents the alpha helix structure in hGH and is
the “marker band” for native-like structure.?*
Thus, a more intense 1658 cm ! band means a
higher degree of native structure in the sample.
Consistent with the expectation that storage
stability improves as the degree of “native
structure” increases, 78112024 gtahility in-
creases with increase of the intensity and area
of the alpha helix band at 1658 cm ! (Fig. 3).
Spectrum #1 is for an hGH samples that was
intentionally denatured in solution. This spec-
trum was obtained from an aqueous sample of
hGH without excipients (except for buffer) that
was heated to the peak of the thermal denatura-
tion peak (75°C), cooled, and then freeze dried.
Spectrum 2 is for a freeze dried sample of hGH
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without excipients (except for buffer), and spectra
3, 4, 5, and 6 represent, respectively: HES/
hGH(1:1), stachyose/hGH(1:1), trehalose/hGH
(1:1), trehalose/hGH(3:1), and trehalose/hGH
(6:1). Note that the rate constants for aggregation
at 40°C show a monotonic decrease from spectra
2—-6 in qualitative agreement with the increase in
intensity of the alpha helix band. Rate constants
for chemical degradation show a similar correla-
tion with the intensity of the 1658 cm ™! marker
band. Thus, stability correlates with retention
of native protein secondary structure in the
solid state, at least in a qualitative sense. Note,
however, that such an observation does not
necessarily mean that the sugar acts as a water
substitute; it does mean that structure in the
dried solid correlates with stability, regardless
of the mechanism critical to maintaining the
structure throughout the freeze drying process.
Certainly, the water substitute concept provides
a plausible explanation for the stabilization, but
variations in glass dynamics and/or other effects
might also be important in determining the
variations in protein structure that occur during
processing.

It was noted earlier that the rate constants for
degradation in sucrose systems are about a factor
of two smaller than those in the corresponding
trehalose systems. Thus, if structural retention
in the dried solid is the single critical factor
governing stability in the dried solid, the intensity
of the alpha helix band for sucrose formulations
should be more intense than for the corresponding
trehalose formulation. However, this is not the
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Figure 3. The correlation between secondary structure of the hGH in the freeze dried
solid as measured by FTIR and rate constants for aggregation at 40°C. The band at
1658 cm ! represents the alpha helix band and is the “marker band” for native structure.
Curve #1 represents material that was 50% denatured by heating the solution to 75°C,
cooling and then freeze drying. The other curves represent different formulations
that were freshly freeze dried: #2=no excipient; #3=hydroxyethylstarch (1:1),
#4 = stachyose (1:1), # 5 =trehalose (1:1), #6 =trehalose (1:6 protein/saccharide). Rate
constants (square root of time) for aggregation at 40°C are given beside each FTIR curve.
Vertical axis units are arbitrary units for second derivative of absorption data.

observation, as illustrated in Figure 4. Figure 4
compares the 2nd derivative FTIR spectra of the
two 6:1 disaccharide formulations studied and
shows clearly that no difference exists. In fact,
the spectra are indistinguishable, and are very
close to the spectra obtained for the aqueous
solution (data not shown). It is possible that
infrared spectroscopy is not measuring all rele-
vant structural differences. After all, infrared
spectroscopy measures only secondary structure,
and it is certainly possible that differences
in tertiary structure not directly coupled with
secondary structure could have a significant
impact on stability. It is also possible that other
general physical factors are controlling stability in
this series of samples.

Correlation of Protein Stability with the Glass
Transition Temperature and Relaxation Dynamics

The sensitivity of stability to Ty, is illustrated
in Figure 5 where stability against aggregation of
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6:1 disaccharide/hGH systems at 50°C are com-
pared for samples exposed to different relative
humidities, using data from Table 2. This plot
gives a clear picture of the impact of moisture
content and T, on stability. That is, when samples
are “dry,” aggregation is greater in the trehalose
formulation. But when they are “wet” (e,
exposed to 22% relative humidity), the com-
parison reverses, and the trehalose formulation
is more stable. This trend is likely a direct result of
the fact that, at 22% relative humidity storage, the
sucrose formulation Tz is 36°C (Tab. 2), well below
the storage temperature of 50°C, but the T,
of the trehalose formulation is essentially equal
to the storage temperature. Thus, although the
aggregation rate of the trehalose formulation does
increase significantly from the rates at lower
humidities, the increase is small in comparison to
the increase observed for the sucrose formulation.
Moreover, the sucrose formulation was severely
collapsed after one month storage at 50°C, a direct
result of storage well above its T,. Thus, for hGH,
sucrose is a better stabilizer for samples kept
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Figure 4. Comparison of FTIR structure in freeze dried sucrose and trehalose for-
mulations of hGH. Formulations are 1:6 protein/disaccharide and are “dry” formula-
tions. The solid line represents the trehalose formulation while the dashed line and open
circles represents the sucrose formulation. Vertical axis units are arbitrary units for
second derivative of absorption data. The band at 1658 cm ™! represents the alpha helix
band and is the “marker band” for native structure.
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Figure 5. The effect of moisture on aggregation stability in 1:6 (w/w) hGH/disaccharide
formulations: the Role of Tz in Determining Stability. The light shaded bars represent the
sucrose formulation and the dark shading represents the trehalose formulation.
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relatively dry, but if circumstances allow sorption
of significant quantities of water, trehalose
would be the stabilizer of choice. Such an effect
was likely responsible for much of the superior
stabilizing performance of trehalose described
earlier.!® The observations also emphasize the
fact that formulation comparison without control
of water content can be misleading.

