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INTRODUCTION

Freeze-drying is a useful method for preparing dosage forms of thermally
unstable pharmaceuticals without the deleterious effect of heat. The method can
also provide a dry product of pharmaceuticals with longer shelf life than solutions
or suspensions. Although glassy-state formulations obtained by freeze-drying
generally exhibit sufficient storage stability for pharmaceuticals, degradation
during storage has been observed in various freeze-dried formulations.

Many studies have demonstrated that storage stability of freeze-dried for-
mulations is related to molecular mobility (1-15). Chemical and physical degra-
dation of small molecules and proteins is enhanced by an increase in molecular
mobility associated with moisture sorption. Additives that decrease the molecular
mobility of formulations are often effective for the stabilization of the formulation.

This chapter describes molecular mobility of freeze-dried formulations as
determined by NMR relaxation times and discusses the relationship between
storage stability and NMR-determined molecular mobility.

MOLECULAR MOBILITY AS DETERMINED BY NMR

RELAXATION TIMES

NMR has been used to determine molecular mobility of freeze-dried formulations
(16-20), along with other techniques like calorimetry, dielectric relaxation spec-
trometry, and dynamic mechanical measurement (21-25). NMR can determine the
mobility of atoms in pharmaceutical molecules such as H,2H, °C, N, 70, and F.
To determine the mobility of a specific site in the molecule, high-resolution solid-
state NMR with high sensitivity is necessary. Especially, high sensitivity is inevitable
for *C and N, which have low natural abundance. In contrast, low-frequency
solid-state NMR, which is easier to ogerate than high-resolution NMR, can be used
to determine the mobility of 'H and '°F, which have high natural abundance. This
section addresses the molecular mobility of 'H, *C, and '°F measured by each of
low-frequency solid-state NMR and high-resolution solid-state NMR.

Molecular Mobility as Determined by Low-Frequency NMR

Spin-Spin Relaxation Time of Proton

Spin-spin relaxation time (T,) of protons present in freeze-dried formulations
can be determined from free induction decay (FID). Figure 1 shows the FID of
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FIGURE 1 Free induction decay of proton in freeze-dried y-globulin formulation containing
dextran at 10°C (A) and 60°C (B) at 60% RH. Abbreviation: RH, relative humidity.

proton in freeze-dried formulation containing y-globulin as a model protein
drug and dextran (molecular weight of 10 kDa) as a polymer excipient, measured
by a low-frequency NMR using “solid echo” in the detection stage (26). The FID
shows two relaxation processes at 10°C and 60% relative humidity (RH) (Fig. 1A);
a slower decay described by the Lorentzian equation (equation 1) and a faster
decay described by a Gaussian-type equation (the Abragam equation, equation 2
with a constant ¢ of 0.12). This slower decay is attributed to protons with higher
mobility, that is, water protons, and the faster decay is attributed to protons with
lower mobility, that is, protons of y-globulin and dextran. The contribution of
protein protons to the FID is not significant because the content of protein was
50 times less than that of dextran. Therefore, the Abragam decay can be con-
sidered to be due to dextran protons. The observed FID is describable by an
equation representing the sum of the Abragam and Lorentzian equations
(equation 3). The T, of water protons can be calculated from the FID signals at
the latter stage. Subsequently, the T, of dextran proton with lower mobility can
be calculated from the FID signals at the former stage by 1nsertmg the calculated
T, of water proton into equation (3).

F(t) = Aexp (— ———(t;m—)) (1)
2 in(ct
F(t) = Aexp (“ T Toum 2) == nc(tc ) )
2 t t
F) = (1= Prn)exp (_ 2To(1m) 2) Sul(tc = thexP( T2(hm>) ®)

where Tonm) and Toam) are the spin-spin relaxation times of protons with higher
mobility and lower mobility, respectively. Ppr, is the proportion of protons with
higher mobility.
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As shown in Figure 1B, the decay due to dextran protons at 60°C cannot be
described by a single Abragam equation, and therefore requires further solving
by the Lorentzian equation. This indicates that at 60°C, the dextran protons in
the freeze-dried formulation exhibit a slower relaxation process due to higher
mobility in addition to a faster relaxation process due to lower mobility. In other
words, dextran protons having higher mobility exist in the formulation at 60°C,
in addition to solid-like dextran protons with lower mobility. Thus, the FID at
60°C is described by an equation representing the sum of the Abragam and
Lorentzian equations for dextran protons as well as the Lorentzian equation for
water protons. The proportion of dextran protons having higher mobility can be
calculated by fitting FID signals into equation (3) after subtracting signals due to
water protons.

