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Increased metastable solubility of milled griseofulvin,
depending on the formation of a disordered surface structure
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Abstract

The effect of mechanical processing on the solubility of griseofulvin was studied. Milling of griseofulvin produced
an increased metastable solubility. The milling operation did not change the material’s bulk thermal properties
identifiable by DSC, nor did it alter the surface area or the individual primary particle size, to fully explain the
apparent increase in solubility. However, the thermodynamic evaluation of milled griseofulvin showed an increase in
free energy and a reduction in the heat of solution. This suggests that the increase in solubility was due to
disordering of the solid structure, estimated to be about 5.8% w/w of the total mass and limited only to an external
assumed surface layer 40-50 nm in thickness. The initial solubility levels obtained were found to be directly reiated
to the solid solute particle surface structure. The slow decrease from the initially high metastable solubility level to
the stable, low equilibrium solubility seemed to be controlled by a surface reaction mechanism, probably a solid-state
rearrangement process and not by a solute molecular diffusion in the bulk solution.

Key words: Disordered surface layer thickness; Mechanical activation; Molar heat of solution; Particle surface
structure; Surface molecule rearrangement; Solubility

1. Introduction localised points on that surface. Whilst an almost
totally disordered structure is easily identified by
a variety of techniques, the mechanically induced
surface effects, limited only to a few nanometers
into the crystal, might go unnoticed. The surface
mechanical activation induced by milling has been

suggested to form a thin amorphous surface layer

Technological and processing operations can
cause mechanical activation (Hiittenrauch, 1978,
1983, 1988; Hiittenrauch et al., 1985). The activa-
tion can be manifested throughout the entire
crystal where an amorphous (non-crystalline)

structure is produced, or affect only the surfaces
of crystals and perhaps even then, be restricted to
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! Present address: Astra Draco AB, Box 34, $-221 00 Lund,
Sweden.

on particles (Hersey and Krycer, 1980; Hiitten-
rauch, 1983).

Mechanically induced physico-chemical modi-
fications of solid drug substances, to increase
bioavailablity, have been frequently reported in
the literature. An increase in surface energy, for-
mation of an amorphous state or amorphisation
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of the surface layer by mechanical manipulation
were suggested to lead to higher dissolution rates
(York, 1983). The ‘activation’ of digoxin by milling
(Florence et al., 1974; Florence and Salole, 1976;
Chiou and Kyle, 1979) and of calcium gluceptate
(Suryanarayanan and Mitchell, 1985) has been
shown to influence the solubility or dissolution
rate of the drugs. Since disordered (amorphous)
regions are high energy sites, less activation en-
ergy is needed for dissolution at these points
relative to the more structurally ordered, lower
energy sites, at the particles surface.

The solubility of a solid in a given solvent is
the amount of the solid that goes in solution at a
given temperature. If the solubility limit is ex-
ceeded, solid particles of the solute may be pre-
sent, and the solution phase will be in equilib-
rium with the solid (Florence and Attwood, 1988).
Since solubility is an equilibrium phenomenon,
variations and increases in solubility exist as
metastable equilibria (Buckton and Beezer, 1992).
The mechanisms behind such elevated thermody-
namically unstable solubilities (Buckton and
Beezer, 1992) have not been described in any
detail. The explanations for the relatively slow
process of re-establishing the lower, stable solu-
bility level (Higuchi et al., 1979) and the influence
of the so-called epitaxi phenomenon, in this con-
text, are seldom discussed.

The aim of this study was to evaluate a hypoth-
esis that an increased metastable solubility is due
to the formation of a disordered (amorphous)
surface layer, around an ordered (crystalline)
core. It was, thus, of interest to identify both the
position and amount of disordered material. An-
other aim was to find an explanation for the slow
decrease from an initially high metastable solubil-
ity level, to the lower stable level.

2. Experimental

2.1. Materials

Griseofulvin, microsize (Glaxo, U.K.), was used
as a model fine particulate, practically insoluble
material, supplied in an agglomerated form. This

quality of griseofulvin will be referred to through-
out this paper as the unmilled material or form
D.

Milled griseofulvin was prepared by milling
about 1 g of griseofulvin using a mortar and
pestle for 15 min and is sometimes referred to as
form (I1).

Quenched griseofulvin was prepared by melt-
ing unmilled griseofulvin at about 225°C followed
by rapid cooling in liquid nitrogen and is some-
times referred to as form (III). This form was
used as a model of a totally disordered (amor-
phous) griseofulvin.

The water used in the solubility experiments
was distilled water filtered through an ultra-pure
water system (Milli-Q UF Plus, Millipore,
France).

2.2. Methods

2.2.1. Primary characterisation of the test materials

2.2.1.1. Apparent particle density. The density was
assessed with an air comparison pycnometer
(model 930, Beckman, U.S.A.) (n = 3).

