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Chapter 10
Tablet Dosage Forms

Mary Kathryn Kottke

Cubist Pharmaceuticals, Inc., Lexington, Massachusetts

Edward M. Rudnic

Advancis Pharmaceutical Corp., Gaithersburg, Maryland

I. INTRODUCTION

During the past four decades, the pharmaceutical in-
dustry has invested vast amounts of time and money in
the study of tablet compaction. This expenditure is
quite reasonable when one considers how valuable
tablets, as a dosage form, are to the industry. Because
oral dosage forms can be self-administered by the pa-
tient, they are obviously more profitable to manu-
facture than parenteral dosage forms that must be
administered, in most cases, by trained personnel. This
is reflected by the fact that well over 80% of the drugs
in the United States that are formulated to produce
systemic effects are marketed as oral dosage forms.
Compared to other oral dosage forms, tablets are the
manufacturer’s dosage form of choice because of their
relatively low cost of manufacture, package, and
shipment; increased stability and virtual tamper re-
sistance (most tampered-with tablets either become
discolored or disintegrate).

II. DESIGN AND FORMULATION
OF COMPRESSED TABLETS

A. General Considerations

The most common solid dosage forms in con-
temporary use are tablets, which may be defined as
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unit forms of solid medicaments prepared by com-
paction. Most consist of a mixture of powders that are
compacted in a die to produce a single rigid body. The
most common types of tablets are those intended to be
swallowed whole and then disiniegrate and release
their medicaments in the gastrointestinal tract (GIT).
A less common type of tablet that is rapidly gaining
popalarity in the United States is formulated to allow
dissolution or dispersion in water prior to adminis-
tration. Ideally, for this type of tablet all ingredients
should be soluble, but frequently a fine suspension has
to be accepted. Many tablets of this type are for-
mulated to be effervescent, and their main advantages
include rapid release of drug and minimization of
gastric irritation.

Some tablets are designed to be masticated (ie.,
chewed). This type of tablet is often used when ab-
sorption from the bucecal cavity is desired or to en-
hance dispersion prior to swallowing. Alternatively, a
tablet may be intended to dissolve slowly in the mouth
(e.g., lozenges) so as to provide local activity of the
drug. A few tablets are designed to be placed under the
tongue (i.e., sublingual) or between the teeth and gum
(i.e., buccal) and rapidly release drug into the blood-
streamn. Buccal or sublingual absorptien is often
desirable for drugs liable to extensive hepatic meta-
bolism by the first-pass effect {e.g., nitroglycerin,
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testosterone). Recently, a lozenge on a stick, or “lol-
Hpop,” dosage form of fentany! was developed for
preoperative sedation in pediatric patients {Oralet®)
and breakthrough cancer pain in aduits (Actig®).
Active ingredient is released from the lozenge into the
bloodstream from the oral rucosa.

There are now many types of tablet formulations
that provide for the release of drug te be delayed or
control the rate of the drug’s availability. Some of
these preparations are highly sophisticated and are
rightly referred to as complete “drug-delivery sys-
tems.” Since the concepts of controlled drug delivery
are the subjects of Chapter 15, the strategies of these
systems will not be discussed here. However, solid
dosage formulators must be aware of the various op-
tions available to them.

Fer example, when prolonged release of a water-
soluble drug is required, water-insoluble materials
must be co-formulated with the drug, If the dose of the
drug is high and it exhibits poor compactibility, purely
hydrophobic agents, such as waxes, will exacerbate the
inability of the material to form a compact. In such
cases, formulators need to turn to other types of water-
insoluble materials, such as polymers, to achieve both
drug release and tableting goals.

Some tablets combine sustained-release and rapid
disintegration characteristics. Products such as K-
Dur® (Key Pharmaceuticals) combine coated po-
tassinm chloride crystals in a rapidly releasing tablet.
In this particular instance, the crystals are coated with
ethylceliulose, a water-insoluble polymer, and are then
incorporated into a rapidly disintegrating micro-
crystalline cellnlose {MCC) matrix. The purpose of this
tablet is to minimize GI ulceration, commonly en-
countered by patients treated with potassium chloride.
This simple but elegant formulation is an example of a
solid dosage form strategy used to achieve clinical
goals.

Thus, the single greatest challenge to the tablet
formulator is in the definition of the purpose of the
formulation and the identification of suitable materials
to meet development objectives. In order to do this
properly, the formulator must know the properties of
the drug, the materials to be co-formulated with the
drug, and the important aspects of the granulation,
tableting, and coating processes,

Pharmaceutical compressed tablets are prepared by
placing an appropriate powder mix, or granulation, in
a metal die on a tablet press. At the base of the dieis a
lower punch, and above the die is an upper punch,

When the upper punch is forced down on the powder
mix (single station press) or when the upper and lower
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punches squeeze together {rotary or multiple station
press), the powder is forced into a tablet. Despite the
fact that powder compaction has been observed for
hundreds of years, scientists still debate the exact me-
chanisms behind this phenomenon.

Perhaps the most significant factor in the tableting
of materials for use as drug products is the need to
produce tablets of uniform weight. This is achieved by
feeding constant volumes of homogeneous material to
the dies. Such an approach is necessary because direct
weighing at rates commensurate with modern tablet
press operation is impossible. This requirement im-
mediately places demands on the physical character-
istics of the feed and on the design of the tablet press
itself. In the case of the former, precompression
treatment of the granunlation is one of the most com-
mon ways of minimizing difficulties arising from this
souzce.

The great paradox in pharmaceutical tableting is the
need to manufacture a compact of sufficient mechan-
ical strength to withstand the rigors of processing and
packaging that is also capable of reproducibly releas-
ing the drng. In most cases, the release of the drug is
produced by the penetration of agueous fluids into the
fine residual pore structure of the tablet and the con-
tact of these fluids with components that either swell or
release gases.

The selected precompression treatment, if any,
markedly affects the manufacture of tablets. In parti-
cular, one must determine whether a mixture of pow-
dered ingredients is to be tableted directly or i an
intervening wef granulation step is to be introduced.
This decision Is influenced by many factors, including
the stability of the drug to heat and moisture: the flow
properties of the granulation; and the tendency of the
granulation to sepregate. At the present time there are
also two conflicting considerations that tend to play a
major rofe in this choice. These are the refuctance to
change methods employed traditionally by the com-
pany versus the ecomomic advantages of omitting
complete stages in the production sequence.

In wet granuiation, the components of the for-
mulations are mixed with a granulating lquid, such as
water or ethanol, to produce granules that will readily
compress to give tablets, Wet granulation methods
predominate in the manufacture of existing products,
while the trend for new products is to use direct
compression procedures. Althongh many steps are
eliminated when using direct compression, some for-
mulators have found that wet granulated products are
more robust and able to accommodate variability in
raw materials and tableting equipment. Thus, for some
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companies, the trend is reverting to the formulation of
rablets by wet granulation,

B. Desirable Properties of Raw Materigals

Most formulations are composed of one or more
medicaments plus a variety of excipients. Irrespective
of the type of tablet, general criteria for these raw
materials are necessary. In order to produce accurate
n,,pwclucible dosage forms, it is essential that eacI;
component be uniformly dispersed within the mixture
and that any tendency for component segregation be
minimized. In addition, the processing operations de-
mand that the mixture be both free-flowing and co-
hesive when compressed,

Particle Size

In general, the tendencies for a powder mix to segre-
gate can be reduced by maintaining similar particle size
distribution, shape, and, theoretically, density of all the
ingredients. Flow properties are enhanced by using
regular-shaped, smooth particles with a narrow size
distribution together with an optimum proportion of
“fines” (particles 50 pm). If such conditions cannot be
met, then some form of granulation shounld be
considered.

Particle size distribution, and hence surface area of
the drug itself, is an important property that has re-
ceived considerable attention in the literature. For
many drugs, particularly those whose absorption is
limited by the rate of dissclution, attainment of ther-
apeutic levels may depend upon achieving a small
particle size [1]. In fact, it has been suggested that for
such drugs, standards for specific surface areas and the
number of particles per unit weight should be devel-
oped. However, the difficulty in handling very fine
powders, as well as the possibility of altering the ma-
terial in other ways, has shifted the emphasis towards
Producing an optimum, rather than 2 minimum, par-
ticle size. For instance, several researchers have found
that decreasing particle size produces tablets of in-
creased strength that also have a reduced tendency for
lamination [2-5]. This is probably due to the mini-
Mization of any adverse influences that a particular
trystal structure may have on the bonding mechanism.
On the other hand, samples of milled digoxin crystals
Drepared by a number of size-reduction techniques
have been reported to elicit different equilibrium so-
lubilities [1]. This suggests that the method of grinding
may well affect the dissolution behavior of certain

Tugs,
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The effect of particle size on the compaction char-
acteristics of two model sulfonamide drugs, one ex-
hibiting brittle fracture and the other being compressed
chiefly by plastic deformation, has been reported [3]. In
particular, it was shown that the tensile strength of
tablets made from the brittle material were more sen-
sitive to the drug’s particle size than that of tablets
made from the plastically deforming material. In ad-
dition, larger granules possess better fiow, while small
aggregates deform during compaction (e.g., spray-
dried lactose) [6].

An alternative approach aimed at reducing the
segregation tendencies of medicaments and excipients
involves milling the former to a small particle size and
then physically absorbing it uniformly onto the surface
of the larger particles of an excipient substrate. By
these means “ordered,” as opposed to “random,”
mixing is realized and dissolution is enbanced as a
result of the fine dispersion [7].

Moisture Content

One of the most significant parameters contributing to
the behavior of many tablet formulations is the level of
moisture present during manufacture as well as that
residual in the product. In addition to its role as a
granulation flnid and its potentially adverse effects on
stability, water has some subtle effects that should not
be overlooked. For example, there is increasing evi-
dence to suggest that moisture levels may be very cri-
tical in minimizing certain faults, such as lamination,
that can occur during compression. Moisture levels can
also affect the mechanical strength of tablets and may
act as an internal lubricant. For example, Fig. 1 illus-
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Fig. 1 The effect of moisture content on the compactibility
of anhydrous beta lactose tablets. {From Ref. 8)
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trates the effect of moisture content on the compact-
ibility of anhydrous lactose [8]. As the mofsture con-
tent increases, it is adsorbed by the lactose, thereby
converting it from the anhydrous to the hydrous form.
During this transformation, the f-form of lactose most
probably changes to the o-form and thus produces
changes in compactibility,

Accelerated aging and crystal transformation rates
have also been traced to high residual moisture con-
tent. Ando et al. studied the effect of moisture content
on the crystallization of anhydrous theophylline in
tablets [9]. Their resulis also indicate that anhydrous
materials convert to hydrates at high levels of relative
humidity. In addition, if hygroscopic materials {e.g.,
polyethylene glycol 6000) are also contained in the
formulation, needle-like crystals form at the tablet
surface and significantly reduce the release rate of the
theophylline.

In many products it seems highly probable that
there exists a narrow range of optimum moisture
contents that should be maintained. More specifically,
the effect of moisture on MCC-containing tablets has
been the subject of an investigation that demonstrates
the sensitivity of this important excipient to moisture
content [16]. These researchers found that differences
exist in both the cohesive nature and the moisture
content to twe commercial brands of MCC. A very
usefnl report on the equilibrivmn moisture content of
some 30 excipients has been compiled by a coliabora-
tive group of workers from several pharmaceutical
companies and appears in the Handbook of Pharma-
ceutical Excipients {11,12].

Crystaliine Form

Selection of the most suitable chemical form of the
active principle for a tablet, while not strictly within
our ferms of reference here, must be considered. For
example, some chloramphenicol esters produce little
clinical response [13). There is also 2 significant dif-
ference in the bioavailability of anhydrous and hy-
drated forms of ampicillin [14]. Furthermore, different
polymorphic forms, and even crystal habits, may have
a pronounced influence on the bioavailability of some
drugs due to the different dissolution rates they exhibit.
Such changes can also give rise to manufacturing
problems. Polymorphism is, of course, not restricted to
active ingredients, as shown, for example, in an eva-
luation of the tableting characteristics of five forms or
sorbitol [15].

Many drugs have definite and stable crystal habits,
Morphological changes rarely occur in such drugs as
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Table I Some Drugs That Undergo Polymorphic Transi-
tion When Triturated

Number of Number of

polymorphs polymorphs
Drug before trituration after trituration
Barbitone 2 1
Caffeine 2 1
Chlorpropamide 3 2
Clenbuterol HCI 2 3
Dipyridamole 2 i
Maprotiline HC} 3 1
Mebendazole 4 5
Nafoxidine HC} 4 3
Pentobarbitone 3 2
Phenobarbitone 2 i
Sulfabenzamide 2 i

Source: Ref. 16.

the formulation process is scaled up. However, some
drugs exhibit polymorphism or have different identifi-
able crystal habits. Chan and Doelker reviewed a
number of drugs that undergo polymorphic transfor-
mation when triturated in a mortar and pestie [16].
Some of their conclusions are listed in Table 1 and il-
lustrated in Fig. 2. In addition, a number of re-
searchers have concluded that both polymorph and
crystal habit influence the compactibility and me-
chanical strength to tablets prepared from poly-
morphic materials [16-21]. York compared the
compressibility of naproxen crystals that had heen
spherically appglomerated with different solvents and
found that significant differences existed between the
various types of agglomerates (see Fig. 3) [21]. Other
investigators have found that, in some instances, there
is a correlation between the rate of reversion to the
metastable form during dissolution and the crystal
growth rate of the stable form [22]. These polymorphic
changes may have a profound effect on tablet perfor-
mance in terms of processing, in vitro dissolution and
in vivo absorption. Thus, formulators of solid dosage
forms must be aware of a subject compound’s pro-
pensity for polymorphic transition so that a rational
approach to formulation can be followed,

Hiestand Tableting Indices

Materials that do not compress well produce soft ta-
blets. In addition, brittle crystalline materials will yield
brittle tablets. Hiestand was the first pharmaceutical
scientist to quantify rationally the compaction prop-
erties of pharmaceutical powders [23-28]. The results
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Fig. 2 Perceutage of caffeine “form A" transformed vs.
applied pressure. (From Ref. 16.)

of this work are three indices known as the Hiestand
Tableting Indices. The strain index (SI) is a measure of
the internal entropy, or strain, associated with a given
material when compacted. The bonding index (B} is a
measure of the material’s ability te form bonds and
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Fig. 3 [Intrinsic compressibility of nonagglomerated na-
proxen {control) and of naproxen that has been spherically
agglomerated with different solvents. (From Rel. 21.)
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undergo plastic transformation to produce a suitable
tablet. The third index, the brittle fracture index (BF D,
is a measure of the brittleness of the material and its
compact, Table 2 lists these indices for a number of
drugs and excipients. For most materials, the strength
of the tablet is a result of competing processes. For
example, erythromycin is a material known for its
tendency to cap and laminate when tableted. On the
basis of its BI value, one might expect relatively good
bonding. However, the very high strain index asso-
ciated with this drug appears to overcome its bonding
abilities. MCC, on the other hand, has very high strain
index, but its bonding index is exceptionally high and
compensates for this effect.

Other investigators have evaluated the potential for
these indices. In their studies, Williams and McGinnity
have concluded that evaluation of single-material sys-
tems should precede binary or tertiary powder systems
[29). A full discussion of compaction mechanisms is
given later in this chapter.

Variability

The effect of raw material variability on tablet pro-
duction [2,30,31] and suggestions for improving ta-
bleting quality of starting materials [21] has been the
subject of several publications. Table 3, which lists the
characteristics of different sources of magnesium
stearate, clearly illustrates the variability of this ma-
terial [32]. Phacdke and Eichorst have also confirmed
that significant differences can exist between different
sources, and even different lots, of magnesium stearate
[33]. Given the fact that the effectiveness of magnesium
stearate is due, in large part, to its large surface area,
these variations should not be overlooked. In addition,
studies assessing raw material variability emphasize the
need for physical as well as chemical testing of raw
materials to ensure uniformity of the final product.

Purity

Raw material purity, in general, must also be given
careful attention. Apart from the obvious reasons for a
high level of integrity, as recogmized by the regulatory
requirements, one should be aware of more subtle
implications that are perhaps only just beginning to
emerge. For instance, small proportions of the im-
purity acetylsalicylic anhydride have been shown to
reduce the dissolution rate of aspirin itself (see Fig. 4)
[34].

