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spectra between the sucrose, trehalose and stachyose for-
mulations. Significant differences in spectra were not ob-
served between the excipients, and the differences in B-GA
aggregation rate observed between the excipients could not
be attributed to differences in protein secondary structure. Tt
is known that changes in the tertiary structure of protein
molecules created during freeze-drying processes can lead to
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too (S)
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1.E+04 } 1 ¥ }
0.0 0.2 04 0.6 . 0.8 1.0
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Fig. 4. Dependence of tyy on the weight fraction of excipient. The
value of tyy was determined at 80°C and 12%RH for trehalose (O)
and stachyose (0), and at 50°C and 12%RH for trehalose (@), sucrose
(A) and stachyose (#).
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Fig. 5. Water content (a) and Ty (b) of lyophilized B-GA formula-
tions containing trehalose (O®), sucrose (AA), or stachyose (0#) as a
function of the weight fraction of excipient. (a) closed symbols:
10%RH; open symbols: 20%RH. 25°C. (b) 12%RH. sd (n=3).

protein aggregation during storage. A possibility that a
tertiary structural change is responsible for the differences
in B-GA aggregation rate observed between the excipients
cannot be excluded.

Significance of Local Mobility, as Determined by T,, _
of B-GA Carbonyl Carbon, and Structural Relaxation
in Protein Aggregation

It is generally considered that the rate of protein
aggregation, an intermolecular reaction, is mainly deter-

mined by structural relaxation that allows for large-scale
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Fig. 6. DSC thermogram for p-GA lyophilized with various weight
fractions of trehalose.

diffusion of reactants. From the finding that the tgg versus T,/T
plots for the lyophilized B-GA formulations exhibited a
change in slope around T,, B-GA aggregation rate appeared
to correlate with structural relaxation. Although B-GA
aggregation rate was not related to (T-T,), this may be
explained by assuming that the fragility and fictive temper-
ature of the formulation vary with the excipient. Because the
structural relaxation times of the B-GA formulations were
not determined in this study, correlations between B-GA-
aggregation rate and structural relaxation could not be
clucidated.

“Meanwhile, the local mobility of p-GA was determined
by T, of B-GA carbonyl carbon. Figure 9 shows the time
course of rotating-frame spin-lattice relaxation at 25°C and
12% RH for the carbonyl carbon of B-GA lyophilized with
sucrose, trehalose or stachyose at an excipient fraction of 0.5.

) 100 feevemnaeeeane -
g 0951 7// ----- % Dsucrose
B 3

0.85 +- % .. %i |

il EE

0.09 0.33

Fraction of excipient (wiw)

Fig. 7. Ratio of monomeric B-GA remaining after freeze drying with
sucrose, trehalose or stachyose. Bars represent standard deviation
(n=3).
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Spin-lattice relaxation was significantly retarded by the
addition of excipient. Sucrose resulted in the largest degree
of retardation, and there weré no significant differences in
the degree of retardation between the trehalose and
stachyose formulations. The time course of spin-lattice
relaxation was describable with-a bi-exponential equation
including two different Ty, values. The longer Ty, value was
estimated by curve fitting using a shorter Ty, of 9 ms and a
proportion of 13% for carbonyl carbons with the shorter T, .
Figure 10 shows the estimates for the longer T, of the
dominating proportion, plotted as a function of the excipient
fraction. The T, for the sucrose formulation increased
significantly with excipient fraction. For the stachyose
formulation, in contrast, increases in T, were not significant
at an excipient fraction of 0.09, and T, was less than in the
sucrose formulation at higher excipient fractions. T, for the
trehalose formulation exhibited intermediate behavior when
compared to the sucrose and stachyose formulations. The
rank order of the ability of excipients to decrease the local

excipient fraction: 0.09

none

e stachyose
------ trehalose
sucrose
1670 1660 1650 1640 1630 1620 1610
Wavenumber (cm™)
b

~ excipient fraction: 0.5

stachyose
------ trehalose
= SUCrose
t t —+ t t
1670 1660 1650 1640 1630 1620 © 1610

