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Purpose. We studied the temperature dependence of acetyl transfer
between aspirin and sulfadiazine, abimolecular reaction, in lyophilized
formulations at temperatures near the glass transition temperature (T)
and NMR relaxation-based critical mobility temperature (T,c), to fur-
ther understand the effect of molecular mobility on chemical degrada-
tion rates in solid pharmaceutical formulations. The temperature
dependence of the hydrolysisrates of aspirin and cephal othin in lyophi-
lized formulations was al so studied as amodel of bimolecular reactions
in which water is a reactant.

Methods. Degradation of lyophilized aspirin—sulfadiazine formula-
tions containing dextran and various amounts of water at temperatures
ranging from 1°C to 80°C was analyzed by HPLC. The degradation
of cephal othinin lyophilized formulations containing dextran and meth-
ylcellulose was also analyzed at temperatures ranging from 10°C to
70°C.

Results. Acetyl transfer in lyophilized asprin—sulfadiazine formula-
tions containing dextran exhibited a temperature dependence with a
distinct break around T, which may be ascribed to a change in
the translational mobility of aspirin and sulfadiazine molecules. The
hydrolysisof aspirinand cephalothinin lyophilized formulations, which
isalso abimolecular reaction, did not show adistinct break, suggesting
that water diffusion is not rate-limiting.

Conclusions. The diffusion barrier of water molecules in lyophilized
formulations appears to be smaller than the activational barrier of the
hydrolysis of aspirin and cephalothin based on the results of this study
that the temperature dependence of the hydrolysis rate is almost linear
regardless of Tp,c and Tg4. On the other hand, the diffusion barrier of
aspirin and sulfadiazine molecules appears to be comparable to the
activational barrier of the acetyl transfer reaction between these com-
pounds, resulting in nonlinear temperature dependence.

KEY WORDS: acetyl transfer; hydrolysis; lyophilized formulation;
temperature dependence; molecular mobility.

INTRODUCTION

Understanding the temperature dependence of chemical
degradation in the solid-state is particularly important in evalu-
ating the feasibility of accelerated stability testing for solid
dosage forms. Stability cannot be predicted by extrapolating
the degradation rate obtained under accelerated conditionswhen
the temperature dependence changes within a temperature
range. Molecular mobility is considered to be one factor that
affects the chemical degradation rate of drugsin solid formula-
tions. Since the molecular mobility of amorphous pharmaceuti-
cals exhibits different temperature dependence between
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temperature ranges below and above their glass transition tem-
peratures (Tg) (1,2), thetemperature dependence of the chemical
degradation rates in these amorphous systems should also
change between these ranges.

The temperature dependence of chemical reactions in the
solid-state is generally complicated. The cyclization reaction
of amorphous quinapril hydrochloride, which is considered to
require acritical amount of trandational and/or rotational diffu-
sion, exhibited a temperature dependence with a distinct break
near its Ty (3). Several investigators have described the tempera-
ture dependence of chemical degradation rates in lyophilized
formulations. The hydrolysis rate of aspirin in lyophilized
hydroxypropyl-B-cyclodextrin/aspirin  complex significantly
changes near its Ty (4). On the other hand, the temperature
dependence of the hydrolysis rate of peptides in lyophilized
formulations containing cross-linked sucrose polymer is not
significantly enhanced near T, (5). The deamidation rate of
peptide in lyophilized formulations containing poly(vinylpyr-
rolidone) increases by barely 2 orders of magnitude around T,
which was far below the >5 orders expected for the decrease
in viscosity around glass transition (6,7). The authors proposed
that the level of mobility required for deamidation may be less
than that of the matrix mobility. Rather than intramolecular
reactions studied in most of these papers, bimolecular reactions
may be more seriously affected by the molecular mobility of
formulations.

We studied the temperature dependence of acetyl transfer
between aspirin and sulfadiazine in lyophilized formulations at
a temperature range near T, to gain further insight into the
effect of molecular mobility on chemical degradation rates in
solid pharmaceutical formulations. This reaction can be consid-
ered to be a bimolecular reaction in which the trans ational
diffusion of reactant molecules becomes rate-determining when
molecular mobility is limited in the solid-state. We also exam-
ined the temperature dependence of the hydrolysisrate of cepha-
lothin in lyophilized formulations as a model of bimolecular
reactions in which water is areactant, to explore the possibility
that water diffusion becomesrate-limiting. Dextran and methyl-
cellulose (MC) were used as excipients in the lyophilized
formulations.