Another area of interest is that of microbiological
contamination of solid dosage forms, which is thought
to arise chiefly from raw materials rather than the
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Table 2 Hiestand Compaction Indices for Some Drugs and
Excipients

Kottke and Rudnic

Table 3 Average Particle Data for Different Sources of
Magnesium Stearate

Boading Brittle Strain Size Surface Pore tadius
Material index fractore index index Source (um) area {m?>/g) (A)
Aspirin 1.5 0.16 1.1 United States 1.5-3.2 134 50
Caffeine 1.3 0.34 2.19 Great Britain 2.1-5.2 122 68
Croscarmellose sodium NF 2.7 0.02 7 Germany 4.1-6.9 74 61
Dicaicium phosphate L3 0.15 [.13 Italy 5.5-9.1 4.6 36
Erythromycin dihydrate 1.9 .98 2.13
Hydroxypropyl ecellulose 1.6 054 2.10 Source: Ref. 32.
Ibuprofen
A 15 0.05 0.98
g és 32; ig} natural‘origins, su_ch as gelatins and starch, can be
Lactose USP ’ : contaminated heavily.
Anhydrous 0.8 0.27 1.40 I
Hydrous Fast-Flo 0.4 019 170 Compatibility
Hydrous bolted 0.6 0.2 2.16 One final area that should be considered when choos-
?pyri];-:ilfi:gmy prosess o6 045 212 ing the excipients to be used in the tablet fo_rmgiation is
A 0.6 0.18 147 that of drug-excipient interactions. There: I_S-Stl.ﬂ ml._ich
B 0.5 0.12 181 debate as to whether excipient compatibility testing
Mannitol should be conducted prior to formulation [37-39].
A 0.8 0,19 2.18 These tests most often involve the trituration of small
B 0.5 0.15 2.26 amounts of the active ingredient with a variety of ex-
Methepamine 1.6 0.98 0.84 cipients. Critics of these small-scale studies argue that
Methyl cellulose 45 0.06 3.02 their predictive value has yet to be established and
Microcrystalline indeed do not reflect actual processing conditions [37].
celiulose NF Instead, they suggest a sound knowledge of the
Avicel PH 102 (coarse) 4.3 0.04 2.20 chemistry of the materials used in conjuncture with
Povig}“nzc{f;}; 101 (fine) ?3 gg; ?% “mini-formulation” studies as 2 preferable method for
Sorbitol NF 0.9 0.16 170 investigation of drug-excipient interactions.
Starch NF
Corn 04 0.26 2.48
Pregelatinized 1.8 6.14 2.02
Pregelatinized compressible 1.2 6.02 2.08
Modified (starch 1500) L5 .27 230 14
Sucrose NF
A 1.0 0.35 1.45 12-
B 0.8 0.42 L79 . y=1.3094-0.30351x AA2=0.978
C 0.5 0.53 1.55 % 101
Source: Refs, 23-28. %{
§ 0.8
manufacturing process [35,36]. Ibrahim and Olur- &
inaola monitored the effects of production, environ- 0.64
ment and method of production, as well as microbial
quality of starting materials, on the microbial load 0.4 i . .
during various stages of tablet production [35]. Al- 0 1 2 3

though high levels of contamination were present
during the wet granulation process, these levels were
significantly reduced during the drying process. The
investigators also found that products derived from

% Acetylsalicylic Anhydride

Fig. 4 EBffect of acetylsalicylic anhydride impurity on the
dissolution rate of aspirin tablets. (From Ref. 34.)
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C. Tablet Components

Conventional solid dosage forms can be divided into
two classes: those that disintegrate and those that do
not. Disintegrating dosage forms release drug by
breaking down the physical integrity of the dosage
from, usually with the aid of solid disintegrating agents
or gas-releasing effervescent agents. Nondisintegrating
tablets are usually made of soluble drugs and ex-
cipients that will rapidly dissolve in the mouth or GIT
upon ingestion.

With the advent of prolonged-release dosage forms,
some pharmaceutical scientists have begun to regard
conventional disintegrating dosage forms as “non—
controlled-release.” This term is a misnomer since,
with the aid of “super-disintegrants” and other ex-
cipients, the disintegration of these dosage forms can
be controlled, both quantitatively and qgualitatively.
Moreover, there are still many drugs in which rapid
attainment of therapeutic levels, rather than controlled
release, is required. Analgesics, antibiotics, and drugs
for the acute treatment of angina pectoris are prime
exaraples. These tablets need to be designed so that the
drmg is liberated from the dosage form in such a
manger that dissolution of the drug is maximized. Very
often, this means that disintegration of the tablet must
be followed by granular disintegration (see Fig. 5) to
promote rapid dissolution and, hence, absorption.

The ingredients, or excipients, used to make com-
pressed tablets are numerous. They can be classified by
their use, or function, as in Table 4. Keep in mind,
however, that formulations need not contain all the
types of ingredients listed in this table. Certain ex-
cipients, such as antioxidants and wetting agents, are
used only in situations where they are expressly needed
to assure the stability and solubility of the active in-
gredients. Other excipients, such as dissolution modi-
fiers, are used primarily in controlled-release
formulations. In fact, by reducing the number of in-
gredients in a formulation, one will generally be re-
ducing the number of problems that can arise in the
manufacturing process. Hence, many formulators ad-
here to the motte “Keep it simple.”

Because of the nature of modern pharmaceutical
systemas, formulators have made more complete in-
vestigations of the materials they use. This interest has
identified several materials that may have more than one
use in tableted systems. The type of effect that an ex-
cipient will produce is often dependent upon the con-
centration in which it is used. For example, Table 5 lists
some “multiuse” excipients and the corresponding con-
centration ranges required for their various applications.
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Intact Tabiet DRUG IN

BLOODSTREAM

Fig. 5 Absorption of a drug from an intact tablet.

A relatively new class of “co-processed” excipients
now exists. These excipients are essentially a “pre-
blend” of two or more excipients that are commonly
used in conjunction with each other.

Active Ingredients

The dose of the drug to be administered has a pro-
found effect on the design and formulation of a dosage
form. Content uniformity and drug stability become
very important issues when dealing with highly potent
compounds that are delivered in very small doses {e.g.,
oral contraceptives). However, the effect of the drug’s
properties on the tablet, in this case, is minimal. In
general, as the dosage increases, so does the effect of
the drug’s attributes on the tablet.

Table 4 Ingredients Used in Tablet Formulation

Active ingredient (drug) Dissolution modifiers

Fillers Absorbents

Binders {dry and wet) Flavoring agents

Disintegrants Coloring agents

Antifrictional agents Wetting agents
Lubricants Antioxidants
Glidants Preservatives
Antiadherants
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Table 5 Some Multiple-Use Excipients for Tablet Formulation

Kottke and Ruodnic

Excipient/concentration in formula

Use

Ethylceilulose
1-3% Wet or dry binder
1-3% Controlled-release coating
Glyceryl palmitostearate
0-5% Lubricant
10-50% Controlled-release excipient
Hydroxypropylmethyl cellulose (HPMC), low
viscosity
2-5% Wet or dry binder
2-10% Film former
5-25% Controlled-release excipient
Magnesiura aluminum silicate
2-10% Binder
2-10% Disintegrant
Microcrystalline cellnlose (MCC)
0-8% Improve adhesion of film coat to core
0.2-0.5% Glidant
5-20% Antiadherant
5-20% Disintegrant
5-95% Binder /filler
Polyethylene glycol
0-10% Lubricant
0-15% Thermaoplastic filler/binder
540% Controlled-release excipient
Poly(methacrylates)
2-10% Film former
5-26% Controllad-release excipient
10-50% Filter
5-16% Coating excipient
Poly(vinyl pvrrolidone} (Povidone, PVP)
515% Wet binder
5-10% Coating excipient
5-30% Disintegrant
10-35% Controlled-release excipient
Starch
3-15% Intragranular binder/disintegrant
5-25% Wet binder
5-20% Disintegrant

Sometimes processing can affect the particle mor-
phology of the active ingredient. This in turn may lead
to adverse effects on mixing and tableting operations.
In particular, micronization of a drug may cause
crystals to change their shape even though poly-
morphism i5 not evidenced,

Fillers

An increasing number of drugs are highly potent and
are thus used in very low doszges. In order to produce
tablets of a reasonable size (i.e., minimum diameter of

3 mm), it is necessary to dilute the drug with an inert
material. Such diluents should meet important criteria,
including low cost and good tableting qualities. It may
be possible, in some instances, to combine the role of
diluent with a different property, such as disintegrant
or flavoring agent.

Commonly used fillers and binders and their com-
parative properties are listed in Table 6. As can be seen
by this list, both organic and inorganic materials are
used as fillers and binders. The organic materials used
are primarily carbohydrates because of their general
ability to enhance the product’s mechanical strength as

10
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Table 6 Comparative Properties of Some Directly Compressible Fillers®

Filler Compactibility ~Flowability Solubility Disintegration Hygroscopicity Lubricity  Stability
Dextrose 3 2 4 2 1 2 3
Spray-dried lactose 3 5 4 3 1 2 4
Fast-Flo lactose 4 4 4 4 1 2 4
Anhydrous lactose 2 3 4 4 5 2 4
Emdex (dextrates) 5 4 5 3 1 2 3
Sucrose 4 3 5 4 4 1 4
Starch 2 1 0 4 3 3 3
Starch 1500 3 2 2 4 3 2 4
Dicalcium. phosphate 3 4 1 2 1 2 5
Avicel (MCC) 5 1 ] 2 2 4 5

"Graded on a scale from 5 (good/high) down to 1 (poor/low); 0 means none.

well as their freedom from toxicity, acceptable taste,
and reasonable solubility profiles.

One of the most commenly used carbohydrates in
compressed tablets is lactose. Work by Bolhuis and
Lerk [40] and Shangraw et al. [6] has demonstrated
that all lactoses are not equivalent as determined by
chemical, physiochemical, and functional measure-
ments. In addition te the various particle-size grades of
normal hydrous lactose, one can purchase spray-dried
lactose, which is an agglomerate of a-lactose mono-
hydrate crystals with up to 10% amorphous material.
Spray-dried lactose has very good flow properties, but
its poor compression characteristics require the addi-
tion of a binder such as MCC. However, one particular
brand of spherical crystalline/amorphous agglomer-
ate, Fast-Flo (NF hydrous), possesses superior coim-
pressibility and dissolution characteristics. The
spherical nature of the crystals make them more
compressible than spray-dried agglomerates of lactose
{41]. Anhydrous lactose has also heen used as a diluent,
particularly in direct compression formulations where
low moisture content is desirable, since it has very
good stability and a reduced tendency to color upen
aging. Another advantage in the use of amhydrous
lactose is that its insensitivity to ternperature changes

Table 7 Comparative Properties of Some Inorganic Fillers®

allows it to be reworked with relative ease. Un-
fortunately, its flow properties are not particularly
good and its compressibility is inferior to other forms
of lactose. One must also give attention, though, to this
component’s stability, as aging may adversely affect
these properties.

Some other sugars are now being produced in spe-
cial grades to meet the needs of the pharmaceutical
industry. Most of these products contain combinations
of sucrose with invert sugar or modified dexirins and
are of particular value in the formulation of chewable
tablets. In addition, crystalline maltose and directly
compressible grades of fructose are currently available
and have gained a large degree of acceptance in the
“putraceutical” industry [41a].

Starch is often cited as a filler, but it is more com-
monly used in its dry state as a disintegrating agent.
However, modified starches such as StaRx 1500 and
National 1551 (partially hydrolyzed, or pregelatinized
starch) are marketed for direct compression and ap-
pear to offer the advantage of substantial mechanical
strength and rapid drug release.

Certain inorganic salts are also used as fillers. Some
common examples are listed in Table 7 together with
their comparative properties. Among the most popular

Filler Avaifability = Mechanical  Solubility = Absorbency  Acid/base  Abrasiveness  Lubricity
Calcium carbonate 2 4 0 3 Base 2 1
Dicalcium phosphate 2 2 0 4 Base 2 0
{alcinm triphosphate 3 2 ¢ 5 Base 2 0
Magnesium carbonate 2 2 0 4 Base 1 i
Sodium chloride 5 5 5 1 Neutral 3 2

“Graded on a scale from 5 (good/high) down to 1 {poor/low); 0 means none.
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Fig. 6 Dissolution of digoxin tablets containing different
fillers {in simulated gastric fluid at 37°C). (From Ref. 45.)

is dicalcium phosphate dihydrate, a comparatively low-
cost insoluble diluent with good powder flow potential
but inherently poor compression characteristics [41]. It
is itnportant to note that this material is slightly alka-
line and thus must not be used where the active in-
gredient is sensitive to pH values of 7.3 or above. Fuji
has recently introduced an anhydrous grade of dibasic
calcium phosphate {DCPA) as Fujicalin. Investigators
have found that DCPA is highly compressible and
promotes rapid dissolution, most likely due to its an-
hydrous nature [41b]. Special formulations in which
unmilled dicalcium phosphate is the main ingredient
are available under the trade name }':‘.n‘lcon'lpress® and
contain 5-20% of other components designed to im-
prove compaction and disintegration performance
{6,40,42]. In accelerated stability studies, Shah and
Arambulo j43] found Emcompress to be unsuitable for
use with ascorbic acid and thiamine hydrochloride due
1o deteriorating hardmess and disintegration char-
acteristics evidenced, as well as the chemical degrada-
tion of ascorbic acid. In addition, calcium salts present
in dibasic calcium phosphate may adversely affect the
absorption profile of certain drugs [44].

The influence of the actual manufacturing process
can also affect the contribution of the diluent to the
final characteristics of the product. For instance, Shah
et al. [45] demonstrated that the release of drog from
tablets formulated with soluble excipients may be more

Kottke and Rudnic

prompt than those formulated with insoluble ex-
cipients (see Fig. 6). However, they also found that the
methed of preparing the triturates was also very sig-
nificant. In this example, ball or Muller milling gave
the best overall results.

Few tablets intended for oral adminisiration are
totally soluble in aqueous media, but if such a product
is needed, then soluble excipients are employed. These
inciude dextrose, lactose, mannitol, and sodium
chioride, with the last of these sometimes acting as its
own lubricant. Urea may also be used, but due to its
known pharmacological effects, it is less desirable than
the other soluble compounds cited.

Binders and Granulating Fluids

Most binders used in wet granulation tend to be
polymeric in nature. The binders most commonly used
are patural in source, such as starch or cellulose deri-
vatives. Typically, these agents are dispersed or dis-
solved in water or a hydro-alcoholic medivm. The
binders can be sprayed, poured, or admixed into the
powders to be agglomerated. The methods of in-
corporating these materials can be classified into low-
shear, high-shear, atomization, and extrusion methods.
As illustrated in Fig. 7, one can see that the con-
centration of binder used and its method of addition
(as a dry powder or as .a granulating fluid) can affect
significantly affect granule size [46]. Moreover, some
researchers have found that increasing the amount of
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Fig. 7 Effect of binder concentration and method of addi-
tion on granule size. (From Ref. 46.)
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granulating fluid used can have profound effects on 2
tablet’s mechanical strength and disintegration time
[47). Some cornmonly used binders are listed in Table 8.

Seager <t al. (48] showed that a binder can be useful
for a given process but may not be universally useful.
They studied gelatin in granulations made by roller-
compaction, conventional wet granulation, and spray-
drying. These researchers found spray drying to be the
preferred method of granulation for gelatin-granulated
acetaminophen. They hypothesized that this was due
to the improved distribution of the binder in this sys-
tem. Studies evaluating the influence of PVP-based
granulating methods on granules of lactose and MCC
found that MCC granules (plastically deformable)
were highly dependent on granulating method while
brittle lactose granules were not (brittle) [48a].
Chowhan showed that considerable variability often
occurs when scale-up of a granulation takes place. He
demonstrated that a major factor in scale-up is the
drug itself, which may require more or less granulating
fluid and binder to make a suitable tablet. He also
found that this may impact the drug release and thus
bicavailability of the dosage form [49].

Iyer et al. [50] investigated the effects of roto-
granulation on the performance of hydroxypropyl
methyleellulose  (FIPMC), gelatin, and poly(-
vinylpyrrolidone) (Povidone, PVP). In this process, all
three binders produced similar results. However,
HPMC was preferred due to prolonged drug release
profiles, smaller particle size, and better content
uniformity.
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The use of hydroxypropyi cellulose (HPC), a binder,
has increased in recent years [50a-50c]. This material
has been shown to reduce the incidence of capping
when compared with MCC, PVP, and starch [50a}. In
addition, low substituted grades of HPC can also be
used as a filler/ binder [50b].

York, reviewed the solid-state properties of solids
and showed that both intrinsic and induced properties
can have a profound effect on wettability and proces-
sing [51]. In addition, Lerk et al. {52,53] investigated

.the surface characteristics of a number of drugs and

showed that the contact angles can vary greatly de-
pending on the drug (see Table 9). Of interest is the
difference in wettability of different crystalline forms of
the same drug [52,53]. These properties will have a
profound effect on the ability of various binders to
function as well as change the processing parameters
needed to effect proper granulation.