Wavelength (cm™)

Fig. 8. Second derivative FT-IR spectra for B-GA lyophilized with
sucrose, trehalose or stachyose of 0.09 (a) and 0.5 fractions (b).
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Fig.9. Time course of spin-lattice relaxation at 25°C and 12%RTH for

carbonyl carbon of B-GA lyophilized with sucrose, trehalose or
stachyose. The weight fraction of excipient : 0.5.

mobility of B-GA appeared to be the same as the rank order
of their ability to decrease aggregation rate. This finding
suggests that lacal mobility is a primary factor that affects the
stability of lyophilized B-GA formulations; sucrose more
potently inhibits local mobility of B-GA, and thus more
. strongly inhibits B-GA aggregation. '

Local mobility is generally considered to follow Arrhenius

kinetics. If local mobility is mainly responsible for B-GA aggfe-
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Fig. 10. Effect of weight fraction of excipient on T, of carbonyl
carbon at 25°C and 12%RH for B-GA lyophilized with sucrose,
trehalose or stachyose
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gation, the temperature dependence of tgg should not show
a change in slope around T,. The non-Arrhenius temperature
dependence observed for the tyg of p-GA aggregation, which
is considered to be governed by local mobility, may be
explained by assuming that local mobility of protein is
coupled with structural relaxation. For bovine serum y-
globulin, the local. mobility of protein, as measured by the’
laboratory-frame spin-lattice relaxation time (T1) of protein

‘carbonyl carbon, exhibited Arrhenius temperature depen-

dence when lyophilized without excipient (18). When lyoph-
ilized with dextran, in contrast, the local mobility of protein
exhibited a change in the slope of temperature dependence
around the Ty (T, determined by NMR relaxation measure-
ment), as did local mobility of dextran, as measured by T, of
dextran methine carbon. These findings suggested that the
Jocal mobility of protein was coupled with the structural
relaxation of lyophilized solids. The same may be said for the
local mobility of protein and structural relaxation of B-GA
lyophilized with sucrose, trahalose or stachyose. The local
mobility of B-GA may exhibit Arrhenius temperature depen-
dence in the absence of excipient. Upon the addition of
excipient, local mobility may become to be coupled with
structural relaxation, and the temperature dependence of
protein local mobility may become to deviate from Arrhenius
behavior.

The great increase in ty With increasing excipient
fraction observed for B-GA aggregation rate, as indicated
by log-linear dependence on the excipient fraction, may be
attributed mainly to the effect of excipient inhibiting protein
local mobility in addition to the effect of excipient diluting
protein molecules.

.

CONCLUSION

The aggregation rate of p-GA lyophilized with sucrose,
trehalose or stachyose unexpectedly correlated with the local
mobility of B-GA rather than with (T- »). An increase in the
weight fraction of excipient appeared to increase the effects
of excipient decreasing local mobility, resulting in increases
in the stability of p-GA. Sucrose exhibited the most intense
stabilizing effect due to the most intense ability to inhibit
local protein mobility during storage.
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ABSTRACT: Recent studies have demonstrated that molecular mobility is an important
factor affecting the chemical stability of amorphous pharmaceuticals, including small-
molecular-weight drugs, peptides and proteins. However, quantitative correlations
between molecular mobility and chemical stability have not yet been elucidated. The
purpose of this article is to review literature describing the effect of molecular mobility on
chemical stability during storage of amorphous pharmaceuticals, and to seek a better
understanding of the relative significance of molecular mobility and other factors for
chemical reactivity. We first consider the feature of chemical stability often observed for
amorphous pharmaceuticals; changes in temperature dependence of chemical stability
around matrix glass transition temperature (T'), and greater stability associated with
_higher T,. Secondly, we review papers which quantitatively studied the effects of the

global mobility (often referred to as structural relaxation or a-relaxation) of amorphous
pharmaceiticals on chemical stability, and discuss correlations between chemical