2.2.1.2. Particle size. The particle size was deter-
mined with a Coulter Counter (model TAII,
Coulter, U.S.A.) fitted with a 30 um aperture
tube and calibrated with 8.06 and 2.02 um latex
spheres. A stock saturated griseofulvin solution in
distilled water containing 0.9% sodium chloride
and 0.01% polysorbate 80 was prepared, and
passed through a 0.22 um Millipore filter. To this
solution amounts of unmilled and milled griseo-
fulvin forms were added to make 30 mg/ml sus-
pensions. De-agglomeration of the particles was
performed by ultrasonic treatment in a water
bath for 5 min.

For the particle size determinations, a known
volume of the prepared suspensions was added to
the griseofulvin-electrolyte solution and stirred in
the TAII at 800 rpm. The number of individual
primary particles in 14 size classes was recorded
for both the griseofulvin-electrolyte solution
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(background count) and the test suspensions. The
particle median volume diameter by weight were
calculated using a Hewlett Packard 9825T com-
puter (n = 3).

2.2.1.3. Gas adsorption surface area. The specific
surface area was determined by the BET method
using nitrogen gas (Flowsorb 11 2300 surface area
analyser, Micromeritics, U.S.A.) (n = 3).

2.2.1.4. Differential scanning calorimetry (DSC).
DSC scans of the different forms of griseofulvin
were obtained using a Mettler TC 3000 differen-
tial scanning calorimeter, DSC (Hightstown, NI,
U.S.A)) in the temperature range 25-250°C, and
at a scanning rate of 10°C/min. The sample
weight was 4.5-5.5 mg (n = 3).

2.2.2. Solubility measurements

2.2.2.1. Analytical procedure. The solubilities of
the different forms of griseofulvin were deter-
mined by adding amounts of the test materials
ranging between 60 and 960 mg/l to purified
water in a 500 ml volumetric flask. The suspen-
sions were stirred over a magnetic stirring board
at a rate of 300 rpm (+50). 7.5 ml aliquot sam-
ples were withdrawn periodically into 10 ml cen-
trifugation tubes and centrifugated using a Wifug
laboratory centrifuge (Lamor-M, U.K.) at a speed
of 4500 rpm for about 5 min. After centrifuga-
tion, 5 ml samples were transfered to 25 ml
volumetric flasks and the volumes were made up
with water. The amount of griseofulvin dissolved
was measured spectrophotometrically (Zeiss PMS,
Germany) at 295 nm. (n = 3).

2.2.2.2. Definition of the initial solubility. For the
milled and quenched griseofulvin samples an ini-
tially high solubility level was reached. This solu-
bility peak value corresponds to the maximum
solubility level attainable under the experimental
conditions used (amount of material added, tem-
perature, agitation, etc.). The term ‘initial solubil-
ity’ will be used throughout this paper to describe
the peak solubility values obtained for the griseo-
fulvin samples.

3. Results and discussion

3.1. Evaluation of the concentration-time (solubil-
ity) profiles

The concentration-time profiles of griseofulvin
in water at 21°C (Fig. 1) showed a steady increase
in the amount of the unmilled sample, form I,
dissolved in water, to reach a plateau concentra-
tion after about 8 h. The plateau concentration
agreed with earlier reported solubility values of
griseofulvin (Nystrom et al., 1985; Sjokvist et al.,
1991).

The milled sample, form II, showed an initially
high solubility peak value after about 6 h fol-
lowed by a decline to a lower plateau. The plateau
observed in this case is higher than that obtained
for the unmilled sample. The profile produced by
the milled sample resembled the characteristic
concentration-time profile of a metastable poly-
morph (Lin, 1972) and that of anhydrous material
(Rodrigues-Hornedo et al., 1992), except that in
the latter cases, the plateau concentrations
reached with time were not at elevated levels. In
other cases, the plateau concentration was sta-
bilised at the peak concentration for a prolonged
time period (Chiou and Kyle, 1979).

The quenched griseofulvin sample, form III,
produced a concentration-time profile similar to
that of the milled sample except that the peak
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Fig. 1. Concentration-time profiles of griseofulvin in water at

21°C, 60 mg/1 and 300 rpm (bars = 95% confidence interval

of the mean): (0) (I) unmilled material; (®) (II) milled mate-

rial; (dotted line) (III) quenched material initial level.
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Table 1
Initial solubilities of different samples and treatments of
griseofulvin at 23°C, 60 mg/l and 300 rpm

Sample Solubility n
(mg/ml)
Form 1 unmilled material 8.624 (+0.36) 10
Form II milled for 15 min 10.047 (4 0.40) 8
milled for 30 min 10.205 (4 0.60) 8
Form I11 quenched material 12.325 (+1.89) 5

value was much higher, as represented by the
dotted line in (Fig. 1) and the time required to
reach the peak was much longer (more than 40
h), which thus did not allow the presentation of
the whole profile in Fig. 1. The long time re-
quired by the quenched samples to reach the
peak value is probably due to the small surface
area taking part in the dissolution process, as
quenching of griseofulvin produced smooth, dense
and round spheres.

