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PREFACE

Like its predecessors, Volume 7 of Advances in Pharmaceutical Sciences
presents critical evaluations of current research and development in selected
fields of pharmaceutical technology. It reflects, in particular, two activities
vital to the industry. The first is the provision of a better understanding
of well-established processes. This provides both a rationale for further
exploitation and a secure basis for the management of quality. The contri-
butions of Rowe, Roberts and Kristensen, all world authorities in the field
of powder technology, exemplify this principle with major contributions
which displace much of the empiricism associated with the characterization
of powders and agglomeration.

The second major contribution of pharmaceutical technology lies in
refined drug delivery. This is founded on a mastery of physico-chemical prin-
ciples which are then related to clinical practice through pharmacokinetics.
The first part of this sequence is illustrated in Nairn’s comprehensive
review, which assesses the considerable contribution of coacervation techni-
ques, and the second by Urtti’s account of the pharmacokinetics of ocular
drug delivery. These accounts provide a strong base for rational product
development and future invention.

D. Ganderton
Kings College, London

T.M. Jones
The Association of the British Pharmaceutical Industry

J. W. McGinity
The University of Texas at Austin



THE MECHANICAL PROPERTIES OF POWDERS

R.C. Rowe and R.). Roberts

ZENECA Pharmaceuticals, Macclesfield, Cheshire, UK

INTRODUCTION

The vast majority of drugs, when isolated, exist as crystalline or amorphous
solids. Subsequently, they may be either milled (comminuted) and/or
admixed with other inactive solids (excipients) and finally filled into cap-
sules or compacted to form tablets. The processes of comminution and
compaction involve subjecting the materials to stresses that cause them to
undergo deformation. The reaction of the material to the deformation
stress, o, is dependent on both the mode of deformation and the mechani-
cal properties of the material.

(a) For elastic deformation

04=¢€E o))

where E is the Young’s modulus of elasticity of the material and e is the
deformation strain.
(b) For plastic deformation

ou=og, @

where o, is the yield stress of the material.
(c) For brittle fracture

AK,
04 = JZ:IC ©)
where K¢ is the critical stress intensity factor of the material (an indica-

tion of the stress required to produce catastrophic crack propagation), d
is the particle size (diameter) and A is a constant depending on the geometry
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Fig. 1 Schematic diagram showing the effect of particle size on the deformation stress for
materials that undergo brittle fracture and/or plastic deformation.

and stress application. For compression of rectangular samples with large
cracks A = v/32/3 or 3.27 (Kendall, 1978) but for other geometries 4 varies
between 50 and 1 (Puttick, 1980).

It is evident from the equations and Fig. 1 that large particles will tend
to crack because the stress required for brittle fracture will be less than that
needed for plastic flow and vice versa for very small particles. The transi-
tion from brittle to ductile behaviour will occur at a critical size, d.;,
where the two stresses will be equal, i.e.

2
dcrit = (AKICJ (4)

9y

Application of equation 4 will be discussed later in the chapter.

It is evident from the discussion above that in order to be able to predict
the comminution and/or compaction behaviour of a material it is essential
that methods be derived to measure for powdered materials:

(@) The Young’s modulus of elasticity (E)
(b) The yield stress (o,) - this is directly related to the indentation hard-
ness, H, since for a plastic material:
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g, = = 5
y 3 ( )
(c) The critical stress intensity factor (K;-) - this is directly related to the
fracture toughness, R, since for plane stress:

K;e = (ER)m 6

In this chapter various methods that have been specifically applied to phar-
maceutical materials are reviewed and critically examined.

YOUNG'S MODULUS OF ELASTICITY

If an isotropic body is subjected to a simple tensile stress in a specific direc-
tion it will elongate in that direction while contracting in the two lateral
directions; its relative elongation is directly proportional to the stress. The
ratio of the stress to the relative elongation (strain) is termed Young’s
modulus of elasticity. This is a fundamental property of the material which
is directly related to its interatomic or intermolecular binding energy for
inorganic and organic solids, respectively, and is a measure of its stiffness.

The Young’s modulus of elasticity of a material can be determined by
many techniques, several of which have been used in the study of pharma-
ceutical materials, namely, flexure testing using both four- and three-point
beam bending, indentation testing on both crystals and compacts, compres-
sion testing, the split Hopkinson bar configuration and measurements from
other moduli.

Flexure testing (beam bending)

In flexure testing, a rectangular beam of small thickness and width in com-
parison with its length is subjected to transverse loads and its central deflec-
tion caused by bending is measured. The beam may be supported and
loaded in one of two ways (Fig. 2). If the beam is supported at two points
and is loaded at two points it undergoes what is known as four-point ben-
ding while if it is supported at two points but is loaded at one point it
undergoes what is known as three-point bending. In both systems the beam
must be supported symmetrically with an overhang at both ends and the
loading points must be symmetrical about the mid-point of the specimen.
Equations for the calculation of Young’s modulus from the applied load
F and the deflection of the mid-point of the beam { can easily be derived,
e.g. for four-point bending (Church, 1984):
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Fig. 2 Geometries for (a) four-point and (b) three-point beam bending. F, applied load; h, beam
thickness; b, beam width; / and a, distances between loading points as shown.

Fé6a(l* al a°
E=-—|c4+—=+— 7
§h3b[8+2+3J ™
for three-point beam bending (Roberts et al., 1991):
FP?
- 8
4th3b ®

where h and b are the height (thickness) and width (breadth) respectively
and / and a are as given in Fig.2. In both cases the value for Young’s
modulus for the specimen under test can either be calculated from a single
point determination or more commonly from the slope of total load (F)
versus central deflection ().

The four-point beam bending test was first used for pharmaceutical
materials by Church (1984) and has since been adapted by Mashadi and
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Newton (1987a,b), Bassam et al. (1988, 1990, 1991), Roberts et al. (1989b)
and Roberts (1991). Generally beams of varying height have been used -
100mm long by 10mm wide or 60mm long by 7mm wide - and are
prepared using specially designed punches and dies (Plate 1). Beams are
generally prepared at varying compression pressures to achieve specimens
of varying porosity. Although the height of the beam (at constant porosity)
is an experimental variable, Bassam ef a/. (1990) has shown that it does not
have a significant effect on the measured modulus.

The testing rig used by these workers consists essentially of three parts
(Plate 2): an upper frame (A) with a platform on which the beam is sup-
ported on the two outer contact points and which also holds a displacement
transducer kept in contact with the lower surface of the beam by means
of an elastic band, a block (B) containing the inner contact points resting
on the upper surface of the beam, and a lower frame (C) located in the
centre of block (B) by means of a ball bearing. In all cases the contact points
are cylindrical and mounted in ball-bearing races to allow free movement.
The two frames are attached to the moving platens of a tensile-testing
machine which allows measurements to be made at varying loading rates.
Generally, however, low rates are used (=1 mm min~') but Bassam et al.
(1990) have shown independence of loading rate up to rates of 1Smm

-1

min

100

Load (N)

0 P P U S
0 S50 100 150 200 250 300 350 400 450 500

Deflection (um)

Fig. 3 A typical load-deflection curve for a beam 100 mm long of microcrystalline cellulose.
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A typical load-deflection curve for a beam 100 mm long of microcrystal-
line cellulose compacted to a porosity of 14.6% is shown in Fig. 3. Gen-
erally, each beam is tested five times and for the specimen shown in Fig. 3
calculations of the Young’s modulus of elasticity gave a value of 3.53 +
0.07 GPa, i.e. a coefficient of variation of 2%; such reproducibility is not
uncommon with this method of measurement.

A disadvantage of the four-point beam test method is that it invariably
requires large specimens and hence large quantities of materials (15-20 g).
In addition, high-tonnage presses are needed to prepare the specimens thus
exacerbating problems with cracking and lamination on ejection from the
die. It was to overcome these difficulties that Roberts ez a/. (1989b) deve-
loped a three-point beam testing method that uses beams prepared from
200 mg of material. The beams in this case are 20 mm long by 7 mm wide
and are stressed by applying a static load of 0.3 N with an additional

3-point bend rig .. s

Measure probe

Additional
weight

Height adjustment
ring

linear motor coil

Fig. 4 Schematic diagram of the thermal mechanical analyser used to measure Young’s modulus.
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dynamic load of x0.25N (at a frequency of 0.17 Hz) using a thermal
mechanical analyser (Mettler Instruments TMA40). The schematic diagram
(Fig. 4) shows the position of the linear differential displacement transducer
attached to the measuring probe and the modification made to enable the
application of extra loading while Plate 3 shows the three-point bending rig
with the measuring probe. In operation a calibration run is first performed
to eliminate distortions in the sensor and other parts of the displacement
measuring system and then 20 measurements of specimen displacement are
undertaken to an accuracy of +0.005 um. The Young’s modulus of elasti-
city of the specimen is then calculated from the mean displacement cor-
rected for distortions using equation 8, where in this case F is the applied
dynamic load. Extensive testing by Roberts efal. (1989b) and Roberts
(1991) has shown equivalence between this test and the conventional four-
point beam test despite the fact that it is generally accepted that in the latter
there is a more uniform stress pattern over the central section of the beam
and little contribution from shear stresses.

A problem associated with the analysis of data for specimens prepared
from particulate solids is in the separation of the material property from
that of the specimen property which by definition includes a contribution
by the porosity of the specimen. All workers have found that for all
materials there is a decrease in Young’s modulus with increasing porosity
(Fig. 5). Numerous equations have been published which describe this rela-
tionship (Dean and Lafez, 1983). Certain equations are based on theoretical
considerations (Wang, 1984; Kendall e @l., 1987) while others are empirical
curve-fitting functions (Spriggs, 1961; Spinner ef al., 1963). Recently, Bassam
et al. (1990) have reported a comparison of all the equations currently in
use for data generated from four-point beam bending on 15 pharmaceutical
powders ranging from celluloses and sugars to inorganic materials such as
calcium carbonate and have concluded that the best overall relationship is
the modified two-order polynomial (Spinner et al., 1963)

E=E(1 - fiP + f,P?) ©

where E, is the Young’s modulus at zero porosity and E is the measured
modulus of the beams compacted at porosity, P; f; and f, are constants.
However such a conclusion may not be universal as during extensive studies
on a wider range of materials including drugs, Roberts (1991) concluded
that an exponential relationship (Spriggs, 1961) is the preferred option for
data generated using the three-point beam testing method, i.e.

E = E,exp~ % (10)

where b is a constant. It is interesting to note that, on average, the extra-
polated values of E, (Young’s modulus at zero porosity) calculated using
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Fig. 5 The effect of porosity on the measured Young's modulus of M, PTFE; A, testosterone
propionate; 4, theophylline (anhydrous). Data generated using three-point beams (taken from
Roberts et al., 1991).

both equations are only marginally different (Bassam et al., 1988, 1990).

The analysis of Young’s modulus at zero porosity thus provides a means
of quantifying and categorizing the elastic properties of powdered ma-
terials. Table 1 shows literature data for a variety of pharmaceutical excipi-
ents and drugs determined using beam bending methods. It can be seen that
the values vary over two orders of magnitude ranging from hard rigid
materials with very high moduli (e.g., the inorganics) to soft elastic ma-
terials with low moduli (e.g., the polymeric materials). As a result a rank
order of increasing rigidity of tabletting excipients can be listed: starch <
microcrystalline celluloses < sugars < inorganic fillers with variations in
the groups dependent on chemical structure as well as the preparation and
pretreatment routes (including particle size).

The effects of particle size are distinguishable within the celluloses and
a-lactose monohydrate. In the former there is a small increase with decreas-
ing particle size while in the latter the increase is much greater. Whereas
in the former the effect is probably due to an increase in contact area, in
the latter the effect is due to specimen defects in that the specimens used
by Bassam efal. (1990) contained microscopic flaws and cracks. Recent
work by Roberts (1991) has shown that it is necessary to eliminate all
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specimens with cracks otherwise the extrapolated modulus values to zero
porosity are inconsistent.

For the lactose samples the rank order of increasing rigidity is spray dried
< B-anhydrous < a-monohydrate, consistent with the findings of workers
describing the compaction properties of the materials using instrumented
tabletting machines (Fell and Newton, 1971; Vromans efal. 1986). The
variations in the cellulose samples can be attributed to subtle differences
in the manufacturing preparative technique. However, it is known that this
factor can also affect the equilibrium moisture content of the samples with
Unimac samples attaining a lower equilibrium moisture content than Avicel
samples. As it is known that increasing moisture content can lead to a
decrease in Young’s modulus for microcrystalline cellulose (Bassam et al.,
1990) the differences in modulus between sources listed in Table 1 would
be expected to increase if all materials were compared at equivalent mois-
ture contents.

All the drugs tested exhibited low moduli equivalent to the polymeric
materials. This is not totally unexpected as it is known that many organic
solids including drugs form glasses which exhibit anomalous endotherms
that resemble glass transitions and can therefore be regarded as possessing
a certain amount of mobility.

Recently, Roberts et al. (1991) have investigated the relationship between
the Young’s modulus of a variety of drugs and excipients using three-point
beam bending and their molecular structure based on intermolecular inter-
actions using the concept of cohesive energy density (CED). They found
a direct relationship of the form

E, = 0.01699CED — 2.7465 11

where CED is expressed in units of MPa and Young’s modulus in units of
GPa. This equation compares favourably with that derived from the
Tobolsky (1962) equation relating the bulk modulus, K, of a face-centred
cubic lattice at 0° K to the cohesive energy density:

K = 0.0141CED (12)
Since K is related to E by the equation:
E

K=————"— 13

3(1 — 2v) 13

where v is the Poisson’s ratio (taken at 0.3 for the majority of phar-
maceutical materials) then combining equations 12 and 13 gives:

E, = 0.01692CED (14)



Table 1 Young's modulus at zero porosity measured by fiexure testing

Ol

Young’s

modulus  Particle size
Material Method (GPa) {(pm) Reference
Celluloses
Avicel PHI101 4PB (100 x 10) EXP 10.3 50 Mashadi and Newton (1987b)
Avicel PH101 4PB (100 x 10) EXP 9.7 50 Roberts and Rowe {1987¢)
Avicel PH101 4PB (100 x 10) POLY 9.2 50 Bassam ef al. (1990)
Avicel PH101 4PB (100 x 10) EXP 9.0 50 Bassam ef al. (1988)
Avicel PH101 3PB (20 x 7) EXP 7.8 50 Roberts et al. {1989b)
Avicel PH101 4PB (100 x 10) EXP 7.6 50 Roberts et al. (1989b)
Avicel PH101 4PB (60 x 7} EXP 7.4 50 Roberts eral. (1989b)
Avicel PH102 4PB (100 x 10) POLY 8.7 90 Bassam er al. (1990)
Avicel PHI02 4PB (100 x 10} EXP 8.2 90 Bassam ef al. {1988)
Avicel PH105 4PB (100 x 10) EXP 10.1 20 Bassam ef al. (1988}
Avicel PH105 4PB (100 x 10) POLY 9.4 20 Bassam et al. (1990}
Emcocel 4PB (100 x 10) EXP 9.0 56 Bassam er al. (1988)
Emcocel 4PB (100 x 10) POLY 7.1 56 Bassam et al. (1990)
Emcocel (9OM) 4PB (100 x 10) EXP 9.4 90 Bassam et al. (1988)
Emcocel (90M) 4PB (100 x 10} POLY 8.9 90 Bassam ef al. (1990)
Unimac (MGI00) 4PB (100 x 10) EXP 8.8 38 Bassam ef al. (1988)
Unimac (MG100) 4PB (100 x 10) POLY 8.0 38 Bassam ef al. (1990)
Unimac (MG200) 4PB (100 x 10) EXP 8.0 103 Bassam et al. (1988)
Unimac (MG200) 4PB (100 x 10) POLY 7.3 103 Bassam et al. (1990)
Elcema (P100) 4PB (100 x 10) EXP 8.6 - Roberts and Rowe (1987¢)
Sugars
Sorbitol instant 4PB (100 x 10y EXP 45.0 - Mashadi and Newton (1987a)
a-Lactose monchydrate 3PB (20 x 7) EXP 24.1 20 Roberts eral. (1991)
a-Lactose monchydrate 4PB (100 x 10) POLY 3.2 63 Bassam et al. (1990)
Lactose 8 anhydrous 4PB (100 x 10) POLY 17.9 149 Bassam et a/. (1990)
Lactose 3 anhydrous 4PB (100 x 10) POLY 18.5 149 Bassam et al.(1991)



Lactose (spray dried)
Lactose (spray dried)
Dipac sugar
Mannitol

Polysaccharides
Starch 1500
Maize starch

Inorganics
Emcompress
Calcium carbonate
Calcium phosphate

Polymers
PVC

PVC
Stearic acid
PTFE
PTFE
PTFE

Drugs

Theophylline (anhydrous)
Paracetamol DC
Caffeine (anhydrous)
Sulphadiazine

Aspirin

Ibuprofen
Phenylbutazone
Testosterone propionate

4PB (100 x 10) EXP
4PB (100 x 10) POLY
4PB (100 x 10) POLY
4PB (100 x 10) POLY

4PB (100 x 10) EXP
4FB (100 x 10) POLY

4PB (100 x 10) EXP
4PB (100 x 10y POLY
4PB (100 x 10) POLY

4PB (100 x 10) POLY
3PB (20 x 7) EXP
3PB (20 x 7) EXP

4PB (100 x 10) EXP

4PB (100 x 10} POLY
3PB (20 x 7) EXP

3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP

13.5
11.4
13.4
12.2

181.5
88.3
47.8

WL~ 00— D
[ R T R RV

125
258
88

38

9
32
47
50
85

Roberts and Rowe {1987¢)
Bassam eral, (1990)
Bassam er al. (1990)
Bassam et al. (1990)

Roberts and Rowe (1987¢)
Bassam et al. {1990)

Roberts and Rowe (1987¢c)
Bassam erf al. (1990)
Bassam et al. {1990)

Bassam efal. (1991)
Roberts et al. (1991)
Roberts ef al. (1991)
Roberts eral. (1989b)
Bassam efal. (1991}
Roberts ef al. (1989b)

Roberts ef al. (1991)
Roberts (1991)

Roberts et al. (1991)
Roberts eral. (1991}
Roberts ef al. (1991)
Roberts efal, (1991)
Roberts efal. (1991)
Roberts ef al. (1991)

PTFE, polytetrafluoroethylene; PVC, polyvinyl chloride; 4PB = four-point beam; 3PB = three-point beam; EXP = equation 10;

POLY = equation 9; the beam dimensions (length x width in mm) are given in parentheses.

LL
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It can be seen that the moduli predicted from this equation are somewhat
higher than those measured (Fig. 6). This is thought to be due to the fact
that all the measurements were carried out at 298° K and hence the mea-
sured modulus would be lower. The significance of this finding is in the
recognition of the validity of both the test method and the data manipula-
tion (i.e., the extrapolation to zero porosity).

Indentation testing

In indentation testing a hard indenter made of either diamond, sapphire or
steel and machined to a specific geometry - either a square based pyramid
(Vickers indenter) or a spherical ball (Brinell indenter) - is pressed under
load into the surface of a material either in the form of a crystal or com-
pacted specimen. Although well recognized as a method for measuring
hardness (see later) it may also be used to measure Young’s modulus except
that in this case it is the recovered depth after removal of the load that is
important (Fig.7). The test may be either static (Ridgway etal., 1970;
Duncan-Hewitt and Weatherly, 1989a,b) or dynamic involving a pendulum
(Hiestand etal., 1971).

For crystals a Vickers indenter is generally used and in this respect
Duncan-Hewitt and Weatherly (1989a,b) have used a Leitz-Wetzler Mini-

24 [

16

12

Young's modulus (GPa)

0 200 400 600 800 1000 1200 1400 1600 1800
CED (MPa)

Fig. 6 Young's modulus versus cohesive energy density (CED) for various drugs and excipients;
---- theoretical line, equation 14 {taken from Roberts et al., 1991).
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Fig. 7 Loading geometry and recovéry of indent for (a) Brinell and (b) Vickers hardness testers
used to measure Young's modulus. F, applied load. For definitions of other terms, see text.

load hardness tester, applying a load of 147 mN. Single crystals were pre-
selected and were mounted in plasticine with the surface normal to the
indentation direction. Load was applied over 15s and was maintained for
10s. In the case of sucrose crystals, hardness anisotropy of the various faces
was demonstrated (see later).

The equation used by Duncan-Hewitt and Weatherly (1989b) involves
measuring the recovered depth of indentation and the length of the Vickers
diagonal and substituting in the equation of Breval and Macmillan (1985):

27, _ H, H,)’
[ d} = 0.08168 [1 - 8.7 (—EJ + 14.03 [EJ } (15)

where H, is the indentation hardness (see later for equation), Z, is the
recovered depth of the indentation and d is the length of the Vickers
diagonal (Fig. 7).

Data on several materials (Table 2) show values of the same order as
those determined by flexure testing. The value for sodium chloride com-
pares favourably with that reported in the literature (37 GPa; Simmons and
Wang, 1971).

For compacts Ridgway ef al. (1970) used a pneumatic microindentation
apparatus to measure both the initial depth of penetration (4;) and
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Table 2 Young's modulus measured by indentation on crystals

Young’s

modulus
Material (GPa) Method Reference
Sodium chloride 43.0 Vickers Duncan-Hewitt and Weatherly (1989b)
Sucrose 32.3 Vickers  Duncan-Hewitt and Weatherly (1989b)
Paracetamol 8.4 Vickers Duncan-Hewitt and Weatherly (1989b)
Adipic acid 4.1 Vickers Duncan-Hewitt and Weatherly (1989b)
Aspirin 0.32 Brinell Ridgway etal. (1970)

recovery (Ah) after application of small loads (4 g) using a 1.5 mm diameter
sapphire ball indenter and substituting in a modified Hertz equation
(Aulton, 1977):

E(GPa) = 1.034—F (16)

Ah [k

where both A, and Ah are measured in micrometres and F, the indentation
load, is measured in grams. The values quoted for aspirin are very small,
two orders of magnitude below the figure given in Table 1 and hence must
be viewed with some suspicion.

In the dynamic method used by Hiestand etal. (1971) a 1 m long pen-
dulum with a steel sphere of 25.4 mm diameter strikes the face of a compact
of cross-sectional area of 14.52 cm?. The modulus of elasticity can be cal-
culated from a knowledge of the indentation hardness, H,, and the strain
index, §;, a measure of relative strain during elastic recovery that follows
plastic deformation using the equation:

_H)(1-v?)
&

where v is Poisson’s ratio. The strain index, £;, is calculated using values
from the indentation experiment:

Sa{h, 3)°!
=242 18
i 61rr{h, SJ (1%)

E a7

where g is the chordal radius of the indent, r is the radius of the spherical
indenter, h; and h, are the initial and rebound heights of the indenter
respectively.
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Assuming a Poisson’s ratio of 0.3 it is possible, using the calculated
values for hardness and strain index (Hiestand, 1985), to determine the
Young’s modulus for spray-dried lactose and microcrystalline cellulose
(Avicel PH102): 25.5 and 6.2 GPa, respectively. These values compare
favourably with those obtained from flexure testing (Table 1).

Compression testing

In compression testing a compressive stress is applied to either a crystal or
compacted specimen and the corresponding strain measured, the ratio of
the stress to strain being a measure of the compressive Young’s modulus
of elasticity.

The loading system depends on the size of specimen, ranging from a
micro tensile testing instrument providing a load up to 5 N and a minimum
displacement of 5 nm, as used for single crystals by Ridgway ef al. (1969a),
to an Instron physical testing instrument providing a load up to S0kN, as
used for flat-faced cylindrical compacts (8 mm diameter) by Kerridge and
Newton (1986). The Young’s modulus in compression can be determined
using the following equation:

L
T (x-04

where L is the length of the specimen, X is the slope of strain versus stress,
C is the machine constant (strain versus stress for loading of the machine
without a specimen) and A is the cross-sectional area of the specimen.

While for crystals single measurements are all that is necessary, for
compacts measurements on specimens prepared at different porosities are
required. In the latter test the Young’s modulus at zero porosity can be
determined using equation 10.

Values for the compressive modulus of a variety of materials in Table
3 are lower than those measured by other techniques although the trend of
decreasing modulus with increasing particle size is the same as that reported
from flexure testing (Bassam et al., 1990). Furthermore, for the tests involv-
ing crystals Ridgway et al. (1969a) indicated that cracks were important and
they attributed this factor to variation in the results. This factor may also
account for the low values of modulus when compared with those from
flexure testing. In view of this and the fact that the compressive modulus
should always be greater than the tensile modulus, the results from these
tests must be viewed with some scepticism.

E (19)



Table 3 Youngs modulus measured by compaction testing

Young’s
Particle modulus
Material Method size {um) (GPa) Reference
Aspirin Crystal - 0.1 Ridgway er al. (1969a)
Aspirin Compact + 180-250 2.5 Kerridge and Newton (1986)
Aspirin Compact + 250-355 2.3 Kerridge and Newton {1986)
Sodium chloride Crystal - 1.9 Ridgway er al. (196%a)
Potassium chloride Compact - 9.2 Kerridge and Newton (1986)
Avicel PHI02 Compact +250-350 4.7 Kerridge and Newton (1986)
Sucrose Crystal - 2.2 Ridgway eral. (1969a)
Salicylamide Crystal - 1.3 Ridgway et al. (1969a)
Hexamine Crystal - 0.9 Ridgway er al. (1969a)

9L
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The split Hopkinson bar

In contrast to the other techniques described above, which can only be used
to evaluate Young’s modulus of elasticity in either tension or compression,
the split Hopkinson bar can be used to evaluate both simultaneously on the
same specimen.

In the test a flat-faced tablet is sandwiched between two cylindrical steel
rods (10 mm diameter) which are aligned horizontally as shown schemati-
cally in Fig. 8a (Al-Hassani et al., 1989). The two rods are supported on
four adjustable V-slot knife edges which minimize frictional effects and
thus prevent disturbance of the stress wave. The porous tablets are held in
place using standard strain gauge adhesive which allows the transmission
of stresses through the specimen. In the experiment a short compressive
loading pulse is initiated by striking the free end of the input bar with a
short 10 mm diameter aluminium rod. At the specimen-bar interface the
pulse divides into transmitted and reflected components, or compressive
and tensile stress waves, respectively. The compressive wave travels to the
free end of the output bar, reflecting as a tensile wave to load the specimen

Storage
a Oscilloscope
Striker Input bar Tablet Output bar
_>

Time

Distance

Fig. 8 Schematic diagram of the Split Hopkinson bar with space-time diagram showing pulse
partition (adapted from Al-Hassani et al., 1989).
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in tension, as shown schematically in Fig. 8b. In time numerous internal
reflections occur in the bar and specimen resulting in complex waveforms
which are disregarded in the analysis. The stress waves are detected by four
strain gauges at each position on the input and output bars, thus maximiz-
ing sensitivity and allowing only the measurement of axial strains. The first
compressive and tensile incident pulses and their associated reflected and
transmitted pulses are used to calculate the elastic constants.

The theory underlying the method is fully described by Al-Hassani ef al.
(1989). Young’s modulus either in compression, E,, or in tension, E,, can
be calculated using the appropriate strain signals using the expression:

ERE,A IS

E, = (20)

t

A2c S €, dt
0

where Ey and E; are the Young’s modulus of elasticity of the bar material
and specimen, respectively, A and A, the cross-sectional area of the bar
and specimen, respectively, /; is the specimen thickness, ¢, and ¢, are the
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Fig. 9 The effect of compaction pressure on the compressive (squares) and tensile (triangles)
Young's modulus for paracetamol DC (filled symbols) and Dipac sugar {unfilled symbols} {taken
from Al-Hassani et al., 1989).
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reflected and transmitted strain, ¢ is the longitudinal stress wave velocity
and [{ (¢, )dt is the area under the reflected strain curve.

The technique has been used to evaluate the compressive and tensile
Young’s modulus of two pharmaceutical materials: paracetamol DC (spray
granulated paracetamol with 4% hydroysed gelatin) and Dipac sugar (Al-
Hassani etal., 1989; Sarumi and Al-Hassani, 1991). Data from these
workers are reproduced in Fig. 9. Unfortunately the workers did not report
porosity values for the specimens measured and hence the data cannot be
evaluated in terms of calculating Young’s modulus at zero porosity. How-
ever, it can be seen that for all specimens Young’s modulus in tension is
always lower than in compression.

The tensile modulus (taken as the maximum values reported by Al-
Hassani et al., 1989) for Dipac sugar and paracetamol DC are 10.8 and
1.8 GPa, respectively. The value for paracetamol DC is a factor of 10 lower
compared with the value measured using three-point beam bending (Roberts,
1991) but the value for Dipac sugar compares favourably with that mea-
sured using four-point beam bending (Bassam et al., 1990).

As stated by Al-Hassani ef al. (1989) the technique has many advantages
in that it is simple and precise. For pharmaceutical materials it has the
added advantage that the specimens used are 10 mm diameter flat-faced
tablets that are easily prepared using standard punches and dies in a tablet
machine.

Miscellaneous techniques

For all materials Young’s modulus E is directly related to the two other
standard moduli - shear modulus, G, and bulk modulus, K, by the
equation:

_ 9KG
T3K+G
thus allowing the calculation of any modulus from measurements of the
other two. If, however, only one modulus is known the others can be cal-
culated from equations involving a knowledge of the Poisson’s ratio, v:
E =3G(1 +v) (22)
E = 3K(1 - 2v) 23)
These equations can be used to calculate Young’s modulus of elasticity both
of crystals from single crystal elastic constants and of powders from visco-

elastic properties.
An example of the first approach is the work by Kim ef al. (1985) who

@n
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calculated the lattice constants, lattice energy and structural parameters of
aspirin crystals by applying lattice dynamics. In this approach the lattice
energy is minimized with respect to the lattice parameters, e.g. unit cell con-
stants, by using a model intermolecular potential calculated from the sum
of the pairwise atom-atom interaction terms of several types of potential
that take account of the electrostatic interactions, van der Waals attrac-
tions, a repulsive non-bonded term and hydrogen bonding contributions.
The minimum energy structure is then distorted by the application of axial
or shear strains and the potential energy of this system is subsequently mini-
mized to obtain strain energy curves and surfaces. Single crystal elastic con-
stants (C;) can be calculated from the second derivatives of the lattice
energy, i.e. of the energy hypersurface minimum. The bulk and shear
moduli can then be calculated using Voigt averages:

K = (C“ + sz + C33 + 2C12 + 2023 + 2Cl3)/9 (24)
G=(Cj+Cp+Cy3—Cp—Cy3 — Ci3+3Cy
+ 3Css + 3Cg) /15 (25)

where for instance Cy;, C,, and C;; are the single crystal elastic constants
representing stress and strain in the x-axis, y-axis and z-axis directions and
are equivalent to the tensile modulus in those directions, e.g. Young’s
modulus in the x direction, E, = C;; = g, /¢,.

Calculation of Young’s modulus from equation 21 using data of Kim ez al.
(1985) gave a value for aspirin of 7.1 GPa which compares favourably with
7.5 GPa obtained from three-point beam bending (Roberts et al., 1991).

An example of the second approach is the work by Radebaugh eral.
(1989) who described a method for the determination of the shear modulus
of microcrystalline cellulose (Avicel PH102) using a small-strain sinusoidal
oscillatory torsion applied to beam specimens of dimensions 122 X 50 X
2.8 mm. Using the data given in the paper and applying a two-term polyno-
mial (Spinner ef al., 1963) the shear modulus at zero porosity can be cal-
culated to be 3.5 GPa. If the Poisson’s ratio of microcrystalline cellulose
is taken as 0.33, as suggested by Church (1984), it is possible to calculate
a value for Young’s modulus of microcrystalline cellulose of 9.3 GPa. This
compares favourably with the value of 8.7 GPa measured using four-point
beam bending (Bassam et al., 1990).

INDENTATION HARDNESS AND YIELD STRESS

The hardness and/or yield stress of a material are measures of its resistance
to local deformation. For plastic materials the two parameters are directly
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related, the yield stress being one-third of the hardness. While hardness is
generally measured by means of indentation, yield stress may be determined
by more indirect methods, e.g. data from compaction studies. Both will be
discussed in this section.

Indentation hardness testing

The most common method of measuring the hardness of a material is the
indentation method. In this a hard indenter (e.g. diamond, sapphire,
quartz, or hardened steel) of specified geometry is pressed into the surface
of the material. The hardness is essentially the load divided by the projected
area of the indentation to give a measure of the contact pressure. The most
commonly used methods for determining the hardness are the Vickers,
Brinell, Knoop and Rockwell tests and these are shown in Fig. 10. However,
two techniques have been used to measure the yield properties of pharma-
ceutical materials: the Brinell test and the Vickers test. In general, the
former has been used for measurements on compacts whereas the latter
technique has been solely applied to single crystals.

In the standard Brinell test (Brinell, 1901) a hard steel ball (usually 1 cm
in diameter) is normally pressed on to the surface of the material. The load,
F, is applied for a standard period of 30s and then removed and the dia-
meter, d, of the indentation is measured and the Brinell hardness, H,,
determined by the following relationship:

F
Hy, = 2

* " («xDR)D - JD* = &) @9)
where D is the diameter of the ball (Fig. 10).

However, it was found by Brinell that for most materials, the hardness
increased as the indent was made larger, this occurring when the chordal
diameter is greater than 0.4 of the diameter of the ball. This is caused by
work hardening and for these instances the measured hardness is called the
Meyer hardness, H,,, and is determined from the load, F, divided by the
projected area of the impression:

4F

Hy="7

27
In the extreme case when the indenter is pressed up to its diameter the
Brinell hardness will be one-half the Meyer hardness.

In the Vickers test (Smith and Sandland, 1925) a square-based diamond
pyramid is used as an indenter. It is capable of measuring hardnesses over
the entire range from the softest to the hardest materials. The Vickers
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hardness, H,, is determined from the following equation, where F is the
applied force and d is the length of the diagonals of the square impression
(Fig. 10):

_ 2F5sin68°

= (28)

H,
The specimen thickness should be at least one and a half times the diagonal
length; greatest accuracy is obtained with high loads, but loads as small as
0.01 N can be used. However, at lower loads the elastic recovery is of
greater importance. For loads lower than 0.5 N the technique is usually
described as microhardness testing. The 136° angle between opposite faces
of the Vickers indenter (Fig. 10) is based on geometrical similarity to the
Brinell indenter allowing for conversions between hardness scales provided
the diameter of the impression is 0.375 times the ball diameter (i.e. the angle
included between the tangents of a circle under these conditions for the ball
indenter is 136°) and the Brinell hardness < 4000 MPa (Cottrell, 1964).

Indenter Vickers Brinell Knoop Rockwell
Hardened
Material of r
L Diamond steel or Diamond Diamond
which indenter
. tungsten
is made
carbide
Shape of Square Rhomb c
one
indenter based Sphere based
pyramid pyramid
Dimensions
of indenter

o,

0 =136 A=172° 30’

Fig. 10 Geometries for various hardness testers. For definitions of terms, see text.
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Although hardness measurements on compacts were first recorded by
Spengler and Kaelin (1945) using a Brinell indenter and by Nutter Smith
(1949) using a Vickers indenter, the specimens used were formulations con-
taining added excipients and hence are of little use for the evaluation of
material properties.

An improved analysis of the Vickers hardness of compacts was per-
formed by Ridgway et al. (1969b) using a Leitz microhardness tester with
loads of between 5 and 2000 g. Accurate diagonal lengths were determined
after lightly dusting the indent with graphite powder. Of the materials stu-
died potassium chloride, hexamine and urea showed little change in hard-
ness with increasing compaction pressure while for aspirin and sodium
chloride the hardness increased possibly owing to work hardening. The
maximum hardness values reported were 29MPa, 17MPa, 16 MPa,
12 MPa and 8 MPa for sodium chloride, potassium chloride, aspirin, hex-
amine and urea, respectively. These values are an order of magnitude lower
than those generally accepted and hence must be viewed with suspicion.

In many studies on compacts, spherical indenters have been used either
fitted to commercially available instruments or custom-built equipment. An
example of the former is the pneumatic microindentation apparatus des-
cribed by Ridgway et al. (1970). This instrument (Plate 4) can apply loads
of between 4 and 8 g using a spherical indenter 1.5 mm in diameter and
measure depths of penetration of 1-6 um. Using this apparatus on aspirin
compacts, the authors were able to show that hardness measurements at the
centre of compacts were higher than those at the periphery, a property for
flat-faced compacts confirmed by Aulton and Tebby (1975). However, for
compacts prepared using concave punches hardness distribution tends to
vary with the degree of curvature (Aulton and Tebby, 1975).

In a modification to the original microindentation apparatus (Ridgway
etal., 1970), Aulton et al. (1974) added a displacement transducer to mea-
sure the vertical displacement. Co npacts were formed under a compression
pressure of 50 MPa and therefore would be expected to have high porosi-
ties. They suggested that the elastic quotient index, which is the fraction
of the indentation that rebounds elastically, was a measure of the ability
of materials to form tablets.

In a further study involving a larger range of materials, Aulton (1981)
found that hardness measurements were generally higher on the upper face
of the compact than on the lower. However, the differences were material
dependent and the hardness measurements reported were 62 MPa, 54 MPa,
51 MPa, 36 MPa, 19 MPa and 13 MPa for sucrose, Sta-Rx, Emcompress,
Avicel PH101, lactose 3 anhydrous and paracetamol, respectively. As well
as being extremely low, the relative order of the materials is considered to
be wrong in relation to the particle hardness (see later).
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Probably the most relevant of all the work carried out on hardness
measurement on compacts is that of Hiestand et a/l. (1971) using a spherical
indenter attached to a pendulum and that of Leuenberger (1982) and his
co-workers (Jetzer etal., 1983a,b, 1985; Leuenberger and Rohera, 1985;
Galli and Leuenberger, 1986) using a spherical indenter attached to a
universal testing instrument.

In the dynamic pendulum method of Hiestand etal. (1971) a 24.5mm
diameter spherical ball falls under the influence of gravity and the rebound
height and indent dimensions are measured (Fig. 11). The hardness is calcul-

ated from the expression:
. = merh, (h,. 3} 29)

T " xa* \h, 8

where m is the mass of the indenter, g is the gravitational constant, r is
the radius of the sphere, @ is the chordal radius of the indent, A; is the
initial height of the indenter and 4, is the rebound height of the indenter.

—_
t
: Initial height ! Impact of y
i ! ball on -
Magnet to ! compact
hold steel ball !
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U g @ Side view of indent
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I

Fig. 11 Schematic diagram of the dynamic pendulum apparatus used by Hiestand et al. (1971).
For definitions of terms, see text.
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In the case of the indenter attached to the universal testing instrument
(Leuenberger, 1982) loads of 3.92 and 9.81 N were applied to a sphere of
1.76 mm diameter at a velocity of 0.05cm min~'; indent diameters were
determined from scanning photomicrographs.

In both cases indentation hardness was found to be dependent on the
compaction pressure and hence relative density (porosity) of the compact
in an exponential manner. While Hiestand ef al. (1971) considered extrapo-
lation to unit relative density to be questionable, Leuenberger (1982) used
the relationship between Brinell hardness, H,, of a compact and its rela-
tive density, D, to develop a measure of compactibility and compressibility,
ie.:

H, = H, [l — exp(~D] (30)

where H,  is the theoretical maximum hardness as the compressive
stress, o,, approaches infinity and the relative density of the compact
approaches unity and X\ is the rate at which H, increases with increasing
compressive stress. In the equation Leuenberger (1982) has suggested that
H,__ describes the compactibility and A compressibility.

Data on indentation hardness using both methods are shown in Table 4.
As with the modulus of elasticity, values for hardness vary over two orders
of magnitude from the very hard materials (e.g. Emcompress) to very soft
waxes. Drugs have intermediate hardness values.

It should be noted that the values recorded are also variable owing to:

1. The intrinsic variability in the specimens. Jetzer etal. (1983a)
demonstrated that for aspirin, Avicel PH101, caffeine, a-lactose mono-
hydrate and Emcompress the 95% confidence limits gave 82-101 MPa,
148-189 MPa, 163-416 MPa, 409-659 MPa and 210-1294 MPa, respec-
tively. The increased variability also mirrors the increase in hardness
(Table 4) for this series of materials.

2. Work hardening as the compaction pressure is increased. Leuenberger
and Rohera (1986) and Aulton and Marok (1981) have clearly demon-
strated an increase in the Meyers work-hardening index for a variety of
materials.

3. The increase in hardness with increasing indentation load (Leuenberger
and Rohera, 1986).

4. Therate of measurement. In a comparison of the dynamic pendulum met-
hod of Hiestand et al. (1971) - equivalent to a strain rate equal to that of
a high-speed compaction simulator - and the pseudostatic method of
Leuenberger (1982), Jetzer et al. (1985) demonstrated that, in general,
both methods gave the same hardness for aspirin, caffeine and mannitol.
However, the dynamic method was less reproducible.
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Table 4 Indentation hardness measured on compacts

Indentation
hardness

Material (MPa) Reference
Sugars
a-Lactose monohydrate 515 Leuenberger (1982)
a-Lactose monohydrate 534 Jetzer et al. (1983a)
Lactose 8 anhydrous 251 Leuenberger (1982)
Sucrose 1046-1723 Leuenberger (1982)
Sucrose (250-355#) 493 Jetzer etal. (1983a)
Drugs
Paracetamol DC 265 Jetzer et al. (1983a)
Caffeine (anhydrous) 290 Jetzer et al. (1983a)
Caffeine (granulate) 288 Jetzer et al. (1983a)
Oxprenolol succinate 262 Galli and Leuenberger (1986)
Hexamine 232 Leuenberger (1982)
Phenacetin 213 Leuenberger (1982)
Sitosterin 198 Leuenberger (1982)
Metamizol 91 Jetzer et al. (1983a)
Aspirin powder 91 Jetzer et al. (1983a)
Aspirin FC 87 Jetzer et al. (1983a)
Aspirin 60 Leuenberger (1982)
Aspirin 55 Leuenberger (1982)
Ibuprofen (A) 35 Leuenberger (1982)
Ibuprofen (B) 162 Leuenberger (1982)
Alkali halides
NaCl 653 Leuenberger (1982)
NacCl 313 Jetzer et al. (1983a)
NaCl (rock salt) 358 Jetzer et al. (1983a)
KCi 99 Jetzer etal. (1983b)
KBr 69 Jetzer et al. (1983a)
Others
Emcompress 752 Jetzer etal. (1983a)
Avicel PH102 168 Jetzer et al. (1983a)
Starch 1500 78 Galli and Leuenberger (1986)
Sodium stearate 37 Leuenberger and Rohera (1985)
PEG 4000 36 Leuenberger and Rohera (1985)
Castor oil (hydrogenated) 32 Galli and Leuenberger (1986)
Magnesium stearate 22 Leuenberger and Rohera (1985)
Sodium lauryl sulfate 10 Leuenberger and Rohera (1985)

PEG, polyethylene glycol.
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Hardness measurements on single crystals of pharmaceutical materials
are sparse but where performed all have been carried out using a pyramidal
indenter.

The earliest reported study on the hardness of pharmaceutical crystals
was carried out by Ridgway efal. (1969a) using the Leitz microhardness
tester with loads of 25 g or less. The crystals were mounted in heat-softened
picene wax on a mounting slide to ensure that the surfaces were horizontal.
It is interesting to note that the authors observed that aspirin and sucrose
showed cracking and regarded this as a problem with the technique. Hard-
ness values from this study are presented in Table 5. It is interesting to note
that softer materials showed the most variation in results owing to a decline
in the definition and quality of the indent.

The next reported study of crystal hardness using a Vickers hardness

Table 5 Indentation hardness measured on crystals

Indentation
hardness

Material (MPa) Reference
Sugars
a-Lactose monohydrate 523 Ichikawa et al. (1988)
Sucrose 645 Duncan-Hewitt and Weatherly (1989b)
Sucrose 636 Ridgway et al. (1969a)
Drugs
Paracetamol 421 Duncan-Hewitt and Weatherly (1989b)
Paracetamol 342 Ichikawa et al. (1988)
Sulfaphenazole 289 Ichikawa et al. (1988)
Hexamine 133 Ridgway et al. (1969a)
Hexamine 42 Ichikawa et al. (1988)
Sulfadimethoxine 231 Ichikawa et al. (1988)
Phenacetin 172 Ichikawa et al. (1988)
Salicylamide 151 Ridgway et al. (1969a)
Salicylamide 123 Ichikawa et al. (1988)
Aspirin 87 Ridgway et al. (1969a)
Alkali halides
NaCl 212 Ridgway et al. (1969a)
NaCl 213 Duncan-Hewitt and Weatherly (1989b)
NaCl 183 Ichikawa et al. (1988)
KCl 177 Ridgway et al. (1969a)
KCl 101 Ichikawa et al. (1988)
Others
Urea 91 Ridgway et al. (1969a)

Urea 83 Ichikawa et al. (1988)
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tester was carried out 17 years later by Ichikawa et al. (1988). In this study
the majority of the materials (with the exception of sucrose and urea) were
recrystallized. Indentation was performed on the crystal face possessing the
largest area, i.e. the face that grows the slowest during crystallization, as
it was inferred that this face would have the greatest influence on the com-
paction properties. Ichikawa ef al. (1988) attributed differences in crystal
hardness as a reflection of the mechanism of deformation during compac-
tion. They also showed that the reciprocal of crystal hardness correlated
with the slope K from the Heckel equation (see later). Data reproduced in
Table 5 represent the mean value from three different applied loads: 10g,
25g, 50g. The importance of load on the indentation test should be noted
as in the case of crystals the hardness generally decreases as load is increased
and this is the exact opposite to that seen for compacts.

More recently Duncan-Hewitt and Weatherly (1989a, 1989b) measured
the Vickers hardness on single crystals of a number of materials using a
Leitz-Wetzlar Miniload tester with a load of 147 mN. It is interesting to
note that the surfaces of sucrose were preconditioned, by washing with
methanol then polishing by abrading with decreasing grades of emery
paper. This may account for their higher hardness values compared with
compacts (Table 4) as in this case the materials could be fully work-
hardened solids. However, the authors did not indicate whether the other
crystals were preconditioned. Furthermore Duncan-Hewitt and Weatherly
(1989a) showed that the sucrose crystals were anisotropic in that different
crystal faces gave different hardness values (Table 6) where the (001) and
(100) are the predominant faces (i.e., have the largest area).

Finally, a brief mention must be made of the effects of dislocations on
hardness, as crystallization can affect the number and distribution of these
defects and therefore affect the resultant mechanical properties. In general,
increasing the crystallization rate tends to increase the number of disloca-
tions and therefore increase the indentation hardness. Such effects have

Table 6 The effect of crystal face on the indentation hardness of sucrose (Duncan-Hewitt and
Weatherly, 1989a)

Crystal face Hardness
(MPa)
001 636
100 649
110 642

010 649
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been noted by Hiestand etal. (1981) and Wong and Aulton (1987) for
ibuprofen and «-lactose monohydrate respectively.

Yield stress from compaction studies

Compaction studies, because they mimic the tabletting process, offer an
ideal method for assessing the mechanical properties of powders. In powder
compaction a specific method used to evaluate the average stress of a
material during compression relies on the observations of Heckel (1961a,b)
who found that for materials that plastically deform, the relative density
of a material, D, could be related to the compaction pressure, P, by the
equation:

1

where K and A are constants.

Unfortunately, considerable deviations of the experimental data occur at
both low and high pressures owing to particle rearrangement and strain har-
dening, respectively, but at least over the middle pressure range a straight
line relationship exists between In(1/1 — D) and P (Fig. 12).

Equation 31 has been reappraised by Hersey and Rees (1970) who sug-
gested that the reciprocal of K can be regarded as numerically equal to the
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Fig. 12 Schematic diagram of the Heckel plot (Heckel, 1961a,b). For definitions of terms, see text.
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mean yield stress of the powder. However, as pointed out by Roberts ef al.
(1989a) this is only a specific case and the reciprocal of K can be regarded
as a mean deformation stress, be it a plastic deformation stress (equal to
the yield stress) for materials that deform plastically, a fracture deforma-
tion stress for materials that undergo fracture or a combination of the two.
This approach implies that provided the experiment is carried out on
materials close to or below the brittle-ductile transition (Fig. 1) then the
reciprocal of K will be numerically equal to the yield stress of the powder.

Historically, two approaches to the analysis of Heckel data have been
used and these are generally referred to as ‘at pressure’ and ‘zero pressure’
measurements. Pressure/relative density measurements determined during
compression are clearly ‘at pressure’ measurements while those from
relative density measurements on the compact after ejection are ‘zero pres-
sure’ measurements. In the original publication Heckel (1961a) found that
for the metals iron, copper, nickel, and tungsten there was no difference
between the two measurements but for graphite the ‘zero pressure’ measure-
ment was higher and could be attributed to the elastic recovery of the com-
pact causing a lower relative density. Support for this hypothesis can be
obtained from studies on the pharmaceutical materials dicalcium phosphate
dihydrate (8% increase, Paronen, 1987), lactose (30% increase, Fell and
Newton, 1971), microcrystalline cellulose (56% increase, Paronen, 1987)
and starch (177% increase, Paronen, 1987) where the magnitude of the dif-
ference is indirectly related to the modulus of the material, i.e. the larger
the increase the lower the modulus.

In the light of the discussion above and the findings that other factors
such as punch and die dimensions (York, 1979; Danjo efal., 1989), state
of lubrication (DeBoer et al., 1978; Ragnarsson and Sjogren, 1984), and
speed of compaction (Rees and Rue, 1978; Roberts and Rowe, 1985) can
have an effect on the measurement, it is not surprising that a great deal
of controversy and confusion surrounds the use of data from Heckel plots.
However, Roberts and Rowe (1987a) have clearly shown that, provided
measurements are carried out ‘at pressure’ with lubricated punches and dies
on material that is below its brittle-ductile transition and at a very slow
speed, the reciprocal of X is identical to the yield stress of the material and
comparable with that calculated from indentation hardness measurements
using equation 5 (Table 7).

Although early measurements were generally performed on either instru-
mented punches and dies in physical testing machines (Fell and Newton,
1971) or instrumented single-punch tablet machines (DeBoer et al., 1978)
with relatively unsophisticated data capture and analysis, recent measure-
ments generally have been carried out using tablet compression simulators.
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Table 7 Yield stresses from the Heckel plot compared with those determined by the indentation
technique

Yield stress (MPa)

Material Heckel plot Indentation
Copper 331 390
Lactose 174 178
Mannitol 90 103
NacCl 89 86
Avicel 48 56
PTFE 12 26

PTFE, polytetrafluoroethylene.

One such simulator, as used by Roberts and Rowe (1985), is shown in Plate
5. It consists of three units: a hydraulic power pack (A), an electronic con-
trol unit (B) and a loading frame (C). The hydraulic system consists of a
continuously circulating closed loop of hydraulic fluid supplying three servo
valves, two in parallel on the upper actuator and one on the lower. These
receive drive signals from the electronic control unit and the profile
generator. The two actuators can independently move the two rams and can
hold both single punch and rotary punch tooling with conventional dies
with a total stroke of SO0mm and 25 mm for the upper and lower rams,
respectively. The actuators can achieve compression forces up to S0 kN dur-
ing a compression cycle in any time interval between 40 ms and 1000 s con-
trolled by a clock generator. The punches are capable of a maximum punch
velocity of 300 mm s™' using a sawtooth displacement-time profile with a
displacement accuracy of +10um and a force accuracy of +0.025kN.
Yield stress data for a number of excipients and drugs are shown in Table
8. The trends seen mimic those for indentation hardness with the inorganic
carbonates and phosphates showing very high values of yield compared
with the polymers, which give low yield values. The variation seen in the
drugs may well be due to slight differences in the particle sizes tested.
Compaction simulators allow the measurement of yield stress over a wide
range of punch velocities (Fig. 13). To compare materials, Roberts and
Rowe (1985) proposed the term ‘strain rate sensitivity’ (SRS) to describe the
percentage decrease in yield stress from a punch velocity of 300 mm s~ to
one of 0.033 mm s~!. This was later modified (Roberts and Rowe, 1987a)
to a percentage increase in yield stress over the same punch velocities:



Table 8 Yield stresses measured by compaction studies

Yield

Experimental stress
Material details (MPa) References
Inorganic
Calcium phosphate Simulator 957 Roberts and Rowe (1987a)
Calcium carbonate Simulator 851 Roberts and Rowe (1987a)
Calcium carbonate Hydraulic press 610 Ejiofer efal. (1986)
Magnesium carbonate Simulator 471 Roberts and Rowe (1987a)
Dicalcium phosphate dihydrate Simulator 431 Roberts and Rowe (1987a)
Sugars
a-Lactose monohydrate Hydraulic press 179 Vromans and Lerk (1988)
a-Lactose monohydrate Hydraulic press 183 York (1978)
a-Lactose monohydrate Simulator 178 Roberts and Rowe (1986)
Lactose § anhydrous Simulator 149 Roberts and Rowe (1987a)
Lactose (spray dried) Simulator 178 Bateman et al. (1989)
Lactose (spray dried) Simulator 147 Roberts and Rowe {1985}
Mannitol Simulator S0 Roberts and Rowe (1987a)
Others
Sodium chloride Single punch 89 Ragnarsson and Sjogren (1985)
Sodium chloride Simulator 89 Roberts et al. (1989a)
Avicel PH101 Single punch 50 Humbert-Droz et al. {1982)
Avicel PH101 Simulator 46 Roberts and Rowe (1986)
Avicel PH102 Simulator 49 Roberts and Rowe (1986)
Avicel PHI105 Simulator 48 Roberts and Rowe (1986)
Maize starch Simulator 40 Roberts and Rowe (1987a)
Stearic acid Hydraulic press 4.5 York (1978)

€



Polymers
PVC/vinyl acetate
Polyethylene
PTFE

Drugs
Paracetamol DC
Paracetamol DC
Paracetamol DC
Paracetamol
Paracetamol
Paracetamel
Paracetamol
Sulphathiazole
Theophylline (anhydrous}
Aspirin

Aspirin
Tolbutamide
Phenylbutazone
Ibuprofen

Simulator
Simulator
Simulator

Single punch
Single punch
Simulator
Single punch
Single punch
Single punch
Simulator
Hydraulic press
Single punch
Single punch
Single punch
Single punch
Single punch
Simulator

Roberts and Rowe (1987a)
Roberts and Rowe (1987a)
Roberts and Rowe (1987a)

Hussain et al. {1991}
Humbert-Droz eral. (1982)
Roberts and Rowe (1987a)
Humbert-Droz et al. (1983)
Podczeck and Wenzel (1989)
Duberg and Nystrom (1986)
Roberts and Rowe (1985)
Ramberger and Burger (1985)
Podczeck and Wenzel (1989}
Humbert-Droz et al. (1983)
Duberg and Nystrom (1986)
Humbert-Droz ef al. (1983)
Humbert-Droz et al. (1983)
Bateman et al. (1987)

PTEE, polytetrafluoroethylene; PVC, polyviny! chloride.
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Fig. 13 The effect of punch velocity on yield stress for ®, calcium phosphate; A, calcium car-
bonate; B, magnesium carbonate; A, « lactose monohydrate; (J, lactose 3 anhydrous; ¥, man-
nitol; ¢, Avicel PH101; O, maize starch.

SRS = Oy300 — 0y0.033 32)
0y0.033
where 0,300 and 0,033 are the yield stresses measured at punch velocities
of 300 and 0.033 mm s~!, respectively.
Data on a number of materials are shown in Table 9. Some materials such
as the inorganic carbonates/phosphates show little rate dependence while
others such as starch and mannitol show a large strain rate dependence
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Table 9 Strain rate sensitivities (SRS) of some excipients and drugs

SRS
Material (%)
Calcium phosphate 0
Calcium carbonate 0
Heavy magnesium carbonate 0
Paracetamol DC 1.8
Paracetamol 11.9
a-Lactose monohydrate (fine grade) 19.4
Lactose (spray dried) 23.8
Lactose 3 anhydrous 25.5
Avicel PH101 63.7
Sodium chloride 66.3
PVC/vinyl acetate 67.5
Mannitol 86.5
Maize starch 97.2

PVC, polyvinyl chloride.

consistent with differences in the time-dependent properties of the material
during compaction.

The effects of moisture and particle size of materials will be discussed
later in this chapter.

CRITICAL STRESS INTENSITY FACTOR, K

The critical stress intensity factor, K-, describes the state of stress around
an unstable crack or flaw in a material and is an indication of the stress
required to produce catastrophic propagation of the crack. It is thus a mea-
sure of the resistance of a material to cracking. Since it is related to the
stress and the square root of crack length it has the dimensions of
MPam /2,

All methods used to measure K, involve specimens containing induced
notches and/or cracks and for pharmaceutical materials include three- or
four-point beam bending (commonly known as the single edge notched
beam test or SENB), double torsion, radial edge cracked tablet or disc and
Vickers indentation. The choice of the test and its associated specimen geo-
metry depends on the rate of testing, the ease of formation of the specimen
and the porosity of the specimen. Specimen porosity is specifically impor-
tant since pores can act as stress concentrators. However in all testing
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methods the influence of pores is minimized by the induction of a dominant
crack or flaw often in the form of a notch.

Single edge notched beam

In this test a prenotched rectangular beam of small thickness and width in
comparison to its length is subjected to transverse loads and the load at
fracture measured. As with the beams used for the determination of
Young’s modulus, loading can be by either three or four points (Fig. 14).
The single edge notched beam test has been the subject of much research
leading to the specification of standard criteria for test piece geometry
(Brown and Srawley, 1966; British Standards Institution, 1977) dependent
on the material to be studied, e.g.:

K 2
¢ (crack length) > 2.5 [—’CJ (33)

Oy

@

h J g
te ’ -
F F
2 2z
(b) F
h J.__,Vc )

N,ﬂT.
it

Fig. 14 Geometries for (a) four-point and (b) three-point single edge notched beam. f, applied
load; h, beam thickness; b, beam width; / and a, distances between loading points as shown;
¢, crack length.
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. . Kie)?
h (specimen height) > 2.5 (—ICJ (34)
9y
To take account of the uncertainties such as underestimation of the K
value and the possibility of the test not meeting some of the other validity
criteria set down in British Standard 5447 (1977) it is recommended that

K 2
larger pieces be used where ¢ and A should be at least 4 [—@J . In addi-

Oy
tion, Brown and Srawley (1966) have recommended that:

. Kic|?
w (specimen width) > 5.0 [—ICJ (35)
gy
In all cases g, is the yield stress of the material under test.
Equations for the calculation of the critical stress intensity factor from
the applied load, F, and geometry of the beam can be derived, e.g. for four-
point beam bending (Mashadi and Newton, 1987a,b):

3FC1/2(11 - 12)

Kic =7 i (36)
and for three-point beam bending (Roberts et al., 1993):
3 FCI/Z
=y— 37
K=« 2bhil 37

where v is a function of the specimen geometry expressed as a polynomial
of the parameter c/h:

2 3 4
7=A0+A,@+A2@ +A3@ +A4@ (38)

where the coefficients have the values shown in Table 10. These equations
assume that the artificially induced crack which becomes unstable has zero
width, extends the full width/breadth of the specimen and has a depth that
is precisely known. Furthermore, the cross-section of the specimen and of
the notch must be of sufficient size relative to the microstructural features
that the observed response to loading is representative of the bulk material.

The four-point single edge notched beam was first used for pharmaceuti-
cal materials by Mashadi and Newton (1987a,b) and has since been adopted
by York eral. (1990). In all cases large rectangular beams 100 mm
long X 10 mm wide of varying height are prepared using the same punches
and dies as those used to prepare specimens for the determination of
Young’s modulus. Notches of varying dimensions and profiles have been
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Table 10 Values of coefficient A as used in equation 38

Type of loading Ay A A, A, Ay
Four point +1.99 -2.47 +12.97 —23.17 +24.80
Three point

=8 +1.96 ~2.75 +13.66 —23.98 +25.22
=4 +1.93 ~3.07 +14.53 —25.11 +25.80

introduced by cutting either using a simple glass cutter (Mashadi and
Newton, l987a,b) or a cutting tool fitted into a lathe (York eral., 1990).
The latter method has allowed notches of different profiles and dimensions
to be accurately cut and investigated. While the arrowhead type notch did
appear to influence the measured value of K- for beams of microcrystal-
line cellulose, the effect was much reduced from straight-through notches
and hence the latter were recommended (York efal., 1990).