stability and global mobility using various equations that have thus far been proposed.
Thirdly, the significance of local mobility of drug and excipient molecules in chemical
reactivity is discussed in comparison with that of global mobility. Furthermore, wereview
literature reports which show no relationship between chemical stability and molecular
mobility. The lack of apparent relationship is discussed in terms of the effects of the
contribution of excipient molecules as reactants, the specific effects of water molecules,
the heterogeneity of the matrix, and so on. The following summary has been obtained; the
chemical stability of amorphous pharmaceuticals is affected by global mobility and/or
local mobility, depending on the length scale of molecular mobility responsible for the
chemical reactivity. In some cases, when activation energy for degradation processes is
high and when other factors such as the specific effects of water and/or excipients
contribute the degradation rate, stability seems to be largely independent of molecular
mobility. © 2007 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 96:960—

981, 2007

Keywords: chemical stability; solid state stability; glass transition; amorphous;

molecular mobility; local mobility; matrix mobility -
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MOLECULAR MOBILITY AND CHEMICAL STABILITY OF AMORPHOUS PHARMACEUTICALS 961

stability of amorphous pharmaceuticals. Many
studies have demonstrated that the -chemical
reactivity of amorphous pharmaceuticals, rang-
ing from small molecules to high-molecular-
- weight molecules such as peptides and proteins,
is related to molecular mobility, in that increased
molecular mobility leads to enhanced chemical
degradation.!~® Therefore, reducing the molecu-
lar mobility of amorphous pharmaceuticals is
considered to be a useful strategy for improving
their storage stability. However, a reduction in
molecular mobility does not necessarily result in
increased storage stability, because storage sta-
bility also depends on various other factors.
Chemical reactions with minor contributions from
molecular mobility cannot be inhibited by redu-
- cing molecular mobility. An understanding of the
quantitative relationship between chemical reac-
tivity and molecular mobility will not only provide
useful information contributing to stabilization
strategies but will also allow development of an
advanced method for predicting storage stability.
If the chemical reactivity of a certain amorphous
pharmaceutical is found to be affected mainly by
the molecular mobility related to glass transition,
its storage stability may be predicted based on
that factor, but it cannot be predicted by acce-
lerated testing without explicit knowledge of
temperature dependence of molécular mobility
because of possible non-linear temperature
dependence around the glass transition tempera-
ture (Ty). If chemical reactivity is found not to be
affected by molecular mobility related to glass
transition, storage stability cannot be predicted
based on this, but it may be predicted by the
extrapolation of data obtained under accelerated
conditions because of the lack of change in the
temperature-dependent slope around T'.

This work aims to review literature describing
correlations between molecular mobility and che-
mical stability during storage of amorphous
pharmaceuticals, and to seek a better understand-

ing of the relative significance of molecular .

mobility and other factors in chemical reactivity.
This review covers the chemical stability of
amorphous pharmaceuticals and food components
ranging from low-molecular-weight molecules to
proteins. The primary focus is placed on chemical
degradation involving covalent modification, but
protein degradation such as aggregation, which
does not necessarily involve covalent modification,
is also included. The scope of this review is limited
to correlations between molecular mobility and
chemical stability during storage. The correlation

DOI 10.1002/jps

between molecular mobility and stability during
freeze-drying processes, as reported for various

-proteins,® is outside the scope of this review.

In this review, we first consider the feature of
chemical stability often observed for amorphous
pharmaceuticals; changes in temperature depen-
dence of chemical stability around matrix T, and

- greater stability associated with higher matrix T},

Secondly, we review papers which quantitatively
studied - the effects of the global mobility of
amorphous pharmaceuticals on chemical stability,
and discuss correlations between chemical stabi-
lity and global mobility using various equations
that have thus far been proposed. Here, we use the
term “global mobility” to represent large-scale
mobility, often referred to as structural relaxation
or a-relaxation. Thirdly, the significance of local
mobility (or B-relaxation, small-scale mobility) of
drug and excipient molecules in chemical reactiv-
ity, which has recently attracted attention as an
important factor in chemical reactivity, is dis-
cussed in comparison with that of global mobility.
Furthermore, we review literature reports which

.show no relationship between chemical stability

and molecular mobility. The lack of apparent
relationship is discussed in terms of the effects of
the contribution of excipient molecules as reac-
tants, the specific effects of water molecules, the
heterogeneity of the matrix, and so on.

