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Summary

a-Lactose monohydrate and bropirimine acetic acid solvate were used as model excipients and 4-methoxyphenyl aminoacetate
hydrochloride was used as a model labile component to study the relationship between mechanical stress on solvates and the
solid-state stability of a drug component. The effect of grinding the solvates was to disrupt the integrity of the associated solvent.
When samples were examined by differential scanning calorimetry this change was characterised by a broadening of the endotherm
due to desolvation and a lowering of the peak maximum temperature (¢, ) of the endothermic transition. This represents a
weakening of the intermolecular forces which hold the solvent within the crystal. When 4-methoxyphenyl aminoacetate hydrochlo-
ride, a substrate which undergoes ready hydrolysis, is mixed with the solvates solid-state degradation rates, yielding 4-metho-
xyphenol are enhanced. The greatest effect is observed in samples where the solvate has been ground, suggesting that the enhanced
lability of the solvent promotes solid-state degradation to a significant degree.

Introduction

It is well-recognised that the physical manipu-
lation of pharmaceutical compounds may exert a
substantial influence on solid-state properties. In
particular, the influence of grinding on polymor-
phic change has been well exposed (Kaneniwa
and Otsuka, 1985; Lefebvre and Guyot-Hermann,
1986; Otsuka et al., 1986) with one third of a
series of thirty compounds showing such transfor-
mations on compression (Chan and Doelker,
1985). The rates of polymorphic transition have
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also been shown to be enhanced in the presence
of various excipients (Takehashi et al., 1985a,b).
Stability profiles, too, have shown themselves to
be dependent upon physical history with mechan-
ical activation, through grinding or compression,
showing significant enhancement of degradation
rates (Hiittenrauch et al., 1985). The effect of
moisture on the physical and chemical stability of
solids has been reviewed (Ahlneck and Zografi,
1990) and dehydration kinetics have been shown
to follow standard solid-state degradation models
(Agbada and York, 1989). The effect of grinding
on hydrates has also been studied (Otsuka and
Kaneniwa, 1983; Kitamura et al., 1989) and it has
been shown, for example, that the rate of discol-
oration of cefixime trihydrate increases with the
extent of grinding. Differential scanning
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calorimetry has been widely used in the study of
the thermal properties of carbohydrates (Lisko-
witz et al., 1980) and its role in the elucidation of
interactions, reactions, kinetics and its impor-
tance in stability predictions have been reviewed
(Li Wan Po, 1986; Smith, 1986; York and Grant,
1986; Ford and Timmins, 1989).

As some earlier studies into the effect of ma-
nipulation on solid-state stability have used hy-
drated excipients, without consideration for the
behaviour of the excipient, it is pertinent to ex-
amine the role of solvates in this regard to estab-
lish the possibility that disruption of the solvated
solvent may initiate degradation rather than, or
in addition to, crystal deformation of the sub-
strate under test. To undertake this study we
have examined the solid-state stability of 4-
methoxyphenyl aminoacetate hydrochloride
(MPAA) by means of high-performance liquid
chromatography and differential scanning calori-
metry. This derivative has been used as a water-
soluble prodrug of 4-hydroxyanisole (4-metho-
xyphenol) in cancer chemotherapy. The phenolic
ester nature of compound renders it unstable and
it rapidly regenerates the parent phenol and
glycine in aqueous solution. a-Lactose monohy-
drate, which has wide application as a pharma-
ceutical excipient, has been used as a hydrated
additive while bropirimine acetic acid solvate (Al-
par et al., 1986; Irwin and Igbal, 1988) has been
used as a molecule complexed with a solvent
other than water.