The load required for failure of the specimens under tension is measured
using the same testing rig as that described previously for the determination
of Young’s modulus. Loading rates of between 0.025 mm min~' (Mashadi
and Newton, 1987a,b) and 100 mm min~! (York et al., 1990) have been
used - the latter workers noted a small rise (approximately 10%) in the mea-
sured K- of beams of microcrystalline cellulose for a 100-fold increase in
applied loading rate.

As with the measurement of Young’s modulus the four-point test requires
Iarge beams and consequently large amounts of material. In order to mini-
mize the latter, especially for the measurement of the critical stress intensity
factor for drugs under development, Roberts ef al. (1993) have developed
a three-point test using specimen dimensions and testing rig (Plate 6) similar
to that described earlier for Young’s modulus although in this case a ten-
someter has been used to stress the specimen. Using beams of dimensions
20mm long X 7mm wide of varying height with two types of notches (a
V notch cut by a razor blade pressed into the surface and a straight-through
notch cut by a small saw blade) the authors were able to show equivalence
with data generated by York ef al. (1990) for the four-point single edge not-
ched beam (Fig. 14).

As can be seen from Fig. 15, specimen porosity has a significant effect
on the measured K. As porosity decreases K. increases indicating more
resistance to crack propagation. During the initial stages of compression
the large pores which control the strength of the specimen are removed first
followed by the smaller ones. As the powder becomes more consolidated
if becomes less brittle and is able to absorb greater loads before failure. It
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Fig. 15 The effect of porosity on the measured critical stress intensity factor for: B, V notch;

and A, straight through notch of Avicel PH101 under three-point loading. X, data from York

et al. (1990) for some material under four-point loading. The line represents equation 40 for all
points.

is obvious from the results in Fig. 15 that the relationship between K- and
porosity is not linear as suggested by Mashadi and Newton (1987a,1987b,
1988). In this respect York et al. (1990) have investigated the application
of both the two-term polynomial equation of the type:

Kic = Kieo(1 = fiP + f,P?) (39
and the exponential equation of the type:
Kic = Kieoexp™?F 40)

where K, is the critical stress intensity factor at zero porosity, K, is the
measured critical stress intensity factor of the specimen at porosity P and
b, fi, and f, are constants. (It should be noted that these equations are
analogous to those used previously for Young’s modulus.) Both the rela-
tionships give low standard errors and high correlation coefficients for
microcrystalline cellulose from various sources. As with Young’s modulus,
the exponential relationship is the preferred option for pharmaceutical
materials (Roberts et al., 1993).



Table 11 Critical stress intensity factors measured using a single-edge notched beam

Critical
stress

intensity Particle

factor size
Material Method (MPam'’?) (m) Reference
Celluloses
Avicel PH101 4PB (100 x 10} LIN 1.21 50 Mashadi and Newton (1987b)
Avicel PHI102 4PB (100 x 10) EXP 0.76 %0 York et al. (1990}
Avicel PHI10! 4PB (100 x 10) EXP 0.87 50 York efal. (1990}
Avicel PH105 4PB (100 x 10) EXP 1.33 20 York eral. (1990}
Emcocel (90M) 4PB (100 x 10) EXP 0.80 90 York et al. (1990}
Emcocel 4PB (100 x 10) EXP 0.92 56 York er al. (1990)
Unimac (MG200) 4PB (100 x 10) EXP 0.67 103 York et al. (1990)
Unimac (MG100) 4PB (100 x 10y EXP 0.80 38 York ef al. (1990)
Avicel PHI02 4PB (100 x 10) POLY 0.91 90 York ef al. (1990)
Avicel PH101 4PB (100 x 10} POLY 0.99 50 York et al. (1990)
Avicel PH105 4PB (100 x 10) POLY 1.42 20 York et al. (1990)
Emcocel (S0M) 4PB (100 x 10) POLY 0.83 90 York et al. (1950)
Emcocel 4PB (100 x 10) POLY 0.80 56 York et al. (1990)
Unimac (MG200) 4PB (100 x 10) POLY 0.76 103 York et al. (1990)
Unimac (MG100) 4PB (100 x 10) POLY 1.05 38 York et al. {1990)

Avicel PH101 3PB (20 x 7) EXP 0.76 50 Roberts efal. (1992)

oy



Sugars

Lactose 8 anhydrous
a-Lactose monohydrate
Sucrose

Sorbitol instant

Drugs

Ibuprofen
Aspirin
Paracetamol DC
Paracetamol

Others
Sodium chloride
Adipic acid

3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP
4PB (100 x 10) LIN

3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP
3PB (20 x 7) EXP

3PB (20 x 7) EXP
3PB (20 x 7) EXP

0.76
0.35
0.22
0.47

0.10
0.16
0.25
0.12

0.48
0.14

47
32
120
15

20
176

Roberts er al. (1993)
Roberts ef al. (1993)
Roberts et al. (1993)
Mashadi and Newton (1987a)

Roberts et af. (1993)
Roberts et al. (1993)
Roberts et al. {1993)
Roberts er al. {1993)

Roberts ez al. (1993)
Roberts ef al. (1993)

4PB = four-point beam; 3PB = three-point beam; EXP = equation 40; POLY = equation 39; LIN = linear regression; the beam
dimensions (length and width) are given in parentheses.

Lt
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A number of pharmaceutical materials have been measured using both
three- and four-point beam bending (Table 11). Of all the excipients tested
microcrystalline celluloses exhibited the highest values of Kj.,; real dif-
ferences existed between the materials obtained from different sources.
In addition, there is also a particle size effect in that, for each of the three
sources of material, the critical stress intensity factor increased with
decreasing particle size. The sugars exhibit intermediate values with
relatively low values for the drugs. It is interesting that anhydrous 3 lactose
has a critical stress intensity factor approximately twice that of «-lactose
monohydrate (c.f. indentation hardness measurements in Table 4).

Double-torsion testing

A specific problem with the single edge notched beam test is the process
of prenotching the specimen before testing. In addition the procedure has
been criticized by Evans (1974) as not being entirely satisfactory for porous
specimens. For such specimens Evans (1974) considered the double-torsion
method first derived by Outwater and Jerry (1966) and developed by Kies
and Clark (1969) to be more appropriate as it eliminates the need to measure
crack length.

The specimen is a rectangular plate (Fig. 16) with a narrow groove exten-
ding its full length supported on four hemispheres. The load is applied by
two hemispheres attached to the upper platten. Controlled precracks are
introduced in the specimen by preloading until a ‘pop in’ is observed (a pop
in is a momentary decrease in load and is an indication of crack growth).
It should be noted that the groove is necessary to help guide the crack and
ensure it remains confined within the groove itself. The critical stress inten-
sity factor is then calculated from the load F required to cause catastrophic
crack propagation leading to failure by the expression:
(0 + v):l 12

KIC= FW,, [—m (41)
where v is the Poisson’s ratio and /, A, h,, W, and W, are the dimensions
of the specimen given in Fig. 16.

The double-torsion method has been used only for microcrystalline
cellulose (Avicel PH101) and Sorbitol ‘instant’ by Mashadi and Newton
(1988). As with the single edge notched beam specimens, measurements
varied with specimen porosity and using linear extrapolation Mashadi and
Newton (1988) calculated values of K¢, of 1.81 and 0.69 MPam '/ for the
two materials, respectively. The higher results obtained for these two mate-
rials compared with the data obtained for single edge notched beams (1.21
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n

Fr2 ‘

Fr2

Fig. 16 Geometry for the double torsion method for measuring critical stress intensity factor.
F, applied load; h, plate thickness; W, plate width; h, and W,,, distances as shown.

and 0.47 MPam 2 respectively) have been explained in terms of the speci-
fic geometries and stress uniformity of the two techniques. However, it is
known that values of K, determined from double-torsion techniques are
generally greater than those from notched beam specimens (Evans, 1974).

A specific practical problem of the double-torsion method for pharma-
ceutical materials is the preparation of the specimen and the very large com-
paction pressures needed to produce specimens of low enough porosity. For
microcrystalline cellulose, Mashadi and Newton (1988) were only able to
produce specimens of greater than 25% porosity.

Radial edge cracked tablets

All the techniques for the determination of the critical stress intensity factor
so far described involve the preparation of compressed rectangular beams
or plates that require special punches and dies and in some cases high ton-
nage presses. The ideal specimen shape for pharmaceutical materials is the
right-angled cylinder or a flat-faced tablet. Such a shape has recently been
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@ (b)

Fig. 17 Ceometries for (a) edge opening and (b) diametral compression method for measuring
critical stress intensity factors for radially edge cracked tablets. F, applied load; d, tablet diameter;
¢, crack length.

investigated by Kendall and Gregory (1987) who reported three methods of
determining the critical stress intensity factor of precracked specimens, i.e.
(a) edge opening (Fig. 17a), (b) diametral compression (Fig. 17b) and (c) pin
loading. They concluded that while the first of these was the best test, all
had advantages over other test procedures because of their exact theory,
simple sample preparation, ease of precracking, straight-forward loading
and low propagation forces. The first two methods have recently been
evaluated on tablets of microcrystalline cellulose (Avicel PH101) by Roberts
and Rowe (1989).

Both the tests involve the introduction of a precrack into the edge of the
disc. In edge opening the critical stress intensity factor is given by (Kendall
and Gregory, 1987):

F c 2 c |12
Kic== — 42
€7 {0.3557((1 — 97 ¥ 0.9665(d — c)”z} {2(1} “42)

where F is the peak load for cracking, as in Fig. 17a, while for diametral
compression the critical stress intensity factor is given by (Kendall and
Gregory, 1987):

—-1/2
F { 1r:| 1.586 @)

K= —|— —_—
€7 dt|2¢ [1 = (c/ad)P?

where F is the compressive force for cracking (Fig. 17b). In both cases ¢
is the crack length, 7 is the tablet thickness and d is the tablet diameter.
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When testing microcrystalline cellulose (Avicel PH101) Roberts and
Rowe (1989) first prepared tablets of varying porosity using 15 mm flat-
faced punches on an instrumented tablet press. After precracking using a
scalpel blade (Plate 7) the cracked tablets were stressed using either edge
opening, in which tablets were gripped using the air jaws of a tensometer
and pulled apart (Plate 8), or diametrally compressed with the crack vertical
between the plattens of a tensometer. During extensive testing it was con-
cluded that, of the two techniques, edge opening was the preferred option
as it gave the most stable crack propagation and the effects of crack length
were minimal. However, the diametral compression test was found to have
the same value provided crack lengths were limited to between c/d values
of 0.34-0.6.

Extrapolation of the measured values of critical stress intensity factors
of specimens over the porosity range 7-37% using linear, exponential
(equation 40) and a two-term polynomial (equation 39) gave values as
shown in Table 12. In all cases values obtained from diametral compression
were higher than those from edge opening. However, all values are signifi-
cantly higher than those determined from measurements on beams and
plates.

The reasons for this variation in the results from these different test pro-
cedures have been discussed by York etal. (1990) specifically for
microcrystalline cellulose. The problem lies in the difficulties in the intro-
duction of a two-dimensional sharp crack into a specimen and accurate
measurement of its length and velocity on the application of load. Ideally,
K, should be independent of crack length and for those materials which
exhibit a flat crack growth resistance curve all methods of measurement
should produce equivalent data for K,,,. However, many materials,
especially ceramics (Munz, 1983) have been shown to exhibit rising crack
resistance curves and hence the method of crack induction and notch geo-
metry become critical. These measurements on specimens with sawn or

Table 12 Critical stress intensity factors of microcrystalline cellulose using radial edge cracked
tablets (Roberts and Rowe, 1989)

Method Equation Kico (MPam'’?)
Edge opening Linear 1.91
Diametral compression Linear 2.11
Edge opening Exponential 2.24
Diametral compression Exponential 2.98
Edge opening Polynomial 2.31

Diametral compression Polynomial 2.35
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machined notch will always produce lower values of K, than those where
the crack is introduced by a controlled flaw. This is the case for the double-
torsion method and radially edge cracked tablet as in these methods the
total amount of crack extension at maximum load is always higher. This
is direct evidence that microcrystalline cellulose has a rising crack growth
resistance curve (Roberts and Rowe, 1989) and that this is the reason for
the variation.

Vickers indentation cracking test

Interest in indentation fracture goes back to the empirical finding (Auerbach,
1891) that the load required to form a crack is proportional to the radius of
the spherical indenter for indentations of radius << 1 cm. Although spheri-
cal and pyramidal indenters are both used, only the latter will be discussed
as the former method is applicable only to transparent material (e.g.
glasses). The most distinctive feature of the indentation of brittle materials
by the Vickers or pyramidal indenter is the appearance of cracks emanating
from the corners of the indent (Fig. 18) and it is from the measurement of
the lengths of these cracks that it is possible to determine the critical stress
intensity factor for indentation cracking or K..

Fig. 18 Schematic diagram showing cracking around a Vickers indent. C,, crack length; d, length
of diagonal of indent; a, length of half-diagonal of indent.
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Before describing the technique it is important to realize the assessment
of K_ is strictly semiempirical because, first, the analytical solutions of the
stress field around indentations have not been solved and only approximate
solutions have been derived, and second, the deformation field is not homo-
geneous and anisotropy and fracture complicate the problem.

The most common solution is an equation based on the model of Evans
and Charles (1976) and from experimental observations of Marshall and
Lawn (1979):

F
K = XW (44)
o

where F is indentation load, C, is the crack length (as in Fig. 18) and x is
a constant which can include terms reflecting the plastoelasticity of the
system, e.g. (E/H)™ where m is a constant which varies depending on the
calibrating materials assuming that K, = K-, where K, is from conven-
tional fracture testing. Obviously, the wider the range of solids used, the
more universal is the equation and in this respect Evans and Charles (1976)
have used ceramic data from the double torsion test as calibrating data
obtaining a value of x of 0.0824.

The most widely used equation for determining K, is from Antis et al.
(1981) using both measured and literature data for H, E and K- (double
cantilever beam test) for ceramics to allow calibration:

E 172 F
Kc=q{ﬁJ s )

where & is a calibration constant equivalent to 0.016.

In a review article Ponton and Rawlings (1989a,b) analysed 19 indenta-
tion fracture equations for their ability to equate to conventional testing
and found an equation by Lankford (1982) the most universal:

E 2/5 F 1.56
ORI o

where ¢ is a calibration constant equivalent to 0.0363 and a is the half
diagonal or a = d/2.

Only two papers have examined the indentation fracture test as a means
of determining the critical stress intensity factor of pharmaceuticals
(Duncan-Hewitt and Weatherly, 1989a,b). In the first of these, Duncan-
Hewitt and Weatherly (1989a) evaluated the indentation test using sucrose
crystals. Microindentation was performed using a Leitz-Wetzlar Miniload
hardness tester (Vickers pyramidal diamond indenter), applying loads
of 147 mN, with the indentations and cracks measured using a light
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microscope (Leitz). Large crystals were prepared (1-4 mm diameter) by
slow evaporation of a saturated aqueous solution at 23°C over a period of
3-6 months. The prismatic crystals were washed in ethanol to remove traces
of crystallization solution and were stored under controlled conditions
before testing. Furthermore, some specific crystal faces - (100), (010) and
(001) - were prepared by either abrading with decreasing grades of emery
paper or by cleavage. Crystals were mounted in plasticine prior to testing.
The authors found that fractures appeared anisotropic and that if crystals
were tested immediately after polishing, fracture was either suppressed or
significantly decreased, e.g. crack lengths after 2 min, 4 min and 20 min
polishing were 0 um, 16 um and 34 um, respectively.

In addition to using equation 45 of Antis efal. (1981), Duncan-Hewitt
and Weatherly (1989a) examined the equation of Laugier (1987):

E 2/3 F 172
SRONCIS “

where & is a calibration constant equivalent to 0.0143 and / = C, — a.

The authors found that the values of K, using the two equations were
similar (the mean for the various faces are given in Table 13). Furthermore,
they reported that equation 47 (Laugier, 1987) appeared to emphasize the
apparent fracture anisotropy. The fracture plane with the lowest value was
the (100) in agreement with the easiest to cleave plane (although the (101)
had the lowest K, value) and the plane with greatest K. was the (001)
plane. It is interesting to note that the (100) plane had the hardest surface
whereas the (001) plane had the softest (Tabie 6).

Calculations have been performed to analyse the ability of all the fracture
indentation equations (see Table 13) to equate to the value of sucrose from
flexure testing (Roberts et al., 1993), e.g. the equivalence of K, to K,

Table 13 Critical stress intensity factors for sucrose

Critical stress
intensity factor

Method (MPam'’?) Reference
Indentation 0.061 Evans and Charles (1976)
0.078 Antis etal. (1981)
0.089 Laugier (1987)
0.104 Lankford (1982)

Single edge notched beam 0.224 Roberts et al. (1993)
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and these data are presented in Table 13. In all cases the indentation techni-
que gives values of the critical stress intensity considerably lower than the
flexure method, with the value calculated using the Lankford (1982) equa-
tion giving the closest agreement and confirming the study by Ponton and
Rawlings (1989a,b) using ceramics.

In a later paper Duncan-Hewitt and Weatherly (1989b) published further
indentation critical stress intensity factors calculated from the Antis et al.
(1981) relationship (equation 45). These are shown in Table 14 with the
corresponding data from single edge notched beam (three point) beam
testing (Roberts et al., 1993). Although the rank order is the same the dif-
ferences in magnitude of the values are large (with the exception of sodium
chloride). A possible explanation for these differences is that in the inden-
tation test the theory is not exact and the equations are derived from
calibration with ceramics, i.e. materials with plastoelastic properties con-
siderably different from pharmaceutical materials.

Table 14 Comparison of critical stress intensity factors measured using indentation (K ) and
single-edge notched beams (K¢, )-

Kc K ICo
Material (MPam'’?) (MPam'/?)
Sodium chloride 0.50 0.48
Sucrose 0.08 0.22
Paracetamol 0.05 0.12
Adipic acid 0.02 0.14

Despite its shortcomings the indentation technique has certain advantages
over other testing methods as it can be used on small samples, e.g. single
crystals, specimen preparation is relatively simple and the indentation hard-
ness and Young’s modulus can be determined simultaneously.

RELATIONSHIPS BETWEEN PROPERTIES

All the properties described above are interrelated with specific ratios bet-
ween them associated with second-order characteristics such as brittleness,
ductility, plasticity and toughness. In this section a number of relationships
are reviewed and their usefulness examined.

Of specific interest is the semiempirical equation derived by Marsh (1964)
while studying Vickers indentation:
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H =0.07 + 0.61In (E} (48)
Gy Oy,

From this relationship (Fig. 19) and a knowledge of the materials studied
it is possible to show: first that if E/o, between 10-25 then H/g, is bet-
ween 1.5-2.0, corresponding to highly elastic materials typical of many
polymers; second if E/o, is between 25-30 then H/g, is between 2.0-2.2,
corresponding to brittle materials typical of glasses (if H/o, > 2.2 then
there is a tendency towards a reduction in brittle behaviour); and third if
E/o, > 150 then H/g, > 3.0, corresponding to a rigid-plastic material
typical of metals.

This equation is of specific interest as it implies that the ratio H/g, is
not always equal to 3 as suggested earlier (equation 5) but is related to both
the plasticity and elasticity of the material. This would account for the small
differences seen in the calculated yield stress from indentation hardness
measurements (using a value of 3) and those from Heckel plots shown in
Table 7. This ratio has been extensively examined by Roberts and Rowe
(1987a) and for the majority of pharmaceutical materials shown to lie bet-
ween 2.3 and 3.4.

5
Polymers Ceramics Metals
R Y
4+ Y .
s _.=”" Plastic - rigid
[- Full plasticity
2>~
x
2+
Elastic - plastic
Onset of plastic
T flow
fimit of validity
0
1 10 100 1000

Elo,

Fig. 19 Schematic diagram showing the relationship between the hardness (H), yield stress (o),
and Young's modulus of elasticity (E) for a range of materials {adapted from Tabor, 1979).
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Equation 48 can be useful in a predictive capacity because it is possible,
from a knowledge of two of the properties, to calculate the third with a
reasonable degree of accuracy (Roberts and Rowe, 1987a).

A modification of equation 48 allows for the use of both spherical and
pyramidal indenters (Johnson, 1970):

H 2 EX
) e

where X is either cotf), where 6 is the semiapical angle for a pyramid, or
d/D, where d and D are the diameters of the indent and sphere,
respectively.

Using a similar approach to Marsh (1964) and Johnson (1970}, Marshall
et al. (1982) showed that the ratio H/E is also an important factor in inden-
tation as elastic materials always exhibit a high value whereas plastic
materials always exhibit a low value. This ratio has been extrapolated to
pharmaceutical materials by Hiestand and Smith (1984) and renamed the
‘strain index’; it is described as indicating the relative strain during elastic
recovery that follows plastic deformation or the relative potential for strain
energy to develop at the tip of a defect. Both these and other workers
(Duncan-Hewitt and Weatherly, 1989b) have suggested that the strain index
is useful to predict tablettability in terms of capping and lamination but
comparison of literature data (Table 15) would tend to dispute this claim
as some materials with similar strain indices exhibit different compaction
behaviour.

Table 15 The strain index, H/E, for some excipients and drugs

Strain
Material index Comments References

Paracetamol 0.05 Lamination/capping Duncan-Hewitt and Weatherly (1989b)

Erythromycin 0.04 Lamination Hiestand and Smith (1984)
Adipic acid 0.03 Lamination Duncan-Hewitt and Weatherly (1989b)
Avicel PH101 0.025 Excellent Hiestand and Smith (1984)
Starch 0.023 Good Hiestand and Smith (1984)
Lactose S.D. 0.021 Poor Hiestand and Smith (1984)
Sucrose 0.02 - Duncan-Hewitt and Weatherly (1989b)
Sucrose 0.016 Splitting Hiestand and Smith (1984)
Phenacetin  0.013 Lamination Hiestand and Smith (1984)
Ibuprofen 0.011 Good Hiestand and Smith (1984)
Hexamine 0.006 Capping Hiestand and Smith (1984)

NaCl 0.005 Good Duncan-Hewitt and Weatherly (1989b)
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Table 16 Brittleness indices for some excipients and drugs

H K H

(o

fco KICo
Material (MPa) (MPam'’?) (um~Y?%
Avicel PH101 168° 0.7569 0.22
Lactose § anhydrous 251° 0.7597 0.33
Ibuprofen 35° 0.1044 0.34
Sodium chloride 213¢ 0.4769 0.45
Aspirin 87¢ 0.1561 0.56
Adipic acid 123¢ 0.1398 0.88
Paracetamol DC 265° 0.2463 1.08
«a-Lactose monohydrate 515° 0.3540 1.45
Sucrose 645°¢ 0.2239 2.88
Paracetamol 421°¢ 0.1153 3.65

@ Jetzer et al. (1983a)

b Leuenberger (1982)

¢ Duncan-Hewitt and Weatherly (1989b)
9 Ridgway et al. (1969a)

By considering that the brittleness of a material is a measure of the
relative susceptibility of that material to the two competing mechanical
responses of deformation and fracture, Lawn and Marshall (1979) proposed
a brittleness index defined as the ratio of indentation hardness to the critical
stress intensity factor with units um~'/2. Table 16 shows data for a variety
of materials; H is obtained from indentation hardness and K,;, from
single edge notched beam tests (Roberts et al., 1993). Duncan-Hewitt and
Weatherly (1989b) also used this index suggesting that materials with a high
value tend to undergo fragmentation during compaction. The results in
Table 16 for a wider range of materials tend to support this approach with
materials (e.g. Avicel PH101, ibuprofen) known to be essentially ductile in
behaviour exhibiting very low values and materials (e.g. sucrose, para-
cetamol) known to be brittle in behaviour exhibiting very high values.

It is interesting to compare the values of the brittleness index given in
Table 16 with values in the literature for medium-strength steel (0.1), poly-
methyl methacrylate (0.14), alumina (3.0) and glass (8.8). Based on this
classification all pharmaceutical materials can be considered to be brittle
or semi-brittle in nature.

A relationship already proposed earlier (equation 6) between the critical
stress intensity factor and Young’s modulus of elasticity provides a com-
parative measure of the fracture toughness (R). Data on a wide range of
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Table 17 Fracture toughness values for some excipients and drugs

Young'’s Critical stress Fracture

modulus intensity factor toughness
Material (GPa) (MPam'’?) dm?d
Celluloses
Avicel PH105 9.4° 1.33% 214.5
Avicel PH105 10.1° 1.33 175.1
Avicel PH101 7.8 0.76' 643.3
Avicel PH101 10.3¢ 1.214 142.1
Avicel PH101 9.2° 0.87" 106.5
Avicel PH101 9.0° 0.87" 84.1
Avicel PH101 7.8° 2.24 74.1
Avicel PH102 8.7 0.76" 95.2
Avicel PH102 8.2¢ 0.76" 70.4
Emcocel 7.1¢ 0.80" 90.1
Emcocel 9.0 0.80" 94.0
Emcocel (90M) 8.9 0.83" 77.4
Emcocel (90M) 9.4° 0.83" 68.1
Unimac (MG100) 8.0° 1.05" 137.8
Unimac (MG100) 8.8% 1.05* 72.7
Unimac (MG200) 7.3¢ 1.05" 79.1
Unimac (MG200) 8.0° 1.05" 56.1
Sugars )
a-Lactose monohydrate 24.1¢ 0.35' 5.1
Sorbitol instant 45.0/ 0.47 4.9
Sucrose 32.38 0.08¢ 0.2
Drugs .
Ibuprofen 5.0° 0.10° 2.0
Aspirin 7.5¢ 0.16 3.4
Paracetamol DC 11.7¢ 0.25° 5.3
Paracetamol 11.7¢ 0.12 1.2
Paracetamol 8.4% 0.058 0.3
Others
Sodium chloride 43.0% 0.50% 5.8
Adipic acid 4.1% 0.02¢ 0.1

% Bassam et al. (1990)
% Bassam et al. (1988)
¢ Roberts et al. (1989b)

9 Mashadi and Newton (1987b)

€ Roberts et al. (1991)

f Mashadi and Newton (1987a)

% Duncan-Hewitt and Weatherly (1989b)

k York et al. (1990)
! Roberts et al. (1993)
7 Roberts and Rowe (1989)
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materials using beam specimens to generate values for modulus of elasticity
and critical stress intensity factors are shown in Table 17. It can be seen
that fracture toughness can vary over two orders of magnitude, with
materials exhibiting high values being regarded as tough.

Lawn and Wilshaw (1975) and Atkins and Mai (1985) have used fracture
toughness as a means of classifying materials, e.g.

¢ For highly brittle materials where crack propagation occurs via the rever-
sible fracture of cohesive bonds the fracture energy is equal to the surface
free energy R = 0.5-5Jm~2.

¢ For semi-brittle materials where there is some plastic flow at crack tips
R=5-50Tm™2%

¢ For non-brittle materials where blunting of crack tips occur R can be in
excess of 5§ x 10*Jm~2.

EFFECT OF PARTICLE SIZE - BRITTLE-DUCTILE TRANSITIONS

It has been known for many years that if Heckel plots were constructed
for a material of varying particle size the reciprocal of the gradient over
the central linear portion of the graph (now defined as the deformation
stress, g,) varied either remaining constant or increasing as particle size
decreased (Hersey and Rees, 1970; York, 1978). An extensive study
(Roberts and Rowe, 1986, 1987b; Roberts et al., 1989a) showed that the
effect of particle size was even more complex, depending on the material
under test (Fig. 20). For a material known to undergo plastic deformation
(e.g. microcrystalline cellulose) no effect of particle size could be seen; for
a material known to undergo brittle fracture (e.g. dolomite), the deforma-
tion stress increased with decreasing particle size and for materials known
to undergo a combination of brittle fracture and plastic deformation (e.g.
a-lactose monohydrate) the deformation stress increased with decreasing
particle size to a plateau value.

A comparison of the shapes of the curves with that predicted schema-
tically in Fig. 1 shows that the point of change is indicative of a brittle-
ductile transition equivalent to the critical particle size d,;, predicted from
theory. This has been confirmed for sodium chloride using independent
measurements of yield stress and critical stress intensity factor (Roberts
etal., 1989a).

Calculated critical sizes (equation 4) for a variety of excipients and drugs
using yield stress data and critical stress intensity factors given in previous
tables are shown in Table 18. It can be seen that critical particle sizes can
vary over several orders of magnitude. The values appear reasonable in the
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Fig. 20 The effect of particle size on the deformation stress as measured using Heckel plots for:
¢, dolomite; M, o lactose monohydrate; A, microcrystaliine cellulose (adapted from Roberts
and Rowe, 1987b).

light of experimental findings for microcrystalline cellulose and a-lactose
monohydrate in Fig. 20. The value for microcrystalline cellulose is similar
to that determined for other polymeric materials (Kendall, 1978). The dif-
ferences in the two values for the two lactoses are consistent with the find-
ings of workers describing their compaction properties (Vromans et al.,
1986). Of the three drugs paracetamol has the lowest critical particle size,
which is consistent with it being very brittle. However, the addition of a
polymeric binder to paracetamol (i.e. paracetamol DC) increases its critical
particle size by an order of magnitude causing it to become plastic in nature.
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Table 18 Critical particle size for some excipients and drugs

H Kico eri
Material (MPa) (MPam!/2) (um)
Microcrystalline cellulose 168°¢ 0.7569 1949
Lactose 8 anhydrous 2517 0.7597 873
Ibuprofen 35° 0.1044 854
Aspirin 87¢ 0.1561 309
Paracetamol DC 265° 0.2463 83
a-Lactose monohydrate 515° 0.3540 45
Sucrose 6452 0.2239 12
Paracetamol 4214 0.1153 7

@ Yetzer et al. (1983a)

b Leuenberger (1982)

N Ridgway et al. (1969a)

4 Duncan-Hewitt and Weatherly (1989b)

EFFECT OF MOISTURE CONTENT

The moisture content of a material can affect its mechanical properties
generally by acting as an internal ‘lubricant’ facilitating slippage and plastic
flow (Khan et al., 1981). Obviously, this will lead to a decrease in both yield
stress and Young’s modulus of elasticity as adequately demonstrated for
microcrystalline cellulose (Roberts and Rowe, 1987d; Bassam et al., 1990).
In the case of yield stress, increasing the moisture content caused a linear
decrease independent of the source and batch of the material under test
(Fig. 21). Similar results have been recorded for paracetamol (Garr and
Rubinstein, 1992).

The effect of moisture content on the critical stress intensity factor is
more complex. Bassam e? al. (1990) have shown that for microcrystalline
cellulose there is a decrease with increasing moisture content, i.e, the mate-
rial became less resistant to crack propagation. Similar results have been
found for glass by Wiederhorn (1967) who suggested that the effect was
caused by water interacting at the crack tip.

PREDICTION OF COMMINUTION BEHAVIOUR

It is evident from the previous discussion that the critical particle size,
d_.i, is an important factor in predicting comminution behaviour as, for
a material known to undergo brittle fracture, it should be the limiting size
obtained on hammer milling. Unfortunately, data on limiting sizes from
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Fig. 21 The effect of moisture content on the yield stress of microcrystalline cellulose for: I,
Avicel; A, Unimac; ¢, Emcocel (adapted from Roberts and Rowe, 1987d).

hammer milling are few. However, Snow er al. (1988) have reported values
for sugar (sucrose) and calcium carbonate of 19 um and S um, respectively.
These values are close to the d,,;, values calculated from equation 4 of
12 um and 1 pm (Kendall, 1978), respectively.

PREDICTION OF COMPACTION BEHAVIOUR

At present a fundamental knowledge and theory describing the compaction
of particulate solids, specifically pharmaceuticals, is lacking. While it is
generally recognized that the mechanical properties of such materials are
critical in directing compaction behaviour, there is no predictive capability.
Roberts and Rowe (1987a) presented a pragmatic approach to predicting the
consolidation mechanism of pharmaceutical materials based on a knowl-
edge of Young’s modulus of elasticity, yield stress, hardness and strain rate
sensitivity (Fig. 22), This approach, combined with further measurements
on critical stress intensity factor enabling the prediction of critical particle
sizes, d.; (to account for particle size effects), will enable prediction of
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Fig. 22 The relationship between material properties, hardness {H), yield stress {o,), strain rate
sensitivity {SRS) and Young’s modulus of elasticity (E), and compaction behaviour (adapted from
Roberts and Rowe, 1987a).

the consolidation mechanism of any material of known particle size. This
knowledge will allow tablet formulators to take a more scientific approach
to formulation. Indeed, a combination of a predictive approach based on
mechanical property measurements combined with heuristics should enable
the development of quality expert systems for tablet formulation.
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Plate 1 Punch and die set used to prepare beams.

Plate 2 Four-point testing rig used to measure Young’s modulus. A, upper frame;
B, block; C, lower frame (see text).



Plate 4 A pneumatic microindentation apparatus as used by Ridgway et al. (1970).



Plate 5 Tablet compression simulator as used by Roberts and Rowe (1985);
A, hydraulic power pack; B, electronic control unit; C, loading frame.

Plate 6 Three point testing rig used to Plate 7 Precracking of a tablet using a
measure critical stress intensity factor. scalpel blade.



Plate 8 Edge opening method for measuring the critical stress intensity factor for a
radially edge-cracked tablet.



KINETIC ASPECTS IN THE DESIGN OF PROLONGED
ACTION OCULAR DRUG DELIVERY SYSTEMS

A. Urtti
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INTRODUCTION

Drug treatment of ocular diseases is usually practised as topical ocular drug
treatment with eyedrops. Ocular administration is popular because the eye
is an easily accessible organ for drug administration. In addition, compared
with systemic treatment of ophthalmic diseases (e.g. treatment of glaucoma
with oral acetazolamide) smaller doses can be used in local ocular drug
administration. Systemic drug treatment of ocular diseases is difficult
because the eye is separated from the general blood circulation by two bar-
riers: the blood-aqueous barrier and the blood-vitreous barrier. The pro-
perties of these barriers have been reviewed in detail elsewhere (Maurice and
Mishima, 1984).

After administration of an eyedrop or ointment the drug is absorbed
partly into the eye thereby exerting ocular pharmacological effects such as
mydriasis, miosis, decrease of the intraocular pressure, antimicrobial or
anti-inflammatory action. Ocular bioavailability after eyedrop administra-
tion is poor necessitating higher drug doses which may increase the risk of
ocular and systemic side-effects (Lee and Robinson, 1986). Because of the
poor bioavailability and rapid drug elimination from the eye, duration of
drug action is often short and, for example, pilocarpine eyedrops are
administered 3-6 times daily (Havener, 1983; USP DI, 1987). Some kinetic
problems of topical ocular drug administration can be solved with pro-
longed action medications (Shell, 1984).

In some cases drugs are administered to the eye as subconjunctival or
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intravitreous injections (Maurice and Mishima, 1984). These modes of drug
administration result in higher intraocular drug concentrations, but they
cannot be practised outside the clinics. Also, subconjunctival injections
may have low ocular bioavailability because most of the injected drug is
absorbed by the systemic circulation (Conrad and Robinson, 1980). This
has led to the research of prolonged action subconjunctival dosage forms.
Likewise, drug elimination from the vitreous humour can be rapid and there
is a need to prolong the action of intravitreally injected drugs. Another goal
is to diminish peak drug concentrations and related retinal toxicity after
intravitreal injection (Niesman, 1992).

Clearly, prolonged action medications have potential benefits in topical,
subconjunctival, and intravitreal drug administration. During the last 20
years many prolonged action drug delivery systems have been tested in the
eye. Most drug delivery systems are intended for topical ocular application.
They include polymer matrices (Maichuk, 1975; Loucas and Haddad, 1972;
Saettone et al., 1984; Urtti et al., 1984; Tang-Liu and Sandri, 1989), reser-
voir devices (Armaly and Rao, 1973; Sendelbeck et al., 1975), mucoadhe-
sive particles (Hui and Robinson, 1985), liposomes (Lee efal., 1985;
Niesman, 1992), nanoparticles (Marchel-Heussler etal., 1990), collagen
shields (Friedberg efal., 1991), thermosetting gels (Gurny efal., 1987;
Ibrahim et al., 1991), and chemical delivery systems (Lee and Li, 1989).
Both polydisperse systems and polymeric inserts have also been tested for
subconjunctival and intravitreal administration (Niesman, 1992). Although
encouraging results have been published in several studies, very few pro-
longed action delivery systems are in clinical use.

The performance of the ocular drug delivery system is determined by the
in vivo drug release rate from the delivery system, the pharmacokinetics of
the released drug and the interactions of the biological system and the
delivery system. For example, retention of the delivery system at the site
of application and dissolution or erosion of this system in the biological
environment are important factors. The ocular physiology/biochemistry
and pharmacokinetic properties of each drug set the limits and requirements
in the system design. This paper reviews the relevant kinetic factors that
should be taken into account when prolonged action dosage forms are
designed for topical ocular, subconjunctival or intravitreal use.

PRINCIPLES OF OCULAR PHARMACOKINETICS

Topical ocular drug administration

A schematic and simplified presentation of ocular pharmacokinetics related
to topical ocular administration is shown in Fig. 1.



CORNEAL
ggg%f\sl Form | — RELEASED DRUG IN TEAR FLUID —————» AGUEOUS  ——» AQUEOLS
RELEASE assorpTion 1M TURNOVER
OCULAR TISSUES
REMOVAL BY DRAINAGE, DRAINAGE,  INDUCED TEAR CONJUNCTIVAL
BLINKING, INDUCED BLINKING LACRIMATION TURNOVER  ABSORPTION

LACRIMATION, AND TEAR

TURNQVER

Fig. 1 Schematic presentation of ocular pharmacokinetics related to topical ocular drug administration.
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Lacrimal fluid

When eyedrops are administered to the ocular surface the solution mixes
with the tear fluid. After administration the extra solution volume rapidly
flows from the eye (Chrai etal., 1973, 1974) through the puncta to the
lacrimal drainage system and then to the nose, pharynx and gastrointestinal
tract (Hurwitz et al., 1975; Chavis et al., 1978). The drainage of the instilled
solution is rapid: the drainage rate constant increases with instilled
volume - 0.31 min ~'and 0.82min ~! for eyedrops of 5 ul and 50 ul, respec-
tively, in rabbits (Chrai et al., 1973). Furthermore, the rate of solution
drainage decreases with elevated solution viscosity (Chrai and Robinson,
1974) and mucoadhesiveness (Gurny et al., 1987). Drainage rate of ophthal-
mic solutions is about three times faster in humans than in rabbits (Zaki
etal., 1986). This is partly explained by the higher blinking frequency in
humans than in rabbits (Chavis ef al., 1978; Saettone et al., 1982).

Another important route of drug loss from the lacrimal fluid is drug
absorption to the conjunctiva (Lee and Robinson, 1979; Thombre and
Himmelstein, 1984). The conjunctiva of the eye is lined by stratified colum-
nar epithelium two to seven cell layers thick, depending on the conjunctival
region (Junqueira ef al., 1986). Conjunctival permeability is fairly high so
that most drugs diffuse across the conjunctiva easily (Wang ef al., 1991).
Typical values for conjunctival drug permeabilities are in the order of
1-5 x 10 ™% cm s ! (Ahmed et al., 1987; Wang et al., 1991). Consequently,
nearly 50% of topically instilled pilocarpine is absorbed within a few
minutes through conjunctiva to systemic circulation in rabbits (Urtti ez al.,
1985).

Induced lacrimation may increase the rate of solution drainage from the
preocular area for several reasons. Often eyedrop solutions are buffered to
a low pH for reasons of stability. Examples of this are pilocarpine, atropine
and epinephrine (Dolder and Skinner, 1983). Acidic pH may, however,
cause discomfort and thereby increase lacrimation and rate of drug removal
from the corneal surface (Conrad ef al., 1978). Also, if the osmotic pressure
of instilled eyedrops deviates from isotonicity, the rate of instilled solution
drainage is increased (Conrad et al., 1978). Topical anaesthesia blocks the
induction of lacrimation for the most part and results in a reduced precor-
neal drainage rate of the instilled solution and in increased ocular pilocar-
pine absorption in rabbits (Patton and Robinson, 1975). The basal tear
turnover has only a minor role in the drug removal from the preocular area
(Lee and Robinson, 1979).

At the time of eyedrop instillation there is a concentration gradient bet-
ween the tear fluid and neighbouring corneal and conjunctival tissues. Con-
sequently, the difference in thermodynamic activity drives drug to these
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tissues. Thus, for example, in the case of pilocarpine most of the corneal
absorption takes place within 3 min after instillation of an eyedrop in rabbits
(Chrai et al., 1974). The period of drug absorption is short because the
activity gradient decreases rapidly owing to precorneal solution drainage and
conjunctival systemic absorption (Chrai etal., 1973; Lee and Robinson,
1979). The initial rate of decrease in lacrimal drug concentration (e.g. pilo-
carpine) is typically 0.4-1.0min ~! (Chrai et al., 1973; Lee and Robinson,
1979; Urtti and Salminen, 1985). Thereafter, the drug concentration in the
tear fluid decreases much more slowly because pseudo-equilibrium between
tear fluid and surrounding tissues has been established (Urtti ef al., 1990).
In the terminal phase the elimination rate of timolol from the lacrimal fluid
of rabbits is even slower (0.003 min ~') than the rate of normal tear turn-
over (0.07 min ~!) suggesting considerable back-diffusion from the cornea
and conjunctiva to the tear fluid (Urtti et al., 1990). It should be remem-
bered that despite the sustained drug concentrations in the lacrimal fluid
after eyedrop administration no more drug absorption takes place during
this kinetic phase.

Cornea

The cornea is the main route of drug absorption from the tear fluid to the
inner eye in most cases (Doane et al., 1978). Examples of drugs absorbed
through this route are timolol (Ahmed and Patton, 1985), pilocarpine
(Doane etal., 1978) and hydrocortisone (Doane etal., 1978). For most
drugs the main corneal penetration barrier lies in the epithelium (Sieg and
Robinson, 1976). The importance of different epithelial cell layers as bar-
riers is dependent on the lipophilicity of compounds (Shih and Lee, 1989).
In the case of hydrophilic atenolol the entire epithelium behaves as the
penetration-limiting barrier, whereas for timolol and levobunolol, com-
pounds with intermediate lipophilicity, only the most superficial cell layers
considerably limit drug permeability (Shih and Lee, 1990). These outermost
cellular layers of corneal epithelium are interconnected by tight junctions
which limit especially the penetration of hydrophilic molecules (Grass and
Robinson, 1988; Wang et al., 1991). In the epithelium wing cells and basal
cells are less tightly interconnected and allow intercellular penetration of
macromolecules such as horse radish peroxidase (Tonjum, 1974) and
fluorescein isothiocyanate (FITC)-labelled poly(L-lysine) (Rojanasakul
etal., 1990).

Corneal stroma is a loosely arranged hydrophilic layer with no con-
tinuous cellular structure. Consequently, drug diffusion in the stroma is
rapid and values are in the typical range not dependent on lipophilicity and
molecular weight (Maurice and Mishima, 1984).
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Many ophthalmic drugs show considerable lipophilicity that makes trans-
cellular drug penetration possible. Because of the differences in transcel-
lular permeabilities, increasing lipophilicity has been shown to enhance
corneal permeability so that maximal permeability of B-blockers was
observed at log (octanol/water) partition coefficients of 2-3 (Huang et al.,
1983). Similar findings were observed with steroids (Schoenwald and Ward,
1978). Data sets of more heterogeneous groups of compounds revealed
substantial deviations from the simple partitioning effects caused by dif-
ferent molecular sizes (Grass and Robinson, 1988) and charges (Liaw et al.,
1991). As expected, increased molecular weight decreases the corneal per-
meability (Grass and Robinson, 1988; Maurice and Mishima, 1984). At
neutral pH the rabbit cornea behaves as if it were negatively charged. Con-
sequently, positively charged L-lysine had a 10 times higher permeability
than the negatively charged L-glutamic acid (Liaw efal., 1991).

In the range of very lipophilic compounds (logP > 3) corneal permeabi-
lity cannot be further improved by increasing the lipophilicity; steady
(Wang etal., 1991) or decreasing (Schoenwald and Ward, 1978; Huang
et al., 1983) permeabilities at higher lipophilicities have been observed. This
phenomenon is explained by impaired drug desorption from the lipophilic
parts of the corneal epithelium to the hydrophilic stroma (Huang et al.,
1983). Therefore, the corneal stroma appears to be the penetration rate
limiting barrier in these cases. It should be remembered, however, that
ocular bioavailability is not directly related to corneal permeability. In addi-
tion to the corneal permeability, the ocular bioavailability is affected by the
precorneal drainage factors and by the ratio of permeabilities between the
cornea and conjunctiva (Fig. 1) (Wang efal., 1991).

Corneal permeability of drugs can be improved by optimization of the
formulation pH so that the fraction of the unionized drug is increased
(Francouer efal., 1983; Ashton etal., 1991). Another more demanding
approach is to prepare a prodrug derivative that has improved corneal
absorption characteristics and releases the active parent compound through
enzymatic and/or chemical hydrolysis in the eye (Lee and Li, 1989). These
chemical delivery systems also provide potential to control drug input rate
and prolong drug action in the eye.

Conjunctiva and sclera

The conjunctiva covers most of the ocular surface and has greater
permeability than the cornea, especially for hydrophilic compounds (Wang
etal., 1991). Consequently, depending on dosing conditions and dosage
form, 5-30 times more timolol (Chang and Lee, 1987; Urtti efal., 1990)
and pilocarpine (Lee and Robinson, 1979; Thombre and Himmelstein,
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1984; Urtti et al., 1985) is absorbed through the conjunctiva to the systemic
circulation than transcorneally into the eye. Conjunctival clearance of the
drug from the lacrimal fluid is determined as CL = P x S, where P is the
conjunctival permeability (typically in the order of 10 °cm s~!) (Wang
etal., 1991) and S is the conjunctival surface area (18 cm?) (Watsky ef al.,
1988). Furthermore drug flux through the conjunctiva at steady-state is
determined in clearance terms as J = CL X dC, where dC is the concentra-
tion gradient of drug between the lacrimal fluid and conjunctiva.

Part of the drug may absorb via conjunctiva to the sclera and thereafter
to the ciliary body (Ahmed and Patton, 1985). Drug that is absorbed by
this route does not usually gain access to the aqueous humour. Conjunctival
and scleral penetration is more favourable than the corneal route, especially
for hydrophilic and large molecules like inulin that have poor corneal
permeability (Ahmed and Patton, 1985; Ahmed ef al., 1987). In addition,
conjunctiva has been shown to be the preferable route for ocular absorption
of the hydrophilic «, agonist p-aminoclonidine (Chien efal., 1990).

Drug distribution in the inner eye

After absorption into the aqueous humour a drug may distribute to the sur-
rounding tissues: iris, ciliary body, and lens. A small amount of the drug
may also penetrate further to the posterior chamber and vitreous humour
(Maurice and Mishima, 1984).

Penetration to the iris and ciliary body takes place easily because these
tissues have a porous, leaky surface (Maurice and Mishima, 1984). Conse-
quently, drug concentrations in the iris and ciliary body of albino rabbit
reflect those in the aqueous humour readily and they are considered to
belong to the same pharmacokinetic compartment (Makoid and Robinson,
1979). Deviations from this relationship take place in the case of pigmented
iris and ciliary body if the drug is capable of binding to melanin. For exam-
ple, pilocarpine (Lee and Robinson, 1982), timolol (Salminen and Urtti,
1984), and atropine (Salazar and Patil, 1976) bind to ocular pigmentation.
Typically, binding results in elevated drug concentrations in, and in slower
drug elimination from, the tissue (Lee and Robinson, 1982; Salminen and
Urrti, 1984). This results in prolonged action of pilocarpine (Urtti et al.,
1984) and atropine (Salazar and Patil, 1976) in pigmented eyes compared
with less pigmented ones. Thus, pigmentation may behave like an intra-
ocular sustained release depot for some drugs.

The lens is less permeable than iris or ciliary body and, consequently,
drug concentrations in this tissue are typically an order of magnitude lower
than in the anterior uvea (Maurice and Mishima, 1984; Urtti et al., 1990).
The lens decreases drug diffusion from the anterior chamber to the vitreous
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humour (Maurice and Mishima, 1984). Consequently, higher concentra-
tions are achieved in the back of aphakic than phakic eyes after topical
ocular drug administration. Also, convective flow of the aqueous humour
from the posterior to the anterior chamber impairs drug access to the
posterior eye. Thus, it is not surprising that topical ocular drug administra-
tion results in drug concentrations nearly two orders of magnitude lower
in the vitreous than in the aqueous humour (Urtti etal., 1990). Conse-
quently, it is difficult to treat disorders in the back of the eye using topical
ocular drug administration, while drug treatment of the posterior eye via
systemic circulation is impaired by the blood-vitreous barrier (Maurice and
Mishima, 1984).

Drug elimination

Drugs are eliminated from the aqueous humour by aqueous drainage
through the trabecular meshwork. Drug clearance by this route equals the
rate of elimination from the aqueous humour (Conrad and Robinson, 1977;
Miller et al., 1981). In addition, many drugs, like pilocarpine and timolol,
are eliminated via the blood circulation of the anterior uvea (Miller eral.,
1981; Tang-Liu et al., 1984). Consequently, clearance values of pilocarpine,
timolol, and flurbiprofen are more than 10yl min !, which is several
times higher than the elimination rate from aqueous humour of the rabbit
eye (Tang-Liu eral., 1984). In ocular pharmacokinetics it is difficult to
distinguish the distribution phenomena from elimination because the lens
and vitreous humour can form large and slowly equilibrating drug depots.

After intracameral injection and topical eyedrop application, drug con-
centration in the aqueous humour decreases according to biphasic kinetics
with two half-lives - one for drug distribution and the other for elimination
(Makoid and Robinson, 1979; Miller ezal., 1981). For example, the
apparent half-life for flurbiprofen distribution is 15 min and the half-life
for its elimination from the aqueous humour after intracameral injection
is 93 min (Tang-Liu ezal., 1984).

Although drug absorption from the lacrimal fluid to the cornea ceases
in a few minutes, the second step in ocular drug absorption, transfer from
the epithelium to the stroma, is slow and may decrease the value of the
apparent half-lives of distribution and elimination (Makoid and Robinson,
1979). During the terminal elimination phase the half-life is prolonged by
the back-diffusion of the drug from the tissue reservoirs such as the lens,
vitreous humour and pigmented uvea (Makoid and Robinson, 1979; Miller
etal., 1981).



Kinetics in design of ocular drug delivery systems 71
Subconjunctival drug administration

Antibiotics (Barza efal., 1981) and steroids (McCartney efal., 1965) are
examples of drugs which are sometimes administered as subconjunctival
injections in order to achieve higher drug concentrations in the eye. The
volume administered subconjunctivally is usually 0.5-1.0 ml and after injec-
tion a bleb is formed on the ocular surface. Increased ocular absorption
of subconjunctival drugs, compared with topically administered drugs, has
been demonstrated in several studies (Maurice and Mishima, 1984).

The reasons for increased ocular absorption and the pharmacokinetics
of subconjunctival injections have long been studied and discussed but the
picture is not yet clear. There are several possibilities for the increased
ocular penetration (Fig. 2). Subconjunctivally injected drug may leach from
the injection bleb to the lacrimal fluid and thereafter it may absorb trans-
corneally into the eye (Conrad and Robinson, 1980). Bioavailability is
increased because the retention time of subconjunctival depot is longer than
retention of eyedrops on the ocular surface. Another possibility is the direct
penetration through sclera to the anterior uvea (McCartney et al., 1965).
There are studies supporting both views. For example, Conrad and Robinson
(1980) have shown in a quantitative and mechanistic study that pilocarpine
is absorbed by the rabbit eye mainly via the cornea after subconjunctival
injection. In contrast, McCartney et al. (1965) have demonstrated scleral
penetration of hydrocortisone into the rabbit eye after subconjunctival
injection.

The importance of different routes of drug absorption after subconjunc-
tival injection is probably dependent on the physicochemical properties of
the drug and the vehicle. Because polar and large molecules do not pene-
trate well through the cornea (Huang et al., 1983; Wang et al., 1991) they
probably do not penetrate corneally even after solution leaching from the
subconjunctival depot. For hydrophilic molecules the scleral route may
dominate over the corneal route but for more lipophilic molecules leaching
from the subconjunctival space and subsequent corneal penetration is the
most probable route of ocular absorption. These views are supported by
the study of Ahmed and Patton (1985). In their study, inulin (a hydrophilic
substance with a molecular weight of 5000) was absorbed after constant
topical ocular exposure mainly through conjunctiva and sclera to the iris-
ciliary body. In contrast, the smaller and more lipophilic timolol was
absorbed mainly transcorneally into the eye. Unfortunately, no one has yet
quantitatively and systematically compared ocular absorption of different
molecules after subconjunctival injections to demonstrate the possible
dependence of the penetration route on the physicochemical properties of
the drug.
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Although at least part of the injected solution may remain in the injection
bleb for hours (Conrad and Robinson, 1980) this does not necessarily imply
drug retention at the injection site. Subconjunctivally injected drug is
usually absorbed rapidly by blood and therefore the drug concentration in
the bleb decreases rapidly (Maurice and Mishima, 1984). This happens both
in humans and in rabbits (Maurice and Mishima, 1984). For example,
pilocarpine concentration decreased in the subconjunctival space of rabbits
to 1/1001in 1 h despite a sizeable bleb (Conrad and Robinson, 1980). Further-
more, Maurice and Ota (1978) have shown that a subconjunctivally injected
concentration of ['*°1] iodopyracet decreased tenfold in 30 min in rabbits.
In order to increase ocular absorption and prolong the duration of action dif-
ferent subconjunctival prolonged action medications have been tested.

Intravitreal Drug Administration

Drug penetration to the back of the eye is poor due to the anterior barriers -
cornea, aqueous turnover, lens, and blood flow in the anterior uvea. Also,
penetration of a systemically circulating drug to the vitreous humour is
poor. The blood-vitreous barrier consists of the retinal pigment epithelium
and the endothelium of the retinal capillaries (Maurice and Mishima, 1984).
Consequently, local intravitreal drug administration has gained increasing
interest as a possible method for drug administration of antibiotics in endo-
pthalmitis and also in drug treatment of proliferative vitreoretinopathy
(Niesman, 1992).

Intravitreally injected drug spreads gradually to the vitreous space. Diffu-
sion in the vitreous is rapid because the collagen concentration in the
vitreous gel is low (Maurice and Mishima, 1984). Drugs are eliminated from
the vitreous humour via the retina and via the anterior chamber. The rate
of drug elimination via the anterior route is determined by molecular
weight. The half-life of vitreal elimination for a relatively small molecule
such as gentamicin is 1 day, but the half-lives for macromolecules are
several days (Maurice and Mishima, 1984). The retinal route contains both
passive and active components. Lipid-soluble drugs may be transported
across the blood-vitreous barrier and active transport has been described
for indomethacin. Both factors may increase the elimination rate so that
the half-lives of many antibiotics in the vitreous humour are only a few
hours (Maurice and Mishima, 1984).

Sustained release medications have been explored for intravitreal admini-
stration because of the rapid drug elimination from the vitreous humour.
A second aim is to avoid the retinal drug toxicity that is related to high
drug concentrations after intravitreal injection of drug solution.
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TOPICAL PHYSICAL DRUG DELIVERY SYSTEMS

In topical ocular controlled drug delivery systems the delivery system
releases drug to the tear fluid resuiting in prolonged drug concentration in
the tear fluid. From the tear fluid part of the drug is absorbed into the eye
and the dosing interval of the drug can be prolonged. A prerequisite to the
success of this approach is adequate retention of the dosage form in the
conjunctival sac (Fig. 1).

Drug release in vivo and precorneal kinetics

A topical ocular delivery system for prolonged drug action may be polydis-
perse (suspension, particulates, liposomes), viscous liquid, gel, gelling vehi-
cle or solid insert (matrix or reservoir device with soluble, erodible or
non-erodible polymers) (Shell, 1984; Lee and Robinson, 1986; Gurny et al.,
1987). The behaviour of controlled release systems can be substantially
changed by physical and chemical characteristics of the polymers or other
adjuvants. Polymer properties and other relevant physical and chemical
factors offer ways to adjust drug release and dosage form retention in the
conjunctival sac. Properties of different polymeric delivery systems in
general (Langer, 1980) and in particular for ocular use (Shell, 1984; Lee
and Robinson, 1986) have been reviewed. In this paper emphasis will be
placed on the kinetics.

During drug release from a prolonged action dosage form its steady-state
concentration in the precorneal tear fluid (C,.) is determined as a function
of the drug release rate in the preocular area (dQ/dr) and total drug
clearance from the precorneal tear fluid (Cl,):

C,c = (dQ/A1YCI,, 1)

In this case the volume of the dosage form is constant (e.g. insert, constant
amount of microparticulates or suspension crystals after extra solution
volume has drained from the eye). Owing to the small preocular volume
of the tear fluid (V,=7ul) and large precorneal clearance (12 pl min ™!
for timolol) the precorneal system should reach steady-state very rapidly in
five half-lives, one half-life being 0.69 x V,/Cl,. (Gibaldi and Perrier,
1982).

Retention of the dosage form in the conjunctival sac and in vivo release
rate of the drug are the main factors that determine the drug input (dQ/dr)
to the tear fluid after application of the delivery system. Drug release in
vivo may be similar to in vitro release (Urtti ef al., 1994) or different (Finne
and Urtti, 1992). Poor retention in the preocular area may lead to removal
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of the dosage form from the conjunctival sac before the drug is released.

As drug clearance from the lacrimal fluid is determined by several parallel
elimination pathways (Fig. 1), most notably drainage, tear flow, conjunc-
tival and corneal absorption, drug concentration at steady-state in the
lacrimal fluid (C,;) can be determined with a simple equation:

Cpe = (dQ/AtY[Cl¢ + Cl; + Cl,)
= (dQ/dt)/[Cltf + (ch X Scj) + (Pco X Sco)] (2)
where

dQ/dt = drug release rate in vivo,

Cl; = rate of drug clearance via tear turnover,

Cl., = drug clearance from the lacrimal fluid to the cornea,

Cl; = drug clearance from the lacrimal fluid to the conjunctiva,

P = drug permeability in the conjunctiva,

S.; = conjunctival surface area,
P_, = corneal permeability of the drug,
S., = corneal surface area.

In equation 2 clearances across the membranes are calculated as the pro-
ducts of membrane permeabilities (P) and their surface areas (S).

If the dosage form flows partly or completely from the eye after admini-
stration, as viscous vehicles, gelling systems, nanoparticulates and lipo-
somes do, it is very important that the drug release rate and the rate of
dosage form drainage from the eye match each other (Fig. 1). Too great
a drainage rate of the controlled release dosage form from the conjunctival
sac may result in poor ocular bioavailability because the drug is not ade-
quately released from the system to the lacrimal fluid before the dosage form
isremoved. For example, typical liposomes and nanoparticles have half-lives
of 3-5 min and 2 min, respectively, on the ocular surface (Fitzgerald et al.,
1987a,b). Sometimes drug is not adequately released from liposomes in the
tear fluid and, consequently, ocular absorption of liposomal epinephrine
(Stratford et al., 1983) and dihydrostreptomycin (Singh and Mezei, 1984)
is less than from conventional eyedrops. Release rates of drugs or fluores-
cent probes from liposomes in vitro in buffer solutions are in the order of a
few per cent per hour (Fitzgerald et al., 1987a), but in vivo release rates may
be much higher because the tear fluid increases the rate of drug release from
liposomes as much as does plasma (Barber and Shek, 1986). The half-life
of carboxyfluorescein release from multi-lamellar vesicles decreases from
6.96 = 1.03h to 0.43 + 0.05h when the percentage of tear fluid in the
release medium increases from 0% to 100%. The mechanism for the
increased rate of drug release in lacrimal fluid is not known. Also, in the
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case of colloid size particles, endocytosis by the conjunctival cells (Latkovic
and Nilsson, 1979) may increase the particle retention and drug absorption
via conjunctiva and sclera into the eye (Ahmed and Patton, 1986).

Several vehicles have been described that are capable of prolonging drug
retention and drug activity in the eye (Shell, 1984; Lee and Robinson, 1986).
Viscous, mucoadhesive gels or ‘after application’ gelling vehicles increase
ocular drug absorption by prolonging ocular contact (Lee and Robinson,
1986) but, strictly speaking, these dosage forms are not controlled release
systems. They increase both ocular peak drug concentrations and bioavail-
ability, because the drug release from the vehicle is rapid compared with
the rate of drug penetration into the eye and, thus, drug release is not the
rate-controlling factor in ocular drug delivery (Maurice and Mishima,
1984). This kind of profile has been called prolonged pulse entry of drug
into the eye (Salminen efal., 1983).