Disintegrants

For most tablets, it is necessary to overcome the co-
hesive strength introduced into the mass by compres-
sion. It is therefore commeon practice o incorporate an
excipient, called a disintegrant, which induces this
process. Several types, acting by different mechanisms,
may be distinguished: (a) those that enhance the action
of capillary forces in producing a rapid uptake of
aqueous liquids, (b) those that swell on contact with
water, (c) those that release gases to disrupt the tablet

Table 8 Some Commoniy Used Wet Binders and Granulating Fluids

Name Strength (%) Comments

Acacia mucilage® 1-5 Produces hard, friable granules

Cellulose derivates® 5-10 HPMC" is most common

Ethanol Applied to easily hydratable material

Gelatin solutions 1020 Gels when cold, therefore use warm; strong
adhesive; used in lozenges; less suitable in
warm moist climates

Glucose syrups 25-50 Strong adhesive; tablets may soften in high
humidity

Povidone 5-15 Different MW grades give varying results

Starch mucilage® 5-10 One of best general binders; better when used
watm

Sucrose syrups" 65-85 Strongly adhesive; tablets may soften in high
humidity

Tragacanth mucilage® 10-20 Produces hard, friable granules

Water Applied to easily hydratable material

May also be added as dry powder to the formulation, but this is less efficient than liquid preparation.

bHydroxypropylmetiylcellulose.
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Table 9 Contact Angies for Some Powders

Material Contact angle (d)
Acetyisaiicylic acid 74
Aminophylline 47
Ampicillin, anhydrous 33
Ampicillin, trihydrate 21
Calcium stearate 115
Chloramphenicol 59
Chioramphenicol palmitate {«-form) 122
Chloramphenico! palmitate (B-form) 108
Diazepam 83
Digoxin 49
Indomethacin 50
Lactose 30
Magnesium stearate 121
Phenylbutazone 109
Prednisolone 43
Predoisone 63
Stearic acid 98
Sulfacetamide 57
Theaphylline 48
Tolbutamide 72

Source: Refs, 52 and 53.

structure, and (d) those that destroy the binder by
enzymatic action.

The method of addition has also received attention.
In particular, during wet granulation, the addition of
the disintegrant before (intragranular) or after (extra-
granular) the granulation process has been investigated
(see Figs. 8 and 9} [54]. The extragranular portion

184

ok
o
I

Hardneas (ko]
a

12 -
106 T gy —y 7
2 4 <] 8 0 12
% Starch
—a— External

w——  Intemal

Fig. 8 Effect of starch concentration and location on tablet
hardness. (From Ref. 54.)
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Fig. 9 Effect of starch concentration and location on tablet
disintegration time. {From Ref. 54.)

ensures rapid disintegration, while the intragranular
fraction leads to harder tablets and a finer size dis-
tribution on dispersion. The consensus of the pub-
lished papers on this topic appears to be that there are
advantages to be gained in dividing the disintegrant
into hoth extra- and intragranular portions, with be-
tween 20 and 50% being external. For example, 2.5%
intragranular and 12.5% extragranular disintegrant
produced the best overall performance in tablets of
calcium orthophosphate [35].

Water Uprake. There is evidence to suggest that
water uptake caused by capillary forces is the crucial
factor in the disintegration process of many
formuiations. Iz such systems the pore structure of
the tablet is of prime importance and any inherent
hydrophobicity of the tablet mass will adversely
affect it. Therefore, disintegrants in this group must
be able to maintain a porous structure in the
compressed tablet and show a low interfacial tension
towards aqueous fluids, Rapid penetration by water
throughout the entire tablet matrix to facilitate its
breakup is thus achieved. Concentrations of
disintegrant that ensure a continwous matrix of
disintegrant are desirable and levels of between 5 and
20% are common,

Water uptake has been implicated as a mechanism
of action for tablet disintegrants. Khan and Rhodes
studied the adsorption and absorption properties of
various disintegrants [56}. They concluded that the
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ability of particles to draw water into the porous net-
work of a tablet (wicking) was essential for efficient
disintegration. Work conducted by Mitrevej and Hol-
lenbeck substantiates these claims [57]. A sophisticated
method of determining water uptake was developed by
Nogami et al. [58]. Their study further supports the
theory that the rate of wetting is responsible, at least in
part, for the disintegrant action.

Starch was the first disintegrant used in tablet
manufacture and still enjoys wide use today [59-66]. Its
mode of action is probably through the induction of
water uptake into the tablet rather than by the swelling
action previously ascribed to it [S7-63]. Other workers
[67] still consider that the kydration of the hydroxyl
groups causes them to move apart, yet it appears that
starch swells little in water at body temperature. There
is some evidence to suggest that the fat comtent of
starch can also influence its performance as a disin-
tegrant. In addition, since starch possesses poor bind-
ing characteristics, once the tablets containing it
become thoroughly wetted they break up easily
[62,63,65]. Varieties of starch containing large grains
are preferred for other reasons, but in the present
context a large particle size may provide the optimum
pore size distribution within the tablet and thus pro-
mote capillary action {e.g., potato starch).

Some forms of MCC have been shown to be highly
porous, with strong “wicking” tendencies, thereby
making them good disintegrants. This is a fortuitous
finding since they also serve as excellent binders and
are able to improve significantly the mechanical
strength of some weak formulations. Ope disadvantage
of using MCC, however, is that dissohtion perfor-
mance may be adversely affected at higher compression
forces. Another disintegrant group, the insoluble ca-
tionic exchange resins, typified by polyacrylin, exhibits
better dissolution characteristics when subjected to
higher pressures. Comparisons of disintegrant action,
however, will only be valid if carried out under the
same controlled conditions.

Some disintegrants propagate capillary effects but
also swell and/or dissolve to enhance disintegration
behavior. Sodium starch glycolate and insoluble ca-
tionic exchange resins are two examples that have been
extensively studied by Khan and Rhodes [56,68], who
demonstrated their superiority to sodium carboxy-
methylcellulose and corn starch. Their results corre-
lated will with the comparative release patterns of a
dye from tablets containing these materials. In addi-
tion, they were able to show the Jong-term deteriora-
tion in hardness and disintegration time when the
tablets containing the more effective disintegrants were
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subjected to high humidities. A comparative evalua-
tion of sodium starch glycolate against cross-linked
carboxymethylcellulose and sodium glycine carbonate
has been carried out by Bavitz et al. [69], who de-
termined that cross-linked carboxymethyicellulose
compared very favorably with sodium starch glycolate
in formulations of four different actives over long test
periods. Colloidal silicon dioxide has been investigated
as a disintegrant, and, although capable of absorbing
approximately nine times more water than starch, the
process is several times slower; the hindered action
offsets much of the advantage of its greater
absorbency.

Swelling. Perhaps the more widely accepted
general mechanism of action for tablet disiategrants
is swelling. Almost all disintegrants swell to some
extent, and swelling has been reported quite
universally in the literature [6,70,71]. Historically,
sedimentation volumes of the disintegrant in a sturry
have been used as measures of swelling. This fest is a
fair appraisal of swelling capacity but does not
provide for the dynamic measurement of the swelling
itself. As a result, many disintegrants studied by this
method do not show a correlation between
sedimentation volumes and disintegrant efficiency.
Nogami et al. developed a reliable test to measure
swelling and water uptake simultaneously with the
aid of two graduated columns connected by a rubber
tube [58]. This apparatus was later refined by several
research groups [72-74]. Figure 10 illustrates the
essential features of this apparatus, which is very
useful for the quantfication of swelling and
hydration rates for many excipients and polymers.

tradustedclinder v gl
sample Eine
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rubber tubing

Fig. 18 Bulk swelling and water uptake apparatus.
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Both sedimentation volumes and swelling rates
were evaluated by Rudnic et al., who found a poor
correlation between the static test (sedimentation)
and disintegrant efficiency [74]. In addition, they
found that swelling tests, such as those reported
above, are dependent upon a number of variables
including water transport through a gel layer and
rates of hydration. These investigators developed
methods to evaluate intrinsic swelling through the
use of high-speed cinemicroscopy in conjunction with
computerized image analysis. Although their method
afllowed for more accurate and precise measure of
swelling, they concluded that both bulk swelling and
intrinsic swelling produced similar rank order disin-
tegrant swelling rates.

All of the investigations described above have placed
importance not only on the extent of swelling, but also
on the rate at which swelling develops. In addition, it is
importent to understand that, as particles swell, there
must be little or no accommodations by the tablet
malrix to that swelling. If the matrix yields elasticity to
the swelling, Little or no force will be expended on the
systeme and disintegration will not take place, If the
matrix is rigid and does not accemmodate swelling,
however, deaggregation or disintegration will occur.

One general preblemn with this group of disin-
tegranls is that upon swelling, many disintegrants
produce a sticky or gelatinous mass that resists
breakup of the tablet, making it particularly important
to optimize the concentration present within the
granuiation. For example, some powdered gums, such
as apar, karaya, or tragacanth, swell considerably
when wet, but their pronounced adhesiveness limits
their value as disintegrants and restricts the maximum
concentration to which they can be effectively used to
approximately 5% of tablet weight. Because these
substances are nonsynthetic, they also exhibit con-
siderable lot-to-lot variability, are liable to micro-
biological contamination, and can be quite expensive.
However, alginic acid and its sodium salt have suffi-
cient swelling with minimum stickiness, and con-
centrations as low as 4 or 5% are often adequate. The
small levels of alginates required compensate for the
sotnewhat high cost of these materials.

Although untreated starches do not swell suffi-
ciently, certain modified forms, such as sodium starch
glycolate, do swell in cold water and are hetter as
disintegrants. Various cejlulose derivatives, including
methylceliulose and carboxymethylcellulose, have been
used in this role, but with Hmited success due to the
marked increase in viscosity they produce around the
dispersing tablet mass.

Kottke and Radnic

Gas Production. Gas-producing disintegrants are
used when especially rapid disintegration or a readily
solubie formulation is required [70]. They have also
been found to be of value when poor disintegration
characteristics have resisted other methods of
improvement. Their main drawback is the need for
more stringent conirol over environmental conditions
during the manufacture of tablets made with these
materials. In particular, gas-producing disintegrants
are quite sensitive to small changes in humidity
levels. For this reason, these disintegrants are often
incorporated immediately prier to compression, when
the moisture content can be controlled more easily
and/or they can be added fo two separate fractions
of the formulation. Composition is based upon the
same principles as those used for effervescent tablets,
the most common being mixtures of citric and
tartaric acids plus carbonates or bicarbonates.

In many instances, lower concentrations of gas-
producing disintegrants can be used than are required
by other disintegrating agents. This is a distinct peint
in their favor. Certain peroxides that release oxygen
have been used for this purpose, but they do not per-
form as well as those releasing carbon dioxide.

Enzymes. Where tablets are not naturally very
cohesive and have thus been manufactured by a wet
granujation process Involving ome of the binders
lisied in Table 8, addition of small gquantities of
appropriate enzyme may be sufficient to produce
rapid disintegration. 1t has also been proposed that
disintegration action might result from expansion of
the entrapped air due to generation of ‘“heat of
weiting” wher: the tablet is placed in a fluid. This
concept has received little attention.

Other Factors

DEFORMATION. The  existence of  plastic
deformation under the stress of tableting has been
reported for many years. Hess determined that
disintegrant particles deform when compressed
during the tableting process with the aid of scanning
electron  micrographs [64). He found that the
deformed particles returned to their normal shapes
when exposed toc water. Work completed by Fuhrer
yielded similar results [75]. In some cases, the
swelling capacity of starch granules was improved
when the granules were extensively deformed during
compression. Obviously, the role of deformation and
rebound under actual production conditions need to
be studied in more detail before the full effect of this
phenomenon can be nnderstood.
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PARTICLE REPULSION THEORY. Another theory of
tablet disintegration attempts to explain the swelling of
tablets made with *‘nonswellable” starch. Guyot-
Hermann and Ringard have proposed a particle
repulsion theory based upon the observation that
particles that do not seem to swell may still
disintegrate tablets [66]. In their study they altered
the dielectric constant of the disintegrating media in
an effort to identify electric repulsive forces as the
mechanism of disintegration and concluded that
water is required for tablet disintegration. These
investigators  espoused repulsion, secondary o
wicking, as the primary mechanism of action for alf
tablet disintegrants.

HEAT OF WETTING. Maisumaru was the first to
propose that the heat of wetting of disintegrant
particles could be a mechanism of action [76]. He
observed that starch granules exhibit slight
exothermic properties when wetted and reported that
this was the cause of localized stress resulting from
capillary air expansion. This explanation, however, is
limited to only & few types of disintegrants and
canmot describe the action of most modem
disintegrating agents. List and Muazzam [77] studied
this phenomenon and also found disintegrants where
significant heat of wetting is generated. However, in
these cases there is not always a corresponding
decrease in disintegration time.

PARTICLE SIZE. Physical characteristics of
disintegrants, such as particle size, also have some
bearing on the mechanisms of disintegration (e.g.,
swelling and water uptake). Several authors have
attempted to relate the particle size of disintegrants
to their relative efficiency. Smallenbroek et al. [78]
evaluated the effect of particle size of starch grains
on their ability to disintegrate tablets. They
concluded that starch grains with relatively large
particle sizes were more efficient disintegrants than
the finer grades. These aunthors theorized that this
behavior resulted from increased swelling pressure,
Investigations made by Rudnic et al. [74,79] confirm
these results. They also found a correlation between
the rate of swelling and the amount of water uptake
of sodium starch glycolate and have thus postulated
that particle size plays a key role in the overall
efficiency of commercial sources of this material.

MOLECULAR STRUCTURE. In their attempts to
identify the mechanism(s) of action of tablet
disintegrants, researchers recently have turned their
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Fig. 11  Effect of amylose on the hardness and disintegra-
tion of dicalcium phosphate tablets. (From Ref. 62.)

attention to the molecular structure of disintegrants.
Schwartz and Zelinskie {65] published one of the first
such reports in which they examined the two comn
starch fractions amylese and amylopectin, They
concluded that the linear polymer amylose was
responsible for the disintegrant properties of starch
while the amylopectin fraction was primarly
responsible for the binding properties associated with
starches (see Fig. 11). Because of the work by
Schwartz and Zelinskie, tablet formulators can now
select from a range of specialty starches that
represent different ratios of amylose and amylopectin
content to solve disintegrant/dissolution problems
encountered in tablet formulation.

Super Disintegrants. Shangraw et al. identified
three major groups of compounds that have been
termed superdisintegrants [6]. Many of these so-
called superdisintegrants are substituted and cross-
linked polymers. One group—the sodium starch
glycolates—has enjoyed widespread popularity due
to its exceptional ability to disintegrate tablets as well
as the relative ease with which this type of compound
can be processed into tablet formulations.

Sodium starch glycolate is manufactared by cross-
linking and carboxymethylating potato starch. It pro-
vides an excellent opportunity to measure the re-
lationship  between  molecnlar  structure and
disintegrant efficiency by altering the degree of sub-
stitution and the extent of cross-linking. Optimization
of one sodium starch glycolate was performed using
both direct compression and wet granulation methods.
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These studies showed that the swelling to the disin-
tegrant particles was inversely proportional to the level
of substitution {80}

A number of published studies have described the
use of various substances as tablet disintegrants. Re-
views by Lowenthal and Kanig and Rudni¢ have been
published on the various agents used to bring about
tablet disintegration [79,71]. Shangraw et al. reviewed
the modern so-called superdisintegrants and compared
their relative morphelogical properties [63. Most pub-
lished studies have attempted to explain mechanisms
that relate to observed efficiency of the disintegrating
agent, and some have explored secondary atfributes
within the disintegrants themselves. None have suc-
ceeded, however, in advancing an explanation of dis-
integration that approaches a universal understanding
applicable to all disintegrants. It now seems obvions
that no single mechanism is applicable to all tablet
disintegrants. In fact, a combination of mechanism
may be operative.

Antifrictional Agents

Insoluble Lubricants. Lubricants act by inter-
posing an intermediate layer between the tablet
constituents and the die wall. The smaller the
amount of stress needed to shear the material, the
better its Iubricant properties will be. Since they are
primarily required to act at the toocling/material
interface, lubricants should be imcorporated in the
final mixing step after all granulation and

Tabie 10 Some Commonly Used Antifrictional Agents
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preblending is complete. In this way, overmixing is
less likely to occur,

A common mistake in the design of tabiet opera-
tions is adding both the disintegrant and lubricant
together in one mixing step. This causes the disin-
tegrant to become coated with lubricant and often re-
sults in both a decrease in the disintegrant’s porosity
and a decrease in the efficiency of the disintegrant.
Rather than add the disiniegrant and lubrcant si-
multaneously, a better approach is to add these ex-
cipients sequentiaily, with a disintegrant being first.