The temperature at which the spin-spin relaxation of proton begins to
involve the Lorentzian relaxation process due to polymer protons having higher
mobility in addition to the Gaussian-type relaxation process due to polymer
protons having low mobility is considered to be a glass/rubber transition
temperature. Basically, this is a critical temperature of molecular mobility as
determined by NMR relaxation measurements and is analogous to glass tran-
sition temperature (Tg) determined by differential scanning calorimetry (DSC).
This critical mobility temperature is referred to as Trc. The Ty of formulations
containing polymer excipients increases as the molecular weight of the polymers
increases. The Tp,c of a formulation containing dextran with a molecular weight
of 510 kDa is 5°C higher than that for dextran with a molecular weight of 40 kDa.
Similarly, the Tp of molecular weight 120 kDa poly(vinyl alcohol) (PVA) for-
mulation is approximately 5°C higher than that of molecular weight 18 kDa PVA
formulation (27). In contrast, the T, of water proton calculated by the Lorentzian
equation is not significantly affected by the molecular weight of dextran (26).
This indicates that the mobility of water molecules in the formulation is deter-
mined by the interaction between the glucose unit and water.

Figure 2 shows the effect of water content on the T and Ty of freeze-
dried y-globulin formulations containing dextran, polyvinylpyrrolidone (PVP)
and «,B-poly(N-hydroxyethyl)-L-aspartamide (PHEA) (28). Ty, shifts to a
lower temperature as water content increases, indicating that the molecular

120 ¢
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60

Tme (°C)

40

Tq

FIGURE 2 T, and glass transition
temperature of freeze-dried y-
globulin  formulations  containing
0 : PHEA (W), dextran (A), and PVP
0.00 0.10 0.20 0.30 (®). Abbreviations: PHEA, o,B-poly
(N-hydroxyethyl)-L-aspartamide;

Water content (g/g of solid) PVP, polyvinylpyrrolidone.
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mobility of polymer excipients in the formulation is increased by the plasti-
cizing effect of water. Decrease in T, with increasing water content is also
observed for other freeze-dried formulations containing PVA, methylcellulose
(MC), hydroxypropylmethylcellulose, and carboxymethylcellulose sodium
salt.

The Th of freeze-dried formulations containing polymer excipients is
generally observed at a temperature of 20°C to 30°C lower than the T, deter-
mined by DSC (Fig. 2). This indicates that these formulations have highly mobile
protons even at temperatures below the Ty T can be considered to be the
temperature at which a certain region of the molecule, such as terminal units of
polymer chains, begins to have greater mobility. Tr, is a glass/rubber transition
temperature determined by spin-spin relaxation measurements, which can
detect local changes in molecular mobility more sensitively than T determined
by DSC. The Ty of freeze-dried formulations containing polymer excipients with
moisture is often difficult to determine because a change in heat capacity at Tg
may be overlapped by the peaks of water evaporation and accompanying
relaxation processes. Furthermore, certain formulations, especially freeze-dried
protein formulations, reveal unclear changes in heat capacity, causing a diffi-
culty in determination of Tg. In such cases, Ty,  determined by spin-spin
relaxation measurement can be a useful measure of Ty

Laboratory and Rotating Frame Spin-Lattice

Relaxation Times of Proton

Along with T,, spin-lattice relaxation times in laboratory and rotating frames
(T; and T,) can also be used to measure the molecular mobility of freeze-dried
formulations. The T; and Tj, of proton reflect the correlation time (z.) of the
rotational motion of proton. The relationship between . and T; can be described
as follows:

]. 3 4 h 2 —6 Tc 4TC

— =4 = 4

T, 10 (271') RN = Rk )
where 7 is the gyromagnetic ratio of 'H, 4 is Planck’s constant, wy is the 'H

resonance frequencies, and r is the H-H distance. In contrast, T;, can be related
to 7. according to equation (5).

1 At

Ty 1+ 4222 ®)

where o, is the frequency of precession generated by the spin locking field and
A is a constant.

Figure 3 shows the relationship between 7. and T; (or T;,) of proton. When
7. exhibits an Arrhenius behavior, T; (or T;,,) exhibits a similar V-shaped pattern
with a minimum as a function of temperature. In the temperature range below
the minimum (slow motional regime), T; (or T;,) increases in a linear fashion
with decreasing temperature (i.e., with decreasing mobility). In the temperature
range above the minimum (fast motional regime), in contrast, T; (or Tip)
decreases with decreasing mobility associated with decreasing temperature. T,
minimum is observed at a higher temperature than T;, minimum, such that T,
sensitively reflects faster motion than T, does.
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FIGURE 4 Temperature dependence of T; (A) and Ty, (B) of proton with two correlation times.