0-OC-CH,-NH, - HCl
CH,0" :

4-Methoxyphenyl aminoacetate hydrochloride
(MPAA)

Experimental

Apparatus
Differential scanning calgrimetry was under-
taken with a Perkin-Elmer DSC-4 instrument us-

ing the Thermal Analysis Data Station (TADS)
for data collection, handling and presentation.
HPLC analyses were undertaken using a system
constructed from an Altex 100A dual-piston re-
ciprocating solvent-metering pump and a re-
versed-phase stainless-steel Shandon-type column
(10 cm X 4.6 mm i.d.) packed with Hypersil-ODS
(5 wm) stationary phase. Samples were intro-
duced by means of a Rheodyne 7125 injection
valve, fitted with a 20 wl loop, and detection was
accomplished with a Pye LC3 variable-wavelength
UV detector, fitted with an 8 ul flow cell, and
operated at a wavelength of 300 nm with a sensi-
tivity of 0.08-0.16 AUFS. The mobile phases
consisted of aqueous acetonitrile (20%), adjusted
to pH 2.0 with orthophosphoric acid and contain-
ing diethylamine (0.1%) as moderator, delivered

at a flow rate of 1 ml min~".

Methods

Samples for thermal analysis were accurately
weighed (1-4 mg) into an aluminium pan (Per-
kin-Elmer 219-0041), covered with an aluminium
lid and crimped into position. The pan was placed
in the DSC oven together with a blank, prepared
in exactly the same way but without the sample.
The sample and blank were continuously purged
with nitrogen gas at a flow rate of 25 cm® min~!
(1.4 kg cm~2) and thermograms were recorded
over a temperature range of 40-250°C with a
programmed heating rate of 10°C min~!. Tem-
perature calibration was made with an indium
standard (onset temperature 156.6°C) and tem-
peratures are quoted as the peak maximum tem-
perature (1., ).

Samples for solid-state stability were prepared
by mixing the sieved fractions of MPAA and
lactose monohydrate (both in the particle size
range 150-212 um) in the proportion of 10%
w/w MPAA to 90% w/w lactose monohydrate.
Sample 1 was produced by gentle mixing of both
components in a glass vial without grinding. Sam-
ple 2 resulted from the lactose monohydrate be-
ing ground for 10 min using an agate pestle and
mortar followed by gentle mixing with untreated
MPAA and Sample 3 was obtained by grinding
together the lactose monohydrate and MPAA for
10 min using an agate pestle and mortar. In a



similar fashion, samples of MPAA with bropirim-
ine acetic acid solvate were prepared in a 1:1
ratio.

Each sample was separated into aliquots (20
mg for those based upon lactose and 5 mg for
those containing bropirimine) contained in indi-
vidual glass vials which were stored in a desicca-
tor over a saturated solution of ammonium sul-
phate to provide a relative humidity of 80% at
37°C or with lithium chloride solution at 10%
relative humidity.

The samples were stored at 37 ° C and at fixed
time intervals vials were removed and extracted
with methanol (5 ml). The contents were soni-
cated, filtered (0.2 um Millipore) and samples
(20 uD) were analysed by HPLC with retention
times of 4 min, 4-methoxyphenyl aminoacetate
hydrochloride; 5.5 min, 4-hydroxyanisole and 7
min, bropirimine. If required, samples were pre-
viously diluted 1:1 with methanol or an internal
standard [2-amino-5-bromo-6-(3-fluorophenyl)-4-
(3H)-pyrimidinone, ABmFPP; 0.1 mg mi~!].

Results and Discussion

The ability of mechanical agitation to alter the
nature of hydration is illustrated in Fig. 1 which
records the effect of grinding on the thermogram
of the common excipient lactose which is usually
available in the a-lactose monohydrate form. The
pure material is characterised by two en-
dotherms, the lower (150.1° C) corresponding to
dehydration and the higher (217.1°C) to melting.
The higher transition is followed by an irregular
increase in baseline which is characteristic of
thermal degradation. There are conflicting litera-
ture reports on the melting of «-lactose monchy-
drate and this endotherm has been quoted to
occur at 212°C (Lerk et al., 1980) or at 223°C
(Berlin et al., 1971) although the former study
used open pans. Heating rates may also dramati-
cally affect the appearance of thermograms (Itoh
et al., 1978). Fig. 1 also shows that when a-lactose
monohydrate was ground in a pestle and mortar,
the dehydration endotherm developed a shoulder
at a lower temperature. This peak became pro-
gressively larger as grinding was continued and
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Fig. 1. DSC thermograms of a-lactose monohydrate after

grinding with a pestle and mortar for various time periods. A,

crystalline material; B, ground for 2 min; C, ground for 5§ min;
D, ground for 10 min. :

indicates the disruption of the hydrate structure
by mechanical manipulation. After 10 min the
sharp dehydration endotherm has been replaced
by a broad peak at 139.1°C.