The increase in solubility attained by the milled
griseofulvin, form II (Fig. 1 and Table 1) may
correspond to the solubility of an ‘activated state’.
The relatively fast (6 h compared to 8 h) dissolu-
tion process to reach this solubility level may
depend on either an increased effective surface
area for dissolution (S.) of the solid drug by
de-agglomeration of the starting agglomerates, or
be due to an improved dissolution process at the
particle surfaces. The latter could be due to in-
creased solubility of drug molecules undergoing
dissolution (C,) as described by the equation
based on the theories of Noyes and Whitney
(1897), Nernst (1904) and Brunner (1904);

(dc/dt) =(D/Vh) S, (C;—Cy) (1)

where D is the diffusion coefficient, # denotes
the thickness of an assumed stagnant diffusion
boundary layer, V' is the volume of solvent and C,
the concentration of the solute in the main part
of the solvent.

As activated states are high-energy metastable
states by definition (Hiittenrauch, 1985; Buckton
and Beezer, 1992), they tend to resume more
thermodynamically stable, lower energy, states.
The actual peak solubility value of milled griseo-
fulvin might be higher than the measured peak
during the experiments, since the change back to

a more stable crystalline form of griseofulvin, by a
precipitation /crystallisation process, might com-
pete with the dissolution of the milled material
during the early dissolution phase (Chiou and
Kyle, 1979; Rodrigues-Hornedo et al., 1992). This
might explain the concentration-time profile of
the milled griseofulvin, where the initial phase of
the profile is dissolution-dominated until the
highest possible level of supersaturation is
reached, i.c., the peak, while the second phase of
the profile is dominated by a transition back to a
more thermodynamically stable form of griseoful-
vin, shown by a decline from the peak value.
However, during the relatively short observation
period in Fig. 1 no statistically significant reduc-
tion was seen.

3.2, Primary characterisation of the test materials

3.2.1. Particle shape and size

Microscopic examination of milled griseofulvin
revealed a flattened, elongated and irregular ag-
glomerated particles, while unmilled samples
consisted of a mixture of spherical and elongated
particles. It seemed that although the milling
might have affected the particle shape, it did not
lead to any de-agglomeration, since only agglom-
erates and not individual primary particles were
observed.

This is supported by the individual primary
particle size analysis using Coulter counter (Table
2), which showed individual primary particle sizes
of 3.8 and 4.6 um for the unmilled and milled
samples, respectively, indicating that the milling

Table 2
Apparent particle density, surface area and particle size of
griseofulvin test samples

Sample Density Coulter counter BET
(cm®/g) particle size

Weight Surface area

(Mm) ® (m2/cm3)
Umilled 1.45 38 0.5 24
2.0 22
Milled 1.44 4.6 0.5 24
1.8 2.5

# Median volume diameter by weight measured with a Coulter
Counter TAIL
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Fig. 2. DSC thermograms of griseofulvin: (I) unmilled mate-
rial; (IT) milled material; (II) quenched material.

process did not reduce the size of the individual
primary particles.

3.2.2. Surface area

Nitrogen gas adsorption surface area measure-
ments were performed to study the effect of
milling on surface area. The BET surface area
was not affected by the milling of griseofulvin.
The measured BET surface area values were 2.4
m?/cm? for both the unmilled and milled sam-
ples (Table 2).

3.2.3. Differential scanning calorimetry (DSC)
The DSC scans of the unmilled, milled and
quenched griseofulvin showed that the unmilled
and milled forms produced scans typical of crys-
talline materials (Fig. 2b—c), with a melting point
of ~219°C and a heat of fusion, AH;, of 117
J/g. The quenched griseofulvin, form III, showed
a typical amorphous behaviour (Fig. 2a), with a
glass transition temperature, 7, at ~ 85°C and a
crystallisation temperature, 7., at ~ 133°C. The
scans presented in Fig. 2 are consistent with
previously published DSC scans of griseofulvin
(Grant et al., 1986; Ford, 1987). If the samples of
forms I and Il were scanned for a second time,
after cooling to about room temperature, scans

typical of noncrystalline materials were produced,
with identifiable T, and T, corresponding to the
quenched sample, form III.

Since no differences were noted between the
unmilled and milled forms, it seemed that these
samples were thermodynamically equivalent.
However, if milling of griseofulvin produces acti-
vation occurring only at the particle surfaces, the
total amount of disordered material may be too
low to be detected by DSC, which measures the
bulk and not the surface properties of the sample
(Hersey and Krycer, 1980).

From the above characterisation results, it ap-
pears that milling of griseofulvin did not produce
changes in the bulk thermal properties identifi-
able by DSC, nor did it increase the BET surface
areas (S,) or the individual primary particle size,
to fully explain the apparent increase in solubility
and in the initial dissolution rate of the milled
griseofulvin, form II.