When there are multiple protons having different 7. values in the mole-
cule, spin diffusion occurs between protons located within a short distance, and
gives a single T; (or Ty,) value. Therefore, the value of T; (or Ty,) is determined
mainly by a proton that shows the shortest relaxation time. As described by
equation (6), relaxation rate (the reciprocal of T; and T,) can be calculated as the
sum of the relaxation rates attributed to each 7., when there are two protons
having different 7. values (z; and ) in the system. Thus, the observed values
of Ty and T, closely approximate the smaller relaxation times of the two loci, as
shown in Figure 4.

1 P +(1—P1)
Tiobs) Tiwa) T

(6)

where Py is the fraction of proton having 7.

Figure 5 shows the temperature dependence of T, observed for freeze-
dried y-globulin formulations containing dextran, prepared using D,O (29).
Since the ratio of y-globulin to dextran is 1:50, the calculated T;, represents the
T, of unexchangeable protons of dextran (5 methine protons and 2 methylene
protons in a repeating unit). The temperature dependence of T;, exhibits a
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minimum at relatively high humidities (75% and 86% RH). The temperature of
the Ty, minimum shifts to higher temperature as humidity decreases. At 60%
RH, minimum is not observed in the temperature range up to 80°C (it may be
observed around 90°C), but another minimum is observed at approximately
—60°C, as shown in Figure 6. This minimum shifts to approximately 90°C in the
dry state. These findings indicate that proton has two different correlation times
due to different motions.

The temperature dependence for the T;, of proton observed at 60% RH
(Fig. 6) can be described by two correlation times (7. and 7») with an activation
energy of 8.0 and 2.5 kcal/mol, and with a pre-exponential factor of 2 x 107°
and 5 x 10”%seconds, respectively, at temperatures lower than 35°C (1000/T of 3).
The motion represented by 1, and 7., may be attributed to methine and
methylene protons, respectively, on the basis of the values of activation energy.
An activation energy of the same order as the calculated value of 7., has been
reported for the methylene group of amorphous polyethylene (3.72 kcal/mol)
(30). T4, reflects the motion of methine groups at temperatures between 35°C
and 10°C (1000/T of 3 and 3.5), but reflects the motion of methylene groups at
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temperatures lower than 10°C. The observed Tj, of methine groups diverges
from the values calculated from 1 at temperatures above 35°C, indicating that
the motion of methine groups has greater activation energy at temperature
above 35°C. The temperature at which a break is observed in the temperature
dependence is coincident with Tr, described in the section of proton T5.

Molecular Mobility as Determined by High-Resolution NMR

Laboratory and Rotating Frame Spin-Lattice Relaxation

Times of Carbon

Figure 7 shows the typical spectra of freeze-dried y-globulin formulation con-
taining dextran, freeze-dried y-globulin, and freeze-dried dextran, measured by
high-resolution "°C solid-state NMR (31). Peaks at 70 and 180 ppm are assigned
to the dextran methine carbon and y-globulin carbonyl carbon, respectively. The
T, of each carbon, calculated from the signal decay, decreases with increasing
temperature, indicating that relaxation occurs in the slow motional regime. The
7. of dextran methine carbon then can be calculated from the observed T,
according to equation (7), if the dipole-dipole interaction between carbon and
proton is predominant in the relaxation process, and if the relaxation time can be
expressed by a single 7.

1 1., of(k\
T:~ 10/CH (27r re-
Tc 3Tc 6’L'C

X + + 7)
1+ (e —wn)e?  1+62? " 14 (we +wn)’te? (

(A)

(B) MM_\,\/\,\]\A MMW“ A A

©

200 eno oo Teo [ w0 < ~s0 -100 com

FIGURE 7 '3C-NMR spectra of freeze-dried y-globulin formulations containing dextran (A),
freeze-dried y-globulin (B), and freeze-dried dextran (C).



Molecular Mobility of Freeze-Dried Formulations 361

where yc and yy are the gyromagnetic ratios of '°C and 'H, respectively, & is the
Planck’s constant, and wc and wy are the *C and 'H resonance frequencies,
respectively. rcy is the C-H distance and a value of 1.2A was used for the
calculation.

