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ABSTRACT
Purpose Hydrogen/deuterium (H/D) exchange over a range
of temperatures suggests a protein structural/mobility transi-
tion in the solid state below the system glass transition temper-
ature (Tg). The purpose of this study was to determine wheth-
er solid-state protein stability correlates with the difference
between storage temperature and apparent Td where an
abrupt change in mobility occurs, or alternatively, the extent
of H/D exchange at a single temperature correlates directly to
protein stability in lyophilized solids.
Methods Solid-state H/D exchange was monitored by FTIR
spectroscopy to study the extent of exchange and the apparent
transition temperature in both pure recombinant human serum
albumin (rHSA) and rHSA formulated with sucrose or trehalose.
H/D exchange of freeze-dried formulations at 11% RH and
temperatures from 30 to 80°C was monitored. Protein stability
against aggregation at 40°C/11%RH for 6months was assessed
by size exclusion chromatography (SEC).
Results Both sucrose and trehalose showed equivalent protec-
tion of protein secondary structure by FTIR. The
rHSA:sucrose formulation showed superior long-term stabili-
ty at 40°C by SEC over the trehalose formulation, but the
apparent Td determined from H/D exchange was much
higher in the trehalose formulation. Instead, the extent of
H/D exchange (X∞) was lower in the sucrose formulation at
the temperature of the stability studies (40°C) than found for
the trehalose formulation, which was consistent with better
stability in the sucrose formulation.

Conclusions While apparent Td did not correlate with pro-
tein stability for rHSA, the extent of H/D exchange, X∞, did.

KEY WORDS Freeze-drying . FTIR . protein internal
dynamics . protein stability . solid-state H/D exchange

INTRODUCTION

Freeze-drying is the drying process of choice to improve the
stability of parenterally administered proteins, which under-
go significant physical and/or chemical degradation in so-
lution during storage. In order to achieve optimal long-term
stability, it is recommended that freeze-dried proteins be
stored below the glass transition temperature (Tg) of the
solid (i.e., an assembly of protein molecules or protein mol-
ecules dispersed in a matrix) (1,2). The Tg of such a mo-
lecularly miscible system marks the onset temperature of
viscous flow on a long time scale around 10–10−4 s.
However, there is an increasing body of work demonstrat-
ing that physical and/or chemical degradations still occur
during storage at temperatures, T, well below the measured
system Tg of the solid (2–4). Moreover, there is no sensible
correlation between protein stability and Tg-T at temper-
atures well below Tg (5).

Hydrogen deuterium (H/D) exchange has been employed
extensively to better understand protein structural features
and conformational dynamics (6–11). The rate and extent of
H/D exchange can provide measures of protein structure
and/or dynamics in the protein formulation, which are rele-
vant to stability. A sudden increase in hydrogens accessible for
exchange in pure solids consisting of bovine serum albumin
(BSA) (12), insulin or human growth hormone (hGH) (13)
suggested a transition to greater mobility in the protein mol-
ecule at temperatures below the reported Tg values of these
proteins, typically around 130°C. The temperature of the
sudden increase in exchangeable hydrogens was tentatively
attributed to the protein dynamical temperature, Td, in the
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dry solid state. The low temperature motion within the pro-
tein molecule was suggested to be associated with local fluctu-
ations of protein residues on a shorter time scale (i.e., 10−15-
10−1 s) (2). According to this hypothesis, at temperatures ex-
ceeding the protein dynamical temperature, there is an in-
crease in local internal motions, which eventually results in
larger cooperative motions, and therefore may affect stability
of the protein formulations. Evidence of loss in protein func-
tion below Td has been reported (14–16). The Td was modu-
lated through the degree of hydration and addition of lyopro-
tectant (17–22) in solutions, but very little work has been
reported in dry proteins (19,20,23).

Hill and co-workers suggested that the hydrogen bonding
interactions between water and the amino acid residues facil-
itates the propagation of fast β-like motions into larger scale α-
like motions, which are responsible for protein internal dy-
namics (17). Studies on the kinetics of ligand binding to carbon
monoxymyoglobin in a dry trehalose matrix demonstrated
that the glassy trehalose suppressed the inter-conversion of
protein conformation sub-states, suggesting that protein inter-
nal motion is limited or locked in the relatively more rigid
matrix (24). Therefore, effective coupling between protein in-
ternal dynamics and the dynamics of the matrices may play an
important role in the stability of protein pharmaceuticals.