3.3. Thermodynamic evaluation

3.3.1. Free energy

For increased solubility to occur, there should
be a thermodynamic transformation of molecules
at the particle surface or of the entire bulk solid,
to a higher energy state. During milling, changes
in surface free energy (Dialer and Kussner, 1973;
Buckton et al., 1988; Grant, 1991) and in instan-
taneous (corresponding here to ‘initial’) solubility
(Grant, 1991), have been reported. Processing
increases the free energy, i.e., G;; > Gy, for the
milling process, whereas the crystallisation of
amorphous material is spontaneous, i.e., has a
negative AG value.

A simplified attempt to calculate the free en-
ergy of the milled material compared to the crys-
talline was made by using the solubility terms C:

A(AG) = AG, - AGy =RT In(Cgy,/Cqayy)  (2)

where Cyqyy is the initial solubility of the pro-
cessed material (II) and Cy;, represents the solu-
bility of the untreated material (I) (Grant, 1991).
Since no ‘perfect’ crystal, having a AG value of 0,
is attainable, comparative measurements could be
performed by assuming the unmilled material as
having a AG value of 0. In this case, the milled



164 A.A. Elamin et al. / International Journal of Pharmaceutics 111 (1994) 159-170

Table 3

Effect of milling on some thermodynamic properties of griseo-
fulvin (I, unmilled griseofulvin; I, milled griseofulvin for 15
min)

Form I Form 11
AG ? (J /mol) 0° -376
AH, ® (k] /mol) 26.7 143

# Calculated using Egq. 2.

® From van’t Hoff plot in Fig. 3.

° AG = O by definition for a perfect unmilled crystalline mate-
rial.

test material had a free energy value of —376
J/mol (Table 3).

3.3.2. Molar heat of solution

The effect of temperature on the initial solu-
bility of the unmilled and the milled griseofulvin
was evaluated. By use of the van’t Hoff relation-
ship between the log initial solubility values and
the reciprocal of the absolute temperature (Fig.
3) a linear correlation was established between
the initial solubility values for both forms and the
reciprocal absolute temperature (correlation co-
efficent 0.99 and 0.98). The solubility values of
the unmilled showed a greater sensitivity to
changes in temperature than the milled samples
in the temperature range studied. The slope of
the straight line in Fig. 3 permitted the calcula-
tion of the molar heats of solution, AH,, of 26.7
and 14.3 kJ/mol for the unmilled and milled
forms, respectively.

These findings might provide the explanation
for the increased solubility of the milled griseo-

15
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Fig. 3. A van’t Hoff plot of (0) unmilled (I) and (®) milled (II)
griseofulvin; 60 mg/1 and 300 rpm.

fulvin, as they show that less energy is required
for the molecules of the milled samples to leave
the solid surface and to be molecularly dispersed
in the liquid surroundings. The reduction of the
molar heat of solution is thought to be due to the
increased disordering of the material induced by
grinding, i.e., mechanical activation. The heat of
solution has earlier been used as a mean of
characterising the crystallographic states of solid
pharmaceuticals (Hendriksen, 1990).

Thus, the process-induced increase in free en-
ergy will correspond to a general increase in
reactivity and disorder (Davies and Rideal, 1963;
Nelson, 1972), i.e., an increased molecular mobil-
ity at the particle surface, as well as exposure of
more reactive chemical groups to the solvent
(Ahlneck and Zografi, 1990). The free energy
could be measured by a reaction-related equilib-
rium property, e.g., the instantaneous solubility
(Grant, 1991) (Table 3), or a decreased enthalpy
which reduces the heat of solution, AH_. Here,
the energy required for bond breakage during
dissolution is reduced which depends on both the
enthalpy and the entropy of the process.

3.4. Evaluation of the amount and position of the
disordered (amorphous) material

The results obtained so far indicated that
milling of griseofulvin particles caused activation,
and thus disordered, at least parts of the solid
structure. To study further the amount and posi-
tion of such a disordered fraction, several specific
experiments were performed. Due to the type of
milling procedure and since the attainment of the
initial solubility level is an interfacial phe-
nomenon, it was assumed that the disordered
(amorphous) fractions of the milled griseofulvin
samples exist as an external surface layer, around
a more or less crystalline core. This hypothesis
was the basis for the design of the following
experiments.

3.4.1. Effect of the amount of griseofulvin used in
the solubility experiment

The initial solubility values of the unmilled
griseofulvin, form I, were more or less the same
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Fig. 4. Effect of amount of griseofulvin added on the initial
solubility for unmilled (filled bars) and milled (hatched bars)
griseofulvin at 21°C and 300 rpm (vertical bars = 95% confi-
dence interval of the mean).

regardless of the amount of material added (Fig.
4). This is to be expected for a perfectly ordered
crystalline material, where a thermodynamically
stable solubility level is reached which is in agree-
ment with the Noyes-Whitney equation (Eq. 1),
i.e., the increase in surface area affects only the
dissolution rate and not the solubility. In the
experiments to collect the data used in Fig. 4, the
above statement was justified by quicker attain-
ment of the peak, when the amount of material
added to the dissolution medium was increased.
The slight increase in the initial solubility values
for the unmilled material (Fig. 4) is probably due
to the presence of a small number of defects in
the unmilled material, an absolute number that
increases when increasing the amount added. The
use of a large excess of sparingly soluble drug in
solubility measurements was reported to greatly
aggravate the effects of impurities and the ener-
getic heterogeneity of the crystal (Higuchi et al.,
1979; Grant and Higuchi, 1990).