In contrast, the 7. of y-globulin carbonyl carbon can be calculated from the
observed T, using equation (8) if the relaxation due to chemical shift anisotropy
is predominant, and if the relaxation time in the slow motional regime can be
expressed by a single 7.

1 6 5.5 9 n? 27,
T, ~a07c 27 (13 T ®
where B, 6z, and 7 are the static field, the chemical shift anisotropy, and the

asymmetric parameter, respectively. 6z and # are defined in terms of three
principal components (311, 622, and d33).

0 — &
bz=6n—08, n= H when |611 — 8| = |33 — o]
11 — 6o
by — 6
bz=20613—6, n= 2_n when |67 — 6o < |833 — b0l )
b33 — b
where & = on + 6;2 + b33

Figure 8 shows the temperature dependence of 7. determined for dextran
methine carbon in freeze-dried dextran and freeze-dried y-globulin/dextran
formulation. For both systems, the 7. of dextran methine carbon exhibits a sig-
nificant change in the temperature dependence around the T, (35°C), the
critical temperature of molecular mobility as determined by the spin-spin
relaxation of proton. The greater decrease in the 7. of dextran methine carbon at
temperatures above the T, indicates that the motion of methine groups is
significantly enhanced by increased global motion in addition to local segmental

50 40 30 20 10°C

M
e
S
g
- A dextran
A BGG+dextran
14 L— s . At FIGURE 8 Temperature dependence
3.0 32 3.4 3.6 of correlation time for dextran methine

» carbon in freeze-dried y-globulin con-
1000/T (K™) taining dextran 40 kDa.
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motion. This interpretation is supported by the greater decrease in the 7. of
dextran methine proton at temperatures above the Ty, as described in the
previous section on proton T4, (Fig. 6).

The 7. of the carbonyl carbon of freeze-dried y-globulin exhibits linear
Arrhenius-like temperature dependence as shown in Figure 9. In contrast, the 1.
of the carbonyl carbon of y-globulin freeze-dried with dextran exhibits a change
in the temperature dependence around 35°C, similar to that observed for the 7.
of dextran methine carbon. This indicates that at temperatures above Ty, the
molecular motion of y-globulin is coupled with that of dextran, even though
dextran is well known to cause phase separation with proteins.

Along with the T; of carbon, the Ty, of carbon is useful as a measure of
molecular mobility. Figure 10 shows the time courses of spin-lattice relaxation
determined for the carbonyl carbon of insulin freeze-dried with dextran or
trehalose, compared with that for insulin alone (32). Spin-lattice relaxation is not
affected by dextran, but it is significantly retarded by trehalose. The Ty, of
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insulin carbonyl carbon in the insulin-trehalose system is longer than in the
insulin-dextran system, indicating that the molecular mobility of insulin is
decreased by trehalose, since longer Ty, indicates slower motion in the slow
motional regime (Fig. 3).

Retardation of spin-lattice relaxation of protein carbonyl carbon brought
about by the addition of sugars is also observed for the carbonyl carbon of
B-galactosidase freeze-dried with sucrose, trehalose, or stachyose, as shown in
Figure 11 (33). The molecular mobility of the protein is most effectively
decreased by sucrose.

The T; and T, of protein carbonyl carbon described above represent the
average of Ty and Ty, for multiple carbonyl carbons present in the protein
molecule. More detailed site-specific analysis becomes possible by the '*C-
labeling of an amino acid at a specific site of interest.

Laboratory and Rotating Frame Spin-Lattice Relaxation

Times of Fluorine

F-NMR has high sensitivity and specificity and has been used to determine the
molecular mobility of *F-labeled proteins (34) as well as small molecules con-
taining 'F (35). Figure 12 shows the temperature dependence of T; and T; p of
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=
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FIGURE 11 Time course of spin-
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FIGURE 12 Temperature dependence of T; (A) and Ty, (B) of flufenamic acid '°F in solid
dispersions with PVP. Abbreviation: PVP, polyvinyipyrrolidone.
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'°F in amorphous flufenamic acid dispersed with PVP (drug-PVP, 7:3). The T of
“F shows a minimum at approximately 110°C as well as a maximum at
approximately —10°C, as shown in Figure 12A. The temperature dependence
can be described by assuming that the "F atom has two Arrhenius-type motions
with an equivalent contribution to the process of T; but with different activation
energies of 50 and 5 kJ/mol, as shown by the solid line in Figure 12A. The
motion with greater activation energy may be attributed to B-relaxation and the
other one to the rotation of the trifluoromethyl group, which is faster than
B-relaxation.