We used the NMR relaxation-based critical mobility tem-
perature (Tme)(20 to 30°C lower than the T (8)) as a parameter
representing molecular mobility in addition to the Ty that is
generally considered to reflect matrix mobility. The temperature
dependence of the acetyl transfer rates between aspirin and
sulfadiazine and the hydrolysis rate of cephalothin was studied
at temperatures near Ty and Ty

MATERIALS AND METHODS

Materials

Sulfadiazine (S-8626), cephalothin (C-4520) and dextran
(D-4133, average molecular weight, 42,000) were purchased
from Sigma Chemical Co. (St. Louis, MO). Aspirin (015-
10262), sdlicylic acid (199-00142), 4-hydroxybenzoic acid
(084-04102) and MC (136-07172, 15cP) were provided by
Wako Pure Chemical Industries Ltd. (Osaka). Acetyl sulfadia-
Zine was synthesized from sulfadiazine and acetic anhydride
in pyridine.
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Table 1. Water Contents of Lyophilized Formulations Containing Dex-
tran and Various Drugs

Water content (g/g of dry solid)

Relative

humidity Bovine serum
(%) v-globulin Cephalothin Aspirin
12 0.058 + 0.004 — 0.058 + 0.004
234 0.102 = 0.005 0.100 = 0.004 —
60.2 0.178 + 0.008 0.173 = 0.009 0.173 + 0.008
75 0.218 = 0.008 0.216 = 0.008 —

Preparation of Lyophilized Formulations

Five grams each of aqueous sulfadiazine solution (0.02
%wi/w) and aspirin solution (0.072 %w/w) were added to 30
g of dextran solution (1 g dextran in 29 g distilled water) to
give a final ratio of 1:3.6:1000 w/w, respectively. Or, 19.5 g
of aspirin solution (0.0924 %w/w) was added to 20.5 g of
sulfadiazine and dextran solution (5 mg sulfadiazine and 1 g
dextran in 19.5g distilled water) to give afinal ratio of sulfadia-
zine; aspirin: dextran of 1:3.6:200 w/w. The molecular ratio of
sulfadiazine to aspirin in both mixtures was 1:5. Three hundred
microliters of these solutions were frozen in polypropylene
sampl e tubes (10 mm diameter) by immersioninliquid nitrogen
for 10 min, then dried at a vacuum level below 5 Pa for 23.5
h in a lyophilizer (Freezevac C-1, Tozai Tsusho Co., Tokyo).
The shelf temperature was between —35 and —30°C for the
first 1 h, 20°C for the subseguent 19 h, and 30°C for the last
35h.

Lyophilized cephal othin formulations were prepared from
an aqueous solution containing cephalothin and dextran (or
MC). Two grams of agueous cephalothin solution (0.125 %w/
w) was added to 18 g of dextran (or MC) solution (0.5 g
dextran (or MC) in 17.5g distilled water) to give a solution of
cephalothin and dextran (or MC) (1:200 w/w). Three hundred
microliters of the solution was freeze-dried as described above.

Lyophilized formulations were stored at 15°C for 24 hin
adesiccator with asaturated solution of LiCl H,O (12% relative
humidity (RH)), potassium acetate (23.4%RH), K,CO3; 2H,0O
(43%RH), NaBr 2H,0 (60.2%RH), or NaCl (75%RH). Water
content was determined by the Karl Fisher method (684 KF
Coulometer, Switzerland) and the results are shown in Tables
1and 2.

Determination of the Acetyl Transfer Rate and the
Hydrolysis Rate of Aspirin in Lyophilized
Formulations

Lyophilized aspirin-sulfadiazine formulations in screw-
capped polypropylenetubeswere stored at temperaturesranging

Table 2. Water Contents of Lyophilized Formulations Containing MC
and Various Drugs

Water content (g/g of dry solid)

Relative humidity Bovine serum
(%) v-globulin Cephalothin
234 0.053 = 0.001 0.056 + 0.004
43 0.081 = 0.003 0.083 = 0.004
60.2 0.113 = 0.006 0.111 + 0.005
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from 1°C to 80°C (+0.2°C at 1°C and *=0.1°C at 10-80°C).
The sampleswere removed at appropriateintervalsto determine
the amount of remaining aspirin and sulfadiazine as well as
their degradation products.