If T, is an important stability variable, as
suggested by the above analysis results presented
in Figure 5 and discussions in the litera-
ture, 2131521 5ne might expect stability to improve
as the quantity (T'— T) decreases. That is, as T,
becomes large relative to the storage temperature,
T, due to either water content differences or
differences in formulation, stability should mono-
tonically increase. This concept is based on the idea
that the further a system is below its T, the lower
the mobility, and therefore, the more stable it
should be. Figure 6 indicates this concept is flawed,
at least for the hGH systems studied. The plot
is divided into two sections, all systems except
sucrose formulations and systems containing
sucrose. With the non-sucrose systems, there is
obviously no correlation, but it should be noted that
all these systems have large negative values of
T —Tg; they are systems at temperatures very
much below T, At least for the non-sucrose
formulations, the generalization might be that
for systems being studied well below Ty, other
characteristics of the glass dominate mobility

3.0
All non-Sucrose Sucrose:hGH
20 -
n
1.0 b . ] 4
Tl o s b
£ 0.0
2 v
& 1.0 o & FaY
E o
2.0 4 B “
. &
3.0 A iy
-4.0 : . .
-80 -70 -50 -30 -10
T-Tg

Figure 6. Correlation of stability with the difference
between storage temperature, T, and the glass transi-
tion temperature of the formulation, T,;. Open symbols
are aggregation, filled symbols are chemical degrada-
tion, diamonds are pure protein, and circles are disac-
charide systems other than sucrose. Sucrose data are
triangles.
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differences in the solid.” The sucrose systems do
show a correlation, but the correlation is nonsense
in terms of dynamics measured by T'— T, and is an
example of a correlation not representing a cause/
effect relationship. The trend is increasing stability
with increasing T — T, which is simply a reflec-
tion of the reduction of the T, of a protein system
(T, dry ~136°C) by addition of sucrose (T, dry
~75°C)*® and the increasing stabilization offered
by increasing levels of sucrose.

Relaxation dynamics in a series of materials
does not always correlates with T'— T, since in
addition to T —T,, both fragility and thermal
history impact relaxation time,” and if one expects
a correlation between stability and glass dy-
namics for a wide range of materials, potential
differences in fragility and thermal history cannot
be ignored. Thus, the failure to observe a sensible
correlation between stability and T-T, for
systems well below T, is not surprising; one
should examine the correlation between stability
and structural relaxation time to better charac-
terize the impact of glass dynamics on stability.
Although structural relaxation times were not
measured for the samples studied in this research,
we did evaluate approximate values of the
structural relaxation time from the width of the
glass transition (reflecting fragility), from heat
capacity data (reflecting thermal history), and
from T —T,, as described in detail in the experi-
mental section. The comparison of these calcu-
lated values of relaxation time, as t°, with stability
is shown in Figure 7. Ignoring the sucrose data
for the moment, it is clear that there is indeed a
correlation between stability and structural
relaxation time, but the correlation line repre-
senting aggregation (i.e., open symbols) has a
larger slope (=~0.5) than the correlation line
representing chemical degradation (x~0.3). This
qualitative difference might be anticipated. The
slope is a measure of the coupling coefficient, that
is, the degree of coupling between degradation
rate and structural relaxation rate,” with a larger
value indicating stronger coupling. Note that
the coupling coefficient for a diffusion controlled
reaction where the inverse relationship between
diffusion coefficient and viscosity is valid (.e.,
Stokes—FEinstein equation) would be unity. The
slopes observed are significantly less than unity,
but given the approximations inherent in this
analysis, the slopes may only have qualitative
significance. What is important is that the
coupling coefficient for aggregation is significantly
greater than that for chemical degradation.
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Init*) from

Figure 7. Correlation between stability and struc-
tural relaxation time constant, t°, as estimated from
the width of the glass transition, AT,. Circles and
squares are pure hGH, stachyose (1:1), and trehalose
(1:1, 1:3, 1:6 weight ratios of protein/saccharide). The
triangles represent aggregation data in sucrose formu-
lations. The rate constant is from square root of time
(months) kinetics, and 7 is in hours. All input data for
7 is for mean moisture samples. Error bars (standard
errors) for the non-sucrose formulations are smaller
than the symbol size. Note that sucrose formulations
are more stable than expected based upon the struc-
tural relaxation time constant.