The milled material, form II, showed a propor-
tional increase in the initial (peak) solubility val-
ues when increasing the amount added to the
dissolution medium, until it reached the level of
the quenched material (represented by lines in
Fig. 4). A further increase in the amount added
did not produce any increase in the initial solubil-
ity values.

For the quenched griseofulvin, form III, in-
creasing the amount of the quenched material
did not produce any significant increase in the
initial solubility values, as represented by the
small difference between the two inserted lines in
Fig. 4.

The differences between the milled and un-
milled forms, shown in Fig. 4, can be explained by
the fact that milling causes preferential disorder-
ing of the surface structure rather than the entire
bulk structure. Therefore, when low amounts of
the milled griseofulvin close to the saturation
level were used, a substantial volume fraction of
the added griseofulvin particles was dissolved,
and thus, exposed a new solid liquid interface
consisting mainly of crystalline solid structure.
The initial solubility level obtained will, then, be
determined mainly by the relative contribution of
the total amount of the disordered material in
the sample used. When larger amounts of the
milled material are added, the greater relative
contribution of the disordered material in the
sample will increase the initial solubility level
progressively until the solution phase reaches a
saturation level of disordered material at 480
mg /1, where the initial solubility level equals that
of the totally amorphous quenched sample.

3.4.2. Repeated solubility measurements of a milled
griseofulvin sample

Repetitive solubility experiments were per-
formed using a large amount of the milled mate-
rial, form II. Here, after each measurement, the
supernatant solution was withdrawn, assayed and
the particles were re-suspended for a new mea-
surement, repeated 7 times. The mean initial
solubility values (Fig. 5) decreased gradually each
time until a plateau level was reached, compara-
ble to the one obtained using the same amount of
the unmilled material.

This finding indicates that by re-suspending
the same particles, the amount of activated, highly
energetic and easily soluble material at the parti-
cle surfaces progressively decreases with each re-
peat, until a more crystalline surface was reached,
thus supporting the assumption that milling of
griseofulvin creates a surface layer or regions of
disorder at the particles surface.



166 A.A. Elamin et al. / International Journal of Pharmaceutics 111 (1994) 159-170

(mg/l)

_________________________________________ Quenched
12 [ (initial level)

Unmilled material
(initial level)

Initial solubility
L4 5
1
.—t
HE
]
)
1
1
'
'
'
'
1
T
]
E
>—:—o—|
1
1
1
'
y
]
1
]

ls'l. 2I|'d. 3rld. 4r’d. St‘ll. 6l'hA 7('h.
Number of solubility measurements
Fig. 5. The initial solubility of ground griseofulvin (I) as a
function of the number of repetitive solubility measurements
at 21°C, 300 rpm and 480 mg /1 (bars = 95% confidence inter-
val of the mean).

3.4.3. Calculation of the amount of disordered
material

Using the data presented in Fig. 5, the total
amount of disordered material was calculated as
outlined in Table 4. The amount of milled griseo-
fulvin added in the first solubility experiment was
480 mg/l. This amount was considered high
enough (Fig. 4) to enable saturation of the solu-
tion phase with the disordered material, while
still maintaining a disordered interfacial solid
structure. Thus, the entire amount dissolved can

Table 4

Calculation of the amount of disordered material from the
data of the repeated solubility measurement of milled griseo-
fulvin

Experi- Solubility Increase

Calculated amount

ment (mg/D in solubility of disordered

from unmilled material (ing)

level (mg /1)
1 11.5 2.3 23/23%x11.5=115
2 104 1.2 12/23%x104= 54
3 9.9 0.7 0.7/2,3% 99= 3.0
4 10.3 1.1 1.1/23%103= 4.9
5 9.5 0.3 03/23% 95= 12
6 9.7 0.5 05/23%x 9.7= 2.1
7 92 0.0 00/23x 92= 0

3 281

2 Amount of milled griseofulvin used was 480 mg /1.
b Solubility value of 480 mg /! of unmilled griseofulvin was 9.2

mg /1.

be regarded as originating from the disordered
fraction.

In the last, seventh solubility experiment, since
the initial solubility level was close to that pro-
duced by an equal amount of unmilied material,
it was argued that no disordered material was left
on the particles surface. By addition of the
amounts of disordered material dissolved from
the particles surface in the repeated solubility
experiments, the total calculated amount of disor-
dered material was estimated to be 28.1 mg (Ta-
ble 4), corresponding to a total volume fraction of
disordered material of 5.8%.