In contrast to nanoparticles and liposomes, drug release from these
systems is faster than their precorneal drainage and drug release is not cru-
cial because the release is rapid. Retention of the vehicle or dosage form
on the ocular surface can be misleading. For example, a mucoadhesive
hyaluronic acid vehicle shows excellent retention for an eyedrop on the
ocular surface (Gurny eral., 1987). Based on gammascintigraphic data,
only about 20% of the vehicle had been eliminated from the eye after
10 min whereas the half-life of a saline eyedrop was about 30 s. Despite this
order of magnitude difference in the rate of vehicle removal from the eye,
ocular biological activity of pilocarpine measured as an area under the
miosis versus time curve was improved only 25% and 61% in man and rab-
bit, respectively, with the hyaluronic acid vehicle. Careful interpretation of
the gammascintigraphic data is needed, because the label (usually [*™Tc]-
DTPA complex) does not penetrate the ocular tissues. In contrast, pilocar-
pine readily absorbs (about 24% min ! at a volume of 30 ul) across the
conjunctiva to the systemic blood circulation (Fig. 1) (Urtti et al., 1985).
Pilocarpine concentration in the tear fluid may decrease much more rapidly
than the measured ®™Tc or hyaluronic acid concentration resulting in only
modest increases in pilocarpine absorption.

The rate of drug release from some polymeric controlled release systems
may be lower in the lacrimal fluid than in in vitro release tests; this may be
for several reasons. For example, the mixing conditions in the conjunctival
sac are mild and tear volume is very small (7 ul) (Maurice and Mishima,
1984). Monoesters of poly(vinyl methyl ether/maleic anhydride) release
timolol at lower rates in vivo in rabbit eyes than in vitro in phosphate buffer
(Finne and Urtti, 1992). Because these polymers are polycarboxylic acids
their dissolution is dependent on surface pH and transport of hydrogen ions
across the static diffusion layer on the polymer surface (Heller et al., 1978).
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Consequently, low buffering capacity of the tear fluid and poor mixing
result in conditions where both surface pH may decrease and the thickness
of the diffusion layer may increase. Consequently, the rate of polymer dis-
solution and drug release are slowed down in vivo (Finne and Urtti, 1992).
This factor may affect the drug release from other ionizable and bioerodible
polymers in the tear fluid as well.

In contrast to erodible polymer matrices, similar in vitro and in vivo release
rates have been demonstrated for pilocarpine from Ocusert (Urquhart, 1980)
and for timolol from silicone reservoir devices (Urtti efal., 1988; Urtti
etal., 1994). These polymers neither dissolve nor have interactions with the
lacrimal fluid. Here there is no interphase between dissolving solid polymer
and already dissolved polymer in the diffusion layer. On the surface of non-
erodible reservoir devices there is a diffusion layer with a concentration gra-
dient of the drug but, in most cases, drug concentration in the lacrimal fluid
on the polymer surface is substantially lower than its solubility. This hydro-
dynamic diffusion layer does not limit drug release of timolol from silicone
reservoir devices in vivo in lacrimal fluid (Urtti et al., 1988, 1994).

In principle, drug release from diffusion controlled delivery systems is
determined by the thermodynamic activity gradient of the drug between
outer polymer surface and lacrimal fluid. If there is a drug concentration
buildup in the receptor medium, drug release rate should decrease because
the concentration gradient is decreased. However, owing to the typically
high drug clearances from the lacrimal fluid (5-10 ulmin~') (Lee and
Robinson, 1979; Urtti et al., 1990; Keister et al., 1991) mainly via conjunc-
tival drug absorption, no significant concentration buildup is expected to
take place at drug release rates less than 1 mg h~! (Urtti, 1991). These
calculations are supported by the data on non-erodible timolol inserts of
silicone that released timolol at the rates of 4-7 ugh ~!. The release rates
in vitro and in vivo were similar both in rabbit (Urtti efal., 1988) and
human (Urtti efal., 1994) eyes. This contrasts with transdermal drug
delivery in which poor transdermal drug permeability and subsequent con-
centration buildup in the occluded sweat may suppress the release rate of
the drug from a transdermal patch (Urtti, 1991).

After application of solid inserts, drug concentration in the lacrimal fluid
of rabbits is not homogeneously distributed (Urtti ez al., 1988). Mixing in
the preocular fluid of rabbits is poor owing to the infrequent blinking (four
times per minute) and slow tear turnover. This was demonstrated in a study
where a silicone device releasing timolol was placed either in the superior
or inferior conjunctival sac in pigmented rabbits (Urtti eral., 1988).
Application to the superior cul-de-sac resulted in greater corneal timolol
absorption compared with the device placement in the inferior conjunctival
sac. From the inferior conjunctival sac, timolol absorption took place
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mainly via the inferior part of the conjunctiva and sclera and thus timolol
concentrations in the lower parts of each ocular tissue (cornea, conjunctiva,
sclera, iris-ciliary body) were much higher than in the upper parts of the
tissues. Poor mixing in the rabbit tear film has been demonstrated also by
Lutosky and Maurice (1986). Drug distribution after application of an
ocular insert to the human eye may be more even because the blinking fre-
quency is several times per minute (Saettone eral., 1982).

Ocular absorption
Pulse-entry

After eyedrop application drug concentration in the tear fluid decreases
rapidly owing to efficient solution drainage and absorption processes
(Fig. 1). Consequently, most of the corneal absorption takes place during
the first few minutes after instillation of the eyedrop (Chrai efal., 1974).

When viscous and mucoadhesive solutions, gels, or thermosetting gels are
used the initial rate of drug removal is slower and more drug may be absorbed
by the cornea (Chrai and Robinson, 1974; Saettone ef al., 1982; Shell, 1984;
Gurny et al., 1987). The possibilities of increasing ocular absorption are,
however, dependent on the pharmacokinetic properties of the drug. Very
lipophilic drugs rapidly attain their partitioning equilibrium with corneal
epithelium and no further increase of drug absorption is achieved by modest
prolongation of their corneal contact (Grass and Robinson, 1984; Keister
etal., 1991). With a solution of viscosity 90 CP, improvement of the cor-
neal drug absorption was achieved only with water-soluble drugs. Drugs
with a log (octanol/pH 7.4 phosphate buffer) distribution coefficient above
1.0 did not show increased ocular absorption when administered in
eyedrops with elevated viscosity. Ocular bioavailability is also dependent
on the vehicle effects on conjunctival systemic absorption (Ashton et al.,
1991).

Without rate control of drug release it is, however, difficult to achieve
sustained drug concentrations in the eye. In theory, sustained drug levels
and substantial increase in ocular bioavailability can be achieved if the
precorneal drug loss rate is 0.1 h ~! or less (Maurice and Mishima, 1984).
In practice, conjunctival non-productive drug absorption makes this goal
impossible. For example, Chang and Lee (1987) blocked the drainage of
timolol from the rabbit conjunctival sac mechanically for 2h, but this
resulted in only about a threefold increase in ocular absorption and the
apparent half-life of timolol elimination decreased by 15%. In addition, the
half-lives of most ocular drugs in the aqueous humour are in the order of
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1 h. Consequently, doubling the peak levels extends the concentration curve
only by 1 h (Maurice and Mishima, 1984). However, it should be remem-
bered that often the pharmacological activity decays more slowly than the
drug concentration in the aqueous humour. This is the case particularly in
pigmented eyes and may result in more substantial prolongation of the
pharmacological effects through prolonged corneal contact (Urtti ez al.,
1984).

In conclusion, adequate retention in the conjunctival sac and control of
release rate are required in order to achieve sustained drug concentrations,
increased duration of activity and decreased peak drug levels in the eye.
Otherwise, only limited increase in the duration of activity is achieved,
while increased dose and/or improved bioavailability result in the elevation
of peak drug concentrations and possible side-effects in the same propor-
tion as absorption was increased.

Controlled release systems

For controlled release systems the fraction of the corneal absorption at steady
state is determined as CI./(Cl;+ Cl¢+ Cl.). The equation gives the maximal
ocular corneal absorption that can be achieved with the controlled release
system staying constantly in the conjunctival sac (Fig. 1). For example, the
maximal ocular bioavailability of timolol is 11%, which is approximately
2.5 times higher than the bioavailability after eyedrop administration (Urtti
etal., 1990).

Consequently, it is important to minimize the conjunctival permeability
relative to the corneal permeability. The corneal drug permeability is more
sensitive than the conjunctival permeability to the effect of lipophilicity
(Wang etal., 1991). Thus, the fraction of ocular absorption is increased
with increasing lipophilicity and also when the drug is administered in a
controlled release system. It is obvious that the main factor that limits the
bioavailability in the case of controlled release inserts is conjunctival non-
productive drug absorption (Fig. 1). Theoretical calculations by Keister
et al. (1991) demonstrate that, in the case of very lipophilic drugs, neither
increased ocular contact nor decreased eyedrop volume increase the ocular
bioavailability. Consequently, the ocular bioavailability of lipophilic drugs
is not necessarily increased with ocular controlled release systems, even
though the duration of activity and the shape of the response versus time
curve is improved. The clearance ratio determines the fraction that is
absorbed transcorneally, but the steady-state drug concentration in the
aqueous humor is also affected by the rate of drug release (Urtti efal.,
1990).

Drug concentration in the aqueous humour is not a good indicator of
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ocular bioavailability when the drug is absorbed via bulbar conjunctiva and
sclera to the eye (Fig. 1). Ophthalmic controlled release systems are usually
in contact with the conjunctiva. Conjunctival contact may result in
increased drug loss to systemic circulation but conversely it may improve
the ocular drug delivery via conjunctiva and sclera. This is an interesting
possibility in the ocular delivery of large polar molecules like peptides. For
example, selective non-corneal delivery of inulin with liposomes to the iris
and ciliary body has been demonstrated by Ahmed and Patton (1986).

Collagen shields

Collagen shields are lens shaped and they are placed on the cornea to pro-
tect and to facilitate epithelial healing. Usually the collagen is obtained
from porcine sclera. Collagen shields have been studied as potential drug
carriers since the late 1980s. Usually, water-soluble drugs are incorporated
into the collagen shield by soaking the shield in drug solution. After hydra-
tion the water content of the shield is 65-83% (Friedberg et al., 1991). Drug
is released after the shield is placed on the cornea. Water-soluble drugs dif-
fuse rapidly from the collagen shields so that their half-life is short, e.g.
tobramycin in a ‘MediLens’ shield has a half-life of only 5 min (Assil et al.,
1992). Poorly water-soluble drugs like cyclosporin A are incorporated in
the shield during preparation and are released more slowly than more water-
soluble drugs (Reidy et al., 1990). Drug release can be modified also by
binding the drug to the shield and by changing the degree of cross-linking
of the collagen.

Kinetically, collagen shields are exceptional because they are in direct
contact with the cornea. Theoretically, the corneal drug absorption relative
to conjunctival systemic absorption should be maximized. Gentamicin,
tobramycin, vancomycin, dexamethasone, cyclosporin A, and heparin have
been administered ocularly in collagen shields (Friedberg efal., 1991).
Administration by collagen shields results in increased or comparable
ocular drug absorption compared with eyedrops (Friedberg et al., 1991).

There are, however, some potential problems associated with collagen
shields. These include mass production problems and high price. In addi-
tion, Assil ez al. (1992) have shown that collagen shields cause diffuse punc-
tate epitheliopathy which may be one reason for improved corneal drug
penetration. These factors may limit the use of collagen shields to selected
cases. The most promising area is the postoperative antibiotic treatment of
the eyes.
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Systemic absorption

After eyedrop administration many ophthalmic drugs are absorbed rapidly
and to a large extent by the systemic circulation (Urtti and Salminen, 1993).
The main routes of systemic absorption are the nose and conjunctiva
(Chang and Lee, 1987).

By using viscous carboxymethyl cellulose vehicle without significant
release rate control (Kyyronen and Urtti, 1990), systemic peak concen-
trations of timolol were decreased in rabbits 2-3 times, while ocular absorp-
tion was increased approximately twofold. These effects may be due to the
longer precorneal retention and slower vehicle spread to the nasal mucosa.
The effects on peak drug concentrations were more pronounced than the
effects on the systemic bioavailabilities (Kyyronen and Urtti, 1990). In con-
trast, increased vehicle viscosity did not affect systemic absorption of
phenylephrine in monkeys (Kumar et al., 1986).

In the case of polydisperse controlled release systems the systemic drug
absorption depends on the drug release and on the vehicle/particulate flow
from the conjunctival sac to the nasal mucosa. The faster the dosage form
flows to the nose and the longer it stays there the higher the systemic
absorption. However, there are only a limited number of studies on the
systemic absorption of ocular drugs after administration in polydisperse
systems. Compared with eyedrop administration, systemic absorption of
triamcinolone acetonide (Singh and Mezei, 1983) and atropine (Meisner
etal., 1989) was decreased after ocular application in liposomes.

After ocular administration as solid inserts the systemic absorption kine-
tics of drugs are very different from eyedrop administration. When drug
is administered in a controlled release insert it is released in the conjunctival
sac and the systemic absorption may take place mostly through the conjunc-
tiva. For example, timolol clearance from the rabbit lacrimal fluid to the
conjunctiva is 10.4 gl min ~!, much greater than the rate of tear turnover,
0.7 ul min ~! (Urtti et al., 1990). Consequently, only a small fraction of the
drug gains access to the lacrimal drainage system. Furthermore, small solu-
tion volumes (1-4 ul) do not flow through the lacrimal drainage system to
the nose (Lutosky and Maurice, 1986). Consequently, when no extra solu-
tion is applied to the eye, drug released from an insert does not necessarily
gain access to the nose.

Another kinetic difference between drops and inserts is the rate of drug
delivery. Because of the high permeabilities of the conjunctiva and nasal
mucosa the systemic drug absorption from eyedrops is often rapid, leading
to high and early peak concentrations in plasma (Urtti ef al., 1985; Chang
and Lee, 1987). By controlling the release, drug input rate to plasma can
be controlled and the systemic concentrations decreased (Urtti ef al., 1985).
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Systemic drug absorption after ocular insert application has been studied
only recently. The peak levels of pilocarpine (Urtti etal., 1985), timolol
(Finne et al., 1990; Urtti et al., 1990), and morphine (Dumortier ef al., 1990)
in rabbit plasma decreased substantially with drug application in controlled
release inserts instead of eyedrops. The best results were obtained with
timolol: compared with an eyedrop, the peak drug levels in plasma were
decreased more than 17 times by application in a controlled release silicone
insert (Urtti etal., 1990). In humans administration in silicone inserts
decreased the systemic peak levels of timolol to about one-third of the levels
resulting from eyedrop administration, while equivalent efficacy in reduc-
tion of intraocular pressure was achieved (Urtti eral., 1994). Systemic
bioavailability is not necessarily decreased with inserts, because the drug is
efficiently absorbed through the conjunctiva to the systemic circulation.
Despite the decreased peak levels, the systemic bioavailability of timolol
was higher after inserts than after eyedrop application (Urtti et al., 1994)

Systemic pharmacokinetics influence the effect that a controlled release
system may have on the drug concentration profile in plasma. For example,
the peak levels of timolol in plasma decreased by at least 17 times in rabbits
and three times in humans when timolol was administered in a silicone
device instead of eyedrops (Urtti ef al., 1990, 1994). This difference is due
to the longer half-life of timolol in humans (4 h) (Benet and Williams, 1990)
than in rabbits (0.4 h) (Chang and Lee, 1987). Short half-life kinetics are
more sensitive to changes in the drug input rate than long half-life kinetics
(Gibaldi and Perrier, 1982). Thus, changes in the release rate are expected
to change peak systemic levels of ophthalmic atropine (¢,,, about 30 min;
Lahdes efal., 1988) more than timolol (¢,,;, 4h) in humans.

Drug properties determine whether the systemic bioavailability or peak
concentration is more important for induction of side-effects. For example,
the systemic side-effects of ophthalmic clonidine are caused by the central
effects on «a,-receptors (Hurwitz et al., 1991). Brain is kinetically a deep
compartment in which drug concentration does not directly follow the con-
centrations in plasma; thus, the central effects may not be directly related
to drug concentrations in plasma. In this case, the systemic bioavailability
is more relevant. In contrast, for 8-blockers exerting local direct effects in
well-perfused lung and heart, drug levels in plasma may predict the systemic
effects. In this case the peak drug concentration in plasma is important (Jar-
vinen and Urtti, 1992). Naturally, the receptor affinities of the drugs vary
and thus B3,-selective betaxolol does not cause systemic 8 blockade at the
same concentrations as non-selective timolol (Polansky, 1990).
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TOPICAL CHEMICAL DRUG DELIVERY SYSTEMS

In addition to the physical ways of controlling drug release it is possible
to control the release rate by chemical reaction. This principle is utilized
in prodrugs - compounds that are inactive themselves, but release the
parent compound in a chemical reaction, usually enzyme-catalysed hydro-
lysis. Often prodrugs are esters and esterase activity in the route of drug
penetration, or later, is required for activity. In addition to esters, other
types of ocular prodrugs have been developed (Lee and Li, 1989).

Ocular prodrugs are usually more lipophilic than the parent compound.
Consequently, they show improved corneal absorption. The cornea con-
tains esterases mostly in the epithelium, where hydrolysis of topically
applied prodrugs takes place (Lee et al., 1982). Esterases are present also
in the corneal stroma and iris-ciliary body and thus they may also have a
role in the release of the parent compound. Ocular absorption of epine-
phrine (Anderson, 1980), timolol (Chang et al., 1987, 1988), and pilocar-
pine (Mosher efal., 1987; Suhonen et al., 1991) has been improved using
the prodrug technique.

Ocular pharmacokinetics of prodrugs is very complex. Although several
excellent comparative studies on the general performance of the prodrugs
have been undertaken, there are no quantitative modelling studies on ocular
prodrugs. The rate and extent at which the parent drug is formed from the
prodrug depends on the ability of the prodrug to reach the enzymes, the
time that the prodrug is in contact with the enzymes in the cornea, and
finally the susceptibility of the prodrug structure to enzymatic hydrolysis
(Lee and Li, 1989). The amount of prodrug that is absorbed by the cornea
determines the drug bioavailability, if the prodrug is quantitatively con-
verted to the parent drug in the eye. Peak drug concentration in aqueous
humour is determined by the input rate and elimination (Chang et al., 1987;
Lee and Li, 1989). Here, input rate is determined by the rate of parent drug
formation from the prodrug and thus it can be controlled by proper chemi-
cal design. Because enzyme-catalysed reactions are saturable, the rate of
drug cleavage from the prodrug may be dose-dependent and the ocular
pharmacokinetics may become non-linear. Dose-dependent kinetic beha-
viour of the ocular prodrugs has not been demonstrated but, in principle,
it is possible. At the level of enzyme saturation ocular drug delivery could
be impaired owing to incomplete prodrug hydrolysis in the eye.

Prodrug technique also offers possibilities of prolonging drug activity in
the eye. Prolonged activity is possible if the prodrug is well absorbed into
the cornea and the parent drug is released slowly from the prodrug. For
example, prolonged miotic activity of lipophilic pilocarpine diester pro-
drugs was demonstrated by Mosher et a/. (1987). Using prodrug technology
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it is possible to change the rate of hydrolysis by orders of magnitude by
changing the ester moieties (Chang et al., 1987; Jarvinen et al., 1991). Thus,
it is a powerful technique for controlling drug release, but intact prodrug
must be retained long enough in the regions of enzymatic activity in the
eye (Lee et al., 1982). If the retention in the eye is not long enough to allow
drug release from the prodrug, bioavailability may be decreased and no
substantial prolongation of drug activity is achieved. Lipophilic drugs with
stroma-controlled corneal permeation have longer retention in the corneal
epithelium - the main site of prodrug hydrolysis (Suhonen eral., 1991).
Conversion of the lipophilic prodrug to less lipophilic intermediates and/or
parent drug accelerates the rate of corneal transport (Chien efal., 1991;
Suhonen et al., 1991). Thus, it is possible to control the input rate of the
drug to the intraocular receptors by changing the rate of hydrolysis and
lipophilicity of the prodrug. However, a prerequisite of this is adequate
retention of the prodrug in the vicinity of the enzymes in the cornea and
iris/ciliary body (Mosher, 1986; Lee and Li, 1989).

Smaller drug doses can be used in prodrug eyedrops because the ocular
bioavailability can be increased several-fold (e.g. timolol and adrenaline)
(Anderson, 1980; Chang eral., 1987, 1988). Fortunately, the systemic
absorption of the drugs does not increase in the same proportion as ocular
absorption. Consequently, prodrug technology has been shown to be an
efficient way of decreasing the systemic absorption of timolol and adrena-
line (Anderson, 1980; Lee and Robinson, 1986; Chang et al., 1987). This
follows because the systemic bioavailabilities of timolol and adrenaline are
70% and 50%, respectively, and these values cannot be increased several-
fold like ocular absorption.

SUBCONJUNCTIVAL DRUG DELIVERY SYSTEMS

The main kinetic problems of the subconjunctival injections are mechanical
drug loss through the injection hole and rapid systemic absorption (Fig. 2).
Practical problems are inconvenience and pain.

Compared with the subconjunctival solutions, injected steroid suspen-
sions show different kinetics (Maurice and Mishima, 1984). Prolonged drug
concentrations in the eye are reached due to the slow dissolution of the
injected steroid crystals in the subconjunctival space. For example, mea-
surable concentrations of hydrocortisone were observed even 7 days after
a single subconjunctival injection of hydrocortisone suspension in rabbits.
Steroids are very poorly soluble and slow dissolving. For most other drugs,
special delivery systems are required to increase the retention time in the
subconjunctival bleb and to prolong the drug release.
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Sustained release dosage forms may extend the drug retention in the sub-
conjunctival space. This can be achieved by using polymeric inserts. After
subconjunctival placement of an insert the free drug concentration in the
subconjunctival space determines the driving force of drug absorption from
the depot to systemic circulation and to the eye via the scleral route (Fig. 2).
For example, biodegradable polylactide-co-glycolide inserts have been used
to deliver 5-fluorouracil for 2 weeks after subconjunctival placement
(Villain ez al., 1992). The application of the system is to increase the success
rate of glaucoma filtering surgery (Smith et al., 1992; Villain ef al., 1992);
S-fluorouracil is released from the system for 2-3 weeks. In the case of solid
inserts mechanical loss from the subconjunctival space is minimal and drug
absorption into the eye is determined by the drug release, scleral absorption,
and systemic absorption (Fig. 2).

In the case of liposome suspensions mechanical loss from the injection
site to the tear fluid is possible. Barza et al. (1984) showed that 38% of the
lipid remained in the bleb 3h after the injection. In order to achieve
substantial trans-scleral bioavailability drug release from the liposomes
should be faster than mechanical loss of lipids from the bleb.

With prolonged action dosage forms it is possible to prevent the rapid
systemic absorption of the subconjunctivally injected drugs. Drug mole-
cules bound or encapsulated to liposomes or polymeric insert cannot pene-
trate to the blood vessels. It should, however, be remembered that once
released the drug is absorbed both systemically and ocularly. The parallel
non-productive systemic drug absorption is the main factor limiting the
ocular bioavailability after administration of subconjunctival sustained
release systems.

In practice remarkable prolongation of drug activity in the eye has been
observed after subconjunctival administration of inserts and liposome sus-
pensions (Niesman, 1992). Two main applications of the sustained release
systems are the administration of antimetabolites (like S-fluorouracil) to
prevent scarring after glaucoma filtering surgery and the delivery of anti-
microbial agents to provide prolonged high drug levels in severely infected
cornea (Niesman, 1992).

INTRAVITREAL DRUG DELIVERY SYSTEMS

Rapid drug elimination from the vitreous humour is a major kinetic dif-
ficulty in intravitreal drug administration. Injection of antiproliferative
agents (in proliferative vitreoretinopathy) or antibiotics (in endophthal-
mitis) may cause retinal toxicity that is associated with the peak drug con-
centrations (Niesman, 1992). The peak drug concentrations and subsequent
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toxicity can be decreased by administering the drugs in controlled release
systems. Polymeric inserts (Smith eral., 1990), liposomes (Barza et al.,
1987; Liu et al., 1989a), and biodegradable microparticles (Moritera et al.,
1991) have been used for this purpose.

Liposomes are the most commonly studied prolonged action dosage form
for intravitreal administration (Lee ez al., 1985). The pharmacokinetics of
the intravitreal liposomal drug are presented schematically in Fig. 3. The
role of drug release depends on the drug: in the case of antimicrobials only
the released fraction is efficacious, while liposomal drug serves as a depot.
Consequently, both the efficacy and retinal toxicity of liposomal ampho-
tericin B was decreased compared with the solution (Liu et a/., 1989a). This
may be due to the fact that after administration only a part of the drug
in the vitreous humour is free. Both antimicrobial efficacy and retinal toxi-
city are related to the free drug concentration and not to the total drug in
the vitreous humour. Nevertheless, total drug concentrations (encapsulated
plus free) are usually determined from the vitreous humour after liposomal
administration. Typically, the half-life of free drug is shorter than that of
liposomal drug and, consequently, the elimination and release kinetics of
liposomes are the rate-determining factors in the system. Barza et al. (1987)
determined the half-life of the liposomes in the vitreous humour as 9-20
days, depending on the composition; e.g. the half-life of gentamicin in the
vitreous humour is 1 day. Addition of cholesterol to liposomes increases
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Fig. 3 Ocular pharmacokinetics of intravitreal sustained release medications.
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the drug retention in the vitreous humour, probably because the release rate
is decreased (Barza etal., 1987).

In the case of antimetabolites, liposomes can be used to target drug to
proliferating cells (Stern ef al., 1987). The cells may endocytose liposomes
and in this way more efficient intracellular drug delivery and drug potency
are achieved. Liposomal antimetabolites, e.g. 5-fluorouracil and cytara-
bine, have reduced retinal toxicity compared with the drug in solution
(Stern et al., 1987; Liu et al., 1989b). If the liposomes are endocytosed by
the target cells the free drug concentration is not a crucial factor. Three
ways of drug elimination from vitreous humour are then possible: elimina-
tion of free drug, liposomal drug, and the cells with internalized liposomes
(Fig. 3).

After intravitreal liposome injection the concentration of the free drug
in the vitreous humour is determined by the drug release from the liposomes
and the elimination of the released drug (Fig. 3). Thus, for drugs with high
vitreal clearance a faster drug release rate is required to sustain the concen-
trations at adequate levels. In vitrectomized eyes and for drugs capable of
elimination via both the anterior and posterior routes (Maurice and
Mishima, 1984) rapid release is required to maintain therapeutic free drug
concentrations in the vitreous humour.

Another way to achieve prolonged action for intravitreal drug is to incor-
porate the drug in biodegradable polylactide-co-glycolide microparticles
(Moritera et al., 1991). The microparticles have a mean diameter of 50 um
and therefore cannot be endocytosed (Fig.3). The microparticles are
cleared from the normal eye by 48 + 5.2 days, but in vitrectomized rabbit
eyes the mean retention is 14 + 2.4 days.

Recently, polymer matrices have been tested as a prolonged action dosage
form for intravitreal drug administration. For example, ganciclovir intravit-
really administered in sutured ethylene vinyl acetate (EVA) and polyvinyl
alcohol polymer matrices resulted in drug levels above the ID100 (inhibitory
dose for 100% of the viruses) of cytomegalovirus for 50 days (Smith et al.,
1990). This approach may be useful in the treatment of cytomegalovirus
infections that are a common problem in the eyes of acquired immune defi-
ciency syndrome (AIDS) patients.

CONCLUSIONS

Prolonged action dosage forms have important benefits in the treatment of
several ocular diseases. Together with the rapid development of the con-
trolled release technology and new polymers, better knowledge of ocular
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pharmacokinetics improves possibilities to develop novel ocular drug de-
livery systems for topical, subconjunctival and intravitreal use.
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COACERVATION-PHASE SEPARATION TECHNOLOGY
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DEFINITIONS

The earliest known appearance of the word, phase, was in 1812 (Onions,
1933). An appropriate definition of the word for this chapter is ‘a homo-
geneous, physically distinct, and mechanically separable portion of matter
that is present in a non-homogeneous, physical-chemical system and- that
may be a single compound or a mixture,” (Gove, 1963).

Phase separation is a broad term that may be applied to various processes
such as the formation of a solid or liquid phase from a solution. Examples
are the crystallization of a salt or the precipitation of a polymer as the result
of the removal of some solvent from solution. The new phase is physically
distinct and has different properties compared with its solution and can be
separated by mechanical means.

The word coacervate was first noted in 1623 (Onions, 1933). This word
may be defined in the present context as ‘an aggregate of colloidal droplets
(as of two hydrophilic sols or of a sol and ions of opposite charge) held
together by electrostatic attractive forces,” (Gove, 1963).

Coacervation is a term used to describe the formation of a coacervate
related to phase separation and has been applied to the separation of a col-
loid from a solution into a phase rich in the colloid called the coacervate
and the remaining phase which is poor in colloid (Bungenberg de Jong,
1949a). The coacervate has certain properties that distinguish it from the
original solution. The coacervate will form a separate liquid layer, but with
stirring may form droplets suspended in the polymer-poor phase; further-
more it is usually more viscous, more concentrated and often has the pro-
perty of binding or adsorbing onto, or engulfing a solid or liquid which
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may be added in to the system.

Coacervation has also been defined as the partial miscibility of two or
more optically isotropic liquids, at least one of which is in the colloidal
state. It may also be defined as the production by coagulation of a hydro-
philic sol of a liquid phase which often appears as viscous drops instead
of forming a continuous liquid phase (Considine, 1983). Luzzi (1976) indi-
cated that a solid precipitate is not formed, but a polymer phase consisting
of liquid droplets. Bungenberg de Jong (1949a) indicated that simple
coacervation is concerned with non-ionized groups on the macromolecule
and complex coacervation is concerned with the charges on the macromole-
cule and the formation of sait bonds. Luzzi (1976) and Deasy (1984a) indi-
cate that simple coacervation usually deals with systems containing only one
colloidal solute and complex coacervation involves systems containing more
than one colloid, the solvent being water. Arshady (1990a) uses the term
coacervation to include the use of both water and non-aqueous systems and
describes simple coacervation and complex coacervation in terms of one or
two polymers in aqueous systems, respectively. Another definition of a
coacervate proposed by Ecanow ef al. (1990) is that phase most dissimilar
to water in its physical chemical properties. Deasy (1984a) has pointed out
that the solvent is continuous on both sides of the interface and that the
polymer or macromolecule is able to diffuse between the two phases.

Some authors separate the discussion of microencapsulation by coacer-
vation, which includes the use of temperature change or incompatible solvent
addition, from other phase separation methods such as the use of emulsi-
fication and/or solvent removal to prepare a polymer-rich phase (Kondo,
1979a; Arshady 1990a,b; Watts er al., 1990). Other authors include all these
processes in the term coacervation-phase separation to indicate that a new
phase, a polymer-rich phase, is being formed (Luzzi, 1976; Deasy, 1984a,b).

In any case, a process is applied to a polymer solution, usually dilute,
to reduce solubility in the system to such a degree that appropriate phase
separation of the polymer takes place, that is the formation of a polymer-
rich phase. This polymer-rich phase may be used to treat pharmaceuticals
and other substances. Alternatively, the formation of the colloid-rich phase
may result in flocculation and the colloid is present in a higher dispersed
state and is usually not satisfactory for encapsulation (Bungenberg de
Jong, 1949a).

HISTORY

The term coacervation is derived from the latin acervus, meaning aggrega-
tion, and the prefix co to indicate union of colloidal particles. Bungenberg
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de Jong and Kruyt described the term in 1929 and 1930, as noted by
Bungenberg de Jong (1949a). Two chapters, ‘Crystallization -
Coacervation - Flocculation’ and ‘Complex Colloidal Systems’ describing
the early work of coacervation, were prepared by Bungenberg de Jong
(1949a,b). The term was used to indicate the formation of colloid rich
liquids brought about by various processes which caused phase separation
in aqueous systems of macromolecules or colloids in solution.

In 1954, Green and associates of the National Cash Register Company
researched the coacervation process using gelatin and gelatin-acacia for
commercial purposes. This led to the publication of a number of patents
for the preparation of carbonless carbon paper. The result of the coacerva-
tion process was the formation of microcapsules containing a colourless dye
precursor. The microcapsules were attached to the underside of the paper,
and the dye was released upon pressure from pencil or pen and reacted with
an acid clay which coated the top surface of the subsequent page; a copy
was formed as a result (Deasy, 1984a; Kondo, 1979b).

A brief history of the process using phase separation by emulsification
and/or solvent evaporation/extraction is provided by Arshady (1990b),
who indicates that early examples include the formation of microspheres/
microcapsules of cellulose beads by Wieland and Determan in 1968, and
that of dye-loaded polystyrene microcapsules by Vranken and Claeys in
1970. An extensive list of early patents is provided by Kondo (1979a).

The preparation of microcapsules is the single, most important use of
coacervation-phase separation because microcapsules are widely used in
many industries such as printing, food, aerospace, agriculture, cosmetics,
and especially pharmaceuticals. Other methods of microencapsulation have
been investigated and are used extensively. The two other principal methods
of microencapsulation are chemical processes which include interfacial
polymerization and in situ polymerization and also mechanical processes
which include, for example, air suspension coating and spray drying
{(Kondo, 1979¢; Deasy, 1984c).

REVIEWS

While it is the purpose of this chapter to inform the reader of recent
technology related to coacervation-phase separation, it should be pointed
out that there are a number of reviews on coacervation-phase separation
in both journals and textbooks. Most textbooks with a title containing the
word microencapsulation or controlled release include a chapter or two on
coacervation and/or phase separation, and usually other chapters dealing
with topics such as different methods of preparing microcapsules and
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various applications. Journal reviews specifically related to coacervation-
phase separation include those of Arshady (1990a,b), Madan (1978), Watts
etal. (1990), Tice and Gilley (1985), Van Oss (1988-89). Journal reviews
which include some discussion of coacervation-phase separation include
those of Jalil and Nixon (1990a), Thies (1975, 1982), Luzzi (1970), Nixon
(1985). Complete chapters on coacervation-phase separation in textbooks
are: Kondo (1979a), Bakan (1980), Calanchi and Maccari (1980), Gutcho
(1979), Deasy (1984a,b), Donbrow (1992), Fong (1988), Flory (1953), Veis
(1970a), Nixon and Harris (1986), Wong and Nixon (1986). Finally, text-
books which include some discussion of coacervation-phase separation have
sections prepared by Sparks (1984), Speiser (1976), Luzzi (1976), Hui et al.
(1987), Kato (1983), Oppenheim (1986), Benoit and Puisieux (1986), Bakan
(1986), and Luzzi and Palmieri (1984).

GENERAL PROCESS

A general description of coacervation-phase separation is outlined below.
It should be noted that a large number of changes can be made in the
process.

Step 1

In order to produce a suitable product such as microcapsules or micro-
spheres by the methods of coacervation-phase separation, it is necessary to
select the polymer or macromolecule which will provide the appropriate
coating or matrix characteristics desired in the final product, such as an
enteric coating or a product to control the release of the drug. The polymer
is dissolved in a suitable solvent so that it is usually fully solvated.

Step 2

If it is desired to encapsulate a core such as a drug or chemical, it may be
added to the continually stirred polymer solution to form, preferably, a
dispersion of the core in the polymer solution. The solvent for the polymer
is selected, preferably so that it does not dissolve the core.

Step 3

One of many processes, such as the addition of a non-solvent for the
polymer, is used to bring about coacervation-phase separation of the poly-
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mer. This process promotes the formation of a new phase ‘the coacervate’
in a coacervation process. With stirring; coacervate droplets form which
encapsulate the core to form microcapsules. It should be noted that most
of the solvent used to dissolve the polymer is now the polymer-poor phase
and forms the suspending medium in which the core and the coacervate
droplets are stirred; this liquid is sometimes called the manufacturing phase.
In the case of solvent removal, for example by evaporation, the polymer
phase is enriched in polymer and it will eventually deposit on the core. In
this system, because the solvent for the polymer has been removed, it may
be necessary to provide another liquid, such as liquid paraffin or water
which does not evaporate appreciably and is used to suspend the core and
the polymer enriched phase.

Step 4

The polymer-rich droplets containing the drug are further desolvated by a
process similar to that noted above, or a different process. The polymer
may also be hardened by a number of methods such as thermal desolvation
or crosslinking to form a product, microcapsules for example, which prefer-
ably does not aggregate.

Step 5

The microcapsules are then collected and may be rinsed with an appropriate
liquid to remove unwanted solvents and excipients (Bakan, 1980;
Deasy, 1984a).

PROCESSES

In order to bring about coacervation-phase separation, a number of pro-
cesses have been employed. These have been developed and are being
improved in order to meet the many requirements of producing microcap-
sules or microspheres with appropriate characteristics. Some of the factors
which must be considered in the process include:

Solubility of the polymer

Solubility of the drug

Heat stability of drug and polymer

Proper size range of microcapsules or product

Formation of coacervate or concentrated polymer solution with suitable
characteristics such as appropriate viscosity, deposition onto and
adherence to the core
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¢ Appropriate shape characteristics
® Sensitivity of enzymes, biological products or drugs to the process

As a result of the characteristics of the polymer, the properties of the core
and the desired features of the final product, which is usually microcapsules
or microspheres, a number of processes have been developed to effect
coacervation-phase separation. The following discussion is an attempt to
organize the various processes and is based on the solubility of the polymer,
the number of polymers which are expected to form the coating material
and the type of process used in the procedure.

Polymer solubility. The solvent used to dissolve the polymer is water or an
organic liquid. In order for coacervation-phase separation to take place, it
is first necessary to dissolve the polymer in an appropriate solvent so that
it can be induced to separate in a more viscous, but still fluid state, in order
that it can surround or mix with the core and then be hardened. While most
polymers are either soluble in water, such as gelatin, or in an organic sol-
vent, e.g. ethyl acetate, such as ethylcellulose, some polymers, e.g. cellulose
acetate phthalate, are soluble in acetone and also in alkaline water.

Number of polymers. In aqueous systems one or two water-soluble polymers
are frequently used to form the polymer wall or matrix of the product.
Usually, only a single polymer is used to form the wall or the matrix of
the microcapsule when the polymer is soluble in the organic liquid. The
intentional incorporation of two organic soluble polymers within the same
coat or matrix of the microcapsules is infrequent.

It should be noted that polymers may also be used to induce coacervation-
phase separation, to improve the process such as minimizing aggregation, or
to stabilize an emulsion during the formation of microcapsules, but not be
incorporated into the microcapsule coat. Polymers may also be used to gel
the interior, that is the core, of liquid-filled microcapsules (Kondo, 1979a).

Processes
A single wall-forming polymer soluble in water

L]

addition of a miscible liquid, a non-solvent for the polymer
addition of a water-soluble salt

change of temperature

addition of an incompatible or non-wall-forming polymer
adjustment of pH

addition of reacting ions

IT Two or more wall-forming polymers soluble in water

* pH adjustment
¢ dilution and/or temperature change
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¢ addition of an incompatible or non-wall-forming polymer
¢ three wall-forming polymers

III A single wall-forming polymer soluble in an organic liquid

addition of a miscible liquid, a non-solvent for the polymer

change of temperature

addition of an incompatible or non-wall-forming polymer
evaporation with a miscible liquid, a non-solvent for the polymer
evaporation with an immiscible polar liquid, a non-solvent for the
polymer

® evaporation or removal with an immiscible organic liquid, a non-solvent
for the polymer

IV Two wall-forming polymers soluble in organic liquids

V One wall-forming polymer soluble in water and one soluble in an organic
liquid

While emphasis is placed on the above classification, it would appear that
the properties of the core material are not important. This is not true as the
core, whether a solid, a mixture of solids, a liquid, a solution, a suspension
or an emulsion, for example, may alter or inhibit the process of coacervation-
phase separation. A suitable process must be selected in order to obtain a
satisfactory product in terms of maximum utilization of the core and appro-
priate characteristics of the product.

In many cases it is not necessary to have a core present - empty
microcapsules are formed. In other cases microcapsules are not readily
formed unless there is a core present to promote deposition of the polymer.
Only a few procedures which do not pertain to pharmacy will be described
in order to exemplify different procedures or materials. Coacervation-phase
separation is also used extensively in a number of other fields, such as
photography, agriculture, food and biology.

I A single wall-forming polymer soluble in water
Addition of a miscible liquid, a non-solvent for the polymer

When ethanol is added to an aqueous solution of gelatin, there is a competi-
tion for the water molecules, and some of the water is removed from the
gelatin. The partially dehydrated polymer begins to aggregate and a phase
rich in gelatin, the coacervate, separates from solution. The addition of
excess ethanol causes the formation of a gelatinous mass which is not satis-
factory for microencapsulation. As ethanol is added, the coacervate is
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formed and tends to envelop water-insoluble powders or liquids. Phase
diagrams are useful to describe the appropriate concentrations to select for
coacervation (Kondo, 1979a, Deasy, 1984a).

As an example, rose oil has been encapsulated by this process above room
temperature. A limited amount of ethanol was added, and the temperature
was decreased to harden the gelatin microcapsules. After separation the
microcapsules were washed with ethanol and dried. A number of polymers
other than gelatin may be used, such as agar, pectin, methylcellulose and
polyvinyl alcohol, and a number of other hydrophilic organic liquids have
been employed - namely acetone, dioxane, isopropanol (Kondo, 1979a).
Other modifications of this method include temperature control, pH adjust-
ment and hardening with formalin (Khalil et al., 1968; Nixon et al., 1968).
The core material to be encapsulated should have a low solubility in water
in order to obtain an appropriate yield of product and may be either liquid
or solid.

A useful development of this process is the formation of nanoparticles
which are so named because their size is in the nanometer range. Because
of their small size, they may be considered as useful drug delivery devices
for parenteral purposes. The preparation of nanoparticles involves the
treatment of a solution of gelatin containing a suitable surfactant, at appro-
priate temperature and pH with ethanol, so that the coacervate region is
just reached, as indicated by an increase in turbidity. The coacervate is
redissolved so that the molecules exist in the ‘rolling up region’. To prevent
aggregation of the nanoparticles, the mixture is homogenized. The rolled up
gelatin can entrap the core material and then the nanoparticles are hardened
with an agent such as glutaraldehyde (Marty et al., 1978; Kreuter, 1978).

Addition of a water-soluble salt

Gelatin and other hydrophilic colloids may be treated with various salts
such as sodium sulfate which tend to desolvate the colloid, effecting coa-
cervation. This process tends to require a high concentration of salt,
20-30%, which should be removed by treatment with water. Salts with dif-
ferent water-binding capacity according to the Hofmeister series may be
used. It is usually necessary to harden the microcapsules by temperature
change, pH adjustment or treatment with formaldehyde to obtain a satis-
factory product (Khalil efal., 1968; Deasy, 1984a).

Change of temperature

It has been indicated in a number of reviews that temperature change will
promote coacervation-phase separation (Madan, 1978; Sparks 1984). The
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phase separation is believed to be brought about as a result of a decrease
in solubility of the polymer. Thus, a decrease in temperature will promote
phase separation of gelatin from solution while an increase of temperature
will effect a phase separation for methylcellulose, ethyl hydroxyethylcel-
lulose and hydroxy propylcellulose (Sparks, 1984).

Temperature change is more often used in conjunction with other phy-
sicochemical factors such as the use of non-solvents and pH adjustment to
effect the appropriate coacervation condition. For example, a dispersion of
a drug, aspirin, in gelatin was added to mineral oil then phase separation
was promoted by a reduction in temperature then isopropyl alcohol was
added and the product was hardened with formaldehyde (Paradissis and
Parrott, 1968).

Addition of an incompatible or non-wall-forming polymer

The addition of a polymer which has a high affinity for water has been used
to induce coacervation-phase separation of the coating polymer, gelatin.
Thus, a core was incorporated in a gelatin solution containing 10 to 25%
polyethylene glycol to cause phase separation (Kondo, 1979a). Starch has
also been noted to induce phase separation when gelatin is used as the wall-
forming material (Madan, 1978). A low concentration of the non-wall-
forming polymer may also aid in the control of the viscosity of the solution.

Adjustment of pH

There are a number of polymers which are soluble in water and which
possess either or both acidic and basic groups in their structure. Thus, an
alteration of the pH causes a change in the ionization of the polymer,
leading to insolubility. This effects a phase change and under the appro-
priate conditions, cores, either liquid or solid, suspended in the polymer
solution can be encapsulated when the pH is adjusted. The polymer solution
containing the suspended core is allowed to drop into a buffered solution
and encapsulation takes place; alternatively, the pH of the aqueous polymer
solution containing core is slowly changed. The water-insoluble drug
sulfadiazine was encapsulated by permitting an alkaline solution of cel-
lulose acetate phthalate containing the drug to drop into a solution of acetic
acid (Milovanovic and Nairn, 1986).

A number of polymers such as casein, phthalylated gelatin, a copolymer
of methacrylic acid and methylacrylate have been used to encapsulate
various core materials such as photographic materials, solvents and oils.
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Addition of reacting ions

Cores of biologically active cells in a suspension of a sodium alginate have
been encapsulated successfully by permitting the mixture to flow dropwise
into a dilute solution of CaCl,. The calcium ions caused immediate gelling
of each droplet. The microcapsules were collected and subsequently treated
with a polylysine solution to provide a permanent, semi-permeable mem-
brane. In this process the calcium ions react with the alginate ions to produce
a colloid-rich phase entrapping the core material (Lim and Moss, 1981).

Il Two or more wall-forming polymers soluble in water
pH adjustment

Under suitable conditions, phase separation will occur with a positively
charged colloid and a negatively charged colloid in an aqueous medium.
This process is usually called complex coacervation. The polymer-rich phase
may be used to entrap a core material, if present, and thus produce
microcapsules. The most frequent type of this coacervation process is con-
ducted with gelatin and acacia. A 50:50 mixture of a dilute solution of
gelatin and gum arabic (acacia) at about 40°C is mixed and the pH is
adjusted to 4. This pH is below the isoelectric point of gelatin, and thus
it is positively charged while acacia is still negatively charged. The new
phase is the coacervate, which has a colloid composition of about 20% and
a composition ratio of about 1:1 of the two polymers. The system is cooled,
then formaldehyde is added to rigidize the microcapsule. Other polyanionic
colloids such as sodium alginate, or polyvinyl methyl ether-maleic
anhydride copolymer have been used to form the complex coacervate,
although acacia has been the most extensively studied (Kondo, 1979a).

Dilution and/or temperature change

Variations of inducing phase separation of the complex coacervate include
not only adjustment of pH, briefly described above, but also dilution of
a concentrated solution of gelatin > 6% with warm water or by beginning
the process at a low temperature (10°C) and increasing the temperature so
that the coacervate is formed. The efficient formation of the gelatin-acacia
coacervate and its composition depends upon polymer and salt concentra-
tion, pH and temperature, each of which must be controlled or adjusted
throughout the process (Kondo, 1979a).
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Addition of an incompatible or non-wall-forming polymer

Liquid paraffin was encapsulated by first emulsifying it with a solution of
acacia and then treating it with an aqueous solution of gelatin containing
a non-ionic polymer, polyethylene oxide. The gelatin concentration, the pH
and temperature were adjusted for efficient complex coacervation. The use
of polyethylene oxide aids in the induction of coacervation over a wider
pH range (Jizomoto, 1984).

Three wall-forming polymers

Finally, it should be noted that systems employing three water-soluble
polymers have been investigated; for example, gum arabic as the polyanion
and gelatin and haemoglobin as the polycations. In this process the pH is
lowered to 5 and the coacervate is comprised of haemoglobin and gum
arabic. When the pH is lowered to below 4.3, coacervates of gelatin and
gum arabic enclose the first coacervate drops. As a result, capsules with
two walls are formed (Kondo, 1979a).

Il A single wall-forming polymer soluble in an organic liquid
Addition of a miscible liquid, a non-solvent for the polymer

In this process, the polymer is dissolved in an appropriate organic solvent,
then a non-solvent, which is miscible with the polymer solvent, is used to
induce phase separation. The non-solvent may be organic or an aqueous
liquid (Kondo, 1979a). Frequently, low polymer concentrations are used,
along with gradual phase separation to promote appropriate encapsulation.
This permits the polymer solution to deposit onto the core and at the same
time, flow evenly. The formation of high polymer concentrations tends to
provide a demixing effect. The demixing effect and coacervation are best
explained by phase diagrams. In Fig. 1 the line AKB represents the forma-
tion of a new phase. If the original concentration of polymer is on the SD,
and heptane is added, a coacervate is formed; however, if the original con-
centration is on the line DP and heptane is added, then the polymer tends
to come out of solution in a form that is not satisfactory for coating
(Kondo, 1979a).

An example of this process is the encapsulation of magnesium hydroxide
with ethylcellulose, using dichloromethane as the solvent and effecting
phase separation with n-hexane as the non-solvent (Kasai and Koishi, 1977).
Aqueous solutions of dyes have been encapsulated by this process. The
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(tetrachioroethane-phenol)
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coacervation area

demixing area

P
(polyethylene terephthalate) (n-heptane)

Fig. 1 Temary diagram showing the phase-separation region of a mixture of polyethylene

terephthalate, phenol, and heptane: AB, binodal curve; K, critical point. Reproduced with

permission from Kondo (1979a), Microcapsule Processing and Technology, p. 96. Marcel Dekker,
Inc., New York.

aqueous solution was dispersed in a solution of ethylcellulose dissolved in
toluene containing a surface-active agent to assist emulsification. The misci-
ble non-solvent, petroleum ether, was added to induce phase separation of
the polymer onto the aqueous droplet (Reyes, 1965). Kondo (1979a) pro-
vides an extensive list of polymers, solvents and non-solvents. Some of the
polymers are ethylcellulose, cellulose acetate butyrate, polyethylene and
polyisobutyl methacrylate. The removal of the residual solvent from the
product may be accomplished by washing with more non-solvent or by
drying.

Change of temperature

This method of inducing phase separation depends upon the difference in
solubility of the coating polymer as the temperature changes. For example,
ethylcellulose is dissolved in the solvent, cyclohexane, at about 80°C and
as the solution is allowed to cool the coacervate which is formed surrounds
the core material which is dispersed throughout the system by appropriate
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stirring. This process was described by Fanger et al. (1970) who reported
that after cooling to harden the product, an aggregated product was
formed. This system has been studied in detail by Jalsenjak ez al. (1976).
It was found that the procedure was sensitive to minor changes in the pro-
cedure. Stirring speed, the vessel geometry and the rate of cooling affected
the size distribution of the product, the amount of aggregation, surface
characteristics and porosity.

Addition of an incompatible polymer or non-wall-forming polymer

This method of preparing microcapsules by coacervation is similar to the
one previously described, in that while temperature is a main factor used
to effect phase separation, an incompatible polymer is added to the system
in order to aid in the induction of coacervation and/or to minimize the
aggregation of microcapsules so that a more uniform product is obtained.
As an example of this method, a suspension of the core, aspirin, in a solu-
tion of ethylcellulose and polyethylene of low molecular weight in cyclohex-
ane was prepared at 80°C. Upon cooling slowly to room temperature the
ethylcellulose separates from solution to surround the core. The polyethy-
lene precipitates from solution in the form of fine particles. The purpose
of the polyethylene is not clear, but may aid in the coacervation of the
ethylcellulose and also minimize the coalescence of microcapsules prior to
hardening of the walls (Kondo, 1979a).

Other incompatible polymers are butyl rubber, polybutadiene, and
polydimethylsiloxane. Polyisobutylene, another polymer, apparently acts
as a protective colloid and minimizes the formation of agglomerates of
ethylcellulose (Deasy, 1984b). Polyisobutylene also promotes the formation
of smooth, non-aggregated droplets and it has been shown that it is not
incorporated into the wall (Benita and Donbrow, 1980).

After the capsules have been hardened, it is necessary to remove the
incompatible polymer. This is readily accomplished, if the polymer remains
in solution as the temperature is lowered, by filtration and rinsing the pro-
duct, or by sieving if the incompatible polymer has a different particle size
than the microcapsules.

Evaporation, with a miscible liquid, a non-solvent for the polymer

In this process the polymer is dissolved in an appropriate solvent and then
another liquid, the suspending vehicle which has a higher boiling point and
which is miscible with the polymer solvent is added. However, this liquid
is a non-solvent for the polymer. Prior to evaporation the system is one
phase, not including the core which may be added to the polymer solution
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either before or after mixing with the miscible liquid. During evaporation
the polymer separates from solution forming liquid droplets, which are
dispersed in the suspending liquid and these coat the core material
(Fong, 1988).

An example of this process is the microencapsulation of drug ion-
exchange resin complex. The core was dispersed in a solution of polyiso-
butylene dissolved in cyclohexane, and light liquid paraffin was added. A
solution of ethylcellulose in ethylacetate was then added and evaporation
allowed to proceed. The microcapsules were treated with cyclohexane,
filtered and washed to remove the suspending liquid (Moldenhauer and
Nairn, 1990).

Evaporation with an immiscible polar liquid, a non-solvent for the
polymer

The core is dissolved or dispersed in an organic liquid, which contains the
dissolved polymer and which has a relatively high vapour pressure and is
immiscible with water. This mixture is dispersed in water, the immiscible
liquid a non-solvent for the polymer, usually contains surface-active agents
or a soluble viscosity agent which aid the formation and stabilization of the
resulting oil/water (0/w) emulsion. The organic solvent is removed using
heat or by reducing pressure. As the organic solvent is removed, the poly-
mer solution becomes concentrated and phase separation of the polymer
occurs with the result that the dispersed or dissolved core is entrapped in
the polymer matrix (Hui et al., 1987).

As an example of the above, sulfathiazole was dispersed in a solution of
ethylcellulose in chloroform. This mixture was then dispersed in an aqueous
solution of sodium lauryl sulfate to form an emulsion. After stirring for
several hours, the organic solvent evaporated, resulting in the formation of
ethylcellulose microcapsules. Other polymers used in this process include
polylactic acid, polystyrene, and a large number of hydrophobic polymers
(Kondo, 1979a; Deasy, 1984a).

The yield of microencapsulated products is high if the core material has
a low solubility in water, otherwise the core will partition into the aqueous
phase. The partitioning effect can be decreased if the aqueous phase con-
tains salt, which decreases the solubility of the core in the aqueous phase,
or by adjusting the pH to decrease the water solubility of the drug.
Improved yields of drug can be achieved if the organic solvent has some
solubility in water. These solvents then cause rapid deposition of the
polymer at the interface, thus forming a barrier that decreases the rate of
partitioning of the core into the aqueous phase (Watts et al., 1990).

If the core is an aqueous solution or suspension, it is first dispersed in
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the polymer solution to give a water/oil (w/0) emulsion and when this is
added to the aqueous solution containing the surface-active agent and/or
viscosity agent, a water/oil/water (w/0/w) emulsion is formed. The capsule
size is influenced by factors such as the viscosity of the starting liquid, agita-
tion speed, and the temperature. It has been suggested that if suitable sur-
factants are used to prepare the dispersion of the aqueous phase in the
polymer solution, small capsules may be prepared with a size of =10um
(Kondo, 1979a).

An example of this process is the encapsulation of an aqueous solution
of an enzyme. This solution is added to a 5 or 10% solution of a polystyrene
dissolved in benzene and a primary emulsion is formed by means of a
homogenizer. This primary w/o0 emulsion is then dispersed in an aqueous
solution containing a viscosity agent such as gelatin to form the w/o/w
emulsion. The temperature is raised to 40°C with constant stirring until the
benzene dissolves in the aqueous layer and is removed by evaporation. The
polymer is deposited around the aqueous enzyme solution to form the shell
wall (Kondo, 1979a).

One difficulty with the process is the time it takes to remove the solvent
from the polymer solution, as it is immiscible with the water phase even
if the preparation is subjected to heating and reduced pressure. Other
techniques used to remove the polymer solvent include freeze drying or
adding a solvent that is miscible with water and the polymer solvent but
a non-solvent for the polymer (Kondo, 1979a).

A modification of the above process has been called the interfacial
deposition technique. In this particular process, n-heptane was emulsified
in an aqueous solution of Pluronic F68, an emulsifier, to give an o/w emul-
sion. A solution of dichloromethane containing either poly (L-lactide) or
poly (DL-lactide) was added dropwise to the emulsion which was stirred
under partial vacuum. The polymer deposited at the surface of the n-
heptane droplets to yield small microcapsules containing water (Makino
etal., 1985).

Evaporation or removal with an immiscible organic liquid, a non-solvent
for the polymer

This process is especially useful for the preparation of microencapsulated,
water-soluble compounds. The drug is dissolved or dispersed in the solution
of the organic polymer and this is then dispersed into another organic
liquid, usually mineral oil; as a result, an oil/0il (0/0) emulsion or separate
phase is formed. The inner phase contains the drug and the polymer and
the outer phase is mineral oil. The solvent for the polymer may be partially
extracted by the mineral oil and/or may be allowed to evaporate. The
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resulting microcapsules are filtered and washed with a non-solvent which
removes the solvent for the polymer and the mineral oil.

A number of drugs and vaccines have been prepared in microcapsule
form in cellulose acetate phthalate in this manner. For example, the drug
or vaccine is dispersed in mineral oil, with or without sorbitan monooleate,
with stirring and then an acetone-ethanol solution of cellulose acetate
phthalate is added. The polymer separates and entraps the drug; after some
evaporation has taken place, the mixture is treated with chloroform, filtered
and further treated with chloroform (Maharaj etal., 1984; Beyger and
Nairn, 1986).

Some investigators, after decanting the excess mineral oil from an ethyl-
cellulose ethylacetate system, have placed the product directly in soft gelatin
capsules (D’Onofrio et al., 1979).

IV Two wall-forming polymers soluble in organic solvents

This method has been investigated by Itoh ez al. (1980) in which a mixture
of ethylcellulose and polylactic acid was used to form the wall of the pro-
duct. The drug sulfamethizole was suspended in the solution of the two
polymers which were dissolved in ethylacetate. The miscible non-solvent,
pentane, was added dropwise until phase separation occurred and micro-
capsules were obtained and washed.

V One wall-forming polymer soluble in water and one soluble in an
organic liquid

This process, developed by Morris and Warburton (1980, 1982), provides
microcapsules that possess three walls. An aqueous acacia solution was
dispersed into a solution of polychloroprene in xylene or ethylcellulose in
ethylacetate to yield a w/0 emulsion. This preparation was then dispersed
into an acacia solution to yield a w/o/w emulsion. The organic solvent was
allowed to evaporate by bubbling air through the multiple emulsion or
removed by dialysis to give microcapsules with a polymeric wall surroun-
ding a solution of acacia. Subsequent evaporation of water leads to the for-
mation of microcapsules with three walls.

CONSIDERATIONS PRIOR TO PROCESSING

The successful preparation of a microencapsulated product depends on the
core, the encapsulating polymer and the process of coacervation-phase
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separation. Once the core has been selected, the formulator will have a
choice of a few polymers for a specific pharmaceutical purpose. A consi-
deration of the process must then be made. The selection of the process
for the preparation of a suitable product depends upon a number of factors,
but principally upon the solubility of the coating polymer and the solubility
of the core. '

Wall polymer. The polymer used to encapsulate the core is often called the
wall polymer and in some cases the polymer will form a wall around a large,
solid particle or a liquid drop. However, in other cases the encapsulation
polymer may be dispersed throughout the microcapsule providing a matrix
type of preparation containing core particles. Finally, the core may be
homogeneously or molecularly dispersed throughout the polymer. Almost
any non-toxic polymer which is soluble in a solvent can be used to encap-
sulate pharmaceuticals. Consideration must be given to the intended use of
the product such as taste masking, controlled release, enteric coating,
biodegradability and modifying the form of a drug, that is from liquid to
solid. The polymer should be selected on the basis of its physical and
chemical characteristics, its suitability for encapsulating the desired com-
pound and the process which will be used (Luzzi, 1976). A number of proper-
ties of polymers have been suggested for the purpose of microencapsulation.
These include a cohesive film - a film that adheres to, and is compatible
with, the core material and provides the desired properties such as strength,
flexibility, impermeability, optical properties, stability, moisture sorption,
and solubility. Normal applications require the coat to be from 2 to 30%
by weight and this corresponds to a thickness range from 0.1 to 200 um.
However, the amount of coat can vary from 1 to 70% by weight. As noted
above, some or a good part of the polymer may be distributed throughout
the microcapsule (Bakan, 1980).