The Ty, of '°F in flufenamic acid shows a minimum at approximately 60°C,
as shown in Figure 12B. The temperature coefficient of T}, is about 50 k] /mol at
temperatures below 60°C, suggesting that T;, is determined by B-relaxation in
this temperature range. In contrast, a greater temperature coefficient of Ty, is
observed at temperatures above 60°C, suggesting that T, is determined by a
lar§er-scale motion than B-relaxation. Thus, motion reflected by the T; and T,
of P°F varies with temperature.

RELATIONSHIP BETWEEN STORAGE STABILITY

AND MOLECULAR MOBILITY AS DETERMINED BY

NMR RELAXATION TIMES

The storage stability of pharmaceuticals in the solid state is largely affected by
molecular mobility. Changes in the molecular mobility of amorphous pharma-
ceuticals at T bring about changes in the temperature dependence of chemical
and physical degradation rates. Coupling between chemical degradation and
molecular mobility has been reported for several drugs of small molecular
weight in freeze-dried formulation (1-5); hydrolysis of aspirin in freeze-dried
hydroxypropyl-B-cyclodextrin/aspirin complex (1), hydrolysis of peptides in
freeze-dried formulations containing cross-linked sucrose polymer (3), and
deamidation of peptide in freeze-dried formulations containing poly(vinyl-
pyrrolidone) (4,5). In addition to chemical instability, physical instability of
pharmaceuticals, such as crystallization of amorphous compounds, is related to
molecular mobility (36-40). Crystallization of freeze-dried sucrose is inhibited in
the presence of PVP at a level as low as 10% due to the decreased molecular
mobility of sucrose as indicated by the decreased enthalpy relaxation of the
mixtures relative to sucrose alone (41).

Coupling between degradation and molecular mobility has also been
reported for degradation of protein pharmaceuticals (6-15). An excellent cor-
relation has been demonstrated between T, and chemical degradation of freeze-
dried antibody-vinca conjugate (8).

This section discusses the relationship between the storage stability of
freeze-dried formulations and the molecular mobility as determined by NMR
relaxation times, described in the previous section. Focus is placed on the
degradation of small molecular weight drugs via bimolecular reaction and
protein aggregation in the freeze-dried formulations.

Correlations Between Storage Stability and Structural

Relaxation as Reflected by NMR Relaxation Times

NMR relaxation times are useful to determine fast dynamics of freeze-dried
formulations, whereas structural relaxation of freeze-dried formulations, which
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is global mobility rapidly enhanced at temperatures above Ty, is also reflected
by NMR relaxation times. Correlations between storage stability and structural
relaxation as reflected by NMR relaxation times have been demonstrated for
various freeze-dried formulations. Figure 13 shows the temperature dependence
of the rate constant for acetyl transfer between aspirin and sulfadiazine in
freeze-dried formulations containing dextran. Acetyl transfer is a bimolecular
reaction in which the translational diffusion of reactant molecules becomes rate
determining when molecular mobility is limited in the solid state (42). The rate
constant of acetyl transfer (k1) and the pseudo rate constant of hydrolysis
(k1 pseudo) that occurs in parallel with acetyl transfer in the presence of water are
described by following equations.

5%31 = —kr[SD][ASA] (10)
d[ASA]
dt

The temperature dependence of acetyl transfer at 60% RH exhibits a dis-
tinct break at approximately 40°C, although it is linear at 12% RH. The tem-
perature of this distinct break observed at 60% RH is coincident with the Ty, as
determined by the spin-spin relaxation measurements described in section
“Molecular Mobility as Determined by NMR Relaxation Times.” This indicates
that the rate of acetyl transfer is affected by a change in the translational mobility
of aspirin and sulfadiazine molecules at Ty, resulting in a change in temper-
ature dependence. The temperature dependence of acetyl transfer at 12% RH
does not show any break because Ty, at 12% RH is higher than the highest
temperature for the measurement. Compared with acetyl transfer, hydrolysis of
aspirin occurring in parallel with acetyl transfer does not show such a distinct
break at Ty, even though hydrolysis is also a bimolecular reaction.