3.4.4. Calculation of the thickness of an assumed
disordered surface layer

Consider a hypothetical spherical milled parti-
cle 4.6 um in diameter (Fig. 6). Assuming that
milling produces a complete and uniform external
layer of disordered material around a crystalline
core, and that the milled particle and the crys-
talline core have a similar density. From the value
of 28 mg total amount of disordered material
obtained above, the thickness of the assumed
disordered surface layer was calculated as fol-
lows:

mass of original particles = 480 mg = nd (7 /6)d>
mass of crystalline core

= (480 — 28) mg = nd,(m/6)d;

Crystalline core
diameter = d2

External disordered layer
thickness (td) = d1 - d2
2

-
Original milled particle
diameter = d1
Fig. 6. Simplified geometrical illustration of an assumed disor-

dered surface layer around a crystalline core of a milled
griseofulvin particle.
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external disordered minimum layer thickness (¢,)
= (d, - d,)/2 (Fig. 6)
480 —28\'”*
- ( 480 )

=d1 >

The disordered layer thickness (z4) = 46 nm.

3.4.5. Effect of the particle surface structure on the
initial solubility

The interpretation of the results presented so
far suggested that the surface structure of griseo-
fulvin particles determines the initial solubility
level reached. It is thus of interest to determine
further whether a mixture of both crystalline and
disordered materials will deliver initial solubility
levels reflecting the composition of the external
surface structure, i.e., if a replacement of the
solid material interface would be shown directly
by a change in the initial solubility.

Two suspensions were prepared using 960 mg /1
of forms I and II of griseofulvin. After attainment
of the initial solubility levels, the two suspensions
were centrifuged to remove the solid particles. To
the supernatant solutions obtained, fresh (new)
solute particles equivalent to 960 mg /1 of form I,
form II and a mixture of the two forms (75:25,
50:50, 25:75%) were added. The change in the

Quenched
(initial level)

Unmilled
{initial level)

Amount dissolved (mg/l)

d
4

T
0 1

2
Time (days)

amount of griseofulvin in solution was then fol-
lowed with time, with continuous stirring.

For the solutions obtained using form I parti-
cles (Fig. 7a), the addition of fresh form I parti-
cles did not produce any change in the amount of
griseofulvin in solution. However, the addition of
form II particles led to a substantial initial in-
crease in the amount of griseofulvin in solution,
followed by a gradual decrease, in much the same
way as presented earlier (Fig. 1). The mixtures of
forms I and II particles added produced a step-
wise initial increase in the amount of griseofulvin
in solution, proportional to the increased portion
of form II used, followed by a gradual decrease as
in the case of pure form II added particles. These
findings indicates that the addition of a mainly
amorphous interface changes the pesudo-solubil-
ity equilibrium so that more molecules are re-
leased from the solid amorphous interface and
goes into solution.

For the solutions obtained using form II parti-
cles (Fig. 7b), the addition of fresh form I parti-
cles led to a sharp and rapid drop in the amount
of griseofulvin in solution. The mixture contain-
ing 75% form I particles behaved in much the
same way, but the drop was of a much lower
extent than the 100% form I sample. It seemed
that the presence of form I particles favoured the
precipitation /crystallisation process, manifested
by a decrease in the amount of griseofulvin in

Quenched
{initial level)

Unmilled
(initial level)

Amount dissolved (mg/l)

Time (days)

Fig. 7. (a) Effect of changing the solid-liquid interface of a solution obtained from 960 mg/l unmilled material at 21°C and 300
rpm: (¢) 100% unmilled, (M) 75% unmilled + 25% milied, (&) 50% unmilled + 50% milled, (O) 25% unmilled + 75% milled, (O)
100% milled. (b) Effect of changing the solid-liquid interface of a solution obtained from 960 mg/1 milled material at 21°C and 300
rpm. (®) 100% unmilled, (M) 75% unmilled + 25% milled, (a ) 50% unmilled + 50% milled, (3) 25% unmilled + 75% milled, (O)
100% milled.
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solution. This can be explained assuming that the
precipitation /crystallisation process led to the
formation of a solid having a structure similar to
that of the solid interface introduced, i.e., epitaxi
phenomenon (Rodrigues-Hornedo et al, 1992). It
would follow, then, that the crystalline surface
layer, or interface added, will induce precipita-
tion of a solid having a crystalline structure. Such
a precipitation releases more exothermic energy
than an amorphous precipitate. Therefore, when
form I particles were added to the form II solu-
tion, the new suspension formed was supersatu-
rated, and the precipitation / crystallisation of the
solute molecules decreases their concentration in
the solution phase.

The addition of 100% form II particles pro-
duced a further initial increase in the amount of
griseofulvin dissolved followed by a decrease. The
mixture sample containing 75% form II particles
showed the same trend as the 100% sample, but
the increase was relatively smaller. Here, it seem
that the supersaturation in the local micro-en-
vironment of the mainly amorphous interface
added is greater than that in the bulk solution.
Accordingly, the concentration gradient causes
the molecules -to diffuse away from the particle
micro-environment into the solution phase, and
thus, increase the concentration of solute
molecules in solution.