Both sucrose and trehalose are known to stabilize protein
formulations during freeze drying (5). The “water substitute
hypothesis” describes stabilization by the disaccharides
through hydrogen bond formation with the protein molecule,
whereas the “glass dynamics hypothesis” explains stabilization
through reduced mobility in the rigid matrix (5). The addition
of sucrose to a protein formulation results in a decrease in Tg

of the formulation compared to protein alone (3,25,26) which
is contrary to its stabilizing effect based on the simple inter-
pretation of the “glass dynamics hypothesis”, which suggests
that the system with the higher Tg will be more stable. It is
possible that rather than the system Tg, the protein dynamical
temperature (Td) may be a more appropriate measurement to
determine stability, which can bemodulated by the excipients.

The present study aimed to test the hypothesis that Td can
be used to predict stability, where Td was determined from the
extent of solid-state H/D exchange measured by FTIR as
previously described (12,13). The extent of H/D exchange
itself was also evaluated as a stability predictor. The model
system was recombinant human serum albumin (rHSA) using
sucrose and trehalose as lyoprotectants.

MATERIALS AND METHODS

Materials and Sample Preparation

Stock solution of rHSA (50 mg/mL, ultrapure #9803,
Albumin Bioscience, Huntsville, AL) was dialyzed using a

10 KMWCO dialysis cassette against 5 mM potassium phos-
phate buffer (pH 7.0) at 4°C twice for 3 h and the third time
overnight. The recovered solution was filtered through
0.22 μm polyvinylidene difluoride (PVDF) low protein bind-
ing filter. The concentration of rHSA after dialysis was deter-
mined by absorbance at 280 nm (Cary Bio100, Varian Inc.,
Palo Alto, CA) using extinction coefficient of 0.58 mL/mg-cm
(27). Sucrose (ACS grade, Sigma Aldrich, St. Louis, MO) or
trehalose (high purity, trehalose dihydrate, Ferro Pfanstiehl,
Waukegen, IL) was added to the protein solution at 1:1 weight
ratio of disaccharide to protein. The protein was formulated
at 3 mg/mL (or 12 mg/mL) in rHSA alone, and 3 mg/mL in
the formulations with the disaccharide lyoprotecatnat.

D2O (99.8% D), lithium chloride (LiCl) (>99%, American
Chemical Society grade), and potassium bromide (KBr; 99%,
infrared grade) from Acros Organics (Morris Plains, NJ) were
used for the H/D exchange study.

Freeze-Drying Procedure

Aliquots of one mL of each protein solution were filled in
5 mL glass tubing vials and were partially stoppered (Daikyo
Fluorotec, West Pharmaceutical Services, West Whiteland,
PA). Vials containing the protein solutions were placed on
the center of the freeze-dryer shelf surrounded by 5% (w/w)
sucrose solutions to minimize radiation from the edge and
front of the chamber and maintain comparable product tem-
peratures. Product temperature was monitored from a ther-
mocouple glued with heat sink silicone grease (Chemplex
1381, FUCHS lubricants, Harvey, IL) and Kapton tape
(Cole-Parmer, VernonHills, IL) to the outside of selected vials
near the vial bottom. The samples were freeze-dried in
Lyostar 3 at a shelf temperature of−30°C and 60mTorr until
the Pirani gauge signal converged with the capacitance ma-
nometer; the shelf temperature was raised at 0.2°C/min to
40°C and 60 mTorr for 2 h to complete drying. Once stop-
pered, protein formulation in the vials was sealed and stored
in the −20°C freezer for further analysis. All freeze-dried
cakes showed no collapse or shrinkage with no differences in
appearance.