Samples were dissolved in 1 ml of 50 mM phosphate
buffer (pH 2.5), and 0.7 ml of methanol containing 4-hydroxy-
benzoic acid as an internal standard was added in the solution.
The solution was injected into an HPLC system consisting of
a Shimadzu LC-10AD vp pump (Kyoto), a Shimadzu variable-
wavelength UV detector (SDD-M10A) and a Shimadzu
CLASS-VP data system. A Tosoh AS-8010 autoinjector
(Tokyo) delivered 20-pL samples. The aspirin, sulfadiazine,
sdlicylic acid and acetyl sulfadiazine were separated on a
reversed-phase column (Tosoh TSK-GEL, 4.6 mm X 150 mm)
maintained at 35°C. The detection wavelength was 260 nm for
acetylsulfadiazine and 200 nm for the others. The mobile phase
was a mixture of 50 mM phosphate buffer (pH 2.5) and metha-
nol (3:2).

Determination of the Decomposition Rate of Cephalothin
in Lyophilized Formulations

Lyophilized cephalothin formulations were stored at tem-
peratures ranging from 10°C to 70°C and analyzed by HPLC
in a manner similar to that described for aspirin. The interna
standard was 4-aminobenzoic acid and the detection wavel ength
was 280 nm.

RESULTS

Acetyl Transfer between Aspirin and Sulfadiazine in
Lyophilized Formulations Containing Dextran

Acetyl is transferred between aspirin and sulfadiazine in
the solid-state (9). Figure 1 shows a time course typical of
acetyl transfer in lyophilized formulations containing dextran.
Aslevelsof sulfadiazine and aspirin decreased, those of acetyl-
sulfadiazine and salicylic acid increased. Since aspirin is aso
hydrolyzed in paralel with acetyl transfer in the presence of
water (Scheme 1), the rate constant of acetyl transfer (ky) and
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Fig. 1. Acetyl transfer reaction between aspirin and sulfadiazine in
lyophilized formulations containing dextran at 50°C. Initial weight
ratio of sulfadiazine:aspirin:dextran, 1:3.6:1000. Concentration of aspi-
rin (A), sulfadiazine (@), acetyl sulfadiazine (A), and salicylic acid
(©).«d (n=23).
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Fig. 2. Arrhenius plots for acetyl transfer between aspirin and sulfadiazine (A) and
aspirin hydrolysis (B) in lyophilized formulations containing dextran. O Water activity,
0.6; initial weight ratio of sulfadiazine:aspirin:dextran, 1:3.6:200. @ Water activity, 0.6;
initial weight ratio of sulfadiazine:aspirin:dextran, 1:3.6:1000. A Water activity, 0.12;
initial weight ratio of sulfadiazine:aspirin:dextran, 1:3.6:200. A Water activity, 0.12;
initial weight ratio of sulfadine:aspirin:dextran, 1:3.6:1000. sd (n = 3).

the pseudo rate constant of hydrolysis (K pseudo) Can be repre-
sented by following equations.

Sulfadiazine

Aspiin —————> Acetylsulfadiazine + Salicylic acid

H,O
Salicylic acid
Scheme 1

d[SDJ/dt 5 2 kq[SD] [ASA]
d[ASAV/dt 5 2 kr[SD] [ASA] 2 ki pscudo [ASA]

These rate constants (kr and Ky pseudo) Calculated are shown as
afunction of temperature in Fig. 2. Only data representing less
than 10% degradation were used for the calculation to avoid
the effects of salicylic acid and acetic acid formation.

Anincreaseinwater activity increased both kt and Ky pseydo-
At a water activity of 0.12 (stored at 12%RH), the Arrhenius
plots of both acetyl transfer and aspirin hydrolysis were linear.
In contrast, acetyl transfer exhibited temperature dependence
with a distinct break around 40°C when the water activity was
0.6. The apparent activation energy of acetyl transfer was 15
and 21 kcal/mol at water activities of 0.12 and 0.6, respectively.
The latter was calculated from the slope of rate constants at
lower temperatures (dotted lines in Fig. 2A). The temperature
dependence of aspirin hydrolysis at a water activity of 0.6 also
showed a break around 40°C athough it was less distinct than
that of acetyl transfer (Fig. 2B). The apparent activation energy
was 17 and 18 kcal/mol at water activities of 0.12 and 0.6,
respectively.

Both kr and Ky pseudo decreased when the weight ratio of
aspirin and sulfadiazine to dextran increased. This may be
because the calculated concentrations of aspirin and sulfadia-
zine used for the estimation of the rate constants (expressed
by . mol/g) differed from the actual concentrations that govern
the reaction rate. The estimated rate constants were obtained

from the calculated concentrations by assuming that diffusion
occurs homogeneously in the formulations.