OFTEN-OBSERVED FEATURE OF
CHEMICAL STABILITY OF
AMORPHOUS PHARMACEUTICALS

Temperature Dependence of Stability
Often Changes Around Matrix T,

Amorphous pharmaceuticals generally exhibit
greater molecular mobility and chemical reactiv-
ity than the corresponding crystalline forms,
and the degradation rate around Tz often shows
nonlinear Arrhenius plots, as reported for a range
of B-lactam antibiotics.”® Similar temperature
dependence of degradation rates has been demon-
strated for various amorphous pharmaceuticals.
The hydrolysis rate of aspirin lyophilized with
(hydroxypropyl)-8-cyclodextrin exhibited S-shaped
temperature dependence around T, with activa-
tion energies (E,) of 9.1 and 14.4 kcal/mol,
respectively, in the glassy and rubbery states
(Fig. 1).° The rate of acetyl- transfer between
aspirin and sulfadiazine, a bimolecular reaction,
in mixtures lyophilized with dextran was also

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
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Fig‘ure'l. The Arrhenius plots for degradation of
aspirin lyophilized with (hydroxypropyl)-B-cyclodex-
trin. (Produced using data reported in Reference [9]).

found to be affected by glass transition: the temp-
erature dependence of the reaction rate changed
at the critical mobility temperature (Ty.), at
which Lorentzian relaxation takes place due to
protons with high mobility (Fig. 2).1° T, is the

-1
Initial weight ratio of
sulfadiazine:asprin:dextran -
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Figure 2. The Arrhenius plots for acetyl transfer
between aspirin and sulfadiazine lyophilized with
dextran at 60% RH. (Produced using data reported in
Reference {10]).
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temperature at which glass transition  is first
detected by NMR relaxation measurement. For
amorphous solids containing polymers, T, may
be the critical temperature at which local sites of
polymer molecules begin to show higher mobility,
and this value was found to be lower than the
corresponding Ty (determined by DSC) by
approximately 25°C.!* Similarly to T, a critical
water content, at which the slower NMR relaxa-
tion component (corresponding to Lorentzian
relaxation) increased abruptly, was observed for
lyophilized human growth hormone.?

As in the degradation of small molecules,
changes in the slope of temperature dependence
around T'g have also been shown for protein aggre-
gation. The aggregation rate of lyophilized mono-
clonal antibody exhibited an abrupt change in
temperature dependence around T, as determin-
ed by DSC and dielectric relaxation spectroscopy
(DRS).’® The aggregation rates of lyophilized
bovine serum albumin (BSA) and bovine serum
y-globulin (BGG) also increased abruptly when the
temperature rose above T'ne.'**® An abrupt change
in temperature dependence around T,,. was
also observed for aggregation of BGG lyophilized
with dextran or methylcellulose. The values of
mean aggregation time and stretched exponent-

-ial constant were calculated according to the
- Kohlrausch—Williams—Watts stretched exponen-

tial function (KWW equation) by assuming that
the time required for protein molecules to aggre-
gate varies because the rate of protein aggregation
depends on the degree of protein deformation
resulting from stresses created during freeze-
drying; these values have been shown to exhibit
temperature dependence with an abrupt change
around T',..'® Similarly, the slope of the tempera-
ture dependence of aggregation for f-galactosidase
lyophilized with polyvinyl alcohol (PVA) or
methylcellulose significantly changed around T,
(Fig. 3).17 .