Aggregation is believed to involve partial unfold-
ing and perhaps some limited translational
motion, mobility likely close to the type of mobility
involved in viscous flow and segmental diffusion.
That is, one might expect both viscous flow and
partial protein unfolding to involve more exten-
sive disruption of the surrounding matrix than
chemical degradation pathways would require.
We note that aggregation itself may not be
manifested until rehydration, even though it is
dependent on time dependent alterations in the
protein occurring during storage in the dried solid.
However, even minor perturbations in protein
tertiary structure in the dried solid would
most likely require substantially more mobility
than that required for chemical degradation.
Oxidation involves mobility of small reactive
oxygen species and deamidation requires intra-
molecular motion of only small segments of the
molecule, with likely less disruption of the matrix.
Thus, one might guess that the coupling coef-
ficient for aggregation would be greater than that
for chemical degradation, as observed.

In the above analysis, we have ignored the
dilution effect discussed earlier. If aggregation is
controlled by a bimolecular process in the solid
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state, and it need not be, we argued earlier that
the empirical rate constant, k2, should be roughly
proportional to the mass fraction of hGH. If we
instead evaluate the ratio of 2 to the mass fraction
of hGH, denoted k2, and analyze for correlation
with 7 as we did above for %, we find a correlation
between ky; and ¢’ similar to that shown by
Figure 7, but the coupling coefficient (i.e., slope) is
less than half of that found in the correlation with
k, and indeed is less than the coupling coefficient
found for chemical degradation. Also, because
much of the variation in 2 was removed by
calculating k5, the correlation coefficient is only
about 0.5, as contrasted with the value of 0.87 for
the analysis using k. In short, much but not all,
of the variation of £ might possibly be attributed
to the dilution effect. However, unless chemical
decomposition would also be subject to a dilution
effect, we are then faced with the unsatisfying
result that the coupling coefficient is higher
for chemical degradation than for aggregation,
contrary to our previous argument. A possible
solution to the apparent dilemma is if the rate
determining step in aggregation is, at least in
part, a unimolecular unfolding, with the actual
bimolecular process occurring during reconstitu-
tion. Although observations consistent with this
postulate can be found,?*3? we have no direct
evidence to support this speculation for the
systems studied in this research.

The Superior Stability of Sucrose Formulations:
The Role of Fast Dynamics

Sucrose formulations clearly do not fit the
correlation established by the other formulations.
That is, sucrose formulations are much more
stable than the estimated relaxation times would
suggest, an observation similar to that made a
decade ago with a monoclonal antibody.?* The
sucrose systems have much smaller relaxation
times (i.e., higher molecular mobility) than the
other stabilizer systems at equivalent stabilizer/
hGH ratios, largely because of the much smaller
Tg's of the sucrose systems. In fact, the T's of
formulations not containing sucrose have T,
values in a relatively narrow range, and the
trends in relaxation time are dominated by the
differences in fragility, as reflected in the widths
of the glass transition regions (Tab. 1). Fragilities
for the sucrose formulations are nearly identical
to the corresponding trehalose formulations, and
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the much lower relaxation times are entirely due
to the lower Ty’s.

To address possible reasons for the superior
stability of sucrose based formulations, fast
dynamics of the two 6:1 disaccharide/hGH for-
mulations were characterized using neutron scat-
tering (Fig. 8). Previous results'®3® suggest that
well below T, it may be dynamics on a nanosecond
time scale that are primarily responsible for
stability differences in glassy protein systems.
Results for mean square amplitude as a function of
temperature show significantly less amplitude of
motion for the 6:1 sucrose/hGH formulation (solid
line) than for the 6:1 trehalose/hGH formulation
(broken line). Note also that the differences are a
maximum around 40°C, and the two curves cross at
a temperature higher than the T, of the sucrose
formulation but lower than the T, of the trehalose
formulation. That is, at temperatures above its T\,
but below the trehalose T,, the sucrose system
becomes more mobile than the trehalose system,
indicating that fast dynamics does respond to
the glass transition. Thus, at least for these
two formulations, stability does correlate with
dynamics in the glass, but it is dynamics on a
nanosecond timescale that seems predictive of
stability rather than dynamics on the much longer
time scale of global or structural relaxation.