Although the T, of lyophilized formulations was not
determined in this study, present systems can be considered to
have similar T,,,. values as the lyophilized formulations con-
taining bovine serum ~-globulin, reported previously (8), ie.
about 35°C at a water activity of 0.6, and higher than 80°C at
a water activity of 0.12. This consideration is based on the
findings that the T, was not significantly different for lyophi-
lized dextran without y-globulin (10) and that the lyophilized
dextran formulation studied here contained small amounts of
aspirin (1.8%w/w at the largest) and sulfadiazine (0.5%w/w at
thelargest). It isalso based on the finding that the water contents
of these formulations were quite similar as shown in Table 1.
Therefore, the distinct break in the temperature dependence of
acetyl transfer rate observed at awater activity of 0.6 appeared
to correspond to the T,,.. At a water activity of 0.12, amost
linear temperature dependence was observed at temperatures
below T, for both the acetyl transfer rate and the aspirin
hydrolysis rate.

Hydrolysis of Cephalothin in Lyophilized Formulations
Containing Dextran or Methylcellulose

Cephalothin has a B-lactam bond and an ester bond that
are both susceptible to hydrolysis (11). Figure 3 shows thetime
course of cephalothin hydrolysis in lyophilized formulations
containing dextran or MC. The rate of cephalothin hydrolysis
in lyophilized formulations containing MC was faster than that
in formul ations containing dextran at any water activity. Cepha-
lothin hydrolysis in both formulations followed first-order
kinetics. The temperature dependence of the apparent first-
order rateconstant isshowninFigs. 4 and 5, for theformulations
containing dextran and M C, respectively. Theapparent hydroly-
sis rate constants that were obtained in phosphate buffer (pH
7.4) (12) are also shown in Fig. 4. The hydrolysis rate constant
in lyophilized formulations increased as water activity
increased. The temperature dependence of the hydrolysis rates
in both formulations containing dextran and MC appeared to
be linear at any water activity in a manner similar to that
of hydrolysis in aqueous solution. Interestingly, the estimated
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Fig. 3. Hydrolysis of cephalothin in lyophilized formulations con-

taining dextran (closed) or methyl cellulose (open) at 50°C. Water
activity: 0.23 (A A), 0.43 (L]M), 0.6 (O@) and 0.75 (¢). sd (n = 3).

apparent activation energy of cephaothin hydrolysis was
between 23 and 26 kcal/mol for the lyophilized formulations
containing dextran, and between 23 and 24 kcal/mol for those
containing MC. These valuesare closeto the apparent activation
energy obtained for hydrolysis in solution (24 kcal/mal).

The T, of lyophilized dextran formulations with cephal o-
thin should be around 20°C at a water activity of 0.75, 35°C
at 0.6, and 55°C at 0.23 from the observed values of lyophilized
dextran formulations with ~-globulin (8). Similarly, the
assumed T, of lyophilized MC formulations with cephal othin
isaround 25°C at awater activity of 0.6, 55°C at 0.43, and higher
than 80°C at 0.23. The temperature dependence of cephalothin
hydrolysis in both formulations containing dextran and MC
appeared to be linear regardless of T
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Fig. 4. Arrheniusplotsfor the hydrolysis of cephalothinin lyophilized
formulations containing dextran (AO ¢) and in solution (X). Water
activity: 0.23 (A), 0.6 (O), and 0.75 (). d (n = 3).
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Fig. 5. Arrheniusplotsfor the hydrolysis of cephalothinin lyophilized
formulations containing methyl cellulose. Water activity; 0.23 (A) and
0.6 (O). sd (n = 3).

DISCUSSION

The Effect of T, on Hydrolysis Rates

The hydrolysisrate of cephalothin in lyophilized formula-
tions containing dextran and MC increased with increasing
water activity (Figs. 4 and 5). The increase in the hydrolysis
rate of aspirin in lyophilized aspirin-sulfadiazine formulations
containing dextran was similar (Fig. 2B). This can be ascribed
to the contribution of water to therate-limiting step as areactant.
In addition, the possibility of the medium effect of water chang-
ing polarity cannot be excluded (13). An increase in polarity
may stabilize the transition state and increase the hydrolysis.