Higher Matrix T, Often Brings
About Greater Stability

The matrix T, of amorphous pharmaceuticals is a
critical parameter for chemical stability. The
storage stability of amorphous pharmaceuticals
largely depends on the formulation,'® and the use
of an excipient with a higher T, is generally
considered to be important in the preparation of
stable amorphous pharmaceuticals. The rate of
the Maillard reaction between glycine and glucose
in mixtures with poly(vinylpyrrolidone) (PVP)

DO} 10.1002/jps
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Figure 3. The Arrhenius plots for aggregation of
B-galactosidase lyophilized with methylcellulose. tgo
(time required for 10% aggregation) was calculated

according to the KWW equation. Arrow indicates glass -

transition temperature determined by NMR relaxation
(Tmeo) at 43%RH. (Reproduced from Reference [17] with
permission of copyright owner.)

was found to decrease, as the T of PVP rose
in association with increases in its molecular
weight.'® The degradation rate of lyophilized
qulnaprll hydrochlorlde was found to increase,
as Ty decreased in association with increases in
the fractlon of the neutralized form (Fig. 4). 20,21
This correlation between chemical reactivity and
T, was eliminated at lower pH, probably due to a
change in the rate-determining step.
Greater stability resulting from the use of
excipients with higher T, values has also been
reported for lyophilized protems The stability of
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Figure 4. The T,rate profile for degradation of
quinapril lyophilized with citrate buffer. (Reproduced
from Reference [21] with permission of copyright owner.)
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lyophilized invertase during storage at 90°C
increased with increasing PVP molecular weight
(Fig. 5).22 The storage stability of lyophilized
recombinant human interleukin-2 increased when
combined with excipients of increasing T'; (sucrose <
trehalose < raffinose < stachyose).?? The aggrega-
tion rate of BGG lyophilized with dextran was
found to decrease as the molecular weight of
dextran increased (i.e., with increasing Ty
Fig. 6).2*

Although excipients with high T, stabilize
amorphous pharmaceuticals in many cases, they
are often inefficient in preventing unfolding dur-
ing freeze-drying. In order to prevent this and also
improve storage stability, the use of a disaccha-
ride in addition to a high-T, excipient has been
attempted, as exemplified by the stabilization of
actin with sucrose and dextran? and the stabiliza-
tion of recombinant human interleukin-11 with
sucrose or trehalose and hydroxyethyl starch.2®

The matrix T, which is closely related to the
chemical stability of amorphous pharmaceuticals,
is mainly determined by the T'; values of the drug
and excipients, but is also affected by water
sorption. It is well known that water lowers the
matrix T, through plasticization. The plasticizing
effect of water has been reported for various
systems comprised of sugars and polymers.?’~30
Plasticization of amorphous pharmaceuticals due
to water sorption has been reported to lead to
decreased stability.317%® The deamidation and
dimerization rates of recombinant bovine somato-

, tropin solids were found to increase with increas-

ing water content (Fig. 7).3” Salmon calcitonin
spray-dried powders containing mannitol exhib-
ited water sorption-enhanced aggregation, which
accompanied crystallization of mannitol at higher
humidities.®® The extent of covalent aggregation of
lyophilized insulin was found to be directly
correlated with water uptake, and the critical role.
of protein conformational mobility in-the aggrega-
tion process was speculated. 39

The extent of aggregation in BSA, ovalburmn
glucose oxidase and B-lactoglobulin exhibited a
bell-shaped relationship with water content, 40
showing increases due to plasticization in the
lower range and decreases due to dilution of the
reactants in the higher range of water content
(Fig. 8).* Similar bell-shaped relationships
between water content and the extent of protein
aggregation have been reported for various sys-
tems such as lyophilized BSA, 42 recombinant
human albumin,*® tetanus t0x01d 4445 hovine and
human insulin,*® albumins,*’ y-globulin, 47 and

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
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Figure 5. The activity loss of invertase lyophilized with trehalose, maltodextrin or
PVP after storage at 90°C as a function of (T— Ty). (Reproduced from Reference [22] with

permission of copyright owner).