The surface area of the lubricant may be the most
important parameter to monitor, in terms of lubricant
efficiency. Substantial decreases in both ejection forces
and tablet hardness are noted when using brands of
magnesium with larger surface areas. Lubricants with
high surface areas may also be more sensitive to
changes in mixing time than lubricants with low sur-
face areas. Thus, if a particular drug or formulation is
deleteriously affected by prolonged mixing of lu-
bricants, adequate characterization of monitoring of a
fubricant surface area shouid be an integral part of
product development and quality control.

Some of the more common antifrictional agents are
listed in Table 19. Many of these are hydrophobic and
may consequently affect the release of medicament.
Therefore, lubricant concentration and mixing time
should be kept to the absolute minimum. Lubricants
may alse reduce significantly the mechanical strength
of the tablet (see Fig. 12) [29,81]. Stearic acid and its
magnesium and calcinm salts are widely used, but the

Soluble lubricants
Adipic acid
d, I-Leucine
Glyceryl triacetate
Magnesium lauryl sulfate
PEG 400, 6000, and 8000
Polyoxyesthylene monostearates
Sodium benzoate
Sodium lauryl sulfate
Sucrose monolaurate

Insoluble lubricants
Caleinvm, magnesium, and zine salts of stearic acid
Glyceryl monostearate
Glyceryl palmitostearate
Hydrogenated vegetable oils
Hydrogenated castor oil
Light mineral oil
Paraffins
Polytetrafluoroethylene
Sodium stearyl fumarate

Glidants Stearic acid
Calcium silicate Talc
Colloidal silicon dioxide Waxes
Magnesium carbonate Antiadherants
Magnesium trisilicate Most lubricants
Starch Starch
Tale Tale
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Fig. 12 Tensile strength of calcium sulfate tablets as a
fonction of magnesium stearate concentration (solid fraction
= 0.57). (From Ref. 29)

latter can be sufficiently alkaline to react with certain
amine salts such as aminophylline, resulting in the re-
lease of free base and discoloration of the tablet.
Published formulas show levels of these lubricants
between 1 and 4%, but there is evidence to show that,
in many cases, they can be reduced to as little as 0.25%
without significantly affecting the lubrication of the
system.

Liquid paraffins, particularly those of iow viscosity,
have been used and are said to be of value for colored
tablets, and even the use of modified vegetables has
been atternpted. However, they appear, in general, to
offer little advantage over solid lubricants, and their
incorporation into the precompression mixture is more
difficult, requiring solution in a volatile liquid that is
then sprayed onto the unlubricated material. Due to
handling and EPA reguirements, these materials are
often rejected in the preformulation stage.

Isolated references in the literature describe the use
to talc as a lubricant, but this material is better re-
parded as a glidant [82-85]. It has several dis-
advantages, including its insolubility in body fluids and
the abrasiveness found when using all but the finest
grades of this material. Finally, it loses some of its
effectiveness after compression so that tablets con-
taining talc cannot be readily reworked without extra
quantities of it being added to the formulation.

Soluble Lubricants. Because of the association of
lubricant properties with lipophilic materials (and
hence poor aqueous solubility), alternative, more
hydrophilic materials have been investigated, Soluble
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lubricants do not appear to be as efficient in
lubricating tablet systems as their insoluble
counterparts {82]. Receiving increasing attention in
this context is a group of soluble, if less effective,
lubricants that also possess surfactant qualities and
are typified by the lauryl sulfates. For example, when
tablets lubricated with sodium lauryl sulfate were
compared to those Ilubricated with magnesium
stearate, the tablets containing sodium lauryl sulfate
exhibited a significantly higher rate of dissclution.
Physical mixtures of the Iubricant with stearates can
lead to the best compromise in terms or lubsicity,
tablet strength, and disintegration. Recently,
magnesium lauryl sulfate has beer found to have an
attractive balance of these properties, although
requiring a conceniration. of 5% to provide the same
lubricating efficiency as 2% magnesium stearate.

Some of the synthetic, soluble, wax-like polymers,
typified by the high molecular weight polyethylene
glycols (PEGs), have also been used as soluble lu-
bricants. PEG 4000 and 6000 have been investigated,
but their lubricant efficiency is less than that of mag-
nesium stearate. In attempts to find the optimum lu-
bricant from all standpoints, combinations of
polymers such as polyoxyethylene monostearates and
polyoxsthylene lauryl sulfates have undergone limitad
trials, with some encouraging results, but more in-
formation is required.

Glidants. Glidants are added to the formulation in
order to improve the flow properties of the material to
be fed into the die and sometimes aid in particle
rearrangement within the die during the early stages
of compression [6,85]. They may act by interposing
their particles between those of the ather components
and so, by virtue of their reduced adhesive
tendencies, lower the overall interparticulate friction
of the system. In addition, there may be adsorption
of glidant into the irrepularitics of the other
materials. It follows that, like lubricants, they are
required at the surface of feed particles and that they
should be in a fine state of division and appropriately
incorporated in the mix.

Starches remain a popular glidant, in particular
those with the larger grain sizes such as potato starch,
possibly because of their additional value as a disin-
tegrant in the formulation. Concentrations up to 10%
are common, but it should be appreciated that excess
may result in exactly the opposite effect of that desired
{i.e., low properties may worsen). Talc is also widely
used and has the advantage that it is superior fo star-
ches in minimizing any tendency for material to stick
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to the punch faces, a property sometimes classified as
antiadherent, Because of iis totally imsoluble nature,
and hence potential retardant effect of dissolution,
concentration must be strictly limited and should
rarely exceed 5%. In fact, the best overall compromise
may be realized by using a mixture of starch and talc.

Several silaceous materials have been used success-
fully to induce flow. Among those quoted in the lit-
erature are pyrogenic silica in concentrations as low as
0.25% and hydrated sodium silicaluminate in con-
centrations of around 0.75%. The former has the ad-
ditional property of being able to scavenge moisture,
which might otherwise contribute to restricted flow
characteristics.

Phyllosilicates, in addition to talc and silica, have
recently been evaluated for their use as tableting ex-
cipients. These compounds include the smectites, pa-
Iygorskites, and sepiolites [85a). Although they show
some promise, current levels of metallic impurities
are currently too high for use in pharmaceutical
preparations.

Antiadherents. Some materials strongly adhere to
the metal of the punches and dies. Although not a
frictional effect, this results in material preferentially
sticking to the punch faces and gives rise to tablets
withh rough surfaces. This effect, called picking, can
also arise in formulations containing excess moisture.

Normally, the lubricants present in the tableting
mass also act as anttadherents, but in the worst cases it
may be necessary to add more starch or even talc to
overcome the defect. So by judicious choics of a
combination of excipients, all of these undesirable ef-
fects of the tableting process can be minimized.

Dissolution Modifiers

This topic is the subject of Chapter 15, but some of the
materials that are used in these systems have other uses
as well (Table 5). Materials used to modify dissolution
can be incorporated in the formulation on either a dry
or wet basis. Table 11 lists some of the more commonly
used controlled release excipients.

Absorbents

Some tablet formulations call for the inclusion of a
small amount of semisolid, or even semiliquid, in-
gredient. It is highly desirable that any such compo-
nent should be adsorbed onto, or absorbed into, one of
the powders. In cases where none of the other ex-
cipients in the formulation is able to act as a carrier, an
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Table 11 Some Commonly Used Controlled-Release
Excipients

Hydrophilic
Acrylic acid
Acrylic acid derivatives/esters
Carboxymethyl cellulose (CMC)
Ethylcettulose (EC)
Hydroxypropyleeiiulose (HPC)
Hydroxypropyimethylceliulose (HIPMC)
Methylcellulose (MC)
Poly(acrylic acid) (PAA)
Poly(aminobutyl glycolic acid) (PAGA)
Poly{caprolactone) (PCL)
Poly(lactic acid) (PLA)
Poly(lactic co-glycolic acid) (PLGA)}
Poly(vinyl acetate) (PYAC)
Poly(vinyl alcohol) (PVA)
Poly(viny! pryrrolidone) {Povidone, PVP)
Polyethylene glycol (PEG)
Hydrophobic
Carnauba wax
Glyceryl monostearate
Glyceryl palmitostearate
Hydrogenated vegetable oil
Paraffin
White wax
pH-dependent
Cellulose acetate phthalate {CAP)
Hydroxypropylmethyl celluiose phthalate (HPMCF)
Poly{methacrylates)
Poly{vinyl acetate phthalate} (PVAP)
Shellac
Zein
Surface-active
Pluronics

absorbent may have to be included. When oily sub-
stances, such as volatile-favoring agents, are involved,
magnesium oxide and magnesium carbonate have been,
found to be saitable for this purpose. Natural earths,
such as kaolin, bentonite, and Fuller’s earth, have also
been used and possess pronounced absorbent qualities.
In general, they tend to reduce tablet hardness and
may be abrasive. Therefore, fine, grit-free grade must
be specified.

An absorbent may also be necessary when the for-
maulation contains a hygroscopic ingredient, especially
when absorption of moisture produces a cohesive
powder that will not feed properly to the tablet press.
In such instances, silicon dioxide has been found to be
of particular value.

One special problem in the tableting of volatile
medicaments, like nitroglycerin, is the loss of activity
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through evaporation. This effect can be reduced by
fixing agents such as PEG 400 or 4000 in concentra-
tions of 85%. Alternatively, cross-linked povidone can

also be used to enhance the stability of thig particular
drug.

Flavoring Agents

Making a formulation pafatable enough to be chewed
may result in enhanced availability of the drug. In
addition, for patients who are unable to swallow a
tablet whole (e.g., children), such a tablet may be the
only reasonable alternative. Sweetening agents such as
dextrose, mannitol, saccharin, and sucrose are widely
used as flavoring agents (see Table 12}, When choosing
a flavoring agent, however, one must carefully assess
potential incompatibilities that may exist between the
agent and the active ingredient. Perhaps the most ex-
tensively documented examples concern nitroglycerin
tablets, which at one time were formulated in a cho-
colate base containing nonalkalized cocoa. Un-
fortunately, the cocoa affected the product’s stability
and has since been replaced by mannitol.

Flavoring agents proper are commonly volatile oils
that have been dissolved in alcohol and sprayed onto
the dried granules or have simply been adsorbed onto
another excipient (e.g., talc). They are added im-
mediately prior to compression to avoid loss through
volatilization. In some cases they may even have some
lubricating activity. If the oil normally contains ter-
penes, a low terpene grade is better so as to avoid
possible deterioration in taste due to terpene oxidation

Table 12 Some Commonly Used Sweetening Agents

Bulk
Compressible sugar
Confectioner’s sugar
Dextrose
Glycerin
Lactose
Liquid glucose
Maltitol solution
Mannitol
Sorbitol
Sucrose
Xylitel

Intense
Acesulfame potassium
Aspartame
Saccharin
Saccharin sodium
Sodium cyclamate

21

305

products. When an oi! flavoring is prone to oxidation,
it may be protected by a special type of encapsulation
involving spray drying or an aqueous emulsion con-
taining the flavor. The emulgent used in spray-dried

products may be starch or acacia gum giving rise to the
so-called dry flavors.

Pharmaceutical Colors

Colorants do not contribute to therapeutic activity,
nor do they improve product bioavailability or stabi-
lity. Indeed, they increase the cost and complication of
the manufacturing process. Their main role is to fa-
cilitate identification and to enhance the esthetic ap-
pearance of the product. In common with all materia}
to be ingested by humans, solid dosage forms are se-
verely restricted in the coloring agents that are allow-
able. This situation is complicated by the lack in
international agreement on an approved list of color-
ants suitable for ingestion.

Colorants ate available as either soluble dyes {i.e.,
giving a clear solution) or insoluble pigments that must
be dispersed in the product (see Table 13). There is an
increasing tendency to use dyes in the form of special
pigments termed “lakes.” The pigment in this case is
adsorbed onto some inert substrate, usually aluminum
bydroxide, These pigmenis can be directly in-
corperated into tablets. I such cases it is often pre-
ferable to mix the lake with an extendor prior to
incorporation into the tablet blend to minimijze any
mottling. Ordinary starch or modified starches, such as
StaRx 1500, or sugars can be used for this purpose. In
addition, mottling is less evident in pastel shades and
colors in the center of the visible spectrum.

For tablet coating there are distinct advantages to
using pigments rather than dyes. Color development is
more rapid and hence processing time is shorter. Since
the final color is a function of the quantity of dve in the
coating suspension, rather than the number of coats
applied, there will be less operator influence and a
better chance of achieving uniformity within and be-
tween batches. There may also be a reduced risk of
interaction between the drug and other ingredients.

All dyes, and to 4 lesser extent lakes, are sensitive to
light to varying degrees, and their color may be af-
fected by other ingredients in the formulation, For
example, since many colorants are sodium saits (?f
organic acid, they may react in solution with cation¥c
drugs (e.g., antihistamines). In addition, nom'(.mfc
surfactanis may adversely effect color stability. Thl§ is
more prevalent when using natural colorants, which
also tend to have a higher degree of batch-to-batch
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Table I3 Differences Between Lakes and Dyes

Kottke and Rudnic

Characteristics Lakes

Dyes

Insoluble in most solvents

Solubility Soluble in water, propylene glycol,
and glycerin
Method of coloring By dispersion By solution
Pure dye content 10-40% Primary colors: 90-93%
Rate of use 0.1-0.3% 4.01-0.03%
Particle size < 0.5 pm 12-200 mesh
Stability
Light Better Good
Heat Better Good
Coloring strength Not proportional to dye content Directly proportional fo pure dye content
Shades Varies with pure dye content Constant

Source: Warner Jenkinson Pamphlel on Lake Pigments, September 1990,

variability. However, unlike artificial dyes, natural
colors do not require FDA certification prior to use in
drug products. Some of the more common synthetic
colorants are listed in Table 14 together with their
important properties.

Weziting Agents

Wetting agents have been used in tablets containing
very poorly soluble drugs in order to enhance their rate
of dissolution [$6-89]. Surfactants are often chosen for
this purpose, with sodium lauryl suifate being the most
common. Paradoxically, some ionic surfactants have
recently been formulated with oppositely charged
drugs to produce a sustained release complex [90-92],
Thus, one might want to consider using an uncharged
surfactant, such as polysorbate 80 (Tween 80), which
has less likelihood of interacting with charged mole-
cules.

Co-processed Excipients

It is now possible to commercially obtain co-processed
excipients (sec Table 15). These excipients are essen-
tially a “preblend” of two or more excipients that are
commonly used in conjunction with each other [92a—
92d]. Advantages to using co-processed excipients in-
clude a reduction in the number of raw materials and
processing time required for a given formulation and a
potential for improved batch-to-batch consistency. In
addition, investigators found that tablets prepared
from silified MCC (co-processed MCC and colloidal
silicon dioxide) exhibited improved tablet strength,
improved retention of compressibility after granula-
tion, and superior flow properties when compared te

tablets made from these MCC and colloidal silicon
dioxide added as individual components [92d].

III. TABLET MANUFACTURE

Thus far in this chapter, the emphasis has been on the
material rather than on the processes involved in tablet
manufacture, but the latter are of equal importance.
The pharmaceutical industry is highly regulated and
must comply with cwrent Good Manufacturing
Practices (¢cGMPs). In terms of equipment, this frans-
lates into preparing products in totally enclosed sys-
tems by processes that minimize the hapdling and
transfer of materials. Irrespective of the particular
production  route-—wet grapulation or direct
compression—the first stage is likely to involve the
intimate mixing together of several powdered in-
gredients.

A. Powder Mixing

The successful mixing together of fine powder is ac-
knowledged to be one of the more difficuls unit op-
erations because, unlike the situation with liquid,
perfect homogeneity is practically unattainable. All
that is possible is to realize a maximum degree of
randommness in the arrangement of the individual
components of the mix. In practice, problems also arise
because of the inherent cohesiveness and resistance to
movement between the individual particles. The pro-
cess is further complicated in many systems by the
presence of significant segregative influences in the
powder mix. These arise due to difference in particle
size, shape, and density of the component particles.