Information about appropriate wall polymers may be obtained not only
from the literature on coacervation-phase separation, but also from data
on cast or free films. These films, however, are not only usually thicker
than films enclosing microencapsulated drug particles, but the deposition
of cast or free films is considered to be different from the formation of
a film by coacervation-phase separation technique, and therefore their pro-
perties will usually be somewhat different.

Deasy (1984d) has listed a number of commonly used film formers or
polymers for microencapsulation and related uses. The table includes poly-
mers from natural sources, such as gelatin, semi-synthetic polymers such
as ethylcellulose, synthetic polymers such as polystyrene and copolymers
such as poly(lactic-acid-co-glycolic acid). The release mechanisms of several
of these polymers is also given.
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Polymer solvents. Once the polymer has been chosen, its solubility
characteristics may be determined. The solvent must dissolve the polymer.
If the polymer is water soluble, then water may be used to prepare a solution
of the polymer; if the polymer is soluble in organic solvents, then a selection
of the solvent to be used must be made. Occasionally, a solvent pair will
be used. Other considerations for the selection of the organic solvent should
be miscibility with another liquid which may be used as a non-solvent, or
immiscibility with another liquid, which may be used as the suspending
liquid or manufacturing vehicle phase. Furthermore, the polymer solvent
should generally not dissolve the core, which may be polar such as water
or water-soluble drugs or non-polar such as mineral oil or organic soluble
drugs. Other properties to be considered are volatility, toxicity, reaction
with the drug and ease of removal from the final product. The polymer-rich
phase should have some affinity for the core in order to be adsorbed onto
the surface and be fluid enough to encapsulate the core. It is suggested that
the process effecting the formation of the polymer-rich phase be slow, and
start with a low concentration of polymer. High polymer concentrations
generally provide a more rapid phase separation which may be too viscous
to provide an appropriate coating of the core. Agglomeration of microcap-
sules is believed to be caused by the presence of some polymer solvent
remaining in the wall. This problem is particularly important when all the
solvent is present during the process and until the microcapsules are
separated from the suspending liquid. Agglomeration tends to be less when
an immiscible liquid is used as the suspending medium because the droplets
are appropriately separated in the system. Agglomeration may also
minimized by some methods described below (Fong, 1988).

Core. Equal consideration must be given to the core material and its
solubility. Types of cores include: (a) no core for the purpose of preparing
empty or blank microcapsules; (b) a solid core, e.g., aspirin; (¢) a liquid
core, e.g., cod liver oil; (d) an active product dissolved in a liquid, e.g.,
an enzyme in water; (€) on active product dispersed in a liquid, e.g. sulfadia-
zine in mineral oil; (f) a drug complex, e.g., a drug ion-exchange complex.
In order to achieve a high yield of product in terms of active component,
it is usually desirable that the core has a low solubility in the polymer sol-
vent or a suspending liquid, used for microencapsulation. However, modi-
fications can be made in the process to improve the yield of the drug
product. For example, it may be possible to arrange the conditions in such
a way that even if the core material is soluble in the polymer solvent, it
has lower solubility than the polymer. In this case the core will come out
of solution first and then be encapsulated as phase separation of the
polymer takes place. If the above condition is not satisfied, the process of
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encapsulation will be inefficient and the product will consist of non-
encapsulated core and empty microcapsules and microcapsules containing
some core (Fong, 1988).

Solid cores are used more often than liquid cores. One reason for this
is that the particle size may be more readily controlled. Large-size cores fre-
quently have only one core particle per microcapsule (Moldenhauer and
Nairn, 1990) providing a membrane type of microcapsule. Cores of smaller
size may have several particles per microcapsule, either due to agglomera-
tion of core particles before microencapsulation, or as a result of the forma-
tion of aggregates of coacervate droplets containing core particles. This
leads to a matrix type of microcapsule. Finally, if the core dissolves in the
polymer solvent, then provided crystallization or precipitation of the core
does not take place, the microcapsule may contain a molecular dispersion
of the core in the polymer phase. The shape of the core particle frequently
will control the shape of the final product, particularly if the core to coat
ratio is high. Thus, grinding, milling and spheronization may be considered
in order to obtain the appropriate core size and shape. In addition, poly-
morphs of a drug may be considered in order to obtain a shape that is more
amenable to encapsulation (Deasy, 1984d).

Wall-forming polymers soluble in water

Wall polymer. Wall polymers include acacia, alginate, carboxymethyl-
cellulose, gelatin, polyethylene glycol, poly (vinyl alcohol), albumin, car-
bupol and pectin. Appropriate polymers may be used singly or in pairs as
described below.

Cores - water-soluble. In general, water-soluble solids or liquids are not
encapsulated to a great extent when water-soluble polymers are used
because the core will be distributed between the aqueous polymer-rich phase
and the aqueous polymer-poor phase. There are, however, techniques that
may be used to encapsulate water-soluble compounds with water-soluble
polymers (Harris, 1981).

1. Make the water-soluble core such as KCl insoluble in water through the
use of waxes such as carnauba.

2. While the control of pH is important for water-soluble polymers such
as gelatin, it also may be used to alter the solubility of many drugs which
are weak acids or bases. Thus, the solubility of salicylic acid is decreased
in acid solution and may be a candidate for encapsulation by water-
soluble polymers.

3. Preparing water-insoluble cores by first making microcapsules using a
water-insoluble polymer and then providing a second coat with a water-
soluble coating.
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Cores - solid. The encapsulation of a number of solid core materials by
means of simple coacervation has been studied in an organized manner by
Okada et al. (1985a). The ability of different core particles to be encap-
sulated with gelatin was studied as a function of different miscible non-
solvents, and other manufacturing parameters. The effect of solubility, zeta
potential and the adsorption of gelatin was related to the ability of the pro-
duct to be encapsulated. Low solubility, high gelatin adsorption and zeta
potential play a significant role in the ability of the process to encapsulate
the core.

Cores - liquid. Research has also been carried out on the encapsulation of
liquids with water-soluble polymers. Gelatin-acacia microcapsules contain-
ing oils or oils containing a drug were prepared by employing polyethylene
glycol or polyethylene oxide as the incompatible or non-wall-forming
polymer. After cooling, the microcapsules formed were cross-linked with
glutaraldehyde (Jizomoto, 1984). Jizomoto also showed that the minimum
concentration of the polymer polyethylene glycol (or polyethylene oxide)
necessary for complex coacervation depended upon the molecular weight.
The molecular weight may be related to the chemical potential and the
excluded volume of the polymer used to effect coacervation (Jizomoto,
1985).

Process variables. The total polymer concentration has been shown to be
related to droplet size. The mean diameter of the coacervate droplets of
gelatin—-Carbopol 941 microspheres increased from 50 um to 135 um as the
concentration of polymers increased fivefold (El Gindy and El Egakey,
1981a,b). Similar results have been described by Mortada et al. (1987a) for
the gelatin-Gantrez system.

El Gindy and El Egakey (1981a) showed that the droplet size decreased
as the speed of rotation increased for the gelatin-Carbopol system; at a
speed of 600-650 r.p.m. the mode was about 35 um, while at 100-150r.p.m.
the mode was approximately 85 um.

In order to minimize aggregation in the complex coacervate system,
gelatin-acacia, Maierson (1969) added a surfactant to the prepared micro-
capsules, and as a result of steric and charge effects, microcapsules were
kept apart and aggregation minimized.

A single wall-forming polymer soluble in an organic liquid

Addition of a miscible liquid, a non-solvent for the polymer

Wall polymer. Wall-forming polymers include acrylates, cellulose acetate,
cellulose acetate butyrate, ethylcellulose, poly(lactic acid), poly(lactic-co-
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glycolide), polystyrene, polyvinyl acetate, polyvinyl chloride and other
polymers (Fong, 1988).

Control of agglomeration. Fong (1988) described a number of patents regar-
ding agglomeration. Agglomeration of poly(lactic acid) microcapsules
prepared from a dispersion of drug particles in a solution of the polymer
using a non-solvent was minimized by conducting the phase separation at
a temperature of —65°C using a dry ice bath. The use of low temperatures
made the wall of the microcapsules sufficiently firm during the phase sepa-
ration process, so that adhesion of the microcapsules was avoided. Another
technique for minimizing the agglomeration of microcapsules employs talc.
During the addition of the non-solvent, talc, a mineral silicate is added to
minimize the adhesion and coalescence of the microcapsules. It is suggested
that the talc forms a barrier against adhesion between the microcapsules.
Talc has been used to minimize agglomeration in other patents. Polyiso-
butylene has been used to minimize aggregation of microcapsules prepared
from Eudragit RS (Chun and Shin, 1988) and from Eudragit RS100
(Chattaraj et al., 1991).

Polymer solvent. The polymer solvent must be miscible with the non-solvent
and should not dissolve the core. The choice of a solvent for a particular
polymer can have an effect on the product and its properties. A methacry-
late polymer, Eudragit RLPM, has been used to encapsulate riboflavin.
When the polymer is dissolved in benzene and then treated with petroleum
ether as the non-solvent, phase separation occurs, with the result that large
polymeric droplets are formed which adsorb on the surface of the vitamin
as a thick, uniform coat. The product provides a slow release of riboflavin.
This is in contrast to the use of isopropanol as the solvent which, after treat-
ment with non-solvent, provides smaller coacervate droplets, a thinner coat
and faster release (El Sayed eral., 1982).

Non-solvent. The miscible non-solvent should effect phase separation of the
polymer and not dissolve the core material. The non-solvent should be
easily removed by evaporation or by rinsing with a volatile solvent possess-
ing similar properties to the non-solvent. Both polar and non-polar non-
solvents have been used in the formation of microcapsules. Fong (1988)
preferred polar non-solvents such as isopropanol and isobutanol to non-
polar, non-solvents such as heptane in low temperature microencapsula-
tion. He found that a combination of non-solvents, e.g. propylene glycol
and isopropanol, produces larger microcapsules (100-125 um) than those
prepared from isopropanol alone (25-50 um). In some cases, it is easier to
control the wall thickness when the appropriate non-solvent is used to
prepare polystyrene microcapsules (Iso et al., 1985a,b).
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Core. Generally, the core should be insoluble in both the solvent for the
polymer and the non-solvent. A wide variety of cores have been encapsu-
lated by this method, including antibacterial and anticancer agents,
steroids, vitamins, antacids, and pharmaceuticals (Fong, 1988). Products
with two walls have also been encapsulated (Hiestand, 1966). Methods have
been used to encapsulate cores which are soluble in the solvent. For exam-
ple, soluble thioridazine as the free base was soluble in the polymer solvent,
but after converting to the pamoate salt it was insoluble in both the polymer
solvent and the non-solvent. Another method for encapsulating a soluble
core is to begin phase separation of the polymer before adding the core par-
ticles. As an example, after a solution of styrene maleic acid copolymer in
ethanol was prepared, the non-solvent isopropyl ether was added until tur-
bidity was first noticed. The drug methylprednisone was then added and
the rest of the isopropyl ether was added to complete the process (Fong,
1988).

The non-solvent method of inducing phase separation has been used to
prepare products which have two polymers to alter the release of the core.
Itoh and Nakano (1980) coated matrix particles composed of an evaporated
product of drug and cellulose acetate with ethylcellulose. In a patent, Fong
(1988) describes the preparation of microcapsules with a double wall of
polylactic acid prepared by essentially repeating the process.

Change of temparature

Wall polymer. The polymer selected for this process must have a low
solubility at room temperature and a high solubility at elevated temperature
where it is completely dissolved. Few polymers possess this property, for
example, ethylcellulose, hydroxyethylcellulose, hydroxypropylmethylcellu-
lose, methylcellulose (Fong, 1988). The molecular weight of the ethyl-
cellulose affects some of the properties of the final product. Deasy et al.
(1980) showed that a higher molecular weight of ethylcellulose (100 cp,
0.1 Pas) gave finer microcapsules and slower drug dissolution than
those microcapsules prepared with lower molecular weight ethylcellulose
(10cp, 0.01 Pas).

Control of agglomeration. Koida et al. (1983) found that the agglomeration
of microcapsules was affected by the molecular weight. For example, micro-
capsules in the 149-250 um size range increased as the molecular weight of
the ethylcellulose increased. Agglomeration of microcapsules can be mini-
mized by vigorous agitation, slow cooling near the coacervation tempera-
ture and washing with cold solvent (Deasy et al., 1980). Several aliphatic
solvents at low temperature, 10°C, have been used to minimize aggregation:
pentane, hexane or octane and also cyclohexane (Morse ef al., 1978). The
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addition of a polymer for the purpose of minimizing aggregation has been
investigated. Both butyl rubber and polyethylene have been investigated,
however, polyisobutylene has been studied more intensely. Samejima ez al.
(1982) indicated that polyisobutylene prevented aggregation of microcap-
sules and found it to be equally as effective as butyl rubber and much better
than polyethylene. Donbrow and Benita (1977) and Benita and Donbrow
(1980) indicated the beneficial effects of polyisobutylene in preventing
aggregation and suggested that it was adsorbed onto the surface of the
ethylcellulose droplet, probably functioning as a protective colloid. Ethy-
lene vinyl acetate copolymer has also been shown to alter the particle size
and perhaps the aggregation of ethylcellulose microcapsules (Lin ezal.,
1985).

Control of particle size. The particle size of the coacervate drops was shown
to decrease as the viscosity of the medium increased as a result of higher con-
centrations of polyisobutylene in the preparation of ethylcellulose micro-
capsules in cyclohexane by temperature change (Benita and Donbrow, 1980).

Core. Fong (1988) has provided a list of cores that have been encapsulated
by this method; these include aspirin, vitamin C, sodium salicylate, chlor-
amphenicol, isoniazid, phenethicillin potassium, sodium phenobarbital,
niacinamide and riboflavin. The core compounds should have a low solu-
bility in the solvent at the coacervation temperature. In addition, the com-
pounds should be stable at the temperature employed. Koida et al. (1986)
found that the efficacy of encapsulation was also related to low solubility
of the core material.

Addition of an incompatible or non-wall-forming polymer

Incompatible polymers. The incompatible polymer is chosen on the basis of
its higher solubility in the solvent than the coating polymer, thus there will
be a tendency for the coating polymer to come out of solution first and
coat the core, resulting in a core that is surrounded by one polymer only.
Polymers that have been used are frequently low molecular weight liquids,
mainly polybutadiene, methacrylic polymer and polydimethyl siloxane. It
has been indicated that the advantage of using an incompatible polymer is
that certain properties of the coacervation phase, namely the viscosity and
relative volume, can be controlled. If the viscosity of the coacervation phase
is too high, proper coating of the core cannot occur (Fong, 1988). Extensive
studies on the system poly(DL-lactic-co-glycolic acid) copolymer dissolved
in methylene chloride using silicone oil have been made by Ruiz eral
(1989).

Wall polymers. Some polymers used to form the walls are ethylcellulose,
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polymethylmethacrylate, polystyrene and poly (lactic-co-glycolide). The
wall material may be hardened by adding a non-solvent for the polymer,
for example microcapsules of methylene blue hydrochloride prepared from
the wall polymer ethylcellulose dissolved in toluene employing the incom-
patible polymer polybutadiene were hardened by treatment with hexane.
Other techniques include solvent evaporation and chemical cross-linking
(Fong, 1988).

Control of agglomeration. It has been suggested that agglomeration can be
minimized when solvent evaporation is used to harden the wall by using
excess liquid paraffin and/or low temperatures during the microencapsula-
tion process (Fong, 1988).

Solvent. The solvent must dissolve the wall polymer, the incompatible poly-
mer and it should also be miscible with the washing non-solvent and should
not dissolve the core.

Washing solvent. The function of the washing solvent is to remove the
polymer solvent from the microcapsules and any incompatible polymer.
Consequently, the washing solvent should be miscible with the polymer sol-
vent, dissolve the incompatible polymer and not dissolve the core material
or the polymer wall material.

Core material. Some examples of core materials encapsulated by this method
include antibiotics, pharmaceuticals, polypeptides and dyes (Fong, 1988).

Evaporation with a miscible liquid, a non-solvent for the polymer

Wall polymer. Polymers include primarily ethylcellulose, polyethylene,
ethylene acrylic copolymers and vinyl polymers (Fong, 1988).

Polymer solvent. The polymer solvent should have a relatively high vapour
pressure so that it is readily evaporated. Polymer solvents include aliphatic
and aromatic hydrocarbons, ketones, ethers, alcohols and esters.

Miscible liquid, a non-solvent for the polymer. The miscible liquid should
not dissolve the core or the polymer, but should be miscible in the concen-
tration used with the polymer and solvent, thus at the beginning of the pro-
cess the mixture is homogeneous. Furthermore, this liquid should have a low
vapour pressure so that during evaporation it will function as the suspen-
ding liquid. Examples of suspending liquids include hydrocarbons with a
high boiling point, silicone fluid and polyethylene glycols (Fong, 1988).

Control of agglomeration. Moldenhauer and Nairn (1990) indicated that
polyisobutylene has other effects, in addition to its protective colloidal
action, namely, increasing the viscosity of the system, thereby suspending
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the core more uniformly, especially larger particle sizes, and decreasing the
rate of evaporation, thereby the rate of surface nucleation of the polymer.
It has also been suggested that the use of the suspending medium, light
liquid paraffin, in this case actually initiates the coacervation process by
removing some of the solvent from the polymer.

Coat structure. The rate of evaporation has an effect on the coat structure
and thereby the rate of release of the microencapsulated drug (Moldenhauer
and Nairn, 1991). Intermediate rates of evaporation provide a dense coat
of uniform thickness and a smooth surface, whereas fast evaporation rates
produce an irregular, smooth, porous coat and slow rates of evaporation
produce a sponge-like coat.

Evaporation with an immiscible polar liquid, a non-solvent for the
polymer

Core. The most important factor in selecting a core material is that it has
a low solubility in the polar liquid, usually water, otherwise some of the
core will partition into the aqueous external phase. A number of cores have
been encapsulated, as listed by Fong (1988), such as antibiotics, antineo-
plastics, anaesthetics, insulin, steroids and other pharmaceuticals. Water-
soluble drugs are generally not successfully encapsulated by this method;
for example, salicylic acid, theophylline or caffeine could not be encap-
sulated with polylactic acid from a preparation of the drug in methylene
chloride (Bodmeier and McGinity, 1987a).

Several methods have been used to encapsulate water-soluble or partially
water-soluble drugs. Weak bases or weak acids in their salt form may be
converted to their non-ionic form, thereby reducing their solubility.
Chemical modification of a compound can be used to reduce its water
solubility, thereby making it easier to encapsulate by this method. The addi-
tion of an inorganic salt to the aqueous phase will reduce the solubility of
the core. Alternatively, some of the core can be added to the external
aqueous phase in order to decrease the partition of the drug from the core
to the external aqueous phase. For example, the addition of tetracaine to
the non-solvent more than doubled the drug content of the microspheres
(Wakiyama et al., 1981). Other examples of loading in the external aqueous
phase with drug in order to obtain a high drug content in the microcapsule
include a saturated solution of quinidine sulfate (Bodmeier and McGinity,
1987b), and cisplatin (Spenlehauer et al., 1988).

The solubility of the core in the solvent for the polymer will have an effect
on the nature of the final product. If the core material is soluble in the
polymer solvent, then the encapsulated product will tend to have a homo-
geneous structure, as both the core and the polymer will come out of
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solution as the solvent is evaporated. If the core material is insoluble in the
polymer solution, then thought should be given to the particle size before
beginning the encapsulation process and milling or micronization should be
considered. When the polymer comes out of solution, it will surround the
core particles, leading to a heterogeneous product. Finally, large cores have
been encapsulated by this method with the result that a membrane covers
the drug. This type of product is different from the two types described
above which are either homogeneous or heterogeneous in nature. The rate
of release from the single core will tend to be constant while that from the
monolithic type of microcapsule will tend to decrease with time. Blank
microcapsules, that is microcapsules without a core, may also be prepared
(Fong, 1988).

The core loading will affect the ratio of polymer to core, the size of the
microcapsule, and the rate of release of the core material. The rate of release
of dibucaine (Wakiyama efal., 1982), butamben, tetracaine (Wakiyama
et al., 1981), ketotifen, and hydrocortisone acetate (Fong, 1988) all increase
as the core loading increases. The maximum fraction of core loading
depends upon the properties of the microencapsulation system, but may
range from 0.4 to 0.75; for example, thioridazine and ketotifen were encap-
sulated at a fraction of 0.5 to 0.6 (Fong, 1988).

As mentioned in the process section, aqueous solutions have been encap-
sulated with considerable success, leading to a w/o/w system; however, a
water-soluble compound will tend to diffuse into the outer aqueous phase.
The loss of water to the external aqueous phase is reduced by using humec-
tants such as glycerin (Fong, 1988). Gelatin has also been used as an internal
stabilizer (Kondo, 1979a).

Wall polymers. The polymer selected for this process must be insoluble in
water. Some examples include ethylcellulose, polystyrene and cellulose
acetate butyrate which are used to prepare microcapsules. A number of
biodegradable polymers have been used to prepare microspheres of phar-
maceuticals; these include homopolymers and copolymers of lactic acid,
glycolic acid, 8-hydroxybutyric acid and caprolactam (Fong, 1988). This
phenomenon occurs with poly(Di-lactide) (Spenlehauer et al., 1986).
Generally, particle size increases with polymer concentration.

The concentration of the wall-forming polymer solution, that is the
polymer to solvent ratio, has an effect on the in vitro release rate of the
core material. The release of the core material decreased when the initial
concentration of the polymer solution was increased. The significance of
this factor depends upon the drug that is used as the core. When
thioridazine was used as the core material, the effect was appreciable as the
initial polymer concentration in the process was raised from 5 to 10%.
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However, only a small change was noticed when the core was hydrocorti-
sone acetate. It has been suggested that the formation of homogeneous
microcapsules containing thioridazine, which is soluble in the polymer solu-
tion, was more readily affected by the initial polymer concentration in the
solvent than for the hydrocortisone acetate which was not soluble in the
polymer solution, and thus formed heterogeneous microcapsules (Fong
et al., 1986).

Polymer solvents. The solvent for the wall-forming polymer should be
immiscible or have only a low solubility in water. Its boiling point must
be lower than that of water so that it will evaporate faster than the external
phase water. A solvent frequently used in this microencapsulation process
is methylene chloride because of its high vapour pressure and because it is
a good solvent for many polymers. Methylene chloride is, however, toxic
and considerable amounts can remain in the product even after drying.
Weight losses of up to 3.5% were determined by thermogravimetric analysis
and chlorine content analyses (Benoit etal., 1986). Other solvents for
polymers include chloroform, carbon tetrachloride, ethylene chloride, ethyl
ether, benzene and methyl acetate (Fong, 1988).

Aqueous phase. The solubility of the polymer solvent in the aqueous phase
has been shown to have a significant effect on drug loading. A study of
solvent effects on the entrapment of quinidine sulfate showed that high
loading was achieved with the solvent methylene chloride, which had the
greatest water solubility, whereas very poor loading was achieved using
chloroform, which has a lower water solubility. It is suggested that solvents
with high water solubility effect rapid deposition of polymer at the droplet
interface, creating a barrier at the interface, thus minimizing drug diffusion
out of the microsphere to the outer phase water. Alternatively, if water-
miscible polymer solvents are used to dissolve the drug and polymer,
agglomerates of polymer are formed on mixing. Mixtures of polymer
solvents with different water solubilities can be used to obtain microspheres
(Bodmeier and McGinity, 1988).

Surfactants and emulsifying agents. The emulsifying agent should be selected
so that an emulsion of the appropriate particle size is readily formed, and
it stabilizes the emulsion during removal of the volatile polymer solvent
preventing coalescence of the droplets. As this method of phase separation
involves the formation of an o/w emulsion, the proper HLB (hydrophile-
lipophile balance) value is 8 to 18. The specific emulsifying agent and its
concentration should be determined by trial and error.

Salts of fatty acids, particularly sodium or potassium oleate, have been
found to be useful for the preparation of microcapsules, including polymers
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that are subject to biodegradation. As an example, sodium oleate produced
high yields of biodegradable microspheres which were free of agglomera-
tion. The fraction of the drug incorporated was 80-99%, and core loading
was up to 0.5 of the weight of the microsphere. The size of the microspheres
was less than 150 um diameter, which will pass through a 20 gauge needle
(Fong et al., 1986). It is necessary to consider the pH of the aqueous phase
if the surface active agents are subject to different degrees of ionization as
a result of different pX values. It will be necessary to maintain a pH at least
two to three units above the pK, of the fatty acid in order for it to be pro-
perly ionized.

Surface-active agents, both anionic and non-ionic with an HL.B of at least
10 at a concentration of 0.1-1% have been used to prepare microcapsules
by this method (Morishita efal., 1976). Watts etal. (1990) have listed a
number of surface-active agents: polysorbate 80, sodium oleate and sodium
dodecyl sulfate. The use of polysorbate 80 in the aqueous phase at a
concentration of 2% produced a small reduction in the content of quinidine
in the microcapsules. This was attributed to not only an increased solubility
of the drug in the aqueous phase, but also to stabilization of the polymer
droplet interface which reduced the rate of solvent loss, thereby reducing
the polymer deposition rate and permitting a greater loss of drug from the
partially formed microcapsules before a suitable hardened barrier could be
formed (Bodmeier and McGinity, 1987b). Low yields of small microcap-
sules may be obtained if surface-active agents are used, e.g. sodium lauryl
sulfate (Jaffe, 1981).

Emulsifiers such as gelatin and polyvinyl alcohol at a concentration of
0.5-2.0% may be used to form o/w emulsions (Morishita et al., 1976).
Emulsifiers have other effects on the preparation of microspheres as a result
of enhanced solubilization. Lomustine and progesterone crystals were
formed on the microsphere surface and in the aqueous phase as a result of
using polyvinyl alcohol and methylcellulose. The crystals were eliminated
and drug loading improved when the emulsifier was removed half way
through the evaporation step (Benita ez al., 1984). The use of emulsifiers
can alter the rate of release of drugs from the microsphere. For example,
the use of a gelatin solution which provides a lower solubility for insulin
showed only a 26% burst effect, compared with a solution of polyvinyl
alcohol which provides a higher solubility for the insulin, resulting in an
88% burst effect. The difference in the burst effect has been attributed to
the difference in the solubility of insulin in the hydrophilic colloidal solu-
tion (Kwong et al., 1986).

Wakiyama et al. (1982) investigated the effect of acid-processed gelatin
and alkaline-processed gelatin as an emulsifying agent on the yield and effi-
ciency of microencapsulation of basic amino drugs. A greater efficiency of
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drug incorporation was achieved when alkaline-processed gelatin was used,
perhaps owing to the fact that alkaline-processed gelatin gave a pH of 7.5,
promoting the formation of the non-ionized form of dibucaine (pK, 1.6
and 8.3) and thus its greater uptake by the solvent as a result of the greater
o/w partition coefficient. When the pH of the aqueous phase was raised
to 8.6, a greater fraction of the dibucaine was in the non-ionized form and
a greater incorporation of drug was observed.

The use of hydrophilic colloids to stabilize the emulsion may have an
effect on the shape or particle size of the final product. For example, the
use of methylcellulose 400 and polyvinyl alcohol as a stabilizer for the external
aqueous phase resulted in oval-shaped microcapsules; most of the products
were, however, spherical (Cavalier et a/., 1986). In other experiments micro-
sphere size was dependent on the type and concentration of the emulsifying
agent; for example, microsphere size increased with increasing polyvinyl
alcohol concentration (Benita ef al. 1984). Other researchers have obtained
smaller microspheres with a 1% sodium alginate solution which had a
higher viscosity than a 1 or 2% gelatin solution (Wakiyama et al., 1981;
Kojima et al., 1984). In some cases high concentrations of gelatin decreased
aggregation (Wakiyama et al., 1982).

Solvent evaporation. Solvent evaporation may be accomplished by stirring
the emulsion in an apparatus where the surface is exposed to air. Forced
air or nitrogen may be used to promote a more rapid evaporation rate. Heat
and reduced pressure may also be used but should be controlled at such
a rate that microcapsules with a smooth surface are obtained if desired.
Heat and low pressure may cause foaming of the emulsion system which
should be avoided, particularly at the early stages of phase separation
(Fong, 1988).

Stirring rate. After the emulsion containing the particles with appropriate
size has been formed and before evaporation has begun, the stirring rate
should be such that there is minimum aggregation of the droplets until the
microspheres are hardened. The main factors that control the particle size
are speed, equipment and the concentration of the polymer in the dispersed
phase and the concentration of the hydrophilic polymer or surfactant in the
aqueous phase. Particle size tends to decrease and the size range is narrowed
as the mixing speed increases (Benita efal., 1984). Stirring speeds of
800-1600r.p.m. have been used when either gelatin or polyvinyl alcohol
have been used as the emulsifier. At 900 r.p.m., small holes were observed
in the microspheres, while at 500 r.p.m. they were absent (Nozawa and
Higashide, 1978).

Reactor design. The use of baffles minimizes the vortex which can lead to
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microsphere aggregation and, in addition, droplet breakup occurs with the
result that the average size of the microcapsules is decreased and the micro-
sphere yield is increased (Bodmeier and McGinity, 1987¢).

Evaporation or removal with an immiscible organic liquid, a non-solvent
for the polymer

Core. The core should have a minimal solubility in the immiscible organic
liquid in order that most of the core is encapsulated. Tartrazine has been
encapsulated with cellulose acetate trimellitate (Sanghvi and Nairn, 1991)
when evaporation of the polymer solvent is not permitted. When evapo-
ration is allowed to proceed, several pharmaceuticals have been encapsula-
ted: tetracycline, loperamide, metoclopramide, hydrochloride and also
biological material (Maharaj eral., 1984) and drug-resin complexes
(Sprockel and Price, 1990).

Wall polymers. The polymers used in this process should not dissolve in the
suspending medium, for example, ethylcellulose dissolved in acetone was
dispersed in a non-volatile hydrocarbon liquid (Dispersol 81515) (Yoshida,
1972). Another example is cellulose acetate phthalate dissolved in a mixture
of acetone and ethanol, 95%, and then added to mineral oil (Beyger and
Nairn, 1986). The size of the microcapsules increased from an average dia-
meter of 140 um to 295 um when the concentration of the polymer, Eudragit
RS was increased two and a half times. The reasons for this increase in size
are attributed to the increase in viscosity of the dispersed phase as a result
of higher polymer concentration and an increase of polymer inside the
droplets affecting a larger volume (Pongpaibul efal., 1984).

Polymer solvents. In order to avoid evaporation, the use of polymer solvent
should be selected so that it has some solubility in the immiscible organic
liquid, thus avoiding the use of temperature and the destruction of heat
labile drugs. The removal of acetone, which has limited solubility in mineral
oil, effects the phase separation of the polymer cellulose acetate trimellitate
and subsequently microcapsules are formed (Sanghvi and Nairn, 1991,
1992).

Surfactants. The use of surfactants with low HLB values increases the region
of the phase diagram where microcapsules were formed. The use of these
surfactants tends to give a smooth surface on the microcapsules and at 3%
concentration gives smaller microcapsules. Surfactants with a higher
hydrophilic lipophilic balance value decrease the region on the triangular
phase where microcapsules could be produced (Sanghvi and Nairn, 1991).

Immiscible organic liquid. Mineral oil is used extensively in this process of
phase separation. It has been used in preparation of microcapsules with the
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following polymers: polymethyl methacrylate (Sprockel and Price, 1990),
cellulose acetate phthalate (Beyger and Nairn, 1986), and ethylcellulose
(Kaeser-Liard et al., 1984).

THEORY AND MECHANISM

This section is concerned with some physical and chemical parameters,
mechanisms and theories and/or experimental evidence which support the
various concepts for coacervation-phase separation and deposition of the
coacervate onto the core. As a result, this section is split into three parts:

1. A single wall-forming polymer soluble in water
2. Two wall-forming polymers soluble in water
3. A single wall-forming polymer soluble in an organic liquid

A single wall-forming polymer soluble in water
Phase diagrams

In order to prepare a satisfactory solution of a water-soluble polymer, it
is necessary to disperse the polymer in water and allow it to become fully
hydrated, perhaps using appropriate temperature conditions, addition of a
small amount of non-solvent and/or mechanical means.
Coacervate-phase separation is induced by a number of techniques such
as addition of a water miscible solvent, the non-solvent, which is not a sol-
vent for the polymer, or a salt that binds a considerable amount of water
thus removing it from the polymer. This process can best be illustrated by
three component phase diagrams. The components usually are polymer,
solvent and the agent which effects coacervation such as salt or ethanol.
An example is given in Fig. 2 for gelatin, water and ethanol (Nixon et al.,
1966). It can be seen that a dilute solution of gelatin in water, say 10%,
will form a single phase. As ethanol is added, the two-phase region is
encountered and the polymer-rich phase, the coacervate, is produced which
encapsulates the core material if present. The polymer-poor phase functions
as the medium to suspend both the coacervate and core which is being
encapsulated. At pH values distant from the isoionic point, flocculation
occurs in the presence of ethanol because the gelatin is fully stretched and is
unable to entrap the occlusion liquid. The flocculation region is generally
not satisfactory for encapsulation. The concentrations in the various
regions in this system were studied by using refractive index and specific
gravity (Khalil et al., 1968; Nixon et al., 1966). Rigidization of the coat may
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Fig. 2 The composition of coacervate and corresponding equilibrium liquid. O Coacervate; ®
equilibrium liquid; A total mixture. Reproduced with permission from Nixon et al. (1966), /.
Pharm. Pharmacol. 18, 409-416. The Royal Pharmaceutical Society of Great Britain, London.

be effected by temperature change, use of a cross-linking agent and/or the
use of appropriate non-solvent for the coat.

Phase diagrams are also useful for preparing nanoparticles which are in
the nanometre size range. For example, one method of preparing nanopar-
ticles from gelatin or albumin is to desolvate the polymer with a salt which
is highly hydrated, thus causing the coacervate to form. Then the protein
is just resolvated with a small amount of water or isopropanol. In this pro-
cedure the phase diagrams are prepared using light scattering to measure the
onset of coacervation and thus the appropriate conditions to achieve
nanoencapsulation. The nanoparticles can be rigidized with a suitable cross-
linking agent such as glutaraldehyde (Oppenheim, 1986). Thus, phase
diagrams are useful for preparing nanoparticles which form in the precoa-
cervation region, microcapsules or microspheres which separate in the coa-
cervation region, and purification of the protein in the flocculation region
when excess salt is added to the system (Oppenheim, 1986).
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Hydrogen ion concentration

Khalil efal. (1968) investigated the role of pH in the coacervation of
gelatin. Since gelatin exists as a randomly coiled configuration in solution,
the shape of these coils is influenced, by the ionization of the acidic and
basic groups. A stretched configuration is predominant when the gelatin is
mainly in the anionic or cationic form. A random coiled structure is
favoured at the isoionic point as a result of inter- and intra-molecular
attractive forces. The role of pH as it affects coacervation was explained
by two factors which appear to influence coacervation of polyelectrolyte
systems, namely inter- and intra-molecular attractive coulombic forces, and
hydration. The authors postulate that the first of these effects favours phase
separation and formation of floccules while the second promotes redisper-
sion of the molecular species. A proper balance between these factors pro-
motes the formation of a colloid-rich isotropic liquid phase which is the
coacervate. At the isoionic point there is a balance between the attractive
forces of the oppositely charged sites and the hydration effect. The authors
found that at the isoionic point, a coacervate was readily obtained when
ethanol was added. As pH values move away from the isoionic point,
attractive forces decrease and hydration of the gelatin increases; both of
these tend to prevent coacervation. At pH values considerably different
from the isoionic point, flocculation occurs upon addition of ethanol as the
molecule is stretched and cannot entrap sufficient water. At intermediate
pH values, a viscous gel is formed. There is more flexibility in the gelatin
chain but insufficient water is entrapped to form a coacervate.

When sodium sulfate is used as the coacervating agent, the ions in solu-
tion shield the charges on the gelatin material and thus the forces of repul-
sion are modified by the added salt. At pH values on the acidic side of the
isoionic point of gelatin the sulfate ions are associated with the positively
charged groups and coacervation proceeds satisfactorily.

Microcapsule formation

Madan (1978) has suggested that deposition of the polymer onto a core may
take place as a result of:

1. Molecular interaction between the colloidal macromolecular particles,
2. Coacervate droplets may coalesce about the core particles,
3. Single droplets may encompass one, or a group of core particles.

An examination of the surface characteristics of microcapsules of gelatin,
prepared by coacervation using ethanol or Na,SO,, showed that the dried
microcapsules had no cracks or fissures. The smoother surfaces of the
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microcapsules produced using ethanol showed marked surface folding,
attributed to vacuole formation in the coacervate droplet, which increased
with time, allowing for the formation of the coacervate coat. As a result
of these observations, Nixon and Matthews (1976) proposed that microcap-
sules prepared by coacervation resulted from the merger of several smaller
microcapsules.

Encapsulation of liquids

Several microencapsulation procedures involve the encapsulation of immi-
scible liquids which may, or may not, contain a drug dissolved, dispersed
or emulsified in the liquid. In order for the process of microencapsulation
to proceed properly, the coacervate must engulf the liquid drop and then
be hardened. In this system there are three immiscible phases present - the
liquid core, the coacervate and the polymer-poor phase. Torza and Mason
(1970), both theoretically and experimentally, investigated the interfacial
phenomenon of systems that contain three liquids which are immiscible and
indicated the spreading coefficient necessary for a coacervate droplet (liquid
3) to surround the core liquid (liquid 1) when both are in an immiscible con-
tinuous phase, the polymer-poor phase (liquid 2). The three spreading coef-
ficients for the three-phase system are:

Sy = 033 — (012 + 013)
S, = a13 — (013 + 03)
Sy = a1y — (013 + 03)

In order to consider the process it is assumed that o,> 0y thus §; <0,
and thus only three possible sets of values of S exist. These correspond to
complete engulfing, partial engulfing and non-engulfing of the liquid core.
Complete engulfing occurs under the condition that S; <0, S, <0,
S; > 0. As the interfacial tension between the polymer-rich phase, that is
the coacervate, and the polymer-poor phase is low and if the interfacial ten-
sion between the core and the continuous medium is higher than between
the core and the coacervate-rich phase, then the above requirements are
satisfied and engulfing will occur. Torza and Mason (1970) conducted a
number of experiments using different liquids and found that of 20 systems
studied, only five did not correspond with the theory. The method of
engulfing was determined with a high-speed movie camera and was shown
to involve two competitive processes - spreading and penetration. This
theory may apply to any coacervate system involving liquids.

In a study of the microencapsulation of oil droplets with or without a
drug, clofibrate or chlormethiazole, using gelatin with an isoelectric point
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of 4.85 in the presence and absence of a surface-active agent, Siddiqui and
Taylor (1983) were able to relate the ionic charge on the coacervate, which
was negative, and the spreading coefficient of the liquid substrate. The
surface active agents cetrimide, sodium lauryl sulfate or a double salt
hexadecyltrimethylammonium lauryl sulfate were used in the process.
Spreading coefficients calculated from interfacial tension values indicate
that the coacervate should spread more easily in the presence of the double
salt, and less so in the presence of either of the other two surfactants. It
was noted that conditions for measuring the spreading coefficient and
microencapsulation were not identical. Measurements of the charge size on
the dispersed particles showed that the oil droplets and coacervate droplets
can be expected to have opposite charges, except in the presence of sodium
lauryl sulfate. Microencapsulation was satisfactory with both the double
salt and cetrimide, but not with sodium lauryl sulfate. The authors suggest
that some cetrimide may enter the coacervate phase and subsequently
microcapsules tend to agglomerate. Addition of sodium lauryl sulfate at
this stage tended to prevent agglomeration. The authors suggest that the
use of the double salt enhances the attachment of the coacervate to the oil
droplet surface. In fact, this double salt produces the smoothest microcap-
sule and permits a slower release of the drug from the oil droplets.

Adsorption studies

By electrophoresis and adsorption studies of gelatin and various core
materials using six different kinds of coacervating agents, Okada efal.
(1985a) were able to show that suitable encapsulation by gelatin is affected
by the affinity between the core material and the coacervate phase. If a large
amount of gelatin is adsorbed prior to coacervation, then encapsulation is
successful.

In a subsequent paper Okada eral. (1985b) showed that carboquone
could not be encapsulated with gelatin unless methanol or sodium sulfate
solution was used as the coacervate inducing agent. If, however, the drug
is recrystallized from a solution of an ionic polymer and if the pH of the
solution is appropriate, then the drug can be encapsulated using many
coacervating inducing agents. It was shown that the electrostatic attraction
found between the gelatin and the polymer attached to the drug has an
important role.

An incompatible or non-wall-forming polymer

Instead of using alcohols of low molecular weight to cause coacervation,
Jizomoto (1985) used polyethylene glycol or polyethylene oxide. Both these
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polymers have the same general structural formula, but the former name
is usually used for polymers with molecular weights <20 000 and the latter
for those greater than tens of thousands. Polyethylene oxide or polyethy-
lene glycol was added to aqueous gelatin 2.2% with stirring at 40°C at
various pH values to influence phase separation. The phase diagram shows
that the addition of a small quantity of polyethylene oxide or polyethylene
glycol causes phase separation over a wider pH range and this phenomenon
is largely dependent on molecular weight. A plot of the log of minimum
concentration of polyethylene glycol or polyethylene oxide required to
effect phase separation against the log of molecular weight at pH 8.7 gives
a straight line. Elemental analysis of the coacervate is identical with that
of gelatin; thus the phase separation induced by the addition of polyethy-
lene oxide or polyethylene glycol is caused by an incompatibility. After
reviewing the theory proposed by Bailey and Callard (1959) which suggests
that water molecules are orientated with respect to polymer chain and the
postulation of Kagemoto efal. (1967) that the parameter ascribed to the
interaction between the oxygen atoms of the ether bonding in polyethylene
oxide chain and the water molecules is proportional to a function of the
molecular weight, Jizomoto suggests that the effect of polyethylene oxide
or polyethylene glycol on phase separation in relation to molecular weight
cannot be explained by dehydration. Blow and coworkers (1978) suggested
that polyethylene oxide causes a decrease in ‘free water’ but in the present
experiments, polyethylene oxide concentration to bring ‘free water’ to zero
was not appreciably influenced by molecular weight. Therefore, the depen-
dence of phase separation on molecular weight cannot be explained by the
concept ‘free water’. The author used a simplified equation of the chemical
potential expressed in terms of molalities of two polymers, the solvent and
the exclusion volumes as described by Edomond and Ogston (1968).
Calculations were made to estimate the minimum concentration of the
polymers required to cause phase separation. The author concludes that the
excluded volume should make the main contribution to the induction of
phase separation.

Two wall-forming polymers soluble in water

Effect of ionic charge

Complex coacervation may be brought about in water by the combination
of two polymers, one with a positive charge and the other with a negative
charge. The most common polymers used are gelatin, which is dissolved in
water and the pH is adjusted so that it is below the isoelectric point, and
acacia which is negatively charged because of the ionization of its carboxyl
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groups. The combination leads to a coacervate, which is polymer rich, and
the other phase which is polymer poor (Luzzi, 1976). The interaction bet-
ween the two polymers is also influenced by temperature and the presence
of salts (Madan, 1978).

Theory

In a series of papers Nakajima and Sato (1972) reported upon the phase
relationships and theory of complex coacervation of the sulfated polyvinyl
alcohol-aminoacetalysed polyvinyl alcohol system. Phase relationships
were examined for the polymer salt, water and sodium bromide. The experi-
mental results were interpreted by the use of a theoretical equation for the
free energy of mixing by taking into account the entropy and enthalpy con-
tributions ascribed to a non-ionic polymer solution and the electrostatic free
energy expression as derived by Voorn (1956). In two subsequent papers,
Sato and Nakajima (1974a,b) investigated the effects of chain length of the
polyelectrolytes, the thermodynamic interaction between the polymer and
water and the number of charges of polyelectrolyte chain on the complex
coacervate on the basis of a free energy equation. Conditions for the for-
mation of coacervate droplets as a function of charge density and polymer
concentration were also discussed.

Burgess and Carless (1984) investigated the electrophoretic mobility pro-
file of polyions and showed that these profiles can be used to determine
if complex coacervation will occur between two polyions. Furthermore,
they showed that the pH range of coacervate, the pH of optimum coacer-
vation and the salt tolerance of the system can be predicted. They also
showed that the maximum coacervate volume occurred at the electrical
equivalence pH, that is when the charges on the two polyions are equal and
opposite.

A practical analysis of complex coacervate systems has been published
by Burgess (1990) who reviewed several theories which are now briefly
described. Overbeek and Voorn (1957) postulated that the coacervation
which takes place between gelatin and acacia is a competition between ionic
attractive forces, which tend to bring the polyions together, and entropy
effects, which promote the dispersion. The coacervate phase binds water
between the loops of the polymer chains. The water in the coacervate con-
tributes to the entropy and permits a number of arrangements of polymers.
As a result the coacervate is fluid. Another theory which attempts to explain
complex coacervation is the ‘dilute phase aggregate model’, developed by
Veis and Aranyi (1960) to take into account the formation of complex
coacervation when the product of the charge density and the molecular
weight is low. The model postulates that complex coacervation occurs in
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two steps, as oppositely charged gelatins fuse, aggregate, and then rear-
range to form the coacervation phase. The rearrangement occurs slowly and
is formed by the gain in configuration entropy. Several differences between
the two theories are described by Burgess (1990). Burgess and Carless (1985,
1986b) confirmed the two-step process and detected the presence of small
aggregates by light scattering. Tainaka (1979, 1980) modified the Veis and
Aranyi theory to indicate that the aggregate pairs in the dilute phase did
not have specific charge pairing. Again, the dilute phase aggregates con-
dense to form the coacervate, but the aggregates are present in both the
dilute and coacervate phases. The aggregates overlap with each other in the
coacervate phase and, as a result, there is a gain in electrostatic energy due
to the increase in ion density in the overlapped domain. High molecular
weights and highly charged densities of the polyions enhance the attractive
forces effecting phase separation. The Tainaka theory explains the suppres-
sion of coacervates at high polymer concentration as stabilization of aggre-
gate structures at high concentration. Burgess (1990) concluded that, while
the Tainaka model is not all-inclusive, as it does not explain the reduction
of coacervation at low ionic strength, it is not as restricted as other theories
and thus, at present, is the best general theory.

Polar bonding

A recent paper by Van Oss (1988-1989) presents a somewhat different
classification of coacervation, complex coacervation and flocculation based
on polar (hydrogen) bonding components of interfacial interactions. Van
Oss (1988-1989) has reviewed the classification for coacervation (simple)
and complex coacervation for the system of gelatin and acacia (Table 1).
A theoretical analysis of cohesion and adhesion in terms of the Lifshitz-van
der Waals, or apolar, components and Lewis acid-base, or polar, compo-
nents of free energy between two different bodies 1,2, through a liquid 3,
indicates interfacial (hydrophobic) attraction when AG,;, < 0 and inter-
facial (‘hydration pressure’ mediating) repulsions when AG;,> 0. As a
result of this theory, Van Oss provides a table which indicates the mechani-
sms and conditions for coacervation (simple) and complex coacervation. He
indicates that coacervation (simple) takes place when polar and/or apolar
repulsion between the two solutes, where one or both must be a polymer
dissolved in the same solvent, results in phase separation. Complex coacer-
vation takes place when there is electrostatic or polar attraction between
two polymers of opposite charge (or of opposite signs of Lewis acid-base
behaviour). Examples of coacervation (simple) due to polar interactions are
negatively charged gelatin and gum arabic, agar and ethanol, polyvinyl
alcohol and polyethylene glycol, the solvent in all cases being water.



Table 1 Comparison of coacervation (simple) and complex coacervation using a mixture of gelatin and acacia given by Bungenberg de jong,
adapted from Van Oss (1988-89)

Property Coacervation {simple} Complex coacervation

pH > Isoelectric point for gelatin < Isoelectric point for gelatin

Concentration of original Occurs with concentrated solutions Occurs with dilute solution

solutions
Indifferent salts Tend to promote coacervation Tend to suppress coacervation
Place in lyotropic series is important Place in lyotropic series is minor
Valency is important
DC field Drops show no disintegration Drops show disintegration
Composition of liquid layer Each layer contains essentially one The coacervate layer is rich in the
species colleid which is a ratio of about one to

one

Principal condition Water deficit in the system Different charge between the two
species

LEL
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Coacervation (simple) due to apolar interactions includes cellulose acetate
and ethanol dissolved in chloroform, polyisobutylene and polystyrene in
benzene. Complex coacervation always takes place in water and some
examples resulting from electrostatic interaction are positively charged
gelatin and negatively charged gum arabic, and positively charged gelatin
and nucleic acid. Examples of polar (Lewis acid-base) interaction include
polyacrylic acid and polyvinyl methylether.

Borue and Erukhimovich (1990) developed a microscopic statistical
theory of symmetrical polyelectrolyte complexes. The complex was shown
to form a polymer globule and the equilibrium density, the width of the
surface layer and the surface tension were calculated as a function of salt
concentration. Complex coacervation is considered as a precipitation of
polymer globules due to a minimization of surface energy. The theory is
based on the Lifshitz-Grosberg theory of polymer globules and the authors’
previous work concerning the equation of state of polyelectrolyte solutions.

Particle size

In a study of the encapsulation of hydrophobic compounds such as stearyl
alcohol by complex coacervation with gelatin-acacia, Madan ef al. (1972)
found that only particles below 250 um diameter could be encapsulated. It
was proposed that the mechanism for encapsulation in this system was
either a single coacervate droplet which encompasses a group of immiscible
nuclei or individual coacervate droplets adsorbed to, or coalesced around
the particles. Photomicrographs of 163 um particles indicate that encap-
sulation takes place by aggregation or coalescence of several droplets (with
diameters usually under 40 um) to surround the core stearyl alcohol par-
ticles. Larger particles were incompletely covered. The authors suggest that
the affinity of the coacervate droplets for the core material is not great.
They suggest that the velocity difference between the core particles and the
coacervate droplets, as the mixture is stirred, tends to prevent the aggrega-
tion of droplets around the core particles. In addition, the probability that
a sufficient number of coacervate droplets will aggregate and coalesce to
surround a core particle decreases as the particle size increases. Experimental
studies showed that larger particles could be encapsulated if the concentra-
tion of the coacervate was increased. In order to improve the encapsulation
process, the stearyl alcohol was melted in an acacia solution and then con-
gealed. The acacia is adsorbed more strongly to liquid stearyl alcohol than
to the solid form. The adsorbed acacia then reacts directly with the gelatin
in the encapsulation process to form the microcapsules.
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Thermodynamics

Veis (1975) described the thermodynamics of phase separation in a mixture
of oppositely charged polyelectrolytes. He indicated that homogeneous
solutions will be formed as long as a plot of AG),,, the free energy of mix-
ing of a solute and solvent, versus ¢,, the volume fraction of the polymer,
has a single minimum. However, if X,,, the interaction parameter, which
is proportional to the interaction energy per mole of solvent molecules, is
sufficiently large and positive two minima will be present in the plot and
any mixture prepared between these two will separate into two phases.
Mathematical analysis shows that for polymers of moderate size, phase
separation will occur at low solute volume fraction if X, is slightly greater
than 0.5.

The thermodynamics of mixing of two dissimilar polymers in a single sol-
vent are also discussed. The author discusses two cases. In the first case
the polymeric ions have a very high charge density and phase separation
occurs to give essentially solvated coprecipitates in equilibrium with an
extremely dilute phase. These precipitates are the basis of certain mem-
branes. The other case is that in which the polyions are of a moderate charge
density and phase separation is driven by the more favourable electrostatic
interaction in the concentrated phase. In this example, both phases contain
both ionic polymers, as is the case for the gelatin-acacia interaction.

Based on two experimental findings, namely charge equivalence in the
coacervate phase and molecular weight pairing in the coacervate phase, the
author suggests the possibility of two mechanisms for the formation of the
coacervate based on an unfavourable entropy change AGentropic > 0 and
a favourable electrostatic free energy change AG electrostatic < 0 for the
reaction:

P*OH- + H*Q™ — [PQ]Ageg + H,0

where P* is the cationic polymer, Q™ is the anionic polymer and [PQjAgg
is the aggregate.

The aggregation may take two forms: the two molecules with the centres
of gravity overlapped, or two molecules with explicit ladder-like charge
pairing. The author argues in favour of the ladder type formation, based on
the molecular weight pairing and the suppression of coacervation observed
in most polydispersed mixtures. This new aggregate, PQ, behaves as a new
component which should obey the basic Florey-Huggins polymer binding
mixture phase separation rule.
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Surfactant effects

The influence of cationic, anionic and non-ionic surfactants on complex
coacervate volume and droplet size has been researched by Duquemin and
Nixon (1985). The coacervate was prepared by dissolving the surfactant in
the acacia solution and then adding an equal quantity of gelatin solution
at the optimum pH of coacervation, 4.35. It was found that the per cent
coacervate weight decreased with increasing concentration of sodium lauryl
sulfate. At high surfactant concentrations, 0.20 and 0.35%, and at a low
colloid concentration, 1%, formation of the coacervate was prevented. It
was postulated that the additional ions from the surfactant prevented or
restricted electrostatic attraction between the gelatin and acacia polyions.
The effect of increasing concentration of cetrimide on the per cent coacer-
vate by weight is not so clear and depends on the concentration of the col-
loid. At low concentration of the surfactant, there is a slight increase in
weight and this has been attributed to an increase in water content of
the coacervate. At a high colloid concentration, 4 and 5%, and high surfac-
tant concentration, 0.075%, there is an appreciable decrease in the concen-
tration of the coacervate. The authors suggest that this is due to the
suppression of coacervation because the process is less energetically
favourable. The effect of polysorbate 20 on coacervate weight is similar to
that produced by cetrimide. It is suggested that steric hindrance of the large
surfactant molecules suppresses coacervation.

A single wall-forming polymer soluble in an organic liquid

Solubility effects

Use of a non-solvent. After the polymer is dissolved in an appropriate
organic solvent, phase separation may be induced in a number of ways. For
example a second organic solvent which is miscible with the solvent for the
polymer, but at the same time is a non-solvent for the polymer may be
added. The solubility of the polymer is now decreased and separates under
appropriate conditions as a polymer-rich phase which is also able to sur-
round the core. The polymer-rich phase may be hardened by further treat-
ment with the miscible non-solvent (Luzzi, 1976).

Relation between polymer composition, solvent and non-solvent. The
mechanism of coacervate formation in a non-aqueous system has been
investigated by Ruiz ef al. (1989). Microcapsules of poly (DL-lactic acid-co-
glycolic acid) were prepared by dissolving the polymer in methylene chloride
and then adding various quantities of silicone oil to effect phase separation.
The phase separation phenomenon was observed by taking photomicro-
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graphs after increasing quantities of the incompatible polymer were added.
At the first step when the amount of phase inducer is low (1-5%), a pseudo-
emulsion of the silicone liquid is formed. During the second step when more
silicone oil is added, the beginning of the phase separation appears. The
coacervate droplets appear to be unstable and merge together then break
apart. In the third step the added quantity of silicone oil is sufficient to
permit a stable dispersion of polymer coacervate droplets; this step is called
the stability window. Finally, the fourth step occurs after further addition
of silicone oil, which causes extensive aggregation of the coacervate droplets.

Four polymers with different compositions of lactic acid (LA) and
glycolic acid (GA) were studied. The polymers with the highest percentage
of lactic acid had the largest stability window, and required the largest
amounts of silicone oil to reach that region. The polymer with the lowest
content of lactic acid, namely 50% LA and 50% GA, is the least hydro-
phobic among the polymers studied and did not easily dissolve in the solvent
and required only small amounts of silicone oil to effect phase separation,
accounting for the small stability window. Silicone oil with a low viscosity
did not yield a stability window with four polymers tested; however, silicone
oils with higher viscosity, up to 12500, increase the size of the stability
window for all polymers. The stability window was increased by increasing
the solubility of the poly(DL-lactic acid-co-glycolic acid) polymer in the sol-
vent by the addition of methanol. As a result, more silicone oil was needed
to reach the stability window, and thus to induce the appearance of the
polymer droplets. The width of the stability window can be altered by
changing the viscosity of the silicone oil and modifying the solvent for the
polymer by adding a suitable percentage of a better solvent.

Shively and McNickle (1991) considered the effect of various solvent
compositions on the coacervation process. Ternary phase diagrams were
prepared using a biodegradable block copolymer prepared from tartaric
acid and 1,10-decanediol, and ethanol and water, with or without NaCl.
Microcapsules of kaolin or hydrocortisone-21-acetate were prepared by
adding the core to an ethanol solution of the polymer and then titrating
with the aqueous non-solvent. The microcapsules were then filtered and
dried. At high polymer concentrations in the non-plait region, minimal or
no solvent interaction occurred and the polymer was in the coiled configura-
tion. In the plait region at low polymer concentration, the ionic strength
of the non-solvent showed an effect on the coacervate, the adhesive forces
were greater than the cohesive forces, and the polymer adopted a more
linear configuration. Surface tension measurements, when the solvent com-
position was 30% water and 70% alcohol (non-plait) or 50% alcohol and
50% water (plait), showed that the area per polymer molecule decreased
in post-coacervation compared with the precoacervation region. These
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results agree with the theory that the coacervation results in the reduction
of the surface free energy of a system through a reduction of the molecular
surface area. Analysis of the surface tension versus polymer composition
graphs shows that coacervate phases resulting from 30% water, 70% ethanol
compared with 50% water, 50% ethanol were very different suggesting dif-
ferences in molecular configuration and interaction properties. Thus, the
authors speculate that microcapsules made with different coacervation con-
ditions would have different properties, such as diffusion or morphology.
It was found that microcapsules produced with non-plait conditions had
considerably slower rates of release of the drug and had rough and irregular
surfaces compared with microcapsules prepared with plait conditions.

Solubility parameters. Robinson (1989) determined the solubility of
ethylcellulose Type N10 in 122 solvents qualitatively and in 36 solvents
quantitatively. The contribution of dispersive, polar and hydrogen-bonding
intermolecular forces was determined and plotted on two-dimensional and
triangular solubility graphs. The influence of dipole-dipole interactions on
the solubility of ethylcellulose was shown by plotting the fractional polarity
of the solvent against the solubility parameter. The diagram shows that
ethylcellulose is soluble over a range of polarity from 0 to 0.75, but it is
not soluble in solvents with either a low or high solubility parameter. In
order to show the effect of the relative fractional contributions of the
hydrogen bonding, polar and dispersion components, a triangular solubility
diagram was prepared. The solvents were classified on their hydrogen bond-
ing ability: weak, medium, and strong. The three areas of solubility overlap
and they define a region which determines the intermolecular forces appro-
priate to dissolve ethylcellulose. Ethylcellulose occupies a central position
within the defined solubility regions. The triangular diagram is useful for
determining good solvents and non-solvents for microencapsulation pur-
poses. Coacervation was observed after cooling a solution of ethylcellulose
in a poor solvent which had a solubility parameter near, or just outside,
the solubility region for the polymer. Gelation occurs after cooling with
liquids usually considered non-solvents for the polymer and their solubility
parameters are well outside the solubility region and have higher interaction
parameters. Flocculation was observed after cooling solutions of the poly-
mer in polar solvents where large values of the interaction parameters occur.