Physical Stability of rHSA Formulations during Storage

Freeze-dried rHSA samples were equilibrated at 11% RH at
40°C overnight and stored at 40°C for 6 months. At 0, 1, 3,
and 6 months, samples were reconstituted with 1 mL of water
(18 MΩ, distilled and deionized, Barnstead™ GenPure™,
Thermo Scientific, Waltham,MA). No precipitation or visible
particle was observed after reconstitution. The entire volume
of reconstituted solutions was filtered with 0.22 μm PVDF
filters and 50 μl of each sample were injected onto a column
(TSKgel™ G3000SWXL, 7.8 mm × 30 cm, 5 μm, Tosoh
Bioscience, San Francisco, CA) maintained at 25°C. The
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mobile phase (100 mM sodium phosphate buffer with 0.2 M
NaCl at pH 7.0) was delivered at 1.0 mL/min by an HPLC
system (Model 1100, Agilent, Santa Clara, CA). The absor-
bance of the effluent was measured at 280 nm (variable wave-
length detector, G1315A, Agilent). Absorbance data were ac-
quired and analyzed (ChemStation, Agilent). Monomer, di-
mer, and higher order aggregates were identified. Percent
soluble aggregate reported below represents the areas under
the dimer and higher order aggregate peaks relative to total
area of the identified peaks.

Protein aggregation followed square root of time kinetics
(3). Therefore, the rate constant of aggregation was deter-
mined by fitting the equation below to the stability data.

%P ¼ %P0 þ k√t

%P, %P0, and k represent the percent soluble aggregate at
storage time t, time 0 (immediately after freeze-drying), and
the rate constant of aggregation (percentage aggregation/
√months), respectively.

Secondary Structure of rHSA in the Lyophilized
Formulations

Spectra of the protein samples were recorded with a FTIR spec-
trometer (NicoletMagma 560, Thermo Scientific,Madison,WI)
in single beam mode accumulating 128 scans at 4 cm−1 resolu-
tion over the range of 400–4000 cm−1. Samples were prepared
as described in previous publication (13). Briefly, samples of 0.3–
0.5 mg of freeze-dried rHSA were gently ground with 150 mg of
dried potassium bromide (KBr) in a glove bag purged with dry
air. The resulting mixture was compressed at 10,000 psi for
2 min using a laboratory press (Carver Inc., Wabash, IN). The
compressed pellet was transferred to a sample holder in the
FTIR spectrometer. The CO level and water vapor in the spec-
trometer chamber were controlled by a purging system with
moisture and CO traps (Puregas, LLC, Broomfield, CO). All
spectra were processed using the software (Grams/AI 8.0,
Thermo Electron, Madison, WI). Secondary structure of rHSA
formulations was characterized from the amide I band in the
region 1600–1700 cm−1 of the FTIR spectra. This region pri-
marily consists of C=O stretch mode, which is known to be
sensitive to protein secondary structure (28,29). The second de-
rivative of the amide I region resolved the underlying peak com-
ponents in this region.

Protein H/D Exchange in the Lyophilized Formulations

Solid-state H/D exchange of the freeze-dried rHSA formula-
tions followed a previously described procedure (12,13).
Briefly, the freeze-dried samples were incubated in a desicca-
tor maintained at 11% RH using saturated LiCl in D2O. The
desiccators were sealed under vacuum and stored at various
temperatures from 30 to 80°C. The vacuum was sufficient to

seal the desiccators firmly without boiling of D2O containing
LiCl. It should be noted that saturated solution of LiCl gives a
relatively constant humidity of 11%RH over the range of 20–
80°C (30). The process proceeded for 4 days, with samples
being removed at 1, 2, 3 and 4 days. At each sampling time,
the H/D exchange reaction of samples was quenched by dry-
ing in the vacuum oven at room temperature overnight.

A portion (0.6 mg) of each quenched protein sample was
mixed with 150 mg of KBr in a glove bag where humidity was
controlled below 2% by purging dry air before analysis by
FTIR. The extent of H/D exchange on the protein molecule
was based on the intensity change of the amide II peak at
1535 cm−1, corresponding to an N-H stretch mode, as previ-
ously described (12,13). The absorption of sucrose and treha-
lose was primarily in the range of 1400 to 400 cm−1 (C-O
stretch), and above 3200 cm−1 (O-H stretch); neither over-
lapped with the protein amide II peak. To further evaluate
any interference of sucrose and trehalose with FTIR signal,
the spectrum of freeze-dried amorphous sucrose was sub-
tracted from the spectrum of rHSA:sucrose. The intensity of
the amide I band was used for normalization. The analytical
peak (amide II at 1535 cm−1) was unaffected by subtraction of
the sucrose spectrum (Fig. 1). Similarly, the trehalose spectrum
did not overlap with the amide II band (data not shown).
Therefore, all analysis was performed using the spectral data
without subtraction of the stabilizer spectra, following a pre-
viously established methodology (12,13).