22



Tablet Dosage Forms

0661 Joquuadeg ‘s20107) PAUNIAT JO 1{YdHE] DOSEDMIN-IIUIEM 204H0T

*sapey Apiriduey,

“apegj sjqepaddy,

"opEy 1By A1A

: 3Py 1931S,

| "03ueya 9[qERNON ON,

‘0661 ‘62 Atenue Jo 52 Y £ PSYSP UIQ seq [ £ PIY OPAL ION,

P8} 'S SPEI'S'A SPEI'STA Sp¥ICS 1004 e 0oL 007 G'¥l 00z 13318 158 € Uy

FPeD WY 9PE] 'Y PB] Y loog To00d A 07 10 01 91 aunofipuy 7 omig

IPEI'S'A PRI S'A PRI 'S'A SPEIS loog ey 00T 00T 602 002 anpq joey[uyg [ sy

ONN DNN DNN JNN e PoA 001 (A4 007 081 MO[I8X jesuAg g MOPX

ONN ONN DNN ONN neg pooD A 021 0L 0'81 00T SUIZEILEBY, ¢ MOJ[o

ONN ONN ONN  ¢ONN Ireq peon [ g1 0'¢ o.mm OV paI empy 07 PoY

ONN ONN [osu] [osuy neq lood 98 00T 0'0¢ 0 susosgIirg £

g x4 L pad s Hd gpd uwomepkO  1WSIT  jouUBIpY %Sy [09A[5 ousiAdold  UMSOAID  I9IEA  QWIBU UOWINOD  0[02 JR(LI
o1 Kupqeis {D0ST 18 Tur 001/8) Anpiqryeg

(onaqiukg) sjuriopR _Sﬁnooasuﬂ.‘m pasn Ajuoumo)) swos P gL,
I

23




Table 15  Several Co-Processed Excipients

Koftke and Radnic

Excipient Components Manufacturer
Advantose FS Fructose, pregelatinized starch DMV
Avicel CE-15 MCC, guar gum EMC
Cellactose MCC, o-lactose monohydrate Meggle GmbH
Ludipress o-Lactose monohydrate, povidons, crospovi- BASF
done
LustreCiear MCC, carrageenan FMC
Microcelac MCC, «-lactose monchydrate Meggle GmbH
Pharmatose DCL Anhydrous lactose, lactitol DMV

ProSolv SMCC

MCC, colloidal silicon dioxide

Penwest

MCC, Microcrystalline celiulose,

it is not possible here to present a full account of the
interactions between these effects, so the reader is re-
ferred to standard texts dealing with this important
topic [93]. However, there may be an optimum mixing
time and in such cases, prolonged mixing may result in
an undesired product. In the special case of mixing in a
lubricant, which is required at the granule surface,
overmixing can be particularly detrimental.

Powder mixers vary widely in their ability to pro-
duce adequately mixed powders and the time needed to
accomplish it. For intimate mixing of powders, energy
must be supplied at a high enough rate to overcome the
inherent resistance to differential movement between
particles. Older mixers attempt to supply sufficient
energy to mix the entire batch at once, but modem
designs tend to be based on mechanisms for sequen-
tially feeding a proportion of the total mix to a region

DISCHARGE
tal

\HIGH
SPEED
CHOPPER

of high-energy mixing potential. Typical examples of
the general design of such mixers are shown dia-
grammatically in Fig. 13. Mixing is achieved by means
of 2 main impeller, which feeds material to a high-
speed “chopper,” producing an intense shear mixing
Zone.

With all mixers, however, it is necessary to establish
that an acceptable degree of homogeneity has been
reached. Quantitative methodologies for establishing
an “index of mixing™ or “efficiency of mixing” are
reported in the literature [94].

Direct Compression

For obvious reasonms, the possibility of compressing
mixed powders into tablets without an intermediate
granulating step is an attractive one. For many years,

HIGH

SPEED
CHOPPER

L1D~,
2
z
MAIN

DISCHARGE IMPELLER

(b}

Fig. 13 High-shear mixers: (a) underdriven; {b) overdriven.
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several widely used drugs, notably aspirin, have been
available in forms that can be tableted without further
treatment. Recently, there has been a growing impetus
to develop so-cailed direct compression (DC) for-
mulations, and the range of excipients, especially di-
luents, designed for this specific role has expanded
dramatically.

It is possible to distinguish two types of DC for-
mulations: (a) those where a major proportion is an
active ingredient, and (b) those where the active in-
gredient is a minor component (ie., <10% of the
compression weight). In the former case, the inherent
characteristics of the drug molecule, in particular the
ability to prepare a physical form that will tablet
directly, will have profound effects on the tablet’s
characteristics.

It may sometimes by necessary to supplement the
properties of the drug so that it compresses more ea-
sily, and these needs have been realized by several
manufacturers of excipients. Materials described as
“compression aids” are now commercially available.
Idezally, such adjuvants should develop mechanical
strength while improving, or at least not adversely af-
fecting, release characteristics. Among the most suc-
cessful at meeting both these needs have been the
microcrystalline celluloses {partially acid-hydrolyzed
forms of cellulose). A number of grades are available
based upon particle size and distribution.

Most other DC excipients really belong in the sec-
ond category, where the drug is present in low con-
centration. In such cases, the use of an inexpensive DC
difnent is warranted. Before considering some of these,
certain generalizations are worth noting since there
seems to have arisen an erroneous belfief that DC is
always a simpler formulation route. For instance,
many DC fillers, such as spray-dried lactose, should
not be reworked because this affects their compressi-
bility. In addition, those diluents with a large particle
size may give ris¢ to mixing problems due to segrega-
tion unless an optimum proportion of fine material is
present. More often, one is faced with the problem of
an excessively narrow particle size distribution so that
flow, in geperal, and uniform feeding to the dies, in
particular, zre difficult. Sometimes batch-to-batch
variation is more prevalent in soluble DC fillers, such
as sugars. Enlike wet granulation, DC has little ability
to mask inkerent tableting deficiencies in an ingredient,
In addition, there will be little possibility for prior
wetting of a hydrophobic drug and subsequent dis-
solution enhancement, which is a proven effect of wet
granulation. Cn the other hand, DT formulations are
likely to be more stable, show fewer aging effects, and,

25

309

in specific cases, offer the only workable production
method.

Wet Granulation

Although many existing products contitize to be pro-
cessed by a leppthy wet granulation that inclodes
biending of dry ingredients, wet massing, screening,
and then tray or fluidized bed drying, there is a trend
toward using machines that can carry out the entire
granulation sequence in a single piece of equipment or
single-pot processor [95]. Formulators must be aware,
however, that the type of granulation procedure used
can have a profound impact on the granules produced.
Thus, a formulation that produces adequate granules
by conventional planetary mixing may produce sub-
optimal product if transferred to 2 single-pot pro-
CESSOr.

Tt is generally agreed that there will exist an optimuem
range of granule sizes for a particular formulation, and
therefore, certain peneralizations are worthy to note
here. Within limits, smaller granules will lead to higher
and more uniform tablet weight and higher tablet
crushing strength, with subsequent longer disintegra-
tion time and reduced friability. The strength of gran-
ules has also been shown to inffuence the tensile sirength
of the tablets prepared from them, witk stronger gran-
ules leading, in general, to harder tablets [96].

One important finding with widespread implications
arises from work by Chaudry and King [97], who de-
monstrated that migration of & soluble drug during
moist granulation was responsible for uneven content
uniformity of tablets of warfarin. A modified base
(containing dibasic calcium phosphate, alginic acid,
and acacia), developed from experiments to assess

migration-retarding ability, enbanced tablet perfor-
mance.

B. Powder Compaction

For simplicity, the physics of tablet compaction dis-
cussed here will deal with the single punch press, where
the lower punch remains stationary. Imitially, the
powder is filled into the die with the excess being swept
off. When the upper punch first presses down upon the
powder bed, the particles rearrange themselves to
achieve closer packing. As the upper punch continues
to advance upon the powder bed, the rearrangement
becomes more difficult and deformation of particles at
points of contact begins. At first the particle will an-
dergo elastic deformation, which is a reversible pro-
cess, but as continual pressure is applied, the particle
begins to deform irreversibly. Irreversible deformation
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can be due either to plastic deformation, which is a
major factor attributing to the tablet’s mechanical
strength, or to brittle fracture, which produces poor
quality compacts that crumble as the tablets are ejected
[25,98]. In general, as increasing pressure is applied to a
compact, its porosity will be reduced.

The surface area of the individual particles them-
selves changes during the compaction process. In-
itially, an increase in surface area is noted due to the
fracture as compression force increases. Eventually,
the surface area decreases due to bonding and con-
solidation of particles at higher compression forces
[25,98]. Higuchi et al. [98] postulated that an additional
increase in surface area ocours after this point and that
this effect may cause lamination of the tablet due to
extensive rebound at decompression. In other words,
at the tablet punch powder interface, there may be
zones of high density during compression, but upon
decompression these zones have elastic rebound and
are pulled apart from the rest of the tabiet that did not
contain this high density.

The major forces involved in the formation of a
tablet compact are illustrated in Fig. I4 (a single-ended
model) and are notated as follows: F, represents the
axial pressure, which is the foree applied to the com-
pact by the upper punch, Fr is the force translated to
the lower punch, and Fp is the force lost to the die
wall. If one remembers that for every force there must
be an equal and opposite force, the following re-
lationship is obvious:

Fy=F,+Fp

Upper Punch

B

T

Fy

Lowaer Punch

Fig. 14 Forces developed in the formation of a tablet com-
pact. K, die wall; £, axial pressure applied by upper punch;
Fn, force lost to die wall; Fg, radial die wall; [, tablet compact.

Kottke and Rudnic

Fp is the radial die wall force that develops because
the powder is in a confined environment (i.., not able
to spread outward as pressure is applied down upon it
because it is residing within the die). The coefficient of
friction at the die wall, u, is due to the shearing ad-
hesion that occurs along the die a as the powder is
made more dense and compressed. The following re-
lationship between and Fp, py, and Fz is found to
exist:

Fp = ppFr

The force of 1ablet ejection from the die, F, is a
function of both and the residual die wall force,
RDWEF, that exists after decompression. As the friction
decreases, one will obviously see a corresponding drop
in Fg. It is important to remember here that it is de-
sirable for £ to be as low as possible so that minimal
damage is imparted to both the tablet and the tooling.

The first applications of this technique [99] were
directed to developing a more sensitive assessment of
lubricant efficiency than that offered by the traditional
“coefficient of lubrication”, or R-value (i.e., Fr:Fy
ratio). Since then, its use has been extended to provide
predictive information on formulation performance
[100,101]. Lammens et al. [102] have stressed the im-
portance of ensuring precision and accuracy in such
measurements for correct interpretation of the data so
produced.

Although the choice of precise tablet geometry may
be more the prerogative of the marketing department
than of the pharmaceutical formulation or production
department, certain general technical observations
must be taken into account. Bearing in ming that most
tablets are cylindrical in shape, diameters between 3
and 12 mm are preferred, with either beveled edges or
biconvex profile. Low height-to-dizmeter 1atios, con-
sistent with adequate tablet strength, are desirable so
as to minimize die-wall fractional effects, which can
consume a significant amount of the total energy re-
quired in tableting. In addition, the internal stress
differences will be minimized if a biconvex profile is
selected, although the tablet’s shape may affect the
release of the drugs in matrix tablets [163]. The effect of
punch face geometry and lubricant compression on
tablet properties has been reported by Mechtersheimer
and Zucker [104],

As a generalization, increasing compressional force
will retard dispersion on administration, and therefore,
levels should be kept as low as possible, consistent with
achieving acceptable mechanical properties, With some
excipients there is a critical compressional force range
required to achieve minimum disintegration times.
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This bas been demonstrated for starch-containing
formulations and was thought to be linked to pro-
duction of an optimum pore size distribution that al-
lowed rapid uptake of water without providing large
internal air spaces to accommodate the swelling starch
grains [105]. The importance of press speed must also
be taken into account, particularly where plastic de-
formation is thought to play a major role in tablet
formation. The effect of this rate of compaction has

been demonstrated quantitatively in a report by Re-
berts and Rowe [106].

1IV. TABLETING EQUIPMENT
A. Granulators

Originally, wet granulation involved the hand process
of preparing a wet mass and forcing it through a screen
onto trays that was placed into a convection oven
where the granules were dried. With increasing batch
sizes, the need for bulk granulation procedures became
necessary. Many of these procedures involved mixing
the powdered ingredients in a special ribbon blender,
which could also accomplish the wet massing process.
The moistened materials were then usually granulated
by forcing them through a screen, using oscillating
blades of a modified comminuting mill, onto trays that
were then transferred to an oven for drying. Current
granulating methods can be classified into the follow-
ing categories: (a} traditional methods as detailed
above; (b) high-shear mixing; (¢} fluid-bed granulation;
and (d) single-pot processing.

High shear mixers, which make use of both a high-
speed mixing blade and chopper, have largely replaced
traditional planetary mixing. This precess can reduce
granulation time and produces dense granules. Mate-
rial processed in a high-shear mixer is discharged from
the unit and transferred to a drying unit, with or
without an intermediate screening step.

Fluidized beds have been expanded from their ori-
ginal use as dryers to encompass granulation as well.
Granulation in a fluidized bed is achieved by sus-
pending the powder in the air of the fluidized bed and
then spraying a liquid binder from nozzles that are
positioned above or below the powder bed, In general,
top-spray operation produces porous granules while
bottom-spray granules are dense and highly spherical,
When using fluidized beds in the granulation/drying
mode, the process conditions, such as drying tem-
perature and length of the drying cycle, must be opti-
mized, and it may be necessary to adopt a different
approach to formulation than would have been used
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with the more traditional equipment. For example,
granulating fluid is sprayed into the bed of mixed
powder at a given temperature; its velatility and visc-
osity under these conditions will influence the char-
acteristics of the final product. The important
parameters governing the performance of fluidized
beds used as MGDs has been studicd by Worts and
Schoefer [107]. They concluded that in addition to the
inlet air temperature, the type of binder solution and
its flow rate and droplet size were critical variables that
had to be controlled. These investigators also found
that the residual moisture levels of granulations are a
major factor contributing to the in vifro dissolution
and friability of tablets made from them.

Single-pot processors that can are capable of mix-
ing, gramulation, drying, and even pelletization and
coating are now commercially available from a number
of sources. The first of these processors were simply
granulation units that had been retrofitted for drying
and did not provide significant advantages aver tra-
ditional granulation and drying methods. With the
advent of microwave- and gas-assisted vacuum-drying
techniques, drying times were drastically reduced,
thereby making these units more viable as commercial
equipment [95]. In addition to time savings that can be
realized when using single-pot processors, these Sys-

.tems offer the following advantages over conventional

methods: (a) improved yield due to minimization of
product loss during transfer; (b) closed unit operation,
minitnizing product contamination and environmental
exposure to high potent substances; and {c) reduced
risk of explosion due to near absence of oxygen in the
closed unit [§5],

Granulation by preliminary compression, originalty
performed in heavy-duty tablet machines, when it was
called “slugging,” has been used for a small nember of
products for many years. This approach has been
further developed in machines that are essentially roll
compactors, squeezing the material to produce ag-
glomerates. In addition, most high-output tablet
presses are now equipped with precompression rollers
that perform the “slugging” of the granulation prior to
its “true” compaction (see Fig. 15).

Another method of producing materials to be tab-
leted is pelletization. Pellets are typically larger and
more spherical in nature than granules and possess
high butk density and excellent Sow properties. Pellets
can be prepared by several methods, including (a)
layering active material onto an inert core (nonpariel},
{b) extruding & wet mass through a large number of
small orifices and then rotating the “strands” in a
special bowl ¢apable of spheronizing the granules, or
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Fig. 15 Multistation press cycle.

(c) mixing the active substance and binder powders
together and then heating to a temperature above the
melting point of the binder. Pelletization by extrusion
and spheronization, or marumerization, is the most
common of these methods. The parameters controlling
this process have been studied by Malinowski [108] and
the effect on the tablet produced from it evalnated.

B. Tablet Presses

With the exception of presses designed to produce
coated or layered tablets, the development of tableting
equipmerit has been one largely of continuing evolution.
In many areas, the incentives have come from the
pharmaceutical industry, rather than the tablet press
manufacturers, as a result of certain trends in tableting
operations. These include (a) increased rate of produc-
tion, (b) direct compression of powders, (c) stringent
standards for cleanliness to comply with cGMPs, and (d)
automation, or at least confinuous monitoring of the
process. However, there is now evidence to suggest that
we may be approaching inherent limits to further de-
velopment of some press variables on existing lines,

At present, and in the immediate future, one can
anticipate the continual vying of one manufacturer
with another over relatively minor improvements, with
possibly significant advances in instrumentation, au-
tomation, and hygiene. However, several easy-fo~clean
high-output presses are currently manufactured. Most
Kikisui models are “self<cleaning™ and allow for the
entire turret area to be filled with solvents and cleaned
by runaning the press.