Similar changes in thermal behaviour have
been reported previously as a result of grinding of
a-lactose monohydrate (Lerk et al., 1984b), com-
paction and also as a function of particle size
(Vromans et al., 1985a,b, 1986). Here, as particle
size decreases, a broadening endotherm is ob-
served which effectively mirrors the changes due
to grinding. In each case, gradual loss of the
sharp dehydration transition is seen and water-
loss progressively begins at a lower temperature.
It seems probable that the effects due to grinding
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or compaction are largely a result of a reduction
in particle size. In any event, the changes induced
by grinding, illustrated in Fig. 1, indicate that
disruption of the solvent binding is taking place
and that the water is becoming less strongly held
within the crystal lattice. Indeed, dehydration ki-
netics show that the rate of water-loss is linearly
dependent upon the surface area of the sample
(Vromans et al., 1985a, 1986). The enhanced abil-
ity of water to be mobilised by physical manipula-
tion may free it for further interaction and may
cause degradation of a susceptible parent com-
pound (Otsuka and Kaneniwa, 1984; Takahashi
et al., 1985a,b).

The development of a further endothermic
peak near 223°C as a result of grinding was also
observed. This, too, increases with mechanical
treatment and is possibly due to the conversion of
a-lactose monchydrate to the stable anhydrous
a-lactose (Lerk et al., 1980). Anhydrous a-lactose
usually contains some 13% of B-lactose (Buma
and Van der Veen, 1974) which melts at 237°C
and it is feasible that grinding, and possibly the
subsequent thermal treatment during analysis, in-
fluences the position of this equilibrium to ac-
count for the appearance of the thermograms
(Houminer, 1973; Fernandez-Martin et al., 1980).
A third event, of variable appearance which re-
veals an exothermic transition is also seen to
occur after 10 min grinding with a maximum near
to 165 ° C. Such conversions have been discussed
previously (Berlin et al., 1971; Itoh et al, 1977;
Lerk et al., 1980, 1984a,b) and accounted for by
tentative supposition that a new crystal structure
is created — possibly the establishment of the
a == B equilibrium.

In contrast, no significant variation was ob-
served in the thermograms of MPAA as samples
were subjected to grinding for periods of up to 20
min. The melting endotherm was found within
the range 148.2-151.8° C, small variations possi-
bly being due to particle size differences and
variable contact with the pan and heat flow prop-
erties of the solids.

To ascertain whether the observed changes in
the ecase of dehydration of a-lactose monohy-
drate can initiate or potentiate solid-state degra-
dation reactions involving hydrolysis, mixtures of
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Fig. 2. DSC thermograms of 4-methoxyphenyl aminoacetate

hydrochloride and a-lactose monchydrate mixtures after

grinding for various periods of time. A, gentle mixing; B,
ground for 1 min; C, ground for 2 min.

the excipient with 4-methoxyphenyl aminoacetate
hydrochloride (MPAA) were prepared. These
were obtained by gentle mixing of the two com-
ponents, by grinding only the lactose monohy-
drate with incorporation of MPAA by gentle mix-
ing or by grinding both components together. As
shown in Fig. 2, after gentle mixing of the two
components in a vial, two endothermic events are
apparent. The first of these, at 151.9°C, corre-
sponds to dehydration of a-lactose monohydrate
while the second transition, at 179.6 ° C, does not
correspond to any of those observed in the pure
components alone. It may, however, be due to
melting point depression or eutectic formation
due to admixture as no indication of the en-
dotherm originally observed at 217°C is now
apparent. When grinding is continued for periods
as short as 1 min these peaks coalesce into one
broad transition and the irregular baseline there-
after indicates the possibility of a more facile
thermal degradation.
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Fig. 3. High-performance liquid chromatogram of 4-metho-

xyphenyl aminoacetate and 4-methoxyphenol. A, 4-metho-

xyphenol (a); B, 4-methoxyphenyl aminoacetate (b); C, solid-
state reaction mixture showing both components.