Data Analysis of the H/D Exchange Process

The fraction of hydrogens remaining un-exchanged (denoted
as X) at any time is the ratio of the intensity at 1535 cm−1

Fig. 1 FTIR absorption spectra of freeze-dried rHSA:sucrose formulation
before (solid line) and after subtraction of the freeze-dried sucrose spectrum
(dashed line). The intensity of amide I band (1655 cm−1) was normalized for
comparison. The subtraction procedure did not affect the intensity of the
amide II band at 1535 cm−1, which was further used to calculate the extent
of H/D exchange.
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relative to its intensity before exchange, as previously de-
scribed (13). The time course of the H/D exchange process
was treated empirically as a first-order exponential decay. The
extent of exchange at infinite time (1-X∞), was determined
from the regression analysis using Eq. 5 of Mizuno and Pikal
(12). Extrapolated to infinite time, the amide hydrogens
remaining unexchanged (X∞) were not dynamically accessible
by the D2O vapor on the time scale of the experiment (4 days),
as they were presumably buried in the “rigid” interior of the
protein-folded structure. For each formulation, a sigmoidal
function was fitted to X∞ versus temperature to find the tem-
perature midpoint of the transition (inflection point) and its
associated error. As previously described (13), the transition
temperature was interpreted as the Td, as discussed in the
Results and Discussion Section.

RESULTS AND DISCUSSION

The dynamical transition temperature where an abrupt
change in mobility occurs, would affect stability due to any
pathway that is dependent on mobility, including aggregation
and chemical degradation. In previous reports, the extent of
H/D exchange correlated well with aggregation and changes
in acidity (presumably due to chemical degradation), but less
with methionine oxidation (31). In the present study, only
physical stability was assessed. Aggregate formation after
freeze-drying is a well-known stability indicator for rHSA
(26,32,33), and hence was used as the model protein to study
the effect of protein dynamical transition temperature on
physical stability in the solid state. The extent of H/D ex-
change, rather than the rate of H/D exchange, was monitored
since the rate of H/D exchange could be complicated by the
presence of the stabilizer. The time constant would likely rep-
resent a combination of mass transfer kinetics and H/D ex-
change kinetics. The stabilizer had the potential to alter the
mass transfer of deuterium to the protein, potentially influenc-
ing the rate of H/D exchange, but not the final extent of H/D

exchange. Freeze-dried rHSA samples with or without stabi-
lizer were equilibrated with D2O of 11% RH over a range of
temperature. Samples were taken for 4 consecutive days to
determine the equilibrium extent of H/D exchange. The ex-
tent of exchange in freeze dried pure rHSA prepared using
3 mg/mL rHSA was highly variable. One possible source of
such varibility was inter-vial variation in ice nucleation tem-
perature that would lead to changes in protein structure as
reported elsewhere (34). Such high variability was not evident
when stabilizers were included in the formulation. To reduce
the variation in extent of H/D exchange of freeze dried pure
rHSA, a higher concentration of pure protein, (i.e., 25 mg/
mL compared to 3 mg/mL in the presence of stabilizers) was
freeze-dried such that all pure protein samples used for the H/
D exchange were taken from the same vial that is well mixed
to ensure uniformity and homogeneity.

The H/D exchange was monitored in the FTIR spectra as
a function of temperature. Since H/D exchange can be a
measure of both protein structure and dynamics, a greater
extent of exchange is expected at a higher temperature when
the interior of the protein molecule is exposed to the D2O
vapor, and/or when there is greater fluctuation in protein
molecular structure due to faster dynamics. At higher temper-
atures, the intensity of amide II band at 1535 cm−1 (N-H
vibration) decreased, suggesting enhanced H/D exchange
due to perturbation in protein structure or increase inmobility
within the protein molecule (Fig. 2). As the N-H vibration
decreased, the amide II band at 1445 cm−1 (N-D vibration)
increased, but could not be used in the calculation of H/D
exchange due to the contribution from H-O-D vibration
mode at 1460 cm−1 (10).The extent of H/D exchange (X∞)
shown in Fig. 3 provided a measure of structure or dynamics
in the protein formulation.