The selection of appropriate solvents and non-solvents may be ascer-
tained through the use of solubility parameters. In a study by Moldenhauer
and Nairn (1992), it was shown that microcapsules could be prepared by
phase separation using a number of solvent-non-solvent pairs. The solubi-
lity parameter map was prepared using a number of solvents, both singly
and in mixtures, to provide regions where the polymer ethylcellulose was
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Fig. 3 Solubility parameter map for ethylcellulose showing the solubility border and the initial
and final microencapsulation solubility parameters: O using ethyl acetate and cyclohexane; &
using methyl ethyl ketone and cyclohexane; A using toluene and light liquid paraffin; Bl using
ethyl acetate, cyclohexane and light liquid paraffin; A using methyl ethyl ketone, cyclohexane
and light liquid paraffin; @ using ethyl acetate and light liquid paraffin; and O using methyl ethyl
ketone and light liquid paraffin. Reproduced with permission from Moldenhauer and Nairn
(1992), J. Controlled Release 22, 205-218. Elsevier Science Publishers BV, The Netherlands.

soluble (that is, gave clear solutions at definite concentrations) and regions
where the polymer was insoluble (that is, where clear solutions were not
obtained). This information was then used to prepare microcapsules of
theophylline ion-exchange resin beads coated with ethylcellulose using a
number of solvents. Partial evaporation of the solvent in a mixture leads to
a change in solubility parameters effecting phase separation. These authors
experimentally corroborated Robinson’s (1989) studies that microencap-
sulation systems should be near the limit of ethylcellulose solubility where
coacervation will occur and showed that microcapsules could be prepared
by controlled evaporation of a solvent-non-solvent pair for ethylcellulose.
The total amount evaporated was the same in all experiments. As evapora-
tion of the solvent and non-solvent took place, the solubility parameter of
the mixture generally changed, owing to the different vapour pressures, into
a poor solvent for the polymer. The composition of the solvent pair, both
before and after evaporation, was related to the phase diagrams and the
solubility parameter map. Well-formed microcapsules were prepared from
solvent-non-solvent pairs whose solubility parameters changed during
evaporation from the soluble region to just at the other side or at the edge
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of the solubility region on the solubility parameter map. Even though dif-
ferent solvent mixtures were used, ethyl acetate or methyl ethyl ketone as
solvents and non-solvents cyclohexane and light liquid paraffin, the solubi-
lity parameters were similar and evaporation produced microcapsules with
similar characteristics (see Fig. 3).

Experiments conducted with solvents that had a poor solubility para-
meter for ethylcellulose yielded either no coat or a coat of poor quality.
Evaporation of solvent pairs which had similar vapour pressures and which
were in the solution region of the solubility parameter map did not change
their solubility parameter during evaporation, and microencapsulation did
not take place. Solubility parameter maps provide information about a
number of solvent-non-solvent pairs whereas a phase diagram provides
information about only one solvent-non-solvent pair.

Wall formation

The mechanism of wall film formation of ethylcellulose onto magnesium
aluminium hydroxide hydrate was investigated by Kasai and Koishi (1977).
Four different experiments were carried out in order to investigate the
phenomenon of microencapsulation. With increasing amounts of ethylcel-
lulose, in dichloromethane, added to the core and also addition of water,
it was shown that the surface properties of the core changed from hydro-
philic to hydrophobic, likely as a result of adsorption of the ethylcellulose
onto the surface of the core. Photographs of ethylcellulose coacervate drops
formed by the addition of increasing volumes of n-hexane to the ethylcel-
lulose solution show an increase in size of the coacervate drops which cor-
responds to an increase in the weight of ethylcellulose in the coacervate.
The authors indicate that the smaller-sized coacervate droplets are likely to
be suitable for microencapsulation, and the larger-size coacervate droplets
are not. The authors also relate the surface structure of the microcapsules
to the weight of ethylcellulose coacervate as a result of the addition of non-
solvent.

The authors then suggest possible cross-sectional models for the deposi-
tion of ethylcellulose coacervate drops on the core and in the final state of
the walls as shown in Fig. 4. It is noted in Fig. 4 that there is compression
of the ethylcellulose on the core material and this is supported by the fact
that despite an increase in percentage ethylcellulose concentration in the
microcapsules from 27 to 46%, the wall thickness range is almost constant
within the range of 15-17.5 um. In conclusion, the authors postulate a
model for deposition of ethylcellulose coacervate based on the amount of
coacervate on the core, as a result of increasing amounts of non-solvent
added, scanning electron microscopy of the microcapsule surface, photo-
graphs of the coacervate droplets and the region of constant wall thickness.



Coacervation-phase separation technology 139

STEP I STEP II

L C

© FEHE —
@ g/%/% —_— %
e . o
° B — T

Fig. 4 Possible cross-sectional models for the deposition of ethylcellulose coacervate drops on

the core material and the final state of microcapsule walls. Key: step [: coacervate drops

deposited at first; step II: final walls; @ @ and @: different stages, C, £, and M, coacervate

drops, ethylcellulose adsorbed initially on the core material, and the core material. Reproduced

with permission from Kasai and Koishi (1977), Chem. Pharm. Bull. 25(2), 314-320. Pharama-
ceutical Society of Japan.

Incompatible or non-wall-forming polymers

A number of papers have been written about the effect of polyisobutylene
on the coacervation of ethylcellulose and the formation of microcapsules.
In an early paper Donbrow and Benita (1977) describe ethylcellulose coacer-
vation by dissolving the polymer in cyclohexane and slowly cooling with
controlled agitation. Phase separation occurs over 24 h to yield a lower
phase of coacervate droplets and a clear upper layer containing polyiso-
butylene. The authors noted the non-linear increase in volume of the coa-
cervate with polyisobutylene concentration. At the same time, a decrease
in the particle size of the coacervate droplets was related to the increase in
phase coacervation volume effected by the change in polyisobutylene con-
centration. They attributed the rise in phase coacervation volume with poly-
isobutylene concentration to an increase in the volume of adsorbed solvated
polyisobutylene. The adsorbed layer minimizes agglomeration of the drop-
lets rather than the mixing of their solvated polyisobutylene layers. They
suggest that polyisobutylene acts as a protective colloid in the coacervation
process and prevents the formation of large aggregates of ethylcellulose. A
free-flowing powder was obtained on drying when polyisobutylene was
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employed; however, in the absence of polyisobutylene an aggregate mass
was produced. Benita and Donbrow (1980) extended their research on the
role of polyisobutylene and its effect on coacervation. Microanalysis indi-
cated that polyisobutylene was not coprecipitated with the washed ethyl-
cellulose coacervate droplets and thus functions as a stabilizer by adsorption.
The increase in phase coacervation volume with increasing polyisobutylene
concentration was explained by a decrease in sedimentation rate as a result
of combined effects of the smaller size of the droplet and the higher visco-
sity of the medium. The final phase coacervation volume is determined less
by the ethylcellulose close-packed volume than by the repulsion forces bet-
ween the stabilized droplets. During the cooling process in order to solidify
the coacervate drops, the adsorbed layer of polyisobutylene increases the
surface viscosity and it is expected that the rate of surface nucleation of
the ethylcellulose decreases, thus explaining the formation of the smooth
surface, characteristic of a structure of amorphous nature. The process
would be promoted by an increase in adsorption of polyisobutylene and
surface viscosity as the temperature falls. The authors concluded that
polyisobutylene, a linear polymer, acts by forming a high-energy barrier as
a result of adsorption of anchor groups on the surface of the droplet; the
rest of the polyisobutylene molecule, bound by either looped segments or
segments, is directed toward the outside of the coacervate droplet. This
arrangement provides steric stabilization as a result of repulsion of solvated
polymer chains.

The mechanism of aggregation prevention by polyisobutylene was
studied using Eudragit RS or RL as the wall polymer, tetrahydrofuran as
the solvent and cyclohexane as the non-solvent (Donbrow efal., 1990).
Phase diagrams, phase volume ratios of the system and photomicrographs
of various stages of microencapsulation were presented. The presence of
polyisobutylene permits the formation of two liquid phases, which is an
unstable emulsion and a significant volume fraction is occupied by the wall
polymer phase. During addition of the non-solvent cyclohexane, the solvent
tetrahydrofuran is removed from the wall polymer phase and its volume
fraction decreases. The dispersed concentrated wall polymer phase remains
fluid during deposition onto the core surface and then gelling occurs and
the system is then composed of two liquids and one gel. If polyisobutylene
is not present a viscous coacervate rapidly separates, which is adhesive, dur-
ing the slower desolvation stage as the composition of the solvent changes,
and in this case liquid and gel are formed. The authors suggest that secon-
dary dispersion phase phenomena are more readily controlled in the two
liquid dispersion compared with liquid gel dispersion and the polyisobutyl-
ene permits steric stability. The effect of polyisobutylene molecular weight
was also investigated. Polyisobutylene (mol. wt 50 000) did not permit the
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formation of microcapsules, but yielded matricized core particles. This was
attributed to the formation of a low volume wall-polymer phase of high
viscosity, even prior to non-solvent addition, which was not able to provide
an appropriate coating similar to the condition of the gel formed in the
absence of polyisobutylene. Polyisobutylene of higher molecular weight
gave two incompatible fluid phases which progress through the appropriate
changes on addition of cyclohexane to give microcapsules. Polyisobutylene
solutions at a constant viscosity but using higher molecular weight poly-
mers, that is, using smaller concentrations of polyisobutylene, gave smaller
phase volumes at initial condition and smaller droplet diameters.

The influence of coacervation inducing agents, namely butyl rubber,
polyethylene and polyisobutylene, was studied by Samejima ef al. (1982).
The core was ascorbic acid and the coat of ethylcellulose was deposited on
the core drug as a result of temperature reduction from a solution of the
polymer in cyclohexane. Scanning electron microscopy of the resulting
microcapsule showed that the surface of ascorbic acid was poorly covered
when butyl rubber was used as the coacervation inducing agent, a smooth
coat with small holes was produced when polyethylene was used and a
smooth surface with few holes was obtained with polyisobutylene. The wall
thickness was in the range from 0.75 to 3.72 um and was in the order butyl
rubber < none < polyethylene < polyisobutylene. The authors suggested
that the factors of smoothness and wall thickness influenced the dissolution
rate in the order, butyl rubber > none > polyethylene > polyisobutylene.
In conclusion, polyisobutylene is adsorbed on the coacervate wall which is
on the surface of the crystal and functions as a stabilizer, preventing the
agglomeration of single microcapsules into aggregates.

Viscosity and surface tension effects on microsphere size

The influence of viscosity and surface tension on the particle size of
microspheres prepared by emulsification was investigated by Sanghvi and
Nairn (1992). The microspheres were prepared by dissolving different
amounts of polymer, cellulose acetate trimellitate, in solutions of acetone
and ethanol and adding this solution to the external phase composed of
mixtures of light and heavy mineral oil. The viscosities of the two phases
were determined both before and after mixing and the interfacial tension
between the two phases was also determined. The interfacial tension ranged
up to 7 dynescm™! but did not affect the particle size appreciably. It was
found that as the viscosity ratio of the internal phase to the external phase
both before and after mixing increased, the particle size of the microspheres
slowly increased from about 100 um to about 200 um until a minimum
viscosity ratio of approximately 10 before mixing and approximately 1000
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after mixing was achieved; subsequently there was a very rapid increase in
the size to about 700 um. The data were related to the theory of drop defor-
mation as described by Becher (1965) and the ease with which particles
coalesce (Gopal, 1968).

In a subsequent paper Sanghvi and Nairn (1993) were able to control the
particle size of the cellulose acetate trimellitate microspheres by adjusting
the ratio of the polymer to solvent concentration and by adjusting the inter-
nal phase volume fraction. The amount of polymer has a direct influence
on the viscosity of the internal phase, and hence the viscosity ratio of the
internal to external phase as described above. The phase volume ratio
affects the particle size of the microsphere as it changes the probability of
two droplets colliding and forming a larger droplet.

COACERVATION-PHASE SEPARATION USING A SINGLE WALL-FORMING
POLYMER SOLUBLE IN WATER

This section and the next two are generally grouped according to the
expected number of polymers in the wall and their solubility. Within each
of these sections the polymers are arranged alphabetically and within these
sections chronologically grouped according to the authors.

Acacia

Acacia (gum arabic) has been used to encapsulate oil drops such as lemon
and polybutadiene. It has been reported that the coacervation process was
more satisfactory if acacia was treated with acidic and basic ion-exchange
resins to produce a salt-free form (Schnoering and Schoen, 1970).

Albumin

Research by Ishizaka et al. (1981) describes the preparation of egg albumin
microcapsules and microspheres by dispersing a solution of the albumin,
containing a core material, in isooctane containing sorbitan trioleate and
then heating to about 80°C to cause denaturation of the albumin. It was
found that the size distribution of the albumin microspheres was strongly
affected by the surface-active agent concentration, mechanical agitation
and albumin concentration.

Serum albumin microcapsules have been prepared by dispersing
poly(acrylonitrile) beads of specific sieve fractions into a bovine serum
albumin solution adjusted to pH 5.0 (Ishizaka efal., 1985). Isopropyl
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alcohol was added to the suspension to form the coacervate drops at 25°C.
Vigorous stirring was employed to prevent the formation of multinuclear
microcapsules. Subsequently, the suspension was heated to 70°C to harden
the microcapsule wall. Coacervation of serum albumin was observed and
a three component phase diagram was prepared. The optimum concentra-
tion for microcapsule formation was also provided on the phase diagram.
Low concentrations of isopropyl alcohol were not appropriate for micro-
capsules, but 30% was found to be satisfactory. The characteristics of the
product depended upon the total surface area of the core beads and the
albumin concentration. At high surface areas of the core and low albumin
concentrations, non-spherical and multinuclear microcapsules were
obtained.

Several patents have been published by Ecanow and Ecanow (1983)
describing the coacervate formed from albumin and lecithin for parenteral
purposes. A composition containing albumin, urea, sodium chloride and
lecithin solutes was prepared and stored at 4°C to give a coacervate which
was then treated with cholesterol, CaCl, and KCl and the pH adjusted to
7.3 and made isotonic. After storage for 6 days, two phases are formed.
It is suggested that it be used as synthetic whole blood.

In a subsequent patent, Ecanow (1988a) used human serum albumin for
the solubilization and parenteral delivery of a drug dispersion. Butanol was
added to a solution of egg lecithin and after shaking the middle phase was
removed. To this phase, human serum albumin was added and dissolved.
After storage in the cold, diazepam was added to the colloid-rich phase.
The colloid-poor phase was then added and the mixture emulsified and the
pH adjusted to 7.3-7.4.

Polymerized albumin and lecithin have been used to form a coacervate
of erythromycin, and the dried particles used in oral products such as
tablets, capsules and syrups (Ecanow, 1988b). Ecanow (1991) also described
a coacervate containing egg albumin and egg lecithin which could be used
for different routes of administration. In one example, bovine insulin was
incorporated into the coacervate of egg albumin and then administered to
rats. This resulted in a decrease in glucose blood levels whereas the unencap-
sulated insulin had no effect.

Simple coacervation with albumin has also been studied to prepare
microcapsules of the core, namely sulfamethoxydiazine or acrylonitrile
styrene copolymer resin beads. It was found that the time for 50% release
increased from 6min to 73 min when the drug was encapsulated with
albumin (Ku and Kim, 1987).



144 J. G. Nairn

Alginate

Sodium alginate has been occasionally used to prepare microcapsules. Salib
etal. (1978) dispersed various drugs such as chloramphenicol or sulfadi-
azine in the sodium alginate solution and this mixture was added to an
aqueous calcium chloride solution. Calcium alginate is formed and deposi-
ted around the drug particles. Loss of drug which was less than 16% occur-
red during the microencapsulation process.

Carboxymethylcellulose

Carboxymethylcellulose sodium has been used in the preparation of
microcapsules by coacervation. In order to prepare microcapsules of indo-
methacin, the drug was dispersed in the aqueous polymer solution and this
was added to an aluminium sulfate solution. Drug loss during the prepara-
tion of the microcapsules was minimal. The release of the drug followed
an apparent zero process and there was a four- to eight-fold reduction in
the release rate compared with the uncoated drug. The zero-order rate cons-
tant could be related to the coating ratio (Salib et al., 1989).

Cellulose acetate phthalate

Cellulose acetate phthalate has been used to prepare microcapsules of
phenacetin as described by Merkle and Speiser (1973). The polymer was
dissolved in an aqueous solution containing a stoichiometrically equivalent
quantity of Na,HPO,. The stirred solution was maintained at 60°C and
the drug was added then the coacervating agent, a solution of sodium
sulfate at 60°C. Subsequently, the solution was slowly cooled to 20°C,
followed by rapid cooling to 5°C. The polymer was rigidized by treatment
with a dilute solution of acetic acid. A triangular phase diagram was pre-
pared representing polymer, water and total salt which included the
Na,HPO,, the solvating agent, and Na,SO,, the coacervating agent. It was
found that the amount of drug in the microcapsule had no appreciable
effect on the particle size distribution of the microcapsule but did influence
the release rates of the drug, suggesting that diffusion of the drug through
the microcapsule wall is the controlling step. In order to obtain better
utilization of the polymer, a technique was developed for the continuous
addition of sodium sulfate during cooling of the system to produce micro-
capsules. The encapsulation process is able to produce microcapsules of
varying drug-to-shell ratios by maintaining the polymer concentration and
altering the amount of drug used. The rate of drug release increases as the
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drug content increases. In contrast, all batches of capsules plasticized by
washing with a dilute solution of glycerin for a short period showed identi-
cal release rates, despite different drug contents; the authors now suggest
that the release rate is controlled by dissolution of the drug in the
microcapsule.

Another method of preparing microcapsules using the polymer cellulose
acetate phthalate-containing pharmaceuticals with low water solubility was
described by Milovanovic and Nairn (1986). Solutions were prepared by
dissolving the polymer in dilute solutions of Na,HPO, and heating to
60°C. Various quantities of the drug sulfadiazine, polyoxyethylene 20 sor-
bitan monooleate and, if necessary, a viscosity agent such as glycerin,
Avicel pH 105 or hydroxypropyl methylcellulose were added to the polymer
solution. The stirred suspension was added dropwise to the aqueous harden-
ing solution of diluted acetic acid. A suitable viscosity of the solution to
suspend the drug was obtained by using a 2.5% cellulose acetate phthalate
solution. Addition of the above-mentioned viscosity agents to this solution
did not alter the core:coat ratio, the particle size appreciably, or the per-
centage of drug incorporated, 81-94%, but the disintegration time was
decreased when glycerin was used. The size of the microcapsules tended to
increase, the core to coat ratio increased, and the disintegration time
decreased as the amount of drug incorporated into the microcapsule
increased.

Microcapsules of water-insoluble liquids such as vitamin A palmitate
have also been prepared using cellulose acetate phthalate (Anon., 1988).

Gelatin

Phares and Sperandio (1964) showed that a number of insoluble particles,
liquids and solids, could be encapsulated with gelatin using sodium sulfate
as the coacervation-inducing agent. A phase diagram for the system gelatin,
water and sodium sulfate was prepared to show the region of encapsulation.

As a result of the preparation of phase diagrams (Nixon er al., 1966),
suitable compositions within the coacervate region were selected for prepar-
ing microcapsules. Subsequently, an improved method for preparing
microcapsules by simple coacervation methods using gelatin was accom-
plished by Nixon et al. (1968). The drug, sulfamerazine, was dispersed in
either ethanol or 20% w/w sodium sulfate and added to the isoelectric
gelatin solution. The mixture was stirred and maintained at 40°C. Both
lime-pretreated and acid-processed gelatin were studied. After further treat-
ment with the coacervating agent, the product was washed with isopropanol
and hardened with a formalin-isopropanol mixture. This method produced
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the best results. In an alternative procedure for hardening the microcapsule,
the product was cooled to 5 or 10°C, washed and dried; this method pro-
duced a cake. In a third method, the microcapsules were spray dried, but
the product was not satisfactory because most of the drug was not encap-
sulated. The size of the drug particles to be coated did not hinder the coacer-
vation process. It was found that encapsulation was successful if the
drug particles were dispersed in the gelatin solution before coacervation or
added to the system when coacervation was complete. The authors sug-
gested that encapsulation can occur by two methods: the dispersed particles
functioning as nuclei around which the coacervate drops form, or the coa-
cervate droplets surround the drug particles. The recovery of the microcap-
sules was based on hardening the coacervate shell by dehydration.
Isopropanol with its milder dehydrating effect compared with ethanol was
more appropriate. The release rate of the drug was decreased with longer
formalization time or thicker walls. Microcapsules prepared using ethanol
provided a slower release than when they were prepared with sodium
sulfate, which results in a more porous coat because of the salt’s ability to
hinder the hardening effect of isopropanol.

Nixon and Matthews (1976) made gelatin microcapsules by preparing a
5% solution of the polymer at 40°C and adding the coacervating agent,
either 20% sodium sulfate or absolute ethanol. The core was added to some
of the coacervating liquid and dispersed by ultrasonic vibration. The
coacervate wall was then gelled by using a 30% ethanol in water or a 7%
solution of sodium sulfate in water at a temperature below the gelling
temperature of the coacervate; that is, below 12°C. Partial dehydration was
accomplished by using two washes of isopropanol, a final wash with
ethanol and finally heating the microcapsules to less than 60°C. The pro-
duct was examined using a scanning electron microscope. Microcapsules
produced by using either ethanol or sodium sulfate had no cracks or fissures.
The surface of microcapsules produced using ethanol were smoother than
those produced using Na,SO,. Surface folding of the ethanol-treated
microcapsules was common and is associated with the formation of vacuoles
within the alcohol coacervate droplets. The authors suggest that during
recovery the vacuoles collapse and the wall material folds in on itself.
Crystalline deposits on the surface of sodium sulfate-produced microcap-
sules were that of the salt. The authors suggest that microcapsules prepared
by coacervation are formed by a process that involves the combination of
several smaller microcapsules.

Water in oil emulsions have been encapsulated by gelatin using the
coacervation process. For example, a concentrated solution of urea in water
was prepared as a w/0 emulsion with corn oil and hydrogenated castor oil.
A solution of gelatin and the above emulsion were heated to 40°C and
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dispersed slowly in a stream into a solution of sodium sulfate at 40°C with
stirring. After phase separation, the mixture was cooled, adjusted to pH
9.5 and treated with formaldehyde to harden the product (Heistand ez al.,
1970).

The effect of ethanol, sodium sulfate and resorcinol on the induction
period and some physical properties of gelatin coacervates has been studied
by Zholbolsynova efal. (1971). Later Zholbosynova et al. (1988) investi-
gated the influence of alcohol on the rheological properties of aqueous solu-
tions of gelatin during the formation of coacervates. It was found that the
viscosity of the coacervates increased with increasing concentration of the
alcohol in the order methyl alcohol < ethyl alcohol < propyl alcohol.
The strength of the coacervates prepared with ethanol as the coacervation
agent increased with time, and was at maximum at an ethanol concentration
of 13% v/v.

Nath (1973) investigated the influence of coacervation volume as altered
by the temperature and the coacervating agent. It was found that as the
temperature of coacervation increased in the system, gelatin, water, sodium
sulfate, the volume of the coacervate increased. The volume decreased as
the concentration of the coacervating agent, sodium sulfate, increased
from 4.5 to 6.6%. The addition of hydrocolloid also altered the coacervation
process. Dilute solutions 0.05-0.1% of carboxymethylcellulose reduced the
growth of microcapsules during gelling. At higher concentrations, 0.1 to
1%, it increased the viscosity of the system. However, the capsules could
not be filtered from the viscous liquid. The addition of polyvinyl pyrroli-
done promotes flocculation and this interferes with coacervation.

Later, Nath and Shirwaiker (1977) studied the enhanced adsorption of
atropine sulfate by kaolin in the presence of the coacervation-phase of
gelatin, compared with either kaolin or the dried encapsulated form
separately. The enhanced adsorption was attributed to the altered surface
characteristics of the adsorbent in the gelatin-Na,SO, system. Release of
the drug from the coacervated kaolin product into simulated gastric or pan-
creatic fluid in vitro was considerably slower than that from the other two
forms.

Simple gelatin coacervate systems have been used to enhance drug uptake
by adsorption. Nath and Borkar (1979) prepared gelatin coacervates using
ethanol as the coacervating agent. In three separate experiments, the
amount of amphetamine bound by kaolin, gelatin coacervate and the kaolin
gelatin coacervate system was studied. The authors suggest that the
enhanced uptake of the drug by the coacervated kaolin results from succes-
sive layers of the coacervate phase providing new surfaces for drug deposi-
tion. Drug release in gastric and pancreatic fluid from the kaolin gelatin
product follows first-order kinetics. Addition of surfactant to the
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dissolution fluid, Tween 20, Tween 80 or sodium lauryl sulfate, enhances
drug release, which suggests that the drug material is bound by both the
core material and the coacervate coat.

Coacervation of gelatin in the presence of surface-active agents has been
investigated for a number of reasons by Ohdaira and Ikeya (1973) and Ikeya
etal. (1974a), who encapsulated lypophilic materials or water-insoluble
substances using gelatin and a quarternary ammonium salt, e.g. octadecyl-
trimethyl ammonium bromide. The microcapsules were hardened with for-
maldehyde in an alkaline solution to give independent microcapsules.
Subsequently, Ikeya et al. (1974b) used an anionic surface-active agent, e.g.
sodium lauryl sulfate, in the coacervation process to aid in the encapsula-
tion of hydrophobic materials.

Two coacervate systems of gelatin-benzalkonium chloride and acacia-
gelatin were prepared and analysed for the sorption of halothane. Signifi-
cant halothane gas uptake was observed in the highly structured coacervate
system (Stanaszek et al., 1974).

Coacervation of gelatin has been promoted by the addition of poly(vinyl
alcohol). The agglomeration of gelatin was attributed, by the authors
Falyazi et al. (1975), to be the interaction of poly(vinyl alcohol) and water,
which alters the solubility of gelatin and promotes coacervation.

In order to improve its surface properties, pyrvinium pamoate was encap-
sulated with gelatin. Optimum results were obtained using a 10% gelatin
solution at 50°C at a core to coat ratio of 2:1. Trivalent and divalent ions
were effective in promoting coacervation when phase separation did not
occur with NaCl. The addition of Tween 80 to the system before coacerva-
tion produced microcapsules that contained larger amounts of drug than
when the surfactant was added after phase separation (Kassem et a/., 1975a).

An inorganic polymer has been used to induce coacervation. Hoerger
(1975) induced phase separation of gelatin using Calgon (sodium hexameta-
phosphate) at 80°C using a lipophilic material as a core.

The stability of microencapsulated vitamin A and vitamin D concentrates
in olive oil was not nearly as good as the non-encapsulated product stored
under the same conditions, both in the presence of light and protected from
light. It was suggested that the decreased stability was due to the porosity
of the gelatin membrane which permitted light and moisture to reach the
vitamins (Spiegl & Jasek, 1977).

Highly volatile liquids have been encapsulated with gelatin using sodium
sulfate to effect coacervation. The microcapsules were then treated with
isopropanol and formaldehyde. The product was further treated with
stearic acid to prevent loss of the liquid cyclohexane. The microcapsules
with a size range of 20-50 um contain 75% of the volatile liquid (Spittler
etal., 1977).
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Coacervates of gelatin and benzalkonium chloride have been prepared
from 10% and 5% solution, respectively, by Takruri efal. (1977). These
coacervates were compared with organic solvents with regard to the parti-
tioning of four barbiturate salts and also the absorption of the barbiturates
in the rat colon. The authors suggest that coacervation systems form a more
realistic model for studying the absorption characteristics of drugs than do
conventional organic solvent-water systems.

Madan (1980) studied the release behaviour of microencapsulated
clofibrate, a liquid hypercholesterolaemic agent and related the data to the
formation of the microcapsules. The drug fell from a capillary tube into
a stirred, warm solution of gelatin type B. Then a 20% solution of sodium
sulfate was added to promote the coacervation of the oil droplets. The
product was poured into a 7% solution of sodium sulfate to gel the wall.
Chilled isopropanol was added to dehydrate and flocculate the coacervate
drops. The microcapsules were then hardened by immersion in a 10% solu-
tion of formaldehyde for up to 8 h. The process produced discrete, free-
flowing particles of a uniform size (190 & 10 um). The dissolution of the
microencapsulated drug in a 30% isopropanol solution at 37°C was studied.
Several mathematical models were tested (square root, Langenbucher, cube
root) but none yielded linear graphs. A close examination of the graphs
showed four linear segments. The authors suggest that the matrix of the
microcapsule differed from that proposed in the release of drug from solid
matrices or from uniform non-disintegrating granules which tend to be
homogeneous. The matrix appeared to be composed of various layers which
exhibit different release characteristics.

The influence of glucose syrups and maltodextrin was studied by Marrs
(1982). It was found that the inhibitory effect on gelation increases with
the amount of high molecular weight oligosaccharides in the system. In
addition, the properties of gelatin are modified by the composition of the
starch hydrolysate.

Shchedrina et al. (1983) encapsulated dibunol by means of coacervation
with gelatin solution. The stability of the microcapsules was investigated
by determining such properties as bulk weight, friability and wearing pro-
perties after storage for 2.5 years at 20°C and 5°C. In vivo studies show
the absorption of the oily drug was more uniform, continuous and pro-
longed compared with the oily liquid itself.

Nikolayev and Rao (1984) studied the effects of plasticizers on some
physical properties of gelatin microcapsules prepared by coacervation. The
microcapsules were prepared by treating a solution of gelatin at 50°C with
a 20% solution of sodium sulfate. Oil coloured with Sudan III was added
with stirring and the mixture cooled to 5°C to form the microcapsules.
Microcapsules were also prepared by adding suitable amounts of plasticizer
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to the warm solution of gelatin prior to the addition of sodium sulfate. The
resulting microcapsules were mono dispersed with a size range of
300-400um. The surface was smooth, the wall material was uniformly dis-
tributed and the coat on the plasticized microcapsule was thinner than on
non-plasticized product. As the concentration of the plasticizer, glycerol,
sorbitol, propylene glycol or polyethylene glycol 400 increased, the percen-
tage of gelatin deposition decreased and there was also a tendency for a
decrease in wall thickness. Finally, as the concentration of plasticizer
glycerol or sorbitol was increased, the time for 50% release of the oil, as
determined by dye concentration, decreased in a linear manner.

A matrix formulation of small particles, encapsulated with gelatin, has
been prepared by decreasing the pH, causing the drug to precipitate from
solution, and simultaneously effecting coacervation (Frank et al., 1985).
Sodium sulfadiazine was encapsulated by this method by titrating a solution
of the drug in water containing ethanol, sodium sulfate and gelatin with
HCI. A white suspension of microencapsulated particles was formed, which
was poured into cold Na,SO, solution and then stirred at the bath
temperature to effect gelling of the liquid gelatin microcapsule shell.

A matrix encapsulation formulation of small particles of a water-
insoluble drug, felodipine, was prepared by dissolving the drug in a little
polyethylene glycol 400 and adding to the solution a 2.5% gelatin solution
containing Na,SO, which caused precipitation of the drug and the forma-
tion of a coacervate around the fine drug particles. A solution of Na,SO,
was added to complete the encapsulation; all steps were carried out at 55°C.
The wall was gelled by pouring the suspension into a cold Na,SO, solution
and hardened with formaldehyde (Brodin ef al., 1986).

Gelatin coacervates have been prepared in the annulus between rotating
concentric cylinders. Coacervation was induced in the water by the addition
of Na,SO,. The coacervate droplets showed a logarithmic, normal distri-
bution and their size depended upon the rotation rate, residence time and
pH (Yagi, 1986, 1987).

Coacervation and encapsulation of fat materials such as cosmetics using
gelatin was achieved at 50°C, using a small quantity of sorbitol, effecting
coacervation with carrageenan, followed by treatment with glutaraldehyde
to form microcapsules. This product may then be treated with other poly-
mers such as a mixture of polydimethylsiloxane and poly(vinyl pyrrolidone)
for printing on paper (Fellows et al., 1987).

Rozenblat et al. (1989) investigated the effect of electrolytes, stirring and
surfactants in the coacervation and microencapsulation process using
gelatin. Lime-pretreated bovine skin gelatin with a gel strength of 60 and
225 bloom and acid-processed porcine skin gelatin with gel strength of 175
and 300 bloom were used. The first step in the procedure was the addition
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of the core oleic acid and surfactant to an aqueous gelatin solution (8%
w/v, pH 6.0-6.5) at 37°C, with stirring to effect emulsification. The second
stage in the procedure was the encapsulation by adding a solution of 20%
sodium sulfate. Finally a cool solution of sodium sulfate (7%) was added.
The coacervation process was monitored by turbidity measurements. The
microcapsules were observed and measured by using the microscope and
a Coulter counter, or a computerized inspection system. It was found
that coacervation is indifferent to the nature of the charge on the gelatin.
However, an increase in bloom strength of the gelatin required smaller
amounts of Na,SO,. These findings support the theory of Nixon et al.
(1968). Experiments using different electrolytes could be divided into three
groups. A number of fluoride salts were used to induce phase separation,
for example MgF, and NaF. It was found that the effects of the electro-
lytes to induce phase separation increased with the charge density and
the solubility of the electrolyte. The group was called phase separation
inducers. Salts of polyvalent anions also belong in this class. A number of
salts, e.g. NaNO; and Nal, require a greater amount of Na,SO, to induce
phase separation; these monovalent salts are known as chaotropic salts
and have the ability to destabilize membranes. They decrease the energy
required for solubilization and therefore increase the solubility of the gela-
tin. The efficiency of the chaotropic salts as inhibitors of coacervation
decreases with an increase in the charge density. The inert salts do not
induce phase separation and do not change the solubility of the polymer
in water. Their charge density is between the previous two groups. The
authors were able to encapsulate oleic acid in the presence of positively
charged gelatin, non-ionic surfactants and anionic surfactants, but not in
the presence of a positively charged surfactant. The inability to coat the
oil drops in the presence of a positively charged surfactant was attributed
to electrostatic repulsion. Encapsulation of the oil was not successful with
negatively charged gelatin, but it could be encapsulated in the presence of
non-ionic surfactants except Tween 20. These results disagree with those of
Siddiqui and Taylor (1983). The control of stirring speed is most important
during the cooling stage of the process, as it determines the microcapsule size.
Prolonged stirring at stage two tends to cause an increase in aggregation.

Microcapsules of cholecalciferol were prepared by both simple and com-
plex coacervation using gelatin A and gelatin B. Research of Sawicka (1990)
shows that the properties of the microcapsules depend upon the coat to core
ratio regardless of the type of gelatin or the coacervating process used. The
size of the microcapsules, their dissolution in digestive juice, the coat to
core ratio, the core content, and the rate of drug release were determined.
With simple and complex coacervation methods, the optimum coat to core
ratios were 0.25:1 and 0.5:1, respectively.
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Coacervation with gelatin has been used to encapsulate drugs with an
unpleasant taste. Ozer and Hincal (1990) encapsulated beclamide by simple
coacervation by adding the drug to a stirred solution of gelatin at 40°C.
Sodium sulfate solution was added slowly over a 35 min period. After
cooling, decantation and washing with water, the microcapsules were hard-
ened by the addition of a 75% w/v potassium aluminium sulfate solution
at pH 4 and 7°C. Several other hardening agents were employed: formalde-
hyde, glutaraldehyde and isopropanol-aldehyde solutions. In order to
improve flow properties, some of the microcapsules were dispersed in
isopropanol 50% at 4°C containing Aerosil. The addition of alcohol during
the preparation extracted some of the active ingredient, resulting in
decreased beclamide content. Glutaraldehyde was found to be the best
hardening agent. Aerosil tended to prevent the microcapsules from sticking
together, in contrast to isopropanol. The mean size of the drug particle was
127.5 pm and after microencapsulation the mean size was 550 um. The
authors investigated some of the properties of the microcapsules, namely
flow, consolidation, and the apparent and tapped densities. The release
rates of the drug were found to be dependent on the type of gelatin and
the method of hardening. Microcapsules prepared with no hardening agent
had the fastest rate of release, those hardened with glutaraldehyde had
intermediate rates whereas those hardened with an aldehyde and isopro-
panol mixture had the slowest release rate. The authors also prepared three
types of tablet formulations: conventional, chewable and effervescent.
Physical properties and dissolution of the drug from the tablets were also
studied.

Nikolaev (1990) found that the physicochemical properties of gelatin
microcapsules prepared by coacervation depended upon the polymer:core
ratio and the treatment with formaldehyde. The particle size and the speci-
fic surface area of the microcapsules were influenced by the formaldehyde
treatment. Properties of the final product, which contained norsulfazole as
the model drug, were also dependent on the polymer density, the bulk mass
and thickness of the microcapsule coatings when the number of drug parti-
cles increased.

Gelatin has been used to encapsulate natural and partially synthetic oils.
The method developed by Keipert and Melegari (1992) enabled the prepara-
tion of microparticles that were approximately spherical and had a particle
size of about 100-600 um. It was shown that pH, the type of gelatin and
additives to the gelatin system influence the characteristics of the micropar-
ticles, such as the mean diameter and surface, through the effects of
viscosity and interfacial tension. The quality of the microparticles is also
influenced by the characteristics of the core liquid, particularly the amount
of unsaturated fatty acid.
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Gelatin derivatives

A derivative prepared by the treatment of gelatin with succinic acid in
alkaline pH was precipitated with Na,SO, by lzgu and Doganay (1976).
The heavier molecular weight fraction was separated and used to prepare
microcapsules of sulfisoxazole. The microcapsules were hardened with
alum and then with glutaraldehyde. Dehydration of the capsule wall was
accomplished by using isopropanol and Aerosil. The drug release rate
depended upon the degree of hardening and was found to be greater than
from natural gelatin microcapsules.

Hydroxypropyl cellulose

Hydroxypropylmethyl cellulose and hydroxypropyl cellulose have been
used as wall material for the preparation of encapsulated pharmaceuticals
such as tocopherol acetate. The microcapsules were prepared by dissolving
the wall material in water, along with dextran and effecting dehydration
phase separation to give a product size of 100-300 um diameter in the
dispersion. The dispersion was then sprayed into fluidized silicone dioxide
and dried to give microcapsules covered with silicone dioxide (Oowaki
etal., 1988).

Methylcellulose and derivatives

Methylcellulose or derivatives have been employed as a wall material to
encapsulate lemon oil (Takahashi ez al., 1989). The oil was added to a 5%
solution of methylcellulose to give an o/w emulsion, then a concentrated
solution of hydrolysed starch as the coacervating agent was added to form
the microcapsules, followed by dehydration with a 25% solution of NaCl
and rinsing.

Polyethylene glycol

In a series of papers, Szretter and Zakrzewski (1984a,b, 1987a,b) encap-
sulated the vitamins riboflavin, thiamine nitrate, ascorbic acid and nicotina-
mide with polyethylene glycol (PEG) 6000 or 10000 by heating, for
example, a mixture of the vitamin and the polymer with paraffin oil, ligroin
and Span 60. After cooling to room temperature, the product was washed
with ligroin. The products showed improved stability with regard to humi-
dity, air and light, depending upon the vitamin used.
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Poly(vinyl alcohol)

Coacervates of poly(vinyl alcohol) have been prepared using colloidal silica
as the core material (Iler, 1973, 1974). The coacervate was prepared from
a dilute aqueous solution of the polymer and colloidal silica at pH 10. The
pH was lowered to 2.6 with HCI and deaerated with a mixture of dodecyl
alcohol and propyl alcohol, boiled in a vacuum and cooled to 25°C to form
the coacervate. The maximum yield of coacervate was obtained when the
ratio of colloidal silica to polymer in the coacervate was proportional to
the particle diameter. For every nm? of colloidal silica surface, there were
2.5 hydroxy-ethyl chain segments. The coacervate consisted of silica parti-
cles whose surface was covered with a monomolecular layer of the polymer.
The hydroxyl groups of the polymer were bonded to the SiOH group
on the silica surface so that the hydrocarbon chain formed a hydrophobic
coat.

Poly(vinyl methyl ether maleic anhydride)

Mortada (1981) prepared microcapsules of phenacetin using the polymer n-
butyl half ester of poly(vinyl methyl ether maleic anhydride). The optimum
conditions for coacervation were determined from a triangular phase dia-
gram. Sodium acetate was used to dissolve the polymers in water and sod-
ium sulfate was used to effect coacervation. The optimum conditions were
polymer 0.5-3%, total salt 6.5%. During the microencapsulation of phena-
cetin, the coacervate drops tended to deposit on the surface of the drug
suspended in the system. Gradual addition of sodium sulfate resulted in the
continuous deposition of the coacervate onto the coated drug particle. As
the core to coat ratio increased, the mean diameter of the microcapsules
decreased slightly. However, the time required for the maximum amount
of drug to be released decreased. Drug release was enhanced as the pH of
the dissolution medium increased.

Poly(vinyl pyrrolidone)

Porous adsorbents such as activated carbon have been encapsulated with
poly(vinyl pyrrolidone) to give improved selectivity. A dispersion of the
adsorbent in a concentrated solution of the polymer was treated with a 30%
solution of gum arabic, an incompatible polymer, and then coagulated with
sodium sulfate and tannic acid to give a powder about 0.3 mm in diameter
(Fukui, 1978).

Povidone and sulfathiazole microcapsules were prepared by suspending
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the drug in 2% solution of the polymer; a 20% solution of resorcinol was
then added dropwise until complete separation was obtained. The product
was then filtered and air dried to give a fine free-flowing powder. The
authors Badawi and El Sayed (1980) also prepared a number of interaction
products of the drug and polymer by different means and compared the
various products by solubility and dissolution tests. The coacervate complex
had higher solubility and a slightly higher dissolution rate than sul-
fathiazole. It resisted the action of dilute acids and alkaline which suggested
a bonding between the polymer and the drug. A model is discussed to
describe the dissolution profiles of the different systems prepared.

Starch

Starch microgels have been prepared by coacervation by Ohno and Higano
(1992). Separate concentrated solutions of starch and poly(ethylene oxide)
were prepared at 80°C, and then were mixed to form simple coacervates
of starch by means of phase separation. After immediately cooling in an
ice-cold water bath, spherical starch microgels were formed with an average
size of 35 um. The diameter could be increased, for example to 180 um, by
lengthening the incubation time, for example to 10 min.

Various polymers

Meshali efal. (1989a) encapsulated both oxyphenbutazone, acidic, and
glafenine, basic, non-steroidal anti-inflammatory drugs with various water-
soluble polymers. Carboxymethylcellulose, an acid polymer, was dissolved
in water and the drug was added with stirring. This dispersion was then
poured in a thin stream into a concentrated solution of aluminium sulfate
for the oxyphenbutazone or calcium sulfate solution for the glafenine
drug with stirring. After coacervation was complete, as noted by the pre-
sence of a clear supernatant, the product was filtered and dried. In a sepa-
rate preparation, hydroxypropyl methylcellulose, a neutral polymer, was
dissolved in toluene by heating at 40°C, the drug was dispersed with stirring
and then the mixture was cooled. After filtration, the product was dried.
In another preparation, chitosan (amino cellulose), a basic polymer, was
dissolved in a dilute acetic acid solution and added dropwise to glafenine
which was dispersed in a sodium hydroxide solution. After stirring for 1 h
the polymer precipitated on the drug particles which were then washed with
water and dried. Microcapsules of the two drugs were also prepared by
fluidization technique. The percentage yield in the coacervation technique
ranged between 68 and 94% and the actual amount of the drug present in
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the microcapsules ranged from 95.8 to 98% of the theoretical amounts. The
microcapsules consisted of irregular aggregates thought to be due to
polymer bridging caused by traces of polymer remaining in solution. The
average diameter increased as the ratio of coating material in the microcap-
sule was increased. The dissolution rates were discussed in terms of the pro-
perty of the drug, acidic or basic, and solubility of the drug as affected by
pH and polymer concentration and the pH of the dissolution medium and
the properties of the polymer. In a subsequent paper, Meshali e al. (1989b)
found that all cellulose derivatives decreased the gastric ulcerogenic activity
of the drugs.

COACERVATION-PHASE SEPARATION USING TWO WALL-FORMING
POLYMERS SOLUBLE IN WATER

Acrylates

Acid and basic methacrylate polymers based on methacrylic acid and
dimethylaminoethyl methacrylate were prepared and characterized by
nuclear magnetic resonance spectrosocopy and dilute solution viscometry.
Relations between pK,, pK,, pH, solubility and extent of ionization were
determined by acid-base titration. Complex coacervates of these high
charge density polymers were prepared and both yield and water content
determined. Short-term cell viability using erythrocytes in these microcap-
sules was shown. The coacervates may be used for prostheses for organ
transplant (Wen et al., 1991a).

In a second paper, Wen et al. (1991b) reported on the ionizable group
content, structure, molecular weight, solubility, solution behaviour and
efficacy of ionic complex formation through complex coacervation for a
range of sparingly soluble synthetic weak polyelectrolyte polymers with low
charge content based on hydroxyalkyl methacrylate. Selected polymers con-
taining methacrylic acid and dimethylaminoethyl methacrylate showed pro-
mise as forming pairs for the entrapment of mammalian cells. The solubility
of basic polymers was enhanced through quaternization of the N-methyl
group. The survival of guinea pig erythrocytes was indicated.

Albumin-acacia

Coacervates of serum albumin and gum arabic are unstable with respect to
size. Studies of these static coacervates, that is coacervates in which no
chemical reactions are occurring, showed that the turbidity increased with
time to a maximum, then after a period of time, the turbidity decreased.



Coacervation-phase separation technology 157

The turbidity was dependent upon the initial concentration of the coacer-
vate forming system. Furthermore, based on light-scattering measurements,
the coacervates were not stable during the period in which the turbidity
measurements remained constant, because the coacervates coalesced into
larger droplets (Gladilin, 1973).

The coacervation of albumin-acacia has been studied by Burgess et al.
(1991a). Microelectrophoresis studies were used to determine the optimum
pH condition for complex coacervation to occur. At pH 3.9 the polymers
carry equal and opposite charges. The coacervate yield was maximum at
an ionic strength of approximately 10 mM. The coacervate yield decreased
at both lower and higher ionic strengths. High ionic strength affects the
charge carried by the polymers through a screening effect of the counter
ions; thus, the attraction of one polymer for the other is decreased. The
decrease in coacervate yield with decreasing ionic strength is not predicted
by a number of theories. This phenomenon can be explained when the con-
figurations of the molecules are taken into account. Highly charged mole-
cules may exist in a rod-like configuration, rather than a random coil, and
thus act as specific sites in a distributive manner. The high viscosity of
the coacervate phase at optimum pH values for maximum coacervation
makes it difficult to disperse the coacervate which is required for the forma-
tion of small spherical microcapsules.

In a second paper Burgess et al. (1991b) further investigated the complex
coacervation of bovine serum albumin and acacia. Maximum coacervation
was predicted to occur at pH 3.9 where both polyions carry equal and
opposite charges. The optimum ionic strength for maximum coacervation
yield was 10mM. At pH 3.9 the viscous coacervate phase could not be
emulsified into the equilibrium phase; however, at pH 3.8 and 4.2, micro-
capsules could be successfully prepared. Particle size of the microcapsules
decreases slightly as the stirring speed increases.

Albumin-alginic acid

The albumin-alginic acid complex coacervate process has been investigated
by Singh and Burgess (1989). Maximum coacervation was obtained at pH
3.9, which is the electrical equivalence point for this pair of polymers where
alginic acid and albumin carry equal and opposite charges. The optimum
ionic strength for maximum coacervation is low in this system which is in
agreement with the microelectrophoresis data. At low ionic strength
(5-50 mM), there is a strong interaction for coacervation to occur. At high
ionic strength coacervation is suppressed, while at very low ionic strength
a precipitate is formed owing to the exclusion of water. Complex coacerva-
tion was observed at 0.05 and 0.5% w/v total polymer concentration.
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Above 0.5% w/v only precipitation occurred. Opalescence noted in the
system suggests that spontaneous aggregation takes place, and enhanced
coacervation upon temperature reduction indicates a slow rearrangement of
aggregates to form the coacervate phase. The albumin-alginate system fits
the Veis-Aranyi (1960) theory which states that coacervation occurs in two
steps spontaneously : aggregation by ion pairing followed by a rearrangement
of the aggregates to form a coacervation phase. Coacervation is limited, com-
pared with other polypeptide-polysaccharide systems such as gelatin-acacia,
due to the occurrence of precipitation rather than coacervation if some of
the conditions are not optimum. The albumin-alginic acid coacervation is
very viscous and this makes the system unsuitable for preparation of
microcapsules.

Albumin-dextran

The interaction of diethylaminoethyldextran with bovine serum albumin
has been investigated by Gekko et al. (1978). It was investigated at the pH
range above the isoelectric point by turbidity and electrophoresis. The
coacervate was affected by pH, ionic strength and the weight ratio of the
compounds. The interaction between the two compounds was attributed to
electrostatic charges and was further strengthened by hydrophobic effects.
The localized charge distribution model of protein polyion interaction is
supported.

Alginate—chitosan

Capsules consisting of precipitated chitosan, a chitosan-alginate interphasic
membrane and calcium alginate layers were prepared. The wall properties
such as mechanical stability and thickness could be altered by buffer treat-
ment and by partial substitution of alginate with propylene glycol alginate
(Knorr and Daly, 1988).

Dextran—polyethylene glycol

A microemulsified polyethylene glycol-dextran coacervate used to dissolve
haemoglobin. Ecanow et al. (1990) indicated that this system mimics whole
blood with regard to oxygen-carrying properties and can sustain life when
transfused into an animal.
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Gelatin-acacia

Luzzi and Gerraughty (1964) used gelatin and acacia to encapsulate various
oily liquids. After effecting coacervation, first at pH 6.5 at 50°C, then at
pH 4.5, formaldehyde was added and the mixture cooled to 10°C and then
the pH was adjusted to 9.0 to rigidize the coacervate droplets. The per-
meability, as shown by extraction studies of the gelatin acacia shell, is not
affected by oils with different saponification values ranging from 2.5 to 12.
However, the amount of oil extracted increases as the acid values of the
oils increase. The incorporation of the oil-soluble surfactant sorbitan
trioleate 85 (Arlacel 85) interferes with the encapsulation process and gave
erratic results upon extraction. Water-soluble surfactants, polysorbate 80
and sodium oleate appeared to prevent proper encapsulation. It was sug-
gested the surfactant may compete with the gelatin-acacia complex at the
oil-water interface.

In a later study Luzzi and Gerraughty (1967) encapsulated a number of
different solids with gelatin-acacia, for example pentobarbituric acid, and
then determined the quantity extracted in gastrointestinal fluids. They
found that the quantity of solid extracted did not change very much over
a 2.5h period when the pH for inducing coacervation was varied. The
minimum amount of drug extracted occurred when the starting temperature
for the coacervation was 37°C. It was suggested that this was related to the
fluidity of the coacervate and the solubility of the drug. The retaining power
of the capsules increased as the ratio of core to coat decreased. It was sug-
gested that this may be due to multiple droplets, thickness of the wall or
the attraction of empty capsules to filled capsules.

The effects of a number of variables on the gelatin-acacia system were
studied by Dhruv and colleagues (1975). An acid type gelatin with an iso-
electric point of approximately 8.5 to 8.7 and acacia were separately
dispersed and dissolved in water. The pH of each solution was adjusted to
6.5 with a concentrated solution of sodium hydroxide. The solutions were
mixed and adjusted to specific pH values. The mixture was allowed to stand
for 3 h and the coacervate volume was then measured. This system yielded
liquids which have a low viscosity and thus it is easy to measure the coacer-
vation volume. At a given temperature the volume of the coacervate
increased as the pH increased from 3.5 to 4.5 and the maximum volume
was obtained at an equilibration temperature of 40°C. Microscopic obser-
vations showed that droplets tended to be smaller at higher temperatures.
It was found that there was a linear relationship between the acacia: gelatin
ratio and pH values for maximum coacervation volume and the final pH.
Finally, it was found that at a given pH value the coacervation volume
increases to a maximum at 4% total concentration and then decreases
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abruptly; this was attributed to an increase in the number of inorganic ions
present and possibly an increase in the viscosity of the system.

In a study to compare the release rates of sulfathiazole by microencap-
sulation by complex coacervation, Kassem and El Sayed (1973) used gelatin
in combination with acacia, sodium alginate or pectin. It was found that
the release follows a first-order process and the rate of release was in the
order gelatin-alginate > gelatin-acacia > gelatin-pectin. Furthermore, the
amount of drug release increased with a decrease in particle size in all
systems.

In a subsequent paper Kassem and El Sayed (1974) investigated a number
of factors that affected the release of sulfathiazole. They found that the
starting pH for coacervation (6, 6.5, or 7) did not affect drug release after
2 h, but the final pH (8.5, 9.0 and 9.5) enhanced release into gastrointestinal
fluids. The release was increased when the starting temperature was raised
from 36 to 44°C and as the core to coat ratio increased, and when 1 or
10 ml of formaldehyde were used rather than 5 ml.

The reaction of glutaraldehyde with gelatin~gum arabic coacervate gels
has been studied by Thies (1973). Both acid and alkali precursor gelatins
were used to form coacervates. All gels had a consumption of 0.3 to
1.6 mmol of aldehyde per gram of gelatin. The consumption of glutaral-
dehyde by acid precursor gelatin acacia coacervate increases with gelation
temperature 4-28°C due to changes in the gel structure. The reaction of
the gels with the aldehyde causes insolubilization as a result of inter-
molecular cross-linking. Most treated gels were at least 85% insoluble at
55°C in phosphate buffer after 4-28 days of extraction. Gum arabic has
little tendency to react with the glutaraldehyde, but is entrapped in the
cross-linked structure.

Coacervate systems such as gelatin-acacia and gelatin-benzalkonium
have been investigated in terms of their uptake of halothane. It was found
that the coacervate took up considerably more halothane gas than did the
dissolved or broken coacervate system. Stanaszek et al. (1974) suggested
that the increased uptake indicates the presence of a highly structured, non-
polar system similar to surfactant micelles in a polar medium.

Optimal conditions for the preparation of gelatin-gum arabic films from
coacervates have been investigated by Palmieri (1977). Various concentra-
tions of gelatin and acacia were mixed at various temperatures and pH
values. The pH was decreased to the 3-4.5 range and formaldehyde added.
The filtered resuspended product was treated with isopropanol solutions
and the product dried on a teflon coated sheet giving, on average, a film
thickness of 95.61 um.

Takenaka et al. (1979) related the wall thickness and amount of harden-
ing agent to the release characteristics of sulfamethoxazole. The Higuchi



Coacervation-phase separation technology 161

model was used to interpret the release characteristics of the drug and linear
correlations were obtained up to 60-80% release when water was the
dissolution medium. The release rate decreased with increasing wall thick-
ness of the microcapsule. An increase of formalization also delayed the
release rate. Diffusion coefficients through the microcapsule wall were
found to range between 1.63 and 283 x 10~° cm2s~! and decreased with
the coacervate pH and with increased amounts of hardening agent used.
Tortuosity increased with an increase in coacervate pH and an increase in
the amount of hardening agent used.

Sulfamethoxazole microcapsules were prepared by Takenaka efal.
(1980a) using gelatin and acacia solutions, and by adding the drug to the
acacia solution. The solutions were mixed at 50°C and treated with acetic
acid until the desired pH (2.5-4) was achieved. After cooling to 5°C and
washing, the coacervates were hardened with formaldehyde. As the pH
increased, the particle size decreased. The particle size of formalized micro-
capsules was larger than that of the unformalized ones because formal-
dehyde prevents shrinking of the microcapsules during the dehydration and
drying process. Unformalized microcapsules had a smooth surface in con-
trast to the wrinkled appearance of the formalized product. Spray dried
microcapsules had folding and invagination. The optimum pH for coacer-
vation was 3.5 and this produced the highest core content (77.5%). Spray
drying of the product changed the drug into the amorphous form, as
studied by X-ray diffraction.

Takenaka ef al. (1980b) found that the zeta potential increased and then
decreased with increasing amounts of formaldehyde and this was attributed
to denaturing of the gelatin and release of acacia from the microcapsule
wall. The zeta potential of spray dried microcapsules showed that the wall
was denatured during the process.

Further studies by Takenaka eral. (1981) indicated that coacervation
occurred on the surface of sulfamethoxazole particles with adsorbed acacia.
They also showed that the coacervate droplets were deformed to an ellipsoid
in an electrical field. This phenomenon, the Buchner effect, showed that
the coacervate wall was flexible. The denaturation of gelatin by formal-
dehyde did not occur at the coacervation stage, but during succeeding dry-
ing processes which completed the hardening of the microcapsules. Spray
drying also denatured the gelatin.

Takeda efal. (1981) encapsulated indomethacin in soybean oil by pre-
paring a coacervate of gelatin and acacia and hardening the microcapsules
with formaldehyde at 5°C for 24 h. Sodium hydroxide was not used in the
hardening process as indomethacin is degraded in its presence. After
repeated washing with water, no formaldehyde could be detected. The yield
of product in terms of the original amount of drug was greater than 80%.
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The microcapsules dissolved more slowly than indomethacin. Both the
microcapsules and the soybean oil suspension gave higher and more pro-
longed serum concentrations than the drug alone.

Indomethacin in the form of a paste in a water-miscible liquid, poly-
hydroxyalkane, was encapsulated with a coacervate of gelatin-acacia. A
40% formaldehyde solution was used to harden the walls and, after treating
with isopropyl alcohol, gave a free-flowing product. The microencapsulated
indomethacin reduced the gastrointestinal irritation compared with
uncoated drug (Rowe and Carless, 1981).

A somewhat different method of preparing microcapsules of an oil,
namely liquid paraffin containing a dye, was patented in Japan (Shionogi
and Co, 1982). An emulsion was prepared using liquid paraffin and an 11%
gum arabic solution. Emulsification continued until the particle diameters
were 30 to 50 um. Then a solution of acid-treated 11% gelatin was added
and a 5% solution of polyethylene oxide which effected phase separation.
After dilution with water the pH was adjusted to 7.7, cooled to below 10°C
and treated with formaldehyde to form microcapsules.

An elaboration of the above method was described by Jizomoto (1984).
Briefly, an emulsion of liquid paraffin is prepared using acacia or other
anionic polymers such as carboxymethylcellulose or ethylene-maleic anhyd-
ride copolymer. The gelatin solution (11%) and the non-ionic polymer, for
example, polyethylene glycol 6000, either in solution or in flake or powder
form are added. The pH is adjusted with a solution of NaOH and the mix-
ture is cooled. The mixture is subjected to a hardening treatment using
diluted glutaraldehyde or formaldehyde. The product is then filtered and
washed. The authors indicate that the addition of a small amount of poly-
ethylene glycol or polyethylene oxide to the system of gelatin acacia allows
microencapsulation to proceed over an expanded pH range of 2-9 and
spherical microcapsules can be obtained. Other non-ionic polymers were
also investigated such as dextran or poly(vinylpyrrolidone), but gave coa-
cervate systems of higher viscosity in the cooling process which made it dif-
ficult to prepare good microcapsules. The authors attribute the spherical
shape of the microcapsules to the appropriate viscosity of the mixture which
was affected by both the molecular weight and the concentration of the
non-ionic polymer. Jizomoto (1985) further described the value of
polyethylene oxide or polyethylene glycol in an aqueous system of gelatin
with or without acacia for a wide pH range of 2.5-9.5. The expanded pH
range makes both processes more useful for drugs which may be water-
soluble or have stability problems in certain pH regions. Further informa-
tion on the effect of molecular weight on the induction of phase separation
was discussed in the theory section.

Indomethacin was also encapsulated using gelatin and acacia with and
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without hydroxypropyl celluose by Ku and Kim (1984). The rate of drug
release and the drug content of the microcapsules decreased as the amount
of wall material increased. The drug content was lower in microcapsules
which contained the added polymer. The release rate of the drug from
microcapsules with a 1:2 drug to matrix ratio was delayed as the formal-
dehyde treatment time was increased.

The release of nitrofurantoin encapsulated with gelatin-acacia coacer-
vates was studied by Mesiha and El-Sourady (1984). The plain powder gave
the fastest rate of release, followed by the directly encapsulated drug and
then an encapsulated paraffin oil suspension of the drug. All samples
showed a fast initial release rate followed by a slower sustained release with
the encapsulated systems. As the viscosity of the oil increased, the release
rate decreased.

A gelatin-acacia coacervate has been used by Noro ef al. (1985) to pre-
pare microcapsules of activated charcoal. The coacervates were gradually
hardened with formaldehyde solution. Then the polymers were crosslinked
by raising the pH above 9 using sodium hydroxide. The mixture was stirred
at 50°C for varying times from 15 to 240min. Adsorption studies of
creatinine and components of higher molecular weight were carried out
using coated microcapsules as the absorbent. As a result of the formal-
dehyde treatment, a stable semi-permeable membrane on activated charcoal
was formed and the adsorption rate of creatinine was controlled by chang-
ing the cross-linking time. The substances with high molecular weight such
as nutrients and enzymes had difficulty penetrating the membrane. It was
suggested that administration of the encapsulated activated charcoal would
be useful as a supporting technique in the treatment of patients with renal
failure.

Indomethacin has been encapsulated by suspending the powder in rape
oil and effecting coacervation with gelatin-acacia. The bioavailability from
the microcapsule was high and showed a prolongation of action (Lu et al.,
1986).

The preparation of microcapsules by means of complex gelatin-acacia
coacervation has been facilitated by the use of ionizing colloids, ionic sur-
factants or ionizing long-chain fatty acids, added prior to the dispersion of
the core (Ninomiya, 1986).