Storage of the mixtures at 37 ° C and a relative
humidity of 80% initiated degradation of MPAA
and the progressive appearance of 4-metho-
xyphenol, with the maintenance of mass balance,
was observed. Fig. 3 records a typical HPLC trace
of a ground mixture after storage and shows the
release of 4-methoxyphenol from the prodrug
during this period. This, and the observed mass

TABLE 1
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balance, confirms that the degradation pathway
observed in solution is also followed in the solid
state, with no other products discernible. Mi-
croscopy revealed that MPAA produced thin,
plate-like crystals so assessment of the kinetic
profiles for degradation was undertaken using the
zero-order model appropriate to a contracting
slab (Acheson and Galwey, 1968; Brown et al.,
1980). In such a system undergoing degradation
by nucleation, overlap of possible nucleation sites
occurs early in the reaction sequence with low
overall extent of degradation. Under these condi-
tions, a slab of dimensions a, b, and ¢ undergoes
a fractional degradation () in time (¢) according
to Eqn 1:

| ek (b—ki)(c — k)

abc

(1)

where k is the decomposition rate constant (m
s~ 1. In a slab or plate crystal, where a, b >>c,
crystal edge effects may be neglected. These are
described by terms containing ¢, apart from the
slab volume term (abc), and higher powers of k.
This expression then contracts to Eqn 2:

a=— (2)

where c is the thickness of the slab. The extent of
reaction is thus controlled by the reduction in the
thickness of the crystal and which thus undergoes
degradation largely by a zero-order rate process.
Towards the end of the decomposition profile a

Degradation rate constants for the solid-state decomposition of 4-methoxyphenyl aminoacetate hydrochloride (MPAA) under various
conditions of admixture and storage with a-lactose monohydrate and bropirimine acetic acid solvate.

Conditions

Rate constant
(k/¢) (min~1) (x10%)

MPAA,; 37°C; 10% R.H.
MPAA; 37°C; 80% R.H.
MPAA + a-lactose monohydrate (gently mixed); 37°C; 80% R.H.

MPAA + a-lactose monohydrate (lactose ground for 10 min then gently mixed); 37 ° C; 80% R.H.
MPAA + a-lactose monohydrate (mixture ground for 10 min); 37 ° C; 80% R.H.

MPAA + bropirimine acetic acid solvate (gently mixed); 37 ° C; 80% R.H.

MPAA + bropirimine acetic acid solvate (ground for 5 min); 37 ° C; 80% R.H.

5.90
11.60
25.50
46.70
50.40
18.30
31.00

R.H., relative humidity.
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reduced rate is exhibited which is due to the
variation in thicknesses of the crystals which com-
prise the sample.

Degradation of MPAA did, indeed, follow
zero-order kinetics to over 90% decomposition
(Irwin, 1990). Table 1 records rate constants,
taken from the slope of the a vs time plot, and
Fig. 4 illustrates the reaction profiles. It is seen
that the MPAA undergoes significant degrada-
tion in the solid-state when stored at 37° C with a
relative humidity of 10% (k'=k/c =5.9x 107
min~!) and the rate of hydrolysis is substantially
increased when the relative humidity is increased
to 80% (k' =11.6 X 107> min~!). Gentle mixing
of the two components yielded a degradation rate
constant of 25.5 X 1073 min~!. In contrast, when
the lactose was ground for 10 min prior to gentle
mixing a degradation rate constant of 46.7 X 10>
min~! was observed. This increased rate suggests
that degradation is promoted by the release of
water from the hydrate. When both a-lactose
monohydrate and MPAA were ground together
for 10 min a further, small increase in the degra-
dation rate constant, to 50.4 X 10~° min~!, was
observed. This indicates that mobilisation of wa-
ter appears to be the major influence with only a
small effect due to increasing surface area of the
substrate on grinding.