All tableting presses employ the same basic
principle—they compress the granular or powdered
mixture of ingredients in a die between two punches
with the die and its associated punches being called a
“station of tooling.” Tablet machines ean be divided
into two distinct categories:

. Those with a single set of tooling—“single
station™ (or “single-punch™} or “ecceatric”
presses

2. Those with several stations of tooling—“mul-
tistation™ (or “‘rotary™) presses

Figures 15 and 16 provide a summary of the com-
pression cycles for rotary and single-punch tablet
presses. The formation of the tablet compact in these
two types of presses mainly differs in the compaction
mechanism itself, as well as the much greater speeds
achieved with rotary type presses. The single punch
basically uses a hammering type of motion (ie., the
upper punch moves down while the lower punch re-
maixns stationary), while rotary presses make use of an
accordion-type compression (i.e., both punches move
toward each other). The former find their primary use
as an R&D tool, whereas the latter, having higher
ouiputs, are used in most production operations.

Single Station Presses

All commercial types of single station presses have
essentiaily the same basic operating cycle (see Fig. 16),
where filling, compression, and ejection of tablets from
the die is accomplished by punch movement utilizing
cam actions. Material is fed to the die from the hopper

28



Tablet Dosage Ferms

313

eyt Adjustment
of Compression

Upper Punch

Lower Punch

Fp 3 Adjustment
A of Ejection

Lifting
Block

1.1 Adjustment of
c Tabiet Weight
- ’/f

7
-

FILLING

COMPRESSION

EJECTION

Fig. 16 Single station press cycle,

via an osciliating feed shoe; the position of the lower
punch at this point determines the tablet weight. The
feed shoe then moves away and the upper punch des-
cends into the die to compress the tablet, with the ex-
tent of this movement controlling the level of
compression force. As the upper punch moves upward,
the lower punch rises and in so doing ejects the tablet
from the die. At this point, the feed shoe moves in and
knocks the tablet out of the machine as the lower
punch moves to its bottom position ready for the next
press cycle.

29

The largest single-punch machines are capable of
making tablets up to 22 mm in diameter at rates of
about 80 tablets per minute (TPM) and exerting
maximum forces on the order of 40 kN (see Table 16).
In isolated cases tablets can only be made on this type
of machine, probably because their mode of operation
gives the material a longer “dwell time” under com-
pression. Although the table output rate from single
station presses can be increased by use of myltitip
tooling, the rotary machine remains the method of
choice for production purposes.
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Table 16 Approximate Specifications of Some Smali Single-Station Laboratory Presses

Manufactorer: Fette Kilian Korsch Manesty
Model Number: Exacta | SP300 EK-O/DMS F3
Maxizaum output (tabs/min) 75 80 60 85
Maximum tablet diameter (mm) 15 18 20 22
Maximum fill (mm) 16 16 20 17
Maximum applied force (kIN) 15 25 30 46
Motor (HP) 0.75 1.1 0.5 2.0
Weight (kg) 250 300 200 476
Approximate dwell time (ms) 133 125 100 118

Multistation Presses

In this type of machine the operating cycle and meth-
ods of filling, compression, and ejection are different
from those of single-station presses and are summar-
ized in Fig. 15. More specifically, the dies and punches
are mounted on a rotating turret.

Al operations take place simultaneously in different
stations. Sixteen stations were commonly used in ear-
lier machines with outputs between 500 and 1000 TPM
and tablet diameters up to 15 mm. Presses with outputs
orders of magnitude greater than the above are now
widely available. The dies are filled as they pass be-
neath a stationary feed frame, which may be fitted with
paddles to aid material transfer. The die cavities are
completely filled and excess ejected prior to compres-
sion. Compression invoives the movement of both
punches between compression rolls, in contrast to
single station operations where only the upper punch
effects compresston. Ejection occurs as both punches
are moved away from the die on cam tracks vntil the
tablet is completely clear of the die, at which point it
hits the edge of the feed frame and is knocked off the
press, Tooling pressure may be exerted hydraulically,
rather than through the use of mechanical camming
actions, as is the case with machines produced by
Courtoy.

The ways in which individual manufacturers of ta-
bleting equipment have sought to achieve higher out-
put fall into four groups:

1. Increasing the effective number of punches (i.e.,
multitipped)

Increasing the number of stations

Increasing the number of points of compression
Increasing the rate of compression (i.e., turret
speed)

nalk ol o

Each of these approaches has its own particular set
of advantages and disadvantages. In addition, all make

demands on other aspects of press design and certain
general inherent characteristics of die compaction have
to be taken into account.

Generally, the high-speed machines consist of
“double-rotary” presses where the cycle of operation is
repeated twice in one revolution of the turret catrying
the tooling, although one press (Magna, Vector Corp.)
has four cycles per revolution (the Magna is no longer
manufactured due to the small demand required for
these very high-output machines). Most high-cutput
tablet presses have odd numbers of stations, with up to
101 in the largest presses (see Table 17). Double-rotary
presses have also been modified to produce layered
tablets, whereas other machines have been adapted to
produce coated tablets by a “‘dry’” compression tech-
nique.

C. Tablet Machine Instrumentation

In order to produce an adequate tablet formulation,
certain requirements, such as sufficient mechanical
strength and desired drug release profile, must be met.
At times this may be a difficult task for the formulator
to achieve, due to poor flow and compactibility char-
acteristics of the powdered drug. This is of particular
importance when one only has a small amount of ac-
tive material to work with and cannot afford to make
use of trial-and-error methods. The study of the phy-
sics of tablet compaction through the use of in-
strumented tableting machines {(ITMs) enables the
formulator to systematically evaluate his formula and
make any necessary changes.

ITMs provide a valuable service to all phases of
tablet manufacture, from research to production and
quality control [109-111]. As a research tool, ITMs
allow in-depth study of the mechanism of tablet com-
paction by measuring the forces that develop during
formation, ejection, and detachment of tablets. ITMs
can also provide clues about how materials bond,
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Table 17 Comparative Specifications of Some High-Ouiput Tablet Presses
Manufacturer: Fette Kikusi Korsch Manesty
Model: PT3090 Gemini PH 2800 Rotapress
Maximum output (tabs/min) 16,750 10,720 18,360 13,360
Number of stations 7% 67 8s 75
Maximum turret speed (rpm) 106 80 108 8G
Maxirmum tablet diameter (mm) 34 25 34 25
Maximum fill depth {mm) 18 i6 22 20.6
Maximum compression force (kN) 100 80 80 100
Precompression (KN) 160 80 30 19
Net weight (kg) 4500 3900 4000 3700

deform, and react to frictional effects. The formulator
himself is able to monitor the effects of additives in the
overall tableting process, as well as the effects of op-
eration variables in the manufacture and performance
of the dosage form. As stated above, this markedly
reduces the formulator's reliance on empiricism in
formulation design. In the area of product and quality
control, ITMs are able to monitor tablet weight and
punch and machine wear and damage. More recently,
ITMs have been used to characterize unique “typical
batches” of materials so that one has a baseline for
troubleshooting formulations or a basis for quality
control {109-111].

ITMs in Research and Development

The tableting process involves two phenomena: (a) a
reduction in the bulk volume of the tablet mass by
elimination of air, referred to as “compression,” and (b)
an increase in the mechanical strength of the mass due
to particle-particle interactions, which is termed “con-
solidation.™ This latter process results from utilization
of the fres surface energies of the particles in bond
formation, referred to as “cold welding,” plus inter-
molecular interactions via van der Waals forces, for
example. The process is enhanced by generation of large
areas of clean surface, which are then pressed together:
such a mechanism is feasible if appreciable brittle
fracture and plastic deformation can be introduced into
the system. Therefore, the manner in which the various
components compress will be significant.

It is also important to appreciate that the behavior
on decompression can markedly affect the character-
istics of the finished tablets, hecause the structure must
be strong enough to accommodate the recovery- and
ejection-induced stresses. Indeed, tablet strength is 2
direct function of the number of “surviving bonds™ in
the finished tablet. In addition, ability to monitor
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gjection forces leads to valuable information on fu-
bricant efficiency.

Analysis of Data Obtained from 1TMs

Measurement of the punch and die forces plus the re-
lative displacement of the punches can provide raw
data which, when suitably processed and interpreted,
facilitate the evaluation of many tableting parameters.
Many of the workers first involved in instrumenting
tablet presses concentrated on deriving relationships
between the applied force (F,) and the porosity (E) of
the consolidating mass.

Heckel proposed that a correlation exists between
yield strength and an empirically determined constant,
K, which is 2 measure of the ability of the compact to
deform [28,112]. He discovered that, indeed, X is in-
versely proportional to yield strength. Further, he de-
rived an equation expressing the relationship between
the density of a compact and the compressional force
applied. This relationship is based on the assumption
that decreasing void space (i.e., decreasing porosity) of
a compact follows a first order rate process:

db
Ff;: K(l —-D)

where

D =relative density

P =pressure

(1 — Dy=pore fraction

K = proportionality constant

By integrating and rearrange this equation, one ob-
tains the following linear relationship:

1
ln(l—D) =KP+ 4
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where

!
A—«In(l —Do) + B

and B is a measure of particle rearrangement.

It has been claimed [113] that the presentation of
data in the form of Athy-Heckel plots i112,114), as
illustrated in Figure 17, facilitates assessment of the
relative proportions of brittle fracture and plastic de-
formation present. Each set of curves within a plot
represents the same formulation, with decreasing par-
ticle size fractions. If the curves remain discrete, as in
Fig. 17a, one can assume that plastic deformation is
the predominant mechanism because all formulations
have sufficient time to rearrange (n.b., plastic de-
formation is a time-dependent process). In contrast,
Fig. 17b iliustrates the behavior of a material that
primarily deforms by brittle fracture. Here, the original
particle size distribution is rapidly destroved and the
curves become superimposed. Additionally, the slope
of the lines, which represents K, is approximately
unity. Higher slopes (i.e., low yield pressure) are found
when evaluating plastically deforming materials. Sub-
sequent studies [115,116] have cast doubts on the uni-
versality of this claim, and conflicting data have been
reported. In addition, several adaptations have been
made to correct for inconsistencies present in Heckel's
model [116a,116b].

type 'a

A

-1

log &

type ‘b’

)

Compressional Force

Fig. 17 Athy-Heckel plots: (a) material undergoing plastic
deformation; (b} material undergoing briitle fracture,

32

Kottke and Rudnic

Applied force and displacement measurements have
also beer used to generate force versus displacement
curves (F-D plots) [99]. Such information can be used
to estimate the energy necessary to form a compact in
the following manner:

W:F/dD

where

W =work
F=force
D =distance

When one plots force vs. displacement, the area
under the curve thus represents work. In practice, the
compression/decompression data take the form shown
in Fig. 18. The area under the wpward line represents
the work done on the tableting mass during compac-
tion, while that under the downward line arise from the
fact work is done on the punch by the tablet as 2 result
of the latter’s elastic recovery on decompression.

In single-station presses a further subdivision of
work can be made by considering the force transmitied
to the lower punch during the compression. This will
be less than that registered by the upper punch due to
frictiona} effects at the die wall. Three components to
the total work can therefore be distinguished; Wr, the
work done in overcoming die wall friction, Wp, the
work. of elastic recovery, and Wy, the net work in-
volved in forming the tablet. Interpretation of FD
curves, on single-station presses, has proved to be
particularly attractive, as demonstrated by the work of
Travers and Cox [117].

Some researchers have extended the monitoring of
work to the determination of the rate of doing work, or
power [116], as illustrated in the following equation:
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Fig. 18 A typica! force-displacement curve. Wr= work
done overcoming die wall friction; Wp, work of elastic re-
covery; Wy, net work invelved in tablet compact formation.
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= power

The rationale behind this approach is that due to the
varying degrees of bond formation, different materials
require a greater, or lesser, amount of energy to com-
press them to a given degree. In a tablet press running
at a given speed, the rate of doing work must therefore
be different and may be related to tablet strength. In
addition, since plastic deformation is a time-dependent
phenomenon, power, which takes time into account,
may be indicative of the contribution of this mechan-
ism,

The compressive behavior of the material is also
reflected in that proportion of the axial force (F) that
is transmitted radially to the die wall (Fg) during
compression and decompression. Therefore, monitor-
ing the ratic of these two forces during the entire
machine operation can provide valuable data referred
to as the “compaction profile.” As shown in Fig. 19,
this normally takes the form of a hysteresis loop, the
area of which is a function of the departure of the
material from purely elastic behavior. Other features of
the profile provide valuable guidelines as fo tablet
strength, likely levels of lubrication required, and
predominant type of deformation. The line OA is re-
presented as a dotted line because this region is due to
repacking, which can be guite variable. At point A,
elastic deformation becomes dominant and continues
until the yield stress, at point B, is reach. At this point,
the deformation of the compact is due to plastic de-
formation and brittle fracture. This process continues
to point C, at which time force is removed and de-
compression begins. From point C to I3, the material is
elastically recovering. If a second yield point, D, is

Radial Pressure
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reached, the material has become plastically deformed
of brittley fractured. To sum up all of these processes:

Stope AB = function of elastic deformation
Slopes BC and DE = function of plastic deformation
and brittle fracture
Slopes BC'and CD = function of elastic recovery
Lines OC’and OE = function of {residual die wall force)
RDWF

One should note that BC' represents a highly elastic
material as little plastic deformation or brittle fracture
has occurred. Also, sharp differences between the slope
CD and DE are indicative of weak, or failed, tablet
structures. The RDWF estimated from these plots can
provide a good indication of the ejection force. More
detailed treatments of such studies are now in the open
Hiterature, to which the interested reader is referred
[118-120].

Another approach to determining the contribution
being made by each of the possible com-
pression/decompression mechanisms involves mon-
itoring the degree and rate of relaxation in tablets
immediately after the point of maximum applied force
has been reached. Once a powder bed exceeds a certain
yield stress, it behaves as a fluid and exhibits “plastic
flow™ [121,122]. Certain investigators [122] have stu-
died plastic flow in terms of viscous and elastic ele-
ments and have derived the following equation:

InFy=WmF —kt

where

F=compressional force in viscoelastic region
t=time
k =degree of plastic flow

0 Axial Pressure

Fig. 19 Compaction profile,
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which can be integrated and rearranged to yield the
linear equation:

InFi=InF —kt

Thus, if one plots log(F) vs. time, one only needs to
calculate the slope of the line so plotted to determine
the plastic fiow, k. Materials with higher values of &
(i.e., more plastic flow) tend to form stronger tablets
than those with low & values.

Compaction Simulators

In 1972, Rees et al. [123] developed the compaction
simulator that, in oversimplified terms, is a hydraulic
press capable of accurately mimicking the action of
any high-speed rotary press. This is an overwhelming
achievement in the study of compaction physics when
one reflects upon the various disadvantages associated
with single punch and rotary presses that this systemn
can overcome. For instance, single punch measure-
ments, while providing a baseline for formulation de-
velopment, do not accurately reflect the forces incurred
at the production level; the lower punch remains sta-
tionary rather than moving in single punch systems,
and the dwell time, which influences the extent of
plastic deformation, is significantly increased due to
the low speed of manufacture. On the other hand,
rotary presses require relatively large amounts of
graxulation and therefore are imappropriate for the
initial phases of formulation when only small amounts
of material are available. Also, the rate of applying and
removing forces varies appreciably from machine to
machine depending on the way the machine is oper-
ated, the punches used, etc. The compaction simulator
is able to compensate for all of these disadvantages so
that production level conditions can exist for small
amounts of material. Additionally, the compaction
simulator is capable of reproducing the variables as-
sociated with each machine and thereby providing
adeguate means for transferring a formulation from
one machine to another. Until the 1990s, there were
only two compaction simulators in use in the United
Staies: one at SmithKline Beecham and the other, used
by a consortium of companies in the U.S., at Rutgers
College of Pharmacy. Several commercial “simuia-
tors” are now available, including the PCS-1 from AC
Computing, the Presster from Metropolitan Comput-
ing Corp. and the P1200 G/TSC Galenic Version from
Fette International.

Several reviews of the mechanisms involved in the
compaction process and interpretation of the large
amount of data generated from such studies have been
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published [124,125]. The solution to this complex
process is still incomplete and provides continuing re-
search opportunities for the pharmaceutical scientist.
The actual mechanics of instrumenting presses has ako
been reviewed {111}, and a recently published book
[126] is devoted entirely to this subject. Instrumenta-
tion typically involves the use of piezoelectric trans-
ducers or strain gauges and requires that modifications
be made to either the tablet punches or the die table.
However, Yeh et al. have described the use of finite
element analysis (FEA) that does not require die table
modification [126a]. Guo et al. have also developed a
noninvasive technique that relies on the use of confocal
Jaser scanning microscopy [126b]. Another new devel-
opment is the use of calorimeters to directly evaluate
the thermodynamic properties of compression {126c].

There has also been significant growth in the aum-
ber of press manufacturers offering instrumentation
packages for use with high-speed multistation ma-
chines to centrol tablet weight variation and, in some
cases, divert out-of-tolerance tablets to z reject
container. The more sophisticated systerns result in a
fully automated press operation with minimal operator
intervention required (see Fig. 20).