recombinant human
antagonist.*®

The enhancement of degradation associated
with greater global mobility due to increased
water content has also been reported for degrada-
tion reactions of small molecules, such as oxidation
of vitamin A, peptides and steroids, as well as
cyclization reactions of spirapril hydrochloride,

interleukin-1 receptor
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Figure 6. The effect of dextran molecular weight on
the ratio of BGG remaining after storage. St represents
BGG standard solution without dextran. (Reproduced
from Reference (24] with permission of copyright owner.)
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quinapril hydrochloride and moexipril.*® The rate
of hydrolysis of methylprednisolone sodium succi-
nate was found to be greater in the freeze-dried
solid containing mannitol than in a solid with the
same water content containing lactose, because of
increased water content in the microenvironment
of the drug due to mannitol crystallization.5°
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Figure 7. The effect of water content on the degrada-
tion rate of lyophilized reconbinant bovine somatotropin
at 47°C. (Reproduced from Reference [37] with permis-
sion of copyright owner.)
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Figure 8. The effect of the amount of water on the
extent of aggregation of lyophilized bovine serum
albumin at 37°C. (Reproduced from Reference [41] with
permission of copyright owner.)

‘The effect of water in enhancing diffusion-
controlled degradation as a plasticizer may be
‘much greater than its effect as areactant. A 10-fold
increase in water content, from 0.1 to 1%, may
increase the rate constant by a factor of 10 as a
reactant, but by a factor of 10—10° as a plasticizer,
depending on fragility and the Gordon-Taylor
constants.®! Increases in'the molecular mobility of
lyophilized solids due to the plasticizing effect
of water have been confirmed by changes in the
spin-lattice relaxation time (T;) as measured by
NMR. The T; of protein carbons in lyophilized
lysozyme was found to decrease with increasing

-water content, indicating increased molecular
mobility in the protein, which led to enhanced
aggregation.®253

QUANTITATIVE RELATIONSHIP
BETWEEN CHEMICAL REACTIVITY
AND GLOBAL MOBILITY

Amorphous pharmaceuticals often exhibit chemi-
cal stability that is related to matrix Ty, and
the temperature dependence of stability often

changes around T, as described above. These.

observations suggest that the global mobility of
amorphous pharmaceuticals is one of the critical
factors that determine chemical stability. In order
to gain a further understanding of the significance

DOI 10.1002/jps

of global mobility for chemical stability, this
section describes the quantitative relationship
between global mobility and the chemical stability
of amorphous pharmaceuticals.

Dependence of Chemical Reactivity on (T—T,)

The temperature dependence of chemical de-
gradation rates at temperatures above T, can
generally be analyzed using the Williams—
Landel-Ferry (WLF) model:

kr\ 1\ —Ci(T-Tg)
10g(k7') = log (‘Cq}) Co+T-Tg (1)
where kr, and kr represent the rate constants at
T, and T, respectively, and 17, and 7 represent
structural relaxation times at T’y and T, respec-
tively. C; and C, are constants depending on the
system. The reaction rate of monoclonal antibody-

vinca alkaloid conjugate®® and the inactivation
rate of glucose-6-phosphate dehydrogenase® were

. correlated with the value of ('-T) according to

the WLF equation (Figs. 9 and 10). The tempera-
ture dependence of the chemical degradation rate
of human growth hormone can also be described
using the WLF equation. The aggregation rate of
BGG lyophilized with dextran was correlated with
T'me, the glass transition temperature determined
by NMR relaxation measurement, according to the
WLF equation in which Tj is replaced by T'p.

(Fig. 11).56
5-
4 g 8
3-
o
«
[+
£ 24
1.
0 L) 1 ML L) L] 1
[} 5 10 15 20 25 30

T-Tg

(O) dimer formation (@) free vinca generation  ([1) vinca decomposition

Figure 9. The WLF plots for degradation of lyophi-
lized monoclonal antibody-vinca alkaloid conjugate.
R and R, are degradation rates (%/month) at a given
temperature and at Ty, respectively. (Reproduced from
Reference [54] with permission of copyright owner).

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007



966 YOSHIOKA AND ASO

100
10-1F
102
103
K 1041
A 10-5 | O First preparation
® Second preparation
1061 Kg=45x107
R C1=124910.85
107 r Cp=919127
10'8 _l | i 1 \ \
-20 0 20 40 60 80
: T-Tg (°C)

Figure 10. The WLF plots for inactivation of lyophiliz-
ed glucose-6-phosphate dehydrogenase. K, corresponds
to kT‘z in Eq. (1). (Reproduced from Reference [55) with
permission of copyright owner.)