Similarly, no distinct break was observed in the temperature dependence of
hydrolysis of cephalothin in freeze-dried formulations containing dextran, as
shown in Figure 14. The hydrolysis rate of cephalothin increased with increasing
humidity because the rate-limiting step involves water as a reactant. The

= —kr {SD] [ASA] - kH,pseudo [ASA] (1 1 )
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temperature dependence of the apparent first-order rate constant is linear at all
humidities in a manner similar to that of hydrolysis in aqueous solution,
regardless of their T indicated by arrows in the figure. The temperature
dependence is also unaffected by the T, of the formulations that are approxi-
mately 20°C higher than the Ty Since the translational mobility of drug and
water molecules in freeze-dried formulations is affected by Ty and/or Tr, the
hydrolysis rate should be affected by Ty and/or T if the translational diffusion
of the drug and/or water molecules is rate limiting. The absence of a break in
temperature dependence around Ty and T, suggests that the translational dif-
fusion is not rate limiting. Since the translational diffusion of water can be con-
sidered to be much faster than that of the larger cephalothin molecule, the
diffusion barrier of water molecules may be smaller than the chemical activational
barrier. This interpretation is supported by the finding that the activation energy
for the hydrolysis of cephalothin in the freeze-dried formulations containing
dextran (between 23 and 26 kcal/mol) is close to the apparent activation energy
obtained for hydrolysis in solution (24 kcal/mol). Because of the small diffusion
barrier of water in freeze-dried formulations compared to the activational barrier,
the hydrolysis rate of cephalothin is not affected by T; and/or Ty, even if the
translational mobility of water molecules changes around Ty and/or Tp.

Correlations Between Storage Stability and Fast Dynamics

as Determined by NMR Relaxation Times

Protein aggregation, one of the most common degradation pathways of freeze-
dried protein formulations, also appears to be closely related to the structural
relaxation as reflected by NMR relaxation times. Figure 15 shows the temper-
ature dependence of the time required for 10% protein aggregation (foo) in
freeze-dried B-galactosidase formulation containing methylcellulose (43). At
60% RH, the slope changes around the T, measured by NMR (Tr). No change
in temperature dependence of fo is observed at 12% RH, at which the Ty, is
higher than the highest temperature for the measurement.

Apparent correlation between protein aggregation rate and structural
relaxation is also observed for B-galactosidase freeze-dried with sugars. As
shown in Figure 16, the slope of too — Tg/T plots changes at around Ty, sug-
gesting that aggregation rate is related to structural relaxation (33). However,
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structural relaxation cannot be considered to be the most relevant motion to the
protein degradation, because sucrose, which has the shortest structural relaxation
time, stabilizes the protein most effectively. These findings suggest that molecular
motion other than structural relaxation contributes to the protein degradation. As
shown in Figure 11, the T, process of the protein carbonyl carbon is retarded by
the addition of sugars, indicating that the fast dynamics of the protein is
decreased by sugars. Sucrose is most effective in decreasing the protein dynamics.
This suggests that the aggregation rate of p-galactosidase is correlated to the fast
dynamics of the protein as determined by NMR relaxation times.

Figure 17 shows the temperature dependence of tgy observed for the
degradation of insulin freeze-dried with trehalose or PVP (44). For insulin
freeze-dried with trehalose stored at 12% RH, the slope of top — T¢/T plot
changed at around T, suggesting that degradation rate of insulin is correlated
with structural relaxation. In contrast, for insulin freeze-dried with PVP, fg
— T, /T plots are linear at temperatures around Ty without a change in the slope.
The value of tg at T varies with humidity, indicating that structural relaxation
is not the major factor that determines the degradation rate of insulin. If the
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degradation rate is determined only by structural relaxation, g at Tg should not
vary with humidity, because structural relaxation time is constant (100 seconds)
at T regardless of humidity. These findings suggest that molecular motion other
than structural relaxation contributes the insulin degradation, as suggested for
the aggregation of B-galactosidase freeze-dried with sugars.

As shown in Figure 18, the fyo for the degradation of insulin freeze-dried
with dextran is shorter than that of insulin freeze-dried with trehalose at 12%
RH, and this difference in tg is eliminated at 43% RH (32). As shown in Figure 10,
the molecular mobility of the carbonyl carbon of insulin freeze-dried with tre-
halose, as determined by T,,, is lower than that of insulin freeze-dried with
dextran, as described in the section “Molecular Mobility as Determined by NMR
Relaxation Times.” This difference in mobility is eliminated at 43% RH, similar
to the difference in ty. These findings suggest that trehalose decreases the
mobility of insulin in low humidity condition, and this decrease in mobility is
related to the increase in insulin stability. Thus, the degradation rate of insulin
also appears to be correlated to fast dynamics as determined by NMR relaxation
times.
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