04

02

200 300 400 500 600

Time (min)

0 100

Fig. 4. Degradation profiles of 4-methoxyphenyl aminoacetate
hydrochloride on admixture with a-lactose monohydrate. =,
gently mixed sample with 10% relative humidity (R.H.); e,
gently mixed sample with 80% R.H.; e, lactose only ground
for 10 min; a, both MPAA and lactose ground for 10 min.
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Fig. 5. DSC thermograms of bropirimine acetic acid solvate

after grinding for various periods of time. A, crystalline mate-

rial; B, ground for 1 min; C, ground for 3 min; D, ground for 4
min; E, ground for 5 min.

To explore this effect further and to determine
whether solvates other than hydrates may pro-
mote degradation reactions, the influence of
grinding on bropirimine acetic acid solvate was
also studied. Thermograms of bropirimine have
previously been reported and show an excipient-
dependent degradation exotherm (Irwin and
Igbal, 1988). The thermogram of the acetic acid
solvate additionally shows a desolvation en-
dotherm near 140°C; substantially higher than
the boiling point of acetic acid (118°C). As
recorded in Fig. 5, the original sharp endotherm
undergoes successive broadening with a concomi-
tant drop in the peak maximum temperature when
the sample is ground with a pestle and mortar.
Over a 5 min period the initial peak is replaced
by a much broader peak at 118.3°C. This parallels
the behaviour of a-lactose monohydrate and indi-
cates that the solvent becomes less tightly held as
grinding progresses. In contrast, when bropirim-
ine acetic acid solvate and MPAA were gently
mixed without grinding the individual peaks cor-
responding to either pure MPAA or the desolva-
tion endotherm were not evident but, as shown in
Fig. 6, were replaced by a broader, shouldered
peak whose maximum was lower than those of
either pure component alone. With grinding this
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Fig. 6. DSC thermograms of 4-methoxyphenyl aminoacetate

hydrochloride and bropirimine acetic acid solvate after grind-

ing for various time periods. A, gentle mixing; B, ground for 2
min; C, ground for 3 min.

endotherm became progressively shifted to lower
temperatures and resembled that of the ground
solvate in general shape but at a lower tempera-
ture (109.4°C).

To assess the stability implications of these
changes, mixtures of bropirimine acetic acid sol-
vate and MPAA were prepared under various
conditions. Table 1 records the rate constants for
the degradation of these samples. As was ob-
served for the MPAA-lactose systems the addi-
tion of bropirimine acetic acid solvate induced a
small increase in the solid-state degradation rate
when the solvate was gently folded in to the
MPAA. When the solvate and MPAA were
ground together for 5 min prior to degradation a
further substantial increase in the rate of decom-
position was observed. The heightened lability of
the acetic acid in these samples clearly con-
tributes to the enhanced degradation rates.
Moreover, the stability profiles parallel the
changes in the DSC thermograms and show that
this technique can expose potential threats to
stability induced by grinding. Although reports
exist on the effect of mechanical manipulation on
the integrity of drug substances these usually
relate to the effect of stress on polymorphic
changes (Chan and Doelker, 1985; Kaneniwa and
Otsuka, 1985; Takahashi et al., 1985a,b; Otsuka
et al., 1986) or the degradation of the parent
compound. Where physical interactions have been
observed there has usually been no attempt made
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to evaluate the cause (Botha et al., 1987). Experi-
ments performed here show that the degradation
of hydrolytically labile substances may be pro-
moted by admixture with solvated excipients when
subjected to mechanical stress and such manipu-
lation may compromise the integrity of the formu-
lation.
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