. For deamidation of an asparagine-containing
hexapeptide in lyophilized PVA or PVP, which
occurs via a cyclic imide intermediate, the rates at
various water content levels were correlated with
the value of (T—T}), indicating a close relationship
between chemical reactivity and the degree of
plasticization by water (Fig. 12).57 However, the
dependence on temperature and water content
of the deamidation rate for the PVP formulation
was different from that for the PVA formulation,
which suggests that there are factors other than

5.0
40 r
30 &
E‘ 20 |
2
c 10 r by
00 I
iy Water content -
10 (@) 0.004
Bl § (&) 0.030
(@) 0.098 g/g of solid
20 & ' : . .
-10 -5 0 5° 10 15 20
40.2(T-Trn)/(51.64T-Tpe)
Figure 11. The WLF plots for aggregation of BGG

lyophilized with dextran 40 k. Line represents curve-

fitting according to Eq. (1) using C; of 17.44 and Cy of -

51.6. (Reproduced from Reference [56] with permission
of copyright owner.)
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Figure 12. The WLF plots for deamidation of Asn-
hexapeptide lyophilized with PVA and PVP at 50°C.
(Reproduced from Reference {57] with permission of
copyright pwner.)

plasticization. Deamidation rates in PVP-glycerol
formulations were correlated with changes in
(T-Ty), either associated with varying amounts
of glycerol or with varying water contents, at
temperatures above T (Fig. 13).%% Thus, global
mobility is thought to determine the deamidation
rate. At temperatures below T, in contrast, the
rate increased with increasing water content even
at the same value of (T'-TY), suggesting that water
has an effect as a reactant or a solvent/medium in
addition to its effect as a plasticizer.

The rate of bimolecular reaction in lyophilized-
aspirin-sulfadiazine formulations containing dex-
tran and isomalto-oligomers of different molecular
weights (acetyl transfer between aspirin and
sulfadiazine and Maillard reaction between sulfa-
diazine and the terminal carbonyl group of
excipients) was found to increase as the T of the
formulations decreased, associated elther with
decreases in the molecular weight of the excipient
or with increases in water content. Similar plots of
rate versus (T'—T';) were observed for the formula-
tions of different T, values, suggesting that the
degradation rate is quantitatively correlated with
global mobility.>®

Rate constants for chemical reactions (kg in
which the diffusion rate of the reactants is
hindered can be described using the Collins—
Kimball equation (Eq. 2), with the activation

DOl 10.1002/jps
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were generated by adding increasing amount of glycerol.
(Reproduced from Reference [58] w1th permlssmn of
copyright owner.).

energy of the reaction (E,) and the diffusion
coefficient of reactant (D). 60,61

1 o'D
kobs = kact (1—:/:_’%) = kact (m) (2)

Here, o represents the degree of correlation

between the diffusion-controlled rate and D, such
that o'D,. corresponds to diffusion-controlled rate
constant. The term k.. represents the rate
constant without restriction of diffusion, and is
described by Eq. (3):

Ract —Aexp(Rl,?,,) , (3)

where A and R are the frequency factor and gas
constant, respectively.

The term «'D, in the Collins—Kimball equation
can be represented by 8RT/35n, where 7 is the
viscosity of the medium, according to the Stokes—
Einstein relation between 5 and D,. The rate of the
Maillard reaction between lysine and glucose was
found not to. be consistent with the diffusion-
controlled rate constant calculated based on
viscosity, indicating that the reaction rate is
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determined not only by the diffusivity of reactants
but also by the E, of the reaction (Fig. 14).%2