Y. COATED TABLETS

The coating of pharmaceutical tablets may be divided
conveniently into the traditional sugar, or pan-coating
procedures, and contemporary technigues that include
film coating and compression coating. Coating
methods were developed for a variety of reasons, in-
cluding the need to mask an unpleasant taste or un-
sightly appearance of the uncoated tablet, as well as to
increase patient acceptability. Protection of an in-
gredient from degradation effects due to exposure to
moisture, air, and light were further incentives. The
newer techniques have extended the usefulness of
coating to include the facilitation of controlled-release
characteristics and the ability to co-formulate in-
herently incompatible materials.

A. Sugar Coating

The sugar coating process involves building up layers
of coating material on the tablet cores as they are
tumbled in a revolving pan by repetitively applying a
coating solution or suspension and drying off the
solvent. Traditionally, the cores were made using
tooling with deep concave geometry so as to reduce the
problems associated with producing a sufficiently thin
coat around the tablet’s edge, as iliustrated in Fig. 21.
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Fig. 20 Automated high-output rotary tablet press. (Courtesy of Fette America.)

However, it has been shown that this shape may not be
ideal for al products due to the inherent softer crown
region exhibited in tablets manufactured from such
tooling. In addition, deep concave tooling often pro-
duces tablets of poor mechanical strength [127]. Core
mechanical strength, in particular friability, must be '/

adequate enough to withstand the abrasive effects of // ﬂ
the tumbling action while retaining the dissolution

characteristics of an uncoated tablet. Large tablets, in

particular, sometimes require higher compressional Preferces shape for coating
forces than are pecessary for uncoated tablets of the
same size. Care must also be exercised fo minimize
penetration of coating solutions into the core itself,
although the coat should, of course, adhere well to the
tablet surface. It will also be important to maintain a
smooth, upiform surface and to provide careful control
of the environment within the coating pan. Because of Bod choice of core geometry
these reguirements, the process may best be described
by means of a generalized example,

Fig. 21 Tablet-coating geometzy.
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Iz the past, the initial Iayers of coating (the sealing
coat) were achicved by applying one or two coats of
shellac. However, due to the variability between bat-
ches of this material, PVP-stabilized types of shellac or
other polymeric materials, such as celinlose acetate
phthalate (CAP) and poly(vinyl acetate phthalate)
(PYAP), are now more popular. It should be appre-
ciated that a fine balance must exist between mini-
mizing the thickness of the sealing coat and providing
an adequate moisture barrier.

The next stage is tc build up a subcoat that will
provide a good bridge between the main coating and
the sealed core, as well as rounding off any sharp
corners. This is normally a two-step procedure. The
first step involves the application of & warm subcoat
syrup (containing acacia and/or gelatin) that rapidly
distributes uniformly over the lablets and eventually
becomes partially dry and tacky. At this point, a sub-
coat powder {(containing material such as calcium
carbonate, tale, kaolin, starch, and acacia) is dusted
evenly over the tablets, after which the pan is allowed
1o rotate until the coat is hard and dry. This subcoat
cycle is usually repeated three or four times, taking
care to avoid the production of rough surfaces, which
would be difficult to eradicate later on, and ensuring
that each coat is absolutely dry before the next is
applied.

The step that follows is known as “smoothing” or
“grossing.” It produces the bulk of the total coating
weight and involves the application of a suspension of
starch, calcium carbonate, or even some of the subcoat
powder, in syrup. Each application is dried and the
process repeated until the desired build-up has been
realized. The last few applications may be made with a
syrup free from suspended powders, so as to produce a
smooth surface. If the tablets are to be colored, color-
ants are normally added in these clear syrup layers. It is
important that the fablet surfaces be smooth before this
is attempted, otherwise uneven coloring may resuit.
The final fnishing stage is accomplished by again ap-
plying one or two layers of clear syrup, taking care not
to overdry between coats and stopping while the final
coat is still slightly damp. Jogging (i.e., pan stationary
apart from intermittent rotation through 2 small angle)
is then carried out until the tablets appear dry,

The tablets are then left for several hours and are
transferred to the polishing pan, which is usually of
cylindrical design with canvas side walls. The polish is
a dilute wax solution (e.g., carnauba or beeswax in
petroleum spirit} applied sparingly, following which
the tablets are left to roll until a high luster is pro-
duced. They are the normally “racked” to allow any
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traces of solvent to evaporate before being sent to the
inspection and packing operations.

There are as many variations in coating procedures
as there are tablet coaters, and so the account given
here is only a guide. Nevertheless, it illustzates the
complexity and time-consuming nature of the process,
and the reader will realize why efforts have been made
to develop alternate coatings, equipment, and methods
that permit at least some degree of automation.

B. Film Coating

Film coating has increased in popularity for a number
of reasons. The film process is simpler, and therefore
easier to automate. It is also more rapid than sugar
cozating, since weight gains of only 2-6% are involved,
as opposed to more than 50% with sugar coating. In
addition, moisture involvement can be avoided, if ne-
cessary, through the use of nonagueous solvents.
Moreover, distinctive identification tablet markings are
not obscured by film coats.

There are now many syathetic polymeric materials
available for film coating, many of which meet all the
requirements of a good film former. These include lack
of toxicity and a suitable solubility profile for film
application and upon ingestion, together with the
ability to produce a tough, yet elastic film even in the
presence of powdered additives such as pigments. The
film must, of course, be stable to heat, light, and
moisture and be free from undesirable taste or odor.

Some of the more commonly used materials meeting
these criteria are listed in Table 18 together with some
important properties. Two major groups may be dis-
tinguished: (a) materials that are nonenteric and for
the most part cellulose derivatives and (b) materials
that can provide an enteric effect and are commonly
esters of phthalic acid. Within both groups it is general
practice to use a mixture of materials to give a film
with the optimum range of properties. They may
contain a plasticizer that, as the name implies, prevents
the film: from becoming brittle with consequent risk of
chipping [128]. Seme popular choices are shown in
Table 19. Because they essentially function by mod-
ifying polymer-to-polymer molecular bonding, the
choice of plasticizer is dependent upon the particular
film polymer. Like so many other facets of tablet
coating, there is no substitute for properly designed
experimental trials in developing a robust procedure.

The nature of the solvent system may markedly
influence the quality of the film [129], and, to optimize
the various factors, mixed solvents are usually
necessary. More specifically, the rate of evaporation,
and hence the time for the film to dry, has to be con-
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Table 19 Some Commonly Used Film Plasticizers

Phthalate esters Propylene giycol
Citrate esters Polyethylene glycol
Triacetin Glycerin

trolled within fine limits if a uniform smooth coat is to
be produced. The solvent mixture must be capable of
dissolving the required amount of coating material, yat
give rise to a solution within a workable range of
viscosity. Until relatively recently, alcohols, esters,
chilorinated hydrocarbons, and ketones were among
the most frequently used types of solvents,

However, as a result of increasing regulatory pres-
sures against undesirable solvents, there has been a
pronounced trend towards aqueons filin coating. Many
of the same polymers can be used, but it may be ne-
cessary to employ lower molecular weight grades due to
their high viscosity in agueous systems. Alternatively,
water-insoluble polymers may be dispersed as a latex
{emulsion} or pseudo-latex (suspension) in an aqueous
media. This approach permits a high solids content
without attendant high viscosity problems. However,
acceptable film forming in these systems is dependent
upon coalescence or agglomeration. In the case of
pseudo-latices, this agglomeration requires a soft par-
ticle, and thus a high concentration of plasticizer in the
system, to ensure formation of a continuous film.

In a four-part article, Porter [130] provided a com-
prehensive review of tablet coating technology, with
emphasis on contemporary practice. More specifically,
a recent review [131] discusses characterization tech-
niques for the aqueous film coating process and pro-
vides a useful “influence matrix” between process
variables and final product attributes.

Due to the need to develop a uniform color, with
minipum application, the colorants used in film coat-
ing are more likely to be lakes than dyes. In “lakes” the
colorant has been adsorbed onto the surface of an in-
soluble substrate. This gives both opacity and bright-
ness to the pigments that are formulated with other
materials so a8 to be easily dispersed while retaining
the desired film-forming capabilities of the polymeric
film former. Complete, matched coloring systems are
now available as fine powders that can be readily
suspended in organic solvents or aqueous systems and,
as such, provide a very convenient colorant source,

C. Modified Release Coatings

A coating may be applied to a tablet to modify the
release pattern of the active ingredient from it. There
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are two general types of modified release coatings:
enteric and controlled-release. The former are ip-
sotuble in the low pH environment of the stomach but
dissolve readily on passage into the small intestine with
its elevated pH. They are used to minimize irritation of
the gastric mucosa by certain drugs and to protect
others that are degraded by gastric juices. Controlled-
release coatings are reviewed in Chapter 15,

The most common mode of action of enteric coating
is pH-related solnbility (i.¢., insoluble at gastric pH but
soluble at some pH above ~4.5). A Hst of the most
widely used enteric coatings is given in Table 18, A less
popular alternative has been the use of materials that
are affected by the changing enzymatic activity on
passage from the stomach o the small intestine. Since
their performance is dependent upon the digestion of
the coating, the intrinsic in vivo variability of this ac-
tion makes this type of enteric coating less predictable.

D. Coating Equipment

Conventional coating pans are subglobular, pear-
shaped, or even hexagonal (see Fig. 22) with a single
front opening through which materials and processing
air enter and leave. Their axis is normally inclined at
approximately 45° to the horizontal plane, and they
are rotated between 25 and 40 rotations per minute
(xpm), the precise speed depending, most often, on the
product involved. One modification of the normal pan
has been the substitution of a cylindrical shape, rotated
horizontally with regions of the walls perforated by
small holes or slots. This design permits a one-way air
flow through the pan as shown in Fig. 23, This figure
also illustrates the ways in which vendors have chosen
to modify the basic concept. In the Accela-Cota
{Manesty) and Hi-Coater (Vector Corp.) (Fig. 24), the
flow of air is through the tablet bed and out through
the perforated wall of the pan. In the Driacoater
(Driam) the air flows from the perforated pan wail
through the tablet and into the central region (i.e.,
countercurrent o the direction of the coating spray).
The Glatt-Coater (Glatt Air Techniques) permits ei-
ther co- or countercurrent air flow to suit particular
products.

The traditional method of ladling the coating solu-
tions into the rotating bed of tablets has given way to
systems capabie of spraying material, with or without
the assistance of an air jet. More specifically, two
general types are available: those that rely entirely on
hydraulic pressure to produce a spray when material is
forced throngh & nozzle (airless spraying) and those in
which atomization of the spray is assisted by turbulent
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Fig. 22 Conventional coating pan.

jets of air introduced into it. The latter type tends to
produce a more easily controlled spray pattern and js
therefore better for small-scale operations, although
both are capable of giving the flat jet profile preferred
for pan operation. Other important parameters include
the distance from nozzle to bed surface and whether
continuous or intermittent spraying is utilized. One
interesting development in this area has been the in-
troduction of a special plough-shaped head, which is
immersed in the tumbling bed of tablets and through
which both coating solutions and air can be delivered
into the bed.

The film-coating process can be carried out in
conventional pans, although operation variables such
as speed of pan rotation, angle of pan axis, and tem-
perature and humidity control may be more critical.
Newer pans with one-way air flow through the tablet
bed offer an even better alternative, because the pan
environment can be controlled within finer limits.

Coating in Fluidized Beds

Fluidized beds, in general, and the air-suspension
technique patented by Wurster, in particular, now offer
an attractive alternative to pan coating, The basic
principle underlying their operation is to suspend the
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tablets in an upward moving stream of air so that they
are no longer in contact with one another.

An atomizer introduces spray solution into the
stream and onto the tablets, which are then carried
away from the spraying region where the coating is
dried by the fluidized air. In the Wurster process, the
design is such that the tablets are sprayed at the bot-
tom of the coating column and move upwards cen-
trally, being dried as they do so. They then leave the
top of the central region and return down the periph-
ery of the column to be recycled into the coating zone,
as shown in Fig. 25. The process can be controlled by
careful adjustment of the air and rate of coating so-
lution delivery and monitoring of the exiting air
temperatures.

Compression Coating

A method has been described [132] for compressing a
coating around a tablet “core”™ using specially designed
presses. The process involves preliminary compression
of the core formulation to give a relatively soft tablet,
which is then transferred to a large die already con-
taining some of the coating material. After centraliz-
ing the core, further coating pranulation is added and
the whole compressed to form the final product. From
a formulation point of view, this requires a core ma-
terial that develops reasonable strength at low com-
pressional loads and a coating material in the form of
fine free-flowing granules with good binding qualities.

Perhaps the best known commercial presses devel-
oped for this work ars the Drycota (Manesty) and the
Prescoter (Killian). Due to the small number of appli-
cations in which it can be used, Manesty no longer
manufactures the Drycota. The Prescoter, however, is
in the process of being updated (Model §259M) for the
first time since its introduction 15 years ago. The Pre-
scoter uses cores produced on another machine and, for
this reason, requires somewhat harder cores capable of
w1thstandmg the additional handling that may result in
weaker bonding between core and coating.

Incompatible drugs may be co-formulated by this
method by incorporating one drug in the core and the
other in the coating formulation. The possibility of
having a dual-release pattern of the same drug (e.g., a
rapidly released fraction in the coat and an extended
release component in the core) is perfectly feasible.
Compression of an enteric coating around a tablet, and
gven a second layer of coating, have been attempted,
but not widely adopted, A machine developed for this
purpose, the Bicota (Manesty), is no longer commer-
cially available.
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Layered Tablets

In a search for novelty as much as functionality, tablets
have been produced on presses capable of compressing
a second {or even third} layer on top of the original
material. Indeed, the standard double-rotary machines
require little modification in order to achieve this goal.
Such fableting procedures facilitate the co-formulation

ALR
oute
/——/inq

Pellegrini

Hi—Coater

Accela—Cota Driacoater

Fig. 24 Coating pan air configurations.

of incompatible materials and design of complex
release patterns, as well as adding a new dimension to
ease of identification. A considerable amount of ex-
pertise is needed to formmulate and consistently manu-
facture these tablets to meet the strict regulatory
requirements now demanded. Several high-output ta-
blet presses designed to produce two- or three-layered
tablets are commercially available.

VI. EVALUATION OF TABLETS

Under this heading it will be convenient to divide the
types of test procedures into two major catepories:
those that are requirernents in an official compendium
and those that, though unofficial, are widely used in
commerce. In certain cases it will also be of value to
consider specialized evaluative procedures that have
perhaps a more academic background.

Several “all-in-one” tablet testers are currently
available that measure weight, thickness, diameter, and
hardness of tablets. Tn addition these instruments
provide digital storage and calculation of statistical
parameters and allow for rapid feedback during the
tableting process so that the tableting equipment can
be adjusted accordingly with minimal “downtime.”

A. Official Standards

The discussion will be restricted to those tests that are
mandatory in The United States Pharmacopocia (USP)
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Fig. 25 Diagram of Wurster coating chamber,

and The National Formulary (NF), although reference
to the monographs of other compendia is included
where appropriate. Tests concerned with dissolution
rate determinations are discussed in Chapter 20, and
assay procedures are omitted as they are essentially
analytical methods pertaining to a particular drug.

Uniformity of Dosage Units

The dose uniformity of tablets can be determined by
two different general approaches: the weight variation
between a specified number of tablets or the extent of
drug content uniformity. The USP permits the latter
approach in all cases. Moreover, drug content uni-
formity must be measured for coated tablets because

a1

the tablet coat, which does not usually contain the ac-
tive ingredient(s), may vary significantly from tablet to
tablet. The use of weight uniformity as a singular means
of quantifying uniformity of dosage units is only per-
mitted in cases where the tablet is uncoated and con-
tains 50 mg or more of a single active ingredient that
comprises 50% or more of the total tablet weight.
Most pharmacopoeias include a simple weight test
on a specified number of tablets that are weighed in-
dividually. The arithmetic mean weight and relative
standard deviation (le., mean divided by standard
deviation) of these tablets is then calculated. Only a
specified number of test tablets may lie outside the
prescribed limits. These specifications vary depending
upon the type of tablet and amount of active present.
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Content uniformity is a USP test is designed to es-
tablish the homogeneify of a batch. Ten tablets are
assayed individually after which the arithmetic mean
and relative standard deviation (RSD) are calculated.
USP criteria are met if the content uniformity lies
within 85-115% of the label claim and the RSD is not
greater than 6%. Provision is included in the com-
pendium for additional testing if one or more units fail
to meet the standards.

