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ABSTRACT

Purpose The work aims at investigating the correlation of
water sorption potential with different measures of molecular
mobility in an annealed amorphous model compound
(trehalose).

Methods Amorphous trehalose, prepared by freeze-drying,
was annealed at 100°C (17°C < Ty) for up to 120 h. Global
molecular mobility was studied using a broadband dielectric
spectrometer in the frequency range of |0°~10~>Hz. Enthalpic
recovery was measured by differential scanning calorimetry and
water sorption profiles were obtained using an automated
vapor sorption balance.

Results As a function of annealing time, there was an increase,
both in average a-relaxation time and enthalpic recovery and a
decrease in the amount of sorbed water. A strong linear cor-
relation was observed between the water sorption potential
and the dielectric relaxation time, indicating a common under-
lying mechanism of the effect of annealing time on these prop-
erties. Enthalpic recovery, which is widely used as a measure of
structural relaxation, did not correlate well with the extent of
water sorption.

Conclusions The a-relaxation time can be used as a predictor
of the water sorption potential of amorphous trehalose. It will
be of interest and value to develop such predictive models for
other amorphous compounds of pharmaceutical interest.
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INTRODUCTION

The physical form of the active pharmaceutical ingredient (API)
m a solid dosage form can mfluence numerous properties of
pharmaceutical interest including stability (physical and chem-
ical) and i vivo performance of the dosage form. Traditionally,
the thermodynamically stable crystalline form is preferred since
it confers the highest stability. However, the majority of new
drug candidates under development are characterized by such
low aqueous solubility that, following oral administration, there
is potential for incomplete absorption and therapeutic failure
(1,2). This problem can be overcome by administering the drug
in the amorphous state. This state confers higher apparent
aqueous solubility (often orders of magnitude) and faster disso-
lution rate than its crystalline counterpart (3—6). However, the
physicochemical stability of the amorphous form is a major
challenge.

There 1s an additional potentially serious practical prob-
lem with the use of amorphous materials. The higher free
energy of the amorphous state, responsible for the enhance-
ment in solubility and dissolution rate, also results in an
increased tendency to sorb water from the atmosphere. This
is undesirable since water, with a glass transition tempera-
ture (74) of 135 K, plasticizes amorphous materials (7). In
other words, water sorption lowers the 7, of the system and
increases the molecular mobility which can increase the risk
of physical (crystallization) as well as chemical instability
(8=10). Therefore, it often becomes necessary to monitor
and tightly control the water vapor pressure in the atmo-
sphere, both during processing and storage of amorphous
pharmaceuticals. However, practically, there are limits to
the extent to which the water vapor pressure can be re-
duced, particularly during the manufacture and processing
of pharmaceuticals. It is therefore highly desirable to reduce
the water sorption potential of amorphous materials.
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Amorphous materials, when stored at temperatures be-
low but close to their 7,, undergo aging. Sub-7, anncaling
(intentional aging) is known to cause a reduction in the
sorption of soluble gases by glassy polymers and has been
ascribed to a decrease in free volume (11,12). Similarly,
annealing of trehalose caused a decrease in both the rate
and extent of water sorption (13). Therefore, sub-7, anneal-
ing of an amorphous compound can be an effective strategy
to attenuate its water sorption tendency.

Since the molecular mobility is expected to be very slow
below 7, the risk of crystallization in a glass was believed to
be negligible. However, several compounds have been
reported to crystallize at temperatures substantially below
their 7,’s (14,15). Moreover, while crystallization below 7,
may not occur in many cases, nucleation during annealing
still remains a major concern. In an earlier study from our
group, nucleation was found to be the reason for the de-
creased physical stability of annealed amorphous trehalose
(13). Nucleation was also observed on sub-7, annealing in
frozen aqueous solutions of mannitol and trehalose (16).
Therefore, while annealing is an approach to reduce
the water sorption potential, prolonged annealing may
result in nucleation which is undesirable. The effect of
annealing on water sorption is very pronounced during
the early stages of annealing (13). This effect becomes
progressively less pronounced, as a function of annealing
time. Thus prolonged annealing, in addition to the risk
of increased crystallization propensity, does not offer
any significant advantage in terms of reduction in water
sorption. It is therefore valuable to investigate markers
which can help predict the optimum annealing condi-
tions to cause the desired decrease in the water sorption
potential of amorphous materials.

A glassy material loses its excess enthalpy and free vol-
ume during annealing, leading to structural relaxation (17).
The loss in enthalpy can be indirectly measured by differ-
ential scanning calorimetry (DSC) and 1s called enthalpic
recovery. Structural relaxation also results in a reduction in
global molecular mobility leading to an increase in the
average relaxation time (18,19). We determined the effect
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Fig. 2 DSC heating curve of amorphous trehalose annealed for 72 h.

of annealing on enthalpic recovery (by DSC) and dielectric
relaxation time (by DDS) of amorphous trehalose. Our
objective was to correlate the water sorption potential with
these two measures of structural relaxation. It is expected
that the coupled properties would exhibit similar annealing
time dependence. In addition to conferring predictive capa-
bilities for water sorption potential, this will also improve
our understanding of the origin of these processes.