In a study of the microencapsulation of oils such as paraffin, lemon and
orange, Arneodo ef al. (1986) determined various interfacial tensions. The
interfacial tension between the oils and water > oil and the supernatant
> oil and coacervate. The oils showed two types of interfacial behaviour
with respect to the aqueous solutions. In the first type, a decrease of inter-
facial tension occurred up to the attainment of pseudo-equilibrium and no
chemical modification occurred at the interface. In the second type, the
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interfacial tension decreased to zero as a function of the temperature and
the oil, and in this case a physicochemical modification occurred at the
interface. Gelatin and various anionic substances were used such as Calgon
206, gum arabic and sodium alginate in the experiments.

Arneodo and colleagues (1987, 1988a,b) investigated a number of
physicochemical properties of complex coacervates prepared from gelatin
and anionic polymers. The solid contents and viscosities of the systems
gelatin-gum arabic, gelatin-sodium polyphosphate, and gelatin-sodium
alginate, were assessed. The solid content of the gelatin—gum arabic did not
change much with the temperature, but the solid content of the other two
systems decreased as the equilibration temperature decreased. The high
viscosity of the last system was attributed to the high ionic interaction of the
oppositely charged colloids. The interfacial tension of coacervates of the
above three systems and four citrus oils were determined by the Wilhelmy
plate method. The initial values were less than 8 mJ m ~2? and decreased
with time. At 40-50°C the interfacial tension decreased within 6 h to a value
too low to measure. Further studies indicated that some of the constituents
of the oil dissolved in water and were at least partly responsible for the
decrease in interfacial tension.

Various types of surface active agents, anionic, cationic and non-ionic,
have been shown not to have an appreciable effect on particle size of
microcapsules prepared by coacervation using the gelatin-acacia system
(Duquemin and Nixon, 1986). However, the amount of the core, phenobar-
bital, incorporated depends upon the type and concentration of the surfac-
tant. The best conditions for encapsulating the drug were 2% w/w colloid
at a stirring speed of 180 or 250 r.p.m. and the inclusion of 0.025% w/v
cetrimide. High concentrations of the surfactant decreased the encapsula-
tion of phenobarbital owing to a decrease in interfacial tension, and also
steric and electrostatic effects caused by surfactant adsorption onto the
coacervate drops and core.

Nixon and Wong (1989) evaluated the permeation of three compounds
through polymeric membranes as a model for the release of drug from
gelatin-acacia microcapsules. The membranes were prepared by mixing
equal volumes of 2% gelatin and acacia solutions at 41°C with stirring and
adjusting the pH to 4.0-4.2, then adding a formaldehyde solution. Three
methods of casting were employed:

1. Without prior removal of the equilibrium fluid.

2. Removal of the equilibrium fluid by centrifugation at 20°C.

3. Cooling to 4°C and removal of the equilibrium fluid by filtration and
then resuspension of the coacervate with water.

Each of the coacervates were then poured into steel dishes and dried to form
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the film. Methods 1 and 3 produced films which had incomplete fusion of
the coacervate droplets, as seen by scanning electron microscopy. In con-
trast, the film formed by slow phase separation, method 2, permitted good
fusion of the droplets and resulted in a smooth surface. These films were
similar to their corresponding microcapsules which are usually non-porous.
The swelling of the films depended on the use of the cross-linking agent
and indicated that swelling was complete after about 8 min for the cross-
linked film, whereas with the non-crosslinked film, swelling continued to
increase slowly for 60 h. The estimated permeability of the microcapsule
wall was approximately 102-10* less than that of the film. This was attri-
buted to difference in cross-linked density between the microcapsule wall
and the cast film. It was found that gelatin-acacia coacervate does not slow
the release of the drug core and, with N-7 theophylline acetic acid, a faster
dissolution was obtained compared with the unencapsulated drug.

Burgess and Carless (1986a) studied the microelectrophoretic behaviour
of gelatin-acacia complex coacervates and gelatin-gelatin complex coacer-
vates and found that it was identical to that of equivalent mixtures of these
polyions adsorbed onto a colloid carrier, namely silica with a geometric
mean diameter of 2.7 um. The charge carried by gelatin-acacia coacervates
is not affected by encapsulated indomethacin particles which indicates that
the drug is completely encapsulated and is likely not to be present in any
significant amount in the capsule wall. This is in contrast to the properties
of gelatin-gelatin microencapsulated indomethacin which suggests that the
drug particles are associated with the capsule wall and thus produce a
change in electrophoretic mobility.

Huttenrauch (1986) prepared gelatin-acacia microcapsules in the
presence of structure breakers and structure formers. The latter, such as
sorbitol, fructose and sucrose were found to promote larger microcapsules,
helical structure formation and the agglomeration of gelatin particles.
Structure breakers such as urea, methylacetamide and nicotinamide showed
the opposite effect.

Pal and Pal (1986) investigated the complex coacervates of sulfamethox-
azole with gelatin to develop a controlled release dosage form. Rigid micro-
capsules were obtained at pH 5.2 at 40°C with a drug polymer ratio of 1:1.
It was found that a 28.7% v/v solution of glycerin and chilled propyl alcohol
were necessary for the production of discrete spherical microcapsules.

Sulfamethoxazole microcapsules were prepared by coacervation with
gelatin and acacia and a study of their micromeric properties was made by
Pal and Pal (1987). The number of microcapsules per gram, the density of
the wall material and that of the microcapsule increased with decreasing
capsule size. The wall thickness decreased with decreasing capsule size and
was inversely related to the square root of the number of microcapsules
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present. Infra-red and X-ray analysis showed that the drug did not complex
with gelatin. Microcapsules treated with formaldehyde had thicker walls
and gave a more controlled release than unformalized microcapsules. A
linear correlation between the wall thickness and the in vitro T50% release
was observed.

In a subsequent paper, Pal and Pal (1988) prepared gelatin-acacia micro-
capsules by a standard method, but a 28% w/v solution of glycerol was
used as a plasticizer. The product was treated with formaldehyde, water and
isopropanol. It was noted that the wall thickness of the microcapsules
decreased and that the density of the wall increased with decreasing size.
This was related to the volume fraction of the pores in the wall, which
decreased with decreasing capsule size. The kinetics at the early stages of
release were zero order. The apparent diffusion coefficient of the drug,
sulfamethoxazole, decreased with decreasing capsule size. The release of the
drug from the microcapsule was faster at pH 7.2 than at pH 1.2, although
the diffusion coefficient was lower. This phenomenon was explained by tak-
ing into account the solubility of the drug, its pK,, and the volume frac-
tion of the pores in the membrane. The decrease of the apparent diffusion
coefficient of the drug through the wall at sink conditions at pH 7.2 is due
to the higher concentration gradient because of the drug’s higher solubility
compared with the value of pH 1.2.

Sage oil was encapsulated with a gelatin-acacia coacervate to give a parti-
cle size of 50 to 500 um with a wall thickness of about 0.5 um and the per-
centage of sage oil encapsulated was 94.7%. The antimicrobial activity of
the sage oil and the encapsulated product were similar; however, lower acti-
vity of the encapsulated oil against fungi was seen (Jalsenjak et al., 1987).

Ion-exchange resin complexes of ester prodrugs of propranolol and the
drug itself have been encapsulated with gelatin-acacia coacervates to pro-
duce microcapsules that extended the time for 50% release from 25 to
100 min. The rate of release decreased as the ratio of core to coat decreased.
Using the same coacervation procedure a double coat was formed and
extended the time for 50% of the drug release to 4h or more. Despite
delayed release profiles, the authors, Irwin ef al. (1988) found that release
follows particle diffusion models.

Spiegl and Viernstein (1988) investigated the effect of various ratios of
gelatin and acacia gum, types of gelatins and pH on the coacervation pro-
cess. The best yield of the coacervate, 92%, with a minimum degree of
hydration, was obtained at a pH of 3.9 and a gelatin-acacia ratio of 1.5:1
using a Stoess type of gelatin with a bloom strength of 250-260. This system
was used to encapsulate griseofulvin.

Multicore microcapsules with a diameter of 10-50 um have been prepared
by using polymer, surfactants and coacervation with gelatin and gum



Coacervation-phase separation technology 167

arabic. An emulsion prepared from paraffin wax, 10% aqueous gelatin
solution and emulsifier was added to a 10% solution of gum arabic at 60°C
and mixed with Disparlon 1860 (polyaminoamide polyester salt) at 40°C,
treated with formaldehyde at pH 4 and 20°C and then heated to 50°C,
changing the pH to 9 to give the product (Yoshida et al., 1989).

Improved vitamin A stability in a water-in-oil type emollient lotion has
been prepared by Noda et al. (1989). The vitamin was added to a component
of liquid paraffin and cetyl isooleate and this mixture was encapsulated with
gelatin-acacia and hardened with glutaraldehyde and subsequently incor-
porated into an emollient lotion.

Microcapsules formed by the coacervation technique from gelatin and
acacia, using glutaraldehyde, were prepared by Noda et al. (1992) for cos-
metic purposes. The breaking strength of the microcapsule was controlled
by mixing a liquid and solid oil component in a suitable ratio. Chemical
stabilization of vitamin A palmitate, for example, was improved compared
with the emulsified substance. Further improvement in stability was
achieved by increasing the wall thickness or by using polylysine to modify
the gelatin film.

In order to obtain a very prolonged release of a pheromone analogue,
Omi etal. (1991) first prepared a liquid mixture of white beeswax and
2-ethylhexylacetate which was added to a dilute solution of gelatin stirred
at 250r.p.m. at 70°C. After 5min the mixture was cooled rapidly and
filtered. These wax particles were then microencapsulated by complex
coacervation with gelatin-acacia and treated with formaldehyde at pH 9 for
2 h. As the release of the pheromone analogue was too fast for the intended
purpose, an alternative method of encapsulation was performed. In this
method, the wax particles were dispersed in a 20% aqueous gelatin solution
and this suspension (s/w) was redispersed in 200 g of liquid paraffin to give
a (s/w)o product. After 30 min agitation at 250 r.p.m. a w/0 emulsion com-
posed of an aqueous formaldehyde and liquid paraffin was added to the
(s/w)o dispersion. Cross-linking was allowed to proceed for a few hours,
then the microcapsules were filtered, washed with benzene, cold water and
ethanol. The microcapsules prepared using the complex coacervate method
contain only a single core and the diameters of different batches ranged
from 169 to 338 um and the thickness of the wall was about 1.5 um. The
products showed a rapid initial release and were exhausted after only 1
week. The product produced by the multiple emulsion produced microcap-
sules of average diameters ranging from 618 to 1366 ym and contained a
number of wax particles ranging from 10 to 70. The release profile was
altered considerably and although the initial release rate was still not
satisfactory, 60% of the pheromone still remained after 10 days, at which
time release rate became almost constant. The authors estimate that it
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would take 47 days for S0% of the chemical to be released. Mass transport
parameters such as capacity coefficients and diffusion coefficients were
determined using a two-stage model. It was assumed that the mass transfer
resistances dominate the transport process for the chemical; one was located
in the wax particles and the other through the gelatin wall.

Peters et al. (1992) investigated the effect of bloom grade and isoelectric
points of gelatin on the complex coacervate with acacia and the microencap-
sulation of theobromine. It was found that the electrical equivalence pH
of gelatin and acacia were in the same range as the maximum coacervate
volumes. The pH range in which the most coacervate formed for high
bloom grade gelatin was smaller for alkali-processed gelatin than for acid-
processed gelatins. A similar small pH range was observed for low bloom
grade gelatin of the acid type, compared with high bloom grade of the same
type. The total amount of complex coacervate increased and the relative con-
tent of theobromine decreased for gelatin with high bloom grade. Micro-
capsules prepared with a high bloom grade gelatin were irregularly shaped
and showed poor flow characteristics; however, no difference in theobro-
mine release profiles from various microcapsules was noted.

Gelatin-alginate

Wajnerman et al. (1972) investigated the coacervation between gelatin and
sodium alginate using turbidity measurements at pH 3.5-4.5. The forma-
tion of electrically neutral complexes of the two polymers was postulated
as the first step in coacervation with subsequent association with sodium
alginate.

Cholecalciferol solution in peanut oil was microencapsulated by three
methods (Sawicka, 1985): (a) simple coacervation with gelatin type B and
Na,SO,; (b) complex coacervation with gelatin and sodium alginate; (c)
complex coacervation with gelatin and cellulose acetate phthalate. The con-
tent of the microcapsules was approximately 6000001Ug~! and the
dissolution half-time was 300-400 min. The products produced by methods
(b) and (c) were insoluble in gastric juice and soluble in intestinal juice,
while the product produced by method (a) was soluble in both.

Benzodiazepines have been encapsulated in a gelatin-alginate coacervate,
then treating the product with tannic acid and with silica to produce a cake.
The cake was dried in a fluidized bed system and the silica was removed
(David etal., 1988).
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Gelatin-arabinate

Santamaria et al. (1975) investigated the coacervation phenomenon between
gelatin and potassium arabinate. It was found that the yield of the coacer-
vate was greatest at pH 3.5-4.1 and when potassium arabinate was in excess
compared with gelatin. The coacervation decreased in the presence of pota-
ssium halide and the effect depended mainly upon the salt concentration
and also on the ionic radius of the anion. Theoretical and mathematical
considerations were used to interpret the phenomenon.

Gelatin-bacterial polysaccharide

Chilvers et al. (1988a,b,c) have described the encapsulation of sunflower,
paraffin oils and aluminum particles by means of complex coacervation
using gelatin and an extracellular bacterial polysaccharide. It was found
that coacervation occurred only at the pH range of 3.0-4.5. The product
was treated with glutaraldehyde and washed with isopropanol.

Gelatin-Carbopol

El Gindy and El Egakey (1981a,b) investigated the coacervation of gelatin
A or B and Carbopol 934, 940, or 941 (source: B. F. Goodrich Chemical
Co.). The two polymers were dissolved separately at 40°C, and the gelatin
solution was added to the stirred Carbopol solution and various parameters
were altered to investigate the system. Best results were obtained with
gelatin type A at a pH of 6.8 with Carbopol 941 and the optimum ratio
of Carbopol to gelatin was 1:10. An increase in total colloid concentration
up to 1.1% w/v resulted in a parallel increase of sediment weight. At higher
concentrations the sediment weight was less pronounced. Stirring at 300-
350r.p.m. gave almost spherical uniform coacervates with an average
diameter of 59 um.

In a subsequent paper, El Egakey and El Gindy (1983) found that glycerol
in 20-33% v/v added after coacervation, produced smooth, spherical coa-
cervates and if glycerol was added to the Carbopol solution prior to coacer-
vation a coarser product was formed. The addition of glycerol rendered the
microcapsules less coherent and reduced their adhesion to glass. The effect
of increasing the concentration of formaldehyde was to increase the sedi-
ment volume of the coacervate. Formaldehyde-treated microglobules were
treated with various volumes and concentrations of alcohols. The floccula-
tion and sedimentation efficiency showed that 2-propranol at 60% concen-
tration gave the best results. Microcapsules of sulfadiazine encapsulated
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with the gelatin—Carbopol coacervate were also prepared. As the coat to
core ratio increased, the percentage of drug encapsulated increased, and the
average size increased from 78 to 136 um.

Gelatin-carboxymethylcellulose

Koh and Tucker (1988a) characterized the sodium carboxymethylcellulose-
gelatin complex by adding the sodium carboxymethylcellulose solution to
the gelatin solution at 40°C with stirring and allowing it to stand for 10 min
before evaluation. Maximum coacervation as determined from maximum
deviation from additive viscosity occurred at pH 3.5 and 30% sodium
carboxymethylcellulose. Around this pH, carboxymethylcellulose is negati-
vely charged and gelatin is positively charged, resulting in strong electro-
static behaviour and hence, complex coacervation. At a pH range of 5.0-7.0
positive deviation from additive viscosity behaviour occurred, but coacerva-
tion did not occur. The change in viscosity and complex coacervation is
explained in terms of ionization and the folding of the colloid. For example,
at pH 5, the isoelectric point of gelatin and the anionic carboxymethyicel-
lulose, a negatively charged soluble carboxymethylcellulose-gelatin com-
plex forms and, as a result, electrostatic repulsion leads to unfolding of the
complex and the viscosity shows a large positive deviation. The pH range
for complex coacervation was found to be 2.5-4.5, as observed by turbidity
measurements. The authors suggest that coacervate wet weights and
volumes cannot be used to predict optimal coacervate conditions due to a
change in coacervate morphology with mixing ratio.

In a second paper, Koh and Tucker (1988b) determined the chemical
composition of the coacervate and equilibrium fluid phases of the sodium
carboxymethylcellulose-gelatin coacervation complex. The coacervate bat-
ches were prepared at 0.75 and 2% total colloid concentration at pH values
of 3.0, 3.5 and 4.0 and a range of sodium carboxymethylcellulose composi-
tions of 10-60%. The colloid mixing ratio at which the peak coacervate
yield occurred varied with the pH. Low viscosity and high viscosity grades
of sodium carboxymethylcellulose gave similar results. Phase diagrams of
the three components, water, gelatin and sodium carboxymethylcellulose at
different pH values were prepared. Changes in the colloid composition of
the complex coacervate and equilibrium fluids of isohydric mixtures as a
function of the sodium carboxymethylcellulose mixing ratio were deter-
mined. The authors concluded that the sodium carboxymethylcellulose-
gelatin complex coacervation is fundamentally the same as the gelatin-acacia
system.

Microencapsulation of hydrophobic oils employing gelatin, carboxy-
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methylcellulose and a second anionic colloid was accomplished by first pre-
paring an emulsion at which coacervation does not occur. The mixture is
then acidified to promote coacervation and formation of microcapsules.
After chilling, the solid walls are treated with a cross-linking agent
(North, 1989).

Gelatin—cellulose acetate phthalate

Kassem and coworkers (1975b) investigated the coacervation of gelatin and
cellulose acetate phthalate and found that the optimal pH for the process
was 4.6. Polymer-polymer interactions were more important in dilute solu-
tions just below the isoelectric point of gelatin and gave stable salt bonds.
Particle size increased with increasing concentration and decreasing tem-
perature and also depended upon the rate of stirring.

Gelatin-chondroitin

Coacervates prepared from gelatin obtained from denatured tropocollagen
and chondroitin sulfate were investigated by Nagura et a/. (1988). The coa-
cervates were formed at pH 4.5 with a weight ratio of chondroitin sulfate
equal to 0.1. The helixes of the collagen molecules consisted of a small num-
ber of triple-helix crystallites. Intermolecular hydrogen bonds occurred bet-
ween the amide groups of collagen and the hydroxyl groups of the
chondroitin molecules in the outer surface of the coacervate.

Gelatin—gantrez

Mortada eral. (1987a) investigated a number of parameters affecting the
complex coacervation of Type A gelatin and Gantrez-AN (G) polymers.
Gantrez-AN 119 (mol. wt 250000) and 149 (mol. wt 750000) are
polyvinylmethylether-maleic anhydride polymers and are soluble in water
with hydrolysis of the anhydride groups. In order to prepare the complex
coacervate, the gelatin solution at 40°C was added to a solution of Gantrez
at 40°C and stirred for 20 min and then cooled with stirring. Formaldehyde
was used to effect denaturation and this product was flocculated with
various alcohols. The sediment volume and sediment weight of the coacer-
vate were determined after centrifugation and drying. The maximum
coacervation was achieved when the pH of the gelatin solution was 6.8, at
which equivalence of oppositely charged molecules were present. Increasing
the molecular weight of Gantrez decreased the combination with gelatin.
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This was attributed to the coiled structure of G149, which possesses fewer
available carboxylic groups for the reaction with gelatin. The optimum
combination ratio for G119-gelatin is 1:4 and for G149-gelatin is 2:3 with
a total concentration of 2.5% w/v for both polymers. The optimum con-
centration for denaturation with formaldehyde was 18% w/v at 2h. The
order of flocculation of the formaldehyde treated microcapsules was
isopropanol = n-propanol > ethanol > methanol.

In a subsequent paper, Mortada et al. (1987b) described the encapsula-
tion of nitrofurantoin in gelatin Type A and G119 or G149. The drug was
added to the Gantrez solution and encapsulation was carried out in a man-
ner similar to that described above. The encapsulation process was repro-
ducible and about 90% of the drug was recovered in the microcapsules. The
drug content decreased as the core to coat ratio decreased. The microcap-
sules were free flowing and tablets could be easily obtained by direct com-
pression. The release of the drug in phosphate buffer at pH 7.4 and 37°C
was decreased by encapsulation by using the Gantrez with the higher mole-
cular weight and using a smaller core to coat ratio. The release kinetics were
treated on the basis of a matrix model and yielded a linear relationship bet-
ween drug concentration and t!’?, thus following a diffusion-controlled
model. Release data from capsules and tablets prepared from microcapsules
were also obtained.

In a third paper, Mortada ef al. (1988) investigated the bioavailability of
nitrofurantoin microcapsules with a core to coat ratio of 1:2. The encap-
sulated product provided a prolonged release compared with that of the
control formulation.

Gelatin~gelatin

Veis (1970b) studied the complex formation of gelatins with different
isoelectric points of pH 9 and $ as a function of initial mixing concentra-
tion. At a temperature of 20°C, which is below the conformational transi-
tion temperature of approximately 25°C, the fraction of gelatin in the
coacervation phase increases with increasing mixing concentration but at
30°C the fraction decreases with increasing initial mixing conditions.

A complex coacervate of two oppositely charged gelatins has been
prepared by Burgess and Carless (1985). They noted the previous work on
this coacervate by Veis and coworkers from 1960 to 1967. The optimal con-
centration occurred when equal volumes of 1% deionized solutes of Types
A and B were mixed together at 45°C, with stirring for 1 h. Subsequently,
the temperature was reduced to 25°C for 4h, then a 16% formaldehyde
solution was added to harden the walls, followed by cooling to 4-5°C. After
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centrifugation and decanting the product was washed with water and
isopropanol. The predicted optimum pH was 5.4, the electrical equivalence
point, where the two gelatins have an equal and opposite charge. At this
pH the electrophoretic mobility of the gelatins was low and was probably
insufficient to effect coacervation. If the ionic strength is lowered, the
electrophoretic mobility increases appreciably, promoting gelatin-gelatin
coacervation. However, coacervation was not evident at 40°C and it was
necessary to decrease the temperature to obtain complex flocculation. By
controlled slow cooling, a more ordered gelation occurred, promoting
coacervates with liquid, rather than flocculated properties. Concentrations
of gelatin higher than 2.5% caused self suppression of the coacervation phase
separation, likely due to the neutralization of charges, to form a large stable
gel network. It was found that the shape of the droplets depended upon the
final temperature. Higher temperatures (30°C) produced ellipsoid droplets,
while at 15°C aggregation occurred. The authors suggest that the mor-
phology of the droplets at 25°C is a result of the viscosity of the coacervate
phase. The stirring forces may or may not be balanced by stabilizing forces
within the droplet. Slower stirring speeds resulted in an increase in the droplet
size and the fraction of amorphous droplets. The drug naproxen was encap-
sulated at a drug to colloid ratio of 1:5 at temperatures ranging from 5 to
30°C. The per cent drug encapsulated was highest at 25°C and the drug con-
tent of the microcapsule was higher when the microcapsules were produced
at 30°C; however, the microcapsule yield was highest at 10°C.

Gelatin-gellan

Procedures for the microencapsulation of oils and solid particles using
gelatin-gellan mixtures by complex coacervation were observed by Chilvers
and Morris (1987) at low total polymer concentration and were limited to
the pH range of 3.5-5.0.

Gelatin-genipin

Microcapsules with a high melting point have been prepared with gelatin
and genipin for use in the pharmaceutical and food industries. For example,
peppermint oil was encapsulated after emulsification with gelatin acidified
with acetic acid and then treated with genipin and warmed to 40°C, washed
and centrifuged (Kyogoku et al., 1988).
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Gelatin-inorganic

Coacervates have been prepared from a suspension of bentonite in alcohol
3:10 and a 10% solution of gelatin in water in a ratio of 20:1 by adding
the bentonite suspension to the gelatin solution with stirring. After filtra-
tion the coacervate was dried at 40°C. The granules were used with other
ingredients to prepare tablets for the protection of gastric mucosa (Oita
et al., 1982). Lenk and Thies (1986) have investigated the behaviour of acid
precursor gelatin with a polyphosphate in regard to pH, gelatin-phosphate
ratio and bloom strength. It was shown that the system exhibits classical
coacervation complex behaviour.

Gelatin-pectin

Microglobule size, morphology and recovery of pectin-gelatin coacervates
were investigated by McMullen and coworkers (1982). Coacervates were
prepared by combining solutions of pectin and Type A gelatin in varying
ratios at 45°C with stirring and adjusting the pH with NaOH solution.
After 2min the pH was lowered with 0.5 N HCI and after stirring for
30 min, 5 ml of 37% formaldehyde solution were added. After cooling and
decanting, the microcapsules were suspended in glycerin and then treated
with an alcohol as the flocculating agent. The flocculated microglobules
were filtered and washed with isopropyl alcohol and dried. At a coacerva-
tion pH of 3.8 the mean globule size increases from 2 to 10 um when the
pH of mixing was increased from 7 to 10. For solutions with equal pectin
and gelatin concentrations, the maximum yield of the coacervate occurred
at a colloid concentration of 2%. The maximum yield and microglobule
diameter occurred at a pH of about 3.8 after coacervation, but depended
upon the pH of mixing which ranged between 8 and 10. These changes were
related to the ionization of gelatin and pectin and the viscosity of the
microglobules. Increasing concentration of glycerin from 0 to 72% changed
the morphology from spheres to ellipsoids. The formation of ellipsoids was
attributed to dehydration of the coacervate and increasing intermolecular
association as a result of decreasing dielectric constant. Isopropanol and
I-propanolol produced satisfactory microglobules, while other alcohols
were not suitable.

In a subsequent paper, McMullen efal. (1984) encapsulated sulfame-
razine with a gelatin-pectin coacervate. It was found that the drug should
be added at the starting pH, that is, before coacervation takes place. The
authors suggest that the drug is entrapped and the process is not a surface-
active phenomenon as suggested for gelatin-acacia. Globules of various



Coacervation-phase separation technology 175

sizes with mean diameters 5.7, 9.2 and 25.5 um containing 37-45% drug
could be produced. The spherical shape of the microcapsules was main-
tained at drug loadings of <69% and <45% for 25 um and 10 um micro-
globules, respectively. A small suppression of coacervate yield occurred as
the drug to colloid ratio increased, which was attributed to salt suppression
by the drug. Complete digestion of the microglobules was observed with
gastric and intestinal juice only. No apparent morphological change in the
microcapsule was observed by extraction with 0.1 M HCI or 0.1 M NaOH
or water. Several other drugs such as phenobarbital, hydrocortisone acetate
and cod liver oil which have low solubility in water and small particle size
were successfully encapsulated.

In a further paper, Bechard and McMullen (1986) investigated the
dissolution times of gelatin-pectin microglobules as a function of formal-
dehyde concentration and reaction times. It was found that the dissolution
half-lives, in terms of the number of microglobules, can be controlled over
a period from 2.7 to 751 min in a solution of sodium chloride and polyoxy-
ethylene sorbitan monolaurate. A decrease in dissolution rate of the
microcapsules was observed with aging of the product stored at ambient
conditions.

The gelatin-pectin coacervate has also been used to encapsulate indometha-
cin. Ku and Chin (1989) found that the optimum pH and pectin: gelatin ratio
for microcapsules was 3.8 and 1.2 respectively. As the concentration of col-
loid solution increased, the wall thickness increased. The 50% release time
for indomethacin prepared from 1, 1.5 and 2% colloid solutions were 3,
5 and 6 min, respectively, while that of indomethacin powder was 50 min.

Gelatin-polyvinyl alcohol

Cho et al. (1982) investigated the coacervation of gelatin and poly-(vinyl
alcohol). The coacervation pH phase diagram showed a coacervate region
consisting of two liquid phases and a non-coacervate region consisting of
a single liquid phase. The intensity of coacervation was greatest at pH §
and increased with increasing temperature. The coacervation was attributed
to hydrogen bonding between the two polymers.

Histone-acacia

Coacervation of acacia has been studied by the nephelometric technique
and the coacervate drops ranged in size from 0.5 to 500 um. The average
size and the number of drops served as parameters of the coacervate
behaviour (Gladilin et al., 1972).
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Sulfated poly{vinyl alcohol)}-aminoacetalysed poly(vinyl alcohol)

Nakajima and Sato (1972) have discussed the complex coacervation of
sulfated poly(vinyl alcohol) and an aminoacetalysed poly(vinyl alcohol).
The three component system of the polymer salt, water and sodium
bromide was investigated. The results are interpreted according to a
theoretical equation for the free energy of mixing, taking into account the
entropy and enthalpy contributions.

In a second paper, Sato and Nakajima (1974a) reported on the conditions
for complex coacervation of the two polymers by relating the effects of
charge density on phase separation. Conditions for coacervation were dis-
cussed as a function of chain length, interaction between polymer and
water, the temperature, the electrostatic interaction and the number of
charges on the polyelectrolyte chain. Subsequently, the authors, Sato and
Nakajima (1974b,c), discussed the conditions for the formation of coacer-
vate droplets as a function of charge density and polymer concentration.
Furthermore, they indicated that the concentration of the coacervate phase
at 25°C decreased and the concentration of the equilibrium liquid phase
increased with increasing polymer concentration. The reduced viscosity of
aqueous solutions of both polymers increased with decreasing polymer con-
centrations. The volume and polymer fraction of the coacervate phase con-
taining the two polymers passed through a maximum value with increasing
polymer concentration.

Okihana and Nakajima (1976) found that a 1:1 complex formed upon
mixing the ratio of two polymers. The concentration of polymers in the coa-
cervate and equilibrium liquid depended upon the initial polymer concen-
tration. Coacervation of the 1:1 complex was suppressed by the addition
of salts owing to a change in chain conformation.

COACERVATION-PHASE SEPARATION USING A SINGLE WALL-FORMING
POLYMER SOLUBLE IN AN ORGANIC LIQUID

Acrylates

Hydrophobic compounds have been encapsulated with 2-diethylaminoethyl
methacrylate-methacrylic acid-styrene copolymer latex by Ushiyama (1979).
For example, castor oil was emulsified in water containing an anionic sur-
factant, Emal A, to a particle size of 30-50 um. The pH was adjusted to
about 9 and the polymer added, which has an isoelectric point of 7.2, and
the pH adjusted to 9-10 with NaOH. After acidifying to a pH of 5-5.5 to
form the capsules, the product was spray dried.
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Donbrow et al. (1984) encapsulated potassium dichromate and paraceta-
mol with poly(methyl ethyl methacrylate) (Eudragit Retard). The polymer
and polyisobutylene were dissolved in chloroform and the core material was
suspended in the solution. Cyclohexane containing polyisobutylene was
added at a controlled rate and coacervate droplets formed which encap-
sulated the core material. A decrease in the rate of addition of the non-
solvent caused a decrease in the rate of release of the core material; this
was attributed to structural changes as the core concentration was almost
constant at about 80%. At high addition rates of the non-solvent, the
microcapsules had polymer spheres attached to the surface - thus the effec-
tive wall thickness was reduced and the release rate increased. As more non-
solvent was added, more polymer came out of solution - thus the percen-
tage of core material in the microcapsules decreased and the release rate
decreased. It was also found that smaller particles gave faster release rates.

Chun and Shin (1988) encapsulated aspirin with Eudragit RS polymer
from a solution of chloroform with polyisobutylene dissolved in cyclohex-
ane. The polyisobutylene functioned as a coacervation-inducing agent and
gave smooth microcapsules with less aggregation. By increasing the propor-
tion of the wall material, particle size and wall thickness, and the concentra-
tion of paraffin wax in the cyclohexane as a sealant, a product with
sustained release characteristics could be obtained. Release was independent
of pH of the medium and the mechanism of drug release from both non-
sealed and sealed microcapsules appeared to fit Higuchi matrix model kine-
tics. The aspirin microcapsules were more stable than free drug in a solution
of NaHCO,.

Eudragit L 100, a copolymer of methacrylic acid and methylmethacry-
late which is insoluble in acid but soluble in alkaline solution, was used to
encapsulate aspirin (Okor, 1988). The drug and polymer were dissolved in
95% ethanol and the solution was evaporated to dryness. The product was
crushed and passed through a sieve and the fraction between 710 um and
500 um was collected. Dissolution was retarded in acidic medium, but
enhanced in neutral medium. The author suggests that drug-polymer
attractions are possibly stronger than drug-drug attractions, thus partly
accounting for the delayed release in the acid medium. In the alkaline med-
ium the polymer is soluble and readily liberates the aspirin.

Okor (1989) prepared colloidal solutions of ethyl acrylate (trimethyl
ammonium) ethyl acrylate chloride-methyl methacrylate copolymer using
ethanol as a solvent and water as the non-solvent. Stability of the dispersion
to electrolytes such as NaCl and Na,SO, increased considerably with an
increase in the polymer cation content. The polymer dispersions were most
sensitive to Na,SO, and least sensitive to NaCl. In 1990 Okor encapsulated
the drug salicylic acid with acrylate-methacrylate copolymers. The drug and
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polymer were dissolved in ethanol and excess water, the non-solvent, was
added in the presence of a flocculating agent, NaCl. The dried coacervates
were compressed into tablets or placed into capsules. It was found that drug
release rates decreased exponentially with increase in polymer concentration
in the coacervate, but increased exponentially with an increase in polymer
cation content at a constant polymer concentration of 20% w/w. The
increase in release rate was associated with an increase in polymer ‘swell-
ability’. Drug release rates from tablets were retarded compared with those
from capsules; this was believed to be due to poor disintegration of the
tablets.

A coacervation technique using an acrylate-methylacrylate copolymer
was used to form an aqueous based coating system consisting of the water-
insoluble copolymer and sucrose in varying ratios to coat matrix cores by
Okor et al. (1991). Drug release rates increased as the concentration of the
sucrose increased in the film coating. Doubling the coating thickness from
75 pm introduced a lag time for release of the model drug salicylic acid from
0.5 to 2.5 h depending upon the amount of sucrose. Overall, however, the
release rates were hardly affected by the coating thickness.

Aqueous dispersions prepared by coacervation of Eudragit RL 100 and
RS 100 were prepared by Okor (1991). A lower viscosity and higher gel
point was observed with Eudragit RL 100. This phenomenon was explained
by the higher degree of mutual repulsion of the cationic charges in Eudragit
RL 100 compared with Eudragit RS 100. The fluidity of aqueous dispersion
of these two polymers suggests their use in film coating processes.

Eudragit RS 100 polymer dissolved in chloroform was used to coat
zipeprol hydrochloride. Cyclohexane containing polyisobutylene effected
coacervation. The mechanism of drug release from the microcapsules
appeared to fit the Higuchi matrix kinetics. Plasma concentration time
curves suggested that the microcapsules can be used as a sustained release
product (Yong and Kim, 1988).

Ferrous fumarate and ferrous sulfate were encapsulated by evaporation
and various other methods using different Eudragit polymers. In vitro
dissolution studies indicate the release was linear, but there was an inflec-
tion point that separates the initial fast release from the later, slower phase.
In some cases a biphasic pattern was noted for larger size microcapsules,
whereas a monophasic pattern was observed with small microcapsules. Par-
ticle size was the most important factor in determining the dissolution. The
nature of the polymer and integrity of coating had a minor influence on
dissolution (El Shibini ez al., 1989).

Kim et al. (1989) encapsulated a complex of dextromethorphan hydro-
bromide and a strong cation-exchange resin with Eudragit RS by phase
separation using a non-solvent. It was found that the release rate from the
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coated complex could be controlled by the amount of coating material. The
effect of pH and the ionic strength on the release rate of the drug was also
studied.

Sprockel and Price (1990) encapsulated the complex of chlorpheniramine
maleate and a carboxylic acid cation-exchange resin. The complex was
suspended in an acetone solution of polymethyl methacrylate, then emulsi-
fied in liquid paraffin containing various additives. After 12 h of stirring
to permit the evaporation of the solvent, the microcapsules were collected,
washed with hexane and dried. Several parameters and additives were tested
and it was found that: (a) larger microcapsules were obtained if the concen-
tration of the polymer was increased; (b) fine particles of bentonite,
Veegum, carbon black or emulsion stabilizers, reduced the microcapsule
size at 3% concentration, but increased the size at 6% owing to incorpora-
tion into the microcapsules; (c) silicone fluid 60 000 cp was more effective
in reducing the microcapsule size than silicone fluid 50 cp; (d) magnesium
stearate, glyceryl monostearate and stearyl alcohol reduced the microcap-
sule size; (e) formulations with higher coat to core ratios resulted in slower
release of the drug from the microcapsules; (f) larger microcapsules released
the drug at a slower rate than did smaller microcapsules.

Alex and Bodmeier (1990) encapsulated pseudoephedrine hydrochloride
by preparing a solution of the drug in water and then preparing an emulsion
in a solution of poly(methyl methacrylate) in methylene chloride with the
use of a sonicator. This primary w/o0 emulsion was added to the external
phase - water containing 0.25% poly(vinyl alcohol) as stabilizer - with stir-
ring at 1500r.p.m. in a small container with baffles for 10 min to give a
w/0o/w emulsion. The microcapsules were filtered and rinsed with water.
Sonication resulted in the smallest droplet size and highest drug content.
As the drug was not soluble in the polymer solution, it could not diffuse
to the external aqueous solution. The method had good batch-to-batch
reproducibility with respect to drug loading. The yield was above 95% and
the particle size ranged from 50 to 500 um. The drug content of the micro-
spheres increased with drug loading, increasing amounts of solvent,
polymer, and polymeric stabilizer. This last factor was attributed to an
increase in the thickness of the adsorbed layer of the polymeric stabilizer
and an increase in viscosity close to the droplet surface, resulting in a reduc-
tion in the rate of solvent and drug diffusion across the droplet interface
into the continuous phase. The drug content decreased with increasing stir-
ring time, increasing pH of the continuous phase and increasing volume of
the internal and external aqueous phases.

Theophylline was encapsulated with Eudragit RS 100 using a solution of
the polymer, and polyisobutylene in chloroform (Chattaraj et al., 1991).
Phase separation and rigidization of the deposited polymer was effected by



180 J. G. Nairn

using cold n-hexane. Polyisobutylene below 5.5% w/w did not produce
uniform microcapsules, but aggregates. The drug content of the microcap-
sules was at maximum at 5.5% w/w of polyisobutylene at a fixed core to
coat ratio. High percentages of polyisobutylene decreased the yield of the
product. Dissolution at 37°C with increasing pH indicated that, as the core
to coat ratio increased, the rate of dissolution also increased. As the percen-
tage of polyisobutylene was increased in the preparation of microcapsules,
the rate of release decreased. Bioavailability studies in rabbits indicated that
prolonged release was obtained.

Badawi eral. (1991) encapsulated theophylline with Eudragit E and
Eudragit L by non-solvent techniques. The best method to coacervate the
drug is by using Eudragit E while the drug is dispersed in solution by the
addition of a non-solvent. Eudragit E had a higher affinity for the drug
and increased the surface drug by entrapment of the drug within the coat.
Eudragit L formed a better barrier to the drug, but the microcapsules were
less than satisfactory.

Cellulose acetate

Cellulose acetate was used as the wall material for preparing microcapsules
of hydrocortisone by coacervation. The nearly spherical capsules in the
range of 10-20 um were formed and the release of the drug was sustained
up to 7 days (Singh et al., 1982).

Cellulose acetate butyrate

Sprockel and Prapaitrakul (1990) encapsulated paracetamol with the poly-
mer cellulose acetate butyrate by employing three different emulsion techni-
ques. In the emulsion solvent evaporation method (ESE) the drug was
dispersed in the polymer solution using acetone as the solvent. This phase
was then emulsified in a liquid paraffin solution containing 1% sorbitan
monooleate and stirred at 1400 r.p.m. at room temperature until the solvent
had evaporated. The microspheres were collected, washed with hexane and
dried. In the modified emulsion solvent evaporation method (MESE) a
limited amount of a non-solvent, hexane, was added slowly to the drug
dispersion containing the polymer in acetone. This mixture was then emul-
sified as described above. The emulsion non-solvent addition method
(ENSA) was the same as ESE, except that a limited quantity of solvent,
hexane, was added to the emulsion after it had been stirred for 5 min. In
the ESA method, the rate of solvent removal depends upon the rate of sol-
vent partitioning into the mineral oil and solvent evaporation. In the MESE
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method, the addition of hexane likely increased the affinity of the external
phase for acetone; as a result the rate of solvent removed depends primarily
on acetone evaporation and this reduced the preparation time from 12 to
8h. In the ENSA method, the removal of the solvent, acetone, depends
primarily on the rate of solvent removal into the mineral oil and hexane
solution and the preparation time was considerably reduced. The drug con-
tent and the drug release from the last two methods, MESE and ENSA,
were significantly higher.

Cellulose acetate phthalate

A modified method based on the work of Kitajima et al. (1971) to prepare
enteric coated microspheres using cellulose acetate phthalate was developed
by Mabharaj et al. (1984). Several pharmaceuticals such as loperamide and
trifluoperazine-isopropamide and also rabies antigen were encapsulated by
suspending the active compound, diluted with sucrose containing cornstarch
if necessary, in paraffin oil. Then a solution of the polymer in acetone-
ethanol 95% was added. Shortly thereafter the chloroform was added to
harden the microspheres which were then decanted, washed and collected.
The size of the microspheres increased as the time for formation increased
from 0.5 min to 10 min and the encapsulation method had no appreciable
effect on the activity of the biologically active substance.

In a subsequent paper, Beyger and Nairn (1986) prepared a three-
component phase diagram of the system cellulose acetate phthalate, light
mineral oil and solvent, acetone and 95% ethanol, to indicate the appro-
priate region for preparing microcapsules and also the effect of surfactant,
sorbitan monooleate, concentration on the product. Chloroform was used
as the hardening liquid. It was found that aggregation of the microcapsules
could be minimized at low solvent concentration. In addition, pharmaceuti-
cals could be microencapsulated regardless of their solubility in the polymer
solvent or hardening liquid. The size of the product increased as the core
to coat ratio was increased to a maximum (1.5:1). In addition, the time
and order of addition of the various ingredients used to prepare the micro-
capsules was investigated. In general, the addition of the drug to the mineral
oil followed by addition of the polymer solution was preferred, although
other procedures gave satisfactory results. In some cases, however, it is
necessary for the drug to be present as soon as the coacervate is formed for
suitable microencapsulation. Particles with a large size, 20-50 mesh, were
not always suitably coated.

Dibunol has been encapsulated with cellulose acetate phthalate. A 2%
polymer concentration gave the most uniform product where approximately



182 J. G. Nairn

91% of the microcapsules had a particle size of 160-250 um (Berseneva
etal., 1988).

Mortada (1989) prepared microcapsules of phenobarbital by dissolving
both the drug and cellulose acetate phthalate in a 9:1 mixture of ethyl-
acetate and isopropyl alcohol. Various factors affecting the coacervation
such as temperature, speed of agitation, polymer concentration and drug
content were studied. The release from the microcapsules was a function
of both particle size and core to wall ratio.

Ku and Kim (1989) encapsulated propranolol HCI with cellulose acetate
phthalate in a system containing paraffin, acetone and ethanol. The wall
thickness of the microcapsules increased with increasing cellulose acetate
phthalate concentration and the dissolution rate decreased. The dissolution
rate in both simulated gastric and intestinal fluid was determined.

Dharamadhikari and colleagues (1991) microencapsulated salbutamol
sulfate with cellulose acetate phthalate. The polymer was dissolved in
acetone and the drug was mixed with light liquid paraffin. Both phases were
mixed together and after evaporation of the acetone, the microcapsules
were collected and washed with ether and water. Free-flowing spherical
microcapsules were obtained. It was noted that the percentage of drug
encapsulated increased as the amount of coating polymer increased in the
coating phase. Microcapsules prepared with a coat to core ratio of 2:1
showed delayed release in an in vitro dissolution study during which the
pH was changed.

Terbutaline sulfate and propanolol hydrochloride were also encap-
sulated with cellulose acetate phthalate by Manekar et al. (1991, 1992), in
a similar manner as described immediately above. However, the dose of the
drugs are small, they were diluted with mannitol. Products with low coat
to core ratios were unable to prolong drug release when the pH was changed
from 1.2 to 7.5; however, microcapsules with a higher coat to core ratio
or with a mixture of the polymer and ethylcellulose provided release for
up to 12 h. Propanolol hydrochloride in cellulose acetate phthalate followed
a matrix mechanism of release in acidic media and a zero-order release
in alkaline media. When coated with a mixture of the two polymers, it
showed a zero-order release throughout the dissolution test as the pH was
changed.

Cellulose acetate trimellitate

Sanghvi and Nairn (1991, 1992) investigated the formation of microcapsules
using cellulose acetate trimellitate. Three-component phase diagrams were
prepared to show the region of microcapsule formation for the system
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polymer, light mineral oil and the solvent acetone-ethanol. Chloroform was
used as the hardening agent. Microcapsules were only formed when the
polymer concentration was in the 0.5-1.5% range and the solvent concen-
tration in the 5-10% range. The addition of surfactants such as sorbitan
trioleate or sorbitan oleate to the mineral oil altered and/or increased the
region of microencapsulation. Surfactants with higher hydrophile-lipophile
balance values tended to decrease the area of microcapsules on the phase
diagram. Sorbitan monooleate 1% in mineral oil gave products with
smoother coats and a more uniform particle size. Tartrazine-containing
microcapsules were prepared and the smallest microcapsule size was obtained
when sorbitan monooleate 3% was used and these microcapsules had the
slowest rate of release in an acidic medium. As a result of the removal of
acetone from the polymer solution by the mineral oil, a polymer-rich phase
is formed and after combining with other droplets and/or the core material,
the microcapsules are formed which are hardened by further loss of solvent
to the dispersion medium and also by the addition of chloroform.

Ethylcellulose

It was found that the time for release of sodium phenobarbitone from
ethylcellulose microcapsules increased as the core:wall ratio decreased.
With a constant core: wall ratio, the small microcapsules released their con-
tents more rapidly than the larger ones (Jalsenjak et al., 1976).

In a series of papers Donbrow and Benita (1977) investigated the effect
of polyisobutylene on the coacervation of ethylcellulose. Ethylcellulose and
polyisobutylene were dissolved in cyclohexane and the solution was allowed
to cool slowly from 80°C to 25°C with controlled agitation. After 24 h, a
clear upper phase containing the polyisobutylene and a lower phase of
coacervate droplets formed whose particle size decreased with phase coacer-
vation volume increase, which was increased by polyisobutylene. The pro-
duct was a free-flowing powder, in contrast to the aggregated mass in the
absence of polyisobutylene. The release of salicylamide from microcapsules
showed first-order kinetics and the release rate increased with polyisobuty-
lene concentration because of the thinner coating. It was indicated that
polyisobutylene acts as a protective colloid in the process and prevents the
agglomeration of ethylcellulose microcapsules.

Benita and Donbrow (1980), in a second paper, indicated that using a
temperature reduction method for preparing coacervation droplets, in the
absence of, or a low concentration of polyisobutylene, aggregates were
formed, whereas higher concentrations of polyisobutylene stabilized the
droplet. Polyisobutylene is not coprecipitated and acts as a stabilizer by
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adsorption. Increased concentration of polyisobutylene or higher molecular
weights of polyisobutylene raised the phase coacervation volume and
decreased the particle size indicating increased stabilization.

Benita and Donbrow (1982) employed polyisobutylene as a protective col-
loid to prepare microcapsules of salicylamide and theophylline based on the
temperature differential solubility of ethylcellulose in cyclohexane. A mini-
mum concentration of polyisobutylene was necessary to prevent aggrega-
tion and as its concentration was increased, it yielded microcapsules of
higher drug content because the coating was thinner; furthermore, there
was an increase in the release rate of the drug from the microcapsules.
Microcapsule drug content decreased with decreasing particle size of the
drug in the presence of the protective colloid. This was caused by a more
complete uptake of the wall polymer on the increased surface of the core
material.

A mixture of ethylcelluloses with a viscosity of 100cp (0.1 Pas) and a
viscosity of 45 cp (0.045 Pa s) was used to encapsulate trimethoquinol using
polyisobutylene as an agent to induce phase separation. The mixture was
cooled from 78°C to room temperature and the microcapsules were filtered,
washed and dried (Samejima and Hirata, 1979).

Samejima eral. (1982) prepared microcapsules of ascorbic acid with
ethylcellulose using the temperature change technique. They found that
polyisobutylene was better than either butyl rubber or polyethylene. The
polyisobutylene changed the gel into a coacervate with the formation of
smooth microcapsules with thick walls. The microcapsules did not aggre-
gate appreciably and gave a slow release of the vitamin.

In a subsequent paper, Koida efal. (1983) used a similar method to
encapsulate ascorbic acid with ethylcellulose using polyisobutylene. It was
found that aggregation decreased with increasing molecular weight of
ethylcellulose. The molecular weight of ethylcellulose which gave a mini-
mum release rate was affected by the molecular weight of polyisobutylene.
Polyisobutylene of high molecular weight gave less aggregation than poly-
isobutylene of low molecular weight. The relationship between the release
rate and the molecular weight of ethylcellulose used depended primarily on
the compactness of the wall, rather than its thickness.

In a patent, Samejima et al. (1984) described the encapsulation of trime-
butine maleate with ethylcellulose using liquid paraffin and polyisobutylene
in cyclohexane to give a solubility parameter of 7-10 (calcm™3)!2, and
then subsequent cooling. The product was free-flowing microcapsules.

Koida et al. (1984) investigated the effect of molecular weight of polyiso-
butylene on the microencapsulation of ascorbic acid using temperature
reduction with a solution of ethylcellulose. After fractionating polyisobuty-
lene, several fractions of various molecular weights were obtained. It was
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found that aggregation of the microcapsules decreased with increasing M
(viscosity-average molecular weight), and above a value of 6 x 10° it was
almost wholly prevented. The influence of M of polyisobutylene on the
coacervation process was determined by measuring the volume fraction, the
ethylcellulose content and the viscosity. It was found that the wall-forming
temperature was lower with higher M of polyisobutylene. With higher M
of polyisobutylene, a larger coacervation volume was produced, but the
concentration of ethyicellulose in the coacervation phase was less and there
was a very low concentration of polyisobutylene in the coacervate phase.
The viscosity of the coacervate phase was higher with the lower M of poly-
isobutylene; this was attributed to the higher concentration of ethylcellulose
in the coacervate. It was found that the temperature of the viscosity maxi-
mum coincided with the wall-forming temperature which appeared to be
the most important temperature for microencapsulation. As the tempera-
ture decreases and reaches the temperature of maximum viscosity, the size
of the ethylcellulose droplets gets larger and these gel-like droplets deposit
on the surface of the drug and, after fusing, they form the wall. The effect
of mixing high and low M polyisobutylene showed that with an increase of
low M polyisobutylene, average wall thickness and compactness increases
and the wall becomes less uniform.

Several different techniques have been employed to encapsulate ion-
exchange resin beads containing benzoate with ethylcellulose by tempera-
ture change and non-solvent addition (Motycka and Nairn, 1979). Different
viscosity grades of ethylcellulose, either alone or in conjunction with
various plasticizing agents such as castor oil, butyl stearate and the protec-
tive colloid polyethylene were used. Some of these products were then
treated with paraffin. In addition, the benzoate complex was encapsulated
using gelatin and acacia and also cellulose acetate butyrate. It was found
that the rate of release, as described by Boyd et al. (1947), could be con-
trolled by the type of encapsulating material used and the phase separation
process. The slowest rate of release was achieved with the microcapsules
which were subsequently treated with paraffin. It was found that tough,
dense films of large molecular weight compounds delayed the release of the
anion. The decrease in the diffusion of the benzoate ions corresponded with
an increase of the density of the film. Additives with the greatest lipophilic
characteristics, polyethylene and paraffin produced the greatest resistance
to ion transfer.

In a subsequent paper, Motycka et al. (1985) encapsulated ion-exchange
resin beads containing theophylline with ethylcellulose, inducing phase
separation by temperature reduction and by evaporation. Some of the
products were subsequently treated with a solution of hard paraffin.
Several products encapsulated with ethylcellulose by evaporation and also
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subsequently treated with a solution of hard paraffin gave a product that
released the drug according to zero-order kinetics. It was found that the
pattern and the rates of release could be controlled by the cross-linking of
the resin and the coating procedure used.

Ethylcellulose microcapsules of ion-exchange resins containing theophyl-
line were prepared by the evaporation method using ethylcellulose dissolved
in ethyl acetate as the coating polymer, polyisobutylene dissolved in cyclo-
hexane as a protective colloid and light liquid paraffin as the suspending
medium (Moldenhauer and Nairn, 1990). Predominantly mononucleated
microcapsules were formed by controlling the amount of ethylcellulose
used, the particle size and the appropiate concentration of the protective
colloid. The rate of release of the drug was altered by the cross-linking of
the ion-exchange resin, the amount of ethyicellulose and the smoothness of
the coat on the resin beads. Release rates from coated resin beads with low
cross-linking followed a logarithmic plot indicating membrane controlled
release, whereas coated resins with a higher degree of cross-linking followed
a /2 plot, indicating particle diffusion control.

In a subsequent paper, Moldenhauer and Nairn (1991) investigated the
effect of the rate of evaporation on the coat structure of the microcapsules
which were predominantly mononucleated. The rate of solvent evaporation
influenced the surface morphology, the shape, and the porosity and the
purity of the ethylcellulose coat. Microcapsules had tails and porous coats
at slow evaporation rates. Faster evaporation rates resulted in the formation
of microcapsules with no tails and smooth, but wrinkled coats. Coat poro-
sity was minimal at intermediate evaporation rates. Microcapsules which
showed rapid release rates of theophylline were formed when the very fast,
slow and very slow evaporation rates were used to form the microcapsules.
Intermediate evaporation rates formed coats with minimum porosity,
leading to slow release rates of the drug.

Baichwal and Abraham (1980) encapsulated metronidazole by using
ethylcellulose and polyethylene glycol 4000 in different proportions. As a
result of encapsulation, the release of the drug was delayed and the percen-
tage drug release, as a function of time, increased with increasing content
of the polyethylene glycol.

Ascorbic acid has also been encapsulated using a solution of ethyl-
cellulose in cyclohexane. The product had 2-3% wall material and a wall
thickness of 6-10 um (Shopova and Tomova, 1982).

Adriamycin was encapsulated with ethylcellulose in cyclohexane using the
temperature reduction method (Kawashima et a/., 1984). Polyisobutylene,
rather than polyethylene, was found to be an effective coacervate-inducing
agent. With increasing concentration of polyisobutylene, the average dia-
meter of the particles decreased owing to reduced agglomeration. Microcap-
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sules of the drug encapsulated with ethylcellulose at 2% polyisobutylene
effectively prolonged the release of the drug compared with 1% or 3% poly-
isobutylene. The increase in rate of release noted when 3% polyisobutylene
was used was attributed to a thinner wall. Kinetics of release of microcap-
sules prepared with 2% polyisobutylene were linear when plotted against
172 suggesting a matrix type of release.

Using a non-solvent which resulted in the formation of an emulsion,
Kaeser-Liard et al. (1984) encapsulated phenylpropanolamine hydrochlo-
ride with ethylcellulose. The drug, 95% of the particles <40 um, was sus-
pended in a solution of ethylcellulose dissolved in acetone. With stirring,
a solution of equal volumes of mineral oil and petroleum ether, the non-
solvent, were added over 90 min. During this period, the first emulsion of
non-solvent in the polymer solution inverted to an emulsion of the polymer
solution in the non-solvent at the same time phase separation took place.
The microcapsules were then hardened with the addition of hexane at
—20°C. After stirring in the cold, the microcapsules were filtered and dried.
The microcapsules had a particle size in the 150-300 um range and the yield
was 90-100%. Several parameters were investigated, namely the volume of
the non-solvent, the volume of the solidifying agent, rate of addition of the
non-solvent, stirring rate, temperatures of the coacervation step and the
hardening step and the core to wall ratio. The rate of drug release increased
as the volume of the non-solvent was increased from 300 to 400 ml, as the
temperature of hardening was increased from —10°C to room temperature,
and as the core to wall ratio was changed. The rate of addition of the non-
solvent and the stirring speed did not affect the drug release from the
microcapsules.

Sulfamethoxazole was encapsulated with ethylcellulose using an emul-
sion technique by Chowdary and Rao (1984). The drug was dispersed in
a solution of ethylcellulose in acetone. This dispersion was added in a thin
stream to stirred liquid paraffin which formed an emulsion. Water, the non-
solvent, was then added to cause coacervation and production of the
microcapsules. After centrifugation, the product was washed with petro-
leum ether and then dried. Batches of microcapsules were prepared using
different core to coat ratios. The time for 50% of the drug to be released
in an acidic and neutral medium increased as the particle size increased and
as the percentage of the coat material increased.

Chowdary and Rao (1985) described the influence of Span 60 and Span
80 on the preparation of microcapsules by emulsification. It was found that
the inclusion of surfactants decreased the microcapsule size, but did not
alter drug release. The drug release with or without a surfactant was similar
for a particular size of microcapsule.

Chowdary and Annapurna (1989) encapsulated aspirin, metronidazole,
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paracetamol and tolbutamide by three different methods. Method I was
coacervation-phase separation of ethylcellulose dissolved in toluene by the
addition of petroleum ether. Method II was similar except that carbon
tetrachloride was used as the solvent. Method III used thermal induction
of the coacervate of ethylcellulose from cyclohexane. In all cases the drug
was added to the polymer solution. The wall thickness was determined by
the method of Luu et al. (1973). The apparent dissolution rate constants,
K,,,, were calculated from the initial slope of the release curve as
described by Koida et al. (1986). The permeability constants, Pm, were
determined from the following equation:

K., VH

Pm = 22
M ="ACs

where V is the volume of the dissolution medium, H is the wall thickness
of the microcapsules, A is the surface area of the microcapsules, and Cs
is the solubility of the core in the dissolution medium.

The wall thickness ranged from 7.9 to 39.3 um and the apparent dissolu-
tion rate constant ranged from 0.53 to 12.32mgmin~!. It was found that
for all four cores the order of permeability of the microcapsules was method
III > method I > method II which suggests that the permeability depends
upon the method employed.

Rak et al. (1984) prepared potassium chloride microcapsules using ethyl-
cellulose by phase separation from cyclohexane by temperature change. It
was noted that the addition of macrogol 300 or 4000 improved the forma-
tion of microcapsules and decreased the aggregation of the product.

Potassium chloride was encapsulated with ethylcellulose by coacervation
with cyclohexane using polyethylene glycol by Chalabala (1984). The drug,
with a particle size of 80 um, had a microcapsule size of 125-187 um with
agglomerates up to 605um. High core to wall ratios gave smaller
microcapsules.

Szretter and Zakrzewski (1984a) coated riboflavin with ethylcellulose
dissolved in cyclohexane by the temperature change method. The solution
also contained PEG 6000 and Tween 20. The product was stable at room
temperature against oxidation, photodecomposition and humidity. The
vitamin was also encapsulated with PEG 6000 by mixing at 70°C with paraf-
fin oil, and ligroin containing PEG 6000 and Span 60 or Tegin G. The
suspension was cooled to room temperature, filtered, washed and dried.

A mixture of ethylcellulose and polyethylene glycol 6000 has been used
as a coating material and the process is carried out in cyclohexane to
improve the stability of ascorbic acid (Szretter and Zakrzewski, 1987a).

Cisplatin was encapsulated with ethylcellulose dissolved in cyclohexane
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in the presence of low density polyethylene by the temperature reduction
method (Hecquet et al., 1984). Two stirring methods were used during the
cooling stage - mechanical and sonication; however, no difference in
microcapsule characteristics could be discerned between the methods. A
number of different concentrations of drug, ethylcellulose and polyethylene
were used to prepare the microcapsules and several observations were made:
(a) losses of microencapsulated drug content occurred on increasing the
ethylcellulose concentration; (b) the average drug content did not change
if the amount of polyethylene was increased, but the proportion of small-
size microcapsules increased; (c) the microcapsule composition appeared to
be independent of particle size; (d) the wall thickness increased with an
increase of ethylcellulose concentration. The drug was not decomposed by
the microencapsulation process and certain products which released 80—
100% of the drug within 24 h were selected for further studies.