This conclusion presents a dilemma. Why is
stability, which is on a time scale of months, better
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Figure 8. Amplitude of fast dynamics as measured
by neutron scattering for 1:6 hGH/disaccharide treha-
lose and sucrose formulations of hGH. The mean square
amplitude of hydrogen motion (A% as a function of
temperature is plotted vs. temperature. The T, values
for the sucrose and trehalose formulations are 348 and
386 K, respectively. Uncertainties (standard error) are
roughly the size of the plotting symbol.
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correlated with motion on a nanosecond time
scale than with structural relaxation, which is on
a times scale similar to stability? We do not have a
rigorous explanation, but consider the following
hypothesis. For the change from reactants to
product, there may be (at least) two possible
parallel pathways. One pathway, dominant at
higher temperature, might involve the concerted
motion of a large number of matrix molecules to
generate the “free volume” needed to proceed
along the reaction pathway. This would be a
highly cooperative process with high activation
energy, that is, the a-process described by the
Adam-Gibb theory,>® but it would be reasonably
fast near and above T, However, this process
would become exceedingly slow at temperatures
well below T, because of the high activation
energy, that is, lack of free volume (and con-
figurational entropy) deep in the glassy state.” An
alternate pathway, consisting of a great many
very small steps (i.e., small length scale) on a
fast (nanosecond) time scale, each requiring low
cooperativity and low activation energy, would
now become the fastest pathway to product. That
is, due to the many steps involved, this pathway is
slower than the a-process mediated pathway near
and above T, but due to much smaller activation
energy than the a-process, becomes the fastest
pathway at temperatures well below T,. Thus,
the rate determining pathway changes from
the highly cooperative processes correlated with
viscous flow and structural relaxation to one more
closely related to the small length scale, small
time scale process measured by the fast dynamics
of neutron scattering.

Finally, we need to acknowledge that while fast
dynamics is qualitatively consistent with the
difference in stability between the sucrose and
trehalose formulations, the relationship between
our measure of fast dynamics and stability is
not a simple proportion, and it is certainly possible
B-process dynamics is not the only contributing
factor. If the mean square amplitude for 8 motion
were directly proportional to the rate constants
for degradation, the activation energies for
degradation and fast dynamics would be essen-
tially the same. However, the activation energies
for both the sucrose and trehalose systems
(6:1 disaccharide/hGH) are ~18 kcal/mol for
aggregation (from Tab. 1)and =~1.4 kcal/mol for
<u®> (from Fig. 8), clearly a huge difference in
temperature dependence between degradation
and <u?>. Furthermore, the ratio of <u?>
for trehalose/sucrose is 1.2 at 40°C while the
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corresponding ratio for rate constants is 2.1.
Obviously, the relationship between fast dy-
namics and stability is more complex than a
direct proportion. Finally, we note that while it
is clear that differences in protein secondary
structure cannot explain the stability differences
between the sucrose and trehalose formulations,
subtle changes in tertiary structure might impact
stability and yet not impact secondary structure.
Unfortunately, we have no reliable measure of
tertiary structure in the glassy solid state.

CONCLUSIONS

Both chemical stability and aggregation stability
in hGH formulations are extremely sensitive to
formulation, with differences of nearly two orders
of magnitude in degradation rates between the
least and most stable formulations. Trends in
stability are the same for chemical degradation and
for aggregation, although the differences are larger
for aggregation. Although stability seems sensitive
to the difference between storage temperature and
the formulation glass transition temperature, T},
when the system is near or above the T, for storage
well below T, stability seems unrelated to T,,. Both
aggregation and chemical degradation are qualita-
tively correlated with secondary structure of the
protein in the solid state, as measured by infrared
spectroscopy, and there is a partial quantitative
correlation between rate constant for degradation,
both chemical and aggregation, and the estimated
structural relaxation time. Here, differences in
relaxation time between formulations are domi-
nated by differences in glass fragility. However,
sucrose systems appear anomalous. At equivalent
levels of disaccharide relative to protein, sucrose
systems are about a factor of two more stable than
trehalose systems. Yet, sucrose systems have much
greater mobility as measured by structural relaxa-
tion time and identical secondary structure as
viewed by infrared. However, neutron scattering
studies show greater suppression of fast dynamics
by sucrose than by trehalose, supporting the
observation that sucrose formulations are more
stable, and suggesting that well below Ty, fast
dynamics may be controlling stability differences
between formulations.
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