MATERIALS AND METHODS

Preparation, Baseline Characterization and Annealing
of Amorphous Trehalose

A 10% w/v aqueous solution of trehalose (a,a-trehalose dihy-
drate (C19H990112H50); Sigma, St. Louis, MO, USA; purity
> 99%) was freeze-dried using the procedure described earlier
(20). Freeze-dried trehalose so obtained was X-ray amorphous
and the water content was < 0.5% w/w (determined by Karl
Fischer titrimetry and thermogravimetry). The amorphous
trehalose was annealed at 100°C (~17°C < 1) in a forced-
air convection oven for up to 120 h. Aliquots, at selected time
intervals, were subjected to water sorption, DSC and
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dielectric measurements. All the sample handling was done in
a glove box maintained at RH < 5% (RT).

Thermal Analysis

A differential scanning calorimeter (2000, TA instruments,
New Castle, DE, USA) equipped with a refrigerated cooling
accessory was used. The cell constant was determined using
indium and temperature calibration was performed using
indium, tin and water as standards. In a glove box, the powder
was hermetically sealed in aluminum pans. All the measure-
ments were done under dry nitrogen purge at two different
heating rates of 1 and 10°C/min.

Water Vapor Sorption

An automated vapor sorption balance (DVS-1000, Surface
Measurements Systems, London, UK) was used. The mi-
crobalance was calibrated using a 100 mg standard weight.
The relative humidity sensor was calibrated at 5.0, 11.3,
32.8, 52.8, 75.3, and 84.3% RH (25°C), using saturated salt
solutions. About 6-8 mg of the sample was placed in the
sample pan, dried at ~ 0% RH (dry nitrogen, at a flow rate
of 200 ml/min) for 1,000 min, and then exposed to the
desired RH. The extent of water uptake was determined
at 5, 10 and 20% RH (25°C). The attainment of

Fig. 4 (a) Isothermal dielectric
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equilibrium was assumed when the weight change of the
sample was < 0.0001% in 10 min.

Dielectric Spectroscopy

Using a broadband dielectric spectrometer (Novocontrol
Alpha-A high performance frequency analyzer, Novocon-
trol Technologies, Germany), isothermal dielectric measure-
ments were conducted at 100°C over the frequency range of
107 to 10°Hz. The experimental details were presented
carlier (20). The Havriliak-Negami function (Eq. 1) was used
to fit the dielectric data so as to obtain the average relaxa-
tion time (7) and shape parameters (fyn and ypN).
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where, @ is the angular frequency which is equal to 2nf with f
being the frequency in Hz, e¥(w) is the complex dielectric
permittivity (Eq. 2) consisting of real (¢') and imaginary (¢7)
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account for the symmetric and asymmetric peak broadening
respectively with 0<p (or y)<1.

RESULTS AND DISCUSSION

Effect of Annealing on Water Sorption Potential
and on Enthalpic Recovery

Under all the conditions studied, the amount of water
sorbed by trehalose decreased with annealing. As mentioned
carlier, annealing is known to cause a reduction in the
sorption potential of a glass (11-13). Figure la shows the
water sorption profiles at 10% RH (25°C) and the effect of
annealing is readily apparent. Interestingly, the effect of
annealing is very pronounced in the first 4 h. Further
annealing had only a small effect, if any, on reducing the
amount of water sorbed at 10% RH. This is better shown in
Fig. 1b where the amount of water sorbed is plotted as a
function of annealing time. When a glass is stored at temper-
atures below but close to its 7, it loses excess enthalpy and
there is also a reduction in its free volume. Our water
sorption results suggest that the decrease in free volume
brought about during the first 4 h of annealing had the
greatest influence on the water sorption capacity.

When an annealed glass is heated above its 7,, it recovers
the lost enthalpy, manifested as an endotherm following the
glass transition event in the DSC (Fig. 2). The experimental

Enthalpic recovery / Jg*

conditions can have a pronounced effect on the enthalpic
recovery values. An increase in the DSC heating rate resulted
in higher enthalpic recovery values (21). Therefore, we mea-
sured enthalpic recovery at heating rates of 1 and 10°C/min.
There was a progressive increase in the enthalpic recovery as a
function of annealing time (Fig. 3a; heating rate of 10°C/min).
This effect was pronounced in the first 24 h of annealing at both
the heating rates (Fig. 3b). As expected, an increase in heating
rate resulted in higher enthalpic recovery values. This differ-
ence was particularly evident at longer annealing times. Both
these observations are in agreement with the earlier report (21).
However, the general trend was unaffected by the heating rate.
Interestingly, unlike water sorption, annealing beyond 4 h con-
tinued to have a significant effect on enthalpic recovery.