The 50:50% mixture of forms I and II added
to form II solution did not show any change in
the amount of griseofulvin dissolved. It seems
that the tendency to decrease of the amount of
griseofulvin dissolved due to the presence of form
I particles, is compensated by an equal and oppo-
site tendency to increase, produced by the pres-
ence of form II particles.

These findings support the view that the initial
solubility level of milled griseofulvin is a true and
direct reflection of the solid state structure of the
particle surface.

3.5. Evaluation of the metastable nature of the
increased solubility

It has been argued throughout this paper that
the increased solubility of the milled griseofulvin,
form II, is metastable. Therefore, the activated

No final stirring

Quenched
(initial level)

_ .. Unmilled material
(initial level)

No stirring

Amount dissolved (mg/l)

0 25 50 75 100
Time (hours)

Fig. 8. Effect of stirring on the concentration-time profile of
milled griseofulvin at 21°C, 60 mg /1 and 300 rpm (bars = 95%
confidence interval of the mean): (O) continuous stirring, (a)
stirring only in the initial dissolution phase, (W) no stirring.

molecules in solution ought to lose their acquired
high-energy states and precipitate or crystallise
out of solution in a structurally more ordered,
thermodynamically more stable and less soluble
form, to ultimately reach an equilibrium, i.e., the
equilibrium solubility. To investigate the reasons
why this did not happen during the observation
time in Fig. 1, the effect of molecular diffusion on
the concentration-time profile was investigated.
Here, experiments were performed with and
without stirring throughout the whole profile. In
a third experiment, stirring was performed only
until the initial (peak) solubility was reached, and
stirring was not continued beyond that point.

The concentration-time profiles of the three
sets (Fig. 8) revealed that the unstirred samples
showed a slow increase in the amount of griseo-
fulvin dissolved to reach a plateau at about 80 h.
The stirred samples demonstrated a relatively
faster increase in the amount of griseofulvin dis-
solved until the peak value was reached, followed
by a gradual decrease. The third sample showed
behaviour identical to that of the stirred sample,
and both samples showed a gradual, slow and
equal decrease in the amount of griseofulvin in
solution after reaching the peak value, which was
not affected by stirring.

The above findings indicated that the rate-
limiting step in the portion of the concentration-
time profile before the attainment of the peak is
controlled by solute molecular diffusion. How-
ever, after the attainment of the peak, the transi-
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tion to a lower energy state was not affected by
the solute molecular diffusion, and the rate-limit-
ing step seemed to be a surface-controlled growth
mechanism, probably a slow solid-state rear-
rangement process.

4. Conclusions

Milling of griseofulvin particles produced an
increased metastable solubility, which might cor-
respond to the solubility of an activated state.
The milling operation did not change the materi-
als bulk thermal properties identifiable by DSC,
nor did it increase the BET surface area or affect
the individual primary particle size to explain the
apparent increase in solubility. However, thermo-
dynamic evaluation of the test materials showed
an increase in the free energy and a decrease in
the enthalpy of solution of the milled griseoful-
vin, suggesting that the increase in solubility was
due to disordering of the solid structure.

The disordering of the particles was estimated
to be about 5.8% w/w of the total mass. The
relatively small total disordering produced by this
mechanical process limits its impact on the total
dissolution rate and hence, its bioavailability. The
disordering is, probably, limited only to an exter-
nal assumed surface layer (40-50 nm). Proce-
dures to estimate both the amount and position
of the disordering caused by the milling operation
have been described.

The surface structure of griseofulvin particles
seemed to determine the initial solubility level
reached, and the replacement of the solid mate-
rial interface exposed to the dissolution medium,
would directly be refleced by a change in the
initial solubility.

The decrease from the initially high metastable
solubility level to the stable equilibrium solubility
level reflects the transition of the disordered ma-
terial to a more ordered (crystalline) form. This
process is slow, and the rate-limiting step seems
to be a surface reaction mechanism, probably a
solid-state rearrangement process, and not a pro-
cess controlled by solute molecular diffusion in
the solution phase.

References

Ahlneck, C. and Zografi, G., The molecular basis of moisture
effects on the physical and chemical stability of drugs in
the solid-state. Int. J. Pharm., 62 (1990) 87-95.

Brunner, E. Reaktionsgeschwindigkeit in heterogenen Syste-
men. Z. Phys. Chem., 47 (1904) 56-102.

Buckton, G. and Beezer, A.E., The relationship between
particle size and solubility. Int. J. Pharm., 82 (1992) R7-
R10.

Buckton, G., Choularton, A., Beezer, A.E. and Chatham,
S.M.,, The effect of comminution technique on the surface
energy of a powder. Int. J. Pharm., 47 (1988) 121-128.

Chiou, W.L. and Kyle, L.E., Differential thermal, solubility
and ageing studies on various sources of digoxin and
digitoxin powder. Biopharmaceutical implications. J.
Pharm. Sci., 68 (1979) 1224-1229.