The sucrose and trehalose formulations of rHSA showed
no differences in key features of the native α-helix band such
as FTIR peak position or intensity (Fig. 4). Similar observa-
tions were found in freeze-dried hGH:disaccharide 1:6 (w:w),
where there was no difference in secondary structure by

Fig. 2 Representative FTIR spectra of freeze-dried pure rHSA (left), freeze dried rHSA:sucrose (middle) and freeze dried rHSA:trehalose (right) recorded from
30 to 90°C after 4 days of the H/D exchange process. The amide I band was used to normalize the spectra. The decay in peak intensity of the amide II band
(1535 cm−1) representing N-H vibrational modes was monitored to determine the extent of the H/D exchange reaction.
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FTIR, although the aggregation rate constant at 40°C in the
trehalose formulation was twice that in the sucrose formula-
tion (13). In the present study, rHSA freeze-dried with no
stabilizer was the least stable with an aggregation rate constant
of 12.5% ∙ months−1/2. Both disaccharides stabilized rHSA re-
ducing the rate constants to 3.6 and 1.2% ∙ months−1/2 for tre-
halose and sucrose, respectively (Fig. 5). Like the hGH study,
sucrose was found to be the superior stabilizer, but this time by
a factor of 3.

As a first attempt to evaluate the correlation of Td with
physical stability of the protein formulations, the samples were
stored at 40°C to accelerate the aggregation within a reason-
able experimental time frame. The extent of H/D exchange
in the rHSA:sucrose formulation at 40°Cwas lower (p value =
0.002) than in rHSA:trehalose (Fig. 6), which agreed well with
better stability in the sucrose formulation at a storage

temperature of 40°C (Fig. 5). At and above 60°C, the trend
was reversed with less H/D exchange in the trehalose formu-
lation (p-values <0.05). Note that sucrose:rHSA (1:1) at 11%
RH has a Tg of 58°C, but the corresponding trehalose formu-
lation has a Tg of 70°C.

Better solid-state protein stability by sucrose compared to
trehalose was also reported for IgG stored at 25 and 50°C,
and for hGH stored at 40 and 50°C in sealed containers at low
moisture (Table I). It was suggested that lower amplitude
motions associated with “fast dynamics” in the hGH:sucrose
formulation (on a nanosecond scale) as measured by neutron
scattering correlated with the better stability in sucrose com-
pared to trehalose (3). Micro-phase separation of trehalose
formulations was another proposed mechanism of the lower
stability in trehalose than in sucrose (17). In contrast, trehalose
formulations provided superior stability of hGH at the same
storage temperature, but with higher %RH, and for mAb at
higher temperatures, 60°C.More specifically, the stabilization
by sucrose relative to trehalose decreased with %RH and
temperature in these two studies (3,31). This is consistent with

Fig. 3 First order decay plot of the ratio of un-exchanged hydrogens (X) at various temperatures for freeze dried pure rHSA (left), freeze dried rHSA:sucrose
(middle) and freeze dried rHSA:trehalose (right) equilibrated in D2O at 11% RH. The first order kinetics of the reaction was quantitatively analyzed by non-linear
curve fitting using the following exponential model: (X=X∞+ (X0−X∞) exp (−kt)), where t is time, k is an apparent rate constant for the observable exchange,
X∞ and X0 are H/D un-exchanged fractions at the apparent plateau level (i.e., nominally infinite time) and t = 0 (X0= 1.0), respectively.

Fig. 4 Second derivative of amide I region in the FTIR spectra of the three
formulations after freeze-drying. This process allows the underlying compo-
nents that overlap in the amide I region to be visually resolved. rHSA consists
of predominantly α-helix structure with a peak at 1654 cm−1. The remaining
structural elements are β-sheet and random turns. rHSA was formulated at
3 mg/mL in three formulations: freeze dried pure rHSA, freeze dried
rHSA:sucrose 1:1 (w:w), and freeze dried rHSA:trehalose 1:1 (w:w).