Encapsulation of rifampicin was effected by dissolving ethylcellulose in
ethyl acetate and adding the drug mixture. After stirring for 4 h petroleum
ether was added at a controlled rate until coacervation started and then the
mixture was stirred for 1h. The microcapsules were collected, washed,
dried and eventually made into pellet form (Khanna ef al., 1984).

Dihydralazine sulfate was encapsulated with ethylcellulose by Oner et al.
(1984). The microcapsules were separated by size. The time for half of the
drug to be released increased as the core to wall ratio decreased and as the
particle size increased. Release appears to take place by diffusion.

Oner et al. (1988) encapsulated zinc sulfate using ethylcellulose dissolved
in carbontetrachloride. Warm petroleum ether, a non-solvent, was added
and the product was collected and washed with the non-solvent and dried.
The rate of release in distilled water was determined and evaluated
kinetically by the Rosin-Rammler-Sperling-Bennet-Weibull Distribution,
which gave a good fit in defining the release from the microcapsules. A
comparison of the release with hard gelatin capsules was also made.

Lin et al. (1985) encapsulated theophylline with ethylcellulose using four
types of ethylene vinyl-acetate copolymer, with different concentrations of
vinyl acetate (20-40%) as a coacervation-inducing agent. When n-hexane
was added at the last step of microencapsulation, the particles aggregated
except for the polymer containing 28% vinyl acetate. Using increasing con-
centrations of this polymer decreases the average diameter of the microcap-
sules as there was less aggregation. The wall thickness, the smoothness and
compactness of the microcapsules increased and the porosity decreased with
increasing concentration of the coacervating-inducing polymer. Differential
scanning calorimetry indicated that the coacervate-inducing polymer was
absent in all microcapsules.

Lin (1985) then investigated the influence of the coacervation-inducing
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agent ethylene vinyl acetate and polyisobutylene and cooling rates on the
properties of microencapsulated bleomycin HCI. The particle size of
microcapsules induced by ethylene vinyl acetate was smaller than that
induced by polyisobutylene, and the size distribution of microcapsules using
ethylene vinyl acetate depended on the cooling rate, which was different
from that using polyisobutylene. The slower the cooling rate, the more
prolonged was the release of the drug; this followed the Higuchi model.
The time required for dissolution of 50% of the drug for both methods of
microcapsule preparation decreased with an increase in the cooling rate.
The rate-limiting step under certain circumstances was diffusion of the
dissolution medium and the dissolved drug through ethylcellulose.

In a subsequent study, Lin and Yang (1986a) encapsulated chlorproma-
zine HCl with ethylcellulose using ethylene vinyl acetate copolymer as a
coacervation-inducing agent. Higher concentrations of ethylene vinyl
acetate decreased the microcapsule size and delayed the release of the drug
because of the more compact surface and increased thickness of the wall.
Microcapsules were compressed into tablets and prolonged the release con-
siderably, which was attributed to a reduced surface area.

The release mechanism was discussed by Lin and Yang (1986b), and it
was found that differential rate treatments showed that the release kinetics
of theophylline from ethylene vinyl acetate copolymer-induced ethylcellu-
lose microcapsules followed first-order kinetics.

Lin and Yang (1987) also encapsulated theophylline with ethylcellulose by
temperature change using ethylene vinyl acetate copolymer as a coacervation-
inducing agent. It was found that the higher the concentration of copolymer
used, the more sustained was the release of the drug from the microcap-
sules. This was attributed to the lower porosity and thicker walls of the
microcapsule. Bioavailability studies in rats indicated that microcapsules
prepared with higher concentrations of ethylene vinyl acetate may act as
sustained release forms.

Lin (1987) also investigated the effect of polyisobutylene of different
molecular weights on the release behaviour of theophylline from microcap-
sules prepared with ethylcellulose. It was found that the release rate of the
drug at pH values of 1.2 and 7.5 at 35°C was higher when polyisobutylenes
with higher molecular weights were used. This was similar to results
reported by Koida et al. (1984). Several equations were investigated to study
the release behaviour and one of the most useful was 1/y = A 1/x+ B
where y is the amount of drug released, x is the time, and A and B are con-
stants that are proportional to the amount of drug released.

Cameroni e al. (1985) encapsulated sulfadiazine by phase separation
coacervation using temperature change and ethylcellulose and polyiso-
butylene was used as a protective colloid. Different release rates could be
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obtained by altering the wall thickness, which was controlled by the formu-
lation. The rate of release for wall thickness <5 um followed the Hixson-
Crowel theory and that for greater wall thickness followed the Higuchi
theory.

Encapsulation of indomethacin and indomethacin modified by dry blen-
ding with a carboxyvinyl polymer by pulverization was carried out by Naka-
jima etal. (1987), with ethylcellulose and temperature reduction using
polyethylene as a coacervation-inducing agent. The microcapsules were
multinucleated and released the drug very slowly in a dissolution medium
of pH 7.2. The rate of dissolution decreased as the amount of polyethylene
was increased in the coacervation process. Subsequently, the microcapsules
were prepared in the form of suppositories and were tested for dissolution
characteristics.

Singh and Robinson (1988) investigated the effects of a number of surfac-
tants on microencapsulation. Tweens and Spans, with HLB values ranging
from 4.7 to 15, were used for the preparation of microcapsules of captopril.
The process was carried out by dissolving the ethylcellulose in cyclohexane
containing 2% absolute alcohol at 80°C. After dispersing the drug in this
solution, it was cooled to room temperature and then to about 0°C.
Microcapsules retained by 500-850 pm sieves were used for further studies.
Dissolution tests in 0.1N HCl at 37°C showed that the release rate
decreased with an increase in the HLB of the surfactant. Based on the work
of Barnett and Zisman (1959), who indicated that many solids will not be
wetted if their critical surface tension is exceeded by the surface tension of
the liquid, the authors suggested that the wetting for solvation of
ethylcellulose with surfactants of higher HLB values resulted in an efficient
coating around the drug particles and thus caused the slowest release. It
was also found that higher ethylcellulose viscosity grades were less effective
in extending the release of the drug in the concentrations used. This was
attributed to the high viscosity of the coacervate droplets which inhibited
coalescence and thus the formation of an intact ethylcellulose wall. Dif-
ferent kinetic models were used to explain the release. The best fit was the
first-order kinetics plot with two straight lines that had two different slopes.
The initial slope has a faster release than the terminal slope.

In a second paper, Singh and Robinson (1990) investigated the encapsula-
tion of captopril using four viscosity grades of ethylcellulose with core to
wall ratios of 1:1, 1:2, 1:3 by temperature reduction in cyclohexane.
Dissolution studies in acidic media showed that the release depended upon
the core to wall ratio and the viscosity grade of ethylcellulose and probably
on the viscosity of the coacervate. A core to coat ratio of 1:1 showed that
an increase of viscosity of wall material decreases the release rates. Viscosity
grade 300 cp was not satisfactory for microencapsulation. The surface, as
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studied by scanning electron microscopy, showed that microcapsules pre-
pared with 10 cp ethylcellulose were more porous and with larger pores than
those prepared with 50 cp. The microcapsules did not fragment, alter shape
or size or show enlargement of pores during dissolution. The in vitro release
correlated better with biphasic first-order kinetics, rather than zero order
or square root of time.

Singla and Nagrath (1988) encapsulated ascorbic acid to improve its
stability in the presence of zinc sulfate. The microcapsules were prepared
using ethylcellulose and the temperature change method using toluene as
a solvent. The microencapsulated ascorbic acid was washed with toluene
and dried in a vacuum. Several formulations including the product just
described, ascorbic acid embedded in PEG 6000 or in stearic acid, were
prepared in the form of tablets along with zinc sulfate. Tablets prepared
from either the microcapsules or the stearic acid product had the maximum
stability.

Based on a factorial design, the parameters which influence the particle
size and particle size distribution of acetylsalicylic acid microcapsules
coated with ethylcellulose were determined (Devay and Racz, 1988). The
microcapsules were prepared by dissolving the drug and the polymer in
varying ratios in diethylether in a reflux apparatus with stirring at 30°C.
The solution was placed under vacuum and upon boiling, n-hexane was
added slowly and the temperature reduced to 20°C; after filtration the
microcapsules were dried. It was noted that the drug precipitated first and
then became coated with the polymer. Coacervation was attributed to eva-
poration of the solvent, addition of a non-solvent and cooling. The para-
meters affecting the particle size for 50% through fall are in the order, rate
of addition of hexane > drug content > ethylcellulose viscosity > speed
of agitation. It was found that the standard deviation of the size increased with
drug content, polymer viscosity, rate of addition of hexane and decreased
with speed of addition.

Ferrous fumarate was encapsulated by phase separation using different
ratios of ethylcellulose and castor oil. It was found that the drug release
from the microcapsules depended upon the particle size, the thickness of
the coat and the core:coat ratio (Shekerdzhiiski et al., 1988).

Metoprolol tartrate was encapsulated with ethylcellulose using two diffe-
rent coacervation techniques by Nasa and Yadav (1989). In the non-solvent
method, ethylcellulose was dissolved in a solution of carbon tetrachloride
and the drug was added, then petroleum ether and talc. After decanting,
the microcapsules were filtered and washed with petroleum ether. The
second method involved temperature change of a solution of the polymer
in cyclohexane. The product was filtered and washed with hexane and
dried. It was found that the dissolution rate in distilled water of the product
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prepared by the use of the non-solvent gave a slower dissolution. Further-
more, as the concentration of ethylcellulose used in preparing the microcap-
sules increased, the dissolution rate decreased. Stability studies of both pure
drug and microencapsulated drug showed similar results.

The effect of hydroxypropyl methylcellulose as a nucleating agent was
investigated using ethylcellulose and temperature change to effect microen-
capsulation. The core contained ascorbic acid, PEG 4000 and the nucleating
agent. Optimum conditions for the formation of microcapsules, such as
cooling, temperature, time, and concentration of hydroxypropyl methylcel-
lulose, were assessed (Kaltsatos efal., 1989).

Safwat and El Shanawany (1989) treated theophylline and oxyphen-
butazone with a carboxyvinyl polymer, Carbopol CV 940, by dry blending
to control their release. The coated drugs were encapsulated with ethylcel-
lulose using polyethylene and temperature reduction. The release rates of
the two drugs decreased as the content of polyethylene, a coacervation-
inducing agent, was increased, except at a concentration of 1% with the
drug oxyphenbutazone. Suppositories containing the microencapsulated
carboxyvinyl polymer modified drugs showed a pseudo zero-order release
profile. It was felt that this method, that is, surface treatment and microen-
capsulation, is a good one to prepare sustained release suppositories con-
taining these drugs.

Vitamin C was encapsulated with ethylcellulose in cyclohexane using
ethylene polymer as the coacervation-inducing agent. It was found that the
dissolution rate of the microencapsulated vitamin and tablets was slower
than unencapsulated samples (He and Hou, 1989).

Shin and Koh (1989) investigated the effect of polyisobutylene on the
preparation of methyldopa encapsulated with ethylcellulose dissolved in
cyclohexane using temperature change. When polyisobutylene was used,
there was low aggregation and the surface of the product was smooth and
had a few pores. The dissolution of the drug was altered by the core to wall
ratio. The microcapsules were also treated with spermaceti, which reduced
the rate of release of the drug; the release was also influenced by the amount
of sealant used and the particle size of the product.

Chemtob et al. (1989) investigated the influence of polyisobutylene on
the microencapsulation of metronidazole by dissolving ethylcellulose in
cyclohexane at 80°C and cooling. The molecular weights of polyisobutylene
used were 3.8 x 10° and 1.12 x 10%. As the concentration of polyisobuty-
lene is increased, aggregation is minimized and spherical microcapsules are
obtained. At high concentrations of polyisobutylene some empty microcap-
sules are formed; this was also noted by Benita and Donbrow (1982). At a
concentration of 3%, the higher molecular weight polyisobutylene gave less
aggregation, similar to that reported by Koida ef al. (1983). The percentage
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of the sieve fraction <315 um is generally increased when polyisobutylene
is added during the preparation of the microcapsules. It was found that the
total drug content was not generally influenced by the addition of the
polyisobutylene. It was noted that the times for 50% of the drug to
be released at a pH of 1.2 and 37°C decreased as the concentration of
polyisobutylene with the lower molecular weight increases at a core to wall
ratio of 1 to 1, but not at a ratio of 2 to 1. When polyisobutylene with a higher
molecular weight was used T50% varied with polyisobutylene concentration.

Piroxicam microcapsules were prepared by coacervation using ethylcel-
lulose. It was found that it took 240 min to release 63% of the drug from
microcapsules, compared with 6.9 min for the drug in hard gelatin capsules
(Bergisadi and Gurvardar, 1989).

Dubernet etal. (1991) prepared microcapsules of ibuprofen with
ethylcellulose dissolved in methylene chloride. Methylcellulose or polyvinyl
alcohol, as the emulsifying agent, was dissolved in water and then the poly-
mer solution containing the drug was added, an emulsion formed and eva-
poration proceeded until all the solvent was lost. In addition to the above
procedure the crystal window concept was used in which the solvent evapo-
ration is interrupted and the supernatant removed to prevent crystallization
in the aqueous phase. This tends to remove drug molecules and prevent
deposition. However, crystal formation was in some cases observed in both
systems. Based on altering the drug concentration in both the aqueous and
non-aqueous phases and the nature of the emulsifier, a mechanism for
crystal deposition is proposed which involves the formation of nuclei in the
unstirred layer surrounding the emulsified droplet during solvent evapora-
tion. Crystal growth is also controlled by the drug concentration in both
phases and the viscosity of the polymer layer at the interface.

Propranolol hydrochioride microcapsules were prepared by solvent
evaporation by dissolving ethylcellulose in acetone and adding the disper-
sion to liquid paraffin by Ku and Kang (1991). The amounts of drug
dissolved at pH 1.2 in aqueous solution increased as the drug content of
the microcapsules increased and the dissolution was not affected by the con-
centration of sorbitan tristearate in the microencapsulation process.

Bacampicillin was encapsulated with different viscosity grades of ethylcel-
lulose dissolved in cyclohexane, employing polyisobutylene with different
molecular weights (Oppanol B200, B100, B50, B3) as the coacervation-
inducing agent (Kristl et al., 1991). It was found that when polyisobutylene
of low molecular weight was used agglomerates are formed as a result of
large coacervate droplet size and low viscosity of the continuous phase. If
a high molecular weight of polyisobutylene is used, much of the ethylcel-
lulose was not used for wall formation. Further experiments were carried
out with Oppanol 50, and different organic liquids were used for washing
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purposes. It was found that a non-agglomerated, free-flowing product was
obtained when n-heptane was used, in contrast to some agglomeration
obtained when petroleum ether or cyclohexane were used. Different cellu-
loses and different core to wall ratios influence the shape of the microcap-
sules. Usually, spherical and small microcapsules were obtained using
ethylcellulose N-50 with a core to wall ratio of 1:1.5. Stability studies
showed that most of the original drug was retained. A kinetic analysis of
the release of the drug was carried out. It was found that a combined zero-
and first-order kinetic relationship was most suitable. The drug release
decreased with increasing molecular weight to a minimum when the mole-
cular weight of ethylcellulose was approximately 13 x 10%, depending
upon the polyisobutylene used, then the rate of release increased with
increasing molecular weight of ethylcellulose.

Chloroquine phosphate and quinine hydrochloride microcapsules have
been prepared by a thermally induced coacervation method using ethylcel-
lulose. The microencapsulation process masked the taste of the drug and
dissolution studies showed a prolonged release profile. Tablets of the micro-
encapsulated drug were also prepared and tested (Chukwu et al., 1991).

Sveinsson and Kristmundsdottir (1992) encapsulated naproxen by
coacervation-phase separation from a warm solution of ethylcellulose. The
product after cooling was washed with cyclohexane and dried. The core to
wall ratio was 1:1 or 1:2 and polyisobutylene concentrations ranged from
0 to 8%. It was found that an increase in the speed of stirring produced
a greater proportion of smaller microcapsules, but dissolution charac-
teristics and drug loading remained unaffected. Results of the sieving
analysis indicated that the presence of polyisobutylene resulted in a pro-
nounced decrease in the size of the microcapsules at both core to wall ratios.
On increasing the concentration of polyisobutylene, the surface of the
microcapsule became smooth and compact, but the shape remained
irregular. The microcapsules were composed of aggregates of individually
coated particles. The time for 50% of the drug to be released at a pH of
7.5 decreased from 140 min for 0% polyisobutylene to 20 min for 6%
polyisobutylene when the core to wall ratio was 2:1.

Indomethacin was encapsulated with ethylcellulose by complex emulsifi-
cation. By altering the core to coat ratio, the size range of microcapsules,
or by incorporating a channelling agent such as PEG 4000 the drug release
rate can be controlled (Jani ef al., 1992).

Puglisi et al. (1992) prepared microspheres of tolmetin by cooling a solu-
tion of ethylcellulose containing polyisobutylene or ethylene vinyl acetate
copolymer. The presence of the coacervating agent did not appreciably
influence the drug content or the wall thickness, but did increase the parti-
cle size, especially when polyisobutylene was added. Coacervation with
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either agent produced a smooth surface and fewer holes were observed with
ethylene vinyl acetate, by both scanning electron microscopy and fluores-
cent microscopy. Dissolution studies were carried out at 37°C at pH 7.4
and 4 in aqueous medium and also in the presence of Tween 20. In all cases
the encapsulated drug delayed the release. Gastric lesions produced by a
tolmetin preparation in rabbits were reduced when the drug was encap-
sulated; this was attributed to a shorter contact time with the gastric
mucosa. A decrease in body temperature effected by the drug and the
encapsulated drug with or without a coacervating inducing agent was
similar.

Hydroxypropyl methyicellulose phthalate

Morishita ef al. (1973) encapsulated kitasamycin tartrate by emulsification
and evaporation of 10% w/v solution of hydroxypropyl methylcellulose
phthalate in a solution of acetone and methanol which was emulsified in
paraffin oil at 5°C. The antibiotic, with a particle size of 200-500 um, was
then added with stirring and the emulsion was slowly heated to 30°C to
give, after 3-4 h of evaporation, microcapsules with an enteric coat and a
size of 300-700 pm.

Encina et al. (1992) prepared a three-component phase diagram for the
system hydroxypropyl methylcellulose phthalate, light mineral oil and
acetone to show the region at which phase separation and microcapsules
could be formed. The addition of small quantities of the surfactant sorbitan
monooleate or sorbitan trioleate increased but sorbitan monolaurate
decreased the region of the phase diagram where microcapsules were formed.
Increasing the concentration of the surfactant did not affect the particle size
appreciably, but an increase of polymer concentration increased the size of
the microcapsules at all levels of surfactant concentration.

Poly B-hydroxybutyrate hydroxyvalerate

The preparation of reservoir type microcapsules was described by Embleton
and Tighe (1992). The initial w/0 emulsion was prepared by adding an
aqueous gelatin solution to the polymer dissolved in dichloromethane,
shaking and cooling and then transferring to a large volume of polyvinyl
alcohol solution. Solvent evaporation occurred with stirring for 5h. The
microcapsules were sieved, washed with water and dried. A series of nine
different poly 8-hydroxybutyrate hydroxyvalerate polymers, in which both
the molecular weight and hydroxyvalerate content were altered, were used.
Microcapsules prepared from low molecular weight homopolymers were
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non-porous but shrivelied. These features disappeared as the molecular
weight increased. Decreasing the molecular weight of the copolymer pro-
duced particles that were distorted and had a macroporous surface. Increas-
ing the temperature to 40°C after phase combination usually produced a
smooth, less porous particle.

Poly(lactic acid)

The rate of release of thioridazine from polylactide microcapsules, prepared
by solvent evaporation from oil in water emulsions, was enhanced by the
use of a base, NaOH. The rate of drug release depended upon the amount
of base added to the aqueous phase of the emulsion. Using the results from
scanning electron microscopy, it was suggested that the drug release could
be due to modification of the internal structure of the microspheres during
their preparation (Fong ef al., 1987).

Bodmeier and McGinity (1987¢) encapsulated quinidine and quinidine
sulfate with poly(DL-lactic acid) by the solvent evaporation method. The
drug and the polymer were dissolved with heat in methylene chloride and
this solution was then emulsified into the aqueous phase containing polysor-
bate 80 and at the pH of minimum drug solubility to minimize drug loss
to the aqueous phase. Stirring was continuous until the organic solvent
evaporated. The product was then filtered, washed with water and dried.

In a second paper dealing with quinidine and poly(DL-lactic-acid),
Bodmeier and McGinity (1987b) showed that the drug loss to the aqueous
phase occurred within the first 1-2 min of the emulsification step, as the
pH was changed from 7 to 12 or 12 to 7. They suggested that the ability
to change the pH without influence to the actual drug content within the
microcapsule may permit the preparation of microcapsules at extended pH
values. An increase in the volume of the aqueous phase resulted in an
increase of drug content in the microcapsules. This was attributed to faster
precipitation of the polymer at the droplet interface, as a result of polymer
solvent diffusing into the water. An increase of temperature from 0 to 35°C
during the formation of the microcapsules caused a decrease in the quini-
dine content of the product. This was attributed to an increase in the
solubility of the drug in the aqueous phase. The higher temperature also
caused an increase in the vapour pressure of the polymer solvent, leading
to an increasing flow across the interface, resulting in film fracture.

In a subsequent paper, Bodmeier and McGinity (1988) reported on sol-
vent selection for the preparation of microspheres by the evaporation
method using poly(DL-lactide). The successful encapsulation of the drug
within the microsphere was associated with: (a) a fast rate of precipitation
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of the polymer from the organic phase; (b) a low water solubility of the
drug in the aqueous phase; and (c) a high concentration of the polymer in
the organic phase. It was found that the rate of polymer precipitation was
strongly influenced by the rate of diffusion of the organic solvent into the
water phase. Organic solvents with low water solubility resulted in a slow
polymer precipitation, permitting the drug to partition fully into the
aqueous phase. Water-miscible organic solvents, when added to the organic
phase, improved the drug content in the microspheres. The preparation of
a solubility envelope for the polymer and an envelope for microsphere for-
mation based on three-dimensional solubility parameters was useful for the
selection of suitable solvent mixtures and the interpretation of solvent, non-
solvent, polymer interactions and the formation of the microspheres.

Spores and viable cells were encapsulated with poly(lactic acid) dissolved
in dichloromethane. Either spores or nutrient broth containing viable cells
were added to the polymer solution. Then this suspension was added to a
methylcellulose solution and the mixture stirred until the solvent evapora-
ted. After filtration the product was washed with water and air dried. The
core material was also encapsulated with gelatin and acacia using the com-
plex coacervation method. The microcapsules produced were larger using
the solvent evaporation method. Both methods permitted the encapsulated
material to retain some viability. The solvent evaporation method was sim-
ple and more reproducible (Pepeljnjak, 1988).

In a series of papers Jalil and Nixon (1989) investigated the preparation
and properties of microcapsules using poly(L-lactic acid) or poly(DL-lactic
acid). In the first paper the phenobarbitone was microencapsulated by
dissolving the polymer, poly(L-lactic acid), and drug in dichloromethane
and dispersing the solution in 1% aqueous gelatin solution, to give an o/w
system. With subsequent evaporation, the drug was found to be poorly
encapsulated and microcapsules were small. In the other method of pre-
paration, w/0, a solution of drug and the polymer in acetonitrile dispersed
in light liquid paraffin containing Span 40 was allowed to evaporate. Drug
loading in this system was high and the large microcapsules had a more
porous surface.

In their next paper, Jalil and Nixon (1990b) used the poly(DL-lactic
acid), acetonitrile, light liquid paraffin system for preparing phenobar-
bitone microcapsules. With an increase in temperature for evaporation, the
surface of the microcapsules became more irregular and porous owing to
deposition of phenobarbitone near the surface of the microcapsules. As the
polymer concentration was increased, the surface became more irregular
and non-continuous owing to rapid precipitation of the polymer, and the
microcapsules became larger. The encapsulation efficiency was not appre-
ciably affected by changes in temperature of preparation and polymer con-
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centration. When the initial core loading was decreased the encapsulated
efficiency decreased.

Jalil and Nixon (1990c), again using poly(DL-lactic acid), found that as
polymers with lower molecular weights were used the microcapsule size
decreased and the rate of swelling in an aqueous environment was greater.
The gross morphology, encapsulation efficiency and density were not
affected by changes in the molecular weight. In subsequent papers Jalil and
Nixon (1990d,e) investigated the effect of polymer molecular weight on
release kinetics and storage on microcapsule characteristics.

Gentamycin sulfate was encapsulated with poly(L-lactic acid) by adding
the drug to a solution of the polymer in methylene chloride (Sampath et al.,
1992). Coacervation was induced by adding hexane at a controlled rate.
Hardening was achieved by stirring for 2h and the product was washed
with hexane and allowed to dry. After sieving, the 125-450 um fraction
was used for further studies. A volume-based size distribution indicated a
mean diameter of 343 yum, and a mean diameter of 14.8 um was obtained
based on particle number. This discrepancy was explained in terms of the
breakup of aggregates. Dissolution studies at pH 7.6 showed that micro-
capsules with higher drug loading released their contents faster, and com-
plete release ranged from 3 days to 3 weeks. Cylindrical implants were
prepared by compressing the microcapsules in a punch and die and several
dissolution studies were made on these products.

Poly(lactic-co-glycolic acid)

Lewis and Tice (1984) encapsulated several steroids, namely norethisterone,
norgestimate, testosterone propionate, oestradiol benzoate, progesterone
and levonorgestrel, with poly(DL-lactide-co-glycolide) using a solvent eva-
poration method. The quality of the microcapsules was determined by scan-
ning electron microscopy and rate of release.

Thyrotropin-releasing hormones or analogues have been encapsulated
with lactic acid-glycolic acid copolymer by means of an emulsion (Heya
etal., 1988). The hormone was dissolved in water and this solution was
added to a solution of the polymer in dichloromethane with stirring. This
emulsion was cooled to 18°C and then poured into a solution of poly(vinyl
alcohol) and stirred to give a water/oil/water emulsion. The internal water/
oil emulsion was solidified by evaporating the solvent and then the
microcapsules were collected and freeze dried. The efficiency of encap-
sulating the hormone was 95.9% and the product contained 7.5% of the
hormone.

Poly(DL-lactic-co-glycolic acid) copolymer 50/50 has been used to
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encapsulate Triptoreline, an analogue of luteinizing hormone releasing-
hormone by Ruiz et a/. (1989). Phase diagrams were prepared by dissolving
the polymer in methylene chloride and then adding successive portions of
silicone oil of a specific viscosity from 20 to 12500¢cs (2 X 10~° m®s~! to
1.25 x 1072m?*s™!). It was observed from the phase diagram that there
were four steps involved as the amount of phase inducer was increased.
First, the silicone oil produced a pseudo emulsion in the organic phase, then
the beginning of phase separation occurred consisting of unstable droplets,
next were a stable dispersion of poly(DL-lactic-co-glycolic acid) droplets
were formed (this is called the stability window) and finally at the highest
concentration the silicone oil aggregation of the droplets took place leading
to precipitation. It was found that increased amounts of the silicone oil were
required to reach the stability window as the concentration of lactic acid
in the polymer increased. No stability window could be observed in the
phase diagram when silicone oil with a viscosity of 20¢cs 2 X 1075 m*s™!)
was used; however, as the viscosity of the oil increased to 12500 ¢s (1.25 X
10~2m?s™1), the area of the stability window increased. It was found that
the more hydrophobic the copolymer, the more methylene chloride is a
good solvent and the more silicone oil is required to desolvate the polymer.
Microcapsules of the drug were prepared by suspending it in the polymer
solution and silicone oil was added to effect coacervation. A non-solvent
was then added to harden the product. It was found that as the volume of
the phase inducer increases, the microsphere average diameter increases and
the calculated specific surface decreases and consequently the core loading
increases and the initial burst effect of release lowers.

In a subsequent paper Ruiz efal. (1990) fractionated poly(DL-lactic
acid-co-glycolic acid) copolymer 50/50 by exclusion chromatography to
give five different batches and determined the size exclusion chromatograp-
hic data for the fractionated polymer such as the number average and the
weight average molecular weights. It was concluded that the polymer sol-
vent affinity is. mainly modified by the variation of the average molecular
weight owing to differences in solubility. The lower the average molecular
weight, the better methylene chloride serves as a solvent for the polymer.
For microencapsulation purposes, polymers with an intermediate molecular
weight of 47 250 were more suitable in terms of core loading and release
purposes.

Multiphase microspheres of water-soluble drugs such as chlorpheni-
ramine maleate, procainamide hydrochloride, and promazine hydro-
chloride were prepared by Iwata and McGinity (1992). The drug was
dissolved in a dilute solution of gelatin and Tween 80. This was added to
a solution of aluminium monostearate in soybean oil containing Span 80
and stirred to form a coarse w/o0 emulsion and then micronized. The



Coacervation-phase separation technology 201

polymer poly(DL-lactic acid) or poly(DL-lactic-co-glycolic acid) was dis-
solved in acetonitrile. Then the w/0 emulsion was poured into the polymer
solution and dispersed to give a w/0 ‘w’ emulsion. Finally, this w/o ‘W’
emulsion was poured through a narrow nozzle into mineral oil containing
Span 80 and the mixture stirred for 24 h to evaporate the acetonitrile. The
hardened microspheres were filtered using nylon screen and washed with
hexane, a Tween 80 solution, then water and dried. Drug loading efficien-
cies of 80-100% were obtained under specific conditions. The drug loading
efficiency in the microspheres depended upon the ratio of the water/oil
emulsion to polymer, and the concentration of surfactant in the mineral oil.
Compared with conventional microspheres in which fine particles are
homogeneously dispersed in the polymer beads, the multiphase micro-
spheres allow a higher efficiency of encapsulation of water soluble drugs
and eliminate the partitioning into the polymer acetonitrile phase.

Polystyrene

Phase diagrams for the system polystyrene-benzene-butanol were prepared
by Bardet et al. (1969). The area of coacervation was defined and the dif-
ferent phases characterized in terms of their composition. The process of
coacervation was related to the insolubilization of the polymer as a result
of the strong interaction between the solvent and the non-solvent.

The coacervation of polystryene in a solution of cyclohexane by tem-
perature lowering was investigated by Iso ef al. (1985b). The polydispersity
of the polymers was the important factor either to define the separation
temperature for the separation of droplets or to determine the equilibrium
composition of the dilute and coacervate phases. Microcapsules of glass
beads had a thin film of the polymer and a thick coat of talc. The low effi-
ciency of polymer utilization was improved by using a non-solvent for the
polymer. Sodium sulfate crystals were encapsulated and the dissolution
was related to the Higuchi model. It was found that the effective diffusion
coefficient decreased as the encapsulation temperature was lowered.

In another paper, Iso eral. (1985a) investigated the three-component
system polystyrene, cyclohexane and hexane and encapsulated glass beads
and anhydrous sodium sulfate. The control of wall thickness was easier
than when cyclohexane was used alone. The wall thickness was effectively
controlled by adjusting the polymer concentration, the temperature of
encapsulation and the amount of hexane added. The dissolution followed
the Higuchi model.

Polystyrene was used to encapsulate frusemide or frusemide-PEG 6000
solid dispersion by El Shattawy et al. (1991). Coacervation was achieved by



202 J. G. Nairn

preparing a suspension of the drug in a solution of polystyrene in cyclohex-
ane and effecting coacervation by adding the non-solvent petroleum ether.
Dissolution studies in vitro, LDy, studies and oral toxicity of the polmyer
were carried out in mice. The most suitable product was frusemide, PEG
6000, polystyrene with a weight ratio of 2:2:1. The dissolution of this pro-
duct was slower than that of the pure drug and faster than that of the
pure drug in polystyrene microcapsules. The toxicity studies showed good
agreement between the increase in LD, and the decrease in dissolution
rate.

Polyvinyl acetate

Microcapsules of phenylpropanolamine hydrochloride were prepared by
adding a suspension of the drug in a solution of polyvinyl acetate, Rodo-
pace, or polyvinyl acetate copolymer in acetone to petroleum ether, the
non-solvent (El Shattawy eral., 1992). The drug was also encapsulated
using pan coating and an air suspension technique with a specified polymer
solution or carnauba wax or hydrogenated castor oil solution. Several dif-
ferent formulations were tested. In general, microcapsules prepared by the
coacervation phase separation method did not show suitable prolongation
of release in dissolution studies in 0.1 N HCL compared with the other pro-
cedures. This was attributed to the porous coat leading to rapid leaching
of the drug. Marked prolongation of dissolution was observed with the pan
coating technique. This was attributed to the numerous thin coats that were
applied and the large size of the microcapsules. It was found that the LDy,
increased from 750mgkg~! for pure drug, to 1200mgkg~' for micro-
capsules prepared by air suspension, to 1500 mgkg~! for microcapsules
prepared by pan coating. The comparison of in vitro to the in vivo studies
showed close agreement between the increase in lethal dose and the decrease
in dissolution rate.

Polyvinyl chloride

Polyvinyl chloride microcapsules containing sulfamethoxazole were
prepared by dispersing the polymer in n-hexane, effecting dissolution with
chloroform and then subsequent coacervation with the non-solvent n-
hexane. After cooling for a period of time at 5°C, the microcapsules were
washed with cold non-solvent and dried. A three-component phase diagram
was prepared to indicate the region of coacervation. Several parameters
were investigated and it was shown that as the stirring speed increased, the
sieve size of the microcapsules also increased. An analysis of the dissolution
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profile suggests that the drug release is controlled by diffusion, coupled
with a dissolution process. Prolonged drug release was obtained over a
period of 8 h (Das and Palchowdhury, 1989).

Pyridine polymers and copolymers

Several polymers, homopolymers of 4-vinyl pyridine, 2-vinyl-5-ethyl
pyridine; copolymers of 4-vinyl pyridine with styrene, methyl acrylate and
acrylonitrile; and 2-vinyl-5-ethyl pyridine with vinyl acetate, methyl acrylate
and acrylonitrile were used to formulate chloroquinine phosphate for its
taste abatement (Gupta and Agarwal, 1983). The drug was dispersed in a
solution of the polymer in methanol. Then the non-solvent, ether, was
added at a controlled rate. After cooling to harden the product, it was fil-
tered and dried. Several products had satisfactory release in gastric fluid
and at pH 7. Only four products, each with a different polymer, were for-
mulated as dry suspensions. Aging tests were also carried out and dissolu-
tion characteristics were not affected by storing at 45°C for 2 months.

Rosin

Sheorey and Dorle (1990) described a method for encapsulating sulfadiazine
with rosin using benzene as the solvent and this was emulsified with stirring
into an aqueous bentonite suspension. After evaporation, the microcapsules
were filtered, washed and dried. It was found that as the core to coat ratio
increased from 1:1 to 4:1 , the drug in the microencapsulated product
increased from 50 to 91% and the mean diameter decreased from 924 ym
to 238 um and the time for 50% of the drug to dissolve decreased from more
than 180 min to 80 min in gastric fluid pH 1.2 and 50 min in intestinal fluid
pH 7.6. It was found that bentonite, rather than ionic and non-ionic
emulsifiers and other protective colloids such as gelatin or acacia, minimizes
aggregration of microcapsules.

Sheorey and Dorle (1991a) again used the solvent evaporation method
to encapsulate sulfadiazine with rosin. Ten different organic solvents with
different rates of evaporation were used to dissolve the rosin, for example
ether (fast), chloroform (medium) and petroleum ether (slow). Solvents
with fast relative evaporation rates gave large microcapsules and lower drug
content, and an increase in wall thickness and surfaces with many pores
and fissures compared with solvents with slow relative evaporation rates.
The authors suggest that quick evaporation of the polymer solvent causes
rapid agglomeration of the visco-elastic polymer droplets and subsequent
drying and rigidization occurs rapidly before a uniform coating of the drug
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occurs; this leaves a loosely deposited wall structure. Dissolution studies
showed that while ether produced thick-walled microcapsules, the rate of
release was rapid because of the surface characteristics. The influence of
solid dispersing agents on the formation of rosin microcapsules was also
investigated by Sheorey and Dorle (1991b).

Shellac

Sheorey et al. (1991) encapsulated sulfadiazine with shellac, using solvent
evaporation. The drug was dispersed in a solution of shellac dissolved in
isobutanol which has a higher boiling point than water. This suspension was
then added slowly in a thin stream into a freshly prepared aqueous ben-
tonite solution at 70°C. Phase separation occurred and the drug was coated
upon evaporation of the solvent. The microcapsules were filtered, washed
with water and dried. While a dry product could be obtained without the
use of bentonite, the use of this agent promoted the formation of spherical
microcapsules, whereas in its absence dry flakes and needles were obtained.
No coalescence or aggregation occurred during the process and only a
negligible amount of bentonite was incorporated into the microcapsules.
Dissolution in water at pH 1.2 showed that as the core content increased,
the microcapsules decreased in size and the rate of dissolution increased.
This suggests a decrease in the wall thickness. At higher bentonite concen-
trations smaller microcapsules with a narrower size distribution were
obtained; this was attributed to an increase in viscosity of the dispersion
medium which reduced the aggregation of the globules. An increase in the
rate of stirring from 1000 to 4500 r.p.m. reduced the mean diameter from
265 um to 235 um.

Various polymers

Three polymers have been used to encapsulate a hydrophobic drug
(Seiyaku, 1980). For example, polystyrene was dissolved in an organic sol-
vent which was immiscible with water. A hydrophobic drug was then incor-
porated into the solution and then this core material was dissolved in an
enteric high-polymer electrolyte; for example, methylacrylate. Coacerva-
tion was then carried out with a solution of gelatin at an appropriate pH
and cooling. Thus the drug is surrounded by the high-polymer and a coacer-
vate wall film of gelatin and the polymer electrolyte.

Mathiowitz etal. (1988) prepared polyanhydrides of the following
diacids: sebacic, bis (p-carboxy phenoxy) propane and dodecanedioic acid.
The polymers were characterized by infrared spectroscopy, X-ray diffrac-
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tion, viscosity, differential scanning calorimetry and scanning electron
microscopy. Microspheres were prepared by dissolving the polymer in
methylene chloride, adding the core and then the mixture was dropped into
silicone oil containing Span 85 and varying amounts of methylene chloride,
depending on the polymer. After stirring for 1h, petroleum ether was
added, and after further stirring the microcapsules were isolated. Several
modifications of the above procedure were tested. In general, the surface
of the microspheres was smooth with no pores. The porosity of the micro-
capsules depended upon the polymer and the proportions of the polymer
used to prepare the microspheres. It was proposed that the process used
with low molecular weight polymers took place slowly, resulting in relati-
vely non-porous microspheres, whereas the process used for high molecular
weight polymers was rapid and resulted in spheres with significant internal
porosity. Drug release was affected by polymer composition, physical pro-
perties of the microspheres and the type of drug. Microspheres loaded with
insulin showed good urine and serum glucose control in diabetic rats.

Bodmeier and Chen (1989) encapsulated three anti-inflammatory agents,
namely indomethacin, ibuprofen and ketoprofen, by solvent evaporation
using various polymers: ethylcellulose, poly(e-caprolactone), poly(methyl
methacrylate), polystyrene and Eudragit RS and RL. The polymer and drug
were codissolved in a water-immiscible organic solvent. This solution was
then poured into the aqueous phase containing a low concentration of poly
(vinyl alcohol). The resulting o/w emulsion was then agitated for 90 min
at room temperature. The microspheres were filtered, washed with water
and dried. The encapsulation efficiency into ethylcellulose was highest for
indomethacin followed by ibuprofen and ketoprofen. This order was
inversely correlated to the aqueous solubility. All drugs were encapsulated
because of their low water solubility and the efficiency of encapsulation was
improved by increasing the drug loading and the polymer:organic solvent
ratio. The drug release in aqueous solution at pH 7.4, 37°C under sink con-
ditions was governed by microsphere size, drug loading and polymer com-
position. The release of indomethacin from ethylcellulose microcapsules
was too slow and could be increased by using more permeable polymers
or polymers blends. The rates of polymer and drug precipitation during
microsphere formation depended upon the organic solvent selected. When
chloroform was used as the solvent, the drug precipitated before the
polymer and indomethacin crystals were observed on the microsphere sur-
face. With methylene chloride, the polymer precipitated before the drug
and no drug crystals were seen.
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PARTICLE AGGLOMERATION

H. G. Kristensen

Department of Pharmaceutics, The Royal Danish School of Pharmacy, Copenhagen,
Denmark

INTRODUCTION

Agglomeration of particulate solids is a size enlargement method by which
fine particles are formed into larger entities by mechanical agitation, usually
in the presence of a liquid phase. Agglomeration is a generic technology
with applications to a variety of processing industries. In the pharmaceuti-
cal industry the most important objectives and benefits of agglomeration
processes are to convert mixtures of raw materials in powder form into for-
mulations suitable for tabletting by creating non-segregating blends with
improved flow and compaction properties, to decrease handling hazards
from dust formation and to control the dissolution of drug substances from
final dosage forms. Particle agglomeration is achieved by wet granulation
with polymer binder solutions or by melt granulation with a softened or
molten binder material which is solid at room temperature. Melt granula-
tion is also known as thermoplastic granulation. Wet and melt granulation
may also be used to prepare pelletized products, i.e. uniformly sized granu-
les with preferably spherical shape, which are intermediate products in the
manufacture of gastro-resistant and prolonged release formulations either
in tablet or capsule form.

Research on wet and melt granulation has focused mainly on the perfor-
mance of granulating equipment and effects of operating variables and
material properties on granule growth and morphology. The results tend
to be very apparatus- and product-sensitive. It is still difficult to make a
good prediction of the liquid requirements of a particular process and it is
difficult to predict the effects of even small changes in operating conditions
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on the granule growth. Scale-up of granulation is often a haphazard
undertaking.

Early efforts have identified the mechanisms of agglomeration and the
governing forces in agglomerate formation and growth. In particular, the
pioneering work in the 1960s by Rumpf and his collaborators on mobile
liquid bondings has contributed greatly to the understanding of the funda-
mentals of particle agglomeration. There is, however, a lack of knowledge
of the relationship between solid-liquid interactions on the micro-level and
the agglomeration process on the macro-level.

The fundamentals of size enlargement methods, equipment and their
application to different industries and various types of products are
reviewed in monographs by Kapur (1978), Capes (1980), Sherrington and
Oliver (1981) and Pietsch (1984). Pharmaceutical wet granulation is
reviewed by Kristensen and Schaefer (1987, 1992). Industrial wet granula-
tion, including production experience, is presented in a series of reviews
edited by Lindberg (1988). Other important reviews are given by Fonner
et al. (1982) on the characterization of granulations and interactions bet-
ween granule and tablet characteristics, Ghebre-Selassie (1989) on pharma-
ceutical pelletization technology, and Kristensen (1988b) on binders for
granulation and tabletting.

The aim of the present review is to discuss the fundamentals of particle
agglomeration. Attention is given to agglomeration mechanisms and liquid
requirements. It presents the effects of starting material properties and pro-
cess conditions on granule growth in mixer-granulators, especially high
shear mixers which have been the subject of the majority of the pharmaceu-
tical granulation literature in recent years. For more specific information
on production experience with different types of granulator the reader
should refer to the reviews mentioned above.

MECHANICAL PROPERTIES OF AGGLOMERATES
Liquid states

Whenever a particulate solid is mixed with a liquid, which wets the solid
surfaces, the three-phase system of solid, liquid and gas will tend to reduce
its free energy by the formation of liquid bridges between the particles. The
cohesive forces established by the liquid bridges may cause agglomeration
and consolidation of the agglomerates insofar as they can resist the disrup-
tive forces caused by the mechanical agitation of the moistened mass.
Figure 1 outlines the liquid states in agglomerates according to Newitt
and Conway-Jones (1958). An assembly of uniformly sized, spherical par-
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L
% B

c d

Fig. 1 Models for the state of liquid in a particle agglomerate. a, Pendular state; b, funicular state;
¢, capillary state; and d, droplet state.

ticles is wetted with increasing amounts of liquid. The relative amount of
liquid is expressed by the liquid saturation, i.e. the volume of liquid relative
to the volume of pores and voids between solid particles. At low liquid
saturations (the pendular liquid state), discrete, lens-shaped liquid bridges
are created between the particles. By increasing liquid saturation (the
funicular liquid state), the liquid bridges coalesce and gradually fill the
voids so that, at high liquid saturations (the capillary state), the particle
agglomerate is held together by the capillary suction of the liquid. The
limiting liquid saturation between the pendular and funicular liquid states
is 25-35%. In the capillary liquid state the saturation exceeds about 80%
(Capes, 1980).

The cohesive strength of the agglomerates described in Fig. 1 is due to
the pressure deficiency caused by the surface tension of the liquid and the
contact angle of the liquid to the solid surface. The strength of mobile liquid
bondings was investigated and described by mathematical models for
idealized systems by Rumpf and his co-workers (see below). A comprehen-
sive presentation of models for liquid bondings can be found in most
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reviews on enlargement methods, for example Kapur (1978) and Pietsch
(1984).

The mechanical strength of agglomerates has an important role in the for-
mation and growth of agglomerates because the ability of an agglomerate
to survive and grow must depend on its strength relative to disruptive forces
resulting from agitation. It is difficult, however, to correlate agglomerate
formation and growth with the bonding strength. The models for mobile
liquid bondings mentioned below describe static systems and do not take
into account the dynamic conditions present in agglomeration processes
(Ennis et al., 1991). When considering growth kinetics, the strength of agglo-
merates has to be characterized by more than one parameter. The tensile and
shear strengths as well as the strain behaviour determine the agglomerate
deformability which is important to the growth kinetics (Kapur, 1978).

Mobile liquid bonding strength

The tensile strength of agglomerates with localized bondings can be approx-
imated by the following equation (Rumpf, 1962):

_9li-d H

s 1
TR & @

in which o, is the mean tensile strength per unit section area, ¢ is the void
fraction of the agglomerate, d is the diameter of the particles, and H is the
tensile strength of a single bond. The equation was derived by considering
a particle assembly of monosized spheres.
An approximate solution of equation 1 for agglomerates in the pendular
state was given by Pietsch (1969):
9 [1—¢ v
0, = i . 4 )
The cohesive strength H of a pendular bonding depends on liquid surface
tension v, volume of liquid in the bridge, diameter d of the solid particles
and the distance between the particles. Pietsch showed that H can be
approximated by 2vyd when the particles are in close contact and when the
contact angle of the liquid to the solid is zero. Equation 2 predicts that the
tensile strength of an agglomerate in the pendular liquid state is constant
and, hence, independent of the liquid saturation. The validity of the equa-
tion was demonstrated experimentally.
The tensile strength of agglomerates in the capillary state is controlled
entirely by the pressure deficiency P in the liquid. P can be calculated from
the Laplace equation for a circular capillary:
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2
P= -rlcoso ®3)

where r is the radius of the capillary and 6 the contact angle.

Rumpf (1962) showed that the radius of the capillary may be related to
the properties of the particle assembly by a hydraulic radius derived from
the specific surface of the particles and the porosity of the assembly. Thus,
the tensile strength due to the maximum pressure deficiency in an
agglomerate of uniform spheres is:

0= 6——[1 = X cos 4)

€ d

Equations 2 and 4 show that the tensile strength of agglomerates in the pen-
dular state is about one-third of the maximum strength in the capillary
state. The tensile strength of agglomerates in intermediate states is usually
approximated by the value of equation 4 multiplied by the liquid saturation
S. Hence, the following equation describes the tensile strength of the agglo-
merate in the funicular and capillary liquid states:

[1 -

o, =8C Y cosh (5)
d

C s a constant that takes the value 6 when the particles are uniform spheres.

For irregular sand particles, values of C between 6.5 and 8 have been

reported (Capes, 1980).

Figure 2 shows the theoretical tensile strength in the funicular and capil-
lary state of an agglomerate consisting of 20 um spheres wetted with a
binder liquid with a surface tension of 68 mNm ™!, e.g. an aqueous povi-
done (PVP) solution. The graph demonstrates that, for example, an agglo-
merate with 20% porosity and a liquid content close to saturation has
tensile strength of about 8 Ncm~2 which is close to 1kgem™2.

The equations for the liquid bonding strength apply to idealized agglo-
merates consisting of uniform spheres. When the particle assembly is poly-
disperse, an approximate value of the tensile strength, resulting from mobile
liquid bondings, can be obtained by substituting the volume-surface
diameter d,, of the particle system for d in the equations (Rumpf and
Turba, 1964).

Equation 5 predicts that the tensile strength is proportional to porosity
function (1 — €)/¢. There is, however, experimental evidence for a larger
variation of tensile strength with changes in porosity than that predicted
by the equation. According to Cheng (1968), the major factors determining
the tensile strength are the particle size distribution and the interparticle
forces which are strongly dependent on the surface separation between
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Fig. 2 Predicted tensile strength due to mobile liquid bonding of agglomerates with different
porosities. Spheres of diameter 20 um wetted with a liquid having surface tension 68 mN m -1
and zero contact angle to the solids.

solids. Tsubaki and Jimbo (1984) showed that the precompressive stress,
applied to achieve a desired packing density of the particle assembly,
influences the apparent tensile strength because of effects of interparticle
forces in addition to effects of mobile liquid bondings. Although the dense
particle packing achieved in agglomeration processes must be due to free
movement of the particles into a tight packing, it is assumed that interparti-
cle forces also affect the deformability of moist agglomerates composed of
irregular particles with wide size distributions.

Compressive strength

Compressive strength is widely used in testing the tensile strength because
of the simplicity of the test. In the case of a sphere with diameter D, the
compressive strength o, is related to the fracture force P by the equation:

4P
0, = m 6

The compressive strength of a sphere or a cylindrical sample loaded
diametrically is greater than the corresponding tensile strength. In trans-
lating the compressive load into a tensile stress, the internal friction between
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moving particles must be overcome in addition to the tensile rupturing of
the bonds in the fracture plane. Rumpf (1962) found that the ratio between
tensile strength and compressive strength of moist limestone pellets took
values between 0.5 and 0.8.

Figure 3 shows the compressive strength of cylindrical samples of commer-
cial qualities of lactose and calcium hydrogen phosphate, both moistened
with water. The particle size of the two powders is characterized by the
geometric mean weight diameter, d,,,, corresponding to the median of the
particle weight distribution. Assuming a log-normal weight distribution, the
geometric standard deviation s, expresses the ratio between diameters dg,
and ds, corresponding to the 84% and 50% fraction of the weight distri-
bution. The samples were prepared by very slow compaction in a tablet die
of the moistened powders into cylinders of diameter 11.3 mm and length
4.6 mm. The investigated range of sample porosities is comparable with the
intragranular porosities achieved by wet granulation of the powders. The
strength of the compressed cylinders was measured by a diametrical com-
pression test. Insofar as the samples were brittle, they fractured along the
diameter parallel to the load. For lactose samples, the strength could not
be measured at the higher liquid saturations because of a pronounced
plastic deformation of the sample.

Figure 3 shows that the compressive strength of the moist samples is

‘? 2.5 T T T T T T T T T 25 v
5 v a
-
= o 4 20
T 2.0
—
2
w 1S5k . 15
£ v
w
g 10F 1 wof
7] v
w °
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o 0.0 1 ! 1 : 1 1 . 1 0 L
0 10 20 30 4C %0 &0 70 80 90 100 0 10 20 30 40 SO 60 70 80 90 100
LIQUID SATURATION (%) LIQUID SATURATION (%)

Fig. 3 Compressive strength of moist samples of lactose {dgw = 56 pm, s; = 1.8) and calcium
hydrogen phosphate (dg,, = 14 pm, s; = 2.2). a: Lactose; porosity 43% (O), 37% (®) and 30%
(V). b: Calcium hydrogen phosphate; porosity 50% (O), 37% (® ) and 30% (V). Reproduced with
permission from Kristensen et al. (1985a), Powder Technol. 44, 227-237. Elsevier Sequoia, NL.
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dependent on porosity and liquid saturation. In the range of liquid satura-
tions where the test samples are brittle, the compressive strength exceeds
the tensile strength predicted by equation 5. Kristensen et al. (1985a) attri-
buted this to effects of interparticle forces. The validity of the measure-
ments was demonstrated by measuring the compressive strength of samples
of moist glass spheres, which was found in reasonable agreement with equa-
tion 5. It appears, therefore, that the interparticle forces contributing to the
strength of moist agglomerates, are significant in the case of powders with
a wide size distribution; this is in agreement with the findings of Cheng
(1968).

Experimental results on the tensile strength of moistened powders con-
sisting of fine particles with a wide size distribution are presented by Eaves
and Jones (1971, 1972a,b). Using the traction table method, they found that
the tensile strength of sodium chloride and potassium chloride samples
increased significantly when a small amount of water was added. Further
addition produced decreasing tensile strength values. With calcium pho-
sphate samples, the tensile strength remained constant until the mass was
saturated with water. Their results relate to samples with porosities above
60%. The compressive strength of moist samples of calcium carbonate with
porosities below 50% was measured by Takenaka et a/. (1981) using a dia-
metral compression test. They found that the compressive strength has a
maximum at liquid saturations of 20-30%. Beyond this range the strength
was reduced as the liquid saturation increased, which is similar to the effect
shown in Fig. 3.

The results shown in Fig. 3 were analysed according to a model for the
tensile strength of single powders and binary mixtures presented by Chan
et al. (1983). For a single powder, the model takes the form:

[l—el_g
€ t

o,=A (M
where A is a constant, « is a material characteristic expressing the intrinsic
interaction between like particles in a pair, and ¢ is the distance of separa-
tion between particles. It was found that the distance parameter # was cons-
tant at a particular porosity, independent of the moistening liquid, and that
o was constant at a particular liquid saturation. The solid lines in Fig. 3
represent the compressive strength predicted by equation 7 using the
estimated values of « and ¢. Figure 4 shows the estimates of « against liquid
saturation in experiments where the samples were moistened with water or
an aqueous solution of a copolymer of polyvinylpyrrolidone (PVP) and
polyvinylacetate (PVA); «, which has the dimensions of work, diminishes
as the liquid saturation increases. By extrapolation, it appears that for
lactose the effect of particle interactions disappears at complete saturation,
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while for calcium hydrogen phosphate some effect of the interparticle
forces remains at complete saturation.

Figure 4 indicates that at medium liquid saturations, i.e. in the funicular
liquid state, interparticle forces contribute significantly to the strength
determined by compressive testing. As the liquid saturation is increased, the
effects of the interparticle forces diminish so that the strength is expected
to approach the strength resulting from mobile liquid bondings. It should
be noted that the presence of a polymeric binder reduces the particle
interactions.

Strain behaviour

Plastic deformation during collision between two agglomerates dissipates
the kinetic energy of the system and thus improves the probability for a
successful coalescence. Kapur (1978) claimed that an agglomerate with a
small fracture strain is more prone to breakage than one with a large frac-
ture strain, even when the tensile strength is the same in both cases. The
stress-strain relationship is, therefore, one of the principal factors govern-
ing agglomerate growth by coalescence.
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Fig. 5 Stress-strain relationship with cyclic loading and unloading for a moist sample of calcium
hydrogen phosphate with porosity 45% and liquid saturation 57%. Reproduced with permission
from Kristensen et al. (1985a), Powder Technol. 44, 227-237. Elsevier Sequoia, NL.

Figure 5 shows the stress-strain relationship with cyclic loading and
unloading for a cylindrical calcium hydrogen phosphate sample moistened
with water and submitted to uniaxial stress. Although the sample behaved
in a brittle way when exposed to the compressive stress, it is apparent that
the strain is far from that of an ideal elastic-brittle body. The strain at
stresses well below the fracture stress is partially plastic. Schubert (1975)
has shown a similar strain behaviour in moist limestone samples exposed
to tensile stresses.

Figure 6 shows the normalized strain of cylindrical samples of lactose and
calcium hydrogen phosphate submitted to a uniaxial compressive test by
applying a load to the end of the cylinder. The physical characteristics of
the two powders were the same as those described in Fig. 3, but the moisten-
ing liquid used for the results presented in Fig. 6 was an aqueous PVP-PVA
copolymer solution. The dotted lines in the two graphs indicate the condi-
tion when the sample becomes strained as a perfect plastic body, i.e. the
strain is maintained at a constant stress. For lactose, the normalized strain
increases with the liquid saturation, and perfect plastic strain is seen at
saturations well below 100%, while for calcium hydrogen phosphate satura-
tions close to 100% are required to achieve plasticity.

Figure 6 demonstrates that the moist samples change from being brittle
into a state characterized by plastic deformation when the liquid saturation
is increased to a certain range which depends on the packing density of the
solid particles. Figure 7 compares the liquid saturations which produce
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plastic deformation (c.f. Fig. 6) with the liquid saturations at which the ten-
sile strength caused by mobile liquid bondings (equation 5) equals the com-
pressive strength shown in Fig. 3. Figure 7 demonstrates that the change
from brittleness into plasticity occurs when the strength of the agglomerates
becomes controlled entirely by mobile liquid bondings, i.e. when the inter-
particle forces become insignificant because of the ‘lubricating’ effect of
the liquid.

The differences between the strength and strain behaviour of lactose and
calcium hydrogen phosphate can partly be attributed to differences in the
cohesional strength of the two systems, which in turn is dependent on the
inherent physical character of the solid and, particularly, to the different
particle size distributions. In general, the finer the particles, the greater
become the tensile and compressive strengths. The liquid requirements to
achieve plastic strain are supposed to be influenced by the size dispersion
of the particles and their shape. However, according to experiences with
melt granulation of lactose, the aqueous solubility of lactose may also
influence the liquid requirements to achieve plasticity (see section on pro-
cess and product variables).

AGGLOMERATE FORMATION AND GROWTH
Agglomeration mechanisms

Early work reviewed by Capes (1980) and Sherrington and Oliver (1981) has
established that the following mechanisms for agglomerate formation and
growth apply to many granulating systems:

1. Nucleation of primary particles by random coalescence

2. Coalescence between colliding agglomerates

3. Layering of primary particles or fines from degradation of established
agglomerates

4. ‘Ball growth’.

Nucleation of primary particles is a mechanism common to all
agglomeration processes. Beyond or parallel to the nucleation stage,
granule growth may proceed by coalescence between agglomerates when the
starting material has a wide size distribution, or by the layering mechanism
when the size distribution is narrow. Balling of agglomerates may be seen
in mixer-granulators where larger agglomerates roll and slide over inclined
surfaces. Kristensen (1988a) claimed that ball growth is essentially uncon-
trolled coalescence which proceeds in granulation regimes where shear
effects are absent or low.
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Fig. 8 Formal presentation of mechanisms for size changes in an agglomeration process.
Adapted from Sastry and Fuerstenau (1977).

Figure 8 shows the mechanisms of size enlargement and size reduction
which are likely to control most agglomeration processes. Agglomerate
growth proceeds in a balance between size enlargement and size reduction,
which means a balance between binding and disruptive forces. What hap-
pens in a particular process depends on the very complex interactions bet-
ween factors related to the granulator and its mode of action, the process
conditions, and the properties of the powder to be agglomerated. Clearly,
the strength of the moist agglomerates and their ability to resist the disrup-
tive forces resulting from agitation of the mass are important to the overall
growth process.

In wet granulation of pharmaceutical products, the starting materials are
usually fine powders with wide particle size distributions which produce
strong agglomerates that grow primarily by nucleation and coalescence. A
uniform liquid distribution is a prerequisite for controlled growth. Good
wetting properties of the binder liquid are, therefore, essential. Further-
more, it might be advantageous to add the binder solution slowly, by atomi-
zation, in order to avoid local over-wetting which gives rise to the presence
of larger lumps in the final product, especially when the powders are soluble
in the liquid.

Collision and coalescence

Figure 9 shows schematically a collision between two particles which may
result in rebound or coalescence. In coalescence, the particles stick together
because a bonding strength sufficient to resist the separating forces has been
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established. If the particles are smaller than a few micrometres, van der
Waals forces of attraction suffice to overcome the competitive effects of
gravity and kinetic energy of the particles. This means that aggregates are
formed by agitation of the dry powder (Ho and Hersey, 1979). Normally,
there must be free surface liquid present to agglomerate by liquid bonding.
It is likely that the primary particles of the powder exhibit elastic deforma-
tion by impact so that the established pendular bondings must supply the
bonding strength required to absorb the relative kinetic energy of the par-
ticles. In contrast, moist agglomerates may show plastic deformation by the
impact through which kinetic energy is dissipated partly or fully by the
deformation. This means a lower bonding strength is required to achieve
coalescence of plastically deformable bodies compared with coalescence of
elastic-brittle bodies of the same size.