Davies, J.T. and Rideal, EXK., Interfacial Phenomena, 2nd
Edn, Academic Press, New York, 1963, p. 63.

Dialer, K. and Kussner, K., Oberflichenentfaltung und
Enegicaufnahme bei der Schwingmahlung von Kristal-
Izucker zum Einfluss der Bindungshiltnisse auf die Fein-
stzerkleinerung. Kolloid-Z.Z. Polym., 251 (1973) 710-715.

Florence, A.T. and Attwood, D., Physicochemical Principles of
Pharmacy, 2nd Edn, Macmillan, London, 1988, p. 131.

Florence, A.T. and Salole, E.G., Changes in crystallinity and
solubility on comminution of digoxin and observations on
spironolactone. J. Pharm. Pharmacol., 28 (1976) 637-642,

Florence, A.T., Salole, E.G. and Stenlake, J.B., Effect of
particle size reduction on digoxin crystal properties. J.
Pharm. Pharmacol., 26 (1974) 479-480.

Ford, J.L., The use of thermal analysis in the study of solid
dispersions. Drug Dev. Ind. Pharm., 13 (1987) 1741-1777.

Grant, D.J.W., Considerations in the measurements and con-
trol of particles in pharmaceuticals. Proc. 33rd Annu. Int.
Ind. Pharm. Res. Conf., Merrimac, W1, 1991.

Grant, D.J.W. and Higuchi, T., Solubility Behaviour of Or-
ganic Compounds, Wiley, New York, Vol. 21 of the series
Techniques of Chemistry, 1990, pp. 384-391.

Grant, D.JW.,, Chow, K.Y. and Lam, S., Relationships be-
tween the solid state properties of griseofulvin obtained
from different sources and crystallized under various con-
ditions. 4th Int. Conf. Pharm. Technol., Paris, Vol. 1, 1986,
pp. 23-32.

Hendriksen, B.A., Characterization of calcium fenoprofen: 1.
Powder dissolution rate and degree of crystallinity. Int. J.
Pharm., 60 (1990) 243-252.

Hersey J.A. and Krycer, 1., Biopharmaceutical implications of
technological change. Int. J. Pharm. Tech. Prod. Manuf., 1
(1980) 18-21.

Higuchi, T., Shin, FM.L., Kimura, T and Rytting, J.H., Solu-
bility determination of barely aqueous soluble organic
solids J. Pharm. Sci., 68 (1979) 1267-1272.

Hiittenrauch, R., Fundamentals of pharmaceutics. Acta
Pharm. Technol., 34 (1988) 1-10.

Hiittenrauch, R., Modification of starting materials to im-



170 A.A. Elamin et al. / International Journal of Pharmaceutics 111 (1994) 159-170

prove tabletting properties. Pharm. Ind., 45 (1983) 435-
440.

Hiittenrauch, R., Molekulargalenik als Grundlage moderner
Arzneiformung. Acta Pharm. Technol., (Suppl.) 6 (1978)
55-127.

Hiittenrauch, R., Fricke S. and Zielke, P., Mechanical activa-
tion of pharmaceutical systems. Pharm. Res., 2 (1985)
302-306.

Lin, S.L., Preformulation investigation: II. Dissolution kinet-
ics and thermodynamic parameters of polymorphs of an
experimental antihypertensive. J. Pharm. Sci., 61 (1972)
1423 -141430.

Nelson, K.G., The Kelvin equation and solubility of small
particles. J. Pharm. Sci., 61 (1972) 479-480.

Nernst, W., Theorie der Reaktionsgeschwindigkeit in hetero-
genen Systemen. Z. Phys. Chem., 47 (1904) 52-55.

Noyes, A. and Whitney, W., The rate of solution of solid
substances in their own solutions. J. Am. Chem. Soc., 19
(1897) 930-934.

Nystom, C., Mazur, J., Barnett, M.1. and Glazer, M., Dissolu-
tion rate measurements of sparingly soluble components
with the Coulter Counter model TA IL J. Pharm. Pharma-
col., 37 (1985) 217-221.

Rodrigues-Hornedo N., Lechuga-Ballesteros D. and Wu, H.J.,
Phase transition and heterogenous /epitaxial nucleation of
hydrated and anhydrous theophylline crystals. Int. J.
Pharm. 85 (1992) 149-162.

Sjokvist, E., Nystrom, C. and Aldén M., Physico-chemical
aspects of drug release: XIII. The effect of sodium dodecyl
sulphate additions on the structure and dissolution of a
drug in solid dispersions. Int. J. Pharm., 69 (1991) 53-62.

Suryanarayanan R. and Mitchell, A.G., Evaluation of two
concepts of crystallinity using calcium gluceptate as a
model compound. Int. J. Pharm., 24 (1985) 1-17.

York, P., Solid-state properties of powders in the formulation
and processing of solid dosage forms. Int. J. Pharm., (1983)
1-28.