Fig. 5 % Soluble aggregation by SEC in the three formulations, freeze dried
rHSA (circle), freeze dried rHSA:sucrose 1:1 (w:w) (triangle), and freeze dried
rHSA:trehalose 1:1 (w:w) (square) at 11% RH and 40°C. Bars represents
standard error of 3 measurements.
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the H/D exchange results that suggest greater mobility in the
trehalose formulation (relative to sucrose) at lower tempera-
tures, but lower mobility than the sucrose formulations at
higher temperatures. Though stability was only studied at
40°C in current work, in future work, stability at 30°C and
50°C should be explored to further understand the interplay
between mobility change as a function of temperature and
physical stability.

Furthermore, the extent of H/D exchange seems to have
sufficient sensitivity to correlate with modest changes in stabil-
ity. Recently, Moorthy and colleagues demonstrated strong

correlation between the deuterium incorporation at immedi-
ately after freeze-drying using H/D exchange-mass spectrom-
etry (HDX-MS) and the extent of aggregation during storage
of myoglobin (35) and monoclonal antibody (31) formulated
with excipients with stabilization propensities very distinct
from each other (i.e. sucrose, mannitol, NaCl). The present
results are consistent with theirs, but with formulations
expected to produce much smaller stability differences.

In previous studies, low-temperature endothermic events
(40 ~ 60°C) well below the Tg of the protein were observed
by differential scanning calorimetry (DSC) in solid pure BSA,
insulin and hGH without excipients (12,13,36). It was pro-
posed that these endotherms represented enthalpy recovery
of a dynamical transition within the protein molecule. The
temperature of the enthalpy recovery correlated well with a
transition temperature found using H/D exchange mon-
itored by FTIR, supporting the suggestion that the low
temperature endotherms were associated with an abrupt
change in mobility associated with a protein dynamical
transition temperature, Td.

Based on extensive literature on the protein dynamical tran-
sition in hydrated systems (2), Hill, Shalaev and Zografi hy-
pothesized that modulation of Td by lyoprotectants could alter
protein molecule stability, providing better long-term stability
of the formulation. Lyoprotectants are believed to form a
hydrogen-bonding network with proteins which affects mobil-
ity and stiffness of the whole formulation. However, no exper-
imental studies have tested this hypothesis in the solid state.

Fig. 6 Fraction of un-exchanged hydrogens at infinite time (X∞) at selected
temperatures for the two formulations, rHSA:sucrose and rHSA:trehalose.
Error bars represent the standard deviation from two replicates.

Table I Comparison of the Ability
of Sucrose and Trehalose To
Stabilize Proteins at Various Storage
Conditions

Protein Sugar: Protein Ratio Moisture Content Storage Condition Stabilization by Sucrose
Relative to Trehalose

Reference

Temp %RH

hGH 6:1 0.7 40 NS 2.1 (2)

hGH 6:1 0.7 50 NS 1.7 (2)

hGH 6:1 NS 40 11 0.8 (2)

hGH 6:1 NS 50 11 0.8 (2)

hGH 6:1 NS 40 22 0.5 (2)

hGH 6:1 NS 50 22 0.2 (2)

IgG 1:1 <1 25 NS 1.3 (27)

IgG 1:1 <1 50 NS 1.5 (27)

mAb* – 3 30 NS 1.0 (28)

mAb 12:1 <2.5 5 NS 1.8 (29)

mAb 12:1 <2.5 40 NS 1.2 (29)

mAb 12:1 <2.5 60 NS 0.8 (29)

mAb 1.3:1 <2.5 5 NS 1.3 (29)

mAb 1.3:1 <2.5 40 NS 1.1 (29)

mAb 1.3:1 <2.5 60 NS 1.0 (29)

Il-2+ – <3.5 45 NS 1.4 (30)

* rhu-MAb represents recombinant humanized monoclonal antibody
+ represents interlukin-2

NS, not specified
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Pre-Tg events were previously reported in hGH:disaccharide
formulations (36); however, the events were attributed to the
disaccharide itself, which has a pre-Tg signal in the same tem-
perature range, due to a distribution of relaxation times within
the non-equilibrium amorphous solid system. Therefore, a
pre-Tg endothermic event in the protein molecule could not
be uniquely identified from a DSC scan, at least when the
protein formulation contained sucrose or trehalose. However,
any change in the protein mobility/structure with tempera-
ture, which can be monitored by the extent of H/D exchange
at the amide nitrogen, would be not complicated by the pres-
ence of a stabilizer such as sucrose or trehalose, at least in
theory. To explore the impact of this transition associated with
the protein dynamical temperature on protein stability in solid
state, the H/D exchange data were analyzed for a transition
temperature, which would presumably be the Td.