Dependence of Chemical Reactivity on
Structural Relaxation Time

Correlations between global mobility, represented

by (P-Tg), and chemical reactivity have been

demonstrated for various amorphous pharmaceu-
ticals, as described above. However, when amor-
phous pharmaceuticals have different values of
fragility and fictive temperature, global mobility
cannot be represented by T'; values alone; in this
case, it is better represented in terms of structural
relaxation time (r) by incorporating values of
fragility and fictive temperature.53* Lyophilized
monoclonal antibody containing trehalose with a
higher T value was found to be more susceptible
to aggregation than that containing sucrose at
temperatures below T, indicating that fragility
and fictive temperature should be taken into
account in evaluating the global mobility.®
Compared to cefamandole Na, lyophilized cepha-
lothin Na was found to have a shorter z by slightly
more than a factor of 20 and higher chemical
reactivity by approximately a factor of 20, indicat-
ing a good correlation between t and reactivity . -
(Fig. 15).3%° A good correlation between t and

Log (k, m* mol" s™)
&

-104
20 10 0 10 20 30 40
T-Tﬂ, °c
(O) tysine (0O) glucose

Figure 14. The WLF plots for consumption of lysine
and glucose. Solid line represents predicted diffusion-
controlled rates (Rates in the glass calculated assuming
n= 102 Pa). (Reproduced from Reference [62] with
permission of copyright owner.)
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Figure 15. Comparison of relaxation dynamics and
degradation rate of freeze-dried cephalosporins at 40°C.

(Reproduced from Reference [3b] with permission of

copyright owner.)

reactivity was also observed for aggregation of
human growth hormone.®® Similarly, the aggre-
gation rate of lyophilized IgG1 antibody decreased
in conjunction with rises in structural relaxation
time associated with increases in the sucrose
content up to 0.4 weight fraction. The observation
- that the degree of retention of native structure, as
determined by FTIR, also increased with increas-
ing sucrose content suggests that native protein
structure also contributes to stability.® -

Guo et al.%¢ analyzed the quantitative relation-
ship between the rate constant (k) and the

structural relaxation time (z) of amorphous qui- .

napril hydrochloride using Eq. (4), which is
derived from the Stokes—Einstein equation and
the Maxwell equation.
: _
1
&) @

b Da (1)
k1" Dy T,/

where subscripts 1 and 2 represent parameters at
Ty and T, respectively. & is a parameter that
represents coupling between D, and ¢, with a
magnitude of 1 at temperatures well above T, and
a magnitude of 0.75 near or below T,.57 The value
of 7 in Eq. (4) can be calculated according to the
Adam-Gibbs—Vogel equation (Eq. 5).

B DT,
FE S T =TT T,

(5)

where Tyis the fictive temperature. D and Ty can be
calculated from fragility (m) and Ty according to
Eqs. (6 and 7), respectively.

D = 2.303(mmin)?/ (M — Miin) (6)
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Ty = Tg(l - mmm/m) ) (7)

Muin = log(tr, /7o) (8)

It was found that the value of structural
relaxation time calculated from the observed rate
constant of amorphous quinapril hydrochloride
using Eq. (4) was coincident with that calculated
using Eq. (5) at temperatures below T, (Fig. 16),
indicating good correlation between %k and .
Substitution of the values 1 or 0.75 for ¢ did not
cause a significant difference in the fit.

Pikal proposed Eq. (9) to describe the tempera-
ture dependence of the rate constant for diffusion-
controlled reactions:*

k=Aexp (— gDTo )

T— (T/To)Ts ®)

where A, is a pre-exponential constant whose
value is thought to decrease as the number of
diffusional jumps needed to complete a reaction
increases. Eq. (9) can be rewritten using 1 to give
k = Ay(to/1)%; thus, g is a constant representing
coupling between % and 1. Compared with Eq. (4),
Eq. (9) may be applicable to rate constants
obtained in the temperature range in which the
valueof To/T'; may be approx_imafed to unity.

Eq. (10) was proposed to describe the tempera-
ture dependence of the rate constant for reactions
that are not completely diffusion-controlled, in

log(r, sec)
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Figure 16. Comparison of the relaxation times calcu-
lated from rate constants according to Eq. (4) with ¢=1
and 0.75, and the relaxation times calculated using the
VTF equation (solid line) and the AGV equation (dotted
line), for the cyclization reaction of amorphous quinapril
hydrochloride. (Reproduced from Reference [66] with
permission of copyright owner.)
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