Effect of Annealing on Dielectric Relaxation

We had recently used DDS to study the effect of annealing on
the a-relaxation of trehalose (22). The samples were annealed
and subjected to DDS at 100°C. Since there was considerable
interference from dc conductivity, we used a derivative meth-
od of analysis based on the Kramers—Kronig relation to
resolve and characterize a-relaxation (20,22). As shown in
Fig. 4a, with increasing annealing time, the a-relaxation peak
shifted to lower frequencies indicating an increase in structural
relaxation time. The relaxation peak was modeled using the
Havriliak-Negami equation so as to obtain the average relax-
ation time. When the a-relaxation time was plotted as a
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function of annealing time, a sharp increase was observed in
the first 4 h of annealing (Fig. 4b). Thereafter, the change in a-
relaxation was much less pronounced. This shows that much
like water sorption, the effect of annealing on dielectric relax-
ation was most pronounced in the first 4 h of annealing.

Correlation of Water Sorption with Enthalpic
Recovery and a-relaxation Time

As mentioned earlier, annealing decreased the amount of
water sorbed by trehalose. Our objective was to identify the
property that can be used to predict this reduction in water
sorption potential. To develop this predictive model, we
investigated the correlation of water sorption with each
enthalpic recovery and average a-relaxation time. At every
annealing time, the amount of water sorbed was plotted
against each of these quantities.

Figure 5a shows the correlation plot between the amount
of water sorbed (10% RHj; 25°C) and the enthalpic recovery
(heating rate of 10°C/min). A similar profile was obtained
following water sorption at 20% (Fig. 5b) and 5% RH (data
not shown). It is evident that these two properties are not
linearly correlated. Similar results were obtained at a lower
heating rate of 1°C/min (Fig. 6). The effect of annealing on
water sorption was most pronounced in the first 4 h of
annealing, with longer annealing times having very little
influence (Fig. 1b). On the other hand, the effect of

annealing on enthalpic recovery persisted for a much longer
time period.

As mentioned earlier, the first 4 h of annealing caused a
sharp rise in the average a-relaxation time (Fig. 4b). The a-
relaxation time as a function of annealing time is plotted in
Fig. 7a. In the same figure, the amount of water sorbed (at
10% RH) 1s also plotted as a function of annealing time. The
effect of annealing time on these two properties appears to be
quite similar. One possible explanation is that the decrease in
free volume brought about by annealing affects the rotational
cooperative motions and water sorption in a similar way.

Finally, for each of these annealing times, a plot of
amount of water sorbed versus the a-relaxation time revealed
a linear correlation. Figures 7b and 8 are representative
examples of the amount of water sorbed at 10 and 20%
RH respectively. A similar correlation was observed at all
the RH conditions employed. This indicates that the dielec-
tric relaxation time can be used to predict the effect of
annealing on the water sorption by trehalose. For most
materials, structural relaxation is very slow in the sub-7,
region. As a result, frequency-domain dielectric measure-
ments are impractically long. In such cases, time-domain
dielectric spectroscopy is a better technique which has been
traditionally used to study global mobility in the glassy state
and also the effect of annealing on this relaxation (18,19).
However, fast relaxation dynamics in glassy trehalose en-
abled us to use the frequency domain technique to evaluate
the effect of annealing on a-relaxation.
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The dielectric relaxation time and enthalpic recovery
responded very differently to sub-7, anncaling. Anncaling
was expected to have a substantially similar effect on these
two properties, which are believed to be a consequence of the
same underlying process of structural relaxation. However, in
glassy trehalose, there may be decoupling of the dielectric and
enthalpic relaxation processes. While dielectric spectroscopy
measures mainly the rotational molecular motions, the
enthalpic recovery measured by DSC is expected to be a
consequence of multiple molecular motions in the material.
This suggests that there is decoupling between rotational and
translational motions which points towards the heterogeneous
nature of trehalose glass. Such decoupling has been reported
even in the supercooled liquid region of some compounds,
although at temperatures close to 7, (17,23-25).

In amorphous trehalose, annealing seems to be affecting
dielectric mobility and enthalpy of the system differently
which leads to the above mentioned differences in the effect
of annealing on enthalpic recovery and dielectric relaxation
time. Moreover, based on the linear correlation between the
dielectric relaxation time and amount of water sorbed at a
particular RH, it seems that dielectric mobility (mainly
rotational motions) is linked to the water sorption potential.
Since a majority of pharmaceuticals are inherently hetero-
geneous in nature, such behavior is expected to be wide-
spread. However, this might not be a universal phenomenon
and in materials where there is no decoupling, enthalpic
recovery should also be linearly correlated with water
sorption.

CONCLUSIONS

On sub-7, annealing, there was a decrease, both in global
mobility (increase in average a-relaxation time) and water
sorption, and an increase in enthalpic recovery. The amount
of water sorbed decreased linearly with an increase in re-
laxation time. Thus dielectric measurements can potentially
be used to predict the water sorption potential of amor-
phous materials. Interestingly, we did not observe such a
correlation between water sorption and enthalpic recovery.
Sub- 7, annealing, by slowing down molecular mobility and
decreasing the tendency for water sorption, can be an effec-
tive strategy to stabilize amorphous materials.
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