Disintegration Testing

Determination of the time for a tablet to disintegrate
when immersed in some test fluid has been a require-
ment in most compendia for many years. For many
years, it was the only test available to evaluate the
release of medicaments from a2 dosage unit. We now
recognize the severe limitations of such fests in asses-
sing this property—hence, the introduction of dis-
solution rate requirements.

The USP disintegration test is typical of most and is
described in detail in a monograph of that volume.
Briefly, it consists of an apparatus in which a tablet can
be introduced into each of six cylindrical tubes, the
lower end of which is covered by a 0.025 in.2 wire mesh.
The tubes are then raised and lowered through a dis-
tance of 5.3-5.7 cm at a rate of 29-32 strokes per minute
in a test fluid maintained at 37 £+ 2°C. Continuous agi-
tation of the tablets is ensured by this stroking me-
chanism and by the presence of a specially designed
plastic disk, which is free to move up and down in the
tubes.

The tablets are said to have disintegrated when the
particles remaining on the mesh (other than fragments
of coatings) are soft and without palpable core. A
maximum time for disintegration to occur is specified
for each tablet, and at the end of this time the afore-
mentioned criteria must be met. The disintegration
media required varies depending on the type of tablet
to be tested. Apparatus meeting the official specifica-
tion is available from several sources. Several mod-
ifications of the official method have been suggested in
the literature, including a basket insert as an alter-
native to the disks [133).

The disintegration time may be markedly affected
by the amount of disintegrant used as wel} as the tablet
process conditions. In particular, a log/llinear re-
lationship between disintegration time and compres-
sional force has been suggested by several authors
f134-136}. Mufrod and Parrot concluded that although
disintegration is affected by changes in compression
pressure, these changes do not significantly alter the
product’s dissolution profile [137].

Kottke and Ruduic

B. Unofficial Tests
Mechanical Strength

The mechanical strength of tablets is an important
property of this form of drug presentation and plays a
significant role in both product development and
control. It has been described by various terms, in-
cluding friability [138], hardness [139], fracture re-
sistance [140], crushing strength [141}, and flexure, or
breaking strength [142].

Even in tablets of the simplest geometry, inter-
pretation of this property is less straightforward than it
first might appear. Some degree of anisotropy is al-
most certain to be present, and the ideal test condi-
tions, employing closely defined uniform stresses, are
rarely reet. The mechanical strength of the tablet is
primarily due to fwo events that occur during com-
pression: the formation of interparticulate bonds and a
reduction in porosity resulting in an increased density.

Crushing Strength

Many crushing strength testers are described in the
literature [133,138-141]. Ian industry, mechanical
strength is most often referred to as the tablet’s hard-
ness or, more precisely, its crushing strength. Brook
and Marshall described crushing sirength as “the
compressional force that, when applied diametrically
to a tablet, just fractures it” {141]. In most cases, the
tablet is placed upon 2 fixed anvil and the force is
transmitted to it by means of a moving plunger. Many
testers of this type are commercially available, includ-
ing the Stokes {or Mounsanto), Strong-Cobb, Pfizer,
and Erweka and Schleuniger (or Heberlein). Based
upon the particular tester’s design, the plunger is
moved either manually or electroricaily. Comparisons
between the different types of testers has proved that
the electronic festers produce results that are much
more reproducible than those obtained from the
manual testers [130,141,143-145). This is due, in large
part, to the constant rate of loading achieved with
electronic testers {123] (sec Fig. 26).

In general, the load is applied at 50° to the longest
axis (i.e., across the tablet’s diameter) (see Fig. 27). In
such cases, the load required to break the tablet is re-
ferred to as the diametrical strength. The load can also
be applied across the tablet’s thickness, in which case it
is referred to as flexure or breaking strength [140,142).
The tensile strength, &, can be calculated once the load
required to fracture the tablet has been determined. The
precise calculation of tensile strength depends upon the
method used to break the tablet. When using a dia-
metrical, or diametral, test the calculation is as follows:
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Fig. 26 Effect of loading rate on the diametrical breaking

strength of tablets compressed at different levels. (From Ref.
123)

2
T wDH
where

0d

o= tensile strength

Fy=load required to fracture tablet
D =tablet diameter

H =tablet height

From a test of the tablet’s flexure, tensile strength
{o7) is calculated from the following equation:

e 3FD
/= 4DH?
where

or= tensjle strength

Fr=load required to fracture tablet
D =tablet diameter

D =distance from fulerum to falerzm
H= tablet height

In their evaluation of flexure and diametral testing,
David and Augsburger found the tensile strength to be
the same regardless of the method used as long as the
appropriate calculation was employed [142].

Two types of inherent error may be present: that
associated with an incorrect zero and a scale that does
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/ plunger/'
- tablet’/'
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Fig. 27 Methods of evaluating tablet crushing strength: {a)
bending or flexure strength; (b) diametrical compression.
(From Ref. 145.)

not accurately indicate the actual load being applied.
In some models there is the additional problem of a
variable rate of loading. Moreover, when using un-
padded flat anvils the failure may invelve some
compression. Thus, it is essential to realize what is
being measured in a particular instrument.

The Stokes and Pfizer testers apply force through a
coil spring, which after long periods of use shows signs
of fatigue and may also show some loss of load due to
frictional effects [141,145]. The rate of loading is not
controlled in these types or in the Strong-Cebb tester,
which applies force through hydraulic pressure. The
scale of this machine registers air pressure, and com-
parison of results with other instruments is therefore
only possible if these readings are converted to com-
pressional lead,

The Erweka and Schleuniger testers operate on a
counterweight principle that eliminates fatigue, if not
frictional, losses. The latter of these two devices is
supplied calibrated and a *“mechanical tablet” is
available for periodic recalibration. More recently,
testers have been introduced that measure the load
being applied to the tablet by means of load cells and
therefore facilitate direct electronic digital readout.
This eliminates the two major sources of error referred
to above and permits recording of production of hard
copies of the test results.

Comparative reports in the Literature confirm the
necessity of employing some calibration procedure if
results from testers are to be compared or reduced to
actual units of force. This is particularly true where the
information is being used to determine relationships
between crushing strength to other tablet properties.

It can be argued that the crushing strength of a
tablet is more closely related to the compressional
process, and the results may not give the best indica-
tion of how the tablet will behave during handling. If
information in this respect is required, then the groups
of instruments in the following paragraphs are more
relevant.
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One might anticipate that the crushing strength (F)
of a tablet is a function of the pressure {P) employed
during its compaction [134]. For example the following
relationship may hold true:

F=Fklog P+ K

where k and k; are constants. However, deviation from
this logarithmic relationship at compressional pressure
values, above 150 MPa has been reported [81,135]. In
addition, the crushing strength has been related to
certain physical properties of the compact. For
example:

F=kE ' +k

where E, the porosity, has values between 5 and 20%.
The most obvious use of crushing strength measure-
ments has been to give indications of possible disin-
tegration times (1), i.c.,

F=kiy+k

Abrasion

While the crushing strength of a tablet gives some in-
dication of its mechanical robustness, it does not truly
measure the ability of the tablet to withstand the
bandling it will encounter during processing and
shipping. Tests designed to assess the resistance of the
surface regions to abrasion or other forms of general
“wear and tear” may be more appropriate in this re-
gard.

Many fests to assess abrasion are quoted in the lit-
erature [138,146,147]. Most measure the weight loss on
subjecting tablets to a standard level of agitation for a
specified time. The choice of agitation should be based
on knowledge of the likely level during use or manu-
facture,

More specifically a certain weight of tablets, W, is
subjected to a well-defined level of agitation in a fixed-
geometry, closed container for a specific time, They are
then reweighed, W. The measure of abrasion resistance
or friability, B, is usually expressed as a percentage [oss
in weight:

w
B=100- [l —mp-r-f-o-]

It might be advantageous to relate friability to unit
time or number of falls,

The Roche Friabilator is one of the most common
methods used to test for resistance to abrasion [147). In
this case, & minimoem of 6 g (often 20 tablets) of de-
dusted and weighed tablets are placed inn a 12 in. high
drum, which is then rotated for 100 revolutions. A
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shaped arm lifts the tablets and drops them half the
height of the drum during each revolution. At the end
of this operation, the tablets are removed, dedusted,
and reweighed. Should any tablet break up, the fest is
rejected. Values of B from 0.8 to 1.0% are frequently
quoted as the upper level of acceptability for phar-
maceutical products [147].

Indentation hardness using modified tests based on
“Brinell” hardness measurements have been used by
some researchers [148] to provide information on the
surface hardness of tablets. In addition, these tests are
capable of providing a measure of a tablet’s plasticity
or elasticity. For the most part, such tests have been
confined to basic research applications in a fow la-
borateries, but their value is beginning to be more
widely recognized.

Porosity

The bicavailability of drugs from tablets can be
markedly influenced by the rate and efficiency of the
initial disintegration and dissolution process. Un-
fortunately, one is faced with a compromise situation
— a structure that has both a durable structure prior
to administration and the ability to readily break down
when placed in the in vivo environment. One of the
major factors affecting both these properties is the
structure of the tablet, in particular its density (or
porosity) and the pore structure. Study of the sig-
nificance of such measurements and interpretation of
the results is a relatively recent field of interest.

Determination of the porosity of a fablet presents
the classic problem of defining the appropriate volume
to be measured. The displacement medium may be
able to penetrate the most minute crevices, as is the
case for helium. Other displacement media, suck as
mercury, are unable to enter the simallest tablet crevices
and thus produce different porosity values. Standar-
dization of displacement media is therefore necessary
for comparative evaluations.

Pore Structure and Size

The relationship between applied pressure (P) and the
diameter of the smallest circular pore penetrated (d) by
a liquid gas is given by the equation;

_ Amypcos B
TP

where 7 is the surface tension of the liquid and § is the
contact angle solid and liquid.

Originally, the method of porosimetry was only of
interest to those involved with the high-pressure

d
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techniques associated with pore analysis. However,
with the increasing availability of sophisticated por-
osimeters, the technique of porosimetry is being used
on a frequent basis to investigate tablet structure.
High-pressure mercury intrusion porosimeters are
capable of assessing a wide range of pore radii. A ty-
pical example of the application of such an instrument
to evaluate wet and dry techniques of precompression
treatment is reported by Ganderton and Selkirk [149].
These authors found that lactose granuiations resulted
in a wider pore size distribution than ungranuiated
Iactose.

This technique has also been used in combination
with nitrogen absorption to study the pore structure of
some excipients, particularly MCC in both the pow-
dered and compacted state. The intraparticulate por-
osity of MCC has been shown to be unaffected by
tableting; the interparticular pores, however, are gra-
dually reduced in size [38]. Recently this method has
been used to evaluate the internal structure of tablets
prepared from microcapsules {150].

Liguid Penetration

The rate at which selected liguids penetrate into tablets
can be used to study their pore structure, A knowledge
of the rate of liquid penetration should also provide
information on the disintegration/disselution behavior
of a tablet on administration. Such investigations are
capable of forming a valuable link between physico-
mechanical characteristics and in vivo performance.

Evaluation of Bioadhesive Tablets

With the advent of increasingly sophisticated tableted
delivery systems comes the task of assessing these
systemms. Bioadhesive tablets, in particular, present an
interesting problem to the formulator. Although such
tablets are not currently marketed in the ¥.S., they are
currently being evaluated in many laboratories as an
alternative means for providing sustained release of
drug. The sustained-release characteristic of bioadhe-
sive tablets is afforded through their ability to adhere
to the intestinal mucosa. Thus, an estimation of their
adhesiveness is a key factor in their in vitro evaluation.

Ishida et al. were some of the first investigators to
propose a method for investigating the adhesive
properties of tablets [151]. Their method involved
placing a tablet onto a membrane under constant
pressure for one minute and then measuring the force
required to remove it. Most methods published since
that time involve essentially the same principle, with
variations in the type of membrane used and the
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manper in which the adhesive force is measured
{152,153]. An excellent review of these methods has
been published by Duchene et al. for those interested in
the precise details of such tests [154].

Jimenez-Castellanos et al. developed a method to
measure both the adhesional and frictional forces in-
volved in the attachment of such tablets to mucosa.
These researchers found that a good correlation existed
between the maximal adhesion strength and polymer
content of the tablets tested [155].

Near-Infrared Spectroscopy

In the late 1990s researchers began to evaluate the use
of near-infrared (INIR) spectroscopy in pharmaceutical
analyses [156-158]. NIR analyses are particularly use-
ful because they are both rapid and nondestructive to
the sample. Morissean and Rhodes reviewed the ap-
plication of NIR in the pharmaceutial industry and
determined that it has been used to measure sample
composition and identification, moisiure content,
content vniformity, homogeneity of mixing, degrada-
tion products, and particle size [156]. Recently its po-
tential to differentiate between cormpression force used
during tableting and to assess moisture profile during
the granulation process has been evaluated [157,158].
As researchers become more familiar with this methoed,

its applications will undoubtedly grow.

VII. RECENT DEVELOPMENTS IN
TABLETING

A. Rapidly Disintegrating Tablets

The trend toward formmulation of dispersible tablets is
evident in Europe [159-162] and is becoming more
commonplace in the United States with over-the-
counter preparations available in the form of the fol-
lowing technologies: Zydis® (Scherer DDS), Lyoc®
(Farmalyoc), WOW®  Tab  {Yamanouchi),
FlashDose® (Fuisz Technologies), OraSolv® (CIMA),
and DuraSolv® (CIMA). These tablets are either
placed in the mouth where they quickly dissolve or are
placed in a glass of water prior to ingestion and pro-
vide consumers with a dosage form that is both potable
and easy fo swallow.

A challenge faced by formulators designing dis-
persible tablets is the ability to develop a formulation
that rapidly disintegrates and is able te withstand
shipping processes. In addition, this type of tablet
should form a uniform and somewhat stable suspen-
sion when dispersed in water. An interesting answer to
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this challenge is the design of a “porous table™ [163-
165], in which a volatizable solid (e.g., urethane or
ammonium bicarbonate) is added to a standard, di-
rectly compressible formulation. After the tablets have
been compressed, the volatilizable solid is removed by
a freeze-drying or heating process. Water easily pene-
trates through the pores and promotes rapid disin-
tegration of the tablets produced in this manner, Thus,
these tablets are able both to maintain their mechanical
strength and to provide rapid disintegration or dis-
persion of product. Lvoc and Zydis tablets both use
freeze-drying technologies.

B. Three-Dimensional Printing Tablets

For years, formulators have been searching for a
means to accurately and consistently deliver a specified
level of coating onto a tablet. The answer may have
been found in the three-dimensional printing (3DP) of
tablets. The process involves the computer-controlled
preparation of tablets by building layer upon layer of
powder that are joined by a binder solution dispersed
by a printing head [166,167]. Several modes of release
have successfully been implemented in 3DP tablets,
including (a) immediate- and extended-release tablets
with two drug-containing components whose release
with pH-dependent release, (b} breakaway tablets
composed an interior fast-eroding section that sepa-
rates two drug-containing components, {c) enteric dual
pulsatory tablets comprised of a continuous enteric
excipient with two drug-containing sections, and (d)
immediate- and extended-release tablets with two
drug-containing components with erosion-Gependent
release [166].

C. Web System

A system was developed at Roche Laboratories
whereby a sheet (or “web™) was coated with a
drug/binder mixture. The solid dosage units were then
punched from the web [168]. This system was very
flexible and amenable to immediate release and sus-
tained-release technologies. However, due to the im-
practicality of the system, it was abandonned in the
mid-1980s and is only of historical significance.

VIIi. FUTURE DIRECTIONS

Tablets were a viable dosage form well before William
Brockendon’s patent for a tablet machine in 1843, His
invention only made them easier to produnce. As tablet
presses and production-monitoring systems developed,
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these dosage forms have become the most economical
of any ever developed. It will be hard to improve on
their efficiency, but several attempts, like three-di-
mensional printing, have been made recently.

Newer technologies may become available, but it is
unlikely that any new tableting technology will render
the oid technology obsolete any time soon, Processing
technologies such as high-shear mixing and microwave
drying secem to be having the most impact on proces-
sing times and efficiency. Coating technologies are
becoming more controllable, and they offer the most
hope for efficiency improvements.

Another new development has been the application
of oral absorption promoters. These materials are de-
signed to enhance the oral biocavailability of many
compounds and improve variable absorption. How-
ever, many of these compounds are hydrophobic in
nature and cause difficulty during tableting itself. The
challenge for formulators is to arrive at clever solutions
to the process problems while retaining material per-
formance.

The ultimate challenge for tablet formulators in the
twenty-first century is to achieve a true understanding
of material properties and material science. Those who
can quickly conceive a compatible, functional for-
mulation will be irreplaceable as large companies
shrink their R&D resources and the public sector de-
mands betifer efficiency.
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