The pendular bonding strength described by equation 2 shows that the
strength is dependent on agglomerate porosity and surface tension. The
equation applies to static conditions while the collision outlined in Fig. 9
is dynamic. Experience from production practice shows that wet granula-
tion of a ‘difficult’ formulation may be facilitated by increasing the concen-
tration of the binder liquid or by changing to a binder with a higher
molecular weight, i.e. by applying a more viscous binder liquid.

It is well established that the viscosity influences the adhesion forces
exerted by a liquid in dynamic conditions (Bowden and Tabor, 1964). This
can be illustrated by reference to a model with two flat, parallel and circular
plates separated by a film of liquid. Suppose the liquid is an 8% m/m solu-
tion of PVP K90 which has a surface tension 68 mN m™! and viscosity of
100 mPas (Ritala et al., 1986). If the distance between the plates is 0.1 um
and the area of contact is 1 cm?, the adhesive force between the two plates
due to the surface tension is 272 N (or about 28 kg), c.f. equation 3.

The force F required to separate the plates within a certain time, ¢, is
given by the following equation (Bowden and Tabor, 1964):

F==4 [hz kz} ®
where h is the initial distance between the plates and k is the final distance.
In case of complete separation, i.e. 1/k* = 0, equation 8 predicts that the
force required to separate the plates (R = 0.564cm) within 1s is about
23 800 N. The apparent adhesive force is, thus, increased by a factor of 87
compared with the adhesive force in the static state. The internal strength
of the liquid probably cannot resist the required tensile force so it will rup-
ture at lower forces.

The example illustrates that the strength of liquid bondings under dyna-
mic conditions may be significantly higher than the strength at static condi-
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Fig. 9 Collision between two particles with relative velocity 2u,. The coliision results in
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free surface liquid.

tions. The factor by which the cohesive force is increased by the change
depends on the viscosity of the liquid and the relative velocity of the solid
particles.

The described effect of the liquid viscosity is likely to affect the growth
rate in agglomeration processes. There is, however, only limited evidence
for the effect. Ritala et al. (1986) have, in a comparison between different
binders, shown that the binder concentration has a slight effect upon the
granule growth in wet granulation in a high shear mixer, but the effect was
much smaller than that of the liquid surface tension.

Ennis et al. (1991) have recently provided an interesting discussion of the
coalescence between colliding particles. They showed that the cohesive force
of the moving pendular liquid bridge comprises a capillary force component
and a viscous force component, the latter being dominant. The prerequisite
to a successful coalescence is that the dimensionless Stokes’ number St,,
defined as:

2mu,

St, =
Y 3aqr?

®
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does not exceed a critical value, which is dependent on the strength of the
pendular bond created by the collision. In equation 9, m is the mass of the
particle, r is the particle diameter, u, is the initial particle velocity and 5
is the viscosity of the liquid. S, equals the ratio between the relative
kinetic energy of the particles (V2m[2u,]?) and the work done by the pen-
dular bond at rebound (F,;,;2h where F, is the viscous bonding force and
h is the thickness of the surface film on the particle). Intuitively, one can
see that if the pendular bond can supply energy that exceeds the kinetic
energy of the particles, the bond strength suffices to keep the particles
together. Granulation regimes that apply to different granulation methods
can be established on the basis of the Stokes’ number.

The collision between particles outlined in Fig. 9 implies that the particle
surfaces recover elastically, and may separate without residual deforma-
tion, as is the case when the particles are crystalline materials. With particle
agglomerates, it is more likely that the collision is not truly elastic so that
the impact results in a plastic deformation of the surfaces. The dissipation
of the kinetic energy of the agglomerates resuits in heating of the mass
which is the basic reason for the close correlation between power consump-
tion and granule growth in high shear mixers (Holm et al., 1985a).

Nucleation of particles

Agglomerate formation and growth by the nucleation mechanism proceed
when there is sufficient free surface liquid to establish pendular bondings
between the particles. It results in small, loose agglomerates which may
grow further by coalescence with free particles. Insofar as the loose agglo-
merates survive the agitation they are likely to consolidate because of agita-
tion and effects of the liquid bondings and, thereby, gain further strength.

Nucleation of particles is influenced by the cohesive forces expressed by
equation 5 and probably also by the viscous forces of the moving pendular
bridge. According to equation 5, reduction of the particle size gives rise to
increased bonding strength. This is the reason why fine powders agglo-
merate more easily than coarse powders.

It is a general experience that for efficient agglomeration the binder liquid
must have good wetting properties on the solid particles, but there are few
data on the effect of the contact angle upon agglomerate growth. Ritala
et al. (1988) found that granulation of fine particulate sulfur was difficult
using a binder liquid with a contact angle of 56°. When the contact angle
was reduced to 37°, by addition of a wetting agent, considerably less liquid
was required but the granulation was still unsatisfactory. The effect of the
contact angle is difficult to interpret, because the addition of a wetting
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agent changes both the surface tension and the contact angle. The literature
on wet granulation gives the impression that a contact angle lower than
about 25° in most experiments results in acceptable agglomeration.

The literature on binders for granule and tablet formulations shows that
significant determinants for optimum granulation are the wetting of the
solid by the binder and the binder adhesion and cohesion (Krycer efal.,
1983). The relative influence of these factors was assessed by Rowe (1988,
1989a-c, 1990) in studies on the thermodynamic energy of cohesion and
adhesion. Although these studies relate to the properties of granules and
tablets, they demonstrate that wetting and spreading of the binder influence
the granule morphology. It is probable that the binder-substrate interaction
influences the formation and growth of agglomerates. Parker ef al. (1990,
1991) showed that binder-substrate interactions influence the rheological
behaviour of microcrystalline cellulose wetted with different binder solu-
tions. In addition to the effect of binder concentration and, hence, liquid
viscosity, the spreading coefficient also affected the maximum torque
recorded during wet massing. Different molecular weight grades of the
polymers showed different torque readings at equivalent viscosities, indicat-
ing that the interactions between binder and substrate are dependent on the
grade of the polymeric binder. In an earlier study, Jdger and Bauer (1984)
demonstrated the benefit of using blends of low and high molecular weight
grades of povidone as granule binder. Parker et a/. (1990) found that increas-
ing binder concentration and, hence, viscosity produced a greater maximum
torque and also a reduced liquid requirement at the maximum. This agrees
well with the ‘lubricating’ effect of adding a binder to the granulation, as
shown in Fig. 4. The binder reduces the particle interactions and, therefore,
improves the deformability of the moist agglomerates.

Figure 10 shows the final granule size obtained by wet granulation of lac-
tose with various binder liquids in a fluidized bed granulator, i.e. a process
characterized by low shear effects. As pointed out by Ennis efal. (1991),
the resulting granule size is almost the same as the mean size of the droplets
of the atomized binder liquid. As the binder droplet is deposited onto the
bed it immediately absorbs surrounding particles. Because the particles have
insufficient energy to rebound or break away, the drop structure is main-
tained in the formation of the agglomerate. Granule growth by fluidized
bed granulation proceeds primarily by the nucleation mechanism insofar as
there are primary particles present.

The effect of the droplet size shown in Fig. 10 can explain the many
reports in the literature on effects of the binder liquid viscosity upon the
final granule size in fluidized bed granulation (Kristensen and Schaefer,
1987). A high liquid viscosity gives rise to relatively large drops by atomiza-
tion and, hence, a relatively large granule size.
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Fig. 10 Effect of mean droplet size on the final granule size in granulation of lactose with

aqueous binder solutions in a fluidized bed granulator (Glatt WSG 15). Binder solutions: gelatine

4% (O); Povidone K25 10% (A); methyiceilulose 2% (A). Reproduced from Schaefer and Woerts
(1978a) with permission from the authors.

In high shear mixers, growth by coalescence is significant in addition to
the nucleation mechanism. The drop size of the atomized binder liquid does
not affect the granule size (Holm ef al., 1983), as the particles absorbed by
the drops break away because of the intensive agitation.

Coalescence of agglomerates

In the literature it is generally agreed that successful coalescence of agglo-
merates occurs only when the agglomerates have excess surface liquid, mak-
ing the surface plastically deformable. Surface plasticity is also required
to round the resulting larger agglomerate. The excess surface liquid is sup-
plied during the liquid addition phase of the process or, in the subse-
quent wet massing phase, by liquid forced onto the agglomerate surface by
consolidation.

According to the analysis by Ouchiyama and Tanaka (1982) of the
coalescence mechanism, the probability for a successful coalescence bet-
ween two colliding agglomerates is size dependent. Because of the mass and,
hence, the kinetic energy of the colliding agglomerates, there must be an
upper size limit beyond which coalescence is impossible. Ouchiyama and
Tanaka derived the limiting agglomerate size §:
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8 = A[K¥%0)° (10)

where A and a are constants, o, is the compressive strength and X is a
parameter expressing the deformability of the aggiomerate. Coalescence of
particles larger than é will not occur because the separating forces due to
the kinetic energy exceed the binding forces. This corresponds to the situa-
tion described by Ennis et al. (1991) where the Stokes’ number S, in equa-
tion 9 exceeds the critical number because of increasing particle mass.
Kristensen ef al. (1985b) suggested that a high value of 8 is associated with
a high probability of achieving coalescence at random collision and, hence,
a high growth rate.

The parameter K of equation 10 is related to compression force P acting
between the two agglomerates and the area of contact A;; K = A,;/P. For
a small deformation of length Al of a sphere, the area of contact is approxi-
mately A; = #DAI/2, where D is the diameter of the spherical agglome-
rate. Hence, K can be expressed as:

aDAl

K=
2P

amn

The compressive strength of the agglomerate equals the crushing force
divided by the projected area of the agglomerate, i.e. 6. = 4P/ (nD?), c.f.
equation 6. Inserting this equation and equation 11 into equation 10 and
rearranging gives (Kristensen et al., 1985b):

(a/D)

O

62/0 = Al

(12)

where 4, and a are constants and Al/D is the normalized strain of the
agglomerate caused by the compression force P.

Equation 12 expresses the effect of agglomerate deformability upon the
rate of growth by coalescence and presents the physical prerequisites for
granule growth. The numerator expresses the strain produced by impact.
As discussed earlier in the section on strain behaviour, the strain depends
primarily on the packing density of the particles and the liquid saturation.
Significant strain arises when the liquid saturation is increased to the limit
where the cohesive strength of the agglomerate is governed by the strength
of mobile liquid bondings as expressed by equation 5. The denominator
of equation 12 can, therefore, be substituted by the tensile strength o,
{equation 5).

Equation 12 predicts that a reduction of the particle size reduces the rate
of growth by coalescence because of the effect of particle size on ¢, and g,.
It can be compensated for by increasing the liquid saturation so that the
strain behaviour is improved. The effect of improved strain will, according
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to equation 12, overrule the counteracting effect of the tensile strength
because the normalized strain Al/D in the equation is raised to its third
power. This can be achieved by increasing the amount of granulating liquid
and/or increasing the consolidation of the agglomerates. This agrees well
with the general experience that the finer the particles of the starting
materials, the greater the amount of binder liquid required for efficient
granulation.

The main implication of equation 12 for agglomeration processes is that
the rate of growth by the coalescence mechanism is controlled primarily by
the liquid saturation S given by the expression:

1—
S=Hp ¢

13)

where H is the moisture content (humidity on dry basis) and p is the density
of the solid. The equation assumes that the particles are insoluble in the
liquid, and that the liquid has unit density.

Equation 13 shows that the liquid saturation is controlled by the amount
of liquid phase present in the moistened powder and the porosity of the
agglomerates. Because of the effect of the liquid saturation on agglomerate
growth, consolidation of agglomerates during the process must have a pro-
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Fig. 11 Effect of binder solution upon granule growth in the liquid addition phase of granulation

of calcium hydrogen phosphate in a Fielder PMAT 25 high shear mixer. Aqueous binder solu-

tions: Kollidon 90, 3% (M); Kollidon VA64, 10% (O); Kollidon 25, 3% (OI); Methocel E5, 3% (A);

Methocel E15, 2% (A). Reproduced with permission from Ritala ef al. (1988), Drug Dev. Ind.
Pharm. 14, 1041-1060, Marcel Dekker Inc. USA.
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nounced effect upon the growth rate. This is important, especially for wet
granulation in high shear mixers where the intensive agitation may give rise
to a pronounced densification of the agglomerates. Jaegerskou et al. (1984)
found that the intragranular porosity of calcium hydrogen phosphate
(d;w = 14 pm) was reduced steadily in the wet massing phase reaching a
final value of about 20%. In contrast, granulation of the less cohesive lac-
tose (d,, = 52 um) showed that the final granule porosity was achieved
early in the wet massing phase.

Eifects of liquid saturation on growth

Figure 11 shows the effect of the amount of aqueous binder solution on the
mean granule size achieved in the liquid addition phase when granulating
calcium hydrogen phosphate in a high shear mixer. The data demonstrate
that the type of binder has an effect upon the granule growth. In particular,
povidone solutions give rise to greater granule sizes than solutions of hydro-
xypropylmethylcellulose (HPMC). Granulation with the povidone solutions
produced denser granules than did the other binder solutions. Ritala et al.
(1988) attributed the effect to a high surface tension, c.f. Table 1, which
according to equation S produces a high liquid bonding strength. As a con-
sequence, consolidation of the moist agglomerates becomes more
pronounced.

Figure 12 shows the correlation between liquid saturation and mean
granule size d,, obtained by the experiments shown in Fig. 11 and addi-
tional experiments with concentrated solutions of the binders having visco-
sities up to about 100 mPas. The viscosity had only a slight effect upon
the granule growth.

The close correlation shown in Fig. 12 confirms equation 12 in predicting
that the liquid saturation is a primary factor controlling agglomerate
growth. The range of liquid saturations exceeds 100% due to a slight bias

Table 1 Viscosity and surface tension of the binder solutions shown in Fig. 11

Viscosity Surface tension
Binder (mPas, 30°C) (mNm™!, 25°C)
Kollidon 90, 3% 9 68
Kollidon 25, 3% 1 68
Kollidon VA64, 10% 4 50
Methocel ES, 3% 6 48
Methocel E15, 2% i1 50
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Fig. 12 The correlation between liquid saturation and the geometric mean weight diameter

obtained in the same series of experiments as shown in Fig 11. Kollidon 90, 3%, 5%, 8%, ®;

Kollidon VA64, 10%, 20%, 30%, O; Kollidon 25, 3%, 20%, V; Methocel E5, 3%, 6%, 8%, A;

Methocel E15, 2%, 3.5%, 4.5%, (0. Reproduced with permission from Ritala et al. (1988), Drug
Dev. Ind. Pharm. 14, 1041-1060. Marcel Dekker Inc., USA.

in the determination of the intragranular porosity by a mercury immersion
method, Jaegerskou ef al. (1984). During measurement of the granule den-
sity, mercury may penetrate the surface of the granules giving rise to a den-
sity value that is too high. An error of, say, 2% in the intragranular porosity
calculated from the density determination produces a systematic error of
about 10% in the liquid saturation value.

Figure 12 demonstrates that significant agglomerate growth of calcium
hydrogen phosphate requires liquid saturations close to 100%. This agrees
well with the strain behaviour of the material described in Fig. 6. Complete
saturation is required to achieve plasticity when the porosity is in the range
of 20-30%, as is the case in the described granulation experiments.
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Figure 6 also shows that moistened lactose becomes highly deformable
at liquid saturations well below saturation. Kristensen et al. (1984) have,
accordingly, found that wet granulation of lactose proceeds at liquid satura-
tions below about 60%. Figure 13 shows the effect of the liquid saturation
upon the mean granule size obtained by granulating lactose (d,,, = 56 um)
in a high shear mixer. Examination of the moist agglomerates by micro-
scopy revealed that growth by coalescence was significant at saturations in
the range 25-60%, above which the mass appeared overwetted.

Impeller rotation speed has an effect upon the granule growth of lactose,
as shown in Fig. 13. It is to be expected that the agglomerate deformation
produced by collision is dependent on the intensity of agitation, i.e. that
the impeller rotation speed has an effect upon the agglomerate growth in
addition to its effect upon the consolidation. Unpublished results have
verified that the S-d,,, correlation is affected by the intensity of agitation
when the starting materials are free flowing. Cohesive powders produce
agglomerates with high strength because of the small particle sizes. The
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Fig. 13 Effect of liquid saturation in granulating lactose (dg,, = 56 um) in a high shear mixer.
impeller speed 250 r.p.m. (O) and 500 r.p.m. { ® ). Reproduced with permission from Kristensen
et al. (1984), Pharm. Ind. 46, 763-767. Editio Cantor, Denmark.
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strength resists the stress produced by the impact so that the resulting strain
becomes dependent only on the plasticizing effect of the liquid.

The fact that the particular lactose used in the study showed plasticity
and growth by coalescence at low liquid saturations is probably partly due
to dissolution of lactose in the binder liquid. In a study on melt granulation
of lactose (d,,, = 68 pm) with polyethylene glycol (PEG) 3000 and 6000 in
a 10-1 Baker Perkins high shear mixer, Schaefer et al. (1990b) found that
liquid saturations between 80 and 90% were necessary to achieve growth
by coalescence (see section on process and product variables). With calcium
hydrogen phosphate these authors found that significant growth by coale-
scence proceeded within the same range of liquid saturations. This result
indicates that the error in the determination of the liquid saturations shown
in Fig. 12 accounts for 10-15%, corresponding to an error of 2-3% in the
determination of the granule density. Elema and Kristensen (1992) have
recently compared the mercury immersion method for determining the den-
sity and porosity of pellets with a gas-permeametric method. They found
that the results obtained by mercury immersion were systematically 10-15%
higher than the results obtained by the gas-permeametric method.

The correlation between liquid saturation and granule size is valid in the
liquid addition phase as well as the wet massing phase of agglomeration.
This is due to the effect of liquid saturation on the strain behaviour of the
agglomerates. The liquid saturation is controlled by the consolidation of
the agglomerates and, thus, is particularly dependent on material properties
such as particle size distribution, particle shape and surface texture. The
correlation is assumed to be characteristic of a particular starting material
or formulation insofar as the starting material has a particle size distribu-
tion which renders it cohesive. This is the case with most pharmaceutical
formulations. The correlation may, therefore, be applied in analysing the
effects of scaling up and comparisons between mixer-granulators.

Growth kinetics

Kapur (1978) presented an extensive review of the kinetics of wet granula-
tion processes. On the supposition that the growth is controlled by a single
mechanism, mathematical models for the changes in size and size distribution
were presented. Such models are highly useful in analysing agglomeration
processes, especially in the understanding of the agglomeration mechanisms
and the resulting size distributions of a particular process. If, in the course
of the agglomeration, successive granule size distributions exhibit similarity
characteristics when plotted against an appropriate dimensionless size, it is
reasonable to assume that there has been no change in the growth mechan-
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isms governing the process. The cumulative granule size distribution is
usually normalized by plotting it against d/ds,, where ds, is the median
granule size. When the series of normalized distributions coincide, the
distribution is said to be self-similar or self-preserving.

Published investigations on growth kinetics relate to low shear granu-
lators such as rotating drums and there appear to be no studies in the phar-
maceutical literature to establish growth kinetics. Leuenberger et al. (1990)
presented a graph showing that wet granulation of lactose in a Diosna V10
high shear mixer produced a self-similar granule size distribution. In experi-
ments with lactose-corn starch mixtures, they found that the resulting size
distributions were similar to either the distribution obtained with lactose or
the distribution for corn starch which means that increasing concentrations
of corn starch at some point produce a change in the growth mechanism.

In agglomerate growth by nucleation it seems reasonable to postulate that
the particles are well mixed, and that the collision frequency and probability
of coalescence are independent of particle size. The agglomerate growth is
then described by random coalescence kinetics. Kapur (1978) showed that
these growth kinetics imply that the resulting size distributions are self-
similar and that the rate of growth is described by the following relation:

V(¢) = Viexp[\t/2] (14)

where V(¢) and ¥V, denote the mean agglomerate size at time ¢ and the
initial agglomerate size, respectively; A is the specific coalescence rate
which, when time-invariant, implies a straight-line relationship between ¢
and log mean granule size.

Figure 14 shows the granule size distributions obtained by granulating a
8:2 mixture of lactose and corn starch with a 4% gelatine solution in a Glatt
WSG 15 fluidized bed. The graph demonstrates self-similar granule size
distributions which fit very well to a log-normal distribution with a
geometric standard deviation of about 1.9. The addition of binder solution
gave rise to a granule growth rate described by a straight line correlation
between In ds, and the added amount of binder solution, which is propor-
tional to time ¢.

In their studies on fluidized bed granulation, Schaefer and Woerts
(1978b) showed that the resulting granule size distributions are of log-
normal type. The geometric standard deviation is almost constant in the
course of the process but reduces when the added amount of liquid becomes
relatively high. Other researchers, for example Ormos et al. (1975), have
presented similar results. The growth mechanism is likely to change when
a high proportion of granulating liquid has been added and all the primary
particles are nucleated. In the course of the process the solvent evaporates
turning the binder solution into a highly viscous, immobile liquid which
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may facilitate further growth by coalescence of agglomerates and even ball-
ing because shear forces are absent.

Wet granulation in a high shear mixer proceeds by nucleation and coale-
scence mechanisms, the latter being dominant when the liquid saturation
has been increased beyond a certain limit. In the case of calcium hydrogen
phosphate, growth by nucleation is supposed to dominate until the liquid
saturation has been increased to about 80% and above, c.f. Fig. 12.

Figure 15 demonstrates self-similarity of the size distributions achieved
in the wet massing phase of granulating calcium hydrogen phosphate
(d,, = 8.5 um) in a high shear mixer. It is apparent that in the wet massing
phase there is a change in size distribution from 3 to 6 min. The difference
between the two distributions can be seen in context with the changing
liquid saturation in the range of 55-80% at 0 and 3 min and above 80%
at 6 and 8 min wet massing. The graph reflects, therefore, the change in
growth mechanism from nucleation (0 to 3 min) into coalescence (6 to
8 min). Experiments with binder solutions of Kollidon 90, 25 and VA64
in varying concentrations show self-similar size distributions identical with
the distributions shown in Fig. 15 and with the same distinction between



Particle agglomeration 247

100 | 1 1 T T 1 T
°
0/
€ gk . i
P4
o
-
Q
RS
T 60} .
|
X
o
w
2 40F .
w
>
}_
3
2 20 -
2
(&)
/ll
0{_”_”! 1 1 1 1 1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
DIMENSIONLESS GRANULE SIZE

Fig. 15 Self-similar size distributions obtained by wet granulation in a Fielder PMAT 25 of calcium

hydrogen phosphate with 10% m/m solution of hydrolysed gelatine. Wet massing times: 0 and

3 min, O; 6 and 8 min, ®. Solid lines: log-normal distributions with Sg = 2.01 and 1.48. Data
from Holm et al. (1993).

the two stages according to the level of the liquid saturation.

The solid lines drawn in Fig. 15 are the estimated log-normal distribu-
tions. The geometric standard deviation s, of the agglomerates in the
nucleation stage of the process is about 2. The size distributions develop
in parallel in the log-probability plot. When the growth mechanism changes
into coalescence of agglomerates, the geometric standard deviation should
change to value 1.5 and, at the same time, the growth rate should increase. In
experimental work, higher values of s, will normally be observed because, as
shown in Fig. 16, the experimental size distributions over-represent larger
agglomerates.

Nucleation of particles and coalescence of agglomerates involve similar
mechanisms, as depicted in Fig. 3. Figure 15 demonstrates, however, that
the size distribution achieved by the nucleation mechanism is wider than
that achieved by coalescence of agglomerates. Growth by nucleation is by
the kinetics of random coalescence which means that the collision frequency
and the probability of coalescence are independent of size (Kapur, 1978).
In contrast, growth by coalescence of agglomerates proceeds by the kinetics
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of non-random coalescence where the probability of coalescence is depen-
dent on size as described earlier. It is a consequence of the non-random
kinetics that a graph of the mean granule size against time is a straight line
in a log-log plot (Kapur, 1978).

Figure 16 shows the granule size distributions obtained by granulating
calcium hydrogen phosphate (d,, = 21pm) in a Lodige FM 50 mixer,
which is a high shear mixer of horizontal type. It appears that the action
of the chopper has a great influence on the granule size distribution. With
the chopper inactive, the resulting size distributions are log-normal in
distribution. The size changes are characterized by self-similar distributions
and a geometric standard deviation of about 2.8. Schaefer etal. (1987)
showed that the intragranular porosity remained almost constant (about
29%) during wét massing. This means that the liquid saturation was also
constant. With the chopper active, the intragranular porosity was reduced
from 29 to 19% in the course of the process. The agglomerates must, there-
fore, have been saturated with liquid, which gives rise to growth by coa-
lescence of agglomerates. Accordingly, Fig. 16 shows a change at 3 and
6 min into narrower size distributions. The straight-line part of the two
distributions is described by a geometric standard deviation of about 1.7.
The s, of the entire distribution is greater (2.18 and 2.02, respectively)
because the distributions are tailed upwards.

It is the author’s experience that the granule size distributions shown in
Fig. 16 are typical for wet granulation of cohesive powders in high shear
mixers. When the nucleation mechanism dominates, the resulting granules
have a wide size distribution, and the growth rate is described by a straight-
line relationship between time and log mean granule size. When growth by
coalescence of agglomerates becomes the dominating mechanism, the size
distribution of the agglomerates is reduced because the probability of
coalescence becomes size dependent (high for small agglomerates). The
growth rate is then described by a straight-line relationship between time
and mean granule size in a log-log plot.

Pelletization by wet granulation

Pelletization is a size enlargement process by which fine powders are con-
verted into uniformly sized granules, preferably of spherical shape. Pellets
for pharmaceutical purposes range in size, typically, from 0.5 to 1.5 mm,
and are produced primarily for oral dosage forms with gastro-resistant or
prolonged release properties. As drug delivery systems become more
sophisticated, the role of pellets in the design and development of dosage
forms is increasing.

Methods commonly used for pelletization of drug formulations are
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layering of drug substances from liquids or powders on inert spheres in
coating pans or fluidized bed granulators, and extrusion/spheronization of
moist, plasticized masses (Ghebre-Selassie, 1989). Wet-granulation in
fluidized beds of the rotary type is a relatively new technique which seems
to offer a great potential for pelletization purposes (Goodhart, 1989). Little
attention has been paid to pelletization by wet granulation techniques
although there is the possibility of a simple, one-step process with a short
processing time in high shear mixers (Holm, 1987; D’Alonzo et al., 1990;
Zhang et al., 1990).

Holm (1987) showed that wet granulation in a high shear mixer may
result in narrowly sized and rounded granules provided that a high energy
input is applied and that the amount of binder liquid is carefully controlled.
He used a Fielder PMAT 25 mixer equipped with an impeller which allowed
the blade angle to be varied. A high blade angle (40°) gave rise to a high
power consumption and, hence, a high energy input resulting in rounded
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Fig. 17 The intragranular porosity of calcium hydrogen phosphate granulated with a 10% m/m

solution of hydrolysed gelatine in water in a Fielder PMAT 25 high shear mixer; impeller blade

angle 30° and impeller speed 400 r.p.m. Temperature of heating jacket: 12°C, O; 45°C, ®.

Reproduced with permission from Holm et al. (1993), STP Pharma. Science 3, 286-293. Editions
de Sante, France.
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granules of uniform size. In order to ensure a uniform liquid distribution
in the agitated mass, the walls of the mixer bowl were covered by a poly-
tetrafluoroethylene (PTFE) tape in order to avoid deposition of the
moistened powder.

Figure 15 shows that granulation of calcium hydrogen phosphate should
result in a product with a geometric standard deviation of about 1.5. Experi-
mental values are, however, greater because of the presence of larger
granules. As growth by coalescence is size dependent, it should be possible
to reduce the content of the larger agglomerates by reducing the amount
of free surface liquid on the agglomerates, thereby delaying the growth of
larger agglomerates. Holm ez al. (1993) have recently shown that this can
be done by drying. in the wet massing stage. In this work, air was blown
through the agitated mass, but it is likely that the same result can be
achieved by vacuum techniques.

Figure 17 shows the change in granule porosity during wet massing in
two series of experiments performed with cooling and heating, respectively,
of the mantle of the mixer bowl. The graph demonstrates that the intra-
granular porosity of the agglomerates is affected by the product tem-
perature. It shows that less liquid is required to achieve growth by the
coalescence mechanism when the mantle is heated and, consequently, more
liquid has to be removed by drying in order to delay the growth of larger
agglomerates.

Figure 18 shows that the rate of removal of water from the product in
the wet massing phase influences the geometric standard deviation. Holm
etal. (1993) calculated the rate at which free liquid was supplied to the
agglomerate surfaces because of densification. In experiments with a cooled
mantle, the rate was about 10gmin~!, while in the experiment with a
heated mantle, the rate was 40gmin~'. The calculations compare well
with Fig. 18 showing that the most narrow size distributions were obtained
when water was removed at a rate equal to that derived from densifying
the agglomerates. The effect of the product temperature on the size disper-
sion is in agreement with equation 12 which predicts that the compressive
strength of the denser agglomerates counteracts the growth rate. The
resulting granules, with a geometric standard deviation of about 1.5, were
approximately spherical.

The results shown in Fig. 18 describe the pelletization of a cohesive
powder without addition of plasticizing agents. The plasticizing effect
required to round the agglomerates is supplied entirely by the free surface
liquid and supported by the high intensity of agitation. It is a prerequisite
to the process that the rate by which the solvent is removed is adjusted
carefully to the rate by which it is forced to the agglomerate surface by
consolidation.
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LIQUID REQUIREMENTS IN WET GRANULATION
Factors influencing the liquid requirements

It has been shown how the liquid requirements in wet granulation by mixer-
granulators are determined by the correlation between liquid saturation and
mean granule size. The liquid required to achieve a reproducible granula-
tion by a particular process is, however, dependent on a range of factors
related to the feed material as well as the mixer and its operation influencing
the densification of the agglomerates and, hence, the liquid saturation.
Linkson ef al. (1973) examined published data on wet granulation of insolu-
ble materials, and found that granulation, in general, required 50-55% v/v
liquid. This result is probably valid for low shear mixers such as rotating
drums, while wet granulation in high shear mixers requires less liquid
because of a more pronounced densification.

It might be expected that the amount of liquid required to agglomerate
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a powder should equal the amount required to saturate the agglomerates
(Capes etal., 1977). This does not apply to all materials because moist
agglomerates may become highly deformable at lower liquid saturations
when particle interactions are weak, as demonstrated in experiments with
lactose (Kristensen ef al., 1984), and with glass spheres which agglomerate
at liquid saturations below 10% because of the smooth surface of the
spheres (Holm et al., 1985a).

It is likely that the use of relatively small amounts of granulating liquid,
as applied in micro-granulation may suffice to remove the primary particles
of the feed materials by nucleation. Das and Jarowski (1979) showed that
micro-granulation leads to small granules with a relatively narrow size
distribution. Moisture-activated dry granulation is a similar process which
consists of an agglomeration stage that proceeds by the addition of small
amounts of water to the dry solids containing a binder and, after agglo-
meration by agitation, the addition of a moisture-absorbing material, e.g.
microcrystalline cellulose (Ullah eral., 1987; Chen etal., 1990). The
resulting product is a dry granulation.

Early work has shown that the liquid requirements are strongly dependent
on feed material properties and the type of mixer-granulator (Ganderton and
Hunter, 1971; Hunter and Ganderton, 1972, 1973). With high shear mixers
in particular, it is difficult to predict the liquid requirements within the nar-
row limits required to control and reproduce the process. For production
purposes, the only practical approach is to employ instrumentation capable
of detecting the phases of the process and, thus, the proper amount of
binder liquid and the appropriate wet massing time (the granulation end-
point) to produce a granulation with the desired quality (size distribution,
density, friability etc).

In fluidized bed granulation, granule growth is determined primarily by
the moisture content of the bed and the droplet size of the atomized binder
solution. The process proceeds by simultaneous liquid addition and solvent
evaporation. If the moisture content is too high, the bed becomes overwetted
and defluidizes rapidly. If the moisture content is too low, no agglomeration
occurs. The liquid requirements are, therefore, determined primarily by the
process conditions, especially by the liquid addition rate and the tempera-
ture and flow rate of the fluidizing air. The humidity of the air affects, to
some extent, the moisture content of the bed.

A basic instrumentation for fluidized bed granulation must include the
parameters determining the moisture content of the bed and the atomiza-
tion of the binder solution, i.e. the inlet air temperature and humidity, inlet
air-flow rate, liquid flow rate, and the pressure and flow rate of the atomiz-
ing air (Aulton and Banks, 1981; Kristensen and Schaefer, 1987).
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Comparison between mixer-granulators

Figure 19 shows the effect of moisture content upon mean granule size when
granulating calcium hydrogen phosphate with a PVP-PVA copolymer solu-
tion. With the Fielder mixer, considerably less liquid is required to achieve
a certain granule size than with the Lodige mixer. In addition, the impeller
rotation speed affects the liquid requirements. Examination of the porosity
changes during the process shows that the Fielder mixer is more efficient
at densifying the agglomerates, and that the resulting low porosity is asso-
ciated with a corresponding low liquid requirement. The effects of the dif-
ferent liquid requirements and porosities are cancelled out by plotting
granule size against liquid saturation. The resulting graph coincides with
the correlation shown in Fig. 12.

When the Fielder mixer was operated with an impeller speed of
500 r.p.m., the agglomerate porosity was reduced to about 20% which gave
rise to overwetting of the mass and, consequently, uncontrolled growth, as
indicated by the dotted lines. This demonstrates the potential risk for
‘overgranulation’ or overwetting by wet granulation in high shear mixers
of cohesive powders which consolidate steadily during the process. A
change in porosity of, say, 2% produces a change in liquid saturation of
about 10%, c.f. equation 13, which in the stage of rapid growth by the
coalescence mechanism may turn the process into uncontrolled growth.

Schaefer et al. (1986b, 1987) compared different high shear mixers avail-
able in the Danish pharmaceutical industry. The comparison was based on
wet granulation of calcium hydrogen phosphate. The different growth rates
obtained in the different mixers could be attributed to differences in inten-
sity of agitation, as expressed by the swept volume. Surprisingly, scaling
up from laboratory to production scale mixers had only a minor effect on
the liquid requirements.

Richardson (1982) characterized the impellers in different high shear
mixers by their relative swept volumes. The vertical volume swept out by
the impeller blades at each revolution is calculated by dividing the blade
area into vertical segments. On the basis of this volume and the impeller
speed, the volume swept out per second can be calculated and divided by
the volume of the mixer bowl in order to obtain the relative swept volume.
The relative swept volume thus depends on the vertical dimensions of the
impeller blade, on the impeller speed, and on the size of the bowl. The
relative swept volume is a measure of the energy input of the impeller blades
on the material. Accordingly, a higher relative swept volume was found to
result in a greater increase of the product temperature and in denser gra-
nules when comparing high shear mixers of different type (Schaefer, 1988).

Table 2 compares Diosna and Fielder mixers of different scale. In the
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Table 2 The relative volume swept out by the impeller in Fielder and Diosna mixers of different
scale (Schaefer, 1988)

Relative swept

r.p.m.” volume per second®
Diosna P 25 150/300 1.37/2.74
Diosna P 50 144/188 1.08/2.16
Diosna P 250 95/190 0.52/1.03
Diosna P 400 65/130 0.36/0.72
Fielder PMAT 25 150/300 0.75/1.51
Fielder PMAT 65 150/300 0.71/1.42
Fielder PMAT 150 127/254 0.61/1.23

9 Low/high impeller rotation speed.

Diosna mixers, scaling up results in a marked decrease in the relative swept
volume and consequently in a lower power input. As a consequence, the
resulting granule porosity increases in scaling up. Richardson (1982) showed
that the fall in relative swept volume can be compensated for by a longer
wet massing time in production-scale mixers, thereby obtaining denser
granules. An alternative is to change the relative swept volume by modify-
ing the impeller design or by variation of the impeller speed. The latter
method is questionable if it results in a significant difference in the cen-
trifugal forces in the different mixers.

Table 2 shows that there is only a slight decrease in relative swept volume
when scaling-up in Fielder mixers. In laboratory and pilot scales the relative
swept volume is higher in Diosna mixers than Fielder mixers. Accordingly,
Schaefer etal. (1987) found that the Diosna mixers produced denser
granules than did the Fielder mixers. They observed no significant diffe-
rences between the Diosna P 250 and Fielder PMAT 150 where the swept
volumes are similar.

Direct scaling up of the amount of binder solution by adding the same
relative amount on different scales does not lead to a constant moisture con-
tent in the mass. The marked heat production, caused by the high power
input in high shear mixers, results in the evaporation of water which is pro-
nounced in the small mixers because of the more intensive agitation. In
extreme cases, the loss of water may account for more than 15% of the
amount added (Kristensen, 1988a). In the study by Schaefer et al. (1986b,
1987), this meant that approximately the same amount of binder liquid was
required in small- and large-scale mixers. When scaled up the reduced
evaporation of water compensated for the higher intragranular porosity so
that the liquid saturation level was kept almost constant.



Particle agglomeration 257

An attempt to identify the parameters of scaling up has recently been
presented by Horsthuis ez al. (1993) who compared wet granulation of lac-
tose in three high shear mixers (Gral 10, 75 and 300). The three mixers are
not geometrically similar. The relative swept volume is, therefore, strongly
dependent on the mixer scale. It was found that the granulation process
with respect to temperature increase and granule size distribution could be
scaled up by keeping the Froude number constant. The dimensionless
Froude number expresses the value of N2D/G where N is the revolutions
per minute, D is the diameter of the impeller and G is the gravitation cons-
tant. The Froude number is the ratio of the centrifugal force to the gravita-
tional force. In their experiments, a constant relative swept volume or a
constant impeller tip speed did not result in a comparable process. This par-
ticular study demonstrates that the relative swept volume is insufficient to
predict scaling up when there is a large difference in scale between the dif-
ferent mixers. The centrifugal forces should also be kept approximately
constant in addition to the relative swept volume in order to achieve com-
parable processes in the scaling up. A variation in centrifugal forces means
that the part of the impeller blades which is effective in wet massing also
varies.

Starting material properties

Variations in starting material properties may have a significant effect upon
the amount of liquid and the wet-massing time required to reproduce the
granulation. Except for the effect of the particle size distribution, little
systematic work is found in the literature on effects of the starting material
properties. It can, however, be inferred from the agglomeration mechani-
sms that the following material properties influence granule formation and
growth:

Wetting and spreading of the binder solution on the solid;
Solubility -of the solid in the binder solution;

Size and size distribution of the solid;

Particle shape and surface morphology;

The packing properties of the solids.

BB

It is a general experience that the smaller the particle size of the starting
material, the more binder liquid is required to achieve agglomeration; pre-
viously this was attributed to an effect of the specific surface of the feed.
Taking into consideration the correlation between liquid saturation and
mean granule size, it might be more fruitful to consider the growing liquid
requirements as an effect of the packing properties of the particle system.
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Particle size, size distribution, shape and surface morphology all affect the
packing density and the ease by which dense packings are achieved. The
packing properties affect the intragranular porosity and, hence, the liquid
saturation.

Kristensen et al. (1985a,b) investigated the agglomeration of different size
fractions of calcium hydrogen phosphate. They found that, independent of
the particle size, liquid saturations close to 100% are required to render the
moist agglomerates plastically deformable. Growth by the coalescence
mechanism is, therefore, influenced primarily by the tensile strength of the
agglomerates. According to equation 5 the tensile strength is proportional
to the specific surface area of the solid because, in the case of a polydisperse
powder, the volume-surface diameter d,, is substituted for d in the equa-
tion. Thus, granulation experiments in a Fielder PMAT 25 high shear mixer
showed proportionality between the liquid requirement and the compressive
strength of agglomerates. The liquid saturation required to see growth by
coalescence was strongly dependent on particle size.

The effect of lactose particle size was investigated by Schaefer ez al.
(1990a) in a study on wet granulation in a 10-1 Baker Perkins high shear
mixer. They found, in agreement with other workers (Lindberg et al., 1985;
Paris and Stamm, 1985; Tapper and Lindberg, 1986), that as the particle
size decreased an increasing amount of binder solution was needed to
achieve a particular granule size. In contrast to the results obtained with
different particle sizes of calcium hydrogen phosphate, Schaefer efal.
(1990a) found that the correlation between liquid saturation and mean
granule size was independent of the particle size of lactose, and that the
different liquid requirements, therefore, were due to different granule poro-
sities. In no case did the liquid saturation exceed about 70%. Tapper and
Lindberg (1986) found that a coarse lactose agglomerated at lower liquid
saturations than a fine material. The conflicting results may be due to the
use of different mixer-granulators and, possibly, a bias in Schaefer et al.’s
determination of the granule density and porosity caused by a size-
dependent dissolution of lactose in the binder liquid.

Although there are many reports in the literature on liquid requirements
to granulate pharmaceutical formulations, a simple relationship between
the liquid requirements, the properties of the formulations and the
agglomerate growth is difficult to establish. In many cases, the experimental
procedure involves milling and sieving of the dried granulation before deter-
mination of the size distribution. This further affects the characteristics of
the agglomerates. Other investigations, such as recent work by Wehrle et al.
(1992), Vojnovic et al. (1992) and Shirakura et al. (1992), employ experi-
mental designs of multivariate type to produce evidence about the factors
critical to the process but not necessarily detailed evidence about effects of
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each single factor.

The effect on granule growth during wet granulation of adding corn
starch to calcium hydrogen phosphate has been reported by Holm et al.
(1985b) for wet granulation in a Fielder PMAT 25 mixer and by Schaefer
et al. (1990a) for granulation in a 10-1 Baker Perkins mixer. In both cases,
it was found that the addition of corn starch improved the rate of consolida-
tion so that the minimum intragranular porosity (30-35%) was achieved
early in the wet massing phase.

The robustness of a wet granulation process against the inevitable varia-
tions in raw material properties, especially variations in particle size and size
distribution, is clearly dependent on the changes in agglomerate porosity
occuring during the process. Starting materials, which have the characteris-
tics of cohesive powders, are likely to produce agglomerates that consolidate
steadily during the entire process by a rate and extent dependent on the
energy input by the agitators. The liquid requirement and the granule
growth are, therefore, strongly dependent on the type of mixer-granulator
and its operation as shown in Fig. 19. Addition of starches and similar
materials to the cohesive feed may improve the robustness of the process
because they counteract densification of the agglomerates. Free-flowing
starting materials are likely to produce agglomerates that are consolidated
to their minimum porosity early in the process. Because of the ease of con-
solidation, the liquid requirement and final granule size are relatively insen-
sitive to a change of mixer and its operation. Once the minimum agglomerate
porosity has been achieved, loss of liquid by evaporation due to heat pro-
duced by the agitation is the primary factor affecting the final granule size.

Control of wet granulation

It is outside the scope of this chapter to discuss production aspects of
agglomeration processes. The readers are referred to literature on
instrumentation for the control of wet granulation, for example the review
by Kristensen and Schaefer (1987) which includes a chapter on end-point
control of wet massing methods and Werani (1988) showing the benefits
of power consumption measurements for production purposes. However,
a few comments on end-point control are given in order to illustrate their
relation to agglomeration mechanisms.

Leuenberger efal. (1979) investigated the liquid requirements during
granulation in low shear mixers and provided an equation expressing the
optimum amount of liquid as a function of granule porosity, feed equili-
brium humidity and density of feed and liquid. Experiments on lactose-
corn starch mixtures demonstrated that the liquid requirement can be
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predicted from measurements of the tapped density of the dry feed material
(Bier et al., 1979; Leuenberger et al., 1979; Leuenberger, 1982). The pre-
dicted amount of liquid agreed well with granulation experiments in plane-
tary and Z-blade mixers.

A variety of instrumentation has been proposed for control of liquid
volume and process time. Such instrumentation should measure the changes
in the rheological properties of the mass. The potential of torque measure-
ments for detecting the stages of wet granulation processes has been well
documented, as has the measurement of the bending moment on a probe
inserted into the agitated mass. A simple mixer torque rheometer has
recently been proposed by Hancock ef al. (1991) to study the rheological
behaviour of moistened masses and to assess binder-solid interactions. A
similar idea was presented by Alleva and Schwartz (1986).

Figure 20 shows a power consumption profile recorded during addition
of a povidone solution to a lactose-corn starch mixture in a planetary
mixer. Similar profiles have been recorded for wet granulation in high shear
mixers (Leuenberger et al., 1990). The profile reflects the characteristic
phases of the agglomeration process (Leuenberger, 1982). In phase I, the
powder is dry mixed and the amount of liquid is insufficient to create pen-
dular liquid bondings. The power consumption remains unchanged. At a
certain point, phase II, a sharp increase in power consumption is seen
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Fig. 20 Power consumption profile recorded during liquid addition to a lactose-corn starch

mixture in a planetary mixer. Reproduced from Leuenberger et al. (1979) with permission from
the authors.
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because the amount of liquid now suffices to establish liquid bondings. In
phase III, the power consumption profile levels off while the liquid phase
fills up the intragranular voids and coarser granules are produced. In phase
1V, the granules are filled with liquid. The power consumption drops when
reaching S5 which corresponds to 100% saturation.

Leuenberger ef al. (1979), using different scale planetary mixers, showed
that the estimated values of S; and S, are proportional to the batch size
and that the liquid required to run a robust process lies in the range S;~S;.
The amount of applied liquid can be normalized as follows (Leuenberger
etal., 1990):

S—-5,

T =

as)

where 7 is the normalized liquid quantity, S is the absolute liquid quantity,
and S; and S, are parameters of the power consumption profile. The
authors stated that = is equivalent to the liquid saturation of the moist
agglomerates, and that the use of = enables a direct comparison of the
agglomeration properties of different starting materials. This agrees very
well with the effect of liquid saturation on granule growth described earlier.

The energy consumption by wet granulation, i.e. the cumulated power
consumption profile, is converted completely into heating of the mixer and
its content (Holm et al., 1985a). This is in agreement with the earlier discus-
sion of collision and coalescence of particles. The absorption of the kinetic
energy of the particles results in heat. When growth by coalescence of
agglomerates becomes significant, because of high agglomerate deform-
ability, the energy consumption will increase accordingly. There is, there-
fore, a fundamental correlation between the power consumption profile
and granule growth because both are influenced by the agglomerate deform-
ability. The correlation between power consumption and granule growth is
demonstrated in several papers, see for example Holm ez a/. (1985a,b) and
Werani (1988).

It appears that it is the change in liquid saturation during wet massing
which determines the growth kinetics and, thus, the growth rate and the
energy consumption of the moist mass. In a particular process, the only
change affecting the liquid saturation in the wet massing stage is the den-
sification of the agglomerates. This means that there should be a correlation
between the porosity function (1 — €)/¢, which determines the changing
liquid bonding strength, c.f. equation 5, and the power consumption as well
as the mean granule size. This was verified by Ritala ef a/. (1988) in a study
on granulation of calcium hydrogen phosphate with various binder solu-
tions in a high shear mixer. The authors compared the data obtained in the
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late stages of the process where the agglomerates can be presumed to be
saturated with liquid.

MELT GRANULATION
Process and equipment

Melt granulation - also called thermoplastic granulation - is an agglomera-
tion process based upon the use of a binder material which is solid at room
temperature and softens or melts at slightly elevated temperatures, usually
above 50-60°C. When melted, the action of the liquid binder is similar to
the action of a binder solution in a wet granulation process. The binders
normally used for melt granulation are polyethylene glycols (Rubinstein,
1976; Ford and Rubinstein, 1980; Pataki et al., 1983; Kinget and Kemel,
1985; Schaefer et al., 1990b). The use of hydrophobic binders such as waxes
and stearic acid have been investigated for the purpose of preparing sus-
tained release products (McTaggert efal., 1984; Flanders etal., 1987). A
range of hydrophobic, meltable substances for the preparation of matrix
pellets with prolonged release properties have been investigated by Thomsen
etal. (1993b).

When using melt granulation the stages of liquid addition and drying of
a wet granulation process are eliminated. It is, perhaps, of greater impor-
tance that granulation of water-sensitive materials is possible. A disadvan-
tage for heat-sensitive materials is the elevated product temperature
required to ensure melting and distribution of the binder material. In some
processes, the final product temperature may be increased to more than
100°C and, thus, cause liberation of water of crystallization.

The binder material is added to the starting materials either as a powder
or in molten form to the preheated starting materials. The product must
be heated to a temperature above the melting point of the binder. This can
be achieved by a heating jacket (Kinget and Kemel, 1985) or by heat of fric-
tion caused by intensive agitation (Schaefer ef al. 1990b). At a production
scale, it is advantageous to use a high shear mixer with a power input suffi-
cient to generate the required product temperature within an acceptable
time. Figure 21 compares the correlation between relative swept volume and
impeller rotation speed in different laboratory-scale high shear mixers. The
Baker Perkins 10 mixer is clearly capable of producing a high energy input.
Flanders et al. (1987) examined three scales of Baker Perkins high shear
mixers (10, 60 and 600 1) and found that melt granulation by heat produced
solely by friction is possible in all of them. The authors mentioned that the
Fielder and Diosna high shear mixers are unsuitable for melt granulation
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Fig. 21 Correlation between relative swept volume and impeller rotation speed in laboratory
scale high shear mixers. Reproduced from Schaefer et al. (1992a) with permission from the
authors.

purposes because of the long process time required to achieve the necessary
product temperature. The Pellmix 10 high shear mixer, which has a bowl
volume of 501, is shown to possess the necessary energy input to ensure
melting by frictional heating (Schaefer ef al., 1992a). In the work by Kinget
and Kemel (1985), a Gral 10-] mixer equipped with a heating jacket was
used. The molten binder was added to the preheated powder.

When melt granulation is performed in a high shear mixer that provides
a high energy input to the product, the physical conditions required to pro-
duce rounded granules with a narrow size distribution, i.e. pellets, are met.
Melt granulation in high shear mixers has, therefore, potential as a simple
and fast method for pelletization (see later).

Process and product variables

Schaefer et al. (1990b) investigated melt granulation in a 10-1 Baker Perkins
high shear mixer using polyethylene glycol (PEG) 3000 and 6000. The start-
ing materials were calcium hydrogen phosphate (d,, = 23 um) and lactose
(d,,, = 68 um) of a quality identical to that used in a study on wet granula-
tion in the same mixer (Schaefer ef al., 1990a). Direct comparisons between
wet and melt granulation can therefore be made. A conclusion of the work,
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which agrees well with the conclusions made by Kinget and Kemel (1985)
in their study on melt granulation in a 10-1 Gral mixer, is that the main
factors influencing agglomeration are the relative amount of binder and its
viscosity, the impeller rotation speed and massing time. Except for an effect
of liquid binder viscosity, the effects of the other factors mentioned agree
well with results of wet granulation.

Schaefer et al. (1990b) showed that the agglomerate growth of calcium
hydrogen phosphate can be correlated with the liquid saturation of the
moist agglomerates. Rapid growth by the coalescence mechanism was seen
at 80-85% saturation while a slightly higher saturation was observed by wet
granulation. As discussed earlier, the difference is supposed to be caused
by an error in the measurement of the density of wet granulated granules
(Elema and Kristensen, 1992). Granules prepared by melt granulation con-
tain the solidified binder and are, therefore, less porous than wet granulated
granules. Smaller surface pores give rise to reduced penetration by mercury
during the measurement. The optimum amount of binder to agglomerate
the particular calcium hydrogen phosphate was in the range of 37-43% v/v
at melt granulation and slightly higher by wet granulation, because loss of
water by evaporation affects the liquid requirements during wet granulation
in high shear mixers.

The results obtained with lactose were different. Agglomerates of lactose
were consolidated to their minimum porosity after a short massing time.
The ease of consolidation is affected by the particle size of the feed
material. In wet granulation processes this means that the granule size
remains unchanged during further massing because the liquid saturation is
constant. In contrast, melt granulation of lactose showed a constant growth
with massing time, despite constant saturation with the liquid binder: the
higher the content of binder, the higher the growth rate. The amount of
binder necessary for wet granulation (14.4% v/v) was considerably less than
that required for melt granulation (21.2-25.4% v/v). The range of liquid
saturations required to produce growth by coalescence by melt granulation
was 80-90%, i.e. the same range as determined for calcium hydrogen phos-
phate. The different liquid requirements for agglomeration of lactose are
undoubtedly caused by dissolution of lactose in the aqueous binder liquid.

Figure 22 shows the granule growth of lactose (a-monohydrate lactose)
by melt granulation in a high shear mixer. Except for the effect of impeller
rotation speed, which gives rise to different mean granule sizes, the graph
demonstrates that the use of PEG 3000, independently of impelier speed,
produces larger granules than does PEG 6000. Liquified polyethylene
glycols wet lactose and have the same surface tension. The viscosity of PEG
3000 at 90°C is about 135 mPa s, and that of PEG 6000 about 500 mPas -
the less viscous binder liquid produces the largest granules. If the effect of
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Fig. 22 Effects of impeller rotation speed and polyethylene glycol (PEC) grade upon granule
growth by melt granulation of 450 mesh lactose in a Pellmix 10 high shear mixer. Binder concen-
tration 23% viv; PEG 3000 (O, O); PEG 6000 (e, B); impeller speed 500 r.p.m. (O, ®) and
700 r.p.m. (CJ, M). Reproduced from Schaefer et al. (1992a) with permission from the authors.

the two PEGs on the growth results from the different viscosities, it con-
flicts with the claimed effect of liquid viscosity upon the probability of
coalescence of agglomerates. Unpublished results have, however, shown
that the product temperature, varied by applying a heating jacket, has an
effect upon the growth. The higher the temperature and, consequently, the
lower the binder viscosity, the smaller the granules produced by experiments
using one of the two PEG grades. The difference between the effects of
PEG 3000 and 6000 on the growth may be attributed to the very high
viscosity of the molten PEG 6000, or it may be caused by interactions bet-
ween the liquid binder and the lactose. The effect of binder concentration
upon growth of two types of lactose shown in Fig. 23 may also be attributed
to binder-substrate interactions.

Figure 23 shows the effect of lactose particle size upon the mean granule
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lactose qualities in a Pellmix 10 high shear mixer. Impeller rotation speed 700 r.p.m.; 13 min

massing time; a-monochydrate lactose 200 mesh (O), 350 mesh (A) and 450 mesh (O);
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authors.

size by melt granulation of lactose with PEG 3000. The grade and particle
size d,,, of the lactose were mesh 200 (44 um), mesh 350 (34 um), mesh 450
(22 pm) and anhydrous lactose (13 um). The effects of particle size, binder
concentration and additional results on the effect of impeller rotation speed
upon the growth of lactose agglomerates are in good agreement with the
results of wet granulation of the material. They can be attributed to the
effect of the agglomerate consolidation during the process. It is surprising,
however, that anhydrous lactose, which has the smallest mean particle size,
is agglomerated by less liquid than a lactose of similar particle size, and
that larger granules than those shown in the graph could not be produced.

Although there are similarities between melt and wet granulation as to
the effects of intensity of agitation, process time, particle size of the starting
material and liquid requirements, there appear to be additional factors to
be taken into account. The effect of the PEG grade upon granule growth
(Fig. 22) and the effect of feed material properties (Fig. 23) are examples
of factors that do not influence wet granulation processes to the same
extent.
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Melt pelletization

High energy input, a controlled amount of liquid phase, and a uniform
liquid distribution, are the prerequisites to produce pellets by wet granula-
tion; accordingly, melt granulation in high shear mixers is likely to be
appropriate for pelletization of powders insofar as the mixer can supply the
required energy input. Schaefer et al. (1992a,b,c) have demonstrated that
commercial qualities of calcium hydrogen phosphate and lactose can be
pelletized with PEGs in a Pellmix 10 high shear mixer. The size distribution
of the resulting granules had geometric standard deviations in the range 1.3
to 1.4, which compares well with the size distribution of pellets prepared
by extrusion/spheronization. The resulting pellets may appear as smooth,
rounded granules. Compared with wet granulation methods, melt pelietiza-
tion has the advantage that the amount of binder material is easier to con-
trol because there is no evaporation during the process.

The amount of meltable binder material required to pelletize has to be
adjusted to the particular feed material and to the actual process conditions.
According to the work by Schaefer et al., the variation of the binder con-
centration that can be tolerated is less than 1-2% of the added amount of
PEG. Significant deposition of the moistened mass to the walls of the mixer
must be avoided in order to ensure the homogeneity of the mass (Thomsen
et al., 1993a,b). In the Pellmix 10 mixer, this is achieved by a PTFE-lining
of the walls of the mixer bowl. In a study on melt granulation in a 10-]
Baker Perkins mixer, Schaefer et al. (1990b) found that PEGs are especially
suitable for melt granulation. Other meltable binders (stearyl alcohol,
stearic acid, cetyl alcohol, glycerol monostearate) gave rise to deposition
of moistened mass to the walls of the mixer bowl. Investigation of melt
granulation with hydrophobic binders in a laboratory-scale Pellmix PL 1/8
mixer has shown that the deposition of moist mass may be the determining
factor in the choice of meltable binder (Thomsen et al., 1993a, b).

Effects of process variables on melt pelletization of lactose using PEGs
are reported by Schaefer ef al. (1993a). The authors compared the process
in two different scale mixers (Schaefer et al., 1993b).

Melt pelletization in high shear mixers is a simple and rapid process com-
pared with other methods for pelletization of powders and has the advantage
of being solvent free. An additional benefit is that the pelletized product may
contain up to about 85% m/m active ingredient. Melt pelletization using
PEG as meltable binder renders the pellets hydrophilic. If a hydrophobic
binder is used instead, the pellets may have prolonged release properties,
as demonstrated by Thomsen (1994).

Figure 24 shows release profiles of pellets prepared by melt pelletization
of paracetamol with a meltable binder composed of glycerol monostearate
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Fig. 24 Release profiles of paracetamol pellets prepared by melt pelletization using mixtures of
glycerol monostearate {GMS) and microwax {MW) as meltable binder. Ratio of GMS to MW:
1:0, W; 7:1, A, 3:1, %, 1:1, 3, 1:3, ®; and 1:7, x. Reproduced from Thomsen (1992).

and microcrystalline wax (a paraffin). The rate of release of paracetamol
can be varied within wide limits by changing the ratio of glycerol monostea-
rate to the wax. The mechanism of release from the matrix of binder
material is diffusion controlled. A clinical study (unpublished) has shown
that the matrix of glycerol monostearate and microcrystalline wax resists
the gastrointestinal fluids, and that there is a close agreement between the
in vivo release determined from plasma concentration profiles and the in
vitro release determined by the paddle apparatus described in the European
Pharmacopoeia and using a phosphate buffer of pH 6.8 as the dissolution
medium.

CONCLUDING COMMENTS

The fundamentals of particle agglomeration have been discussed. It has
been shown that a fundamental parameter of agglomeration processes is the
degree of liquid saturation of the agglomerates. The liquid saturation, being
dependent on the content of liquid phase and the particle packing density
of agglomerates, controls the growth kinetics and the resulting granule size
and size distribution. The correlation between liquid saturation and mean
granule size is specific for the feed material. It may be applied to compare
granulation in mixer-granulators of different type and scale by comparing
the efficiency of the mixer in consolidating the particular feed material.
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It is apparent that wet and melt granulation processes can be controlled
to produce granules with the desired quality attributes - size and size distri-
bution, density, friability, etc. The direction of changes in granule growth
induced by changing the granulating equipment and its operation and by
varying the feed material properties can be controlled. 1t is still impossible,
however, to predict the liquid requirements of a particular process. And
very little is known about the optimum design of mixer-granulators and
interactions between mixer design and feed material properties.

Future work on particle agglomeration processes should focus on the
relations between solid-liquid interactions on the microscale and the
kinetics of agglomerate formation and growth. By this route, it might be
possible to develop regimens of particle agglomeration that allow direct
comparisons between different types of mixers and different starting
materials.
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control 115
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effects 2, 8
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Phase separation 93
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263, 267
Poly(ethylene oxide) 155
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phase diagram 104
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196-7
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Poly(lactic acid) 197-9
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Polymer solubility 98
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Prodrugs 83-4
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Pseudoephedrine hydrochloride 179
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Distribution 189
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Sclera in ocular drug delivery systems 8-9

Separation, coacervation-phase See
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Shear modulus 19-20
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subconjunctival injections 71
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Surface active agents 164
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Systemic drug absorption after ocular
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control of 259-62
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instrumentation 260
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