As in previous studies (12,13), a sigmoidal function
was fitted to the temperature dependence of X∞. The
mid-point of the transition (Tmid), nominally equivalent
to the dynamical transition temperature (Td) of the pro-
tein molecule, was obtained from the fitted sigmoidal
function (Fig. 7). According to the hypothesis of Hill,
Shalaev and Zografi, the formulation that yields a higher
Td of the protein would be effectively coupled to protein
stability. The transition region for X∞ with temperature
for pure rHSA was broad (compared to the previously
reported transition in insulin and hGH (13) with a mid-
point, or nominal Td of 56°C (±6.3°C) (Fig. 7). The
transition temperature in rHSA:sucrose was 62.3°C
(±3.3°C), which is not statistically different from that of
pure unstabilized rHSA. In contrast, the X∞ versus tem-
perature for rHSA:trehalose was not sigmoid in shape
within the temperature range from 30 to 100°C.
Perhaps the transition temperature of rHSA:trehalose is
above this temperature range, beyond what was experi-
mentally accessible due to the use of the 11% RH cham-
ber. However, if the protein in trehalose formulation
does have an inflection point associated with a Td or

other relevant transition, it is clearly higher than that
of protein alone or with sucrose.

If the hypothesis that protein dynamical temperature
(Td) can be used to predict protein stability were true,
the trehalose formulation would be expected to be more
stable than the sucrose formulation owing to the presum-
ably higher Td of the protein in the trehalose formula-
tion. However, clearly the rHSA:sucrose formulation was
more stable at 40°C and 11%RH than the trehalose
formulation with a degradation rate constant only 1/3
that of the trehalose formulation (Fig. 5). Thus, the sta-
bility data in the present study is not consistent with the
hypothesis that trehalose should provide better stability
due to a higher Td. Rather, the extent of H/D exchange
over a short time period (i.e., 4 days in this case) may be
a better predictor of long-term stability at the same tem-
perature and humidity conditions.

SUMMARYAND CONCLUSIONS

An apparent protein dynamical temperature (Td) (2,17) in solid
state proteins below the system glass transition temperature has
been previously reported (12,13), corresponding to a cooperative
transition in mobility within the protein molecule. According to
the hypothesis of Hill, Shalaev, and Zografi, a higher Td in
proteins lyophilized with a stabilizer was expected to correspond
to a more stable protein formulation. However, rHSA:sucrose
showed superior long-term stability at 40°C against aggregation
than the trehalose formulation while exhibiting a lower apparent
Td, which does not support the hypothesis.

Both sucrose and trehalose showed equivalent protec-
tion of protein secondary structure by FTIR, but often
show differences in stabilization on long-term storage.
The extent of H/D exchange (X∞) was lower for pro-
tein lyophilized in a sucrose matrix than in a trehalose
matrix at 40°C and 11%RH, which corresponded to
better stability in the sucrose formulation at least at

Fig. 7 Temperature dependence of the plateau level of H/D exchange (X∞) in pure rHSA (left), rHSA:sucrose (middle) and rHSA:trehalose (right), fitted to a sigmoidal
function:X∞=(X∞i−X∞f)/(1+ exp ((T− Tmid)/dT)+X∞f, where X∞i,X∞f, Tmid, dTare X∞ initial value, X∞ final value, temperaturemidpoint of the sigmoidal transition,
and ¼ width of the transition, respectively. The mid-point of the sharp transition (Tmid) in pure rHSA was 56.2±6.3°C. The mid-point of the transition (Tmid) in the
rHSA:sucrose formulation was, 62.3±3.3°C. No sigmoidal transition was found in the rHSA:trehalose formulation within the temperature range 30-100°C.
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these conditions. From literature reports, sucrose
appears to be a better stabilizer at lower temperatures
and humidity, while trehalose is superior at higher tem-
peratures and humidity. The extent of H/D exchange
extrapolated to infinite time, X∞, agrees with this gen-
eral trend. Thus, X∞, rather than Td, may be a good
short-term measurement predictive of long-term stabili-
ty, indicating the rigidity of the structure and/or dy-
namics of the protein formulation.
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