The temperature dependence of cephalothin hydrolysisin
lyophilized formulations containing dextran and MC appeared
to belinear regardless of their T,... The temperature dependence
was aso unaffected by the Ty of the formulations that are
approximately 20 to 30°C higher than the T, (8). Since the
trangdational mobility of drug and water molecules in lyophi-
lized formulations is affected by T4 and/or Ty, the hydrolysis
rate should be affected by T, and/or Ty if the trandational
diffusion of the drug and/or water molecules is rate-limiting.
The absence of a break in the temperature dependence around
Tg and Ty SUggests that the trandational diffusion is not rate-
limiting. Sincethetranslational diffusion of water can beconsid-
ered to be much faster than that of the larger cephal othin mole-
cule, the diffusion barrier of water molecules may be smaller
than the activational barrier. It has been reported that water
molecules possess high degree of translational mobility even
in the glassy state (14).

The activation energy for the hydrolysis of cephalothinin
the lyophilized formulations cal culated from the slopesin Figs.
4 and 5 (23 to 26 kcal/mol) did not significantly differ from
that for hydrolysisin solution (24 kcal/mal). The latter is coinci-
dent with the value reported for cephalothin hydrolysis at pH
5.00 (23 kcal/moal) (11). The lack of a significant differencein
activation energy between lyophilized formulations and solu-
tions supports the notion that the diffusion barrier of water
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moleculesis smaller than the activational barrier of the reaction.
Thus, the hydrolysisrate of cephalothinin lyophilized formula-
tions may not be affected by Ty and/or Ty, even if the tranda-
tional mobility of water molecules changes around Tg and Ty.

The temperature dependence of aspirin hydrolysis in
lyophilized aspirin-sulfadiazine formulations containing dex-
tran exhibited a small break around T (Fig. 2B). This break
cannot be ascribed to a change in the diffusion rate of water
molecules, since the diffusion of water is not considered to be
rate-limiting according to the results of cephalothin hydrolysis.
Furthermore, the apparent activation energy of hydrolysis at
temperatures below T, was 17 and 18 kcal/mol, which was
very close to the value reported for the hydrolysis of aspirin
in solution at pH 5 (17 kcal/mol) (15). This supports the notion
that the diffusion of water is not rate-limiting. The hydrolysis
of aspirin in neutral solutions is catalyzed by intramolecular
genera bases (16). Therefore, the small break around T, in
the temperature dependence of aspirin hydrolysis may be due
to the change in molecular mobility that is required for the
critical conformational change of the intramolecular general
base. The hydrolysis of cephalothin did not show such a break
in the temperature dependence, suggesting that the type of
molecular mobility that is critical for drug degradation largely
depends on the degradation mechanisms.

Thehydrolysisrate of aspirinin hydroxypropyl-p-cyclode-
xtrin/aspirin complex substantially changed at T, (4), which is
much larger than that observed at T ., in the lyophilized aspirin-
sulfadiazine formulation containing dextran studied here. This
difference may be due to the contribution of inclusion com-
plexes in the former.

The Effect of T, on Acetyl Transfer Rates

The temperature dependence of acetyl transfer between
aspirin and sulfadiazine in lyophilized formulations containing
dextran exhibited adistinct break around T,,,.. The translational
mobility of aspirin and sulfadiazine can be considered to be
lower than that of water because they are larger molecules.
Thus, the diffusion barrier would become comparable to the
activational barrier of the reaction. The change in the diffusion
rate of these molecules around T,,. may reflect on the acetyl
transfer rate, resulting in nonlinear temperature dependence
with a distinct break.

The apparent activation energy of acetyl transfer at temper-
atures below T, was 21 kcal/mol at a water activity of 0.6,
and 15 kcal/mol at awater activity of 0.12. An activation energy
much larger than that obtained in this study (44 kcal/maol)
for acetyl transfer between aspirin and sulfadiazine has been
reported, but this value is for crystalline solids without water
(9). Crystalline solids can be considered to require additional
energy to break the lattice structure to undergo the reaction.

CONCLUSIONS

Acetyl transfer in lyophilized asprin-sulfadiazine formula-
tions containing dextran, a bimolecular reaction, exhibited a
temperature dependence with a distinct break around T,,.. This
may be ascribed to a change in the trandational mobility of
aspirin and sulfadiazine molecules around T,,,.. The hydrolysis
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of cephalothin and aspirin in lyophilized formulations, which
isa so abimolecular reaction, was not associated with a distinct
break. This suggests that water diffusion is not rate-limiting in
that thereaction ratewas not significantly affected by the change
in the diffusion rate of water around T,,,.. The diffusion barrier
of water molecules in lyophilized formulations can be consid-
ered to be smaller than the activationa barrier of the hydrolysis
of cephalothin and aspirin, whereas the diffusion barrier of
aspirin and sulfadiazine molecules becomes comparable to the
activational barrier of the acetyl transfer reaction between aspi-
rin and sulfadiazine.
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